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New Diesel Engines are Very Clean--
A Comparison of Engine Exhaust Emissions by SMART Railcars 
and by Alternative Modes of Transportation on the Rail-Highway 101 Corridor
Scope and Purpose

This rail research report examines the engine exhaust emissions from railcars that may be used by the Sonoma-Marin Area Rail Transit (SMART) and compares them with emissions from alternative modes of transportation along the rail-Highway 101 corridor. One of the purposes of this document is to acquaint the public with the very large decreases in the emissions from new diesel engines as well as the improvements now being made in the fuel economy of transit vehicles. Another purpose is to provide a context for evaluating exhaust emissions from other transportation modes used on this corridor and to provide some comparisons.
Underscored words are technical terms that are defined in the glossary. A list of acronyms and abbreviations is also included. The talking points beginning on page eight capture the key points in this rail research report.
New Diesel Engines are Very Clean
Dirty, smelly diesel is becoming a thing of the past. Beginning with the 2007 model year, new diesel engines in onroad vehicles must comply with new Federal regulations that set limits on the emission of particulate matter (PM), nitrogen oxides (NOx), and non-methane hydrocarbons (NMHC) about ten times lower than in the recent past (Note 1). All new onroad diesel vehicles must have clean engines, and in time, dirty diesel engines will be phased out or retrofitted. Consumers may first see this new technology in diesel pickup trucks.
New nonroad vehicles, such as the railcars to be used by SMART, must meet the new Federal standards for diesel emissions beginning with the 2011 model year (Note 2). That is about the earliest that SMART will take delivery on its vehicles, so railcars that meet those standards will be on the market when SMART orders its rolling stock.
Figure 1 provides a graphic illustration of the recent tightening of the diesel emission standards (Note 3). The right side of each box indicates the maximum allowable NOx emissions and the top of each box the maximum allowable PM emissions. The units are the amount of emissions in grams per kilowatt hour of energy generated. (Note 4). The current emission standards for line-haul locomotives are enough greater than the other standards in this figure that they need to be shown in a separate panel. The current (2007 model year) standards for heavy duty diesel trucks and the 2011 standards that will apply to SMART railcars are shown by the small boxes in the lower left of the lower panel. The other standards are discussed in the text below.
Emission Control Devices
Meeting these new Federal standards requires emission control devices in the exhaust system of new diesel engines. For these control devices to function properly, it is necessary for the diesel fuel to contain no more than 15 parts per million of sulfur. Previously, up to 500 parts per million of sulfur was allowed. The general public is familiar with the catalytic converters used to clean up automobile emissions that became mandatory about three decades ago and the resulting improvements in air quality in urban areas. Catalytic converters on gasoline engines were made possible when the lead was taken out of gasoline. Taking most of the sulfur out of diesel fuel now permits adding control devices to the exhaust systems of diesel engines. This change will also produce noticeable improvements in urban air quality.
A common control device for new diesel engines is an oxidizing catalyst followed by a particle trap (Note 5). The oxidizing catalyst oxidizes much of the carbon monoxide to carbon dioxide (CO2), the nitric oxide (NO) to nitrogen dioxide (NO2), and the non-methane hydrocarbons to water, carbon dioxide, and other compounds. Then the exhaust gases pass through a ceramic filter that traps particles much the same way the bag on a vacuum cleaner traps particles. The particle trap follows the oxidizing catalyst, so the trapped particles are in an oxidizing environment, which burns up the carbon and other combustible compounds. The particle traps require periodic cleaning to remove ash.
Experiments with prototype diesel engines designed to meet the new standards have shown that the particle traps are so efficient that the particle concentrations in the engine exhaust are smaller than typical concentrations in the air entering the engine air intake manifold. In other words, new diesel engines can remove particles from the atmosphere. The prototype engines had particle emissions that were 5 to 20 time smaller than required by the new Federal standards. (Note 6)
How Diesel Emissions are Measured
Federal regulations for diesel engine emissions specify the allowable weight of the pollutant emitted per amount of energy produced by the engine. The U.S. Environmental Protection Agency (EPA) uses units of grams of pollutant per brake horsepower hour. The metric units are grams of pollutant per kilowatt hour. One horsepower equals 0.7457 kilowatt.
Brake horsepower is a measure of the rate of energy production and is measured with the engine alone on a test stand. The fan, water pump, generator, and other such devices are removed from the engine. A specified test cycle is followed with various engine speeds and with loads applied by a brake.

The emission standards are different for different sizes of diesel engines (Note 2). The 2011 standards for nonroad diesel engines that will be used in railcars that SMART will use are almost the same as the 2007 standards for onroad diesel engines now used in big-rig heavy duty trucks. These 2011 nonroad standards are: 0.01 grams PM, 0.30 grams NOx, and 0.14 grams NMHC per brake horsepower hour. The nonroad NOx emission standard is half again as large as the onroad emission standard.
Colorado Railcar Emissions
At the present time, the Colorado Railcars are the only railcars on the market that comply with the Federal Railroad Administration (FRA) crashworthiness tests (Note 7). This FRA compliance is now required when passenger and freight trains share the same right of way  at the same time. Therefore, emission data for Colorado Railcar vehicles are used in this research report. Other options for railcars are likely to become available to SMART before it is necessary to place a purchase order the rolling stock. If SMART implements positive train control, this would eliminate the need to use FRA compliant railcars and would significantly expand the variety of railcars available to SMART. Work is in progress to obtain diesel engine exhaust data for other railcars for future versions of this research report.
The Colorado Railcar vehicles that have engines in them use two 600-horsepower Detroit Diesel truck engines. These engines are now being used in onroad vehicles, so there will be about three years experience with these clean engines before SMART might order them. Colorado Railcar has indicated a willingness to use other engines on request.
Estimating the emissions from railcars requires data for the amount of energy consumed per mile. The data in Table 1 were obtained from Colorado Railcar for three consists: a single-level passenger car pulling a single-level trailer (SLPC+SLTR), a double level passenger car (DLPC), and a double-level passenger car pulling a double-level trailer (DLPC + DLTR) (Note 8). The word “consist” is used in the rail industry for the number and types of rail vehicles in a train. The Colorado Railcar passenger cars have two diesel engines and the trailers have no engine. The maximum, minimum, and average values are from a series of determinations of the energy consumption. The ranges in these data indicate that the energy requirements depend on the operating schedule, terrain, and other factors.
Colorado Railcar also provided the information that the 2002 model year engines used in their railcars emit 529 grams of CO2 per brake horsepower hour. The calculations in this research report assume that the 2011 model year engines have the same fuel efficiency.
The average data in Table 1 were used to calculate data for the emissions from each consist in Table 2. The emissions of PM, NOx, and NMHC were calculated for 2011 model year engines assuming that they just barely satisfied the federal emission standards. Dividing the energy consumption and emissions from each consist by the number of seats in that consist resulted in the data in Table 3 for the energy consumption and emissions per seat mile. These data give an indication of what could be achieved if all seats were occupied and there were no standees.
Biodiesel Fuels

SMART plans to use diesel fuel that contains some biodiesel. The 2011 Federal emission standards would also apply to rail vehicles that use biodiesel fuels, so information in this research report on diesel emissions based on the Federal standards will apply regardless of the fuel used. The advantage of biodiesel fuels is that the carbon in them is derived from the atmosphere via photosynthesis, so they contribute less to atmospheric CO2 concentrations than fossil fuels. Biodiesel fuels are discussed in a separate rail research report (Note 9).

SMART Ridership
Comparing the data in Tables 2 and 3 with emissions data for other forms of transportation, such as automobiles, requires estimating the average number of passengers on SMART trains. This estimate was constructed as follows: The data in Table 5.5-1 in Appendix I of the Draft EIR (Note 10) for the startup ridership can be summed to obtain the estimate of 62,787 passenger miles per day. It is certain that the margin of error in this estimate is far greater than indicated by giving this result to five significant figures. The actual ridership is expected to be larger than estimated in the EIR because the land use assumptions in the EIR did not include developments near SMART stations that are now being planned or are under construction.
The train schedule on Draft EIR page 2-13 can be combined with data for the number of miles between stations in Draft EIR Appendix I Table 4.3-2 to calculate that the daily in-service SMART train miles is planned to be 1332 miles. Dividing the passenger miles by the train miles gives an average of 47 passengers. This number was used to convert the data in Table 2 from grams per train mile to grams per passenger mile in Table 4.
Passenger Vehicle Emissions
Estimating the air quality benefits of moving commuters from passenger cars to SMART requires estimating the emissions of passenger vehicles. The estimates in this research report are based heavily on the work of Prof. Robert Harley of U.C. Berkeley, who has measured vehicle emissions in the Caldecott Tunnel, which connects Berkeley, CA with the inland communities of Contra Costa County (Note 11). Thus, these estimates are appropriate for emissions from the mix of vehicles used for commuting in the Bay Area. The methods used by Prof. Harley’s research team distinguished between the emissions from trucks and those from passenger vehicles, so the data used here are not skewed by truck emissions.
A number of research teams have measured highway emissions from passenger cars (Note 12). As expected, these studies find that emissions vary depending on whether the vehicles are going uphill or downhill. However, these studies all find that when emissions are stated as grams of pollutant emitted per kilogram of fuel used, they are much less sensitive to the vehicle operating conditions. The amount of fuel used can be estimated from the measured increase in the CO2 concentrations caused by the vehicles.
The recommended passenger vehicle emissions were selected during a personal conversation with Prof. Harley, and are 439 grams per mile of CO2, 0.42 grams per mile of NOx, and 9.9 milligrams per mile of PM (Note 13). In part, these values are based on Caldecott Tunnel data from the summer of 2006 now being analyzed for publication. These data are consistent with those from other studies cited in the notes (Note 12). All studies cited in the notes reported PM emission rates close to 10 mg/mile. Data for NMHC emissions from passenger vehicles will be added to a later version of this rail research report.
Comparison of SMART and Passenger Car Emissions
The data in Table 5 compare the emissions attributable to a single-occupant driver to the emissions attributable to an average SMART passenger during the portion of the commute along the rail-Highway 101 corridor. The emissions of carbon dioxide, particulate matter, and nitrogen oxides attributable to the single-occupant driver are roughly three to six times greater than the emissions attributable to the average SMART passenger.
It is important to note that the emissions estimated for the average SMART passenger are very conservative. They were calculated from the assumption that the diesel engines used by SMART have the maximum emissions allowed by Federal law. As noted above, tests of prototype engines found PM emissions 5 to 20 times smaller than the standards. If the engines used by SMART have PM emissions a factor of 10 smaller than the standards, the PM emissions attributable to a single occupant driver would be more than 40 times greater than the PM emissions attributable to the average SMART passenger.
The actual emissions of other pollutants by the engines used by SMART will also be substantially below the limits set by the standards. Anyone who has looked carefully at the smog test data for their automobiles has found this result. Also, it can be expected that between now and 2011 the emissions per single-occupant vehicle will decrease as newer vehicle replace older ones and the population becomes more conscious of vehicle fuel economy. However, on balance, it is expected that the amount by which the actual SMART emissions will be less than required by the standards will far outweigh any decrease in emissions from single-occupant vehicles between now and 2011. Also, the developments around SMART stations that are already being planned will increase the ridership numbers and decrease the emissions per passenger. Therefore, the actual benefits of shifting a single-occupant driver on Highway 101 to SMART will almost certainly be greater than estimated here.
The air quality benefits of shifting commuters from automobiles to SMART are very great.
Diesel Bus Emissions
Express buses have been proposed as an alternative to SMART. Therefore, it is of interest to consider the emissions from buses.
Chris Peoples, a member of the AC Transit board, has said in a personal conversation that 4.5 miles per gallon is a good average of the fuel use experienced by AC Transit diesel buses. The U.S. EPA recommends using a CO2 emission rate of 10,084 grams per gallon of diesel fuel (Note 14). Dividing this number by the fuel efficiency gives an average CO2 emission rate of 2241 grams per vehicle mile for AC Transit buses. For buses that have 40 seats, this corresponds to 56 grams per seat mile. These data are summarized in Table 6.
The Port Authority of Pittsburgh performed a fuel efficiency study on 23 bus routes. The fuel efficiency of 2003 model year and 2005 model year diesel buses and 2005 model year diesel hybrids were measured on each route. The fuel efficiencies of the two model years of standard buses were similar and ranged from 2.6 to 5.8 miles per gallon, depending on the route. The average fuel efficiency for all routes for the 2005 model year diesel was 3.7 miles per gallon, and calculations for that value are included in Table 6.

On the average, the diesel hybrid was a little more than 30% more fuel efficient than the standard diesel in the Pittsburgh tests. If AC Transit could realize that fuel efficiency benefit from hybrid diesel buses, their fuel efficiency would be 5.85 miles per gallon, and calculations for that value are included in Table 6. 

The Pittsburg data show that hybrids give the best improvement in fuel efficiency for the least fuel efficient routes and almost no improvement in efficiency for the most fuel efficient routes. The hybrid improved fuel efficiency by nearly a factor of two on the route with a fuel efficiency of 2.6 miles per gallon. The highest fuel efficiency observed was a hybrid that obtained 6.95 miles per gallon. Calculations for that value appear in Table 6.
Comparison of the CO2 emissions per seat mile for SMART in Table 3 and for diesel and diesel hybrid buses in Table 6 indicate that in general, buses have about twice the CO2 emissions per seat mile. Since the emissions of other pollutants are proportional to the amount of energy produced, it is expected that 2007 model year buses will emit twice as much as SMART per seat mile of the other pollutants listed in the tables. As indicated in Figure 1, older buses emit far more. Therefore, plans to use express buses instead of SMART should include the cost of purchasing 2007 model year or later buses.
It is beyond the scope of this research report to estimate bus ridership. Therefore, it is not possible to convert the emission data for buses to a per passenger basis. However, it is quite likely that comparisons between buses and rail on a per passenger basis would increase the relative advantage of rail. A recent study of transit use has shown that the great majority of bus passengers in Napa and Sonoma Counties do not have the option of driving (Note 15). In contrast, the majority of SMART passengers will be people who previously commuted to work by driving. The combination of rail service served by feeder buses will attract far more passengers than will bus service alone.
CNG Bus Emissions
All of Sonoma County Transit (SCT) buses use compressed natural gas (CNG) for fuel. At the time SCT selected that fuel, diesel buses produced far greater PM emissions. Now that diesel emissions have been greatly decreased by ultra low sulfur fuel and emission control devices, the low emission advantage of CNG buses has mostly disappeared.
At the present time, SCT only has fuel efficiency data that include the natural gas used by the compressors. Additional gas meters are now being installed, so fuel efficiency data for the buses should be available in the summer of 2007. The Sonoma County Landfill recovers methane, and some of that methane is used to power SCT CNG buses. Methane is a powerful greenhouse gas, so there are large advantages to capturing and burning it.
The U.S. Environmental Protection Agency website

http://www.epa.gov/otaq/retrofit/documents/nyc_2.pdf
has a good paper on the New York City Transit (NYCT) clean fuel bus programs that was presented at a July, 2000 workshop. This paper compares NYCT experience with several types of buses and finds that diesel hybrids are quite promising. The slide on pdf page 9 indicates that CNG buses are only 50 to 75% as reliable as comparable diesel buses, 41% less energy efficient than diesel buses in urban service, and significantly more expensive to operate than diesel buses. The slide on pdf page 17 indicates diesel hybrid buses have emissions comparable to CNG buses. The website cited on pdf page 17 may have been changed to http://www.navc.org/HDemission1.html.
Locomotive Emissions

Separate regulations apply to diesel engines in locomotives and marine vessels. The regulations for locomotives are summarized here because of the current interest in the resumption of freight service by the North Coast Railroad Authority (NCRA). The NCRA has awarded a contract to the Northwestern Pacific Railroad Company to operate freight service and the NCRA is now making the necessary track repairs. Freight operations may begin in 2008.
The current emission standards for diesel locomotives are the Tier 2 standards shown in the top panel of Figure 1. These standards were adopted by the EPA December 17, 1997 and apply to locomotives manufactured after January 1, 2005. The Tier 2 PM emission standards are 200 times greater than the 2011 nonroad standards that apply to SMART railcars. These standards specify the maximum allowable PM emissions per amount of energy generated by the diesel engine. Much more energy is required to pull a freight train than move a SMART railcar, so the current standards allow a new freight locomotive to emit more than a thousand times as much PM as a SMART railcar.

On April 3, 2007, the EPA proposed new regulations controlling emissions from diesel engines in locomotives and marine vessels (Note 16). The proposed Tier 3 standards for PM would take effect in 2012. The Tier 4 standards for PM would become effective in 2015 and the Tier 4 standards for NOx in 2017. The proposed regulations also set emission standards for Tier 0 through Tier 2 locomotives when they are remanufactured. This very brief summary of the proposed regulations captures only some of the highlights and does not attempt to summarize all of the requirements, such as some Tier 3 provisions for decreasing NOx emissions.
It is apparent from Figure 1 that SMART railcars must comply with emissions regulations that are significantly more stringent than any proposed regulations for locomotives. Since the regulations are based on the amount of energy produced by the engine, and it takes far less energy to propel a SMART railcar one mile than a freight train, the SMART railcar emissions will be very much smaller than the diesel locomotive emissions for the foreseeable future.
Continuing Research

This report describes the current status of work to collect data on engine exhaust emissions from SMART railcars and alternative modes of transportation along the rail-Highway 101 corridor. Work is continuing, and may lead to updated versions of this research report.
Talking Points
The new diesel engines that will be used in SMART railcars will be very clean. Removing nearly all the sulfur from diesel fuel permits adding an oxidizing catalyst followed by a particle trap to diesel engine exhaust systems.

About 30 years ago, lead was taken out of gasoline and this allowed adding a catalytic converter to automobile exhaust systems. The air quality benefits in metropolitan areas were very great. The new diesel emission control technology will produce similar benefits.

Federal diesel emission regulations that take effect with the 2007 model year for vehicles intended for use on roadways and the 2011 model year for railcars like those SMART will purchase require the use of new diesel emission control technology.

The engines used by SMART railcars are also used in heavy duty trucks. There will be nearly three years operating experience with the new emission control technology before the engines for SMART railcars are ordered.

Tests with prototype diesel engines designed to meet the 2007 Federal onroad standards showed that the particle traps to be used on diesel exhaust systems are very efficient. The particle concentrations in the diesel exhaust were lower than in the air entering the engine air intake manifold. SMART railcars will not emit visible black smoke. Instead, they will remove particles from the air.
Shifting a commuter from a single-occupant vehicle to SMART rail service will reduce the emissions of carbon dioxide, particulate matter, and nitrogen oxides by at least a factor of three to six for the portion of that commuter’s trip along the rail-Highway 101 corridor. This highly conservative estimate was calculated assuming the SMART emissions are the maximum allowed by Federal standards. The actual emissions reductions will be greater.
Data from prototype engines indicate that shifting a commuter from a single-occupant vehicle to SMART will decrease particulate matter (black smoke) emissions by a factor of about 40. This corresponds to PM emissions ten times less than allowed by the standards.
The decrease in carbon dioxide emissions caused by the above shift is about a factor of four.

Emissions from automobiles, trains, and buses depend on the route and are affected by the passenger load, average speeds, the number of stops, hills, etc. Data presented in these talking points are based on averages appropriate for the rail-Highway 101 corridor.

The Pittsburgh Port Authority found that the fuel economy of 2005 model year diesel buses varied from 2.6 to 5.8 miles per gallon depending on the route.
Data from the Draft EIR can be used to calculate an average of 47 passengers per SMART train. This number was used when calculating the per passenger emissions from SMART.
Diesel buses emit about twice as much of each pollutant per seat mile as SMART trains. SMART trains will emit about the same amount of each pollutant as two buses, but have more than four times as many seats as two buses.
This is true only for the clean 2007 and later model year buses or buses that have been retrofitted to those standards. Most buses now in use are older and emit much more pollution.

Diesel hybrid buses use about 30% less fuel, so have about 30% smaller emissions, than standard diesel buses. The savings depend on the route, and are greater for the less fuel efficient routes.
This rough comparison between buses and SMART trains is appropriate for either one or two car Colorado Railcar trains and for either standard or diesel hybrid buses.
The air quality benefits are an excellent side-benefit of SMART. For many people, the primary reasons for supporting SMART are that it provides a sustainable and cost effective alternative to Highway 101, allows rail passengers to bypass congestion, and encourages shifting future development from outlying areas to walkable neighborhoods near rail stations.
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Glossary

carbon dioxide: An invisible, odorless gas produced by the combustion of substances containing carbon. At high concentration carbon dioxide causes a sharp sensation in the nose. It is responsible for the fizz in Champaign, beer, and carbonated drinks. Dry ice is solid carbon dioxide. Carbon dioxide is a greenhouse gas.
consist: A rail industry term for the number and types of rail vehicles in a train

Federal Railroad Administration: A Federal regulatory and research organization. See http://www.fra.dot.gov/
FRA Compliant: Indicates compliance with Federal Railroad Administration crashworthiness tests that are currently required for passenger vehicles that operate on the same tracks as freight.
greenhouse gas: Greenhouse gases transmit sunlight in the visible wavelengths, so do not significantly decrease warming of the earth’s surface by sunlight. However, they absorb infrared wavelengths, which radiate heat from the Earth’s surface into space. As a result, greenhouse gases increase the amount of heat collected and trapped by the surface of the Earth and the atmosphere.
nitric oxide: See nitrogen oxides.

nitrogen dioxide: See nitrogen oxides.

nitrogen oxides: Gaseous chemical compounds of nitrogen and oxygen. Combustion processes cause the oxygen and nitrogen in the atmosphere to react with each other to form nitric oxide NO, which is the dominant nitrogen oxide in exhaust gases. NO is oxidized by ozone in the atmosphere to form nitrogen dioxide NO2, which is a brown gas that contributes to the brown color of air pollution and causes adverse health effects. Nitrogen oxides react with hydrocarbons in the atmosphere to form ozone and other components of smog, which also cause adverse health effects.
non-methane hydrocarbons: Hydrocarbon gases other than methane. These gases are significant because they react in the atmosphere to form ozone and particulate matter, which are among the more important components of smog. Methane is excluded because it is relatively unreactive.
nonroad: Vehicles and engines intended to operate off roadways. This category includes a wide range of farm, construction, etc. equipment as well as stationary engines. Self propelled passenger railcars fall in this class, but railroad locomotives and marine vessels are usually not included in the class of nonroad vehicles.
onroad: Vehicles and engines for them intended to operate on roadways.
particulate matter: Solid and liquid particles suspended in the atmosphere. Air quality regulations for particulate matter concentrations are based on measurements in which air is drawn through a filter, the particulate matter is collected on the filter, and then the filter is equilibrated with a standard humidity and weighed. Thus, water particles in the atmosphere (rain, snow, fog) are not included in air quality measurements of particulate matter. Water in hygroscopic compounds as well as semi-volatile organic compounds are poorly measured components of particulate matter.
positive train control: A new technology that uses computer and communication systems to maintain data for the exact locations of trains on the track and intervenes when there is a danger of collision.  See http://www.fra.dot.gov/us/content/784.
Acronyms and Abbreviations
CNG
compressed natural gas

CO2 
carbon dioxide

DLPC
A double-level Colorado Railcar with two engines

DLTR
A double-level Colorado Railcar with no engine.

EIR
Environmental Impact Report

EPA
U. S. Environmental Protection Agency

FRA
Federal Railroad Administration
NCRA
North Coast Railroad Authority

NMHC
non-methane hydrocarbons

NO
nitric oxide

NO2 
nitrogen dioxide

NOx
nitrogen oxides

NYCT
New York City Transit
pdf
the extension (the three letters after the last decimal point) used in the computer file names of files produced by Adobe Acrobat. These files are sometimes called “pdf” files. Adobe Acrobat is used to produce documents in a format that can be accurately displayed by any computer.
PM
particulate matter
SCT
Sonoma County Transit

SLPC
A single-level Colorado Railcar with two engines

SLTR
A single-level Colorado Railcar with no engine.

SMART
Sonoma-Marin Area Rail Transit, a two-county transit district
Notes
1. A review of Federal and California emission standards for diesel engines used in onroad vehicles is available at http://www.dieselnet.com/standards/us/hd.html. Beginning in 2007, the maximum allowed emissions in grams per brake horsepower hour is 0.01 for PM, 0.20 for NOx, and 0.14 for NMHC. An explanation of this jargon appears later in this rail research report.
2. The Federal standards for nonroad diesel engines are available at http://www.epa.gov/nonroad-diesel/regulations.htm. These regulations are described in the Federal Register at http://www.epa.gov/otaq/url-fr/fr29jn04.pdf. The tables on pdf page 15 of this Federal Register notice indicate that beginning in 2011, the maximum allowed emissions in grams per brake horsepower hour for engines that will be used in SMART rail vehicles are 0.01 for PM, 0.30 for NOx, and 0.14 for NMHC.
3. This figure is from pdf page 4 of a pre-conference tutorial on diesel emissions available on the internet at:
http://www.aqmd.gov/tao/Ultrafine_Presentations/Pre-Conference_3_Kittleson.pdf
[It is planned to revise this figure for the final version of this report.]
4. Electric energy is typically sold in units of kilowatt hours. Engine energy can also be measured in horsepower hours. One horsepower equals 0.7457 kilowatt, so one horsepower hour equals 0.7457 kilowatt hours.

5. A description of an oxidizing catalyst followed by a particle trap is on pdf page 58 of the tutorial cited in Note 3
6. See pdf page 4 of the tutorial cited in Note 3.
7. A brochure describing the Colorado Railcar vehicles is available at:
http://www.coloradorailcar.com/dmubrochure.htm
8. The data in Table 1 were prepared by Christina Messa for a paper available at http://www.gosmarttrain.com/documents/MessaDieselTrainReport.pdf. The methods used to prepare the data are described in that paper. The data were sent to Willard Richards in an Excel spreadsheet by Arthur Rader on April 13, 2007.
9. A rail research report on biodiesel fuel has been prepared by David Porter for Friends of SMART.

10. The SMART Draft EIR is available on the Internet at: 
http://www.sonomamarintrain.org/project_details/impact.html
Links to the Draft EIR follow links to the Final EIR.
11. Recommended values for automobile emissions used in these analyses were discussed with and recommended by Prof. Robert Harley when he gave a seminar at Sonoma Technology, Inc. on March 8, 2007. The experimental methods for his Caldecott Tunnel experiments are described in:
A.J. Kean, R.A. Harley, and G.R. Kendall (2003) Effects of Vehicle Speed and Engine Load on Motor Vehicle Emissions. Environ. Sci. Technol. 37, 3739-3746.
R.A. Harley, L.C. Marr, J.K. Lehner, and S.N Giddings (2005) Environ. Sci. Technol. 39, 5356-5362.
12. See, for example:
W.R. Pierson, A.W. Gertler, N.F. Robinson, J.C. Sagebiel, B. Zielinska, G. Bishop, D.H. Stedman, R.B. Zweidinger, and W.D. Ray (1996). Real-world automotive emissions – summary of studies in the Fort McHenry and Tuscarora Mountain Tunnels Atmos. Env. 30, 2233-2256.
A.W. Gertler (2005) Diesel vs. gasoline emissions: Does PM from diesel or gasoline vehicles dominate in the US? Atmos. Env. 39 2349-2355.
M. Abu-Allaban, J.A. Gillies, and A.W. Gertler (2003) Application of a multi-lag regression approach to determine onroad PM10 and PM2.5 emission rates. Atmos. Environ. 37, 5157-5164.
13. Prof. Harley recommended emission rates of 3 grams NOx per kilogram of gasoline and 0.070 grams of PM per kilogram of gasoline. He also recommended a fuel economy in the range between 15 and 20 miles per gallon. A fuel economy of 20 miles per gallon was used in these calculations to be conservative. The density of gasoline is 0.74 kg/liter and there are 3.7853 liters per gallon, so the density of gasoline is 2.80 kg/gal. A fuel economy of 20 mi/gal corresponds to using 0.140 kg of gasoline per mile. Dividing the recommended emission rates given at the beginning of this note by this value gives the emission rates in the text.

In the website
http://www.epa.gov/otaq/climate/420f05001.htm
the U.S. EPA recommends using a CO2 emission rate of 8788 grams of CO2 per gallon of gasoline. Combining this with a fuel economy of 20 miles per gallon gives a CO2 emission rate of 439 grams of CO2 per mile.
14. In the website cited just above, the U.S. EPA recommends using a CO2 emission rate of 10084 grams of CO2 per gallon of diesel fuel.
15. See the MTC Transit Passenger Demographic Survey, which is reproduced as Agenda Item 3.6 in the July 9, 2007 agenda packet of the Sonoma County Transit Authority
http://www.sctainfo.org/pdf/Agenda_Packets/2007/200707_scta.pdf
16. Proposed regulations for diesel engines in locomotives and marine vessels were proposed by the EPA in the April 3, 2007 Federal Register, Volume 72, pages 15938-16151. The docket for comments on this proposal closed July 2, 2007. Comments submitted by the California Air Resources board are available at http://www.arb.ca.gov/railyard/ryagreement/0707epaloco.pdf.
Comments for reviewers:

1. Technical terms that are in the glossary are underlined only once each paragraph, upon first use.

2. It is planned to obtain NMHC emission data for single-occupant commuter vehicles so those data can also compared with the SMART emissions.

3. Efforts will continue to obtain power consumption and emission data for railcars from other manufacturers, such as Siemens.
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