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ABSTRACT
The objective of Combating Global Warming Through Sustainable Surface
Transportation Policy, together with its companion website, www.TravelMatters.org, is
to present educational materials on the subject of climate change, and to examine how
greenhouse gas emissions from transportation may be reduced. Both the print and webbased versions of the project review the capacity of public transportation to mitigate
greenhouse gas emissions, and present this material in a format accessible to lay
individuals and transit professionals. Key strategies for reducing transportation
emissions are identified in the report: increasing the use of public transit and reforming
corresponding land use practices, adopting energy-efficient technologies and fuels in
transit fleets, and disseminating this information to a broad public. The TravelMatters
website includes two on-line calculators that track travel emissions for individuals or
transit fleets, and a series of Geographic Information Systems maps illustrating the
correlation between land use, auto use, and carbon dioxide emissions. Both versions of
the project present information on the land use factors that generate demand for travel;
how transit agencies can modify current operating systems to maximize potential
ridership, and the potential emissions benefits of alternative, low emissions technologies
available to transit agencies.
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SUMMARY OF FINDINGS
THE CHALLENGE OF GLOBAL CLIMATE CHANGE
A majority of scientists now agree that the earth’s climate is warming, as indicated by a
rise in the average surface temperature of the earth. Positive (warming) climate change is
thought to be the result of human-generated emissions, principally of carbon dioxide (CO2).
Carbon dioxide, like the greenhouse gases methane (CH4), and nitrous oxide (N2O) allows solar
radiation to pass through the atmosphere, but prevents surface radiation from escaping to outer
space, effectively “trapping” it, leading to an overall increase in surface temperature. The
observational evidence for positive climate change is circumstantial, but extensive: direct
measurement has established that atmospheric carbon dioxide levels have increased since the
industrial revolution and the related surge in fossil fuel consumption. The gas physics behind the
“heat-trapping” greenhouse effect is not disputed, and the man-made exacerbation of the
greenhouse effect is considered to be very likely. The ultimate effects, however, remain
uncertain. The premise of the report, based on a review of climate change science summarized
in Chapter 2, is that enough is now known, despite the uncertainties of measurement and
forecasting, to warrant prudent actions to moderate or reduce emissions of greenhouse gases.
Much of what can be done in this regard will have the multiple effect of improving air quality, in
addition to improving human physical health and increasing fuel efficiency. While improving
personal and transit vehicle fuel efficiency is one tactic in any future greenhouse gas reduction
strategy, another equally important tactic involves expanding the overall share of transit in U.S.
transportation. It is with such transit-related strategies that this report is most concerned.
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THE TRANSPORTATION SECTOR AND GREENHOUSE GASES
The United States produces one quarter of global greenhouse gas emissions. The
transportation sector accounts for a third of U.S. emissions, making American transportation a
substantial factor in the global climate change equation, and therefore one of the primary targets
of any comprehensive emissions reduction strategy. The strategy outlined in the chapters that
follow is composed of three elements: 1) identifying ways to reduce per capita miles driven by
encouraging transit use, and promoting transit-supportive land use patterns, 2) implementing
energy-efficient transit fuels and technologies, and 3) developing tools to educate individuals,
planners, and transit agencies about the climatological consequences of travel decisions.
TRANSIT-SUPPORTIVE POLICIES AND CLIMATE CHANGE
In many places, people drive not because they want to, but because there are few
practical alternatives. Where transit options do exist, poor service, management and marketing
often fail to attract potential riders. Enhancing transit usage means addressing both short-term
operational problems, and broader, long-term issues of transit-supportive urban planning, zoning,
and land-use. In the short-term, there are many low-cost actions open to transit agencies to make
the transit experience more pleasant for the public, whether this means maintaining the interior
and exterior cleanliness of a vehicle, customer service training for personnel, or providing
efficient and comfortable means of access and egress to vehicles at transit stops. Chapter 3
presents selected examples of such operational, service, and marketing programs.
Beyond the aspects of transit service and performance, demand for transit is even more
significantly affected by the physical characteristics of a place, such as residential density, street
layout, land use mix, transit accessibility, and an area’s friendliness to pedestrians and bicyclists.
Together, these aspects of an urban location determine the most efficient mode of transportation
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available to an individual. Where these local characteristics work together to encourage
automobile use, greenhouse gas emissions will be highest. Where these local characteristics
support mass and non-motorized forms of transportation, greenhouse gas emissions will be lower
– as can be seen in the maps of household greenhouse gas emissions in Chapter 3 of this report.
This linkage, visually represented, shows how local land-use patterns can have global
consequences. It also opens the door to a range of local actions, surveyed in Chapter 3, available
to regional planners, developers, community groups, and transportation agencies, that will make
public transportation a more competitive mobility option.
FUEL-EFFICIENT AND LOW-EMISSIONS TRANSIT TECHNOLOGY
Transit agencies in larger urban areas are often constrained by regulations on exhaust
gases known to cause smog and acid rain. In order to meet emissions requirements, agencies
have invested millions of dollars to convert from diesel to cleaner-burning technologies, such as
compressed natural gas. While there is currently no regulatory requirement to reduce greenhouse
gas emissions from transit vehicles, increasing the fuel efficiency of transit vehicles effectively
cuts back on CO2, while cutting operating costs and regulated pollutants. Based on a review of
the existing literature, interviews with practitioners, and consultation with developers of Argonne
National Laboratory’s GREET emissions model, the comparative CO2 benefits of alternative
fuels have been compiled and included in a chart in Appendix A of this report. The Appendix
also includes a tabulation of the hypothesized costs or savings per ton of CO2 for each alternative
fuel type.
Chapter 4 synthesizes the (largely theoretical) results of GREET modeling, with other
more empirical evidence from simulated road-tests. While all alternative fuels, with the
exception of methanol, show modest to large CO2 benefits in the GREET model, this is
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contradicted in empirical testing in the case of natural gas. 100% biodiesel, on the other hand,
eliminates virtually all regulated and greenhouse gas emissions, as does hydrogen manufactured
with a renewable energy source. GREET and empirical tests are in agreement that virtually any
of the alternative fuels, and even petroleum diesel, achieves dramatic greenhouse gas reductions
when used in a hybrid electric, or fuel cell engine. Using currently available fuels and
technologies (a hybrid-electric powered bus, for example) it is possible to cut operating costs,
and to dramatically lower regulated and greenhouse gas emissions. Using technologies and fuels
still in development (such as hydrogen fuel cells) it will be possible to reduce regulated and
greenhouse gas emissions even further.
EDUCATIONAL TOOLS
Most people are little aware of how much carbon dioxide and other greenhouse gases
their daily activities cause to be emitted into the atmosphere. The emissions calculators designed
for this project and hosted at the URL www.TravelMatters.org are intended to educate people
about the emissions that their transportation choices generate, and to encourage them to consider
shifting to lower-emissions modes. The calculators, described in Chapter 5, are user-friendly
tools with which to quantify greenhouse gas emissions generated by an individual’s travel
choices, or the operation of an entire transit fleet. Both calculators use estimates of fuel
consumption by type of vehicle to calculate the resulting GHG emissions. Ridership on a transit
system is used to calculate the emissions that a system is offsetting by providing transit service.
The calculators will allow transit agencies to measure their greenhouse gases and provide them
with information on alternative technologies and fuels.
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CHAPTER 1
INTRODUCTION AND RESEARCH APPROACH
THE ROLE OF TRANSPORTATION IN GLOBAL CLIMATE CHANGE
Greenhouse gases absorb and reradiate low-level radiation in the atmosphere and
therefore have a heat-trapping effect. Although the presence of carbon dioxide and water vapor,
the two most common greenhouse gases (GHGs) in the atmosphere, keep the earth’s temperature
warm enough for life to survive, rapid burning of fossil fuels over the last century has released
greenhouse gases (mostly carbon dioxide) into the atmosphere at a rate higher than at any time in
at least the last 20,000 years. Currently, around 8 per cent of the world’s annual carbon
emissions originate in the U.S. transportation sector. Mounting levels of GHGs are absorbing
heat and causing the earth’s average surface temperatures to rise. Scientists hypothesize that
global warming could cause significant changes in ocean level, weather and precipitation
patterns, all of which could dramatically impact human populations and the natural environment.
The potential benefits of reducing GHGs are substantial enough, if properly understood,
to induce municipal, regional, and state authorities to take action on climate change
independently of a larger federal initiative. For example, any tactic for reducing GHGs from
transportation will also reduce emissions of pollutants regulated by the Environmental Protection
Agency, currently a significant challenge for many municipalities. Sustainable surface
transportation can be implemented locally and regionally with the collaboration of citizens’
groups, transit agencies, governments and metropolitan planning organizations. Although there
are currently few initiatives that specifically target GHG mitigation on a local level, the fact that
carbon emissions are so closely tied to energy efficiency means that strategies for controlling
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GHGs can be based on already-existing transportation efficiency programs, such as improved
transit service and transit-oriented land use. Lower GHG, essentially, are a collateral benefit of
sustainability and smart growth strategies. These can include everything from the individual
choice to commute by bicycle rather than automobile, the municipal construction of new rapid
transit or commuter rail, or community development of affordable housing or employment near
transit. All of these have the potential to reduce carbon emissions by dropping the demand for
automobile use.
PROJECT OBJECTIVE
The objective of Combating Global Warming Through Sustainable Surface
Transportation Policy, together with its companion website, www.TravelMatters.org, is to
present educational materials on the subject of climate change, and to examine how greenhouse
gas emissions from transportation may be reduced. Both the print and web-based versions of the
project review the capacity of public transportation to mitigate greenhouse gas emissions, and
present this material in a format accessible to lay individuals and transit professionals. Three
strategies for reducing transportation emissions are identified in the report: increasing the use of
public transit, reforming corresponding land use practices, and adopting energy-efficient
technologies and fuels in transit fleets. The TravelMatters website includes two on-line
calculators that track travel emissions for individuals or transit fleets, and a series of Geographic
Information Systems maps illustrating the positive correlation between land use, auto use, and
carbon dioxide emissions. Both versions of the project present information on the land use
factors that generate demand for travel; how transit agencies can modify current operating
systems to maximize potential ridership, and the potential emissions benefits of alternative, low
emissions technologies available to transit agencies.
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RESEARCH APPROACH
The scope of Combating Global Warming Through Sustainable Surface Transportation
Policy encompasses secondary research on the science of global climate change, case studies on
local sustainable transportation systems, analysis of alternative transit vehicle technologies, and
web-based tools that can be used to calculate the greenhouse gas emissions of transit service or
individual travel choices.
Research carried out in the preparation of the report began with a synthesis of the state of
scientific knowledge on the subject of global climate change, an analysis of the sources of total
U.S. carbon emissions, and the emissions contribution of the surface transportation sector. In
order to better understand the factors that shape the heavy automobile use (and resultant high
emissions) characteristic of the American urban landscape, the research team reviewed the ways
in which land use and urban form condition travel demand. Echoing the findings of several other
recent studies on transportation and emissions, (discussed in Chapters 2 and 3) strategies for
smart growth in urban areas and increased use of public transportation emerged as feasible ways
to lower transportation sector emissions. CNT then conducted case studies of three cities that
combine exemplary transit service with economic development strategies that reduce vehicle
travel. Chattanooga, Tennessee was selected for its forward-looking adoption of new electric
vehicle technology to serve its downtown shopping district, helping thereby to revitalize a
struggling city center. Santa Monica, California was studied for its celebrated and heavily used
bus system. Arlington County, Virginia, is an example of effective and prosperous transit
oriented development in a suburban location, guided over decades by transit-supportive regional
planning.

7

After reviewing the literature on climate change, travel demand, and land use, the
research team surveyed the field of alternative transit fuels and technologies. This entailed
interviews with transit practitioners and alternative fuels researchers, and synthesizing the latest
emissions-testing data to which of the currently available fuels and technologies are most likely
to reduce GHGs. The result of this research is both a narrative and a tabular comparison of the
emissions reduction potential of a variety of transit fuels and technologies, as well as the costs
associated with their implementation.
On the basis of the above research, a model is included in the report, estimating GHG
transit emissions between 20 and 40 years in the future. The model is designed to illustrate total
transit emissions based on several different scenarios, taking into account the greater or lesser
adoption of alternative technologies and fuels. The model scenarios demonstrate the impact that
alternative fuel and technology adoption can have on total emissions from the transit industry.
The most labor-intensive aspect of the project involved the design and testing of a
website to host not only the results of the project research, but a variety of exclusively on-line
decision-support tools intended to help individuals, transit agencies, and municipal planners
understand how greenhouse gases are generated, by both individuals and transit systems, and
options for minimizing emissions from the transportation sector. The tools, hosted on the
website www.TravelMatters.org, consist of two emissions calculators, one for transit agencies
and one for individuals. The calculators provide an easy-to-understand way to measure the
emissions resulting from individual travel choices, or from the operation of a particular transit
fleet. GIS maps accompanying the calculators illustrate national carbon emissions from vehicle
travel on both the county and household levels, and maps of regional and household carbon
emissions for Chicago, Los Angeles, and San Francisco. All of these maps are intended to
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illustrate the lower household carbon emissions associated with higher-density urban areas, in
contrast to the higher household emissions found in sprawling or rural areas.
The final task of the project is to disseminate the results, and market the decision-support
tools to target audiences. The research team will attend conferences, disseminate brochures, and
use the internet to increase public awareness of the impacts of travel behavior on global
warming, and encourage action to sustainably reduce greenhouse gas emissions from
transportation.

CLIMATE CHANGE: BACKGROUND, EVIDENCE, AND DEBATE
For a century, scientists have known that carbon dioxide (CO2) has the capacity to absorb
and reradiate low-level radiation. In and of itself, this is not a cause for concern. The heat
trapping property of CO2 has the beneficial effect of keeping the Earth's climate relatively warm.
Unlike the gaseous and particulate pollutants tracked by environmental regulators, CO2 is not a
harmful gas, but moves through the air, water, and terrestrial ecosystems in large quantities as
part of the global carbon cycle upon which life depends. The flow of carbon through the various
stages of the cycle typically attains equilibrium -- a balance between the carbon produced and
absorbed -- that endures for centuries and contributes to the stability of the earth's climate.
Over the last several hundred years, a new element has been introduced into the carbon
cycle: mechanized human industry. The economic activities of growing and industrializing
societies have increased the amount of carbon being released into the atmosphere, primarily
through deforestation and the combustion of fossil fuels. Until roughly fifty years ago, the
consensus was that this increase in atmospheric carbon could be absorbed by the oceans and
taken up by terrestrial vegetation. However, as scientists have learned more about the sensitivity
of the earth's climate to various perturbations, a consensus has emerged that the equilibrium of
9

the carbon cycle is being distorted -- that more carbon is being introduced into the atmosphere
than is being absorbed by either land or ocean -- and is therefore remaining in the atmosphere to
absorb radiation. Other gases, some man-made, were found to have heat-trapping properties as
well and were classified as greenhouse gases. The primary greenhouse gases are carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), are chlorofluorocarbons (CFC-11, 12, 113, CCl4).
Greenhouse gases are emitted locally, but distribute rapidly and evenly throughout the
atmosphere. Concentrated emissions in one geographic region, therefore, will eventually affect
the atmosphere globally. Although the consequences of climate change affect everyone, the fact
that a few regions produce large amounts of carbon dioxide and other gases means that reducing
emissions in these areas can go far towards an overall reduction of greenhouse gases. The
United States, for example, is responsible for a quarter of the annual worldwide carbon dioxide
emissions. Any substantial emissions reduction measures taken by the U.S. would have
significant global consequences.

A SECTORAL VIEW OF CARBON DIOXIDE EMISSIONS
Each of the four sectors of the U.S. economy -- industrial, commercial, residential and
transportation -- is responsible for a significant share of national emissions. All of these sectors
are heavily reliant on energy derived from fossil fuels, and therefore emit carbon dioxide. The
surface transportation sector alone accounts for a third of all U.S. carbon dioxide emissions.
Surface transportation includes cars, trucks, buses, trains and boats, all of which rely
predominately on fossil fuels. With growth in the economy overall, activity in the transportation
sector has grown as well: the number of vehicle miles traveled in passenger and freight vehicles
has steadily increased over the past two decades. Gas prices have decreased since the late 1970s,
and Americans have been driving farther each year. As the number of light trucks and SUVs in
10

use has risen precipitously, the average fuel efficiency of cars on the road has dropped, despite
technological advances over the last twenty years. Because they make up such a relatively large
single source of global emissions, systematically addressing U.S. transportation emissions, by
increasing transit use, encouraging the adoption of alternative fuels and technologies, and
lowering travel demand by planning for denser, mixed use urban development, can all have a
mitigating effect at the global level.

A PLACE BASED VIEW OF CARBON DIOXIDE EMISSIONS
The physical characteristics of a place, or urban form, influence how often, how far and
by what means people travel. Characteristics such as the density of households in a given area,
the mixture of land uses, access to public transportation, and pedestrian friendliness can define
the determine the range of travel options available to local residents. A person living in a
residential sub-division with cul-de-sac streets and few sidewalks has little choice but to drive to
the hardware store or to a job. A person living in an area laid out in a grid of interconnecting
streets and a mixture of land uses supported by a comprehensive transit system, can choose to
walk, bicycle, use transit, or drive. Even with the option to drive, the physical layout of the latter
community is likely to generate fewer vehicle trips, and shorter trip lengths overall, and will
therefore produce fewer CO2 emissions than the former community.
Despite the many ways in which emissions reductions can be approached, there are few
substantive local or regional initiatives that address global warming directly. While this is
changing gradually at the local and state levels, a short-term strategy for greenhouse gas
reduction would optimally be based on existing programs, such that reductions in greenhouse
gases would come as collateral benefits of efforts improve air quality, reduce pollution in nonattainment areas, and avoid suburban sprawl. Sustainability organizations tend to focus on the
11

environmental, social and economic problems that are directly experienced in their communities.
Such initiatives address local problems in ways that involve transportation policy – making them
an excellent resource to build upon for the purposes of reducing emissions of carbon dioxide. By
taking up issues such as improved transit service and infrastructure, affordable housing close to
employment, retail development near transit stops, and the development of vacant urban land
instead of open land outside the city, these organizations are in fact helping to reduce greenhouse
gases by decreasing the need to drive a car. Sustainability and smart growth initiatives recognize
that America’s current model of development, its limited range of transportation choices, and the
quantities of fossil fuels consumed cannot be sustained without negative effects on the
environment and social equality.

LOW-EMISSION TRANSIT TECHNOLOGIES
Reducing personal automobile travel, particularly single-occupancy trips, is a primary
goal for many air quality and smart growth initiatives. It is also, indirectly, the goal of most
transit agencies, as they try to increase their ridership by attracting new transit riders. Public
buses and trains produce fewer emissions per person than the equivalent number of auto trips.
Even so, transit vehicles are operating with the fuels and technologies of thirty years ago. A
number of alternative fuels and technologies have been developed for public transportation, but
have not been widely implemented. Much can still be done to make low greenhouse gas
emissions fleets affordable and practical for transit agencies, and to create incentives for transit
agencies to convert their fleets. Fortunately, mitigating climate change is not the sole incentive
for transit systems to adopt advanced technology. Rapidly developing technologies, such as
diesel hybrid engines, not only reduce regulated and greenhouse gas emissions, but save money
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on fuel, while delivering performance on a par with diesel. Not only do such fuel-efficient
vehicles benefit air quality and human health, they also work for the bottom line.
SUMMARY
This report examines the ways in which individuals, communities, transportation
planners, and transit systems can locally reduce greenhouse gas emissions from transportation.
Even in the absence of federal policy that regulates greenhouse gas emissions, the benefits of the
actions that reduce GHGs are so great that implementing them is a win-win situation for
communities. When individuals replace driving trips by walking, biking or taking transit, they
not only decrease GHGs, but also improve air quality and achieve a more active lifestyle,
improving their own health. When transit agencies replace old diesel buses with efficient
vehicles burning low-emissions fuels, they save money by decreasing fuel consumption, improve
air quality and reduce their emissions of regulated pollutants. When transit systems and planners
commit to expanding investment in transit infrastructure and improving transit access and
frequency, they give more individuals the opportunity to drive less and commit to improving air
quality. In all, actions that reduce greenhouse gas emissions can also work towards federal, state
and local air quality requirements, improve the health of communities and their residents, and
encourage people to spend time and money in their neighborhood business districts. Sustainable
surface transportation is a key strategy for lowering the U.S contribution to global warming,
while achieving other critical goals: clean air, and the physical and economic health of
communities, to only name a few.
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CHAPTER 2
AN INTRODUCTION TO CLIMATE CHANGE RESEARCH
It is now widely accepted within the scientific community that the quantity of carbon
dioxide and other greenhouse gases present in the atmosphere has increased steadily since the
Industrial Revolution, and particularly since the mid-20th century. Levels of atmospheric carbon
dioxide are currently higher now than at any point during the past 420,000 years. It is also
widely accepted that the average surface temperature of the earth has increased by a significant
fraction of a degree Celsius over the last century. Determining the causal relation between these
two sets of empirical observations -- increasing concentrations of greenhouse gases and rising
global average surface temperatures – is the crux of climate change science. Until quite recently,
uncertainty existed as to whether the observed changes in temperature were significant, or simply
natural fluctuations of climate. Through close monitoring of climatological indicators, such as
ocean and atmospheric temperatures, the functioning of clouds and moisture in trapping and
dispersing heat, and the behavior of oceans in absorbing carbon dioxide and regulating global
surface temperatures, climate researchers have determined with greater certainty than only a
decade before that the warming of the last fifty years is a result of human, greenhouse gasgenerating activities.
Our understanding of climate change is based on two sets of evidence: direct and proxy
climate measurements, and computer simulations of future climate behavior. The set of direct
observational data consists of surface temperature measurements, atmospheric samplings, and
various environmental observations, such as the retreat of alpine glaciers, earlier-than-usual
14

migration of seasonal waterfowl, and the rising temperature of ocean surface waters. To this
body of data also belong so-called proxy, or paleoclimatological data: evidence of past climatic
conditions used to reconstruct major long-term fluctuations of the Earth’s climate, such as ice
ages. Evidence from ice-core samples, tree rings, and sea-floor sediments are the basis for this
extension of the climatological record back in time. Computer-generated models, making up the
second major body of evidence in the study of climate, are calibrated against the record of past
climate variation, in order to more reliably predict the likely effect of natural and external
forcings of the earth’s climate. The accuracy of computer simulations is directly dependent upon
the extent and accuracy of the climate data fed into computers. Though less well established
than the observational evidence, computer-simulated climate projections have improved
tremendously over the last fifteen years. Advances in computing power have made it possible
not only to improve forecasting capability, but also to better test for the statistical significance of
any number of potential factors in the climate change equation.
The evidence in support of human-induced climate change is evaluated in terms of
probability. Any credible demonstration must take into account the sum weight of many
different indicators, and the degree to which they contradict or reinforce one another.
Significantly, in the time between the First and Third IPCC Assessments, research has
strengthened agreement between various fundamental data sets, partly in response to criticisms
leveled at the integrity of time-series data. The well-publicized possibility of sampling errors in
surface temperature measurements, arising from such distortions as urban heat islands, has been
reduced substantially. Similar improvements in reliability apply to most observational
measurements. Increasingly, scientific uncertainty is concentrated on the detection and
15

measurement of climate system feedbacks, or the way in which dynamic processes such as cloud
formation or ocean circulation act to accelerate or dampen changes in global temperatures.
While knowledge in these areas is still evolving, the U.N. IPCC concluded in 2001 that “the
effect of anthropogenic greenhouse gases is detected.”1 A subsequent report issued by the U.S.
Environmental Protection Agency, in fulfillment of U.S. treaty obligations under the United
Nations Framework Convention on Climate Change, did not dispute the analyses or findings of
the IPCC report, though it emphasized the provisional state of scientific knowledge in the field.2
The IPCC report was reviewed by the U.S. National Academy of Sciences in 2001, which found
“the body of the…report…scientifically credible and…not unlike what would be produced by a
comparable group of only U.S. scientists working with a similar set of emissions scenarios, with
perhaps some normal differences in scientific tone and emphasis.”3 The IPCC’s Third Report
forms the basis for the synthesis that follows.

CLIMATE CHANGE: HISTORICAL BACKGROUND
The theory behind global warming – or, as it is referred to in the technical literature,
global climate change – is over a century old. It arose in the context of the growing consumption
of fossil fuels – coal in particular – that was transforming European economies at the end of the
19th and the beginning of the 20th centuries. As early as the 1850’s, such industrial centers as
Manchester, England were notorious for surrounding themselves and nearby countryside in a
shadow of coal smoke. Across the Atlantic, travelers wrote of the great banner of haze that
announced the approach to Chicago from across the prairies in the 1880’s. To the Swedish
chemist Svante Arrehnius in 1896, such sights represented modern industry’s bottomless appetite
for fuel. In order to meet industrial needs, he argued, tons of carbon, buried in the earth for
16

millions of years, were being rapidly dissolved directly into the atmosphere. The rate at which
this was occurring, Arrehnius observed, was historically unprecedented.4 When this observation
was linked to the well-established heat-trapping property of carbon dioxide and other
atmospheric gases, the prospect of human, gas-generating activity leading to a warming of the
earth’s atmosphere announced itself as a disturbing possibility.5 Over time, this simple theory,
and the uncontroversial gas physics that underlie it, have become so compelling that they are
now the backbone of an international research effort to untangle the much more complex patterns
of global atmospheric behavior.6
Despite the fact that the bulk of measured warming in global mean temperatures occurred
before 1940, scientists during this period were confident that the carbon being released into the
atmosphere was maintained at equilibrium by the ability of the earth’s oceans to absorb it in vast
amounts.7 It was not until the 1950’s, a period of innovation in the geophysical and atmospheric
sciences, that concerted research began on the subject of greenhouse gases. The tide of scientific
opinion began to turn when Roger Revelle, working at the Scripps Institution of Oceanography
at the University of California, San Diego, proposed that the volume of carbon dioxide in the
earth’s atmosphere was out of equilibrium with the capacity of the oceans and landmasses to
absorb it. Revelle was able to prove this by performing a number of experiments measuring the
carbon content of the air, and in seafloor sediments.8 It was under his supervision that the carbon
dioxide monitoring station on Mauna Loa, Hawaii, was established. Readings from this station
and another in Antarctica established that atmospheric carbon dioxide has increased steadily
since 1957, and that this is the result of human activities.9 (Figure 2.1)
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Focused research on climate science gathered momentum in the 1970’s, when the issues
of world population growth and the oil-related energy crisis became issues of primary concern
for both the public and policy makers.10 The latter sought to understand the likely consequences
of a world increasingly dependent on energy derived from fossil fuels, especially a potential
surge in the use of coal. The first reports commissioned by the United States government
dealing with carbon dioxide emissions addressed the economic, political, and environmental
impacts of increased fossil fuel consumption both in the developed and developing worlds.11
Although awareness of the role of greenhouse gas emissions in climate change was increasing at
this time, the energy and environmental legislation of the 1970’s and 1980’s was motivated
largely by an interest in reducing U.S. dependency on foreign oil and in cutting acid rain-causing
emissions from cars and power plants.
The upsurge of interest in fossil fuel combustion and climate change during the 1980’s
prompted governmental and non-governmental organizations to begin sponsoring research in
climate science. Central to this effort was the establishment by the United Nations of the
Intergovernmental Panel on Climate Change (IPCC) in 1988, which laid the groundwork for an
international research program. Since the science of climate change involves many gases -some natural, some synthetic -- and their impact on a very complex system, the greatest
challenge to climate researchers has been to isolate precise linkages of cause and effect. The
instrumental measurements required must be assembled from a number of heterogeneous data
sets from around the world, and reconstructed from the historical record. Such comprehensive
amassing of information, together with direct experimentation, is fundamental to differentiating
the climate warming “signal” from the background noise of natural climate variability. One of
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the founding purposes of the IPCC was to organize the coordinated, international effort that
would be necessary to advance scientific understanding of the atmosphere and its response to
human induced emissions. At the time of the first IPCC report, monitoring climate change was a
task for which scientific infrastructure was undeveloped. Because of the paucity of existing data,
the IPCC called in each of its three reports (1990, 1995, 2001) for improvements in computer
simulation capabilities, an increase in the range and accuracy of observational evidence, and
further international efforts to monitor climate. The resources required to do all this (particularly
the need for supercomputing capacity) puts climate science research beyond the range of almost
all but nationally and internationally funded organizations.
By the 1990’s, the prospect of climate change emerged as an issue in its own right,
sufficient to justify consideration of certain energy and technology related policy measures. The
1997 Kyoto Protocol is the most well known example of this, but there exist a number of much
more focused investigations that explore ways to mitigate greenhouse gas emissions. One report
that relates global climate change directly to emissions from specific economic sectors, including
transportation (second only to industry as a source of carbon dioxide), is the 1997 “Five Labs
Report.” Based on the collaborative research of laboratories such as Argonne, Lawrence
Berkeley, Oak Ridge, Pacific Northwest National, and the National Renewable Energy
Laboratory, the Five Labs Report framed its research in terms of the costs and benefits of carbon
emissions reduction strategies. It concluded that, with a heightened private and public
commitment to alternative technology research and development (R&D) across a number of
economic sectors, it would indeed be possible for the U.S. to reduce carbon emissions
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significantly, more than making up for the expense through increased energy efficiency. The
need for R&D investment was cited as especially great in the transportation sector. 12
The 2002 National Research Council (NRC) report, “Effectiveness and Impact of
Corporate Average Fuel Economy (CAFE) Standards,” was the next significant statement to
follow the Five Labs Report. Its authors are likewise convinced that global climate change
provides sufficient motivation to turn attention once again to automotive fuel efficiency: “The
most important [reason for taking up the issue], the committee believes, is concern about the
accumulation in the atmosphere of so-called greenhouse gases, principally carbon dioxide.
Continued increases in carbon dioxide emissions are likely to further global warming.”13

CLIMATE CHANGE SCIENCE: STATE OF THE FIELD
Roger Revelle suggested in 1982 that, despite all the uncertainty of climate forecasts,
“Almost any reasonable estimate of how much fossil fuel will be burned in the coming years
suggests that if carbon dioxide is indeed altering the climate, an unmistakable warming trend
should appear in the 1990’s.”14 Such has indeed been the case. Long-term temperature data
establish the 1990’s as the warmest decade, and 1998 as the warmest year, since reliable records
have been kept beginning in 1861.15 Paleoclimatological data go further and establish the
1990’s as most likely the warmest decade in 1,000 years. Most of this warming has occurred in
far northern Canada and Siberia, and at night – representing what scientists refer to as a decline
in the daily temperature range. From an anthropomorphic perspective, such trends might not
appear to be immediate cause for concern. But the long-term, secondary effects of such warming
in the northern latitudes – primarily the release of water from melting polar ice and geographical
shifts in agricultural fertility -- may be ecologically and socially disruptive on a global level.
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There is also the danger of sudden, unforeseen regional atmospheric changes, on the scale of the
sudden appearance of the ozone hole over Antarctica in the 1980’s.16
Positive climate change – or global “warming” of the climate -- is an extremely complex
phenomenon, about which knowledge is constantly evolving. Scientific doubt as to the existence
of a warming trend itself, however, is no longer tenable. Regarding the causes of this warming,
the IPCC’s Third Assessment reports an improved degree of confidence over the previous review
– between 66-90 per cent likelihood – that “most of the observed warming over the last 50 years
is likely to have been due to the increase in greenhouse gas concentrations.”17 Although
knowledge of short- and long-term variability in climate change is still imperfect,
paleoclimatological data make it clear that the rate of increase in temperatures on a global (not
just regional) scale, as well as the magnitude of the increase, is unmatched over a period of more
than 100,000 years.18 Conversely, efforts to explain recent warming with recourse to natural
causes alone are less and less promising, the IPCC suggesting that it is “bordering on unlikely”
(just under 90 per cent certainty) that human activity has played no role in the general warming
of the climate.19 Most computer models, in fact, fail to replicate the recent warming trends
without the inclusion of some kind of human induced influence within the simulation parameters.
As was concluded in the IPCC’s second assessment on global climate change, “Detection
of a human-induced change in Earth’s climate will be an evolutionary and not a revolutionary
process. It is the gradual accumulation of evidence that will implicate anthropogenic emissions
as the cause of some part of observed climate change, not the results from a single study.”20 It is
unlikely that a single argument will tip the balance in either direction, given the complexity of
the problem and the statistical nature of the evidence. Scientific certainty will increase
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incrementally, as data time series are lengthened, but the present incompleteness of such data in
no way invalidates the “strong theoretical basis for enhanced greenhouse warming,” which is in
fact the justification for sustained, internationally coordinated research. What is crucial to any
scientific explanation is that the many different lines of evidence not be at variance.21
The recent controversy surrounding climate change has had to do primarily with the
internal consistency of various data series, or the possibility that certain natural agents of climate
change, such as fluctuating levels of solar radiation, were not taken into consideration. As of the
IPCC Third Assessment, most of these concerns have been addressed, resulting in an overall
increase in certainty regarding the human causes of a warming climate. To quote the Third
Assessment: “The impact of observational sampling errors has been estimated for the global and
hemispheric mean surface temperature record, and found to be small relative to the warming
observed over the 20th century.” The exceptionally consistent global warming observed during
the years between the Second and Third Assessments (including 1998, the warmest year of the
century) further substantiate the general warming trend observed over the last fifty years.22

The Evidence: Carbon Dioxide Emissions
The primary greenhouse gases in the earth’s atmosphere are water vapor (H2O), carbon
dioxide (CO2), methane (CH4), chlorofluorocarbons (CFC-11, 12, 113, CCl4), nitrous oxide
(N20), ozone (O3), and aerosols. After water vapor, which is not directly affected by human
activities, carbon dioxide is the greenhouse gas most prevalent in the atmosphere. Because
carbon dioxide circulates throughout the biosphere in such large volumes, it plays a primary role
in the thermal regulation of the earth’s atmosphere. Methane, though it is the second most
prevalent gas by volume, is four times as powerful as a heat trapping gas, and has more than
22

doubled its pre-industrial concentration, has a shorter residence time in the atmosphere and is
generated in much smaller quantities than carbon dioxide.23 Scientific interest in climate change
has therefore focused primarily on CO2 : its behavior in the atmosphere, its past and present
concentrations, and its relation to human industrial activity.
Records of relative atmospheric CO2 concentrations constitute one of the most basic
building blocks of climate change science. Evidence for the increase of man-made carbon
dioxide in the atmosphere is well established. Because carbon derived from the combustion of
fossil fuels and organic matter (associated with deforestation) contains fewer carbon isotopes
than would be found in carbon normally circulating through the carbon cycle, it is possible to
determine the ratio of anthropogenic (human-made) to naturally produced carbon.24
Measurements to this effect, drawn from atmospheric samplings at the research station at Mauna
Loa, Hawaii, where readings have been taken continuously since 1957, and the U.S. research
station at Point Barrow, Antarctica, establish a trend of rising carbon dioxide emissions due to
human activity during the second half of the 20th century.
When brought into relation with the next most substantial body of instrumental data -gas concentrations frozen in air bubbles taken from the Greenland and Antarctic ice sheets -researchers have been able to make long-term, historical comparisons of carbon dioxide levels.
This paleoclimatological evidence, corroborated by ice cores drilled at a number of sites around
the world, establishes that the present concentrations of carbon dioxide in the atmosphere are the
highest in nearly half a million years (much longer than any individual cycle of glaciation and
deglaciation), up 31 percent since the approximate beginning of the industrial revolution in 1750.
Further, “The rate of increase over the past century is unprecedented, at least during the past
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20,000 years.”25 Similar evidence has been obtained for the other greenhouse gases (though
some, such as chlorofluorocarbons (CFCs), have actually begun to diminish at global levels).
Thus, based on historical evidence and given the known properties of carbon dioxide as a heat
trapping gas, steadily rising levels of carbon dioxide should lead to a detectable rise in average
global temperature over a long enough time span.

The Evidence: Temperature Increases
The direct evidence for positive climate change does not, contrary to popular opinion,
equate to something as straightforward as perceptibly warmer summers. Rather, the empirical
basis for a warming of the earth's climate rests upon a global average of surface temperature
readings, or mean surface temperature. Mean temperatures are derived from aggregate data
collected from measuring stations around the world, the earliest consistent record beginning in
1861. Determination of temperature prior to this period is obtained from the measurement of
certain trace elements recovered from ice cores that are known to correlate to surface
temperature. The range of such average temperatures is very small – only a fraction of a degree
Celsius – but it is known that major climatic events of the past, such as glaciation, were
accompanied by only incremental changes in the global mean temperature.
Records of global temperature are well established for the period, over the last century
and a half, since consistent measurements have been taken. As the record is pushed further back
in time, scarcity of data raises the degree of uncertainty, but temperature trends reconstructed
from proxy evidence are largely uncontroversial. For temperatures prior to the mid-nineteenth
century, scientists make inferences on the basis of other variables known to correlate with
temperature. Analysis of tree rings from exceptionally long-lived species, or from dead trees that
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have been somehow preserved, can extend the temperature record several thousand years into the
past.26 Gas concentrations and trace elements frozen in the Antarctic and Greenland ice caps
provide a record of atmospheric conditions extending back nearly a quarter of a million years;
beyond this, seabed sediments and fossilized coral provide temperature indicators for climatic
conditions that existed millions of years ago. Such long-term evidence is essential to determine
the relative significance of more recent and comparatively brief period of warming. On this
basis, paleoclimatic data suggest that “the present CO2 concentration has not been exceeded
during the past 20 million years,” and that “the current rate of increase is unprecedented during
at least the past 20,000 years.”27
It is acknowledged, however, that mean temperatures alone are insufficient for the
attribution of human-induced climate changes.28 To bridge the inferential gap, throughout the
1990’s researchers called for a wider array of experimental measurements of such phenomena as
heat absorption by the oceans and the cooling potential of ocean cloud cover and atmospheric
aerosols.29 Better knowledge of these processes would simultaneously reduce the speculative
aspects of climate modeling (a controversial issue) and provide more direct evidence for the
mechanics of climate change. A call by NASA Goddard Institute researcher James Hansen for
closer study of oceanic temperatures was recently answered by a project at the National Oceanic
and Atmospheric Association (NOAA) to establish a database of ocean temperature
measurements from 1948 to 1998.30 This recent effort demonstrated an average increase in
ocean temperatures between depths of 0 to 300 meters. Still another data set was recently
compiled by researchers studying subsurface ground temperature measurements from
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“boreholes” on six continents. The results from this record, again, indicate a 20th century
warming that is the greatest in 500 years.31
In addition to enlarging the climate change database, much recent work has been devoted
to refining one or another of the data sets that provide evidence for an abrupt warming during the
last fifty years. For example, questions arose in the 1990’s as to whether thermometer readings
used to calculate the global mean temperature are elevated by their location in urban areas, or
heat islands, known to be hotter than the surrounding countryside. The temperature difference
between cities and their surroundings is most notable at night – which would seem to offer one
possible explanation for the observed global rise in nighttime minimum temperatures. Several
considerations, however, have eliminated the possibility that urban areas are giving the illusion
of a general warming trend. Studies carried out since the IPCC Second Assessment report
separate urban from rural temperature series in order to isolate any statistically significant
difference between the two trends, and found that “there is little difference in the long-term
(1880 to 1998) rural…and full set of station temperature trends.” Even without separating urban
from rural temperature readings, the average surface temperature record fits well with warming
trends unaffected by urbanization: borehole temperatures, reduced terrestrial snow and ice cover,
and changes in temperature of the ocean.32

Other Evidence of Positive Climate Change
Several trends continue to positively correlate with the temperature measurements
described above. Most conspicuous is the overall reduction in area of surface snow cover, a
trend documented in some places since the mid-nineteenth century, and with satellite data since
the late 1960’s. The recent NAS assessment reviews this evidence succinctly:
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“The warming trend is spatially widespread and is consistent with the global retreat of
mountain glaciers, reduction in snow cover extent, the earlier spring melting of ice on rivers and
lakes, the accelerated rate of rise of sea level during the 20th century relative to the past few
thousand years, and the increase in upper-air water vapor and rainfall rates over most regions. A
lengthening of the growing season also has been documented in many areas, along with an
earlier plant flowering season and earlier arrival and breeding of migratory birds. Some species
of plants, insects, birds, and fish have shifted towards higher latitudes and higher elevations.”33
Measurements from submarines and satellite data both suggest that the thickness and
extent of Arctic sea ice have diminished since these readings first became available in the
1970’s. In Antarctica, the IPCC Third Assessment documents the retreat of five ice shelves over
the course of the 20th century; the National Snow and Ice Data Center put the number at seven
since 1974. Less than a year after the Third Assessment appeared, Antarctica experienced the
dramatic collapse of the Larsen B ice shelf in the late winter and spring of 2002. Attributed by
scientists to “a strong climate warming in the region,” the collapse of Larsen B lasted 31 days,
during which a volume of ice larger than the state of Rhode Island -- 3250 km2 – and 220 m thick
disintegrated into the sea.34
The range of evidence described above is entirely circumstantial, but its cumulative
weight is considerable, and has done much to establish beyond question the fact, disputed in the
late 1980’s and early 1990’s, that the earth’s atmosphere is indeed warming: “The effect of
anthropogenic greenhouse gases is detected,” as the IPCC concludes in its Third Assessment.35
It also suggests the sorts of dramatic and rapid ecological changes that further warming might
accentuate.
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Cloud Cover and Atmospheric Feedbacks
The two fundamental elements of climate change science – greenhouse gases, primarily
carbon dioxide, and global average temperatures – are relatively easy to track and correlate.
Although CO2 is the principal agent of climate change, this is mostly as a trigger, one that raises
atmospheric temperatures sufficiently to vaporize the most powerful greenhouse agent, water. A
rise in temperature would, it is argued, result in higher rates of ocean evaporation and cloud
formation that would, in turn, trap even more heat. The predicted operation of the greenhouse
effect is based on such feedbacks accentuating the heat-trapping properties of carbon dioxide and
other greenhouse gases. However, increased cloud cover would also result in a greater albedo,
or amount of solar radiation reflected by clouds back into space without penetrating the lower
atmosphere. Clouds therefore have potentially positive (warming) and negative (cooling)
feedback effects. Since the atmosphere is such a complex and variable system, it is challenging
to observe and measure the operation of such atmospheric feedback effects. The role of clouds
and atmospheric moisture in particular have been at the center of recent controversy over climate
change, and remain the least understood of all the possibly significant feedback mechanisms.36
The most highly regarded critic of the IPCC consensus statements, Richard Lindzen of
MIT’s Earth, Atmospheric and Planetary Sciences Department, has undertaken hydrological
research to understand how clouds regulate the temperature of the earth’s atmosphere. In a
model he has advanced since 1989, Lindzen and colleagues argue that high-level tropical clouds
over the Pacific operate as a sort of enormous heat valve, allowing the release of heat into space
and so bringing temperatures to equilibrium.37 He further argues that thermal equilibrium is
achieved primarily through the heat loss accompanying atmospheric convection and the transport
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of moisture from warmer to cooler latitudes, rather than through infrared radiation of the sort
trapped by greenhouse gases. Mainstream climate researchers, however, point to evidence
contradicting Lindzen's convection model – “satellite and balloon observations showing that
water in the upper troposphere increases, not decreases, whenever and wherever the lower
troposphere is warmer.” They also argue that, although Lindzen is the only scientist to develop a
full-blown, alternative model of climate systems, the bulk of circumstantial evidence still points
towards the probability of positive climate change.38

Computer Simulated Climate Forecasts
Climate science research in the 1980's and 1990's devoted considerable attention to
developing computer models capable of forecasting general climate trends on the basis of the
information then known. Computer generated scenarios have been used to suggest specific
global and regional effects of positive climate change, such as increased or decreased local
precipitation, longer or drier growing seasons, and coastal inundation. At the time of the ICPP’s
Second Assessment, the authors of that document were cautious regarding the accuracy of global
climate forecasts, especially at the regional level. Such caution was based, in part, on the
difficulties of modeling the complex atmospheric feedbacks associated with water vapor, clouds,
ocean circulation, and the albedo effect. At the time of the Second Assessment, most simulations
were unable to replicate short-term climatic variations, such as El Niño, without being
manipulated. Since then, computing power has improved, as have the models themselves and
the instrumental data that is fed into them. When tested against current and past climate
observations, current models earn a higher degree of confidence than did their forerunners less
than a decade previously. The IPCC now considers climate simulations capable of providing
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“credible simulations of both present annual mean climate and the climatological cycle,” as well
as “stable, multi-century simulations.”39 If a simulation, incorporating all known atmospheric
feedbacks, can faithfully reproduce several centuries of recorded climate variation, the odds of
the same simulation running an accurate forecast well into the future increase.

CARBON EMISSIONS FROM SURFACE TRANSPORTATION
The “emission of a greenhouse gas,” concludes the IPCC, “that has a long atmospheric
residence time is a quasi-irreversible commitment to sustained radiative forcing over decades,
centuries, or millennia, before natural processes can remove the quantities emitted.”40
Environmental issues of such long duration and consequence are unprecedented, and might seem
at first to exceed the range of known scientific, technological, and policy resolutions. Yet
effective responses have been identified, and tend to focus on improved energy efficiency in all
economic sectors. The principal conclusion of the Five Labs Report, for example, is that any
risk-reducing strategy for carbon reduction would necessarily be tied to implementation of
energy efficient technologies, especially in the transportation sector. "Technology can be
deployed to achieve major reductions in carbon emissions by 2010 at low or no net direct costs
to the economy."41 Though the report acknowledges that such an initiative would require a
major federal and private commitment to research and development, it nonetheless emphasizes
that potentially effective mitigation strategies do exist. With atmospheric carbon levels affecting
climate, and global emissions of the gas trending upwards, it is only prudent to further pursue
efficiencies in the transportation sector. We now know that there are both feasible technological
means, and sound economic reasons, for doing so.
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Although the effects of increasing CO2 emissions are dispersed throughout the earth's
atmosphere, the sources of CO2 and other greenhouse gases vary according to geographical
region and economic sector. CO2 emissions can therefore be traced to specific, regional
economic and social practices, helping us understand how the complex mechanics of climate
change relates to on-the-ground activities in particular areas. The amount of fossil fuel
consumed in a given sector of the U.S. economy, for example, is well known, and allows us to
make a fairly accurate estimation of the corresponding amount of CO2 produced.
According to the U.S. Department of Transportation, the United States contributes
roughly a quarter of the global quantity of carbon dioxide emissions.42 The transportation sector
is a major contributor to the total U.S. volume of CO2 emissions, at 33 percent of the total.43
Thus, emissions from the U.S. transportation sector make up 8 percent of world CO2 emissions.
For the decade of the 1990’s, transportation sector emissions averaged the greatest rate of
growth, at 1.8 per cent, outpacing an average 1.25 per cent growth in all other sectors.44
“Transportation,” reports the Energy Information Administration in its 2000 inventory of U.S.
greenhouse gas emissions, “is the largest contributing sector to total emissions”
(Figure 1).45
Of the various modes of transportation that generate emissions, by far and away the
largest segment consisted of the combined emissions of both automobiles and light trucks;
almost 60 percent of transportation-related carbon emissions come from motor fuel consumed by
these two classes of vehicle. For year 2000, cars generated 38.6 per cent of the U.S.
transportation sector CO2 emissions; light trucks, 20.6 per cent; and buses, 13.7 per cent. The
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bulk of growth between 1990 and 2000 in transportation emissions was due to growth in the use
of light-trucks – vans, pickups, minivans, and sports utility vehicles.46
From a purely statistical point of view, then, a strategy for reducing global carbon dioxide
emissions would do well to reduce emissions originating in the use of automobiles and light
trucks in the United States.47 One way of accomplishing this, (in addition to increasing the fuel
efficiency of new vehicles) would be to encourage people who would normally drive on any
given occasion to use mass transit, bicycles, or to walk instead. With such a large proportion of
greenhouse gas emissions originating in the transportation sector, and the largest proportion of
those emissions originating in personal automobiles, improving the competitiveness of transit
vis-à-vis the automobile could directly and significantly reduce collective CO2 emissions.
The goal of reducing greenhouse gas emissions from the transportation sector overlaps
with the aims of a variety of programs in urban planning, public policy, and within federal, state,
and municipal transit agencies, all directed towards increasing public use of mass transportation.
In the following chapters, various local strategies for encouraging the use of mass transit will be
examined, including, most importantly, the land-use practices most supportive of transit use;
effective market incentives, and transit agency policies. While the third chapter offers
illustrations of the conditions necessary for optimal transit efficiency, the fourth chapter
illustrates the concrete economic advantages that new low-emissions technologies can bring to a
transit agency itself. The case of alternative transit technologies will illustrate a larger principle
on a smaller scale: how multiple ends can be achieved through programs of energy efficiency.
Reducing transportation sector greenhouse gas emissions by increasing transit use has the
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positive consequence of reducing regulated pollutants, and reducing transit agency operating
costs.
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CHAPTER 3
LOCAL STRATEGIES FOR REDUCING CO2 EMISSIONS
Because the transportation sector is such a sizeable contributor to total U.S. greenhouse
gas emissions, reducing transportation emissions will be a primary objective for any
comprehensive U.S. greenhouse gas mitigation policy. Of the three strategies for reducing GHG
emissions outlined in Chapter 1, this chapter focuses on the adoption of land-use practices that
are more transit-supportive, and on policies that may increase the use or expand the service of
already existing transit systems. While the reform of land-use practices prevailing in the United
States is the most challenging of the two approaches, it is perhaps the most important for the
long-term stabilization of CO2 and other greenhouse gas emissions from the transportation
sector. As the emissions maps presented in this chapter will make clear, there is a direct
correlation between low CO2 emissions and the reductions in auto use that accompany transit
friendly neighborhoods with high residential densities. It is not necessary to cross Manhattan or
Tokyo-level thresholds of density for this relation to become apparent. Much of the County of
Los Angeles, for example, displays significantly lower household carbon emissions than
surrounding, less dense counties. Neighborhoods with lower rates of auto use, themselves
reflections of lower household auto ownership, are neighborhoods that generate fewer
greenhouse gases. How we build cities, therefore, has atmospheric consequences; those
consequences also have an economic impact on the budget of typical urban households.
Households in higher density neighborhoods coupled with frequent and accessible transit incur
significantly lower transportation expenses because they are freed of the costs of auto ownership
– the second greatest expense for American households.1 Were this efficiency extended to a
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greater percentage of urban inhabitants, the wealth freed at the household level would be
enormous, on the order of $2.8 billion in the city of Chicago alone.2 The lower levels of auto
ownership that accompany high-density land uses lead to lower vehicle miles traveled (VMT – a
measure of the total distance driven by automobiles in a given region), fewer greenhouse gases,
and ultimately lower transportation expenses per household. Reduction of transportation sector
CO2 from changes in land use is therefore an efficiency that has a measurable economic benefit.

TRAVEL DEMAND AND URBAN FORM
Transportation planners, and developers of transit and real estate, have been interested in
the relation between transit services and the markets that support them since the early days of
public transportation. Formal modeling of travel demand, or the concrete conditions that
influence individual decisions whether, where, and how to travel, however, began with the largescale transportation construction of the 1950’s. Until quite recently, one of the greatest barriers
to studies attempting to isolate the true causes of what is known as “trip generation” has been the
reliance of such modeling upon data of regional or city-wide resolution. Large-scale modeling
techniques based on regional aggregates, however, were initially enough to suggest that effective
transit and high-density land use were closely related. A benchmark study of transit travel
demand carried out by Boris Pushkarev and Jeffrey Zupan in the 1970’s used aggregate density
measures to determine density thresholds for effective transit demand; these measures,
summarized below, still operate as rules of thumb in transit planning today. Pushkarev and
Zupan’s study, discussed in detail below, is the starting point for a brief review of the travel
demand research leading up to the most recent, neighborhood-scaled studies of transit and
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location efficiency.
Pushkarev and Zupan begin their study of travel demand with the observation that,
today, transit functions in competition with the automobile. With the exception of
neighborhoods within a handful of American cities, the percentage of trips carried by any given
mode of transit – or mode share – is a small fraction of the total number of trips made. This has
not always been the case. Before the expansion of the automobile market in the 1920’s, and
even into the early days of the 1950’s suburban boom, transit was the most efficient way to travel
distances longer than those easily traveled by foot. During the heyday of mechanized urban
transit, from roughly 1880 to 1920, transit modes competed chiefly between themselves in a free
market. Because rail transport was so basic to economic activity at this time, it functioned as a
spur to development.3 The functional design of the built environment was premised on the near
and frequent operation of rail transport to serve the needs of inhabitants, merchants, and industry.
This close relationship between rail transport and land use shaped the skeletons of the great
American cities that came to maturity in the decades before the First World War.
The expansion of the automobile market from the 1920’s onward broke the monopoly
relationship of rail transport and urban development. No other mode of travel could match the
efficiencies of the automobile, primarily in terms of shorter trips and greater trip flexibility.
Considered the travel mode of the future, new urban and suburban development began to
functionally orient itself towards the automobile, a trend that has continued to this day. As the
auto-oriented sections of urban and suburban areas have grown dramatically since the Second
World War, transit has been compelled to extend its operations into areas laid out not to
maximize transit ridership, but rather to facilitate efficient automobile circulation. Transit during
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this time labored under the further financial burden, inherited from the free-market years of the
early 20th century, of financing itself in the absence of comparable levels of municipal and
federal assistance available for the creation and maintenance of auto infrastructure.4 This led to a
considerable reduction in transit service as early as the 1940’s. Urban regions that experienced
the bulk of their development after the auto revolution tend to have segregated land uses
separated by barriers to anything but automobile circulation. Development around the
automobile has resulted in a type of urban form that now makes other mobility options
inconvenient and often uneconomical.
It was in this context that Boris S. Pushkarev and Jeffrey M. Zupan produced a founding
text of modern travel demand theory in the 1970’s. The most effective way to restrain auto use,
they argued, is to design urban environments that make the cost and inconvenience of using a car
prohibitive. Such environments already exist in the hearts of older American cities built before
the advent of the automobile, where the density of land uses reduces dependence on automobiles,
while increasing the relative cost of their operation. “Only as auto access becomes difficult do
riders by choice begin to switch to transit.”5 A simple, and very reliable, way of determining the
suitability of an urban area for transit, and the likelihood of residents to opt for transit over autos,
is to measure the residential density of an area. As they summarize in the conclusion to Public
Transportation and Land Use Policy,
Higher density of urban development acts both to restrain auto use and to
encourage the use of public transit…Average figures from a number of urban
areas in the United States suggest that:
At densities between 1 and 7 dwellings per acre, transit use is minimal…A
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density of 7 dwellings per acre appears to be a threshold above which transit use
increases sharply…At densities above 60 dwellings per acre, more than half the
trips tend to be made by public transportation.6
Several of the indicators of transit effectiveness arrived at by Pushkarev and Zupan, in
addition to those above, have become standard in the transportation planning literature. The
most important underlying factor supporting transit use, according to Pushkarev and Zupan, is
reduced auto ownership. Increasing residential density by a factor of ten, for example, is found
to drop the level of auto ownership by 0.4 percent.7 In fact, density correlates extremely closely
with auto ownership, such that residential density offers a basis for predicting household auto
ownership with 86 to 99 percent accuracy. Still more important, they argue, is the density of
nonresidential floor space in a downtown area served by transit. High-densities of
nonresidential, downtown floor space have the effect of suppressing auto use, and allowing the
economy of scale for effective transit service to residential areas. As Pushkarev and Zupan
conclude: “The land use policies which will do most for public transportation are those which
will help cluster nonresidential floor space in downtowns and other compact development
patterns.”8 Rutgers University transportation researcher Reid Ewing remarks that Australia and
Canada, with comparable levels of auto ownership and gross densities, nonetheless sustain transit
ridership more than three times the U.S. level. The difference, Reid points out, is that “Canadian
and Australian cities…have managed to create conditions favorable to transit,” primarily by
clustering uses in central areas and linking development to transit infrastructure.9 Recent
research by Apogee/Hagler Bailly gives further evidence of the strong correlation between
employment density at trip origins and destinations with mode choice for both work and non45

work trips: where there is a high concentration of jobs (a less precise way of referring to
“nonresidential floor space”) more trips will show up on transit.10
As revealing as were earlier studies of travel demand, they were limited by the lack of
data on transportation choices made at the household level. Later studies have therefore gone to
great lengths to more closely scrutinize the same relationships with fine-grained, neighborhoodlevel data. This has necessarily involved the laborious compilation of new information. John
Holtzclaw, in a 1994 paper, “Using Residential Patterns and Transit to Decrease Auto
Dependence and Costs,” developed a methodology for predicting household automobile travel
from density and transit access in 28 California communities.11 His work later became part of an
analysis conducted collaboratively by the National Resources Defense Council, the Center For
Neighborhood Technology and the Surface Transportation Policy Project, calculating the
transportation value, or “location efficiency,” of a given place.12 The Center For Neighborhood
Technology, in cooperation with the Natural Resources Defense Council and the Surface
Transportation Policy Project, developed a model to predict vehicle miles traveled in the
Chicago, San Francisco and Los Angeles metropolitan areas in 1997. While earlier work, such
as that carried out by Pushkarev and Zupan, looked at metropolitan regions on a city-wide scale,
the LEM and subsequent modeling was able to predict vehicle miles traveled for small
geographies, in this case traffic analysis zones in San Francisco and Los Angeles, and quarter
sections in Chicago. Such a focus on small scales allowed as many variables as possible to be
accounted for, thus removing suspicions that factors other than density (such as income level,
geography, or culture) influenced travel choices. “Direct comparison of neighborhoods is
necessary,” Holtzclaw writes, “to determine if neighborhood characteristics like density, transit
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service and pedestrian and bicycle friendliness – characteristics that can be influenced by public
policy – truly influence auto ownership and driving.”13 The model by Holtzclaw and colleagues
predicts household vehicle ownership and use based on household income and size, vehicle
ownership, residential density, block size (used as a surrogate for pedestrian accessibility),
vehicle miles traveled, transit routes and frequency of transit service. These factors are brought
together in a statistical model to describe the transportation efficiency attributable to a location:
the degree to which any trip can be made quickly and efficiently. High levels of efficiency
indicate conditions favorable to transit, and to high levels of pedestrian activity. Not
surprisingly, in such circumstances, people consistently own fewer cars, drive less, and therefore
produce fewer emissions.
The location efficiency model (LEM) predicted household vehicle ownership and vehicle
miles traveled by means of a regression analysis that incorporated residential density, transit
access, availability of local amenities (a land use mix indicator), and pedestrian friendliness. The
LEM study marked an advance in three respects: Geographic Information Systems unavailable
prior to the 1980’s allowed land use patterns and their effects to be made plainly visible; the
massive collection of household data in three cities allowed for trip origins (rather than total
trips) per household to be tightly correlated to residential density; and the relative cost to
households having to make more trips. By incorporating into statistical analysis the travel habits
of different income groups, as well as neighborhood-level data from geographically and
historically distinct cities (Chicago, San Francisco, and Los Angeles), the 2000 location
efficiency study found that the strong inverse correlation of residential density with auto
ownership held true across three distinct urban environments. (Figure 3.1) “Urban design and
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transportation infrastructure,” concludes the location efficiency study, “have a highly significant
influence on auto ownership and distance driven for neighborhoods,” thus refining the twentyfive year old insight of Pushkarev and Zupan, and moving beyond it with the introduction of the
concept of location efficiency into discourse on travel demand.14
In a later study, Pushkarev and Zupan quantify the ratio of transit trips to suppressed auto
trips, illustrating the dramatic effect that a high-density, transit supportive environment can have
on auto usage. In a study of six metropolitan areas served by rail transit, they found that “the
reduction of auto travel…is much grater than that attributable to the direct replacement of auto
travel by rail travel,” on the order of a reduction of 4 auto trips for every 1 trip by transit.15 In
further research on “transit leverage,” John Holtzclaw found a reduction of VMT in San
Francisco of 9 miles for every passenger mile of service.16 If a single passenger mile on transit
equals multiple passenger miles in an automobile, then increasing transit use emerges as a
substantial tool for greenhouse gas reduction. Recognizing this, the American Public Transit
Association calculates that, if only 7 percent of daily trips in the United States were shifted to
transit, CO2 emissions equivalent to more than 20 percent those of the commercial sector would
be eliminated.17 Taking the 1999 CO2 emissions from transit, APTA calculates what the
equivalent emissions would have been had those trips occurred on other modes, and obtains a
figure representing a near doubling of the transit value. 18 (Table 3.1. For the APTA
methodology as applied to case studies included in this chapter, see Table A-1)

SEGREGATED LAND USE, VMT, AND GREENHOUSE GAS EMISSIONS
Trends characteristic of the post-war period, such the absence of coordination between
48

local land use and federal transportation planning, various subsidies and economic incentives to
suburban development, all accentuated the tendency toward what is now commonly called
sprawl. The idea behind early zoning, and one of the reasons modern suburban development
takes up so much land, is that planners felt the need to separate land uses based on the
compatibility of their functions: industrial, commercial, residential, and the like. Though this
was done for a variety of reasons, some of them still justifiable, it is increasingly clear that the
extreme segregation of land uses leads to greater VMT, and by extension, higher levels of
greenhouse gas emissions. Less intentional factors have produced similar effects: uncontrolled
development, just as much a part of sprawl as the segregation of land uses, often follows
transportation infrastructure designed to accommodate the automobile, thus locking high VMT
into development itself.
While segregated land-use patterns generate more automobile trips, and, in turn, higher
greenhouse gas emissions, they also impose greater financial burdens on area inhabitants.
Transportation costs for those living in areas of decentralized urban development are consistently
higher than for those living in denser, more mixed-use areas. Low transportation costs and low
greenhouse gas emissions, therefore, go together, a correspondence that highlights the economic
benefits of greater transportation efficiency. To take Chicago for an example: in its study of the
higher transportation costs of decentralized urban development, the Surface Transportation
Policy Project (STPP) and the Center for Neighborhood Technology (CNT) gathered data on
household travel patterns in Chicago area suburbs. The study found that households in those
suburbs closer to Chicago, and therefore better served by transit, spend noticeably less on
transportation annually than households in more distant, transit-poor communities.19 (Table 3.2)
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The emissions maps in Figures 3.2-3.7 provide a geographic illustration of this
relationship: on a per household basis, central Chicago, Los Angeles, and San Francisco generate
fewer emissions than outlying areas. Greater transportation efficiencies, rather than imposing a
financial burden to urban residents, would in fact free up significant funds on a per household
basis. In the older, denser parts of cities, even notoriously sprawling Los Angeles, such
efficiencies are already in place. Even when public spending on existing transit is factored into
household transportation expenses, residents of more sprawling cities such as Houston, Atlanta,
and Dallas-Ft. Worth still spend more on transportation than do residents of denser, more transitoriented cities like Chicago, Honolulu, or New York -- on the order of $2,500 annually.20 Taken
in the aggregate, such sums can reach large magnitudes.
While households make the daily choice of which travel mode to use, local and regional
planners have the potential to reshape metropolitan regions in a way that could sustainably and
systematically reduce the demand for automobile travel, and auto generated CO2 emissions.
Travel demand studies indicate that strategies most likely to reduce automobile travel and
ownership include compact development along transit lines, integrated land use zoning and
development, frequent transit service, parking restrictions, well-maintained pedestrian and
bicycle infrastructure and regional strategies to encourage infill instead of greenfield
development. And, as the examples above suggest, land use patterns that lower local CO2
emissions would necessarily build in energy efficiencies that would, over the long-run, save
money from household transportation expenses, and the cost to society of auto oriented
infrastructure.
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Neighborhood Travel Emissions
Figures 3.2 to 3.7 map carbon dioxide emissions from automobiles in three cities of
differing geography and history.21 In each case, remarkable parallels emerge. Figure 3.2, 3.4,
and 3.6 illustrate aggregate CO2 emissions generated on a per square mile basis in each city.
These images conform to conventional expectations regarding cities and pollution: high
concentrations of people and industry generate high concentrations of pollutants. While this is
true in general terms, it masks the effect of urban form and land use on the emissions of
individual households, which is often much less than that of rural or less dense equivalents.
Figures 3.3, 3.5, and 3.6 illustrate CO2 emissions generated per household in each of the three
cities. In this case, one sees a virtual inversion of the emissions values mapped in the first set of
figures.
While the more densely populated areas of Chicago, Los Angeles, and San Francisco
produce higher aggregate emissions than less densely populated outer suburbs and hinterlands,
this relation of central city to periphery is inverted when the unit of measure is no longer gross
emissions per unit land area, but rather gross emissions per household. In the latter instance, the
transportation efficiencies of denser urban areas emerges clearly. On a per household basis, the
lowest levels of emissions in all three regions are concentrated in the central cities, in those areas
served by transit (particularly visible in the Chicago case), and along the commuter rails
extending into the suburbs. Even in Los Angeles, it is the older, more densely inhabited zone
extending from Santa Monica to downtown L.A., bordered on the south by Interstate 10, and on
the north by the Santa Monica Mountains, that displays relatively high transportation efficiencies
in comparison with the rest of the region. These maps, based on fine-grained measurements of
51

vehicle miles traveled in each city, offer visual confirmation of several decades’ worth of
literature describing the determining influence of urban form and density on travel demand.
They also supplement this cumulative knowledge with a visual representation of the
disproportionate contribution of lower-density, sprawling urban areas to total greenhouse gas
emissions.

Travel Emissions Across the Country
Similar relationships may be observed at the national level. Measuring emissions by
county, the smallest geography for which household, vehicle ownership, and vehicle miles
traveled data are available, the results may again be interpreted from two different perspectives.
At the county level, measurements of VMT, and therefore CO2 emissions, tend to be higher in
the places one would expect: the two coasts, the upper Midwest, and the larger American cities.
At the household level, however, this relationship reverses, and precisely those regions that emit
the most GHGs per unit area, emerge as the most efficient in terms of emissions per household.
(See Figures 3.8 and 3.9)
The United States Environmental Protection Agency collects data on criteria pollutants
generated by vehicle travel in the United States per county. Maps generated with this data do not
include carbon dioxide or other greenhouse gases, because they are not regulated by current
pollution control measures. The Center For Neighborhood Technology has utilized the EPA’s
vehicle miles traveled data to map carbon dioxide emissions from automobile use for each
county in the U.S. The EPA obtains VMT estimates that the U.S Federal Highway
Administration collects from state bureaus of transportation. The states formulate the estimates
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by conducting traffic counts in each county and projecting those figures to arrive at an estimated
miles traveled per year in each county. Motor gasoline converts to a known amount of carbon
dioxide, and so the carbon dioxide emissions from vehicle miles traveled in each county can be
estimated by using an average fuel consumed per miles traveled.
Emissions from travel can been approached in two different ways. Places like Los
Angeles, Houston, Chicago, Atlanta and other large metropolitan areas have smog problems in
the summer months because of the number of people driving each day. But how far are those
urban drivers traveling each day compared to drivers in rural areas where smog is never a
problem? Analysis of county VMT figures indicate that, though total VMT is much higher in
urban than in rural counties, the estimate of miles driven per household in counties with dense
development is significantly less than in their rural equivalents. People who live close to jobs,
shopping, and other amenities travel shorter distances than people who live where jobs,
shopping, and amenities are spread out over a larger area. So, while more carbon dioxide is
produced in densely populated counties, each household in dense counties is producing less CO2
than a similar rural household.
High levels of emissions can also been seen in counties that are traversed by interstate
highways, most conspicuously those corridors in the Great Plains followed by interstates 70, 80,
and 90. The visibility of highway corridors in maps derived from county VMT reveals a
limitation in the representations drawn from the EPA data, based as it is on traffic counts.
Though it does not diminish the general interpretation of Figure 3.8, that gross emissions are
concentrated in America’s urban areas, it should be noted that data based on traffic counts, rather
than local trip generation, will not discriminate between local traffic and traffic from out-of53

county or-state. While this suits the EPA’s purpose of tracking the total quantity of auto
pollution in the U.S., it allows small distortions to appear in mapping at the county level. Some
rural counties may appear darker than they would if long-haul interstate traffic were discounted.
The same distortion arises in the per household VMT data: emissions are exaggerated by
counting all vehicle miles traveled through a county. For example, Cook County, Illinois (home
of Chicago) appears to have higher per household emissions than Chicago’s suburban counties,
but it is also home to major interstate highways and is a tourist destination. The same holds for
rural counties with interstate highways: low populations and high through-traffic warps the
estimate of per household emissions.
One powerful explanation for the sharp contrast between rural and urban driving
emissions is that households in urban areas tend to have multiple transportation options for a
given trip. Transit is much more prevalent in urban areas: density increases transit’s economic
viability. When distances are closer together, people have the additional option of walking or
biking to destinations instead of traveling by car. Making regional planning decisions based on
principles of sustainable development and the importance of public transportation is one way of
contributing towards climate stabilization and improving the health of communities.

TRANSIT AND SUSTAINABLE SURFACE TRANSPORTATION POLICY
The essence of sustainability is the integration of economic development and
environmental improvement. As the Task Force for the President’s Council on Sustainable
Development (1997) described it, sustainable communities are those that “flourish because they
build a mutually supportive, dynamic balance between social well-being, economic opportunity,
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and environmental quality.”22 Of the many aspects of sustainability, transportation is central to
the dynamic balance between economies and environments, since varying transportation policies
have profoundly different effects on the urban landscape. In particular, the linkage of
sustainability with mass transit now informs a range of policies intended to make more efficient
use of urbanized land, reduce traffic congestion, cut back vehicle emissions, and improve
pedestrian mobility. The examples that follow each illustrate how the use of transit or other nonmotorized transportation options are enhanced when travel demand factors are taken into
consideration in the planning, marketing, design, and operation of transit. Aside from the
potential economic benefits of reducing the consumption of resources associated with urban
sprawl, these examples of transit-supported sustainability provide a solid basis for a range of
geographically specific actions to reduce greenhouse gas emissions in America’s large urban
centers. Global issues like climate change can be addressed by very local, very concrete actions
taken to influence the way people build, and move through, their environment.
Interest in transit and urban sustainability has grown together with public transit use: the
1990’s were a record decade for transit, with ridership figures growing by 21 percent nationwide
from 1995 to 2000, approaching levels not reached since the early 1960’s.23 With more people
using transit, a strong rationale exists for capitalizing on this trend as a key strategy in the effort
to reduce U.S. greenhouse gas emissions from the transportation sector. Looking beyond the
success of already-existing transit systems, however, many municipal planners, transportation
scholars, and sustainability advocates have come to realize that new systems are not guaranteed
the high level of ridership enjoyed by their forerunners early in the 20th century. In an
environment in which transit competes with automobiles, new transit systems will be effective
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only when assisted by policy and planning measures designed to make transit use a feasible and
desirable mobility option for urban residents. Planning for transit-supportive land use, reducing
the provision of parking spaces near transit stations, providing workplace transit incentives for
public and private sector employees, and designing transit stops and transit area neighborhoods
to be as accessible by foot or bicycle as by car, are a few of the tools available to stitch transit
together with the modern urban fabric. Taken together, these tools amount to models of urban
design that differ fundamentally from the auto-oriented development predominant since WWII.

State and FederalPolicy
The importance of transit in building sustainable communities has been acknowledged in
the substance of a number of federal and state policies

SUSTAINABLE SURFACE

formulated over the last decade. Most prominent at the

TRANSPORTATION PROGRAMS:

federal level, and symbolic of a new orientation, was the

Intermodal Transit

1991 Intermodal Surface Transportation Efficiency Act

Passes. Commuters are more

(ISTEA), carried forward in 1998 as the Transportation

likely to use transit across

Equity Act for the 21st Century (TEA-21). Broadly

multiple jurisdictions if the fare

understood, the purpose of TEA-21 is to change the way

structure is uniform.

transportation planning gets done, shifting the emphasis
from building more highways to making existing

Urban Design. Improvements at
the interface of transit and

systems more efficient. Under TEA-21 legislation,

pedestrian environments, such as

community involvement in transportation planning is a
priority, and greater authority is given to states and

bus bulbs and sheltered transit
stops, attract riders.
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municipalities to decide how transportation spending will affect their constituencies. Two of
many possible examples of state-level initiatives combining land use, air quality, and transit
reform are found in Maryland and Georgia.24 At the state level, Maryland in 1997 passed an
ambitious “Smart Growth” legislative package. As with TEA-21, the Maryland legislation sets
out to accomplish many things at once, by focusing on something that links many things
together: surface transportation. Maryland hopes to save its remaining open spaces and make its
urban areas more livable by making existing surface transportation infrastructure more efficient.
The state more recently established an “Office of Smart Growth” to help coordinate efforts
mandated under the new law.
The State of Georgia recently established an administrative body, the Georgia Regional
Transportation Authority (GRTA), to coordinate municipal transportation planning in areas that
fail to meet the standards of the Clean Air Act. A large part of the federal funding included in
the transportation plan approved by GRTA for 2003-2005 is earmarked for new transit
infrastructure, promotion of reformed land-use, and pedestrian friendly urban design. In 2002,
New York became one of the first states in the union to formulate a greenhouse gas reduction
policy in its 2002 “Energy Plan.” The plan sets itself the goals of a 10 percent reduction of
greenhouse gas emissions below 1990 levels by the year 2020, a 50 percent increase in the use of
renewable energy in the state by 2020, and the reduction by 25 percent of primary energy use per
unit of gross state product by 2010.25 While these and other initiatives intended to reform the
urban environment of the United States are not intended to reduce emissions of greenhouse
gases, it should be emphasized that any measure that reduces vehicle miles traveled will
simultaneously reduce the amount of carbon dioxide and other greenhouse gases released into
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the atmosphere.

Increasing awareness of climate change issues can only lend weight to the

many local policies, programs, and community initiatives already focused on the role of curbing
regulated pollutants by changing travel habits, and using transit to build sustainable
communities.

Innovative Programs: Incentives for Reducing Travel Demand
There are hundreds of organizations in the United States working locally and regionally
to encourage planners and policy makers to create sustainable transportation systems that would
provide real mobility options for residents, and produce collateral benefits such as lower
greenhouse gas emissions, improved air quality, better physical health, and neighborhoods rich
in services and amenities. In order for planners and policymakers to consider these options,
however, there must be a perceived market demand for sustainable development. Incentive
products for individuals to take advantage of the assets and convenience of a place are a way of
encouraging a reshaping of the market. Products such as the location efficient mortgage (LEM),
discussed in the following section, and business concepts such as car-sharing are two innovative,
market-based approaches for helping households realize the benefits of living in a compact, welldesigned community.
The diversity of such initiatives is remarkable. They range from encouraging nonmotorized forms of transportation with enhanced bicycle and pedestrian facilities, encouraging
carpooling with high occupancy vehicle (HOV) lanes, setting aside dedicated bus lanes, making
it easier for commuters to travel across several jurisdictions using two or more modes with a
single fare, (intermodal transit pass programs) downtown shuttle bus service, car sharing, and
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commuter station renovation. Travel demand measures, such as employer sponsored transit pass
programs and other such incentives, share the goal of encouraging alternatives to driving. The
Washington Metropolitan Area Transit Authority’s “Metrochek” program of employersponsored transit benefits has recently experienced a dramatic upsurge in pass sales, as a result of
a year 2000 executive order mandating that tax-free transit benefits be made available to all
federal employees.26 Projects, like the Los Angeles Neighborhood Initiative (LANI), build on
the presence of transit as an essential dimension of a neighborhood’s pedestrian friendliness.27
Transit use may also be encouraged through the use of innovative financial instruments. The
location efficient mortgage can reduce the cost of home ownership anywhere that lenders
recognize the transportation savings accruing to households located near transit service.
In some instances, simple urban design improvements can work in favor of transit. The
city of Portland addressed problems of pedestrian congestion at bus stops by constructing a
number of bus bulbs, projections of the sidewalk into a lane of the street, permitting transit riders
to stand aside of foot traffic, and relieving buses of the need to pull into and away from the curb
in heavy traffic. Two years after completion of the project, ridership was up 19 percent. When
San Francisco redesigned Upper Market Street to replace a bus with a MUNI streetcar line in
1995, ridership on the streetcar nearly doubled over that of the bus it replaced.28 By correcting
for the lack of urban design elements such as pocket parks, pedestrian walkways, or pedestrian
friendly transit stops, and working to increase the pleasantness of the transit experience, such
projects improve the livability of neighborhoods – a concept given wide circulation since the
middle 1980's by New Urbanist architects. A crucial part of neighborhood livability is a reduced
dependency on automobile transport.29
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Transit Oriented Development
Much of what the New Urbanists propose is an updated version of American urbanism as
practiced before the age of the automobile, when city neighborhoods were densely populated and
well-serviced with local amenities, all of which were structurally dependent on the presence of
efficient mass transportation. This has influenced urban and transportation planners, who argue
that to reduce dependency on automobiles means doing more than simply linking up existing
urban and suburban areas with transit networks, but actually reconfiguring the way we build,
renovate, and grow neighborhoods and cities. As a recent review of the empirical literature on
urban form and travel concludes, though an immediate, more transit-supportive reconfiguration
of the urban environment may be exceedingly difficult, consistent application of sustainable
surface transportation policies “could result in measurable reductions in vehicle travel and air
pollutant emissions” by the year 2010.30 As UC Berkeley’s Robert Cervero argues with
reference to California, “for rail transit to compete with the automobile in California, the
metropolitan structures of the Bay Area, greater Los Angeles, and other areas will need to more
closely resemble those…places…which have high shares of rail commuting and high
concentrations of housing and offices within walking distance of stations.”31 The development
of successful transit systems, in this view, means the integration of transportation and urban
planning in what has come to be known as transit oriented development (TOD). Michael
Bernick and Cervero refer to successful instances of such development, both past and present, as
transit villages.32
Scholars sympathetic to transit oriented development are careful to point out that transit
in the United States cannot be effective absent a range of supporting public policy elements. Or,
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similarly: “Transit investments and services are incapable by themselves of bringing about
significant and lasting land-use and urban form changes without public policies that leverage
these investments and the pressure of such forces as a rapidly expanding regional economy.”33
In a national context where transit planning is not always coordinated with the growth of urban
areas, there is nonetheless some consensus on the most desirable mix of policy options available
for promoting transit use in automobile oriented environments. These measures typically focus
on parking maximums, shared parking, flexible zoning for increased densities and mixed uses,
innovative strategies for land acquisition and development, and a design emphasis on sense of
place and pedestrian friendliness. Altogether, they make up the substance of TOD planning.

Parking and Residential Density
Zoning regulations, for example, specifying a certain minimum quantity of free parking
per type of land use -- a standard planning practice -- may in fact encourage single occupant
vehicle use by hiding the true market costs of free parking.34 The presence of free parking at a
place of employment served by Bay Area Rapid Transit was found in one case study to decrease
the likelihood of commuting to work by 20 percent.35 Zoning restrictions on the density of
station area development can disrupt what is perhaps the most well established correlation in
transit policy research: that between high urban density and increased transit ridership.36 Where
high densities are encouraged, the proportion of residents using transit for commuting or
personal trips rises dramatically above that of less dense neighborhoods. A series of research
studies carried out in the Washington, D.C. area between 1987 and 1992 demonstrate this. The
studies, conducted by JHK Associates, measured the proportion of residents in Washington, D.C.
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station area developments that took the subway to work. Taken together, the two studies found
that the percentage of station area residents commuting to work within Washington, D.C. (as
opposed to those commuting to Fairfax or Montgomery Counties) was as high as 63 percent in
one case, and 74 percent in another. A 1992 study suggesting that density influences trip
generation compared transit use in older, denser neighborhoods, with more auto oriented
neighborhoods in Maryland’s Montgomery County: “The study found that residents of the
TOD’s patronized transit between 10 percent and 45 percent more than residents of nearby autooriented neighborhoods.”37 The JHK studies also documented that transit use declines as
distance increases between residences and transit stations. Similar studies of ridership on the
BART system by both Loutzenheiser and Cervero conclude that one of the most important
determinants of transit usage is walking distance to transit stations.38
Not all density is conducive to increased transit usage, however. The most well
conceived transit oriented development will not effectively increase ridership if it is not part of a
larger system that situates the origins and destinations of transit trips (such as home and work) in
proximity to transit stops.39 Density that emphasizes one land use to the exclusion of others –
commercial districts that empty out in the evening, or exclusively residential areas that offer no
amenities or destinations, can discourage pedestrian activity and access to transit. Many of the
urban design principles of the New Urbanism, such as public plazas, grid street design, a variety
of pedestrian scale design elements, and traffic calming measures, are found to have positive
effects in conjunction with already sufficient densities. An internal study by Chicago’s Metra
commuter rail line examined four Chicago communities served by the line and concluded with
an endorsement of pedestrian friendly urban design as a way of promoting ridership.
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As reflected in their higher ridership levels and higher percentages of walkers, several of
the case-study stations exhibit the key ingredients for pedestrian-friendly stations and exemplify
the extent to which a pleasant walking environment enhances ridership. Most of the case study
stations are surrounded by convenient commercial areas, pleasant surroundings, sidewalks, and
distinct pedestrian access to and from the residential areas.40

Pedestrian Friendliness
The pedestrian friendliness of a given neighborhood is also known to affect the
percentage of vehicle ownership, and the likelihood that people will choose to make trips on foot
rather by car. On the basis of a transportation model developed in Portland, Oregon, the
evaluation of transit usage in different so-called pedestrian environments demonstrates that
“[z]ones with substantial employment and good pedestrian-design tend to attract a higher
fraction of transit trips than zones with little employment and poor pedestrian environments.”41
This approach has recently been taken up by the City of Santa Monica, California, (see the Los
Angeles case study below) in an extensive program of pedestrian improvements along several
transit thoroughfares, consisting of widened sidewalks, tree plantings, crosswalk lighting
fixtures, and lighted bus shelters.42
The examples examined below – Chattanooga, and the greater Washington, D.C. and Los
Angeles metropolitan areas – were chosen on the basis of the presence in each of transit
infrastructure that draws a significant number of riders who might otherwise travel in cars. In
each of these cases there are indicators that the programs in question are lowering the potential
number of vehicle miles driven, or VMT. In each case, additionally, transit infrastructure
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operates in the context of some form of transit oriented development, in which the bases of travel
demand are taken into account in the initial development or extension of transit systems. The
examples illustrated here also highlight the range of particular circumstances – geographic,
economic, or political – affecting each locality, and the fact that no one case can be offered up as
the way to successfully develop high volume transit usage. Chattanooga has managed to
reinvigorate its local industry, its downtown commerce, clean up its air, and eliminate traffic
congestion, all partly through its commitment to an emissions-free electric bus system. Its
geography and history of chronic air pollution had much to do with the choices it made. The
success of Washington, D.C. transit authorities in building over 100 miles of rail system since
the 1970's is due to the substantial land use authority of Arlington County, Virginia, and
Maryland county governments, the District’s willingness to shift funds from interstate to subway
construction, long term regional planning for coordination of transit with growth, and sustained
periods of economic vitality. The Los Angeles region, which more than most has been shaped
by America's relationship with the automobile, is haltingly engaged in one of the most massive
infrastructure investments in the nation – a thirty year project to make modern L.A. the transit
capital it was in the first decades of the 20th century. At the same time, it is home to one of the
most successful local bus systems in operation – the Santa Monica Blue Bus – and a range of
smaller initiatives that are highlighting the potential for transit to significantly reduce VMT.
Throughout the case studies that follow, the assumption is made that wherever transit is
operating effectively, it is holding back a potential rise in automobile-generated greenhouse gas
emissions.
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Case Studies: Chattanooga, Tennessee
The role of transit in Chattanooga is one part of a comprehensive, decades-old project to
reverse the fortunes of an ailing industrial center.43 The city’s implementation of innovative
transit technology has taken place within the context of a host of other projects designed to
reconstruct the city's economy and improve its livability. This experience suggests that transit
projects are successful when they work in conjunction with initiatives to restore density to urban
cores, to encourage a mixture of downtown commercial activities and housing options, and to
provide an intrinsically pleasant experience. Transit innovation in Chattanooga also benefited
from the local community's commitment to maintaining the region’s hard-won air quality.44
Several circumstances account for Chattanooga's enthusiastic embrace of sustainable
community policies. One is Chattanooga's early experience with severe air pollution.
Chattanooga took rapid steps to improve its air quality
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after it was ranked worst in the nation in 1969. In fact,
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Mix of Land Uses in city center
encourages walkability, a lowgreenhouse gas mobility option.

business that served them left the city. More so than other areas, the quality of life implications
of industrial pollution were dramatic: Chattanooga simply could not afford to ignore the problem
of air quality. Its implementation of an emissions-free, electric bus system in 1992 was the latest
in a line of air quality measures stretching back over two decades.
Although Chattanooga was successful in bringing its industrial air pollution under control
in the early 1970's, together with many industrial cities it suffered a major setback later in that
decade as heavy industry quit the region. Economic conditions reached a low point in the early
1980's, when the largest mall in Tennessee was built fifteen minutes outside the historic city
center, gutting downtown of small business. Chattanooga's community leaders decided at this
point that the city must reinvent itself. This led to a change in governmental structure, in which a
city commissioner system was replaced by a more inclusive mayor-council system, and the
drawing up of a twenty-year regional plan based on extensive community involvement in
shaping the new face of Chattanooga. Among the many objectives agreed to in the over 100
public consultations that went into the 1984 Vision 2000 plan, the community agreed to reduce
congestion in the downtown area, to provide for some form of public transportation, to make
downtown commutes more efficient, and to draw visitors to several of the areas' anticipated
attractions.
Chattanooga's reinvention was well on its way by the time the first electric buses were
dispatched in 1992. By then, a $45 million, privately financed freshwater aquarium had been
built, serving as the anchor for downtown Chattanooga's redevelopment. The zero-emissions
buses were conceived as a component of the overall high quality of life envisioned in the 1984
plan, with an extensive greenbelt replacing the former industrial area along the banks of the
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Tennessee River, and the conversion of roadways like Walnut Street Bridge into pedestrian
causeways.
Making downtown Chattanooga a more desirable place to work, live, and recreate meant
making it more pedestrian friendly. Eliminating the city's auto dependency and traffic
congestion was a crucial part of the process. Chattanooga's particular geography amplified the
drawbacks of its dependency on automobiles: constrained at its narrowest point to a width of
only four blocks, and too long to walk on foot from end to end, moving from one end of the city
to another meant driving on one of only three roads that crossed the city. To accommodate this
traffic, Chattanooga provided three parking spaces for each downtown visitor -- comprising 65%
of the area's land use. None of this was conducive to the kind of concentrated economic
redevelopment that was necessary to pull the city core out of decline.
The Chattanooga Area Regional Transportation Authority (CARTA) approached its
transportation solution – a free, low- or no-emissions shuttle – with the same forward looking
outlook that characterized Chattanooga redevelopment in general. “The concept,” says CARTA
Planning Director Frank Aron, “was to have people who live, work, play and visit the downtown
to park once at the north and south ends of downtown and take the shuttle to their various
destinations rather than drive to each place they visit.” 45 With a mandate from the Vision 2000
plan to consider alternative technologies, CARTA officials decided to follow the example of
Santa Barbara, California, and put into operation a fleet of electric powered buses. A local
industrialist, Joe Ferguson, was hired as a consultant by the City of Chattanooga to investigate
the feasibility of the plan, concluding that the technology appropriate to an electric system
particular to Chattanooga did exist, but not in one place, or in the type of vehicle that was
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needed. Ferguson seized the opportunity to start up the privately financed Advanced Vehicle
Systems (AVS) in Chattanooga, with an initial order of buses from CARTA.46 AVS would
custom manufacture the type of buses needed in Chattanooga, and in so doing, make a long-term
investment in the vitality of the local economy.
With assistance from the Federal Transit Authority, and the Tennessee Department of
Transportation, funds were made available for an initial purchase of 11 electric buses from AVS.
Part of this 1992 package included the creation of an independent research institute devoted to
fuel cell technology, and the construction of a system of park and ride garages on the outskirts of
Chattanooga to accommodate commuters bound for the downtown area. The income from the
garages, combined with the export of AVS buses to other cities nationally and internationally,
have made AVS a thriving for-profit enterprise, and its buses a well received amenity. Since the
early 90’s, AVS has built and sold over 130 buses to cities such as Los Angeles, California,
Tempe, Arizona, Eugene, Oregon, and Tampa, Florida. While downtown Chattanooga’s revived
commercial health has led to an increase in VMT, the increase "has likely grown by much less
than it would have without the shuttle."47 Once stigmatized as the dirtiest city in America, with a
downtown hollowed out by a local shopping mall, Chattanooga has not only turned itself around
economically, but “is one of the few American cities of its size – roughly one half million
residents – that meets federal air quality standards for criteria pollutants.”48

Case Studies: Washington, D.C.
Washington, D.C. presents a much different case than Chattanooga. The presence of the
federal government as a major employer guarantees that the city will not face the same sort of
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profound economic crisis as did Chattanooga. Nor does it face the same air pollution problem.
The problems faced by Washington are instead rapid, often uncontrolled growth, and the
resulting chronic traffic congestion. Indeed, the now familiar idea of the sprawling, autooriented edge city was developed with reference to suburban development in the D.C. area in the
1980's.49 Washington's present traffic congestion, not to mention the region’s carbon emissions,
would undoubtedly be much worse if Metrorail’s approximately 300,000 riders, or the 250,000
weekday commuters using Metrobus, had no choice
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but to drive to their destinations.50 (See Table 3.3,
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in the nation during the postwar era."51 The Washington area is indeed more hospitable than
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many to transit oriented development. A commitment to long-range transit planning on the part
of most local governments (notably in Arlington and Montgomery Counties), successive periods
of sustained economic growth, and generous financing from the District of Columbia, have
contributed to a transit-friendly environment. Of course, the growth of the last three decades has
also resulted in significant unplanned sprawl with no Metro service, the epitome of which is the
edge city of Tyson's Corner. Despite this, the realization of Washington's original transit goals
has been substantial, with higher urban densities than would have otherwise been the case.
Arlington County, Virginia is, in fact, one of the most densely populated jurisdictions in the
United States, at 7,326 persons per square mile, more dense than Seattle or Pittsburgh. The
Arlington County Department of Public Works estimates that the presence of Metro stations
attracted nearly 3 billion dollars of real estate development between 1973 and 1990, and that the
annual system-wide commercial activity attributable to Metro area development comes to half a
billion dollars annually.
Arlington County's high density helps make the Orange Line -- the Rosslyn-Ballston
corridor -- one of the most heavily used lines in the Metrorail system, accounting for 30% of
Metrorail’s ridership. Of Arlington's 11 stations, five have total daily entries and exits greater
than 20,000. From a total of 9,892 in 1995, the Ballston station’s daily ridership more than
doubled, to an average weekday passenger volume of 20,634 by 1999. During the decade of the
1990's the Ballston station area underwent intensive development, with a combined total of
2,297,147 square feet of office and retail space, and 2,475 housing units, going up on 1,314,847
square feet of site area.52 Urban densities such as these are most likely the reason why over half
(64.5 percent) of Ballston's riders access the station by foot. Like Ballston, the success of
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Montgomery County’s Bethesda Station area development “was made possible by anticipatory,
long-range master plans that promoted high-density, mixed-use, and pedestrian friendly
development.”53 Station area density, however, does not always correspond with pedestrian
friendly design, a shortcoming appreciated by visitors to several Arlington stations, Rosslyn and
Ballston among them. In acknowledgement of station area gaps in pedestrian networks, the
Arlington County Department of Public Works, the Arlington County Board, and other
departments have recently commissioned a study on the possibility of a network of pathways and
pedestrian friendly improvements throughout the Orange Line corridor.54
In Montgomery County, Maryland, substantial measures have already been taken to
improve pedestrian, bicycle, and transit accessibility of station areas. The Silver Spring station,
on the Metro Red Line, benefited from a strong real estate market in the 1980's, and zoning
favorable to high-density development. Ridership in the county overall is up sixteen percent
from 1995 to 2000, but it is not clear that the design of the 1980’s era development is optimal for
encouraging transit usage at the station.55 As one assessment put it, Silver Spring "suffers
from…lack of street life, and poor urban design."56 A 1998 plan brings the prospects of Silver
Spring more closely in line with TOD principles, de-emphasizing the large, regional retail
complexes of the 1980's, with a focus instead on making the station a "community oriented
downtown with housing, local serving shops, and community facilities arranged along
pedestrian-friendly streets."57 This turnaround results, in part, from closer involvement with the
Silver Spring community in the planning process. "The developers spent a lot of time talking to
the community, figuring out after the [1980's] failed attempts, what the community really
wanted," reported a local planner. "To a very large extent [people] wanted to see the mix of the
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local things being addressed."58 This includes plans for a plaza area to host concerts in the
summer and an ice rink in the winter.
Metro’s presence has contributed substantially to the development of regional centers at
Bethesda, Ballston, and Rosslyn, a trio of transit stops considered by many in the planning
profession to be among the most successful in the nation. Though the high level of density at
these stations has not gone without criticism, there is no question that dense development has
greatly facilitated high transit use, and that real estate close to transit stops has been at a
premium. Washington’s experience shows that transit oriented development is a feasible land
use option, one from which transit authorities, developers, and residential and commercial
tenants can all take mutual advantage. The quality of life associated with many of Arlington
County’s Metro stops has much to do with the benefits to pedestrian street life of higher
densities, itself a function of land use based more on accessibility of transit than of automobiles.
Since major urban areas are the largest sources of vehicle-related greenhouse gas emissions (see
emissions maps, Chapter 5), the success of transit oriented development in Washington stands as
a prototype for future strategies of VMT reduction across the country.

Case Studies: Los Angeles and Santa Monica, California
No other city in the United States represents the centrality of the automobile to daily life
as does Los Angeles. The undeniable vitality of the city (its economy is larger than that of many
developing countries, and equal to that of Sweden) is heavily dependent on the ease with which
things and people can move into, out of, and within the region. Today, the premise of such
mobility is the automobile. Up until the 1920's and 1930's, however, it was the electric trolley
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car. Indeed, it was L.A.'s trolley car network, the "Red Cars" run by transportation and real
estate magnate Henry Huntington, that cast the geographical mold within which modern Los
Angeles would take shape. It was not the arrival of the automobile that made Los Angeles one
of the most decentralized urban areas in the United States. In fact, it was Huntington's vision of
Los Angeles as a new type of city, one interlacing urban and rural spaces together to avoid the
real and perceived ill effects of 19th century urban density, that laid the groundwork for a city
that so easily accommodated the arrival of the
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nation’s second highest level of transit bus ridership in the nation, following New York City.61
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Following the methodology for converting transit passenger miles to equivalent personal vehicle
emissions, L.A.’s high ridership results in considerable CO2 savings. (See Table 3.4, and Table
A-1.)
Beginning in 1990, Los Angeles began a massive, controversial program of infrastructure
investment, a thirty-year project to rebuild LA as the transit capital of North America. The
project has not been without its critics, and has encountered repeated material and financial
obstacles. Even so, ridership increases in the heavy and commuter rail sectors put Los Angeles
among the transit systems with the largest growth in ridership for the year 2000.62 Currently,
subcenters such as Long Beach and North Hollywood are linked by trains to downtown LA, with
a link between Pasadena and downtown projected for 2003. Linkages to West and East L.A.,
however, together with a line into the San Fernando Valley, are in limbo. Despite difficulties in
moving forward with the original 400-mile system, several developers have built, or plan to
build, TOD's in close proximity to Metro stations. The Pacific Court development in downtown
Long Beach, at the terminus of the Blue Line, was completed in 1992, and quickly leased out.
Ten percent of its residents use public transportation to get to work -- "nearly a third more than
the countywide average for employed residents."63 The developer of Pacific Court has also put
up a TOD in Pasadena, anticipating the arrival of the Blue Line there in 2003; a transit village is
also planned for the commuter rail, MetroLink station at Sylmar, in the San Fernando Valley.
Although the continued extension of the L.A. Metro Rail system faces major obstacles,
the L.A. area is already home to one of the most successful transit systems in the United States,
the Santa Monica Blue Bus. In operation since 1928, the Blue Bus system provides ready
accessibility for Santa Monica residents – "almost everyone in the city of Santa Monica lives
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within two blocks of a bus stop."64 In fiscal year 1998-1999, the Blue Bus moved over 20
million passengers – a considerable number, given that the population of the area served by the
Santa Monica Bus is just under 500,000.65 (See Table 3.5 for CO2 savings from Santa Monica’s
ridership, and Table A-1.) A recent study puts Santa Monica at the top of a list of 137 U.S.
urban transit systems ranked on the basis of ridership, operating costs, and customer service.66
Both trade publications and the Santa Monica Municipal Bus management offer the same
explanation for the success of the Blue Bus: low fares and friendly service. The Blue Bus
undercuts its competition at the fare box, from which it still manages to extract 35 percent of its
revenue (standard fares for the Blue Bus are $0.50; for the Culver City bus, $0.75; for the Los
Angeles County Metropolitan Transportation Authority, $1.35). The Blue Bus also emphasizes
service quality, training their drivers to be courteous to patrons, and keeping the buses as clean as
possible. At any of the many West Los Angeles bus stops serviced by both the L.A. MTA and
the Blue Bus, patrons report that the latter’s cheaper fare and cleaner bus interiors give the
system a competitive edge. To improve efficiency with one of the key Blue Bus customer
segments, the UCLA community, it has recently set up a pass-fare system, which lets UCLA
students, faculty, and staff use their identification cards as debit cards at the fare box, thus
reducing total boarding time.67
The Blue Bus benefits from an administrative emphasis on efficiency to keep costs low,
and the centralized nature of the system reduces overhead expenses. Because all the buses come
out of one yard, Santa Monica incurs comparatively lower administrative expenses than the L.A.
MTA, which operates over a much larger area, and out of multiple bus yards. It has also paid
close attention to rider preferences. After a steady decline in ridership into the early 1990’s, the
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Blue Bus set about a Service Improvement Program in 1997 that, in consultation with
community members, helped define the most attractive potential routes and services. Since then,
Santa Monica’s ridership has increased steadily.68 The most heavily used lines each operate
between major points of origin and destination (such as UCLA), guaranteeing consistent
ridership along fairly direct routes. With the beach, and a popular downtown pedestrian mall as
year-round destination points, many of the lines benefit from tourist and weekend visitor fares in
addition to regular weekday riders.
At the present time, the greatest challenge for the Blue Bus is to maintain cost efficiency
in increasingly heavy local traffic. To maintain vehicle headway (the interval between arrival of
buses at scheduled stops) with more cars on the road, more buses have been added to each line,
effectively increasing overall costs without increasing ridership. The resulting fiscal pressure
has been noticeable since 1998, and it remains to be seen how the Blue Bus will perform as
overall surface congestion continues to increase in West Los Angeles.
With the initial elements of an ambitious subway system, one of the most efficient
municipal bus systems in the nation, and a handful of successful TOD developments, it is not
inconceivable that the Los Angeles area could moderate its VMT over the long term by building
on any of these assets. Recent research by the Brookings Institute suggests that the five county
Los Angeles Consolidated Statistical Metropolitan Area is densifying – consuming land more
efficiently than its northeastern peers, thereby raising its density as a function of population over
aggregate urbanized land.69 This is not to say that L.A. is becoming Manhattan. But the study
does suggest that conditions within some parts of Los Angeles and surrounding areas, physical
limitations to land consumption, together with an influx of immigrants into already urbanized
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areas, are making for urban densities more favorable to effective transit operation. In the short
term, the Santa Monica Municipal Bus system has already taken advantage of this densifying
trend; in the long term, the potential is there for Los Angeles bus and rail systems to do likewise.
Greenhouse gas emissions from the U.S. transportation sector can be significantly
lowered by reducing passenger vehicle miles traveled. One of the most immediate and practical
ways of reducing this figure is by filling buses and trains with people who would otherwise take
their trips by automobile. Effectuating the shift from car to transit, however, is not as
straightforward as adapting a comprehensive bus system to urban geographies designed around
the automobile. To optimize mass transit’s competitive advantage in terms of speed,
convenience, and desirability, urban planning and design are required to support the development
of cities defined by frequent use of transit for work trips, and the greater choice of mobility
options for personal ones. As travel demand research has demonstrated, the key to an expanded
range of mobility options is a higher density of land use that is coupled with a transit and
pedestrian friendly environment. In highly transportation efficient locations, auto trips are lower
because higher density makes it more economical to make trips on foot, by bicycle, as well as
using public transportation. The presence of transit can lower emissions not only from workrelated auto trips, but also from local trips made to meet the everyday needs of city residents. By
making transit one of a number of equally desirable options for individual trip planning,
automobile use – and emissions – could be greatly reduced.
The cases here presented demonstrate that, where transit routes connect major points of
origin and destination, as does the Santa Monica Blue Bus, or Washington’s subway system,
people are willing to use transit. The case of Chattanooga’s downtown revitalization project
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highlights the growing popularity of the mixed-use, high-density urban environment that is
served by better transit, rather than automobiles. Indeed, the Chattanooga experience lends much
weight to the argument that transit may be effectively used to help reverse long-standing patterns
of land use. While CARTA’s electric buses are helping bring crowds back to pedestrian-friendly
downtown Chattanooga, the obsolescence of one of Chattanooga’s earliest suburban shopping
malls is a sign to many that the key to sustainability is not the continuation of auto-oriented,
greenfield development, but rather reinvestment in older, already dense areas, and densification
of newer, more suburban ones. In both cases, a key ingredient is the provision of mass transit,
pedestrian and bicycle-friendly built environments, and a desirable effect is the reduction of
personal automobile greenhouse gas and smog-forming emissions.
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CHAPTER FOUR
TRANSIT TECHNOLOGIES FOR REDUCING GREENHOUSE GASES
As shown in the preceding chapter’s case studies of transit-oriented development,
increasing ridership means taking account of a wide variety of factors in the transportation
planning process. A similar logic applies to greenhouse gas reduction: the most effective
strategy will likely be one that is comprehensive, and approaches the problem from multiple
avenues. Improved transit service and transit-friendly urban planning, examined in the previous
chapter, are two such avenues; conversion of transit fleets to cleaner and more efficient
technologies represent still another. As with transit-oriented development, no single factor will,
by itself, significantly reduce automobile usage at a regional or local level. Emissions reducing
technology, it should be stressed at the outset, will only have a significant impact if it is bundled
together with policies that make transit competitive with the automobile.
This chapter examines the range of fuels and technologies that offer alternatives to the
use of carbon-rich petroleum by transit vehicles, and assesses them on the basis of their potential
for assisting greenhouse gas reduction. Because many alternative fuels and technologies have
been developed for other purposes, it should not be surprising that some of them do not offer
dramatic reductions in CO2 emissions. A number of the fuels today considered alternative have,
in fact, been available for quite some time. Henry Ford’s first automobile ran on ethanol;
electricity was a more common fuel than gasoline at the turn of the century; and biodiesel was
developed in the 1930’s.1 Nor is natural gas a new technology, but one that has only recently –
like the others – come into wider use as a pollution abatement measure. None of these fuels
were developed specifically to address air quality issues, let alone global climate change.
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The case of compressed natural gas (CNG) illustrates how a growing understanding of
climate change can unsettle our notion of pollution, and what technologies should be used to
reduce it. Currently, the use of CNG is favored as a way to reduce emissions of particulate
matter (PM), oxides of nitrogen (NOx), and sulfur dioxide (SO2) from transit buses across the
country, at considerable expense. At the same time, its potential as a low-GHG emissions fuel is
unclear. According to simulated road tests conducted by Northeast Advanced Vehicle
Consortium, CNG offers no emission benefit when compared to diesel (see below, “Compressed
Natural Gas”). According to Argonne National Laboratory’s Greenhouse Gases, Regulated
Emissions, and Energy Use in Transportation (GREET) Model, however, CNG promises modest
reductions in the long term, on the order of 1.6 pounds of CO2 per mile less than petroleum
diesel. (See Table 4.1) When the GREET model is run for near term conditions, however, it
produces results more in line with those of the Northeast Advanced Vehicle Consortium.2 Since
virtually no North American transit agencies base procurement decisions solely on the basis of
greenhouse gas emissions, the challenge is to identify technologies that reduce emissions of
regulated pollutants, and at the same time generate significantly fewer greenhouse gases. Even
assuming that the GREET long term projection is accurate, CNG may not be the best available
option for meeting these twin requirements.
The Clean Air Act’s stipulations are the main driver in the current trend to convert from
petroleum based to alternative fuel transit vehicles (AFV’s) in the United States.3 As clean air
mandates have toughened over the 1990’s, many transit agencies have run demonstration
projects involving commercially available alternative fuels, as well as developing technologies.
As a result, there is now a useful body of literature and working familiarity with the emissions
profiles of alternative fuels and technologies in transit applications. Practical experience with
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AFV’s is also growing among a handful of transit agencies. At the time of this writing, New
York City’s “2000-2004 Capital Plan” calls for the Metropolitan Transportation Authority to
almost double its AFV fleet, adding at least 300 CNG buses to its existing fleet of 350. Over the
next several years, New York will also be substantially expanding its fleet of 10 hybrid-electric
buses, with standing orders for an additional 325, and funding for 50 more.4 New York’s
investment in AFV bus technology is part of a comprehensive pollution reduction strategy,
involving the use of newer, low-sulfur fuels in all diesel buses, the advanced retirement of older
diesel buses, and the purchase of newer models with particulate traps and much cleaner, state-ofthe-art diesel engines. Los Angeles, the second largest transit agency in the nation, is
abandoning diesel entirely. Since 1996, the Los Angeles MTA has replaced half of its 2,000vehicle fleet with newer CNG buses, making it the largest AFV transit fleet in the nation.5
The transit industry, as these examples are meant to suggest, is in the midst of a period of
relative transformation, led by the largest agencies, and a handful of smaller ones. Though the
CO2 contribution of transit buses is slightly more than 1 percent (6.3 million metric tonnes) of the
total CO2 produced by the transportation sector, this share could increase if transit is able to
significantly reduce automobile VMT by capturing single occupant drivers.6 (See Emissions
Projection Model, Appendix B) Transit and other fleets are also targeted to receive federal
incentives to adopt alternative fuels or technologies because of their visibility to the public,
where the successful operation of low-emissions technology may speed its acceptance by the
general public.
Public awareness of the positive link between global climate change and emissions of
CO2, CH4 and N2O has not yet played a role in transit’s move away from diesel as the fuel of
choice. After a decade of trial and experimentation, however, we have a better sense of how

90

certain technological alternatives affect GHG emissions, and which ones better accomplish the
simultaneous goals of eliminating smog-causing atmospheric pollutants, and reducing the
amount of GHGs introduced into the atmosphere. In the remainder of this chapter, the GHG
profile of existing fuels and technologies will be highlighted, so that the advantages and
disadvantages of each option may be weighed in light of the many other policy considerations
that transit agencies must take into account in procurement decisions.

OPTIMAL TRANSIT TECHNOLOGIES FOR GREENHOUSE GAS REDUCTION
Obtaining large reductions in GHG emissions will require combinations of advanced
vehicle technologies and fuels that can be manufactured and consumed with the greatest energy
efficiency.7 This means taking into account the GHG’s generated at every stage of a fuel’s
production, transportation, and end-use, or life or fuel-cycle. Life-cycle studies of all alternative
fuels are required by the 1992 Energy Policy Act, which charges the Energy Information
Administration to “collect and report information on greenhouse gases emitted by use of
replacement fuels.”8 Life-cycle emissions estimates of alternative vehicle fuels taken from the
most advanced emissions calculating tool, Argonne National Laboratory’s GREET model, are
listed below (Table 4.1). Appendix C describes the challenges of determining, from existing
sources, the quantities of GHG emissions from alternate fuels.
While Table 4.1 suggests that buses powered by ethanol and natural gas promise modest
reductions when substituted for petroleum diesel, in addition to low levels of emitted regulated
pollutants, empirical trials of a variety of gas, alcohol, and diesel buses on urban duty cycles
have produced varying results: much depends on the engine technology being used.9 On the
basis of year 2000 vehicle emissions testing by the Northeast Advanced Vehicle Consortium,
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compressed natural gas (CNG) buses produced the highest emissions on a simulated New York
City duty cycle, as well as on a simulated central business district duty cycle.10 Thus, while
transit bus fleets, under regulatory or public pressure, are converting diesel-powered vehicles to a
combination of cleaner burning diesel, or CNG, neither low-sulfur diesel nor CNG can be said to
offer guaranteed improvements in combined CO2 or CH4 emissions at the present time.11
Though it is considerably more expensive and lacks an established distribution infrastructure,
biodiesel (discussed below) may be used in existing diesel engines with little modification and
with great emissions reductions. Within the transit industry, however, use of biodiesel has yet to
move beyond the demonstration phase.
Substituting alternatives for petroleum diesel fuel is not the only alternative, however.
Any of the conventional or alternative fuels become much more efficient (and significantly
reduce GHG emissions) when used in a hybrid electric engine, though not all fuel-engine
configurations are equally practical given current technological preferences. The problem of
reducing GHG emissions is therefore linked to the capacity of technologies to deliver higher fuel
efficiency. The ideal transit bus, in terms of working technology currently available on the
market, would be a hybrid-electric, low-sulfur diesel or biodiesel propulsion system installed in a
lightweight, composite fiber body. For electric or hybrid-electric buses, (and potentially for
electrified rail systems) regenerative braking technology offers energy savings by recapturing up
to 25 percent of the kinetic energy lost by a decelerating vehicle and applying it to the vehicle’s
energy stores. Bus fuel efficiency can be further increased with the adoption of lightweight body
and chassis structures. The use of lightweight materials, such as carbon or composite fiber can,
by one estimate, reduce fuel consumption by 1/10 of a gallon per mile, a considerable savings in
fuel and costs when considered over the lifetime of a vehicle. As an ancillary strategy for certain
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niche applications, such as promoting service in downtown business areas and airport shuttles,
battery powered electric buses are more fuel-efficient than diesel and less polluting. Electric
buses have been very well received by the public in such places as Chattanooga and Santa
Barbara. These technology options all have the multiple advantages of helping transit vehicles
meet existing air quality standards, lowering their GHG emissions, and enhancing ridership.
Large efficiency gains in rail technology are less immediate. Progress in railcar weight
reduction has been incremental rather than revolutionary, and limited by certain safety factors
such as flammability regulations. Urban rail systems will be made more efficient when an energy
storage device is perfected that allows the application to an electrified transit system of the same
principles at work in the hybrid-electric drive system; that is, the recuperation of energy lost in
the vehicle’s braking. The benefit of this would be a lowering of the system’s energy use
drawing from the local utility grid. Research is underway on the use of flywheels and
ultracapacitors to capture and reuse the energy lost by braking railcars.
In both bus and rail transit, increasing the mileage of transit vehicles is a strategy that will
make economic sense to a transit agency, and address the problem of climate change in the
absence of federal regulation of GHG emissions. The optimal strategies for doing so involve
converting transit vehicles to alternative propulsion technologies, rather than simply substituting
alternative fuels for petroleum diesel. In the near term, hybrid-electric technology offers the
greatest potential for GHG reduction; in the longer term, depending on the course of research and
a drop in production costs, fuel cell technology promises even greater efficiencies. In the
following section, the relevant technology and fuel alternatives will be assessed on the basis of
their ability to meet the twin objectives of increased efficiency and reduced GHG emissions.
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ALTERNATIVE TRANSIT FUELS AND TECHNOLOGIES FOR WHICH MARKETS
HAVE EMERGED
Compressed Natural Gas
Based on the recent procurement activity and successful demonstration programs of the
nation’s two largest transit operators, CNG (followed by hybrid-electric technology) is emerging
as the most likely successor to the conventional diesel engine. In the early 1990’s, liquefied
petroleum gas (propane, or LPG) was the fuel of choice for AFV’s; since then, the market
preference has decisively switched to natural gas.12 Nationwide, in 1999, the number of CNG
buses manufactured far outweighed any of the other AFV types. This has less to do with the
cost-efficiency of natural gas (conversion to CNG represents a commitment to higher capital and
operational expenses), than with federal and state prioritization of programs promoting
compressed natural gas. CNG has proven clean air advantages: it has been demonstrated to
generate significantly less particulate matter and NOx, which makes it attractive to urban transit
agencies working to reduce smog levels.13
The emissions profile of natural gas, however, is mixed. While CNG comes out well in
GREET’s long term emissions simulation, engine duty cycle performance tested by the
Transportable Emission Testing Laboratory of the University of West Virginia shows lower
efficiency in CNG buses during heavy duty application, resulting in higher GHG emissions. (See
Appendix C) As the Northeast Advanced Vehicle Consortium (NAVC) reports in their
emissions testing of AFV’s, “CNG buses consume more fuel for the same output [as
diesel]…canceling out nearly half of the CO2 benefit.”14 CNG buses also suffer a “weight
penalty” due to the larger and heavier fuel tanks required to maintain natural gas in a pressurized
state, and in volumes sufficient to complete a typical round of service. Heavier vehicles
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consume more fuel. Perhaps more importantly, CNG buses emit much higher amounts of
methane (CH4) than diesel buses, which emit virtually none of the gas. Since methane has 21
times the global warming potential of CO2, a small volume of methane emissions can cancel out
a much larger decrease in CO2 emissions.15 As NAVC reports, “even though the CNG buses
emit less CO2, the impact from the released methane creates a larger GHG impact.”16
A comprehensive conversion of the national stock of transit buses to CNG would have
numerous beneficial effects on the air quality of urban areas, but would do little to reduce
greenhouse gas emissions. While trends indicate a clear shift to natural gas by major transit
agencies, those involved in alternative fuel programs at the nation’s two largest transit agencies
view CNG as a step in the direction of still different technologies. “Natural gas will have
outlasted its usefulness in the near future,” says New York City Transit’s Dana Lowell; “CNG is
ultimately a transitional strategy,” echoes LA’s John Drayton.17 Expected improvements in the
petroleum refining process, and complementary advances in engine technologies, may soon
make diesel just as clean to burn, and more attractive in terms of capital and other costs, than
CNG. The other likely competitor with CNG, both agencies anticipate, is the hybrid-electric
transit bus.

Battery-Powered and Hybrid-Electric Buses
The number of battery-powered electric buses being manufactured is on the rise, though
inherent limitations on battery technology make the electric bus an unlikely successor to the
diesel engine for the majority of heavy-duty, urban applications. Where conditions are
appropriate, however, electric, battery powered buses have proven themselves to be economical,
reliable, and very popular with the public. Electric buses emit nothing directly, but only
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indirectly at the utilities from which they draw their power. The Santa Barbara Electric
Transportation Institute estimates that, given the mix of fuel sources used to generate electric
power in the Southern California region, Santa Barbara’s electric buses cause approximately 1/3
less CO2 to be emitted than would an equivalent diesel fleet. 18 Since power plants generate large
amounts of electricity at a time, they produce the energy needed to drive a bus much more
efficiently than would a single bus engine, and therefore generate proportionately fewer GHG
emissions. Most electric fleets also recharge at night, when the more efficient 24-hour plants are
on line, thereby avoiding the higher emissions of peak-hour power plants.19
For geographical conditions of low relief and a temperate climate, with short distance
routes and frequent-stop duty cycles, electric buses are an optimal technology.20 The nation’s
two largest operators of electric buses, Chattanooga and Santa Barbara, both made the decision
to implement electric transit vehicles as part of larger projects to improve the livability of their
central business districts. In both cities, “electric propulsion enabled quiet, exhaust free, odorless
operation, and proved to be an immediate success with riders…Drivers reported that prospective
riders would forego a ride on a diesel bus in order to wait for the next available electric bus.”21
The first to adopt battery electric technology, Santa Barbara put its first two electric buses in
operation in January and May 1991. The two prototypes, which went into operation on routes
formerly served by diesel buses, then captured 75 percent of Santa Barbara’s 300 percent
ridership increase for 1991.22
Hybrid-electric motors, since they are not dependent exclusively on battery power, have
shown a much greater range of performance capabilities in a variety of demonstration projects
across the United States. The advantage of hybrid technology is twofold: first, because the
engine only runs when the battery or drive system signals the need for more energy, it does not

96

idle when the vehicle is coasting or at rest. This feature, currently available in personal
automobiles, is not yet available in transit vehicles. Hybrids still consume less fuel while idling,
however, and the stop-idle feature is expected soon to become standard in buses as well as cars.
The greater efficiency of hybrids comes from regenerative braking. In real-world operation,
regenerative braking is estimated to recuperate 25 percent of a vehicle’s kinetic energy at the
moment of deceleration, converting the braking energy into electricity, which is then used to
recharge the vehicle’s battery. The result is increased fuel efficiency and, by extension, reduced
GHG emissions.
“Hybrids,” observes New York City Transit’s Assistant Chief Maintenance Officer Dana
Lowell, “are the only technology that reduces regulated and non-regulated emissions at the same
time.” Judging New York’s ten-vehicle hybrid fleet to be “very successful,” the city has now
placed orders for 325 diesel hybrid-electric vehicles, and expects the technology to be fully
commercially viable.23 Hybrid-electric buses have demonstrated equal or superior performance
to diesel-powered buses in almost all service situations. They have been operated in heavy-duty
cycles in New York, the Los Angeles area, and Cedar Rapids, Iowa, where, according to a recent
TCRP report, they have shown “numerous…advantages [over diesel powered buses] such as
smoother and quicker acceleration, more efficient braking, improved fuel economy, and reduced
emissions.”24 “The number of [hybrid-electric] vehicles,” the report concludes, “is expected to
quadruple in the U.S. alone during the next couple of years. In another several years, the
worldwide hybrid bus fleet may well reach in to the thousands or even tens of thousands.”25
In the meantime, getting the most out of the batteries that serve both electric and hybridelectric buses is the greatest technical challenge, and one of the biggest research areas, for such
groups as the Southern Coalition for Advanced Transportation, the Northeast Advanced Vehicle
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Consortium, and Chattanooga’s own Electric Transit Vehicle Institute. “The biggest push in
R&D,” according to SCAT’s Kevin Shannon, “is batteries, moving towards hybrids,
complemented by natural gas or propane turbines.”26 Other agencies are watching New York’s
commitment to hybrids closely, and are ready to move ahead with the technology once they are
confident that hybrids can survive heavy-duty service applications. According to the Santa
Barbara Electric Transportation Institute’s Zail Coffman, “Hybrid is really the coming thing.
Fuel consumption on hybrids is 15-30% more efficient than a conventional diesel
vehicle…Hybrids are going to make a big impact over the next decade.”27

Biodiesel
A transit bus, running on 100% biodiesel, would reduce CO2 emissions per mile by nearly
72% across the life cycle of the fuel, in comparison with diesel. A transit bus running on the
more commonly used mixture of 20 percent biodiesel and 80 percent diesel, called “B20,” would
reduce CO2 emissions per mile by about 14 percent in comparison with diesel.28 (See Table 4.1)
For both the pure form of biodiesel, and the 20 percent mix, the greatest percentage of
biodiesel’s reduction of greenhouse gas emissions are a consequence of its renewability as a
biomass fuel. Unlike the carbon stored in fossil fuels, the carbon in biodiesel is renewable, and
can be made from any kind of fatty oil (derived from peanuts, mustard seeds, canola, soybeans,
or even used cooking oil). Rather than being released into the atmosphere after millions of years
of sequestration beneath the earth’s surface, the life cycle of biodiesel requires no more carbon
than is already circulating in the biosphere from season to season. The same is true for ethanol;
the difference lies in the greater amount of energy needed to turn corn – ethanol’s most common
feedstock – into fuel. The manufacture of ethanol is, in fact, more energy intensive than that of
any of the other fuels. (See Table C-1)
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Biodiesel is an organically produced fuel, made either from the oil of vegetables such as
soybeans, or recycled cooking greases.29 As stated in the National Renewable Energy
Laboratory’s life cycle study, “biodiesel’s life cycle emissions of CO2 are substantially lower
than those of petroleum diesel…[U]se of biodiesel to displace petroleum diesel in urban buses is
an extremely effective strategy for reducing CO2 emissions.”30 Biodiesel has the added
advantage of reducing methane emissions, together with all regulated pollutants except oxides of
nitrogen (NOx). In contrast to both natural gas and the alcohol fuels, biodiesel offers an energy
content equivalent to diesel, resulting in comparable mileage in transit buses.31 Using B20
requires no modification of conventional diesel burning engines; higher blends of biodiesel
require replacement of rubber with synthetic engine seals. Aside from the seals, biodiesel
actually increases engine lubricity, and helps to clean out the fuel system.
Biodiesel, like the alcohol fuels, is currently at a competitive disadvantage with diesel
due to its relatively high cost of production. Pure biodiesel, or “B100,” can cost nearly $2 per
gallon with taxes. Biodiesel is no longer a demonstration project, however; a competitive market
in B20 has emerged over the last two to three years, with municipal school districts and the U.S.
military two of the biggest consumers.32 A 1998 amendment to the Energy Policy Act
authorized use of biodiesel “as a way for federal, state, and public utility fleets to meet
requirements for using alternatives fuels.”33 The biodiesel industry hopes that continued use of
the fuel by various private and public fleets will expand the market and lower production costs.
Impending air quality regulations may soon be working in favor of biodiesel as well. Transit
agencies must meet an EPA deadline of 2006 to reduce the sulfur content of their diesel fuel to
15 parts per million. As more expensive, low-sulfur diesel comes to market in response to this
demand, biodiesel will become more competitive. Some analysts point out that another cost
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advantage lies in the easy convertibility of the existing petroleum distribution system, which
could support biodiesel with “little or no modification.”34 Several municipalities are running, or
have run, a portion of their fleets on biodiesel, often with financial assistance from agencies such
as Department of Transportation’s Congestion Mitigation/Air Quality program. Cincinnati’s
Metro experimented with soy-based biodiesel in the early 1990’s, and cooking-oil/animal fatbased biodiesel in 2000. It is currently nearing the end of a 2001 trial running 150 buses on
B20.35 In the case of Cincinnati, cost rather than performance is the obstacle to long-term
adoption of biodiesel.

Alcohol-Based Fuels
The GREET estimated life cycle GHG emissions per mile from ethanol is 17 percent
lower than that of petroleum diesel.36 (See Table 4-1) As with biodiesel, the emissions savings
for ethanol results from the assumed re-absorption of CO2 by the growth of the following year’s
feedstock crop. The lower energy efficiency of ethanol, however, coupled with its high cost,
have inhibited widespread adoption of ethanol technology. The Los Angeles MTA, while citing
numerous mechanical difficulties stemming from the corrosive nature of ethanol and frequent
engine failures, found ethanol’s lower on-the-road efficiency the most serious strike against it.
“Ethanol was strangling the agency,” according to LA’s John Drayton. “We were paying more
for the fuel and getting less mileage.”37

After a period of demonstration programs ending in the

late 1990’s, no transit buses using alcohol fuels such as ethanol or methanol were manufactured
in 1999, and there are few indications that alcohol fuels will become the market preference for
AFV buses at any time in the near future. Although capital costs are greater for CNG buses,
several factors weigh heavily in favor of natural gas and against the alcohol fuels: the lack of a
well developed distribution infrastructure for the alcohols, and their higher market cost.38
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A number of cities ran demonstration programs with ethanol or methanol buses in the
1990’s: Minneapolis, Peoria, and Los Angeles ran ethanol buses, while New York City and
Miami tested methanol buses. Dana Lowell of New York’s MTA calls the agency’s experiment
with methanol “a total disaster,” and compares it with the outcome of a similar program in Los
Angeles. In the early 1990’s, when New York ran the program, according to Lowell, methanol
engines were prohibitively expensive, hard to get a hold of, and too difficult to maintain.39
While evaluations of performance vary somewhat from one transit agency to another, (Peoria,
for example cited no notable maintenance problems) those interviewed for this report agree that
the cost of running buses on either alcohol fuel was a significant disincentive to continuing the
program.40 At the time of Peoria’s program (1992-1998), ethanol cost 18¢ more than diesel on a
per mile basis. At the time of Los Angeles’ program (1989-1997), ethanol cost 35¢ more.
Higher costs, in these cases, are incurred in the production process, and in the lower energy
content of alcohol-based fuels, which results in higher total fuel consumption.41 Despite
ethanol’s advantage for reducing GHG emissions compared to conventional fuels, mechanical
difficulties and high costs make it an unlikely resource in the effort to reduce vehicular
emissions.

Lightweight Materials
Anything that lowers the weight of a transit vehicle will improve its fuel efficiency. The
lighter the weight of a vehicle, the less fuel will be required to propel it. Currently, several
manufacturers have brought to market an alternative to the conventional, steel/aluminum-frame
bus: the composite fiber bus body. Made either of expensive but very strong carbon fiber, or
more affordable but still sufficiently strong fiberglass, composite fiber bodies can offer
decreased weight together with other features that would reduce operating and maintenance costs
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for a transit agency. Based on a program run in the early 1990’s, Houston’s Metro determined
that, as Metro Senior Director of Bus Maintenance John Franks put it, “Lightweight buses pay
for themselves.” Houston’s German-made, carbon fiber bus required a smaller diesel engine,
which led to immediate savings; Houston also expected future savings from reduced brake and
tire wear and better mileage.42
Between 1992 and 1999, Los Angeles MTA operated 6 much less expensive, fiberglass,
single frame buses with favorable results. Composite fiber buses impressed the MTA with their
resistance to corrosion, and their strength in collisions. Composites are “incredibly strong for
their weight,” remarks MTA’s John Drayton. MTA also took note of the precision engineering
behind the composite manufacturing process. While a typical steel bus has 10,000 parts holding
it together, current lightweight models have less than 50. The effect of fewer parts on the
performance of the vehicle is, as Drayton put it, that “everything works better.” “We are very
confident about the potential for composite materials in transit buses.” The production
techniques involved in casting a single shell, or monocoque frame, Drayton emphasizes, “aren’t
rocket science, but techniques used in the boating industry for years,” where they are used to
create materials that withstand stresses of similar magnitudes. While composite materials
currently in demonstration have yet to prove themselves over the 12-year life span of a typical
transit bus, so far there are few indications that testing will diminish the high expectations for
composites.43
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ALTERNATIVE TRANSIT FUELS AND TECHNOLOGIES STILL IN DEVELOPMENT

Energy Storage Systems
Most of the research and development involving rail transit is concentrated in energy
storage systems. Although a variety of high-speed rail technologies are being studied (such as
magnetic levitation), as are alternatives to diesel fuel for rail freight (i.e. gas turbines), these
efforts deal primarily with long-haul rail transport, rather than the predominantly electrified
light- or heavy-rail systems typical of North American urban areas.44 As for weight reduction, it
is unlikely that the dramatic reductions achieved with composite materials in bus design will be
replicated in rail cars, given the more stringent fire safety regulations to which they are subject.
Work on improving rail technology is “improving, but without revolutionary breakthroughs,”
according the David Phelps, a Senior Project Manager at the American Public Transportation
Association.45
Given that the majority of light rail transit systems in the United States are electrified,
their GHG emissions profiles will match those of the utilities that power them. Reducing
emissions from a typical metro system is therefore an issue of increasing the efficiency of an
entire system of trains, rather than the individual vehicles that comprise it. The principle behind
the technology for doing so, however, is not so different from the principle behind regenerative
braking in a single hybrid-electric bus: to capture the kinetic energy lost when a vehicle
decelerates, to store it, and to use it to accelerate the same or different cars at a later point in
time. In a hybrid-electric or electric bus, the rate at which energy is drawn from and put into the
battery are not beyond the performance range of conventional technology. For a system of rail
cars, however, the technical challenge lies in finding a way to quickly absorb a relatively large
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electric charge, and store it long enough to distribute it to a vehicle elsewhere in the system,
something which current battery technology is unable to do. Flywheels and ultracapacitors are
two promising energy storage technologies for overcoming this hurdle. Flywheels are devices
that store energy in the momentum of large masses revolving with very little friction;
ultracapacitors are, as the name suggests, very large capacitors, devices able to receive and
distribute a large electric charge in a short time. As is often the case, gains in efficiency in one
part of a system can lead to further gains elsewhere in the system; one maker of flywheels notes
that regeneration of braking power reduces heat in subway tunnels, thereby reducing the need to
use electric fans to remove it. 46
Regenerative braking, according to APTA’s David Phelps, is “the most exciting area in
rail technology advance currently.”47 The Center for Electromechanics at the University of
Texas, Austin, is working on a demonstration gas-turbine flywheel locomotive that it hopes to
test in Pueblo, Colorado, in 2004. Looking further ahead, UT Austin expects the
“commercialization phase of flywheel technology to be about 8 to 10 years away” for high-speed
applications.48 More relevant for urban transit is “wayside energy storage” in which a flywheel
or ultracapacitor is located, not on the locomotive, by beside the track, as part of a power
distribution system. A train decelerating into a station would send the energy recuperated from
braking to a nearby storage device, which would then discharge it at the appropriate moment.
One such wayside storage device, employing a flywheel, is in demonstration in the United
Kingdom.49 With the technology as it currently stands, recuperated energy in an electrified
system is useless unless there is a second train accelerating at just the moment the first train is
slowing down, allowing the power to be sent through the rails for a short distance from one train
to the other.
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Hydrogen Fuel Cells
Hydrogen fuel cells have been widely touted as the ideal, emissions-free replacement for
the internal combustion engine, and its most likely successor in mass production. It is on the
grounds of such expectations that research and development in hydrogen increased substantially
over the 1990’s, most notably through the Partnership for a New Generation of Vehicles, which
involved the “Big Three” American automakers in coordinated fuel cell research. Initiated by
Ballard Power Systems on the part of the auto consortium, together with the California Air
Resources Board, and the California Fuel Cell Partnership, hydrogen transit buses were put into
trial operation in three different locations in the 1990’s: Chicago, Vancouver, and Georgetown
University. More recently, SunLine Transit Agency in Thousand Palms, California, completed a
13-month hydrogen bus study. Committed to developing hydrogen fuel cell technology,
SunLine plans to begin testing another fuel cell bus in mid-2002. “Our desire,” says SunLine’s
Richard Cromwell, “is to end up with a fuel cell fleet.”50 The first U.S. transit agency to fully
convert its fueling and infrastructure to CNG, SunLine sees its commitment to natural gas as “the
bridge” to hydrogen. “With CNG you have a compressor on the bus, you just adjust the lines to
use hydrogen as well as natural gas…it’s one change.”51
If the process of splitting hydrogen from the other elements to which it is attached is done
utilizing power drawn from hydro, wind, solar, or biomass sources, hydrogen has the potential to
be both renewable and entirely free of emissions at the production and consumption ends of the
life-cycle. SunLine Transit currently powers some of its hydrogen generation from a
photovoltaic array, a truly zero-GHG method of making hydrogen. SunLine expects that, in less
sunny parts of the U.S., hydrogen will most likely be made from methane, in a process called
natural gas reforming. Though hydrogen may be manufactured from many feedstocks, the
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existence of extensive natural gas pipelines, and cheap natural gas, would allow the manufacture
of hydrogen to take place in a decentralized fashion at the site of refueling. Steam reforming at
the station releases virtually all the carbon in CH4 as CO2. However, the extremely high
efficiency of a hydrogen fuel cell is such that lower GHG emissions per mile of travel can be
attained.

COSTS OF EMISSIONS REDUCTION FROM BUSES
Any decision to incorporate alternate technologies or fuels into transit fleets will be
heavily influenced by the projected costs of implementation. However, projecting costs is
challenging since most of the technologies in question have not been thoroughly tested under
operating conditions, and a clear market preference for any one technology has yet to emerge.
Costs are continually changing as companies compete in a limited market and products undergo
a rapid evolution. Appendix C contains a methodology for comparing estimated costs, based
upon the current costs of alternative fuels. As they evolve, future costs for developing
technologies can be substituted for those in Table C-2 to yield more accurate estimates over time.
The emissions per vehicle mile for buses running on alternative fuels are first calculated
using data in Table C-1. All of the technologies are compared with the current standard –
petroleum diesel. Fuel costs are based on the current costs as reported by government research
institutions (see sources in Tables C-1 and C-2). Vehicle costs have been chosen to reflect a
hypothetical mature system in which fuels and technology are available at market costs. The
costs to reduce emissions are calculated as dollars per ton of equivalent CO2. Three scenarios are
used to illustrate how costs can be used to assist in making decisions about which technologies
transit agencies can consider given the current market restraints.
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Overall, the results of Scenario 1 (Table C-2) indicate that for some of the alternative
technologies - hydrogen fuel cells, and CNG - fuel cost savings can compensate for additional
costs that would be incurred from purchasing AFV buses. As the costs of these buses become
lower over time, low fuel prices could make them more attractive to transit agencies.
Scenario Two assumes the same costs of fuels as in Scenario One, but assumes savings
from lower fuel costs can be invested in the bus. It also assumes that no financial benefit is
gained from emission reductions. The operating costs saved from lower fuel costs over the
million-mile life of a bus could, however, be substantial. Savings with CNG only amount to
$10,000, a fraction of the estimated $50,000 needed for the bus. With a fuel cell and low cost
hydrogen from natural gas, the savings of $320,000 could compare with bus costs in the near
future
Scenario Three also assumes the same costs of fuels as in Scenario One, and that the
investments of Scenario Two are feasible. It also assumes that the benefits of lower emissions
will be quantified through the trading of GHG emissions at a price of $10.00 per ton. These
revenues to the transit agency of up to $60,000 over the million-mile life of a bus could increase
the funds available for more expensive buses over those available in Scenario Two. By itself,
CNG fuel substitution appears to offer relatively modest emissions reductions. In combination
with a fuel cell, however, considerable emissions reductions and cost savings can both be
achieved.
The transit industry has been the focus of much technological innovation over the last
decade, as clean air standards have tightened, and public tolerance for air pollution in large urban
areas has diminished. Those transit agencies that have demonstrated or committed to alternative
propulsion technologies have enjoyed the rewards of higher public visibility, which has often
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been accompanied by higher ridership. Experience has shown that hybrid-electric and battery
powered buses are especially popular with the public, and this may go far towards gaining their
acceptance in the much larger market for passenger automobiles. It is important to stress,
however, that technology alone is not the solution to the problem of greenhouse gas emissions, in
the transit industry or elsewhere. The contribution of transit to total U.S. carbon emissions is
very small, on the order of just over 1 percent. In and of itself, introduction of low-emissions
technology into this sector will not significantly contribute to a reduction of greenhouse gas
emissions. If such technology can help transit agencies to reduce costs and improve customer
satisfaction, however, it may assist in a general expansion and public acceptance of transit
service, and thereby encourage more people to become riders rather than drivers.

EMISSIONS REDUCING POTENTIAL OF ALTERNATIVE FUELS AND
TECHNOLOGIES
Most of this chapter describes the potential for transit vehicles to reduce greenhouse gas
emissions by substituting new fuels and technologies for conventional ones. However, it is
unlikely that any of the fuels or technologies described above will have a large impact on U.S.
emissions unless they are adopted on a broad scale. The research team created an emissions
projection model to determine the emissions impact of a large-scale shift to alternative fuels and
technologies within the transit industry. For the sake of comparison, this is modeled against
three other technology adoption scenarios. GHG emissions have been calculated from transit,
and projected 20 and 40 years in the future.
The model is consistent with emissions and procurement data collected from the Federal
Transit Administration, U.S. Department of Transportation, the American Public Transportation
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Association’s 2001 Fact Book, and the U.S. Energy Information Administration’s “Greenhouse
Gases Regulated Emissions and Energy Use in Transportation” (GREET) transportation
emissions model. The large-scale implementation scenario assumes a more rapid adoption of
technologies than is presently the case, so that the emissions benefits may stand out clearly.
The remaining model scenarios project forward current rates of emissions, and adjust the
initial rapid adoption scenario for higher or lower growth in transit VMT. The growth trends for
the transit and automobiles over the last five decades suggests that rapid changes in VMT and
transit passenger miles are not unprecedented; the model therefore projects future growth based
on a relative increases in transit ridership experienced over the past five years.
Potential reductions in GHG emissions are projected from 2000 to 2020 and 2040. The
model estimates the reductions of GHG emissions, in metric tons of carbon dioxide equivalent
per year, that would be achieved over a 20- and 40-year period by converting the technologies
used by transit and rail fleets to emit cleaner by products and lower GHG emissions.
The graph in Figure 4.1 shows four possible scenarios for future greenhouse gas
emissions from U.S. transit— buses, light rail, trolleybus, heavy rail, and commuter rail. In the
graph, the blue line represents hypothetical national emissions if transit were to continue to
increase vehicle miles traveled at the rate it has for the past few years – from 1.5% for buses up
to 6% for light rail and trolleybus. As Figure 4.1 shows, under this “continued growth” scenario,
transit’s GHG emissions will continue to rise at a steady rate, having over twice as much of an
impact over the next 40 years.
Alternative technologies that increase the efficiency of transit vehicles can help mitigate
the impact of this growth in emissions. The green line in Figure 4.1 shows the impact of
alternative technologies on transit emissions at today’s rate of growth in VMT. The model thus
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estimates that the adoption of alternative technologies and fuels by transit agencies could prevent
a total of 30 Teragrams (Tg) of Carbon equivalent (CE) emissions between now and 2020 and
170 Tg CE by 2040. In other words, if transit agencies across the county were to begin adopting
alternative technologies, they could reduce their emissions by 23% between now and 2040 as
compared to if they continued using the current transit technologies.
The yellow line in Figure 4.1 represents a model of transit emissions with high growth in
vehicle miles traveled by transit. Under this high-growth scenario – assumed as double today’s
growth rate – the importance of alternative technologies will be even greater. The red line in the
graph depicts the expected emissions from transit with high growth in transit VMT and the
adoption of alternative technologies for transit vehicles. In total, transit could prevent 40 Tg CE
between now and 2020 and 320 Tg CE between now and 2040 by adopting alternative
technologies under a high-growth scenario.
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