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Some of the exhaust or tailpipe emissions commonly
associated with mobile sources are carbon monoxide
(CO), hydro-carbons (HC), nitrogen oxides (NO,), and
particulate matter (PM). These emissions can cause
local air pollution and be a determinant in human
health problems (U.S. Environmental Protection
Agency 2012a). In many countries, these emissions
are regulated through emissions standards that

spur motor vehicle technology advancements and
improved exhaust after-treatments. Exhaust emissions
also produce greenhouse gases (GHG), specifically
carbon dioxide, which are not reduced by current
exhaust after-treatment technologies. Recent GHG
emissions regulations in Europe cover only passenger
cars and vans, while in 2011, the United States
announced the first-ever GHG regulations and fuel
economy standards for heavy-duty engines and
vehicles (Lindqvist 2012).

The fuels considered in this analysis are diesel with
various concentrations of sulfur, biodiesel (100 percent
and 20 percent blend with diesel), compressed natural
gas (CNG), liquefied natural gas (LNG), and ethanol.
The technologies considered are standard internal
combustion engines (ICEs) and hybrid ICE-electric, in
combination with a variety of exhaust after-treatment
technologies. Each of the fuels and technologies

has its benefits and costs. A statistical meta-analysis
technique for combining the results of 24 independent
studies was used to find a range of emissions values
for different fuel and technology combinations. The
analysis looked at many factors for which data were
available, including specific fuel type and relevant
technologies, emissions standards, field tests vs. lab
tests, drive cycles, CO, equivalent emissions, mileage,
and altitude.

Overall, the results from the meta-analysis of the
compiled studies align with results from studies on
individual fuels and technologies. The meta-analysis
shows that there is a wide range of emissions values
even for the same fuel and technology. Many of the
factors explored, such as altitude and drive cycle,
do have an impact on emissions. This analysis aids
in understanding these variations in order to more
accurately evaluate results from further emissions
testing. Technologies are often developed to meet
emissions standards, and the results of this study
imply that emissions standards are generally effective.
However, it is demonstrated that not all buses
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are meeting their expected emissions standards,
specifically for NO, and PM, which also can be
associated with wear on the bus.

The analysis also shows that no single fuel is best

in all categories of emissions if the appropriate
exhaust after-treatment technologies are used, which
means that these technologies are key to reducing
emissions. The technologies that show the lowest
emissions for key pollutants, such as NO,, PM, and
CO; equivalence, are compressed natural gas with

a three-way catalyst, 100 percent biodiesel, and
ultra-low sulfur diesel with selective catalyst reduction.
However, because none of the fuels can be classified
as the best at reducing all emissions, it is important
to consider lifecycle costs and lifecycle emissions

for buses in specific locations before making fleet
selection decisions. The lifecycle cost and emissions
components raise many possible variables, either
global or local, which can have an impact on fuel and
vehicle recommendations. Understanding how fuels
and technologies contribute to exhaust emissions is a
first step in understanding the true costs and impacts
of urban bus fleets in various urban contexts.

Even with the abundance of information available

in recent decades regarding alternative fuels and
vehicles, it is often unclear which fuel and vehicle
types a transit agency should choose for its bus
fleet. Existing research on fuels and vehicles often
provides in-depth information on transit bus costs
or emissions for specific fuels and technologies

in specific locations. Many major transit agencies
worldwide, especially in the United States and Europe,
have done extensive fuel and vehicle testing and cost-
efficiency analyses for local and national programs.
However, each approach to analysis, as well as the
fuels and technologies considered in the tests, can
vary significantly. Thus, the results of single studies
or a small sampling of studies may not be easily
comparable to other agencies’ studies or applicable
in other locations. In addition, even with the amount
of research and data available on transit buses, the
full lifecycle costs of vehicles of different fuel types
and lifecycle emissions are often not available. Even
where the data exist on local pollutant emissions,
greenhouse gas emissions, and vehicle costs, these
factors are not always considered jointly.



The aim of EMBARQ’s Sustainable Urban
Transportation Fuels and Vehicles (SUTFV) program

is to better understand the full lifecycle costs and
emissions of transit buses of different fuel types, as
well as the trade-offs between costs and emissions,
in order to aid transit agencies’ decisions in urban bus
fleet procurement. The project will focus on conditions
in Mexico, Brazil, and India—countries where
EMBARQ currently works—in order to develop local
recommendations in various urban contexts.

As part of the SUTFV program, this paper aims

to create a better understanding of the exhaust
emissions impacts of relevant fuel and technology
types by compiling data and research from a variety
of transit and government agencies from different
countries. Though an effort was made to provide the
broadest dataset possible, data were only collected
from testing performed on in-use or previously used
transit buses. Therefore, these data do not represent
all possible conditions for all fuel and technology
combinations (particularly emerging technologies

and ethanol buses), due to lack of availability of like
studies. This report does not consider emissions
other than exhaust emissions. For example, upstream
emissions from fuel production, vehicle manufacturing,
or leakage during vehicle fueling are not included.

Because results of individual bus emissions tests

can vary greatly, a small sample size of bus tests,
which are typically performed by agencies, may not

be representative of a given fuel type generally. The
compiled research presented here creates a broader
database of emissions testing results from which
agencies can make choices. This report is useful in
creating a framework for vehicle selection but does not
constitute a final recommendation on fuel types for any
particular transit agency. Full lifecycle analysis of a transit
vehicle in terms of costs and emissions is required.

This paper addresses the following topics:

e significance of regulated and unregulated emissions
® emissions standards

¢ expected emissions ranges for different fuels
and technologies

e offects of specific emissions-reduction
technologies on expected emissions

¢ additional factors that lead to changes in
expected emissions

It is important to understand regulated and unregulated
emissions to understand the emissions standards for
different transit bus exhaust types. Particulate matter,
nitrogen oxides, hydrocarbons, and carbon monoxide,
which are addressed in this report, are of primary
concern because of the high concentrations of soot,
ozone, and smog in many urban areas, as well as their
negative health impacts. Volatile organic compounds
and black smoke are also significant emissions but

are not addressed in the meta-analysis due to lack of
data. Tailpipe emissions of transit buses are currently
monitored in many countries around the world. National
vehicle testing programs and vehicle emissions
standards focus on reducing local emissions.

Air pollution is a major environmental health

problem affecting people worldwide. Exposure to air
pollutants is largely beyond the control of individuals
and requires action by public authorities at the national,
regional, and even international levels. According to the
World Health Organization (WHO), more than 2 million
premature deaths each year can be attributed to the
effects of urban outdoor air pollution, at least partly
caused by fuel combustion (WHO 2006).

The key pollutants related to transportation exhaust
are summarized in Table 1, along with the countries
where they are regulated. WHO shows that there
are significant health impacts related to nitrogen
oxides and sulfur dioxides, while there are specific
quantifiable mortality impacts related to PM and
ozone (Os). There is roughly a 6 percent increase in
mortality for each 10 pg/m? increase in PM, 5 and

a 3 to 5 percent increase in mortality for each 60
pug/m? increase in Og (WHO 2006). The health and
environmental impacts of commonly tested exhaust
emissions, which are summarized in Table 1, are
further detailed in publications from the WHO and the
U.S. Environmental Protection Agency (EPA) (WHO
2006, EPA 2012a).
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Tailpipe Transportation Emissions for
Heavy-Duty Vehicles

- Local GHG Regions/countries
Emission types pollutant pollutant where regulated
Carbon . US, Europe, Brazil,
Monoxide (CO) India, Mexico
Carbon
Dioxide (CO) X X Us
Nitrogen . “ US, Europe, Brazil,
Oxides (NO,) India, Mexico
Total hydro- Europe, Brazil,
carbons (THC)? India
Non-methane hydro- .
carbons (NMHCQ) x US, Mexico
Particle » US, Europe, Brazil,
Matter (PM)® India, Mexico
Methane (CH.) X Europe

US, Europe, Brazil,
- India, Mexico
Sulfur dioxide (SO,) X

through fuel
quality standards

Notes:

aTotal hydrocarbons refers to nonmethane hydrocarbons plus methane.
b PM considered in the study includes all particulate sizes, although most
particles are under 2.5 nanometer in diameter for both diesel and CNG.
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Carbon Monoxide (CO): Carbon monoxide results
from incomplete combustion of fuel and is emitted
directly from vehicle tailpipes. CO can be a precursor
to both CO, and ozone, two significant greenhouse
gases. Although exposure to CO does not have a
cumulative effect on health, instantaneous effects of
high concentrations can be dangerous (Nylund et al.
2004, Macias, Martinez, and Unal 2010).

Carbon Dioxide (CO,): CO, is a naturally occurring gas
that accounts for approximately 77 percent of global
greenhouse gases (Baumert, Herzog, and Pershing
2005). It is also a byproduct of burning fossil fuels

and biomass, other industrial processes, and land-
use changes. CO, from transportation exhaust is not
regulated in all countries and for all vehicle types.
These regulations are fairly new and are met through
fuel efficiency improvements rather than exhaust after-
treatment (Lindqvist 2012).

Nitrogen oxides (NO,): Nitrogen oxides are an
important family of air polluting chemical compounds.
These highly-reactive gases affect health and lead to
increases in global warming. NO, emissions increase
as a result of increasing engine temperature (Macias
et al. 2010). Emissions of NO, from combustion are
primarily in the form of nitric oxide (NO) (Nylund et al.
2004). NO can be oxidized into nitrogen dioxide (NOy)
which is a powerful air pollutant by itself and can also
react in the atmosphere to form ozone and acid rain.
Some emissions reduction technologies can increase
the portion of NO, in diesel exhaust. Nitrous oxide
(NLO), a significant greenhouse gas, makes up a very
small portion of total NO, emissions for all fuel types
(EPA 2012D).

Nonmethane hydrocarbons (NMHC): Nonmethane
hydrocarbons in exhaust result from partially burned
fuel. There are many potential pollutants resulting

from hydrocarbons with different effects (eye, skin and
respiratory tract irritation), including acetylaldehyde
and formaldehyde. Hydrocarbons can have negative
health impacts or contribute to the ground-level ozone
or smog (Macias et al. 2010, Nylund et al. 2004).



Methane (CH,): Methane, in the form of unburned fuel,
is a tailpipe emission primarily for natural gas fuels.
Although it is not toxic, methane has a global warming
potential that is 25 times higher than that of CO,
(Nylund et al. 2004, Environment Canada 2011a).

Particulate matter (PM): Particulate matter is a mixture
of small particles and droplets, including acids, such
as nitrates and sulfates; organic chemicals; metals;
soil; or dust. Combustion can produce a large quantity
of very fine particles 10 nanometers in diameter or
smaller, but it is regulated by measuring the total
quantity of all PM particles sizes. The human body
cannot protect against exposure to ultrafine particles,
which can enter the heart and lungs through inhalation
(Figure 1) and have serious health effects, including
respiratory diseases and heart and lung conditions
(EPA 2012a).

Sulfur Dioxide (SO,): Mobile-source SO, emissions are
proportional to sulfur content in fuels (UNEP 2007).
SO is linked to many negative health effects, including
respiratory system ailments (EPA 2012a).

Other pollutants: Ozone (Og) is not emitted directly
from mobile combustion but is formed in the
atmosphere through a complex set of chemical
reactions involving hydrocarbons, oxides of nitrogen,
and sunlight. Ozone at ground level is a noxious
pollutant, but it is not regulated as a tailpipe pollutant.
It is the major component of smog, which is
responsible for choking, coughing, and stinging eyes
(EPA 2012a).

Volatile organic compounds (VOC) can have adverse
health effects or contribute to air pollution. Exposure
to black smoke exhaust has also been shown to
increase the risk of developing lung cancer and
therefore mortality risks (De Hartog et al. 2010).
Sulfates and nitrates may have some adverse

health effects, especially in combination with other
emission compounds. However, concentrations of
these pollutants emitted from modern vehicles, in
combination with low-sulfur fuels and lubricants where
available, are low compared with other emission and
inhalation sources (Nylund et al. 2004).

Particles Entering the Human Body

>10 ym

10-5 um

5t0.01 um |

This figure shows the particle sizes that can reach the respiratory and
circulatory systems. The human body cannot protect against exposure to

ultrafine particles.

Exhaust Emissions of Transit Buses 5



Many national governments use emissions standards
and testing to control the amount and types of harmful
emissions that are released into the environment

as a direct result of fuel combustion. The exhaust
emissions considered in this report are based on
pollutants regulated by both the European Union
emissions standards (Euro) and U.S. EPA standards,
which include NO,, THC or NMHC, PM, and CO.
Emissions standards in other countries are often
based on these standards. As of 2010, Brazil, Mexico,
and India had standards roughly equivalent to Euro llI,
Euro IV, and Euro Ill respectively.

To perform emissions testing, the standards require a
variety of drive cycles with corresponding emissions
limits. An example of these limits for Euro and EPA
standards is given in Tables 2 and 3. Both sets of
emissions are converted into g/km for comparison.
Although there are differences in the thresholds
proposed by each agency, there is an overall trend of

Euro Emissions Standards
for Transit Vehicles (g/km)

Sission  Date co THC NO, PM
Euro | 1992 81 1.98 14.4 0.648
Euro Il 1998 7.2 1.98 126 027
Euro I 2000 :3.78 1188 9 0.18
Euro IV 2005 27 0828 63 0.036
EuroV 2008 27 0828 36 0.036
EEV 2.7 0.45 36 0.036
Euro VI 2013 (27 0234 072 0.018

Source: Lindqvist 2012.

Notes: 1) Often emissions testing converts results in g/kWh to g/km.The
factor of 1.8 km per g/kWh is used in Nylund et al. (2004). See appendix
1 for full sources for conversions. 2) EEV represents a voluntary emission
standard between the Euro V and Euro VI standards (Dieselnet 2009).
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progressive standards of reducing key pollutants such
as NO, and PM. CO standards in the United States
have not changed drastically because heavy-duty diesel
vehicles are not a major source of this pollutant (Federal
Transit Administration 2006). EPA standards for CO
and THC are significantly higher than Euro standards,
although NO,, and PM standards are comparable.

The drive cycles required for emissions testing in
different countries can be based on international
standards as well as driving conditions in different
locations. Euro emissions standards use two specific
drive cycles. Since 2000, these cycles have been
the European Stationary Cycle (ESC), a sequence

of constant speeds and loads, and the European
Transient Cycle (ETC), which simulates typical driving
patterns. The EPA test is performed with various test
cycles, including a transient test cycle, which includes
urban and freeway driving conditions, and a steady-
state test with a sequence of constant speeds and
loads (Dieselnet 2012).

EPA Emissions Standards (g/km)

Emission, €O THC  No.  NmHe  NYHC pm

1994 4506 378 1454 0.20
1996 4506 378  11.63 0.15
1998 4506 378  11.63 0.15
2004(1) 4506 : 3.78 698 | 003
2004(2) 4506 : 3.78 291 727 003
2007 4506 378 392 041 0.03
2010 4506 378 058 041 0.03

Source: Transit Cooperative Research Program, 2011.

Notes: EPA converts g/bhp-hr to g/mi using 4.679 bhp-hr per mi. See
appendix 1 for full sources for conversions. 2004 (1) and (2) represent
two different options for compliance.



Regulation of GHG emissions is more recent in the
United States and Europe. The European Union
emission standard currently covers only passenger
cars and vans, but not heavy-duty vehicles. Because
there is currently no after-treatment technology

that can reduce CO, emissions from road vehicles,
CO, reductions are achieved through fuel efficiency
improvements (Lindqgvist 2012). In the United States,
the EPA and the National Highway Traffic Safety
Administration (NHTSA) are developing the first GHG
regulations for heavy-duty engines and vehicles.
According to EPA, the regulations will be phased in
starting in 2014, and by 2018 the regulations should
create an average reduction in GHG emissions per
vehicle by 17 percent. The proposed standards are
expected to save more than six billion barrels of oil
through 2025 and reduce more than 3.1 billion metric
tons of CO, emissions (EPA 2012c).

In selecting particular bus technologies, transit
agencies must balance fuel and vehicle availability,
local conditions, and service needs. Various fuel
options have been tested as part of national programs
through institute testing and agency pilot programs
and locally through agency testing. There are many
possible fuels and exhaust after-treatment technology
combinations. However, not all of these combinations
will be available in the next decade in all countries
and at all transit agencies. The fuels addressed in

this report are all available, or soon to be available, in
Brazil, India, or Mexico.

Table 4 shows the fuels currently being used by
agencies in the three target countries of this report.
Brazil has a wide variety of fuels available. Cities in
Mexico use diesel, hybrids, and CNG. In India, as a
result of a Supreme Court order, 13 major cities were
required to use CNG vehicles starting in 2001, while
diesel fuel is still available for buses in other cities
(Roychowdhry 2010).

Interest in using alternative fuels has grown as a way
of exploring possible improvements over diesel in air
quality and greenhouse gas emissions. More recent
concerns with fuels include complying with emissions
standards, addressing fuel security, and reducing price
volatility. At the same time, diesel remains an important
fuel in urban transit because of its high energy density,
which means a smaller volume of fuel can transport a
bus further. Table 5 shows diesel’s high energy content
with respect to other fuels which can be used in urban
bus fleets. Biodiesel also has a high energy content
and has similar fuel efficiency to diesel buses. Many
improvements have been made to diesel buses over
decades to reduce emissions, as will be discussed

in this section. The most recent emissions standards
show that buses using any fuel type will comply with
the same stringent emissions standards.

Fuels Currently Being Used by Transit Agencies in Brazil, India, and Mexico

Low-Sulfur

Target countries Diesel® Diesel Ethanol
Brazil X X X
India X X
Mexico X X

2 A Low-Sulfur Diesel: 50 ppm contents of sulfur

B20 B100 CNG Hybrid
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Fuels, Energy Content, and Fuel Efficiency

Fuel Energy content per gallon? Fuel efficiency®
Diesel 128,000 - 130,000 Btu 3.2 mpg
Biodiesel 117,000 - 120,000 Btu 3.3 mi/DGE
Ethanol (E85) : ~ 80,000 Btu 3.2 mi/DGE
LNG ~73,500 Btu 2.7 mi/DGE
Sources: Notes:
? Department of Energy 2012 DGE: diesel gallon equivalent
®TCRP 2011

psi: pounds per square inch
Btu: British thermal units

The following subsections explore the existing
literature on fuel types and emissions characteristics
of fuels. In addition, they describes exhaust after-
treatment technologies and expected emission
reductions from each technology. Data from some of
the individual studies described here are also included
in the meta-analysis in Section 5.

4.2.1 Diesel

Most diesel fuel available is petroleum diesel refined
from crude oil (Transit Cooperative Research Program
2011). Because there are concerns that global crude
oil resources are being depleted, other sources of
diesel are being explored that may have different
emissions characteristics. Individual countries offer
various grades of diesel that have different sulfur
contents. Diesel emissions are affected by the amount
of sulfur in the diesel as well as the emission-reduction

technologies. CO emissions are low for diesel engines.

THC emissions from diesel are generally nonmethane,
and less of a concern for global warming. The major

8 Exhaust Emissions of Transit Buses

concerns for diesel fuel are NO, and PM emissions
(Nylund et al. 2004).

4.2.1.1 Sulfur Content of Diesel Fuel

Reducing sulfur content in fuels not only reduces air
pollution related to sulfur, but also allows for the use
of exhaust after-treatment technologies. Sulfur in fuel
contributes to formation of particulates that clog filters
and therefore reduce the effectiveness of emission-
reduction technologies like diesel particulate filters.
Developing countries commonly have sulfur content
levels above 500 parts per million (ppm); sulfur levels
below this value allow for the use oxidation catalysts.
Below 50 ppm, additional emissions reduction
technologies are available (UNEP 2007). Table 6
presents sulfur content levels in Brazil, Mexico, India,
the United States, and Europe.

Diesel Sulfur Content in Brazil, Mexico,
India, the United States, and Europe

2012 Future target ;
Country (ppm) (ppm)? Location
50 10 Major cities
Brazil® 500 50 Metropolitan areas
1800 500 Nationwide
Northern border region
15 15 .
and 3 major metro areas
MexicoP
500 50 Nationwide
50 Major cities
India® 350 Metropolitan areas
500 Nationwide
u.sd 15 Nationwide
Europe? 10 Nationwide
Source:
2 Brazil 2013, Mexico 2015
> UNEP 2012a
¢UNEP 2012b

4 UNEP 2012¢



4.2.1.2 Diesel Emission-Reduction Technologies

Diesel Oxidation Catalyst (DOC): DOC utilizes a
chemical process to break down pollutants from diesel
engines in the exhaust stream, turning them into less
harmful compounds. This reduces PM, HC, and CO
emissions (Translink 2006). DOC can only be used
below 500 ppm sulfur content in diesel (UNEP 2007).

Diesel Particulate Filter (DPF): A DPF is a device
mounted in the bus exhaust system in the same
location and general configuration as other typical
exhaust after-treatment devices (e.g. muffler, oxidation
catalyst). This helps to meet 2007 EPA standards.
Carbon monoxide and hydrocarbons are turned into
carbon dioxide and water, respectively. The catalyst
also increases the proportion of nitrogen dioxide (NO,)
to nitrogen oxide (NO) in the exhaust. NO is oxidized to
NO, so as to remove PM from the exhaust. A DPF can
reduce the amount of particulate emissions from diesel
to comparable levels with CNG (Melendez et al. 2005).
A DPF tends to have a greater effect on reducing large
particles, greater than 100 nanometers (Nylund et al.
2004). A DPF is only effective with diesel fuel with sulfur
content less than 50 ppm (UNEP 2007).

Exhaust Gas Recirculation (EGR): EGR recirculates
exhaust gases (mainly containing inert nitrogen,

CO,, and water vapor) into the engine cylinders. This
recirculation cools the engine, thereby reducing NO,
emissions and possibly particulate matter (Murtonen
and Aakko-Saksa 2009). EGR has been used for more
than 25 years on spark-ignition engines (TCRP 2011).

Selective Catalytic Reduction (SCR): SCR combines
urea and water to produce ammonia and CO,, which
then combines with NO, to produce nitrogen and
water (Murtonen and Aakko-Saksa 2009). SCR can
reduce NO, emissions by 75 to 90 percent (TCRP
2011). This helps to meet 2010 EPA standards.

4.2.2 Hybrid ICE-Electric

A hybrid-electric vehicle can draw energy from two
sources of stored energy: a consumable fuel and a
rechargeable energy storage system (Wayne et al.
2004). Exhaust emissions associated with a hybrid are
the same as the emissions associated with internal
combustion engines, but there can be a reduction in
emissions stemming from hybrid systems achieving
lower fuel consumption. Reduced fuel consumption
is made possible through regenerative braking and
reductions in engine transient operation through

an improved power management system (World
Business Council for Sustainable Development 2004).

4.2.3 Compressed Natural Gas (CNG)

Natural gas is a common fossil energy source with

high methane content that is compressed to increase
energy density (TCRP 2011). CNG emissions are mainly
in the form of methane and NO,. The air-to-fuel ratio for
combustion, such as lean-burn' and stoichiometric,?
can reduce emissions as well (Nylund et al. 2004).
Compared to diesel, PM and NO, emissions are

lower for CNG, although the amount of reduction

varies by bus (Melendez et al. 2005). CNG generally
has low particulate emissions, although the fuel still
emits particles that are harmful to health. With higher
passenger loads, the amount of PM can increase

to levels comparable to diesel (Nylund et al. 2004,
Jayaratne et al. 2009). CNG also emits higher quantities
of formaldehydes and other nanoparticles with negative
health impacts, even with oxidation catalysts.

4.2.3.1 CNG Emission Reduction Technologies

Oxidation Catalysts (OC): OCs are designed to
oxidize both CO and HC, resulting in the production
of CO,. Oxidation catalysts can reduce HC, CO, and
CH, emissions (Nylund et al. 2004, Translink 20086,
Johnson Matthey 2011).

! Lean-burn - low fuel to air ratio, can employ higher compression ratios and thus provide better performance, efficient fuel use, and low exhaust

hydrocarbon emissions.
2 Stoichiometric - fuel-to-air ratio allows complete burn of fuel.

Exhaust Emissions of Transit Buses 9



Three-way Catalysts (3WC): 3WCs are also known
as oxidation-reduction catalysts. They are designed
to oxidize both CO and HC and reduce NO,. This
results in the production of CO,, nitrogen, and water
(Johnson Matthey 2011).

4.2 .4 Liquefied Natural Gas (LNG)

LNG is cooled natural gas that has a higher energy
content than compressed natural gas. CNG and LNG
vehicles use the same engines and therefore meet
the same emissions standards and use the same
emissions reduction technologies (TCRP 2011).

4.2.5 Biodiesel

Biodiesel is commonly made from soybean oil or
rapeseed oil, although other sources are available.

It is often produced through a process called
transesterfication, which combines oils with alcohol
and a catalyst to produce biodiesel (TCRP 2011).
Biodiesel is naturally lower in sulfur than diesel, which
can also reduce PM emissions (Translink 2006).

The difference between emissions for diesel and
biodiesel depends on the percent of the blend or the
portion of diesel versus biodiesel. For B20 mixes (i.e.,
20 percent biodiesel and 80 percent diesel), National
Renewable Energy Laboratory shows biodiesel can
reduce NO, emissions between 3 to 6 percent and
reduce PM emissions between 15 and 20 percent.
Biodiesel can also yield reductions in HC, nonmethane
HC, and CO. However, the requirement for all fuel

to meet EPA 2010 emission standards has made

the differences between diesel and biodiesel almost
insignificant (TCRP 2011).

Because diesel and B20 are very similar, many newer
bus models can run on both diesel and B20 (TCRP
2011). Because B20 uses the same bus models,
these models have many of the same emissions
reduction technologies as diesel buses.

4.2.6 Ethanol

Ethanol, or ethyl alcohal, is typically made from corn,
sugarcane, or cellulosic feedstock (TCRP 2011). In
general, ethanol buses have PM emissions similar
to diesel engines with DPF. Ethanol produces lower
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NO, emissions compared to diesel, but emits higher
amounts of HC and CO than diesel. Newer engine
models developed to meet stronger emissions
standards can also have low HC and CO values
(Motta 1996).

4.2.7 Fuels without Harmful Exhaust Emissions

Other fuels and propulsion technologies, such as
hydrogen, hydrogen fuel cells, electricity, and battery
electricity, do not produce harmful tailpipe emissions.
These are not dealt with in the exhaust emissions
portion of this research but will be included in another
portion of the project research on lifecycle emissions
and lifecycle costs.

This meta-analysis presents an overview of

exhaust emissions that result from a combination
of fuels and technologies. A large dataset with 368
entries was compiled in order to provide the most
representative values possible for each combination
(study descriptions available in data references). This
approach can help increase understanding of the
range of possible emissions as there is significant
variation between emissions for buses of the same
fuel type, technology, and model (San Francisco
Municipal Transportation Agency 2002, Jayaratne
et al. 2009).

This meta-analysis compares similar transit bus
studies to find trends among a larger number of lab
and field tests conducted in different locations. The
results of each study are not directly comparable due
to various testing conditions that are not controlled for,
such as the age of the bus, specific terrain, or drive
cycle. However, the meta-analysis method allows for
generalized results from a variety of buses tested in
a variety of conditions and the normalization of data
through increasing the sample size for each fuel and
technology in the study (Borenstein et al. 2009).

The analysis used both an Interquartile Range (IQR),
to find a likely range of emissions and a confidence
interval, to find average emissions values.® Using these



two techniques, the emissions are compared based
on the following criteria:

¢ specific fuel type and relevant technologies:
compares emissions from different fuel quality, fuel
types, and technologies.

¢ Euro standard: shows if buses are meeting
required standards.*

e field tests vs. lab tests: compares tests performed
in lab versus field routes.

e drive cycles: compares steady-state, urban, and
urban/suburban cycles

e CO, equivalent: includes carbon dioxide
equivalent in many categories to demonstrate
effect on global warming.

e odometer: compares emissions to kilometers on
bus odometer.

e altitude: compares emissions to altitude of test.

The following descriptions of factors were considered
in the methodology:

Field Tests vs. Lab Tests

Most of the studies collected for this study present
emissions results from lab tests. For these tests,

the vehicle is driven onto the chassis dynamometer.
The bus then follows a specific drive cycle while
emissions data are collected. Field tests involve
collecting emissions data while a bus is being driven
on its regular route in a city. This test does not follow
a standard drive cycle and collects data from buses
operating under normal conditions. For both types
of tests, different loads or weights are often tested,
which does have an effect on emissions but is not
addressed in this report.

Drive Cycles

Emissions vary based on drive cycles. In general,
more aggressive drive cycles result in higher
emissions. Drive cycles may represent urban
environments only, meaning there are many stops and
starts and often large variations in speed. Suburban
cycles have fewer stops and starts, and buses are
capable of achieving higher operational speeds.
Steady-state cycles ramp up to a speed and stay for
a given period of time and may repeat the process
at different speeds. Because there is a large variety
of drive cycles, the cycles were grouped into the
environments they represent: urban cycles, urban to
suburban, and steady state.

CO, Equivalent (CO,e)

CO,e combines the amount of a pollutant with its
100-year global warming potential. The difference
between natural gas fuels and other fuels regarding
GHGs is that the hydrocarbons for natural gas fuels
consist of approximately 90 percent methane (See
Appendix 2 for calculation). The section, “Significance
of Emissions,” explains emissions and their relation to
global warming potential.

Odometer

Nylund (2004) states that worn-out engines can

have higher particulate matter emissions. Therefore,

to identify any relationship between the wear on the
vehicle and emissions, emissions data were compared
to the lifetime mileage.

Altitude

Studies show that emissions of HC, CO, and PM
increase at higher altitudes (Yanowitz et al. 2000).
McCormick et al. (2000) state that the relationship
between altitude and emissions is poorly quantified
and that, for buses at high altitude, observed
emissions values of HC, CO, and PM may be lower

3The Interquartile Range (IQR) provides a likely range of emissions values for given fuel types. The IQR range represents the middle 50 percent of data
points bounded by the upper and lower quartiles (75th and 25th percentiles) (Healey 2005). In developing a confidence interval, we first assume that the
data represent a normal distribution (Borenstein et al. 2009). We then determine average values and standard deviations to find the range that includes the

desired percent of the emissions values for each type of fuel.
“Not enough data to include EPA standards.
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than values used in emissions modeling. Also, altitude
does not appear to have an effect on NO, emissions.
These two studies do not take into account newer
bus emissions standards and technologies. Given the
potential variation in emissions at higher altitudes, the
study city where each test occurred was recorded
along with the altitude, or with altitude estimated as
accurately as possible with the given information in
reports. This is relevant to this analysis, as Mexico
City and other Mexican cities are of high altitude (more
than 2,000 meters above sea level). This is less of a
concern in Brazil and India, where most major cities
are at low altitude (less than 500 meters above sea
level). Himalayan India is also of high altitude but
contains few urban areas.

Exhaust emissions data were collected from a total of
24 sources, including reports by cities that conducted
emissions testing, government laboratories, institutes
with bus testing facilities, or similar reports in peer-
reviewed journals. Reports include field or lab tests for
40-foot (12 m) transit buses. Stand-alone engine tests
were not included. An initial effort was made to find
data on as many types of fuels as may be applicable to
Mexico, India, or Brazil. However, only fuels that were
currently relevant to these locations were maintained

in the final dataset. The studies are also limited to tests
performed within the last decade, except for fuels
where recent testing data were unavailable.

Number of Data Points by Year, Emissions Standard, and Country

Emissions

Year Data Points SeEreke Data Points
1994 8 EPA 1998 7
1995 8 EPA 2002 4
1999 15 EPA 2004 9
2001 15 EPA 2007 6
2002 37 Eurol 5
2003 58 Euro Il 40
2004 65 Euro 111 25
2005 44 Euro IV 17
2006 30 EEV® 49
2007 5
2008 14
2009 60

Notes:
2010 5

12 Exhaust Emissions of Transit Buses

Country Data Points
us 137

China 4

Europe 99
Canada 73
Australia 12

India 19

Brazil 1

" EEV represents a voluntary emission standard between the Euro V and
Euro VI standards (Dieselnet 2009).



Technology Combinations in Dataset

General Data Points
Oxidation Catalyst (OC) 57
Three-way catalyst (3WC) 40
Diesel particulate filter (DPF) 43
Exhaust gas recirculation (EGR) 23

Selective Catalyst Reduction (SCR) : 18

Fuel

D+0C

CNG + 0C

CNG +3WC

D + DPF

D +EGR

D + SCR

Data Points

25

27

40

41

Combined Data Points
EGR +0C 8
SCR + DPF 10

DPF + EGR 7

Table 7 shows the number of data points in the
dataset for each category, including countries where
the test was completed, the year the study was
completed (or published if the study year was not
available), fuels, and emissions standards. Table

8 shows the combinations of technology that are
represented in the dataset. Each data point may
represent an individual bus test or an average of
three to four tests on one bus, depending on how
the study was performed. A large portion of the
studies was completed between 2002 and 2006.
This is not representative of newer technologies

but can account for the lag time in uptake of new
technologies. The lag time can be because of
reducing the cost of new technologies, incorporating
new technologies into bus manufacturing in various
countries, and agency fleet renewal cycles. There
were also limited data on EPA-certified buses because
certification years were not available in the reports.
The majority of the data represent the United States,
Europe, and Canada, most likely due to limited
availability in testing facilities elsewhere.

Fuel Quality

Data were also collected on fuel consumption and fuel
quality. Due to a variety of definitions of ultra-low sulfur
diesel, low-sulfur diesel, and conventional diesel, the
sulfur content of the fuel (parts per million (ppm)) was
recorded from the reports. Where these data were not

available, estimations were made based on the study
year and fuel standards by country or by agency at
the time. The fuels were then recategorized based
on which common sulfur ppm content values (e.g.
15, 50, 150+ ppm) most closely matched the sulfur
content of the fuel (see Table 9). There are also many

Number of Data Points by Fuel

Fuel Data Points
Diesel - 15 ppm 80

Diesel - 50 ppm 29

Diesel - 150 + ppm 62

100% biodiesel 14

20% biodiesel 9

CNG 112

LNG 8

Ethanol 17

Hybrid 25
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qualities of CNG, but specific standards have not been
developed. Biodiesel has many different pathways.
Because of the available reports, the biodiesels
represented here are hydrotreated renewable NExBTL
diesel (from vegetable oil or animal fat) and rapeseed
and soybean methyl esters.

As was available from the reports, data were collected
on drive cycle, mileage, location of test (for altitude),
field test or lab test, Euro or EPA standard of vehicle,
model, and motor type. Bus technologies were

also identified to the extent possible, including the
presence of particulate filters, catalysts, or exhaust
gas recirculation. Emissions data were collected on
CO,, CO, NO,, THC, CH,;, NMHC, and PM. All units
of emissions were converted to grams per kilometer.
(See Conversion Factors in Appendix 1.)

The following section presents the meta-analysis
results. First, the analysis looked at individual
emissions (CO, PM, NO,, THC, and CO.e) according
to the fuel and technology combination. Additional
factors such as Euro standards, drive cycles, altitude,
and field tests vs. lab tests provided other significant
findings through the analysis. Additional graphs are
available in the Online Appendix.

5.3.1 Regulated Emissions

Figures 2 and 3 show results from the confidence
interval analysis of fuel and technology combinations.
The IQR results are available in the Online Appendix.
Figure 2 shows the commonly regulated emissions by
technology; Euro standards limits are shown to identify
which technology types are meeting the standard.
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Figure 2b Mean for THC Emissions by Technology (g/km)
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Figure 2d Mean for PM Emissions by Technology (g/km)
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A summary of these results is given in Figure 3.

In general, emissions reduction technologies are
very effective for reducing CO, THC, and PM. The
technologies are less effective at reducing NO,
emissions. Fuels without emissions reduction
technologies can increase emissions with respect
to conventional diesel.

Carbon Monoxide: The lowest CO emissions are
from B100 and D15 with EGR, D15 with OC, DPF,

or Hybrid, and CNG with OC. This is reasonable
considering that oxidation catalysts and diesel
particulate filters are meant to reduce CO emissions.
Both of the SCR technologies shown have higher CO
emissions than similar fuels without SCR. The highest
CO emissions are from fuels without emissions
reduction technologies: ethanol, LNG and CNG.

Total Hydrocarbons: Due to its composition, diesel
has very low values for THC. This is reflected in Figure
2b. THC is important for CNG, LNG, and ethanol. An
oxidation catalyst reduces CNG emissions by close to
50 percent, while a 3WC reduces emissions by close
to 100 percent. With a 3WC, the THC emissions from
a CNG vehicle are comparable to THC emissions from
diesel and biodiesel.

Nitrous Oxides: CNG with a BWC has the lowest
NO, emissions, followed by B100 with EGR and
SCR and D15 with EGR and SCR. This confirms

an expected result, as BWC, EGR, and SCR are all
meant to reduce NO,. The NO, value for E93 is also
comparable to D15 with EGR. Figure 2¢ also shows
that oxidations catalysts are also effective at reducing
NO, while DPFs have little effect or increase NO,.
The highest NO, emitters are D >150, CNG, and E95
without technologies.

Particulate Matter: CNG and LNG are naturally low in
particulate emissions. For diesel fuels, the data show
that there is a significant reduction in PM as a result of
all technologies, especially DPFs. However, other fuels
will still have lower quantities of PM. B20 has a 50
percent reduction in PM compared to D15, and CNG
with BWC is 25 percent lower than D15 with DPF.

Carbon Dioxide: The mean and IQR show that there

is a wide range of CO, emissions. These data also
show that technologies used to reduce local pollutants
may increase CO, emissions. The CO, equivalent

also shows that technologies may increase overall
GHG emissions and that emissions standards do not
regulate GHG emissions.

Percent Change in Mean Emissions for Fuels without Exhaust After-Treatment Compared to D >150
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Percent Change in Mean Emissions for ULSD with Technologies Compared to ULSD
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3WC

5.3.2. Additional Factors

Euro Standards (see the Online Appendix for graphs):
The EPA standard was not analyzed due to lack of
data points. The buses are shown to meet the Euro
emissions standards for THC, however they are not
meeting the Euro standard for CO emissions in all
cases. The median emission rate for Euro Il and V-
rated vehicles meets the standard, but some values
are higher than the standard. In general, buses are not
meeting NO, emissions standards, and not all buses
are meeting emissions standards for PM. Figure 4
shows the IQR for CO,e emissions by Euro standard.
Although CO; is not regulated by Euro standards,

the data show that median CO,e emissions declined
as the standard progressed from Euro Il to Euro IV
but increased for the EEV interim standard between
Euro IV and Euro V. The IQR for CO, emissions also
decreased as emissions standards progressed.

Field Tests versus Lab Tests: CNG and diesel are the
only fuels with significant numbers of lab and field tests
to compare. The field tests tend to show larger ranges
of emissions than the lab tests, and the median values
for NO, and CO; in lab tests are clearly lower than field
tests (see the Online Appendix). The varied results in
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field and lab tests are important to understand when
comparing future tests. Comparing one field test to one
lab test may show skewed results.

Drive Cycles: For all emissions, the urban cycles show
a wider range and higher emissions values than do
other drive cycles. Steady-state cycles and urban-to-
suburban cycles generally show lower emissions (by at
least 30 percent and 20 percent, respectively). There is
not a clear trend by individual fuels or technology. When
comparing future test data, this respective difference in
emissions by drive cycle should be taken into account.
(See the Online Appendix for graphs.)

Odometer: Although all emissions were plotted versus
mileage, only bus kilometers traveled versus NOy
emissions show that kilometers traveled is a good
predictor of increased NO, emissions. The confidence
interval is larger for higher mileage, partly due to fewer
high-mileage data points. Plotting CO, equivalent
versus bus kilometers traveled also shows some
correlation, although the relationship is not as strong
as with NO, emissions (Figure 5).
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Altitude: The analysis shows a correlation between
CO, THC, PM emissions and altitude, although the
analysis lacks sufficient data at higher altitudes to
show a strong correlation. The range of expected
values varies for each fuel type. CO shows an
increase for diesel and hybrids of approximately 2 g/
km per 1,500 meters of altitude increase. The range
of CO values for diesel and hybrid is roughly 15 g/km.
Therefore, an increase in CO by 2 g/km (as shown in
figure 6) would be a 10 percent increase over a 1,500
meter altitude increase. For THC, only CNG showed
an increase correlated with altitude. A similar analysis
to CO shows that a 1,500 meter increase in altitude
would result in approximately a 10 percent increase in
THC. Considering biodiesel and diesel for PM, there
is roughly a 10 percent increase also with a 1,500
meter increase in altitude. Figure 6 shows the relation
between altitude and emissions for CO, THC, and PM.
(See the Online Appendix for more data.)

Comparing NO,, CO.e, and PM Emissions: Both NO,
and PM are considered some of the most harmful local
pollutants, while CO, equivalent is important for global
warming. Plotting NO, and CO,e versus PM shows the
fuel and technologies that perform best among these
pollutants. Figures 7 and 8 below focus on NO, and
PM. Figure 7 shows mean values for each fuel and
technology combination. The lower quadrant shows
the fuels that perform best in both categories. Figure 8
is a close-up on the lower quadrant, which also shows
the ranges (based on the confidence interval) for each
of the combinations. This shows that CNG + 3WC

is the best in terms of NO, and, in some cases, PM.
Figures 9 and 10 look at CO, equivalent, and show that
B100 + SCR is generally the best fuel comparing CO.e
and PM. The figures show however, that the range of
possible results does not make one fuel and technology
combination always better than others. Some of the
overall best benefits come from CNG + 3WC, B100
+SCR, D15 + SCR, and B100 +EGR.



Figure 7 NO, Versus PM Emissions by Technology
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Figure 9 Comparison of CO,e Versus PM Emissions by Technology
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The meta-analysis shows emissions values similar
to the expected values or the emissions standards
for each type of fuel and technology combination.
The technologies produced the expected changes
to emissions, both regulated and unregulated. This
is seen clearly when looking at the fuels without
technologies, D15, LNG, CNG, and Ethanol, as the
data analyzed show emissions are high for each of
these categories.

Because exhaust after-treatment technologies are

often developed to meet emissions standards, the

data show that the emissions standards are generally
effective. However, the data also show that not all
buses are meeting their expected emissions standards,
specifically for NO, and PM. This could also be a result
of the different type of testing performed to certify
engine emission levels compared to in-use transit bus
testing shown here. The emissions standards, which do
not consider GHGs yet, do not make an impact on CO,
equivalent emissions.

There are many factors that can affect emissions. Drive
cycle does have an effect on emissions, as shown in
some of the source reports for this study. The urban
drive cycle, with many stops and starts, shows higher
emissions in all categories, but the effect is roughly
consistent across all fuels and emission types. There
are also differences in emissions values between field
tests and lab tests of the same fuel type, although there
is not a clear trend for all emissions. In field and lab
tests, CO, emissions and NO, emissions are roughly 10
percent and 20 percent higher for field tests compared
to lab tests. The analysis also shows that there is a
correlation between altitude and CO, PM, and THC.
Each category showed roughly a 10 percent increase
in emissions over a 1,500 meter increase in altitude for
specific fuel types. In all cases, more data can improve
the accuracy of the estimated effects of different driving
cycles, field tests, and altitude.

Looking at the lifetime kilometers traveled by a vehicle
versus emissions shows that increased mileage on

a vehicle is a good predictor of NO, emissions. This

is likely because older buses will not have the most
current technologies, and worn-out engines can

have higher emissions (Nylund 2004). There is also

a correlation between kilometers traveled and CO,
equivalent emissions.

Overall, four technologies show the lowest emissions
in important categories affecting pollution, health, and
GHGs (NO,, PM, and CO, equivalence): compressed
Natural Gas with three way catalyst (CNG + 3WC),
100 percent biodiesel with selective catalyst reduction
(B100 + SCR), diesel with 15 ppm sulfur content with
SCR (D15 + SCR), and 100 percent biodiesel with
exhaust gas recirculation (B100 + EGR). No one fuel
shows a distinct advantage over the other fuels in all
categories, but control technologies are an important
factor in reducing emissions.

As part of the Sustainable Urban Transportation Fuels
and Vehicles Program, this report aims to improve
understanding of exhaust emissions and use a
meta-analysis technique to identify the combination
of fuels and exhaust after-treatment technologies

that have the greatest impact on reducing emissions.
The report looks at both local and global emissions
to understand their impact on health and the
environment. This report will help to inform bus fleet
procurement specifically in Brazil, India, and Mexico.

The analysis shows that there can be a variety of
emission values under different conditions, even for
similar fuels and technologies. Compiling the large
dataset presented here takes advantage of existing
data to give agencies a summary of the most relevant
data and allows for an improved understanding of
representative values for each fuel and technology
combination. This dataset also represents in-use
transit buses, rather than buses tested prior to
operation. Testing these buses shows how increased
mileage can affect certain emissions types, even if
the emissions-reduction technology is not meant

to deteriorate over time. In general, high quality
emissions testing data on a variety of technologies
under a variety of conditions, altitudes, driving cycles,
field or lab tests, and in specific countries is not
always readily available due to the cost of testing.
Therefore, there is an opportunity to improve the
accuracy of results as additional data are gathered.

The meta-analysis looks at many factors that can
contribute to increased or decreased emissions in
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addition to vehicle technology. Specific factors, like
drive cycle, show that urban drive cycles have higher
emissions than less aggressive drive cycles. This is
important to understand for comparing emissions

test results in addition to understanding how reducing
aggressive driving can in itself reduce emissions.
When looking at emissions with respect to altitude, the
data show that there is roughly a 10 percent increase
in emissions for some diesel, biodiesel, hybrids, and
CNG for some pollutants.

Overall, the analysis shows that no one fuel is
significantly better at reducing all exhaust emissions

if the right control technologies are used; thus, these
control technologies are a necessary part of reducing
emissions. At the same time, fuels or technologies
that may reduce one pollutant may increase other
emissions, especially in the case of CO, and PM.
Although all emissions are important, NO,, CO.e,

and PM are particularly harmful emissions for global
warming and public health. Efforts to improve
emissions standards, which often drive new technology
developments, have achieved emissions reductions

in NO, and PM. Including CO; in these standards, as
the United States has planned for heavy-duty vehicles
in 2014, should result in improved fuel economy and
perhaps CO,-reducing technologies.

Because the results do not recommend one specific
fuel and technology combination, local conditions

will be important in determining which fuels transit
agencies should use. For example, if a location

has high particulate matter due to other industries,
CNG may be the best option. If CNG is not readily
available in the country, using biodiesel or diesel with
emissions-reduction technology is also a good option
for minimizing exhaust emissions. However, if low-
sulfur diesel is not available, the agency must balance
the trade-offs between fuel costs and local pollution.
For all of the potential fuel options, research on the
local and human health effects is evolving and should
be monitored to make recommendations using the
most current data.

Exhaust emissions are important to consider and
understand when making fuel choices, especially in

a local context and with respect to the lag time in the
uptake of new technologies. However, this research
and analysis shows that innovation has the potential to
make exhaust emissions nearly equal for all fuels. This
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highlights the need to better understand the lifecycle
costs and lifecycle emissions of transit buses when
making transit fuel choices. These two components
raise many possible factors, either global or local,
that can have an impact on final fuel and vehicle
recommendations. Some of these factors include
where and how fuels and buses are manufactured, the
ability to train staff and maintain buses with different
technologies, and future fuel and labor costs. These
factors for costs and emissions, including exhaust
emissions, show that there are global and local inputs
as wells as global and local impacts. Understanding
how fuels and technologies contribute to exhaust
emissions is a first step in understanding the true
costs and impacts of urban bus fleets.
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and test cycles. The purpose of the project was to look for clear
relations between various test cycles in the IEA-AMF countries and the
correspondence of these cycles with real traffic. The results show that
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To evaluate the environmental impact, two pollutant measurement
methods were used: a chassis dynamometer and an on-board vehicle
emission measurement system (RAVEM). Before starting the tests, a
representative route called “Mexico City Driving Cycle” was created
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Seven 12 m diesel buses were tested, as well as three articulated 18
m diesel buses, two diesel buses with DPF, one diesel hybrid without
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heavy-duty diesel engine, operating in steady-state conditions on the
European test 13 mode cycle (ECE R49). Regulated and unregulated
pollutants, such as carcinogenic polycyclic aromatic hydrocarbons
(PAHSs) and nitrated derivatives (nitro-PAHs), carbonyl compounds,
and light aromatic hydrocarbons were quantified. The effect of the
fuels under study on the size distribution of particulate matter (PM)
was also evaluated. The use of biodiesel blend seems to result in small
reductions of emissions of most of the aromatic and polyaromatic
compounds; these differences, however, have no statistical
significance at a 95 percent confidence level. Formaldehyde, on the



other hand, has a statistically significant increase of 18 percent with
biodiesel blend. In vitro toxicological assays show an overall similar
mutagenic potency and genotoxic profile for diesel and biodiesel
blend emissions. The electron microscopy analysis indicates that

PM for both fuels has the same chemical composition, morphology,
shape, and granulometric spectrum, with most of the particles in the
range of 0.06 to 0.3 mm.

U.S. Environmental Protection Agency (EPA). 2009. EPA Lifecycle
Analysis of Greenhouse Gas Emissions from Renewable Fuels.
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an Engelhard DPX catalyzed particulate filter, and an Allison series-
drive system. Results were compared to a conventional-drive, diesel
powered bus that was equipped with an oxidation catalyst, and to

a liquefied natural gas (LNG)-powered bus. Tests were performed
according to the guidelines of SAE Recommended Practice J2711.0On
average, the oxides of nitrogen (NO,) emissions from the hybrid bus
were reduced by 50 percent, compared to the conventional-drive
diesel bus, and 10 percent, compared to the LNG bus. Particulate
matter (PM) emissions from the catalyzed filter-equipped hybrid bus
were reduced by 90 percent, relative to those of the conventional
diesel bus, and were comparable to those of the LNG bus.
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Appendix 1: Emissions Standards and Conversions

Conversions to g/km were done using conversion factors provided by the EPA and Nylund et al. 2004 and the
data conversions below.

Appendix Table 1 Euro Emissions Standards

in g/kWh Appendix Table 3 Data Conversions
e O T
Euro | 1992 4.5 1.1 8 1 mile = 1.609344 km
bwoll e 4 1 7 e Lglonzsgssatieers
bwom w21 o s or Vootc osossmeiers
fwow  aes 15 oss 35 aersbtphmie @t
v s s 0w 2 om meswedlenotdee

EuroVI 2013 | 15 a3 a4

Source: http://www.dieselnet.com/standards/eu/hd.php.

Appendix Table 2 EPA Emissions Standards in g/bhp-hr

2010 155 13 $0.2 014 0.01
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Appendix 2: Meta-Analysis Results

Appendix Table 4 Result from Analysis — CO Emissions (g/km)

B100 + EGR £ 0.260 Lo, £ 0.330 £ 0.220 £ 0.110
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Appendix Table 5 Result from Analysis — CO, Emissions (g/km)

D50 + DPF £ 78138 £ 1600.00 $ 127463 L 265.73

£ 123600 558,00 £ 1794.00 £ 117558 ' 300.44

D15 + Hybrid £ 1339.90 £ 70270 | 2042.60  1458.86 | 452.45

£ 1009.76 £ 1129.00 £ 213876 L 1421.07 39646

£ 136526 L 77350 £ 213876 144490 44035

£ 2591.10 L 1538.21

1947.10
£ 766.10 - 1552.00 £ 113366 £ 218.19

Diesel > 150 £ 103099 © 602.01 £ 1633.00 £ 122078 © 241.98

£ 1143.03

B100 + EGR ; £ 1087.00 £ 1136.00 111343 £ 2021
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Appendix Table 6 Result from Analysis — NO, Emissions (g/km)

B100 + EGR £ 1.860 s £ 7.810 ' 6.807 £ 0.859
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Appendix Table 7 Result from Analysis — PM Emissions (g/km)

B100 + EGR Lo, £ 0.039 £ 0.075 £ 0.058 £ 0.017
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Appendix Table 8 Result from Analysis — THC Emissions (g/km)

B100 + EGR £ 0.020 Lo, £ 0.030 £ 0.021 L 0.011
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