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NOTATION

Acronyms and Abbreviations

AB 1493
AP-42
API
ARB
atm

bbl

Bef

BD
bhp-hr
bsfc
BTL

Btu

bu

CA
CARBOB
CCCT
CCS
CEC
CH2
CHas
CNG
CcoO
CO;
DME
DOE
DWT
E-10
E-85
E100
EER
EIA
EMA
EMFAC
EPA
ESP
EtOH
EUCAR
EV

Assembly Bill 1493

EPA document on emission factors
American Petroleum Institute
California Air Resources Board

1 atmosphere = 14.7 psi
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billion standard cubic feet
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brake horsepower hour (dynamometer measurement)
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British thermal unit = 1.055 kJ
bushel

California

California Reformulated Gasoline Blendstocks for Oxygenate Blending
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California Energy Commission
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methane

compressed natural gas

carbon monoxide

carbon dioxide

dimethyl ether

United States Department of Energy

dead weight ton
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Energy Information Administration
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' The lower case ¢ is used to prevent confusion with hydrocarbon radicals.
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GHG greenhouse gas
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GWP global warming potential

H. hydrogen
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IC internal combustion
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IGCC Integrated Gasification Combined Cycle

J Joule

kg kilogram

kJ kilo Joule
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lb pound mass = 453.53 ¢

LEM Life cycle Emissions Model

LEV low emission vehicle

LH2 liquid hydrogen
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LNG liquefied natural gas

LPG liquefied petroleum gas

LUST Leaking Underground Storage Tank

M100 methanol, 100 percent with no blending components

mi mile

MJ Mega Joule = 3.6 kWh

MMBtu million Btu
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MTBE
MW
MWh
NERD
NG
NGV
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O,
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ORVR
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PAH
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PM
PMio
psi
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RNG
ROW
RPS
RVP
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SCCT
SCE
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scfm
SCR
SoCAB
SO,
SR
SRWC
T&D
t/d
TEOR
THC
TOG
ton
tonne
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molecular weight
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UCD
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U.S. EPA
UG
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ABSTRACT

As mandated by Assembly Bill 1007, this study assesses the energy inputs, greenhouse
gas emissions, criteria poliutant emissions, air toxics emissions, and multimedia impacts
from the production and use of a variety of conventional and alternative fuels that are
considered options for on-road vehicle and off-road equipment applications in California
on a full fuel cycle basis through 2030 to determine their “net material” impact.
Seventeen different vehicle/fuel combinations with more than 50 fuel production
pathways are evaluated. Possible uses of the results of the analysis are identified.
Criteria pollutant emission calculations are determined for vehicle operation and
emissions within California. Total global greenhouse gas emissions are quantified. The
results are presented in three separate volumes. The fuel cycle, or “well-to-tank,”
impacts evaluate feedstock production, processing, fuel production, and fuel delivery.
Vehicle energy use, or “tank-to-wheels,” emissions were analyzed separately. The fuel
cycle and vehicle impacts were combined and results are reported on a “well-to-wheels”
basis in this report. The approach to the full fuel cycle analysis and the key assumptions
are discussed. Results are presented for well-to-wheels emissions for selected
feedstock/fuel/vehicle cases. Emissions associated with the production or
decommissioning of facilities or vehicles are not in the scope of this project. The
executive summary highlights the findings of the three-volume set that present the
assumptions, method, and results of the full fuel cycle analysis prepared to support the
development of the alternative transportation fuels plan as directed by AB 1007.

KEY WORDS

Criteria Pollutants, Full Fuel Cycle, Greenhouse Gas, Multi-media Impacts, Tank-to-
Wheels, Well-to-Tank, Well-to-Wheels
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EXECUTIVE SUMMARY

OVERVIEW

California’s transportation energy demand is rising due to population growth, economic
activity and increasing vehicle miles traveled. At the same time, traditional supplies of
conventional transportation fuels are uncertain. In-state production of crude oil has
declined by 60 percent over the last 10 years. California's import of crude oil from
Alaska, a dominant domestic source, has also fallen. Increasing competition for crude
oil internationally and price volatility limits California’s import options of unrefined and
refined petroleum products.

Assembly Bill 1007 (Pavley), Chapter 371, Statutes of 2005, responds to California’s
rising transportation energy demand and the uncertainties related to conventional
petroleum products by requiring development of a plan for increased use of alternative,
non-petroleum fuels by California’s consumers through designated milestone years,
2012, 2017, 2022. The California Energy Commission (Energy Commission) and the
California Air Resources Board (ARB) extended analysis for the State Alternative Fuels
Plan (SAFP) to 2030 and 2050. The additional periods allow an assessment of
alternative non-petroleum transportation fuels and technologies with longer
development time frames.

The 2003 Joint Agency Report on Reducing California’s Petroleum Dependence®
identified alternative fuels as one of five options to meet California’s future
transportation energy demand and set important non-petroleum transportation fuel
goals. By 2020, 20 percent of California’s transportation energy use would come from
alternative fuels. By 2030, the Joint Agency Report specified that 30 percent of the
state's transportation fuel needs would be met by non-petroleum fuels. The Energy
Commission’s 2003 and 2005 /nfegrated Energy Policy Reports reaffirmed these goals.

For AB 1007, the Energy Commission and the ARB conducted a full fuel cycle
assessment of the possible combination of more than 50 feasible non-petroleum
fuel/vehicle technologies (Pathway). The full fuel cycle analysis examines feedstock
production and processing, fuel production and delivery, and fuel use in vehicles. For
fuel/vehicle pathway, the analysis assesses the energy inputs, greenhouse gas
emissions, criteria pollutant emissions and multimedia impacts to determine their net
material impact. The agencies identified the following possible uses of this analysis:

¢ Determining and understanding the emissions footprint and other multi-
media impacts of alternative fuels/vehicles on a full fuel cycle basis.

2 The Joint Agency Report on Reducing California’s Petroleum Dependence was published by the California
Energy Commission and the Califomia Air Resources Board in August 2003, as directed by AB 2076 (Reducing

- California's Petroleum Dependence - Assembly Bill 2076, Shelley, Chapter 936, Statutes of 2000). The full report
identified conservation, efficiency, non-petroleum fuels, land-use planning as measures to meet mismatched
supply and demand in California through 2030,
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Determining whether there is a "net material increase in emissions" for a
particular fuel/feedstock and vehicle technology combination. (For
example, a slight increase in emissions occurred for some fuel/feedstock
and vehicle technology combination pathways, hamely, selected Midwest
corn ethanol.) If an increase is identified, knowing where in the fuel
production and use cycle the increase occurs — that is, the Well-To-Tank
or Tank-To-Wheel portion. As applied in the SAFP, determining what
remedies, research and development focus, and investments are required
for the fuel/feedstock and vehicle technology combination to satisfy the
AB 1007 "No Net Material Increase in Emissions" standard.

As applied to the SAFP, the magnitude of change in emissions that
advances other state policies such as the AB 32° Transportation Sector
greenhouse gas reduction targets, on a full fuel cycle basis, as a function
of the AB 1007 fuel use volumes in the milestone years.

As a foundation for potential alternative compliance mechanisms in the
low carbon fuels standard (LCFS) and AB 32 policy frameworks.

As applied to the SAFP, the magnitude of the change in emissions that
promotes achieving the low carbon fuels standard LCFS targets through
2020, and maintains the standard post 2020, as determined by the
Average Fuel Carbon Intensity (AFCI), and as a function of the AB 1007
fuel use volumes in the milestone years (or other schedule).

Identifying areas of future work where time, resource, and data availability
constraints prevented this full fuel cycle assessment from capturing the
breadth of issues such as agricultural impacts, displacement effects, and
sustainability impacts related to the increased use of biofuels.

ASSESSMENT APPROACH

AB 1007 specifically requires the Energy Commission, in partnership with the ARB to
“develop and adopt a state plan to increase the use of alternative transportation fuels” in
California. It directs the Energy Commission to consult with the State Water Resources
Control Board, Department of Food and Agriculture, and other relevant state agencies
in developing an Alternative Fuels Plan. One requirement of AB 1007 is to assess
emissions on a full fuel cycle basis. This report is the assessment of the full fuel cycle
emissions for alternative fuels use as required by AB 1007.

* The AB 32 (Global Warming Solutions Act - Assembly Bill 32 {Nunez), Chapter 488, Statutes of 20086) directs the Air
Resources Board to adopt measures to reduce 175 million metric tons of CO2 emissions from Califomnia activities by
2020. The state’s transportation sector accounts for an estimated 43 percent of the reduction target.
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Full fuel cycle emissions from the production and use of 10 fuels were assessed:
1. Biodiesel
2. Conventional {Petroleum) Fuels (Gasoline and Diesel)
3. Electricity
4, Ethanol (E-10 and E-85)
5. Hydrogen
6. Natural Gas (compreésed natural gas [CNG], and liquefied natural gas [LNG])
7. Propane
8. Renewable Diesel
9. Synthetic Fuels (Dimethyl Ether and Methanol)
10. XTLs (Biomass-to-Liquid, Coal-to-Liquid, Gas-to-Liquid)

The emissions were analyzed on a well-to-wheels (WTW) basis (Figure ES-1). WTW
emissions are divided into two components: the fuel cycle, or well-to-tank (WTT)
emissions and the vehicle cycle, or tank-to-wheels (TTW). The analysis is separated in
this way because the tank to wheels emissions are already regulated and better known.
WTT impacts include all emission events from fuel production to final transport and
vehicle fueling. TTW impacts include vehicle exhaust and evaporative emissions. The
WTT and TTW emissions and energy consumption for each fuel/feedstock combination
are provided in two separate reports. The combined WTW results are presented here.

This report explains the WTW results. Energy inputs, emissions of greenhouse gases
(GHG), criteria pollutants and air toxic contaminants, and multimedia impacts are
provided. GHG emissions from the fuel cycle processes and vehicle operation include
carbon dioxide (COy, nitrous oxide (N2O), and methane (CH4). All WTW emission results
are provided on a gram per mile (g/mi) basis. Emissions associated with the production of
materials for vehicles or facilities typically fall into the category of life cycle analysis, and
are not covered in the full fuel cycle analysis presented in this report.
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Figure ES-1. Emission Events Included in a Full Fuel
Cycle Assessment
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WTT emissions include those associated with feedstock production, fuel refining,
transport, and local delivery (Figure ES-2). Overarching assumptions were made in two
areas: geographic boundaries for emission quantification, and marginal fuel production.
GHGs were quantified on a global basis while criteria and air toxic pollutant emissions
were quantified both globally and within California (including California waters). The
WTT analysis was completed using the latest version of the GHGs Regulated
Emissions and Energy in Transportation (GREET) Model 1.7 as the platform. The
primary parameters and key assumptions that affected the WTT analysis include:

¢ Natural gas/ renewable power electricity mixes for vehicle and fuel production
applications in California.

® Transportation modes and distances that reflect transit to California and allow
for separate accounting of emissions within California (assuming ozone non-
attainment).

e Fuel production technologies and energy inputs that are consistent with the
assessment scenario timeframe.

¢ Fuel delivery truck and agricultural equipment emissions declining as lower
emitting engines are introduced.

e California emission control requirements and offset requirements for stationary
equipment and fueling stations applicable in the state.
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Figure ES-2. Total Vehicle Well-to-Wheels Energy Cycle
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To meet California and worldwide demand for the fuels considered in this study, it is
assumed that new growth in production capacity will be required. Therefore, any
increases in alternative fuel production or power generation due to a reduction in
petroleum consumption are assumed to come from new, more efficient plants built to
meet growing demand. This overarching assumption regarding feedstock and fuel
supplies is referred to as marginality. This marginal approach was also applied to the
gasoline and diesel base cases — marginal gasoline and diesel products are produced
overseas and shipped to California. This assumption is validated by the fact that
California refineries are essentially operating at capacity and increases or decreases in
petroleum consumption will not affect their emissions.

For the TTW portion of the fuel cycle, two separate calculation steps were performed.
First, baseline and alternative fueled vehicle efficiencies were determined. Baseline
vehicle fuel consumption was assumed to comply with AB1493* and these values on a
fleet-wide basis for each analysis year and vehicle class were provided by ARB. Fuel
consumption estimates for the alternative fueled mid-size vehicies are shown in

Figure ES-3 and are consistent with the comparative performance of conventional and
alternative fueled vehicles. Figure ES-4 shows the Energy Economy Ratio (EER) for
alternative fueled urban buses as compared to the conventional fueled urban bus. The
TTW report provides the exact energy consumption ratios used for each alternative fuel
vehicle,

The ratios of alternative fuel vehicle fuel consumptions relative to the baseline vehicles
are assumed to remain constant over time. Therefore, as the baseline vehicle fuel
consumptions decline over time, so do the fuel consumptions of the alternative fuel
vehicles. This assumption will likely need to be revisited as more information becomes
available. The vehicle fuel economies and finished fuel carbon content are combined to
estimate vehicle GHG emissions.

* AB 1493 Vehicular Emissions: Greenhouse Gases — (Assembly Bill 1493 (Pavley), Chapter 200, Statutes of 2002)
directs the Air Resources Board to begin regulating carbon dioxide emissions from passenger vehicles.
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Figure ES-3. Summary of Light-Duty Vehicle Fuel

Battery EV |

Hydrogen FCV/FCHEY
Hydrogen ICEV/ICHEV
E100, ICEV

E85, FFV

LPG, ICEV |

CNG, ICEV
CA ULSD, DICEV
Gasoline PHEV

Gasoline, HEV |

Gasoline, ICEV
Gasoline, ICEV, 2005 LDA Mix

Economy

Comparable 2005 Midsize Cars
City/Highway Combined, on-road fuel
consumption

all passenger cars, 95 percentile

30

40 50 60 70

80

Fuel Economy (mpgge)

Figure ES-4. Summary of Urban Bus EERs Utilized in TTW
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The second TTW calculation step is estimation of criteria poliutant and air toxic
contaminant emissions. The ARB's Emission Factors (EMFAC) 2007 model was used
to determine vehicle criteria and air toxic poilutant emissions for conventional gasoline
and diesel vehicles for different scenario years on a g/mi basis. These results reflect the
impact of vehicle retirement and mileage assumptions for the entire California vehicle
fleet.

Two different sets of criteria and toxic pollutant emission factors for each scenario year
were assembled. The first set is referred to as “new vehicle stock” and includes only
model year 2010 and newer vehicles. This set of data was used to evaluate alternative
fuels that require new vehicle technologies to be deployed. The second set of data,
referred to as “existing vehicle stock” includes all model years in the California motor
vehicle inventory and is used for fuel blend strategies, since blends can be used by the
entire fleet as they are introduced at the fueling station. The key difference between the
new technology strategy and the blend strategy is that an extended period of time is
required for the new technology vehicles to roll into the inventory, and then only a
fraction of the fleet will correspond to this technology. With blend strategies, essentially
all vehicles in the inventory are affected as soon as the blend is available.

The criteria pollutant emissions for the base case vehicles decline significantly over the
scenario years evaluated (2012, 2017, 2022, and 2030). An interesting artifact of the
“new vehicle stock” methodology is that the pool of vehicles in 2012 is two-years old

and newer while the pool of vehicles in 2030 is up to 20 years old. The 10 micron size of
particulate matter (PM, ) deterioration rates in the ARB EMFAC model have the effect

of increasing the “new vehicle stock” PM+o emission factor significantly from 2012 to
2030.

An overriding assumption in determining the criteria pollutant emissions for the
alternative fuels was that blend fuels must meet petroleum fuel emission standards for
NO,; hydrocarbons (HC), with a carbon monoxide (CO) credit; and weighted air toxics
emissions as determined by ARB's Predictive Model. Further, alternative fuel vehicles
(namely, liquefied petroleum gas [LPG] and compressed natural gas [CNG]) must meet
prevailing fuel-specific California emission standards. While an extensive review of the
criteria emissions reduction potential of each alternative fuel vehicle type was not
performed, the effect of alternative fuels on criteria pollutant emissions was estimated
from published adjustment factors. The adjustment factors are applied to the baseline
EMFAC values. Please refer to the TTW volume of the report for specific adjustment
factors for each alternative fuel.
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WELL-TO-WHEELS SELECTED RESULTS

GHG Emissions

The WTW GHG emissions for selected feedstock/fuel/vehicle combinations are
presented in this section. Five key conclusions can be made regarding GHG emissions
from the full fuel cycle assessment of transportation fuels:

» GHG emissions from fossil fuels depend on both the carbon content of the fuel
and process energy inputs. In all cases except hydrogen and electricity, the
vehicle GHG emissions dominate WTW emissions.

» The effect of alternative fuel use in off-road equipment with internal combustion
(IC) engines on GHG emissions is comparable to the effect for on road vehicles.

= A wide range of GHG emission reductions are achieved for various hydrogen and
electric generation pathways. Greater GHG emission reductions are largely due
to the higher vehicle efficiency for electric drive technologies.

= Electricity pathways are highly dependent upon generation mix assumptions. An
electric generation mix based on natural gas combined cycle power plants
combined with California’s Renewable Portfolio Standard (RPS) constraint is the
most likely future marginal generation mix. The figures indicate that coal fired
IGCC plants utilized carbon capture and sequestration (CCS) also provide low
WTW GHG emissions. It is important to note that some generation technologies,
such as CCS, that apply to coal power plants are emerging (may not be
operational by 2012) and could also be applied to the natural gas fired
generators resulting in significantly lower GHG emissions. The use of renewable
power also allows for the mitigation of GHG emissions.

» GHG emissions from biofuels production and use depend on agricultural inputs,
allocation to byproducts, and the level and carbon intensity of process energy
inputs.

Figures ES-5 and ES-6 provide midsfze passenger car results for 2012 and 2022,
respectively. Corresponding results for urban buses are shown in Figures ES-7 and ES-
8. Many other combinations of results are discussed later in this report.

The GHG emissions from biofuels production and use depend on many other factors. In
particular, land use change assumptions can significantly impact GHG emissions for
biofuel based pathways. Land use impacts require further study. The present analysis
provides only the vehicle emissions and WTT process inputs employed. Emissions
impacts associated with changes in land use will be addressed in future updates to the
full fuel cycle assessment. Land use issues associated with a modest growth in U.S.
based energy crops are likely to be somewhat insignificant because energy crops are
likely to replace other crops rather than expand agricultural areas. To the extent that this
assumption holds true, the impact of differing agricultural land uses represents a small
portion of the WTW impact. Land use impacts associated with biofuels sources outside
the U.S. also require further study.
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The issue of deforestation also needs to be examined with several biofuel options. In
the case of Brazilian ethanol, the sugar cane feedstock is not grown in the Amazon.
However, agricultural displacement effects should be documented. A large fraction of
the palm oil produced in the world is from areas with extensive tropical deforestation
and the sustainable use of this fuel needs to be addressed.

Figure ES-5. 2012 GHG Emissions for Spark Ignited
Passenger Car Options (new stock)
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Figure ES-6. 2022 GHG Emissions for Spark Ignited

Passenger Car Options (new stock)
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Figure ES-7. 2012 GHG Emissions for Urban Bus Options
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Figure ES-8. 2022 GHG Emissions for Urban Bus Options
(new stock)
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Criteria Pollutant and Air Toxics Emissions

The WTW analysis takes into account vehicle and fuel production emissions consistent
with vehicle operation in California.

The key conclusions regarding criteria pollutant and air toxics emissions are:

e California places stringent requirements on vehicle emissions and fuels
properties. ARB requires that changes in fuel blends result in no increase in
emissions. Therefore, the primary change in criteria poliutant emissions is
expected to occur in the WTT portion of the fuel cycle.

¢ Some fuel blends such as biodiesel and Fischer Tropsch (FT) diesel result in a
decrease in criteria pollutant emissions in today's vehicles. The effect on future
vehicles is being examined by ARB and others. It is not clear whether the new
engines will be optimized to reduce emissions below standards or for fuel
economy.

¢ Assumptions regarding the marginal source of gasoline result in the attribution of
emissions to refineries and fuel production facilities outside California. New fuel
production facilities in California would be subject to stringent local emission
standards or regulations. Iin general criteria pollutant emissions in California tend
to decrease for fuels that are produced in the state. However, emissions outside
of California are generally greater for imported fuels. Fuel production facilities
outside of California are assumed to comply with the prevailing environmental
regulations where such facilities are located.
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¢ Emissions of NO,, volatile organic compounds (VOC), and in some cases PM
would need to be offset from new fuel production facilities in California.
Obtaining permits and offsets, and installing emission control equipment will play
an important role in the construction of new fuel production facilities.

e Emissions from marine vessel and rail transport are the dominant source of
fuel/feedstock delivery emissions in California. Agricultural equipment is also a
significant source of emissions for biofuels. For the assumed transportation
distances in California, delivery emissions from fuels transported by rail are
comparable to those imported by tanker ship on a WTW basis.

¢ Diesel PM is the major contributor to weighted toxics emissions in California for
the marginal fuel production analyses. Therefore, fuels that are delivered by ship
or rail have the highest weighted toxics impact. This point is clearly
demonstrated in the difference between the two liquefied petroleum gas (LPG)
production cases.

e (Criteria pollutant emissions for electric transportation are comparable to, or
lower than, those from conventional fuels. The lower emission levels result from
efficient new power plants that are required to offset NO, and VOC emissions
combined with very efficient vehicles. Although the PM1¢ emissions will likely be
offset as well, this is not reflected in the analysis. Offsetting PMo emissions will
have a minimal impact on WTW PM;, emissions since tire and brake emissions
are much larger than WTT emissions. Emissions associated with the average
statewide generation mix are higher than the marginal mix, but are still below the
baseline vehicle.

¢ Emissions from hydrogen reforming and gasification production facilities are
inherently low because the waste gas that is burned to generate process heat
consists primarily of Carbon Monoxide (CO) and hydrogen. However, limited
source test data were identified to quantify these emission levels, especially PM.

e Fugitive losses and fuel spills are a source of benzene and 1-3 butadiene
emissions associated with gasoline as well as polycyclic aromatic hydrocarbons
(PAH) from diesel. These emissions from fuel transport and delivery are largely
eliminated with altemnative fuels use. The weighted impact of these fugitive and
fuel spill losses is lower than that of diesel PM associated with fuel delivery.

Figures ES-9 and ES-10 provide estimated WTW criteria pollutant emissions for
selected light duty vehicle cases for 2012 and 2022, respectively. Figures ES-11 and
ES-12 provide the corresponding urban bus results for criteria pollutant emissions.
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Figure ES-9. 2012 WTW Criteria Pollutant Emissions from
Passenger Cars (new stock)
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Figure ES-10. 2022 WTW Criteria Pollutant Emissions from

Passenger Cars (new stock)
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Figure ES-11. 2012 WTW Criteria Pollutant Emissions from
Urban Buses (new stock)
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Figure ES-12. 2022 WTW Criteria Pollutant Emissions from
Urban Buses (new stock)
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Multimedia Impacts

Fuel production and vehicle operations can result in significant impacts on rivers,
oceans, groundwater, and other water media. The significant sources of multimedia
impacts from vehicle operation include:

Engine oil leaks and illegal discharges

Tanker ship spills

Fuel spills from delivery trucks and vehicle fueling
Underground storage tank leaks

Agricultural runoff

Oil and gas production

® & @& & o o

The following multimedia impact conclusions are based on the analyses in this study:

¢ Multimedia impacts are difficult to compare in a unified manner because of the
wide range of release scenarios and impacted environments.

* While agricultural activities are subject to oversight from environmental
agencies, the impacts are difficult to quantify in an integrated manner.

¢ (il and gas production results in significant potential multimedia impacts. These
impacts are subject to stringent regulation in the U.S.

¢ The potential for hydrocarbon releases are significantly reduced with the use of
non-hydrocarbon alternative fuels.
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e Electric drive systems can reduce or eliminate engine oil losses, a significant
source of potential multimedia impacts as noted above.

Figure ES-13 illustrates the relative potential multimedia impacts of several of the
transport, production process, and vehicle use pathways evaluated for petroleum fuels
in terms of their hydrocarbon discharge rate (1,000 gallons per year).

Figure ES-13. Discharges of Hydrocarbons from
Petroleum Fuel Processes in California
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FINDINGS AND RECOMMENDATIONS

The results of this full fuel cycle assessment using the GREET Model 1.7 modified for
California can be used to satisfy the requirements of AB 1007. The analysis and the
results and key findings summarized below, adequately serve the purposes and
possible uses identified, and satisfy the requirements of AB 1007 in developing the state
plan to increase the use of alternative non-petroleum transportation fuels.

Findings

Alternative Fuels Provide GHG Benefits in Midsize Autos and Urban Buses
Across the Evaluation Timeframe.

e Depending on fuel pathway alternative fuels like ethanol, natural gas, LPG,
electricity and hydrogen can provide significant reductions in well to wheels
GHG emissions when used in midsize autos.

Biofuels provide large reductions (~75 percent compared to gasoline)
depending on processing intensity because CO, emissions are
recycled through plant photosynthesis.

Low carbon containing fuels like natural gas and LPG also reduce
GHG emissions (20 to 30 percent compared to gasoline).

Zero carbon fuels and power production options also substantially
reduce GHG emissions depending on the specific fuel or power
production technology and associated pathways.

Hydrogen produced from natural gas using steam reforming provides a
54 percent reduction in GHG emissions in a hydrogen fuel cell vehicle
(compared to gasoline).

Electricity use reduces GHG emissions compared to gasoline by
68 percent in electric vehicle’s (EV) and 44 percent in plug-in hybrid
electric vehicle’s (plug-in hybrid electric vehicle [PHEV]).

e For urban buses (heavy duty vehicles) many of the fuels provide a GHG benefit,
but not as significant a benefit as for light duty vehicles.

Electric buses provide the most significant benefit at 55 percent
reduction followed by hydrogen fuel cells and CNG at 23-24 percent
reduction.

A 30 percent renewable diesel blend yields approximately 20 percent
reduction while a 20 percent biodiesel blend provides approximately
12 percent reduction.

Methanol provides an estimated 18 percent reduction.

Dimethyl Ether (DME) and a 30 percent blend of gas-to-liquid (GTL30)
(remote natural gas as feedstock) increase GHG emissions. However,
utilizing a biomass feedstock provides a 28 percent reduction for the
GTL30 and a 94 percent reduction for biomass based DME.
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A number of pathways result in higher emissions of criteria and toxic pollutant
emissions for both midsize autos and urban buses.

For midsize autos, alternative fuel pathways result in criteria pollutant emissions
comparable to gasoline pathways.

— Natural gas based hydrogen pathways reduce criteria poliutant
emissions.
—  LPG has higher VOCs, if not controlled.

—  California cellulosic ethanol production and use increase NO, and PM
emissions slightly, with the impact decreasing over time.

—  Airtoxics emission impacts are dominated by diesel exhaust PM.
For urban buses, criteria pollutant emissions for alternative fuel pathways are
generally either similar or slightly below the diesel baseline.

—  Hydrogen and electric drive have lower emissions than diesel.

—  Toxics dominated by PM emissions and options roughly comparable.

Recommendations

Based on the information developed in this study, the following recommendations are
made to support the requirements of AB1007 and further improve future full fuel cycle
analyses.

1.

The GREET model served as a suitable tool for assessing the transportation
logistics for conventional and alternative fuels production and distribution
pathways in California. The model approach should be maintained to
accommodate revised analyses and more transparent input assumptions.

The analysis in this study provides information to assess the emission impacts
of different fuel production pathways. The emissions within and outside of
California, as well as the location of marine vessel emissions should be taken
into account when assessing the impacts of criteria pollutant and toxics
emissions.

Displacement effects are a key aspect of a fuel cycle analysis. The
assumptions of a marginal analysis, California emission regulations, and offset
requirements define the outcomes for criteria pollutants. The assumptions on
emission boundaries should always be identified.

Changes in agricultural land use have a dominant impact on the evaluation of
biofuel pathways. The potential iand use impacts should be quantified and
shown as a separate component of the WTT and WTW analysis. There is a
need to provide measurements to support sustainable agricultural practices.
Prevention of tropical deforestation associated with fuel production needs to
be incorporated into efforts to promote alternative fuel use, as a key measure
to use non-petroleum fuels sustainably.
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CHAPTER 1 INTRODUCTION

The Energy Commission's 2005 integrated Energy Policy Report and comments to the
report from Governor Schwarzenegger make clear that the state needs to promote the
efficient use of petroleum products and promote reductions in the demand for
petroleum. California Assembly Bill (AB) 1007° reaffirms the ongoing need to address
these critical transportation energy issues. While primarily directed fo increase non-
petroleum fuel use in California, AB 1007 responds to several other policy directives
and state and federal legislation, including reduction of greenhouse gas emissions and
improved air quality.

Chaptered in September 2005, AB 1007 requires the Energy Commission to “develop
and adopt a state plan to increase the use of alternative transportation fuels” in
California. It directs the Energy Commission to work with the California Air Resources
Board (ARB), State Water Resources Control Board, Department of Food and
Agriculture, and “other relevant state agencies” in developing this plan, termed here the
Alternative Fuels Plan. AB 1007 defines an alternative fuel as any non-petroleum fuel
including electricity, ethanol, biodiesel, hydrogen, methanol, and natural gas that has
demonstrated the ability to meet applicable vehicular emission standards.

Iin developing the Alternative Fuels Plan, the Agencies must perform three tasks:
1. Evaluate the alternative fuels on a full fuel cycle basis.

2. Set goals for 2012, 2017, and 2022 ensuring no net material increase in air pollution,
water pollution, or other substances known to damage human health®.

3. Recommend policies that ensure the alternative fuel goals will be met.

In support of AB 1007 policy making, TIAX has performed a California specific full fuel
cycle assessment (FFCA) for a variety of alternative transportation fuels. This analysis
is one of several ongoing efforts that provide a foundation for Energy Commission
activities in response to AB 1007. This report is part of a three-volume set of reports
describing the FFCA assumptions and results. The intention has been to clearly present
all important assumptions that have been made in the quantification of fuel cycle
emissions so that stakeholders may understand how the final emission estimates were
determined.

FFCA emissions are determined on a well-to-wheels (WTW) basis, which includes fuel
production and distribution, or fuel cycle emissions, and vehicle emissions. The fuel
cycle, or well-to-tank (WTT) emissions and energy inputs, and the vehicle, or tank-to-
wheel (TTW) emissions and energy consumption, are provided in separate volumes of

° The AB 1007 {Pavley), Chapter 371, Statutes of 2005) directs the Energy Commission to develop a state plan to
increase the use of altermative fuels.

¢ The Energy Commission and the ARB extended analysis for the State Alternative Fuels Plan to 2030 and 2050.
The additional periods allow an assessment of alternative non-petroleum transportation fuels and technologies with
longer development time frames.
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the three volume set of reports on the analysis. The combination of the vehicle and fuel
cycle results into the well-to-wheels (WTW) analysis is examined in this report. Energy
inputs and GHG and criteria pollutant emissions from baseline gasoline and diesel
vehicles, toxic air contaminant emissions, and water impacts are provided and
estimates of the effect of alternative fuel operation are included. GHG emissions from
the fuel cycle processes and vehicles include CO», nitrous oxide (N2O), and methane
(CH4). WTW emissions on a grams per mile basis are included in this report. Emissions
associated with the production of materials for vehicles or facilities typically fall into the
category of life cycle analysis, and are not covered in the full fuel cycle analysis
presented in this report

Fuel cycle analyses have been used for many years to support the quantification of
energy use and vehicle impacts. Table 1-1 lists a number of past studies that have had
a fuel cycle analysis component in them. This study builds on these past efforts to
provide a much more complete and in-depth analysis.

The complete WTW analysis is discussed in the following report sections:

Full Fuel Cycle Analysis. This section describes the analysis approach and identifies
the information sources utilized to supply the data needed to perform the analysis. The
approach to the WTT and TTW portions of the full WTW analysis are separately
discussed.

Well-to-Wheel Analysis Results. The energy inputs, GHG emissions, and criteria
pollutant emissions results for the full fuel cycle for select vehicle/ fuel/ fuel production
pathways are presented in some detail by fuel in this section. Air foxics emissions and
multimedia impacts for the production and use of each fuel are also described.

Discussion. This section discusses the effects of the dominant assumptions on the
analyses, key points of the analyses, or results that require further attention. Projections
of the 2012 full fuel cycle analyses to the out years of 2017, 2022, and 2030 are
outlined.

Conclusions. This section summarizes key conclusions of the analyses.
Recommendations. This section outlines recommendations for addressing limitations

of the analysis methodology and information needs to allow better analyses to be
performed.



Table 1-1.

Past Studies with a Fuel Cycle Analysis

Component

Study, Year

Focus

ARB Fuel Cycle Emissions —
Reactivity Basis, 1996

California emissions evaluated for Southern California Air Basin
{SoCAB). Reactivity adjusted HC emissions. Vapor mass and
speciation data for alcohol blends, HC losses tied to ARB emissions
inventory.

ARB Fuel Cycle Emissions —
Refinement, 2001

Refine California emission analysis for near ZEV candidates.
Dispatch modeling of power generation for EV charging.

AB 2076 — Petroleum
Dependency, 2003

Use 2001 analysis as input to Benefits of Displacing Gasoline and
Diesel.

CA H2 Highway, 2005

Hydrogen production and vehicle analysis. Assessment of
renewable power for transportation fuels. Apply analysis to California
instead of SoCAB.

GM/ANL, 2001, 2003, 2005

General Motors (GM)/Argonne National Laboratory (ANL) modeling
of comparable vehicles. GREET model for fuel cycle. Average
criteria pollutants.

UCD/LEM, 1997-2005

University of California Davis (UCD)/Life cycle Emission Model
(LEM) extensive analysis of all fuel pathways, biofuels land use.

EUCAR, 2005

European Council for Automotive Research & Development
{EUCAR) analysis. Extensive evaluation of biofuels.




CHAPTER 2 FULL FUEL CYCLE ANALYSIS

This report presents the results of a full fuel cycle assessment (FFCA) of alternative
transportation fuel use in California. Specifically, the full fuel cycle energy and emissions
impacts of each alternative fuel are quantified and compared to the emissions from
gasoline and diesel vehicles in 2012, 2017, 2022, and 2030.

The boundaries of the FFCA, shown in Figure 2-1, include emissions generated during
the extraction of feedstocks, processing or refining, transport, local distribution, and
vehicle emissions. Vehicle emissions include both evaporative and tailpipe emissions.
The construction and decommissioning of fuel and vehicle production facilities fall into
the category of lifecycle analysis, and are not included here.

Full fuel cycle analyses are commonly divided into two parts: the well-to-tank (WTT)
portion and the tank-to-wheels (TTW) portion. The combination of the WTT and TTW
analyses represents the full fuei cycle analysis, or the well-to-wheels (WTW) analysis.
Many different terms are used to define activities in the full fuel cycle; to eliminate
confusion the terms are used in the following manner in this report:

WTT - Impacts associated with feedstock extraction, transport to processing,
processing/refining, and distribution, expressed in per unit energy in the fuel.
The term “fuel cycle” is sometimes used for WTT.

TTW - Fuel consumption and emissions from vehicle refueling, evaporation, and
operation expressed on a per mile basis. The term “vehicle cycle” is
sometimes used for TTW.

WTW — WTT plus TTW impacts expressed as per mile driven with the split between
the upstream (WTT) and vehicle (TTW) emissions indicated.

The reporting of the present analysis has been done in three volumes according to the
natural division discussed above: WTT, TTW and WTW. The WTT report presents the
assumptions made and resulting energy consumption and emissions associated with
producing each finished fuel from a variety of different feedstocks. The TTW report
presents the assumptions made and resulting emissions from each vehicle type and
finished fuel combination. This volume presents the WTW results from pairing finished
fuels and feedstocks with vehicles.

Many factors affect well-to-wheel fuel cycle emissions. The most significant parameters,
shown in Table 2-1, affect the amount of fuel or feedstock required in the fuel cycle,
emission control requirements, or the composition of fuels. The WTW analysis resuits
are dependent on assumptions made, particularly in the WTT portion of the analysis.
Therefore, researchers made an effort made to clearly and prominently indicate key
assumptions and uncertainties. Some of these assumptions may be discussed in this
volume, but the reader is directed to the companion WTT and TTW volumes for a
comprehensive discussion of assumptions. The following sections summarize the
approaches used for the WTT and TTW analyses.



Figure 2-1. Total Vehicle Energy Cycle
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Table 2-1. Effect of Study Parameters on Fuel Cycle Results

Parameter Effect on Fuel Cycle Analysis

Timeframe Affects emission rules and infrastructure capacity
Production Technology | Affects energy inputs and emissions

Region Affects stationary source and vehicle emission standards,
and transport distances

Vehicle Technology Fuel cycle emissions and vehicle CO; are proportional to fuel
consumption. Assumed vehicle NO, and CH, emissions are
proportional to fue! consumption. CH,4, N,O, and CO
emissions vary with vehicle technology.

Well-to-Tank Analysis Approach

Researchers performed the WTT analysis using the latest version of the GREET1.7, an
Excel spreadsheet-based model, as the platform. Many emission factors and transport
modes and distances were modified to reflect alternative fuel use in California. These
modifications became what is referred to as the modified California GREET model.
Overarching assumptions were made in two areas: geographic boundaries for emission
quantification, and emission marginality. The following sections briefly describe each
approach and then provide the matrix of finished fuel and feedstock combinations
considered. For details on the analysis approach, please consult the companion WTT
report.



Geographic Boundary Assumptions

Geographic location of each pollutant emission event from feedstock extraction to final
distribution was tracked for each fuel/feedstock combination. Location of each step
determines the electricity resource mix as well as prevailing emission standards for
mobile and stationary sources, and transportation distances and modes. While
emissions of GHGs are summed regardless of location, the study looked at criteria and
air toxic emissions from the perspective of exposure to an individual in California. Both
‘total’ and ‘urban’ California criteria and air toxic pollutant emission results are
presented’.

Stringent stationary source emission standards in California limit the emissions
associated with conventional fuel production, fuel transport through marine terminals,
electric power generation, and alternative fuel production facilities. Because a significant
portion of California does not attain the ambient standard for ozone, it was assumed
that new alternative fuel production facilities will be located in ozone non-attainment
areas. This assumption requires that combustion equipment installed at these facilities
utilize Best Available Control Technology (BACT) and offset their emissions of NO, and
VOC. Therefore, new California combustion equipment NO, and VOC emissions were
set to 0. For operations outside of California, the default GREET emission factors and
fuel mixes were utilized with only a few exceptions.

In addition to emissions from fuel production, emissions for fuel or feedstock
transportation and distribution were also divided into the geographic categories. For
example, emissions for ships entering and exiting the San Pedro Bay ports were
attributed to California for a portion of the trip. The rest of these emissions were
attributed to the rest of the world (ROW). Both land and sea transport emissions were
allocated proportionally according to their transport route.

Marginal Emissions

For this analysis, production capacity in California and many other regions involved in
the logistics of fuel supply is well enough understood that a first order estimate of the
marginal sources provides a good basis for the study assumptions. To meet California
and worldwide demand for most of the fuels considered in this study, new growth in
production capacity will be required. Any increases in fuel production or power
generation due to a reduction in petroleum use were assumed to come from new, more
efficient plants built to meet growing demand. Therefore, the overarching assumption
regarding WTT emissions was marginality.

Population growth projections and related trends in California gasoline consumption
indicate a larger than 30 percent increase in gasoline demand over 2002 levels by
2030. Industry experts anticipate that in-state refinery capacity increases will not be

 The GREET model defines ‘total emissions’ as emissions occurring in all locations covering the well-to-tank and
tank-to-wheel stages. ‘Urban emissions’ are emissions occurring in urban area-metropolitan areas defined in the
Energy Policy Act of 1892."
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sufficient to meet the increased demand and that all of the gasoline use that could be
displaced by alternative fuel use would be imported. Because of this assumption, this
marginal analysis considers WTT emissions associated with imported finished
petroleum fuels.

Another consequence of a marginal analysis is that no hydroelectric or nuclear power is
included in the electric generation mix needed to supply increased demand. Reducing
gasoline demand by increasing electric power demand for alternative fuel production or
other electric transportation options does not increase the output from nuclear or
hydroelectric generation facilities. Thus, the marginal source of electric power was
assumed to be natural gas combined cycle combustion turbines and renewable power
that complies with California's Renewables Portfolio Standard (RPS) goals.

Natural gas marginal considerations preclude the use of California natural gas. Because
only a small percentage of natural gas consumed in California is produced in-state, a
marginal approach requires continued pipeline imports from other continental locations
and imports of foreign LNG. These assumptions result in greater energy inputs and
GHG emissions for natural gas or natural-gas-derived fuels than those derived from
California natural gas.

The key WTT assumptions employed were:

* Additional petroleum fuel demand is met by importing finished liquid fuels to
California.

¢ Marginal electric power demands from fossil fuels are projected to be met by
natural gas power generation with sufficient renewables to meet the
Renewables Portfolio Standard goals.

¢ Emissions from new stationary sources are consistent with local permitting
equipment including BACT for criteria pollutants and NO,/VOC offsets.

¢ Emissions from fuel transport vehicles are consistent with ARB requirements.
Marginal natural gas supplies originate from outside California.

® Displacement and changes in land use for agriculture are complex and evolving
issues and will be addressed separately from the present analysis.

Fuel and Feedstock Analysis Matrix

The finished fuel and feedstock combinations considered in the WTT analysis are
shown in Tables 2-2 and 2-3. The analysis reflects a variety of pathways for many of the
fuels to illustrate the impact of different production technologies or delivery routes. The
production locations given in the tables affects the emissions constraints for the fuel
production facility, as well as the delivery distance and transportation mode used to
calculate energy inputs and emissions. Many of the fuels analyzed in this study are
available today as fuels or industrial chemicals. Others could be produced with either a
straightforward adaptation or significant investment in fuel production infrastructure. The
status of fuel production technologies is also indicated in Tables 2-2 and 2-3. Therefore,
the reader should recognize that the comparisons made here with new fuel technologies
are only applicable if they are produced at a commercial scale.
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Table 2-2. Finished Liquid Fuels and Feedstocks Considered

oo .8
=y 7 °
= 2 = =
Production 2% 2 g z0
Fuel Feedstock Location wa 2« Z -
Crude Qil, SE Asia Singapore X
CARBOB/ E5.7 Heavy Crude Oil Venezuela X
Tar Sands Canada X
CA RFGO Crude Oil, SE Asia Singapore X
CARFG - E-10 Crude Qil, SE Asia Singapore X
Diesel, ULSD (10 ppm S) | Crude Qil, SE Asia Singapore X
Crude Qil California X
LPG
Natural Gas Arizona X
Natural Gas Texas, Canada X
CNG :
LNG Indonesia X
Natural Gas Indonesia X
LNG
Pipeline NG CA X
Natural Gas Indonesia X
Methanol Biomass (Poplar) California X
Coal Wyoming X
Natural Gas Indonesia X
DME Biomass (Poplar) CA X
Coal Wyoming X
Natural Gas Malaysia X
XTL Biomass (Poplar) CA X
Coal Wyoming X
Palm Qit Malaysia X
Biodiesel (esterified) . " T
Soy Bean Oil Midwest X
Renewable Diesel Palm Oil Malaysia X
{non-esterified) Canola CA X
E-Diesel Corn, Midwest Midwest X
Corn, Midwest Midwest X
Corn, Midwest CA X
Sugar Cane CA, Brazil X
Ethanol, E-85
Poplar CA X
Switch Grass CA X
Forest Residue CA X




Table 2-3. Fuel/Feedstock Scenarios for Electricity
Generation and Hydrogen Production

§| B
27 ® S
= 2 =2 £
Production | 2= 22| 20
Fuel Feedstock Location ﬁf n“.' % < % 3
CA Average Mix Various X
.. CA Marginal, 20% RPS CA X
Electricity Dedicated Renewable Power CA X
Petroleum Coke CA X
NG SR, LH,, 20% RP CA X
NG SR, LH,, 100% RP CA X
NG SR, Pipeline CA X
Petroleum Coke, Gasification CA X
Biomass, Gasification CA X
Hydrogen | 5 'site NG SR, 20% RP CA X
On Site NG SR, 700 bar, 20% RP CA X
On Site NG SR, 100% RP CA X
On-Site Electrolysis, CA Marginal CA X
On-Site Electrolysis, 70% RP CA X

RPS = Renewable portfolio standard
RP = Renewable Power

Tank-to-Wheels Analysis Approach

For the TTW analysis, emissions from on-road and off-road equipment were compared
to a base case. Each vehicle or equipment category uses predominately either gasoline
or diesel fueled vehicles. In this analysis, the dominant fuel for each vehicle and
equipment category was selected as the base case for comparison with alternative fuel
operation. :

For on-road vehicles, the analysis considered the difference between the introduction of
new fuels as blends and new vehicle technologies. When fuel formulations change or
new blends are introduced, all of the vehicles on the road can be affected immediately.
However, new vehicle technologies displace conventional vehicle technologies.
Therefore blend options and new vehicle technology options were treated with different
baseline vehicle emission rates. Vehicles using blended fuels were compared to the
California mix of vehicles (existing stock - all model years on the road in a given
calendar year), while new altermnative fuel vehicle technologies were compared to a new
vehicle using the base case petroleum fuel (new vehicle stock — model years 2010 and
newer on the road for a given calendar year).



The basic approach to the TTW emission analysis can be divided into two parts: vehicle
fuel economy assumptions and vehicle emission factor assumptions. This section briefly
discusses these two components of the TTW analysis and refers the reader to the
companion TTW report for more details and references.

Vehicle Fuel Economy Assumptions

Vehicle and equipment fuel economies were used to convert the TTW emissions per
unit energy in the finished fuel into a vehicle grams per mile basis so it can be added to
the grams per mile vehicle emissions. A considerable amount of effort went into
determining the fuel economies for the base case vehicles as well as the fuel
economies for these vehicles using fuel blends and new alternative fuel and vehicle
technologies. For on-road vehicles, the Energy Commission’s CalCars model and
ARB’s EMFAC models were used. For off-road equipment, ARB's recently updated off-
road model was employed. The emissions for on-road and off-road vehicles are
presented in the TTW report on a grams per mile basis and a grams per gallon of
finished fuel basis for a wide range of vehicle applications. Figure 2-2 provides a
summary of the fuel economies assumed for each of the light duty vehicle options.
Table 2-4 provides the matrix of all the vehicles evaluated for each finished fuel. Recall
that many of the finished fuels can be made from several different feedstocks.

Figure 2-2. Summary of Light-Duty Vehicle Fuel Economies
Used in TTW Analysis

BatteryEV |____ ________
Hydrogen FCV/IFCHEY | ___
HydrogenICEVACHEY | __ =
EAO0GICEN [one ol e s @
EBGRER [T IR oI 1]
Comparable 2005 Midsize Cars
LPGICEV |__ . City/Highway Combined, on-road fuel
censumption
CNG,ICEV |. i
CA ULSD, DICEV | I |
GasolinePHEY | E 3
Gasoline, HEV | . RN 1
Gasoline, ICEV | _ [
Gasoline, ICEV,2005LDAMIx | [TE ] all passenger cars, 95™ percentile

0 10 20 30 40 50 60 70 80 90
Fuel Economy (mpgge)
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Table 2-4. Baseline Vehicles for Estimating Alternative
Fueled Vehicle Emissions

Midsize Light-Duty Vehicles

Urban Buses

Fuels

New

Blend Displacing
Gasoline

Blend
Displacing
Diesel

New

Blend
Displacing
Diesel

RFG —E-0
RFG — E-5.7
RFG — E-5.7, HEV
RFG — E-10
Diesel

LPG

CNG

LNG

Methanol

DME

FT blend (30%)
FT (100%)
Ethano!l — E-85
E-diesel
Biodiesel, BD20
NERD (30%)
Electricity
Hydrogen ICEV
Hydrogen FCV

N (CAT)

A
A (CAT+NCAT)

A (DSL)

N (DSL)

Z2 Z Z Z

A (DSL)

Baseline vehicles shown in bold

A = Average Fleet, all vehicles on-road

N = New technology
CAT = Catalyst
NACT = Non-Catalyst

Vehicle Emission Factors

The second component of the WTT analysis was the set of assumptions for vehicle
emission factors. TTW emissions include vehicle evaporative emissions and vehicle
tailpipe emissions. Researchers considered three different classes of pollutants: criteria
pollutants, GHGs, and air toxics. The methods used to determine accurate emission
factors for each finished fuel/vehicle combinations are described in the following

paragraphs.

11




For on-road diesel and gasoline vehicles, exhaust and evaporative criteria pollutant
emission factors were obtained from ARB’s EMFAC2007 model. For the alternative
fuels, adjustment factors were applied to the appropriate EMFAC values. The specific
adjustment factors for each fuel are documented in the TTW report. Researchers used
the same approach for off-road equipment. The ARB Off-road model data were used for
the base case and adjustment factors were applied to determine alternative fuel
emission factors.

An overriding assumption in determining the adjustment factors for the alternative fuels
was that blend fuels must meet petroleum fuel emission standards for NO,, HC (with a
CO credit) and weighted air toxics emissions as determined by ARB’s Predictive Model.
Further, alternative fuel vehicles (for example, LPG and CNG) must meet prevailing fuel
specific California emission standards.

GHG emissions considered included CO,, CHy4, and N2O. The CO; emissions were
calculated directly from the carbon content of the fuel after accounting for fuel that is
converted to CH4, CO, and evaporative emissions. The CH4 and N2.O emission factors
used in this analysis were the values in the California Climate Action Registry reporting
protocols. The NoO emission factor warrants further study because data are limited and
the emission factor used is a fixed grams per mile value rather than a g/GJ value. The
effect is that the same amount of N,O is emitted regardless of the amount of fuel used
per mile.

Refrigerants from vehicle air conditioning systems are also a source of GHG emissions.
Researchers did not include refrigerant emissions in the analysis because these would
not change with different fuel options, unless alternative refrigeration cycles such as
those considered for electric drive systems are used. Furthermore, air conditioning
losses are typically not considered part of the fuel cycle.

Finally air toxics emissions were estimated by applying ARB’s organic speciation factors
to the ROG emission factors from the EMFAC and the Off-road models.

Well-To-Wheels Emissions Estimation

To determine the full fuel cycle emissions for each pollutant and each vehicle/finished
fuel/feedstock combination, the WTT and TTW parts of the fuel cycle are combined.
Specifically, for each finished fuel, each pollutant's WTT emission factor is multiplied by
the vehicle’s fuel economy and then added to the vehicle's emission factor. Figure 2-3
schematically indicates how the two results are combined.

Figure 2-3. Summing up Fuel Cycle Emission Components

WTW WTT Finished Vehicle Fuel Vehicle
Emissions — Fuel Emissions X Economy + Emissions
gram/mi gram/MJ MJ/mile g/mile
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CHAPTER 3 WELL-TO-WHEEL ANALYSIS RESULTS

The combined results of the WTT and TTW analyses for each of the vehicle/finished
fuel/feedstock combinations evaluated are presented here. The following sections
present the energy and emissions of GHGs, criteria pollutants, and toxic air
contaminants for each fuel considered. Multimedia impacts are also discussed in each
section.

The energy inputs, GHG emissions, and criteria pollutant emissions for the
vehicle/fuel/feedstock combinations described in this section are presented in a set of
bar chart figures and summary tables for each fuel in the following subsections. Tables
that document the GREET model and other calculation results that are shown in the
figures are included in the Appendix of this report. All plots are for the 2012 calendar
year. Results for other calendar years are tabulated in the appendix.

Conventional (Petroleum) Fuels: Gasoline and Diesel

This subsection presents the results for the new vehicle stock (MY2010 and newer)
mid-size passenger vehicles operated on gasoline and diesel fuels. Figures 3-1 and 3-2
present the WTW energy consumption and GHG emission results, respectively, for
each of the petroleum fuels considered for both conventional vehicles and HEVs.
Results for an ethanol/gasoline blend (E-10) are also shown in the figures. Table 3-1
summarizes the energy and GHG impacts for gasoline fuels and Table 3-2 summarizes
the energy and GHG impacts for diesel.

Figures 3-3 and 3-4 illustrate the criteria pollutant and air toxic contaminant emission
impacts for the gasoline based vehicles; these results are summarized in Table 3-3.
Because the EMFAC model does not have any new light duty diesel vehicles in the
2010+ timeframe in the inventory, we do not show WTW criteria pollutant results for new
diesel vehicles. The underlying assumption is that these vehicles will meet the same
emission standards as their gasoline counterparts. Diesel vehicle results are
summarized in Table 3-4.
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Figure 3-1. WTW Energy Consumption for Petroleum Fuels
in Mid-Size Vehicles (2012 New Vehicle Stock)

[ @Petroleum @ Netural Gas _ 5Cosl T Non Fossil |

E-Diesel, Ave. MW EtOH: ICEV |
Diesel, CA ULSD: ICEV |

E10, Comn, MW EtOH: HEV |
E10, Corn, MW EtOH: ICEV |
RFG, Tar Sands: HEV

RFG, Tar Sands: ICEV

RFG, Marginal: HEV |

RFG, Marginal: ICEV |

WTW Energy (MJ/ml)

Figure 3-2. WTW GHG Emissions for Petroleum Fuels in Mid-
Size Vehicles (2012 New Vehicle Stock)
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Table 3-1. Energy and GHG Impacts of Gasoline Vehicles

Parameter Energy and GHG Impact

Energy Factors | ¢ Advanced gasoline technologies such as HEVs can reduce fuel
consumption by ~25 percent.

« Requirement for producing reformulated gasoline affects energy inputs
and rejected pentanes with related transportation logistics have a small
impact on WTT energy.

o If E-10 is produced, it will require less sulfur, lower aromatics and more
hydro treating of the blending component.

e Future gasoline fuels are more carbon intensive with growth in heavy oil
and tar sands requiring hydro treating.

» Blends impact the entire gasoline pool including off-road vehicles with
the same energy impact the same as that for on-road vehicies.

GHG Factors * GHG reductions are proportional to reduction in energy consumption for

HEVs-

Comparison | HEVs, Passenger Cars, and Gasoline Blends (On- and Off-road)
Energy Impact HEV E-10 Tar Sands
(2012)

Petroleum 25% reduction 3% reduction 1% increase
Fossil Fuel 25% reduction 1% reduction 13% increase
GHG Impact HEV 25% reduction
E-10 1% reduction
Tar Sands 15% increase

Table 3-2. Energy and GHG Impacts of New Diesel
Passenger Cars

Parameter Energy and GHG Impact

Energy Factors * Low allocation of refinery energy to diesel because
gasoline is the primary fuel consumed in California
(better refinery efficiency than gasoline).

» Improvement in energy consumption over gasoline
vehicles

¢ Increased hydro treating is required to achieve low
sulfur specifications

GHG Factors » Lower WTT energy inputs are partially offset by higher

carbon content in the fuel
Comparison Passenger Cars
Energy Impact (2012)
Petroleum 19% reduction
Fossil Fuel 22% reduction
GHG Impact 21% reduction
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Figure 3-3. WTW Criteria Pollutant Emissions for Gasoline
Fuels in Mid-Size Vehicles (2012 New Vehicle
Stock)
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Figure 3-4. WTW Air Toxic Contaminant Emissions for
Gasoline Fuels in Mid-Size Vehicles (2012 New
Vehicle Stock)
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Table 3-3.

Pollutant Impacts of Gasoline Vehicles

Parameter

Pollution Impact

Criteria Pollutants

Reduction in vehicle fuel consumption for HEV results in proportional
reduction in WTT criteria pollutants.

Marginal WTT criteria pollutant emissions include marine vessel, rail,
local truck delivery, and storage/fueling losses.

California refinery emissions are not included in the marginal
emission calculations.

Transportation logistics for ethanol blending and transporting
rejected pentanes have a minor contribution to WTT emissions.

ARB requires no net change in NO, and weighted HCs (with the
weighted CO credit) for different gasoline blends. Vapor pressure is
also limited to 7 RVP. Some blends may need to adjust levels of
sulfur, aromatics, and other components to achieve no increase in
emissions.

Vapor emissions for off-road vehicles would be affected by changes
in vapor density as off road vehicles are not equipped with
evaporative emission controls and fewer fuel dispensers use Stage 2
vapor recovery.

Toxics

Reduction in vehicle fuel consumption for HEV results in proportional
reduction in WTT toxics, primarily diesel PM and refueling spillage.
Non petroleum ethanol reduces precursors for benzene and

1-3 butadiene but increases precursors for acetaldehyde.

ARB requires no increase in weighted toxics from vehicle and
evaporative emissions. Other constraints on fuel formulation could
result in a reduction in aromatics to meet NO, requirements.
Ethanol delivery requires transport to CA by train and then to bulk
terminals by truck rather than pipeline. The slightly higher diesel
PM1¢ emissions are weighted by toxicity, resulting in slightly higher
air toxics for E-10.

Multimedia Impacts

Ethanol in blends displaces gasoline hydrocarbons. Ethanol
biodegrades more rapidly in the environment. Underground tank leaks
can affect the fate of gasoline leaks.

Comparison Gasoline HEV E-10 ICEV E-10 HEV
CA Criteria Pollutants — 2012 % Reduction % Reduction % Reduction
vOC 12% -1% 12%
CcO 0% 0% 0%
NO, 7% -2% 6%
PM1o 0% 0% 0%

2022 — Benefit diminishes as

gasoline vehicles im

prove

Weighted Toxics — 2012

21% reduction 9% increase 15% reduction

Multimedia Impacts

Proportional to petroleum reduction
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Table 3-4. Pollution Impacts of New Diesel Passenger Cars

Parameter Pollution Impact

Criteria Pollutants ¢ Because the EMFAC inventory shows no diesel vehicles, we are
unable to show WTW criteria emissions for light duty ULSD vehicles.

» Diesel cars would be certified to meet ARB regulations. A mix of
diesel and gasoline cars would need to meet the prevailing LEV
requirements for each model year. A carmaker’s mix of diesel and
gasoline cars could not result in a net increase in tailpipe emissions.

* Very low vapor pressure results in a net reduction in VOC emissions
throughout the fuel cycle.

¢ Improved fuel economy results in lower emissions from fuel delivery.

Toxics e Benzene and 1-3 butadiene are reduced from fuel spills but diesel
contains PAHs. Diesel PM must meet ARB regulations.

Multimedia Impacts » Fuel that is spilled at station does not evaporate rapidly. A larger
fraction may enter storm water run off.

Comparison Passenger Cars
Criteria Pollutants TTW emissions should be similar to gasoline vehicles. WTW emissions
should therefore be slightly lower.
Weighted Toxics The air toxics emissions should be slightly higher than gasoline since
diesel PM is accounted for as a toxic.
Multimedia Impacts Same to slight increase.
Ethanol

The results for ethanol blends (E-85) are presented in this section — note that the results
for corn based ethanol are summarized separately from those for ethanol produced
from sugar cane and biomass/cellulosic conversion processes. Figures 3-5 and 3-6
present the energy and GHG impacts for E-85. As discussed in the WTT report, the
GREET output for the biomass and sugar cane cases, for example WTT case |ID E84,
includes the portion of the feedstock that actually partitions to the fuel and is not
consumed in the fuel production. This has not been subtracted out and is in effect
double counted in the WTW plot shown below. A line has been drawn on the plots to
indicate approximately the WTW energy consumption. This accounting artifact will be
corrected in future analyses. Table 3-5 summarizes the energy and GHG results for
corn based ethanol, while Table 3-6 summarizes these results for biomass and
sugarcane based ethanol. The accounting is correct for WTT GHG emissions.

Figure 3-7 provides criteria air poliutant emissions for E-85 and Figure 3-8 provides air
toxic emissions. Tables 3-7 and 3-8 summarize these results for corn based ethanol
and sugarcane/biomass derived ethanol, respectively. Note that all plots are for existing
vehicle stock since blend strategies are near-term solutions for existing FFVs. For
energy consumption and emissions in new vehicle stock, please refer to Appendix A.
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Figure 3-5. WTW Energy Consumption for Ethanol Fuels in
Mid-Size Vehicles (2012 Existing Vehicle Stock)
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Figure 3-6. WTW GHG Emissions for Ethanol Fuels in Mid-
Size Vehicles (2012 Existing Vehicle Stock)

| (TR
Ethanol, GA Switch Grass: FFV | :_N%t=1% gj,ma §
Ethanol, CA Forest Residue: FFV i '::___:j—:bieii=183 glml é
Ethanol, CA Poplar, Cellulose; FFV :_N' 132 s%fm‘-
Ethanol, Brazl Sugar Cane: FFV | :—Na1=153 gifmi
Ethanol, CA Corn, Wet Feed; FFY I I:_Ne?wmg;'ml
Ethanol, Com, MW NG, Wet Feed: FFV | [_Netl‘-ﬂglml
Ethanol, Corn, MW NG FFV i : _]
Ethanol, Com, MW Coal: FFV _:]
RFG. Marginal: FFV i : | —:'
jEmk . ) . . . i
P e o -300 -200 -100 O 100 200 300 400 500 600
* €O #nd HC 85 COp Woeighted GHGs (g/mi)



Table 3-5. Energy and GHG Impacts of E-85 Vehicles —

Corn Based Ethanol

Parameter

Energy and GHG Impact

Energy Factors

Corn production requires fuel inputs for farming, fertilizer, and ethanol
plants.

Trend towards declining nitrogen inputs and no till farming, high-starch
corn, and improved crop yields reduce energy input per bushel of corn
year after year.

New ethanol plants are dry mills which generate byproduct animal feed
(DGS), 35% of energy is allocated to feed.

Producing wet DGS reduces ethanol plant energy by ~ 10,000 to
Btu/gal.

Starch free DGS reduces ruminant methane production and had
significant GHG impact from feeding corn.

Strategy for using byproduct as animal feed is limited by the cattle
population.

DGS from California ethanol plants reduces rail shipments of feed corn,
but this impact is not included in the analysis.

E-85 FFV analysis includes 3% improvement in energy consumption.

GHG Factors

Range in GHG emissions depending on energy source and plant
energy requirements. '

Impact of displaced agricuiture crop needs to be examined (for
example reduced exports of cotton).

e Improvements in agriculture can increase GHG benefit further.
¢ GHG impact is expressed on an E-85 basis. Similar impact could be

achieved with low-level blends without improvement in energy
consumption.

Comparison Passenger Cars (E-85 basis)
Energy Impact
Petroleum 70 to 73% reduction
Fossil Fuel 27 to 45% reduction
GHG Impact Coal-based plant 15% increase
Midwest corn 15 to 28% reduction
California corn 36% reduction
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Table 3-6. Energy and GHG Impacts of E-85 Vehicles -
Sugar Cane and Biomass Based Ethanol

Parameter Energy and GHG Impact

Energy Factors | ¢ Feedstock production requires fuel inputs for farming, fertilizer, and
ethanol plants with generally lower inputs than comn.

* Sugar cane production requires unique agricultural circumstances
with plentiful water and warm climate.

+ Fossil energy input for sugar cane and biomass are relatively low.
Biomass residue provides fuel for ethanol plant.

e E-85 FFV analysis includes 3% improvement in energy consumption.

GHG Factors » Range in GHG emissions depending on plant efficiency and excess
electric power that is generated.

¢ Impact of land use needs to be considered. Converting forest to
energy crops results in a multi decade GHG deficit.

« Cellulose-based technology is not yet proven so plant performance
and byproducts may differ significantly from the analysis.

e GHG impact is expressed on an E-85 basis. Similar impact could be
achieved with low-level blends without improvement in energy

consumption.
Comparison Passenger Cars (E-85 basis)
Energy Impact
Petroleum 73% to 75% Reduction
Fossil Fuel 72% to 80% Reduction
GHG Impact Sugar Cane 68% reduction
Cellulose 60% to 72% reduction
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Figure 3-7. Criteria Pollutant Emissions for Ethanol Fuels
(2012 Existing Vehicle Stock)
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Figure 3-8. Air Toxic Contaminant Emissions for Ethanol
Fuels (2012 Existing Vehicle Stock)
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Table 3-7. Pollution Impacts of E-85 Vehicles — Corn Based
Ethanol

Parameter Pollution Impact

Criteria Pollutants e 2012 WTW emissions of NO, and PM4g are higher for the ethanol
pathways due to WTT impacts. MW corn ethanol has higher
transport NO, and PM4g emissions. California energy crop
pathways have higher NO, and PM4o due to agriculture equipment.
These small differences decrease over time due to emission
reductions achieved by agriculture equipment, locomotives and
trucks.

¢ Additional pentanes to increase E-85 volatility must be hauled by
truck from the refinery to the terminal. This effect was not included
here.

e California plants will be required to offset NO, and VOC emissions.

Toxics + ARB regulations require no net increase from vehicle exhaust plus
evaporative emissions.

¢ Actual vehicle emissions will have less benzene and more
acetaldehyde with a net decrease in weighted toxics emissions.

+ Elevated diesel PMyo emissions for E-85 cases due to increased
locomotive and truck transport for ethanol relative to RFG for
Midwest ethanol. CA biomass ethanol pathways have higher PM4p
emissions due to the in-state agricultural equipment.

¢ Reduced benzene and 1-3 butadiene in fuel lower toxics from fuel
spillage and stationary losses.

Multimedia Impacts | « Most corn is grown using dry land farming (no irrigation). The
requirements for the next 5 billion gallons of corn based ethanol
production need to be examined.

¢ Gasoline is displaced with ethanol which biodegrades more rapidly

¢ Fate of E-85 in underground tank leaks is complex with no likely

net impact.
Comparison Passenger Car
Criteria Pollutants vOC 2% increase
CcO 0%
NO, 8% increase
_ PM1g +1 increase
Weighted Toxics Benzene 2% decrease
1-3 Butadiene 1% increase
Formaldehyde 8% increase
Acetaldehyde 18% increase
Diesel PM 3X increase
Multimedia Impacts 85%reduction in hydrocarbon related transport
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Table 3-8. Pollution Impacts of E-85 Vehicles — Sugarcane
and Biomass Based Ethanol

Parameter

Pollution Impact Base

Criteria Pollutants

California energy crop pathways have higher NO, and PM4¢ than
RFG due to agriculture equipment and truck transport emissions.
These differences decrease over time due to emission reductions
achieved by agriculture equipment, locomotives and trucks.
Additional pentanes to increase E-85 volatility must be hauled by
truck from the refinery to the terminal. This effect was not included
here.

California plants will be required to offset NO, and VOC emissions.

e California plants will be required to offset NO, and VOC emissions.
¢ Combustion technologies with enhanced particulate control (such

as gasification) will be required for plants to be permitted in
California non-attainment areas.

Declining emissions from off-road farming and logging equipment
result in reduced WTT impact over time.

Toxics

ARB regulations require no net increase from vehicle exhaust plus
evaporative.

Actual vehicle emissions will have less benzene and more
acetaldehyde with a net decrease in weighted toxics.

Reduced benzene and 1-3 butadiene in fuel lower toxics from fuel
spillage and stationary losses, however this is a small portion of
WTW emissions. Diesel PM emissions for the agriculture
equipment are expected to contribute to slightly elevated toxic
emissions relative to RFG in the near term, decreasing over time.

Multimedia Impacts

Sugar cane is grown in areas with significant rainfall that cannot
be replicated in many areas of the world. Sugar cane for a
California based ethanol plant depends on a unique set of
environmental conditions to secure its access to water.
Gasoline is displaced with ethanol, which biodegrades more
rapidly

Fate of E-85 in underground tank leaks is complex with no likely
net impact.

Comparison

Passenger Car

Criteria Pollutants
2012. Impact

diminishes over time.

VOC 2% to 5% increase
cO 0%

NO, 32% to 45% increase
PM1o 10% to 17% increase

Weighted Toxics

Likely similar to corn pathways with agriculture equipment PM from

biomass pathways ~ locomotive and truck for MW ethanol. Expected

to decrease over time.

Multimedia Impacts

-85% due to reduction in hydrocarbon related transport
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Biodiesel and Renewable Diesel

This subsection presents the results for light duty (mid-size passenger car) and heavy
duty (urban bus) diesel vehicles operated on biodiesel fuels. Figures 3-9 and 3-10
present the WTW energy consumption for mid-size vehicles and urban buses while
Figures 3-11 and 3-12 present the corresponding GHG emission results. Two different
altermnative diesel fuels are shown: biodiesel (esterified vegetable oils) and renewable
diesel (hydrogenated vegetable oils). A 20 percent blend is shown for biodiesel while a
30 percent blend is shown for renewable diesel (because the properties are close to
GTL fuels which are blended at a 30 percent level). All plots are shown for existing
vehicle stock since these fuel blends are a near term strategy impacting all existing
vehicles. Table 3-9 summarizes the energy and GHG impacts for these fuels.

Figures 3-13 and 3-14 provide the criteria pollutant emission impacts of using biodiesel
and renewable diesel fuels in midsize vehicles and urban buses. These results are
summarized in Table 3-10 along with the air toxics emissions and multimedia impacts.
Table 3-10 also notes that biodiesel blends can be used in off-road equipment with
comparable criteria pollutant and air toxics emissions, and multimedia impacts. Note
that biodiesel is a blend strategy that can be utilized in existing vehicles; plots show
results for all model years, not new vehicles.

Figure 3-9. WTW Energy Consumption for Bio and
Renewable Diesel Fueled Midsize Vehicles (2012
Existing Vehicle Stock)
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Figure 3-10. WTW Energy Consumption for Bio and
Renewable Diesel Fueled Urban Buses (2012
Existing Vehicle Stock)
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Figure 3-11. WTW GHG Emissions for Bio and Renewable
Diesel Fueled Midsize Vehicles (2012 Existing

Vehicle Stock)
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Figure 3-12. WTW GHG Emissions for Bio and Renewable
Diesel Fueled Urban Buses (2012 Existing
Vehicle Stock)
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Table 3-9. Energy and GHG Impact of Biodiesel and
Renewable Diesel Vehicles
Parameter Energy and GHG Impact

Energy Factors

Petroleum and other fuels are inputs for farming and processing.

e Allocate 35% of soybean oil to byproducts.

Mustard seed and rapeseed can be grown as cover crops with low
energy inputs.

GHG Factors

Relatively low fossil energy inputs reduce GHG emissions, although
N,O emissions from farming can diminish benefits.

While not likely in the United States, converting forest to agricultural
use results in an increase in GHG emissions for decades.

¢ Effect of displaced crops needs to be examined.
* Need to address sustainable agriculture for tropical oils.
¢ Bulk of the GHGs is from the vehicles.
e Diesel hybrid not shown, but results in 20% reduction in GHGs.
Comparison BD20 LDA RD30 LDA BD20 UB RD30 LDA
Petroleum Reduction 15t0 17% 29% 15t017% 29%
GHG Reduction 10 to 13% 20% 10to 13% 20%
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Figure 3-13. Criteria Pollutant Emissions for Bio and
Renewable Diesel Fueled Midsize Vehicles
(2012 Existing Vehicle Stock)
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Figure 3-14. Criteria Pollutant Emissions for Bio and
Renewable Diesel Fueled Urban Buses (2012
Existing Vehicle Stock)
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Table 3-10. Pollution Impacts of Biodiesel Vehicles — BD20

Parameter

Pollutant Impact

Criteria Pollutants

* Reduction in HC, CO, and PM for existing vehicles. Slight increase

in WTW NO, emissions. Impact on new technologies is under
evaluation.

Need to assure fuel quality to meet stringent future emission
standards with new engines.

WTT criteria pollutants include rail or marine vessel and local truck
delivery.

Biodiesel blends can also be used in off-road equipment. Slower
introduction of new engine technologies could resuit in greater
emission benefits than those achieved with new on-road vehicles.

Toxics

Non-petroleum vegetable oils reduce precursors for benzene and
1-3 butadiene.

Diesel PM is reduced with older technology engines. Impact on
new engines is being determined.

Multi-media Impacts

» Biodiesel biologically decomposes rapidly.

Comparison Passenger Cars, Heavy-Duty Vehicles, and Off-Road Equipment

Criteria Pollutants — 2012

VOC 20% reduction relative to diesel

CO 10% reduction relative t{o diesel

NO, 3% increase relative to diesel

PM1o 8% reduction relative 1o diesel
2022 Emission impacts could diminish with new diesel engines
Weighted Toxics Same to small reduction in benzene and diesel PM

Multimedia Impacts

Proportional to % reduction in petroleum use

Natural Gas

This subsection presents the results for vehicles operated on natural gas fuels.®
Figures 3-15 and 3-16 illustrate the WTW energy consumption and GHG emission
results, respectively, for light-duty (mid-size passenger car) CNG vehicles as well as for
baseline gasoline vehicles. Table 3-11 summarizes the energy and GHG impacts for
these fuels. Figures 3-17 and 3-18 illustrate the corresponding WTW energy
consumption and GHG emission results for both CNG and LNG use in heavy-duty
diesel vehicles, as well as for baseline diesel fuel vehicles. Table 3-12 summarizes the
energy and GHG impacts for these fuels in urban buses.

8 Future analysis of natural gas will assess the potential benefits from bio-methane which may reduce the WTT GHG
emissions and enhance the overall WTW GHG benefit for natural gas.
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Figure 3-15. WTW Energy Consumption for CNG Midsize
Vehicles (2012 New Vehicle Stock)
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Figure 3-16. WTW GHG Emissions for CNG Midsize
Vehicles (2012 New Vehicle Stock)
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Table 3-11.

Energy and GHG Impacts of CNG Vehicles

Parameter

Energy and GHG Impact

Energy Factors

¢ Almost no petroleum in the fuel cycle.
¢ Natural gas represents the rest of the fuel cycle with imports of LNG

contributing up to 20% of future supplies.

s Growth in renewable power for compression energy.
* New technologies are closing the gap between heavy-duty natural gas

and diesel engine efficiency — not taken into account here.

GHG Factors

¢ Low-carbon intensity of natural gas reduces vehicle GHG emissions.
» Methane leaks in the fuel cycle are a significant portion of WTT GHG

emissions even after low U.8. T&D losses are taken into account.

Comparison Passenger Cars HDVs
Energy Impact
Petroleum greater than 99% reduction greater than 99% reduction
Fossil Fuel 4% to 13% reduction 2% decrease to 8% increase

GHG Reduction

20% to 30% reduction 11% to 23% reduction

Figure 3-17. WTW Energy Consumption for LNG and CNG

Heavy Duty Vehicles (2012 New Vehicle

Stock)
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Figure 3-18. WTW GHG Emissions for LNG and CNG Heavy
Duty Vehicles (2012 New Vehicle Stock)
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Table 3-12. Energy and GHG Impacts of LNG Vehicles

Parameter Energy and GHG Impact

Energy Factors | « Almost no petroleum in the fuel cycle.

» Natural gas represents the remainder of the fuel cycle with imports of LNG
contributing up to 20% of future supplies.

* Growth in renewable power for California-based liquefiers.

* New technologies are closing the gap between heavy-duty natural gas
and diesel engine efficiency (not taken into account).

GHG Factors ¢ Low-carbon intensity of natural gas reduces vehicles GHG emissions.

e Methane leaks in the fuel cycle are a significant portion of WTT GHG
emissions (even after low U.S. T&D losses are taken into account for local
liquefaction).

¢ LNG terminals and tanker ships capture and recycle boil-off methane.

+ Modern LNG fueling stations use recirculation pumps to avoid pressure
build-up in tank and venting.

» Significant venting events can occur during upset conditions, which are
not prevented by ARB regulations.

Comparison HDVs
Energy Impact
Petroleum greater than 99% reduction
Fossil Fuel 3% to 7% increase
GHG Impact
2012 11% to 16% reduction
2022 12% to 16% reduction
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Figure 3-19 provides the criteria pollutant emission impacts of using CNG in light-duty
vehicles. Figure 3-20 provides the corresponding criteria pollutant emission impacts of
using both CNG and LNG in heavy-duty diesel vehicles. Figures 3-21 and 3-22 provide
air toxic emissions for midsize vehicles and urban buses. The CNG criteria pollutant
emissions results are summarized in Table 3-13 along with the air toxics emissions and
multimedia impacts. Table 3-14 provides the corresponding summary of the criteria
pollutant emissions impacts of CNG and LNG use in heavy duty diesel vehicles, along
with the air toxics emissions and multimedia impacts for these natural gas fuels.

Figure 3-19. Criteria Pollutant Emissions for CNG Vehlcles
(2012 New Vehicle Stock)
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Figure 3-20. Criteria Pollutant Emissions for LNG and CNG
Urban Buses (2012 New Vehicle Stock)
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Figure 3-21. Air Toxic Contaminant Emissions for CNG
Vehicles (2012 New Vehicle Stock)

@ Diesel PM O Benzene  1-3 Butadiene & Formaldehyde O Acetaldehyde

CNG, LNG, Remote
NG: ICEV

WTW. 2012 LDAMY Starl 204 0G04

CNG, NA Natural Gas:
ICEV

RFG, Marginal: ICEV

i i i

0.000 0.005 0.010 0.015 0.020 0.025 0.030
WTW Welghted Toxlc Air Contaminant (g/mi)

34



Figure 3-22. Air Toxic Contaminant Emissions for LNG and
CNG Urban Buses (2012 New Vehicle Stock)
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Table 3-13. Pollution Impacts of CNG Vehicles

Parameter

Pollutant Impact

Criteria Pollutants

Primary WTT emission sources are natural gas engines and electric
power plants for compression, however these are negligible
compared to vehicle emissions.

Toxics

Benzene, 1-3 butadiene, and diesel PM are reduced compared with
conventional fueled vehicles.

PM49 emissions from CNG/LNG heavy duty engines are counted as
diesel PM for air toxicity purposes. This assumption may be
revisited, however for newer engines, the bulk of the PM is from
lube oil combustion — same for CNG/LNG.

Formaldehyde from power plants and engines contributes to WTT
emissions.

Tanker ship emissions for remote NG case are included in PMyg
however these are negligible compared to vehicle emissions.

Multimedia Impacts

o (Gaseous fuel, spills do not affect water systems.
+ Tankers used to haul LNG from remote NG.

Comparison Passenger Car HDV
Criteria Pollutants VOC 72% reduction VOC 72% reduction
NO, 12% to 19% reduction NOQO, 0 to 4% reduction
Weighted Toxics
2012 38% to 95% reduction 1% to 6% reduction
2022 36% to 95% reduction 0 to 5% reduction

Multimedia Impacts

Over -90% hydrocarbon spills
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Table 3-14. Pollution Impacts of LNG Vehicles

Parameter

Pollutant Impact

Criteria Pollutants

» Primary emission source is natural gas engines and electric power
plants for compressicn

Toxics

* Benzene, 1-3 butadiene and diesel PM are reduced compared
with conventional-fueled vehicles.

¢ Formaldehyde from power plants and engines contributes to WTT
emissions.

* Tanker ship emissions for remote NG case are included in PMyg,
but are negligible compared to vehicle emissions.

* PMqg emissions from CNG/LNG heavy duty engines are counted
as diesel PM for air toxicity purposes. This assumption may be
revisited, however for newer engines, the bulk of the PM is from
lube oil combustion ~ same for CNG/LNG.

Multimedia Impacts

o Gaseous fuel, spills do not affect water systems.
e Marine vessels haul LNG from remote natural gas.

Comparison

HDV

Criteria Pollutants

71% to 73% VOC reduction
1% to 2% PMyp reduction
4% increase to 5% decrease in NO,

Weighted Toxics
2012
2022

1% increase to 4% reduction
1% increase to 4% reduction

Multimedia Impacts

Over -90% hydrocarbon spills

Electricity

This subsection presents the results for mid-size passenger electric vehicles. Figures 3-
23 and 3-24 present the WTW energy consumption and GHG emission results for each
of the electricity cases evaluated as well as for baseline gasoline vehicles. Table 3-15
summarizes the energy and GHG impacts for this fuel, noting the impacts for both on-
road vehicles and off-road (forklifts) equipment. Figure 3-25 and 3-26 provide the
criteria pollutant and air toxic emission impacts of electric vehicles, respectively. These
results are summarized for both on-road and off-road vehicles in Table 3-16 along with
the air toxics emissions and multimedia impacts. Note that new vehicle stock WTW
emissions are presented here.
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Figure 3-23. WTW Energy Consumption for Midsize
Electric Vehicles (2012 New Vehicle Stock)
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Figure 3-24. WTW GHG Emissions for Electric Vehicles
(2012 New Vehicle Stock)
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Table 3-15. Energy and GHG Impacts of Electric Vehicles

Parameter Enefgy and GHG Impact

Energy Factors Almost no petroleum in the fuel cycle.

Growth in renewable power

Option to buy larger fraction of renewable power

Improvement in fuel economy for PHEV operating on gasoline
Reduced energy consumption in forklift applications due to high
efficiency at idle and low load

« WTW energy use dependent on primemover efficiency. For
example, the SCCT, coal IGCC and NG CCCT generators have
HV efficiencies of 31%, 40% and 52% respectively.

GHG Factors + Natural gas combined cycle represents best estimate of
permanent sustainable load growth

» Natural gas combined cycle/RPS mix results in a GHG intensity
of 460 to 490 g/kWh

¢ Constraints on California power purchase assure GHGs
consistent with NG CCCT

¢ Night-time charging from wind power could support growth in
RPS and help eliminate need for idling standby generation

Comparison Battery Electric Car PHEV Car Forklift vs. LPG
Energy Impact
Petroleum 99.8% reduction 60% reduction 99.8% reduction
Fossil 65% reduction 46% reduction 61% reduction
GHG Impact 72% reduction 48% reduction 65% reduction
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Figure 3-25. Criteria Pollutant Emissions for Midsize
Electric Vehicles (2012 New Vehicle Stock)
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Figure 3-26. Air Toxic Emissions for Midsize Electric
Vehicles (2012 New Vehicle Stock)
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Table 3-16. Pollution Impacts of Electric Vehicles

Parameter

Pollution Impact

Criteria Pollutants

o Zero exhaust emissions from battery electric vehicles

e PHEVs can be equipped for all electric operation; however the
trend is to provide vehicles with smaller electric drive systems that
operate in blended mode

» Emission certification of blended mode vehicles could be lower
than other vehicle categories. These vehicles could then
contribute to meeting the automakers mix

» Offset requirements on stationary sources limit NO, and VOC
emissions from power plants.

o Tire and brake PM¢¢ emissions dominate WTW PM4o emissions.
The PMyo from electric power generation is a very small fraction of

- WTW PMyo emissions, and would likely be offset (0) in many
instances.

Toxics » Benzene, 1-3 butadiene, and diesel PM are eliminated compared
with conventional vehicles

» Formaldehyde from power plants and engines contributes to WTT
emissions but toxic emissions are well below those for
conventional fuels

Multimedia Impacts | « No fuel spills associated with electric operation
¢ No engine oil spills with battery EVs
* Smaller engine and less fuel and oil consumption for PHEVs

Comparison Battery Electric Car PHEV Car Forklift vs. LPG
Criteria Pollutants PM1o: 11% decrease | PMjyo: 8% decrease PM10: 10%
96% to 99% 62% decrease for reduction

decrease for other
pollutants

96% to 99%
decrease for other
pollutants

96% reduction 59% reduction 85% reduction

Over 90% reduction from reduced hydrocarbon spills

other pollutants

Weighted Toxics

Multimedia Impacts

XTL Fuels

This subsection presents the results for heavy duty diesel vehicles operated on Gas-,
Biomass- and Coal- to Liquid (XTL) fuels. Because a 30 percent blend of XTL with
diesel can be utilized in unmodified vehicles, the blends are shown for all model years in
the inventory. The GTL100 case requires a new vehicle, so only model year 2010 and
newer are considered. The ULSD baseline for both existing stock and new stock are
provided on the plots for reference. Figures 3-27 and 3-28 present the WTW energy
consumption and GHG emission results for the XTL fuels evaluated as well as for
baseline diesel vehicles. Table 3-17 summarizes the energy and GHG impacts for these
fuels. Figures 3-29 and 3-30 provide the criteria and air toxic emission impacts of using
GTL fuels in heavy-duty diesel vehicles. These results are summarized in Table 3-18
along with the air toxics emissions and multimedia impacts.
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Figure 3-27. WTW Energy Consumption for XTL Urban
Buses
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Figure 3-28. WTW GHG Emissions for XTL Urban Buses
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Table 3-17. Energy and GHG Impacts of XTL Vehicles

Parameter

Energy and GHG Impact

Energy Factors |

Almost no petroleum in the XTL100 fuel cycle, but total energy

consumption is higher than the basecase.

GTL provides an alternative pathway to import remote natural gas,
which represents most of the energy in the fuel cycle.
Dedicated FT100 engines can be built with potential efficiency (3%
improvement in efficiency over diesel assumed here).

GHG Factors

s Slight decrease in carbon intensity of fuel compared with diesel.
+ Current GTL technology results in an increase in GHG emissions with

the refinery energy allocation used in this analysis.
Future GTL systems will be more efficient and achieve parity with

diesel fuel.
o BTL30 results in GHG reductions.
Comparison GTL30 BTL30 CTL30 CCS
Energy Impact
Petroleum 29% reduction 28% reduction 28% reduction
Fossil Fuel 12% increase 28% reduction 20% increase
GHG Impact 4% increase 28% reduction 5% increase

Figure 3-29. Criteria Pollutant Emissions for XTL Urban
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Figure 3-30. Air Toxic Contaminant Emissions for XTL
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Table 3-18. Pollution Impacts of GTL Vehicles

Parameter

Pollution Impact

Criteria Pollutants

¢ Primary WTT emission source is natural gas engines and electric
power plants for compression, but these are dominated by vehicle
emissions.

* FT30 blends provide reductions in criteria pollutant emissions from
existing stock.

o Assumed that the new FTD100 vehicle not optimized to exceed
existing emission standards, therefore no improvement over diesel.

Toxics

s Benzene, 1-3 butadiene, and diesel PM are reduced compared with
conventional-fueled vehicles because FT fuels contain no aromatics.

Multimedia Impacts

¢ Hydrocarbon fuel with similar distribution network as diesel. Zero
aromatics content.

Comparison GTL30 UB BTL30 UB CTL30 CCS UB
Criteria Pollutants
VOC 23% reduction 21% reduction 23% reduction
CcO 16%reduction 14% reduction 16% reduction
NO, 5% reduction 4% reduction 5% reduction
PM1g 7% reduction 6% reduction 7% reduction

Weighted Toxics

7% reduction 6% reduction 7% reduction

Multimedia Impacts

Same hydrocarbon spills
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Hydrogen

This subsection presents the results for light-duty {mid-size passenger car) hydrogen
fueled vehicles. Figures 3-31 and 3-32 present the WTW energy consumption for
midsize vehicles and urban buses. Figures 3-33 and 3-34 provide the corresponding
GHG emission results. Table 3-19 summarizes the energy and GHG impacts for this
fuel, noting the impacts for on road light-duty and heavy-duty (fuel cell bus) vehicles,
and off-road (forklifts) equipment.

Figures 3-35 and 3-36 provide the criteria pollutant emission impacts of the midsize
vehicle and urban bus cases evaluated, respectively. Finally, Figures 3-37 and 3-38
provide air toxic contaminant results. The criteria pollutant and air toxic contaminant
results are summarized in Table 3-20 for passenger car, forklift, and fuel cell bus
applications, along with the air toxics emissions and multimedia impacts.

Figure 3-31. WTW Energy Consumption for Hydrogen
Midsize Vehicles (2012 New Vehicle Stock)
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Figure 3-32. WTW Energy Consumption for Hydrogen
Urban Buses (2012 New Vehicle Stock)

| @ Petroleum Natural Gas Coal O Non Fossil

H2, 70% Renewable, Electrolysis: FCV /77777777777 . ::
H2. Grid Electrolysis: FCV
H2, Onsite NG SR, Ren Power: FCV | |

W 2012 UBMY Start 2010612

H2. Onsite NG SR: FCV :
H2, Biomass, Pipeline: FCV W : ! : ]
H2. NG SR, Pipeline: FCV :
H2, Coal, Sequestration: FCV F,%|
H2, NG SR, LH2, Ren Power: FCV 5
H2, NG SR, LH2: FCV l

Diesel, CAULSD: ICEV | Y

0 10 20 30 40 50 60 70 80
WTW Energy (MJ/mi)

Figure 3-33. WTW GHG Emissions for Midsize Hydrogen
Vehicles (2012 New Vehicle Stock)
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Figure 3-34. WTW GHG Emissions for Hydrogen Urban

Buses (2012 New Vehicle Stock)
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Table 3-19. Energy and GHG Impacts of Hydrogen Vehicles

Parameter

Energy and GHG Impact

Energy Factors

e Almost no petroleum in the fuel cycle.

» Option to produce hydrogen from a variety of fossil and
renewable resources

* Growth in renewable power for compression, liquefaction, or
electrolysis

¢ Option to buy larger fraction of renewable power for electrolysis
or power portion of other pathways

» Forklift applications likely to be based on electrolysis fuel supply
because of low fuel usage

» Improved energy efficiency in forklifts with reduced idle fuel
consumption offsets some of the energy losses from electrolysis

GHG Factors

¢ Low carbon intensity of hydrogen vehicles reduces GHG
emissions

¢ Methane leaks in the fuel cycle (reforming pathways) are a
significant portion of WTT GHG emissions

Comparison

Fuel Cell Car Fuel Cell Bus

Energy Impact

Petroleum 99.7% reduction 99.6% reduction
Fossil Fuels :
Natural Gas H. 41% reduction 0% reduction
Biomass H, 89% reduction
Electrolysis H, 13% reduction
GHG Impact
0 .
Natural Gas 54% reduction 21% reduction
Biomass 91% reduction
Electrolysis 26% reduction
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Figure 3-35. Criteria Pollutant Emissions for Midsize
Hydrogen Vehicles (2012 New Vehicle Stock)
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Figure 3-36. Criteria Pollutant Emissions for Hydrogen
Urban Buses (2012 New Vehicle Stock)
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Figure 3-37. Air Toxic Emissions for Midsize Hydrogen
Vehicles (2012 New Vehicle Stock)
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Figure 3-38. Air Toxic Emissions for Hydrogen Urban Buses
(2012 New Vehicle Stock)
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Table 3-20. Pollution Impacts of Hydrogen Vehicles

Parameter Pollutant Impact

Criteria Pollutants e Zero exhaust TTW emissions from fuel cell and only NO, emissions
from ICEV

e PM emissions from hydrogen reformers result in comparable or
lower WTW emissions

¢ Offset requirements on stationary sources limit WTT NO, and VOC
emission. Emissions from small onsite reformers are still very low.

+ PM from electric power generation contributes to the fuel cycle

¢ Diesel PM emissions from LH2 truck are comparable to those for
distributing fossil fuels as FCV uses 2x less energy

Toxics + Benzene, 1-3 butadiene, and diesel PM are eliminated compared
with conventional vehicles

+ Formaldehyde from power plants and engines contributes to WTT
emissions but weighted toxics emissions are well below those for
conventional fuels

Multi-media Impacts | e« Gaseous fuel, spills do not affect water systems.
¢ No engine oil leaks with FCVs
* No diesel used to haul fuel except LH2 pathways

Comparison Passenger Car Fuel Cell Bus
Criteria Pollutants 1% to 13% PM4g reduction 48% reduction in PMqg
96% to 99% reduction in all 93% to 96% reduction in all other
other pollutants pollutants
Weighted Toxics greater than 99% reduction
Multi-media Impacts Over 90% reduction in hydrocarbon spills

Synthetic Fuels (Methanol and DME)

This subsection presents the results for the heavy-duty vehicle (urban bus) cases
evaluated using the synthetic fuels methanol and DME. Figures 3-39 and 3-40 present
the WTW energy consumption and GHG emission results for each of these cases as
well as for the corresponding baseline diesel vehicle. Table 3-21 summarizes the
energy and GHG impacts for these synthetic fuels. Figure 3-41 illustrates the criteria
pollutant emission impacts for the synthetic fuel evaluation cases while Figure 3-42
provides the air toxics results. These results are summarized in Table 3-22 along with
the air toxics emissions and multimedia impacts.
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Figure 3-39. WTW Energy Consumption for Synthetic Fuel
Vehicles (2012 New Stock)
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Figure 3-40. WTW GHG Emissions for Synthetic Fuel
Vehicles (2012 New Stock)
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Table 3-21. Energy and GHG Impacts of Methanol and DME

Buses

Parameter

Energy and GHG Impact

Energy Factors

Almost no petroleum in the fuel cycle.

Methanol and DME provide an alternative pathway to import
remote natural gas, which represents most of the energy in the
fuel cycles.

DME engines should have slight improvement in efficiency as no
PM after treatment is required.

Methanol fuel cell power train results in more efficient vehicle
offsetting increased energy use in fuel cycle.

GHG Factors

* Fuel grade DME plants have not been built yet.
¢ Improvements in methanol fuel cycle is possible with dedicated

Low carbon intensity of fuel compared with diesel but more GHG
emissions in the fuel cycle.

fuel grade methanol plant.

Comparison DME UB Methanol Fuel Celi UB
Energy Impact
Petroleum 95% to 97% reduction 97% to 98% reduction
Fossil Fuel

Remote NG 29% increase 3% increase

CA Poplar 95% reduction 33% reduction -

Coal CCS 62% increase 18% increase
GHG Impact

Remote NG 3% increase 18% reduction

CA Poplar 94% reduction 96% reduction

Coal CCS 6% increase 17% reduction
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Figure 3-41. Criteria Pollutant Emissions for Synthetic Fuel

Vehicles (2012 New Stock)
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Figure 3-42. Air Toxic Contaminant Emissions for Synthetic
Fuel Vehicles (2012 New Stock)
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Table 3-22. Criteria Pollutant Impacts of Methanol and
DME Buses

Parameter Pollution Impact

Criteria Pollutants ¢ Primary WTT emission source is natural gas engines and
electric power plants for compression.

* DME has a solvable VOC problem similar to LPG (GREET
artifact does not show for coal, but shouid also be high).

Toxics ¢ Benzene, 1-3 butadiene and diesel PM are reduced compared
with conventional fueled vehicles.

Multi-media Impacts | « Gaseous DME does not affect water systems.
* Methanol rapidly biodegrades.

Comparison Heavy Duty Bus
Criteria Pollutants Reduction in PM, with declining benefit as diesel technology
improves
Weighted Toxics DME ~40% reduction
Methanol FC Bus ~90% reduction

Multi-media Impacts | Over -90% hydrocarbon spills

LPG

This subsection presents the results for mid-size passenger LPG-fueled vehicles.
Figures 3-43 and 3-44 present the WTW energy consumption and GHG emission
results for each of the LPG vehicle cases evaluated as well as for the corresponding
baseline gasoline vehicle. Table 3-23 summarizes the energy and GHG impacts for this
fuel. Figure 3-45 provides the criteria pollutant emission impacts of LPG vehicles. These
results are summarized in Table 3-24 along with the air toxics emissions and multimedia
impacts.
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Figure 3-43. WTW Energy Consumption for LPG Vehicles
(2012 New Vehicle Stock)

WTW Energy (MJ/ml)

Figure 3-44. WTW GHG Emissions for LPG Vehicles (2012
New Vehicle Stock)

| mTTW  OWTT |,
| :
LPG, Natural Gas: 5
ICEV g
|
Il
:
LPG, Petroleum: ICEV
RFG, Marginal: ICEV
GHG includes CHy, K0
GWPI:‘:E;I:;( per IP:')C 0 100 200 300 400 500
£0 and HC as CO; Weighted GHGs (g/mi)

56



Table 3-23. Energy and GHG Impacts of LPG Vehicles

Parameter Energy and GHG Impact

Energy Factors » Byproduct of natural gas processing or crude oil refining.

s Low allocation of refinery energy to LPG because it is a
byproduct and refinery units are not built to increase LPG output.

¢ California LPG is exported to Mexico. Displaced products and
elasticity of demand should be examined.

¢ Spark ignited engines can achieve energy equivalent
performance for light-and medium-duty vehicle applications.

GHG Factors e Low carbon intensity of LPG fuel and low WTT energy input
reduce vehicles GHG emissions.
Comparison LPG (petroleum) LPG (natural gas)

Energy Impact
Petroleum 5% reduction 98% reduction
Fossil Fuel 9% reduction 12% reduction
GHG Impact

2012 18% reduction 20% reduction

2022 18% reduction 19% reduction

Figure 3-45. Criteria Pollutant Emissions for LPG Vehicles
(2012 New Vehicle Stock)
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Figure 3-46. Air Toxic Contaminant Emissions for LPG
Vehicles (2012 New Vehicle Stock)
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Table 3-24. Pollution Impacts of LPG Vehicles

Parameter

Pollution Impact

Criteria Pollutants

» Vehicle exhaust is comparable to gasoline vehicle.
¢ Lower energy inputs in fuel cycle
» LPG transported by rail and distributed by truck — higher urban NOy in

the near term

Venting losses from product and vehicle storage tanks result in over
10 times the HC emissions compared with gasocline

Emission regulations do not require limiting venting losses. Codes for
vehicles and ASME vessels would need to be modified.

Propylene, a smog precursor from refinery based LPG, can be
blended with natural gas based LPG to meet vehicle specifications.
Otherwise LPG with high propylene is sold to stationary market.

Toxics

Benzene and 1-3 butadiene are reduced compared with conventional
fueled vehicles

WTT diesel PMqg ~ 10x higher for LPG case due to locomotive/truck
transport assumptions. Vehicle diesel PM1p = 0.

Multi-media Impacts

Gaseous fuel, spills do not affect water systems.

Comparison LPG (petroleum) LPG (natural gas)
Criteria Pollutants
VOC 7X increase 5X increase
CO 0 0
NO, 3% increase 26% increase
PM1o 0 0
Weighted Toxics 74% reduction 78% increase

Multi-media Impacts

Over -90% via reduction of hydrocarbon spills
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CHAPTER 4 DISCUSSION

The WTW analysis illustrates the key effects of alternative fuels on energy impacts,
GHG emissions, criteria pollutant emissions, air toxics emissions, and multimedia
impacts. Effects that reflect dominant assumptions, or key points of the analysis, or
require further attention are discussed here. Again, tables that document the effects of
the scenario years on energy inputs and emissions results for the fuel and vehicle
combination discussed in this chapter are given in the Appendix.

Energy Inputs

Energy inputs are largely driven by vehicle efficiency and process energy inputs for fuel
production. For many fuels, the energy inputs for fuel production facilities are well
understood with key questions related only to changes in energy efficiency or process
parameters. However, a wider range of uncertainty exists for biofuels because of the
wide range in agricultural practices and the assumed allocation of the energy inputs to
byproducts.

Petroleum Production and Refining

A wide range of petroleum processing pathways provide gasoline and diese! fuels for
the United States. A combination of trends in fuel production and distribution affects the
carbon intensity of gasoline and diesel. Some of the factors affecting petroleum fuels
include:

* Use of heavy oil from locations including Venezuela is increasing. Venezuelan
gasoline is distributed to the U.S. government defined (and used by DOE’s
Energy Information Agency [EIA] Petroleum Administration for Defense District
[PADD] 2) and does not actually reach California. Similarly, petroleum produced
from tar sands requires significantly higher energy to extract and process the
feedstock to gasoline. Again, Canadian tar sands based fuel does not reach
California and is distributed to PADD 3.

e The question of refinery energy inputs and allocation to petroleum products
remains uncertain. Aggregate data from EIA can be used to determine the
energy inputs for gasoline production. However the allocation of energy to
products is more complex. Refinery models have typically been used to identify
the energy used by refinery unit and relate that to the product slate. New refinery
modeling to support the Energy Commission and EPA is ongoing.

¢ European refineries are configured to produce a larger fraction of diesel fuel than
gasoline. Producing additional diesel could enhance the efficiency of the refinery
or reduce the sales of CARBOB to California. These considerations support a
range in refinery efficiency estimates from 84 to 90 percent. The WTT GHG
emissions decrease by 5 percent for every percentage point increase in refinery
efficiency. A 5 percent change in WTT GHG emissions yields a one percent
change in WTW GHG emissions.
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Alternative Fuel Production

A variety of alternative fuel production options have been analyzed. Not all of these
options are built on a commercial scale, and some of the options may not receive
sufficient investor interest to become commercially viable.

Power Generation

Electricity generation factors into the WTW analysis as both a feedstock and a fuel. In
both cases, this marginal analysis assumed that the electricity would come from new
generation capacity. A variety of marginal electricity scenarios were evaluated ranging
from an entirely renewable mix and the current average grid mix in California. The true
marginal power generation has been assumed to be combined cycle natural gas
combustion turbines with the California Renewables Portfolio Standard (RPS) imposed
upon it. While this may be approximate in the near term, it is considered to be accurate
once the new demand is adequately understood and planned for by the utilities. In the
near term, an argument can be made that the new load would be served entirely by
natural gas fired combined cycle combustion turbines. WTW results for both cases are
provided.

Having said this, the resources used {0 achieve the RPS standard (wind, solar,
geothermal, biomass combustion) drive the results. In the analysis we assumed that
non-combustion renewable resources would satisfy the RPS (wind, solar, geothermal).
If a significant portion of the RPS resources come from biomass boilers, the WTW
criteria pollutant emissions will increase proportionally. The reader may perform this
estimate using the data available in the appendices to the WTT and WTW reports. The
WTT results for biomass combustion based electricity assume new units equipped with
Best Available Control Technology including ESP/Fabric Filters for PM, SCR for NO,,
and oxidation catalysts for CO/VOC. Moreover, if they are located in non-attainment
areas, they will be required to offset annual emissions of each non-attainment pollutant
(NO, and VOC), resulting in no net emission increase. Emissions of PM4, would likely
also be offset in most areas of California, but power plant emissions for PM4g (very
small) are included in the WTT and WTW values.

Another subtlety of the RPS requirement is the heavy reliance on wind power.
Experience in Texas shows utilities are currently subject to an RPS-like requirement, in
that a certain percentage of power sold must come from renewable resources. A
counterproductive result of this requirement is that intermittent supplies of wind power
require operation of natural gas-fired boilers to run at low loads simultaneously, ready to
ramp up to cover periods when the wind generators stop producing power. One might
therefore argue that wind power is not zero emission.

However, using vehicle-to-grid technology and smart-charging, EVs and PHEVs have
the capacity to counteract this result. EVs and PHEVs can be charged with intermittent
generation, and market penetration of these vehicles will therefore facilitate additional
wind generation to be brought online. Within the timeframe this analysis covers, vehicle
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owners will likely also be able to seli power to the grid, reducing the need to provide
backup for intermittent resources.

WTT Modeling

Results for the WTT analysis depend on dominant assumptions regarding process
energy inputs and allocation of byproducts. Some of the details of WTT analysis are
computationally complex, but these have only a modest impact on the overall fuel cycle
results. For example, fuel cycle energy inputs also depend on the complex interaction of
fuels that support the fuel chain and the second order energy inputs associated with fuel
production. These second order effects are important primarily only for diesel, natural
gas, electricity and gasoline; even then the contribution toward WTW energy is small.
Thus, many times these effects were only qualitatively characterized.

It is apparent from the analysis in this project that different fuel cycle modeling tools
provide very similar results. Key differences in the assumptions typically involve
allocation to byproducts and assumptions on land use impacts.

Transportation Logistics

Transportation distances and logistics also affect total WTT energy, but the energy
inputs represent at most 6 percent of the fuel cycle. The differences in transportation
options that were analyzed for the different fuel options has a significant effect on local
criteria pollutant emissions but only a modest effect on energy inputs and GHG
emissions. The emissions associated with fuel transportation were determined in the
WTT report for a variety of delivery modes. Differences between ship and rail transport
as well as transportation distances have a significant effect on the WTW diesel PM and
weighted air toxics emissions. In some instances the emissions for fuel production
inside California are higher, while the emissions outside California are higher for other
fuels. The emissions in California non-attainment areas are grouped into the urban
emissions category in the GREET model for North America. Thus, the breakdown of
emissions by fuel delivery mode can only be determined using the GREET model
configured for California boundaries.

Greenhouse Gas (GHG) Emissions

A broad range of factors contributes to WTW GHG emissions. These include:

e WTT energy inputs and carbon intensity (as measured by its fractional carbon
content) of the finished fuel.

Vehicle energy consumption.

Vehicle and WTT equipment N2O emissions.
Releases of N,O from agriculture.

Credit for byproduct energy.

Credit for byproduct agricultural products.
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The analysis covered a range of fuel production pathways that were intended to
examine the range of possible GHG impacts. In addition to the process related
emissions, a fuel cycle analysis ideally shouid also take into account the following:

¢ Impact of land use changes on short-term releases of carbon.
e FEffect of displacement of products.

The analysis here represents the energy and pollution impacts that are directly related
to fuel production and use. The impact of displaced products and land use changes was
outside the boundary of the present study, but they do need to be addressed on a case-
by-case basis and clearly added to the analysis results as a separate item.

Criteria Pollutant Emissions

The analysis discussed in this report considers criteria pollutant emissions from
stationary and mobile sources within California. Emissions associated with
transportation of fuels by truck, rail, and tanker ship are anticipated to decline as Tier 4
Standards, requiring selective catalytic reduction (SCR) for NO, control and particulate
filters for PM control, are adopted and implemented. Tier 4 standards have been
adopted for on-road heavy-duty vehicles and are currently being developed by EPA for
marine and rail engines. These adopted and projected standards were employed in the
present analyses.

New alternative fuel production facilities located in California will need to go through
New Source Review permitting. Because most of California urban areas are classified
as ozone non-attainment areas, these new facilities will be required to install Best
Available Control Technology (BACT) for all criteria pollutants and to offset their NO,
and VOC emissions by surrendering emission reduction credits (ERCs) to the local
permitting agency. In most cases, the ERC to emission ratio is more than one, meaning
that the emissions are more than offset by the surrender of ERCs. The net effect is that
local NO, and VOC emissions will not increase due to installation of new alternative fuel
production facilities because the regulations in place will not allow such incareases.

One anomaly associated with the adopted protocol of only accounting for criteria
pollutant emissions produced within California is that it unfairly favors out-of-state
alternative fuel production. in general, it is assumed that criteria pollutant emissions
from California facilities will be lower than equivalent facilities outside California.

One area identified for further investigation is the PM emission factor for natural gas
combined cycle combustion turbines (CCCTs). The emission factor used for these units,
was taken from a single source test report. While the factor used is considered more
accurate than the significantly higher AP-42 value, a survey of additional source test
data should be undertaken. Another subtlety for PM4o emissions is that the stationary
sources quantify particulate matter emissions with an entirely different method than
mobile sources. The stationary method employs a sampling train that catches both solid
particulate matter (the filter catch) and condensibles {nitrates and sulfates). While the
mobile source method catches some condensibles as well, it is not clear whether the
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two methods yield results that are additive. For this analysis, it has been assumed that
PM,0 emissions from stationary and mobile sources are equivalent and may be added
together.

Gasoline vehicle fuel economy, power plant efficiency, and transmission losses play
significant roles in CO, emissions from EV operation. Because total non-methane
organic gases (NMOG) from EV operation are very low, variations in these parameters
have a limited effect on total NMOG. However, the sensitivity of power plant efficiency
on CQO, emissions is a significant issue. An Energy Commission analysis indicates an
energy consumption of 8,700 Btu/kWh for a new power plant while representatives of
the utility industry indicate this value should be below 7,000 Btu/kWh (HHV basis). In
fact, the average heat rate for existing California CCCTs in 2005 was under 7500
Btuw/kWh (HHV). A key parameter in the marginal heat rate for EV operation is the total
generation capacity. The Energy Commission's analysis is based on future reserve
margins being lower than historical levels as deregulation wouid tend toward lower
operating costs. However, low reserve margins also result in pressure on power prices.
[n practice, more power generation capacity will be required in California regardless.
Thus, increased generation capacity would tend to increase the number of new high
efficiency power plants.

Air Toxics Emissions

WTW air toxics emissions are compared on a weighted basis in Figure 4-1. The
weighting factor is based on ARB'’s unit risk factors for air toxic contaminants. The
weighting factor is the ratio of the unit risk factors normmalized to the risk factor for
formaldehyde. The primary sources of marginal toxic emissions include diesel exhaust
from transportation fuels, spilled gasoline and E-85 (a source of benzene and

1-3 butadiene), diesel fuel as a source of PAHs, and power plant emissions. Oil
refineries are also a leading source of toxic air contaminants in California; however,
these emissions would not change with a modest growth in alternative-fueled vehicle
use. The air toxic emissions are proportional to NMOG emissions, with additional diesel
PM from truck, rail, and ship transport. Toxic emissions for liquid fuel delivery are driven
to a large extent by transportation assumptions. Liquid fuels requiring significant rail and
truck distances result in higher diesel PM emissions. E-85 toxic emissions are notably
high because of the additional truck delivery legs associated with product delivery,
combined with the lower energy density of the fuel. Emissions from petroleum based
LPG are lower than natural gas based LPG because of the significantly shorter
transport distances.
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Figure 4-1. Urban California Weighted Air Toxics
Emissions for New Passenger Car Vehicles
(2012 New Stock)
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Effect of Scenario Year

A variety of factors affecting the WTW emissions impact the results over the range of
scenario years (2012, 2017, 2022, and 2030) that were analyzed. The key factors
affecting energy inputs, GHG emissions, and criteria pollutants are:

Roll in of the RPS to 33 percent for California power generation.

Introduction of CO; emission regulations on passenger cars and light trucks.
Improvement in battery technology and power electronics for electric vehicles.
Improvements in fuel and agricultural production technologies.

Improvement in the thermal efficiency of natural gas combined cycle power
plants.

Improvement in GTL plant efficiencies.

Reduction in nitrogen input and expansion of no till corn farming.
Modest improvement in methanol and hydrogen reforming technologies.
Introduction of fuel-grade DME plants.

Improvement in cellulosic conversion yields and reduced enzyme inputs for
ethanol production.

Introduction of hydrogen pipelines.

Introduction of advanced synthetic fuel and hydrogen technologies including
biomass and coal gasification. '

e Reduction in vehicle emissions for the average fleet mix, which would include a
larger mix of ZEV vehicles and low emission diesel technologies.
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e Reduction in heavy-duty truck emissions used to transport fuel and possible
reductions in other goods movement emissions.

Roll in of light-duty vehicle ORVR evaporative control systems.

Aging of new technologies (assumed to be introduced in 2010) with a growth in
vehicle emissions due to deterioration.

The effects of key time dependent parameters in the analyses are illustrated in

Figures 4-2 through 4-4 for new gasoline fueled vehicles. The vehicle stock considers
all model years 2010 and newer. Therefore by 2030, there are 20 year old vehicles in
the inventory. This fleet aging is the reason the criteria pollutant emissions increase
over time. The trends in GHG emissions over time are also illustrated for biomass
ethanol, CNG, PHEV passenger cars, and GTL fueled buses in Figures 4-5 through 4-8.

Figure 4-2. WTW Energy Inputs for Gasoline Passenger .
Cars (MY2010 and newer)
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Figure 4-3. WTW GHG Emissions for Gasoline Passenger
Cars (MY2010 and newer)
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Figure 4-4. WTW Criteria Pollutant Emissions for Gasoline
Passenger Cars (MY2010 and newer)
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Figure 4-5. WTW GHG Emissions for Biomass Based E-
85 Passenger Cars (MY2010 and newer)
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Figure 4-6. WTW GHG Emissions for CNG Passenger Cars
(MY2010 and newer)
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Figure 4-7. WTW GHG Emissions for PHEV Passenger Cars
(MY2010 and newer)
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Figure 4-8. WTW GHG Emissions for Natural Gas Derived
- FTD30 Buses (MY2010 and newer)
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Key WTW Sensitivities

This full fuel cycle analysis is relatively complex, with many assumptions made about
new and evolving processes. A rigorous sensitivity analysis was not possible within the
time constraints of this analysis. To a certain extent, the number of different cases
analyzed here helps us understand the impacts of various assumptions. However, to
shed a bit more light on key assumptions and their impact, a simple sensitivity study
done at the WTT level are extended here to WTW results. Key variables tested and
their results are:

Refinery efficiency for RFG production. The refinery efficiency was varied from 82.1
percent to 86.1 percent with a WTT GHG impact of 5 percent. This impact translates to
a WTW GHG impact of 1 percent.

Marine transport distance of marginal RFG. The transport distance was varied from
5000 miles to 10,000 miles with a WTT GHG impact of 0.8 percent per 1000 miles. This
impact translates to a WTW GHG impact of 0.2 percent per 1000 miles of marine
transport.

Ethanol corn processing efficiency. The efficiency was varied from 30,000 to 34,000
Btu/gal. The WTT GHG impact of processing efficiency is 56 percent per 1000 Btu/gal
change. This translates to a WTW GHG impact for E-85 of 3.9 percent per 1000 Btu/gal.

Biomass ethanol consumed as process energy. The percent consumed was varied
from 40 to 50 percent with a WTT GHG impact of 0.1 percent per percent change in
consumption. This translates to an 0.03 percent impact per percent change in
consumption on WTW GHG emissions of E-85.

CNG Compressor efficiency was varied from 97.66 to 98.03 percent. The WTT GHG
impact of this change is 11 percent per percent change in refinery efficiency. This
translates to a WTW GHG impact of 1.7 percent per percent change in refinery
efficiency.

Multimedia Impacts

Water Impacts

Multimedia impacts result from a wide range of potential discharges to the environment
that could ultimately contaminate surface water, groundwater, and soil. These impacts
can include those from agriculture and fuel production, fuel transport, fuel processing,
and fuel delivery facilities. Water impacts such as from oil tanker spills or chemical run-
off from farming are discussed qualitatively for each fuel option in the WTT and TTW
reports.
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Agricultural Impacts

Agricultural impacts were not quantified on a per-unit-of-fuel basis because of the wide
range of agricultural practices, uncertainty over which fuels are displaced, and complex
rules governing agricultural activity.

Fuel Spill Impacts

Tanker ship, rail, truck, and pipeline spills are a source of hydrocarbons and other
chemicals entering waterways. The fates of the spills are very site-specific, and, again,
it can be difficult to provide an integrated assessment of the impact of these spills.
Clearly, hydrocarbon-based fuels have the greatest potential for water impacts. Alcohols
and biodiesel are more biodegradable and can be eliminated from the environment
more quickly than hydrocarbons. However the interaction between alcohols and
hydrocarbons in the soil may impact how hydrocarbon spills affect the environment.

The potential release of fuel during delivery or storage represents the dominant
potential environmental impacts. The second order full fuel cycle impacts of diesel fuel
spills are significantly less for fuels such as LNG, methanol, DME, hydrogen, and LPG
that are delivered by diesel truck. The diesel component for these fuels is less than

5 percent of the total fuel cycle energy.

Summary Multimedia Impacts

Therefore, in California, the most significant multimedia impacts correspond to the use
of hydrocarbon fuels. Engine oil spills and drips can contribute as much to water
impacts as fuels spills. Fuels that contain no petroleum hydrocarbons do not have a
substantial multimedia impact associated with their use in California.
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CHAPTER 5 CONCLUSIONS

This report provides an analysis of the impacts of transportation fuels on a full fuel cycle
basis. The analysis includes energy, GHG, criteria pollutant, air toxics, and multimedia
impacts. The analysis reflects fuels used, as well as the production of new fuel
conversion facilities in California subject to prevailing emission constraints. Energy
inputs and emissions correspond to vehicle technologies and fuel production
assumptions in the 2012 through 2030 timeframe.

WTW emissions were evaluated in the context of marginal emissions associated with
marginal altemnative fuel consumption or petroleum fuel displacement. A moderate use
of alternative fuels would displace finished petroleum fuels that would be imported to
California. Increments of altemative fuel use would displace emissions from fuel
transportation, vehicle fueling, and the use of marine vessels to import refinery blending
components into the state. Many alternative fuels would be produced outside of
California, so the marginal treatment of fuel production is consistent with that applied to
finished petroleum fuels.

Marginal emissions correspond largely to transportation and distribution impacts
associated with marine vessel activity, rail transport, fuel trucking, or distribution and
local vehicle fueling. New fuel production facilities and power plant emissions
attributable to incremental fuel production and use also contribute to the WTT impacts.

Vehicle emissions depend on vehicle energy consumption combined with the carbon
intensity of the fuel and emission factors for WTT processes. The emission estimates
shown here are consistent with ARBs projection for the existing vehicle stock for blend
fuel strategies and 2010 and beyond vehicle stock for new vehicle technologies.

Energy Input and GHG Emissions Conclusions

The energy inputs and GHG emissions are determined by the conversion efficiency and
carbon intensity of fuels. The study results are driven by the dominant assumptions
regarding vehicle efficiency and fuel production process energy inputs. These results
are consistent with others in terms of tracking the impacts of energy use and GHG
emissions. The key conclusions regarding GHG emissions are:

1. GHG emissions from fossil fuels depend on both the carbon content of the fuel
and process energy inputs.

2. Altemative fuel use effects on off-road equipment GHG emissions equipped with
internal combustion engines are comparable to the effects for on-road vehicles.

3. A wide range of GHG emission factors are achievable for various hydrogen and

electric generation pathways. Significant WTW GHG emission reductions are
largely due to the higher vehicle efficiency for electric drive technologies.
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4. An electric generation mix based on natural gas combined cycle power combined
with California’s RPS constraint is an appropriate mix for electric transportation
and the electricity inputs for fuel production. The use of renewable power allows
for the mitigation of GHG emissions from other processes, which is an option for
all fuel providers.

5. The results of the analysis show reductions in GHG emissions for electric
transportation on the order of 50 percent or greater for battery electric, plug-in
hybnid, and forklift applications. These results are due to the high energy
efficiency of electric drive technologies and the improvement in gasoline vehicle
energy consumption for plug-in hybrid applications. Hydrogen Fuel Cell Vehicles,
another form of electric drive technology, also reduce GHG emissions by more
than 50 percent and establishes that whether powered by batteries or fuel cells,
electric drive vehicles can significantly reduce energy use and emissions.

6. GHG emissions from biofuels production and use depend on agricultural inputs,
allocation to byproducts, and the level and carbon intensity of process energy
inputs.

The GHG emissions from biofuels production and use depend on many other factors.
Most important are changes in land use that vary substantially with scenario
assumptions. The analysis here provides only the vehicle emissions and WTT process
inputs employed. Impacts associated with changes in land use should be carefully
quantified and added to these values. Land use issues associated with a modest growth
in United States-based energy crops are likely to be somewhat insignificant because
energy crops are likely to replace other crops rather than expand the use of additional
land for agriculture. These economic impacts are consistent with producing 5 billion
gallons of ethanol per year in the United States. To the extent that this assumption
holds true, the impact of differing agricultural land uses represents a small portion of the
WTW impact.

The issue of deforestation needs to be examined with several biofuel options. In the
case of Brazilian ethanol, the sugar cane feedstock is not grown in the Amazon.
However, agricultural displacement effects should be documented. A large fraction of
the palm oil produced in the world is from areas with extensive tropical deforestation
and the sustainable use of this fuel needs to be evaluated further.

Criteria Pollutant and Air Toxics Emissions

The WTW analysis takes into account vehicle and fuel production emissions consistent
with vehicle operation in California. Vehicle emissions were based on ARB's EMFAC
model for existing and new vehicle stocks. WTT emissions were calculated for
California urban areas based on emission limits that apply to California stationary
sources and fuel delivery equipment. The key conclusions regarding criteria pollutant
and air toxics emissions are:

73



California places stringent requirements on vehicle emissions and fuels
properties. ARB requires that changes in fuel blends result in no increase in
emissions. Therefore, the primary change in critena pollutant emissions is
expected to occur in the WTT portion of the fuel cycle.

Some fuel blends such as biodiesel and FTD diesel result in a decrease in
criteria pollutant emissions in today’s vehicles. The effect on future vehicles is
being examined by ARB and others. lt is not clear whether the new engines will
be optimized to reduce emissions below standards or for fuel economy.

Assumptions regarding the marginal source of gasoline result in the attribution of
emissions to refineries and fuel production facilities outside California. New fuel
production facilities in California would be subject to stringent emission
constraints. In generai criteria pollutant emissions in California tend to0 decrease
for fuels that are produced in the state. However, emissions outside of California
are generally larger for imported fuels.

Emissions of NO,, VOC, and in some cases PM, would need to be offset from
new fuel production facilities in California. Obtaining permits and offsets and
installing emission control equipment will play an important role in the
construction of new fuel production facilities.

Emissions from marine vessel and rail transport are the dominant source of
fuel/feedstock delivery emissions in California. Agricultural equipment is also a
significant source of emissions for biofuels. For the assumed transportation
distances in California, delivery emissions from fuels transported by rail are
comparable to those imported by tanker ship on a WTW basis.

Diesel PM is the major contributor to weighted toxics emissions in California for
the marginal fuel production analyses. Therefore, fuels that are delivered by ship
or rail have the highest weighted toxics impact. This point is clearly
demonstrated in the difference between the two LPG production cases.

Criteria pollutant emissions for electric transportation are comparable to, or
lower than, those from conventional fuels. The lower emission levels result from
efficient new power plants that are required to offset NO, and VOC emissions
combined with very efficient vehicles. Emissions associated with the average
statewide generation mix are higher than the marginal mix, but are still below the
baseline vehicle.

Emissions from hydrogen reforming and gasification production facilities are
inherently low because the waste gas that is burned to generate process heat
consists primarily of CO and hydrogen. However, limited source test data were
identified to quantify these emission levels, especially PM.
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Fugitive losses and fuel spills are a source of benzene and 1-3 butadiene
emissions associated with gasoline as well as PAHs from diesel. These
emissions from fuel transport and delivery are largely eliminated with alternative
fuels use. The weighted impact of these fugitive and fuel spill losses is lower
than that of diesel PM associated with fuel delivery.

Multimedia Impacts

Fuel production and vehicle operations can result in significant impacts on rivers,
oceans, groundwater, and other water media. The significant sources of multimedia
impacts from vehicle operation include:

Engine oil leaks and illegal discharges

Tanker ship spills

Fuel spills from delivery trucks and vehicle fueling
Underground storage tank leaks

Agricultural runoff

Oil and gas production

The following multimedia impact conclusions are based on the analyses in this study:

Muitimedia impacts are difficult to compare in a unified manner because of the
wide range of release scenarios and impacted environments.

While agricultural activities are subject to oversight from environmental
agencies, the impacts are difficult to quantify in an integrated manner.

Oil and gas production results in significant potential multimedia impacts. These
impacts are subject to stringent regulation in the United States.

The potential for hydrocarbon releases are significantly reduced with the use of
non-hydrocarbon altermnative fuels.

Electric drive systems can reduce or eliminate engine oil losses, a significant
source of potential multimedia impacts as noted above.
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CHAPTER 6 RECOMMENDATIONS

Based on the information found in this study, the following are recommendations to
support the requirements of AB 1007 and advance efforts in performing full fuel cycle
analyses. The recommendations include those regarding analysis methods, data
collection, and system boundary considerations.

Analysis Methods

1. The GREET model served as a suitable tool to assess the transportation logistics for
conventional and alternative fuels production and distribution in California. The
GREET model was well suited for identifying the emissions associated with
agricultural, transportation, and electric power generation processes. The version of
the GREET model employed in this project should be maintained to support
continued investigations of criteria pollutant and GHG emissions impacts. The
analysis would be more transparent if emissions from California fuel production
facilities are treated as separate inputs to the model.

2. One study observation was that the WTT energy inputs and GHG emissions for
petroleum fuel use and electric power generation do not depend on the WTT
analysis for biofuels production and use (uniess large scale economic impacts
occur). Recursive second order WTT impacts are not an issue with typical biofuel
chains (fuel to make the fuel to make the fuel). The analysis of energy and GHG
emissions can be accomplished with simple tools that allow for a more detailed
examination of agricultural systems and boundaries. Therefore, static WTT
parameters from the GREET model or other fuel cycle models for diesel, electricity,
uncompressed natural gas, gasoline, and LPG production and vehicle fuel use,
combined with process data for alternative fuel production, agriculture, and chemical
inputs, can be incorporated into a simple database. A simple database approach can
be used when only energy and GHG emissions are of interest.

3. Vehicle N2O and methane emissions are treated as fixed grams per mile values.
This approach is neither convenient in terms of assessing the GHG intensity of a fuel
nor strongly supported by emission test data. Future efforts should be devoted to
developing GHG analysis metrics that incorporate the benefits of treating these
pollutants on a g/MJ basis, thereby enabling an assessment of a fuel's GHG
potential directly from WTT estimates.

4. Vehicle CO; emissions are directly linked to the carbon content of the fuel. For
biofuels, this CO, was recently removed from the atmosphere. CO, emissions from
biofuels should not be attributed to vehicle operation unless the analysis procedures
demonstrate that the CO; capture from the atmosphere is also accounted for. This
issue applies to the attribution of emissions for GHG inventory and accounting
protocols rather than fuel cycle analyses.
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The analysis in this study provides information to assess the emission impacts of
different fuel production pathways. The emissions inside and outside California, as
well as the location of marine vessel emissions should be taken into account when
assessing the impacts of criteria pollutant and toxics emissions.

Data Collection

6.

WTT results should continue to be reported with carbon in fuel as CO,. This
reporting method provides an overview of the potential GHG impact from all fuels
and prevents confusion when comparing fuels with varying carbon contents.

Even though CO; is a pollutant, the emissions are often not included in reports on
stationary equipment testing. The lack of CO, data makes further data analysis
challenging when the goal is to develop fuel specific emission factors. (For example,
some source test data only show mass emission rates such as Ib/hr). Analysts for
this project and many others must then estimate the fuel consumption (bsfc) of
equipment and the carbon content of the fuel. ARB should require emission testing
performed for stationary sources to include reporting of CO; emissions.

More data are needed to confirm natural gas combined cycle combustion tubine
PM;o emissions. It is widely recognized that the AP-42 emission factor is very high;
the value used in this analysis is from a single source test conducted at a combined
cycle plant outside of Sacramento (it is much lower than the AP-42 value). A
thorough review of available source test data is needed to better quantify this
parameter.

Data on emissions associated with hydrogen and synthetic fuel production facilities
should be further examined to better determine the emissions impact of these
facilities. In particular, source test results should be examined rather than using
inventory estimates. The values used in this report come from a single source test.

Boundary Considerations

10. Displacement effects are a key aspect of a fuel cycle analysis. The assumptions of a

11.

marginal analysis, California emission regulations, and offset requirements define
the outcome for criteria pollutants. The assumptions on emission boundaries should
always be identified.

Displacement effects also impact the use of energy avoided by using an aiternative
fuel. In the case of fuels and feedstocks with relatively small volumes in common
use as fuels (for example, digester gas, LPG, residential solar power), the attribution
of feedstocks to alternative fuels production and use should be carefully examined to
understand the best use of fuel feedstocks and displacement effects. Representing
the fuel cycle analysis with a well defined system boundary for each feedstock and
its significant displacement effects is a favorable approach. The alternative uses of
farmland in particular should be identified and evaluated.
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12.Changes in agricultural land use have a dominant impact on biofuel pathways. The
potential land use impacts should be quantified and shown as a separate component
of the WTT and WTW analysis. There is a need to provide measurements to support
sustainable agricultural practices and prevent tropical deforestation associated with
fuel production.
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APPENDIX A. CALCULATION RESULTS

The following tables and figures document the GREET model and other calculation
results that are shown in the figures included in Chapter 3 of this report. Figures that
detail the energy inputs, GHG emissions, criteria pollutant emissions, and air toxics
emissions in year 2012 are included for each conventional and alternative fuel
evaluated and discussed in the report: gasoline, ethanol, biodiesel, natural gas,
electricity, GTL fuels, hydrogen, synthetic fuels, and LPG. Following the 2012 results
figures for each fuel are figures that document the effects of the scenario years on
energy inputs and emissions results for the fuel and vehicle combinations discussed in
Chapter 4 of the report. Scenario year effects figures are given for gasoline passenger
cars, E-85 passenger cars, CNG passenger cars, PHEV passenger cars, diesel buses,
and natural gas derived FTD30 buses.

Each figure contains columns of results data for the vehicle/ fuel/ fuel production
pathways illustrated in the bar chart figures in the main body of the report. Each vehicle/
fuel/ production pathway given in the results figures is identified by an identifier termed
the WTT Case ID. Table A-1 in the following represents the key that associates each
WTT Case ID with the vehicle/ fuel/ production pathway description given in the bars
comprising the bar charts that summarize analysis results and discussion in Chapters 3
and 4 of the report.



Table A-1. GREET-CA Fuel Cycle Cases

WTT Case Region |
1D - . Code - - Description
BD23 1 BD20, MW SoyBean
C1 3 CNG, NA Natural Gas
C2 4 CNG, LNG, Remote NG
D1 4 Diesel, CA ULSD
D6 1 E-Diesel, MW EtOH
DM1 4 DME, Remote NG
el 3 Electricity, NG/RPS
e2 3 Electricity, Renewable, No Combustion
ed 3 Electricity, Renewable Mix
ed 3 Electricity, H, Pet Coke
E10 3 Electricity, NG/RPS, Night
E11 3 Electricity, CA Average
E12 3 Electricity, CA NG CC
E10 4 E-10, Corn, MW EtOH
E71 1 E-85, Corn, MW mix’BR
E72 1 E-85, Corn, MW Coal
E73 1 E-85, Corn, MW NG
E74 1 E-85, Corn, MW NG, Wet Feed
E75 3 E-85, CA Corn, Wet Feed
E76 3 E-85, CA Corn, Wet Digester
E78 3 E-85, CA Poplar, Cellulose
E79 3 E-85, CA Forest Residue
E81 ) E-85, CA Switch Grass
E84 3 E-85, Brazil Sugar Cane
ES8 1 E-90, MW mix/BR
F31 4 FTD30, Remote NG
F33 3 FTD30, CA Poplar
F34 3 FTD30, CA Coal
F35 4 FTD100, Remote NG
GO 4 RFG, 0 Oxygen
G1 4 RFG, CA Marginal
G5 4 RFG, Tar Sands
H1 3 Hz, NG SR, LH,
H2 3 H,, NG SR, LH2, Ren Power
H3 3 H., Coal, Sequestration
H4 3 H,, NG SR, Pipeline
H5 3 H,, Pet Coke, Pipeline
H6 3 H,, Biomass, Pipeline
H7 3 H;, Onsite NG SR
H8 3 H2, Onsite NG SR, 700 bar
H9 3 H., Onsite NG SR, Ren Power
H10 3 M., Grid Electrolysis
H11 3 H,, 70% Renewable, Electrolysis
L1 3 LNG, NA NG, Pipeline Liquefier
L3 4 LNG, Remote NG
M1 4 Methanol, Remote NG
M2 3 Methanol, LFG
P1 4 LPG, Petroleum
P2 1 LPG, Natural Gas

Region Code: 1=U.S_, 2=N.E., 3=CA, 4=ROW (nNA)
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APPENDIX B. GENERAL RESPONSE TO COMMENTS
ON THE DRAFT FULL FUEL CYCLE
ASSESSMENT REPORTS

Many alternative fuels technologies stakeholders, environmental groups, industry
organizations, university representatives, and regulatory agencies offered in-depth
comments on the drafts of the three major reports that were the products of the full fuel
cycle assessment (FFCA) of alternative fuels production, distribution, and use. The
depth of these comments reflects the importance of this topic to California’s energy
future. We thank all those who provided such detailed review of the reports and
provided comments. All comments received were carefully considered and appropriately
addressed in the revised reports issued. Comments received can be generally grouped
into three categones. These categories and our responses are summarized as follows:

e Report errors. In documenting the results of an effort of the magnitude captured in
the draft reports, the occurrence of typographical errors, the unintentional use of
outdated data, inconsistencies, and inadvertent factual errors are unavoidable. We
attempted to correct all these, resolve inconsistencies, and include clarification
where possible.

¢ Questions regarding the validity of many of the assumptions made in coming to
assessment resuits. Again, in completing an analysis as detailed and
comprehensive as that undertaken in the FFCA, a large number of assumptions
regarding analysis parameter values and the details of the evaluation cases
considered were required. Many reviewers noted that alternate assumptions and
approach details could have been considered. We took all these comments and
suggestions into careful consideration, but elected to remain with our original
approach. In many of these instances, we attempted to offer clarifying discussion
regarding why our approach was selected, acknowledging that altemate
assumptions are possible, but that those adopted were reasonable.

o Assessment omissions. Many reviewers noted that several aspects of the
assessment attempted were omitted or insufficiently discussed. For example:

— The sensitivity of assessment results to the choice of assumptions made was
not carefully considered nor explained

— The importance of land use considerations as they affect assessment results
was not carefully considered nor explained

— Many alternative fuel production, distribution, and use pathways that may be of
critical importance to the ultimate use of assessment findings were not
evaluated

We attempted to address these omissions to the best of our ability within the
intended scope of the effort. For example:



— Sensitivity analyses were performed and discussed where possible, again within
the intended scope of the analysis

— Land use impacts were indeed not considered in the assessment; clarifying
discussion to emphasize this point has been added

— Many additional alternative fuel pathways were evaluated in preparing this

revised set of reports, and appropriate discussion of these and their evaluation
results incorporated

Again, we thank all those who offered careful review and comment on the draft
assessment reports. Attempts have been made to both consider and address all
comments received. We hope that these reviewers will continue to offer their support to
the AB 1007 Alternative Fuels Plan Proceeding as it progresses.



APPENDIX C. RESPONSES TO SPECIFIC COMMENTS
ON THE DRAFT FULL FUEL CYCLE
ASSESSMENT REPORTS
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