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1 Introduction

Various fuels are being proposed for use in fuel-cell vehicles (FCVs) and hybrid electric vehicles
(HEVS). Some of these fuels will be able to power advanced internal combustion engine
technologies as well. These fuels are made through different fuel production pathways, resulting
in different energy efficiencies and emissions from feedstock recovery to vehicle operation. To
fully analyze energy and emission impacts of vehicle/fuel systems, a full fuel-cycle analysis —
from energy feedstock recovery (wells) to fuel use by vehicle (wheels) — needs to be conducted
for fuel/vehicle systems. Figure 1 shows the well-to-tank stagesincluded in Argonne' s study.

Feedstock-Related Fuel-Related Stages:
Stages: Production,
Recovery, processing, _’ transportation,
storage, and transportation storage, and
of feedstocks distribution of fuel

Figure 1 Well-to-Tank Stages Covered in Argonne’s
Study

The Globa Alternative Propulsion Center (GAPC) of General Motors Corporation (GM)
commissioned the Center for Transportation Research (CTR) of Argonne National Laboratory
(ANL) to conduct a study to evaluate energy and emission impacts of producing different
transportation fuels from wells to fuels available in vehicle tanks (well-to-tank [WTT] analysis).
Three energy companies — BP, ExxonMobil, and Shell —participated in the study by providing
input and reviewing Argonne’s results. This report presents methodologies, assumptions, and
results of Argonne’s study.






2 The GREET Model

In 1995, ANL began to develop a spreadsheet-based model for estimating the full fuel-cycle
energy and emission impacts of alternative transportation fuels and advanced vehicle
technologies. The intent was to provide an analytical tool to allow researchers to readily analyze
various parametric assumptions that affect fuel-cycle energy use and emissions associated with
fuels and vehicle technologies. The model, called GREET (Greenhouse gases, Regulated
Emissions, and Energy use in Transportation), calcul ates fuel-cycle energy use in British thermal
units per mile (Btu/mi) and emissions in grams per mile (g/mi) for various transportation fuels
and vehicle technologies. For energy use, GREET includes total energy use (all energy sources),
fossil energy use (petroleum, natural gas, and coal), and petroleum use (each energy item is a
part of the preceding energy item). For emissions, the model includes three major greenhouse
gases (GHGs) (carbon dioxide [CO,], methane [CH,4], and nitrous oxide [N2Q]) and five criteria
pollutants (volatile organic compounds [VOCs], carbon monoxide [CO], nitrogen oxides [NOy],
particul ate matter with diameters of 10 um or less [PM 0], and sulfur oxides [SO,]).

In the GREET model, the three GHGs are combined together with their global warming
potentials (GWPs) to calculate CO,-equivalent GHG emissions. The default GWPs in GREET
— 1 for CO,, 21 for CH,4, and 310 for N,O — are recommended by the Intergovernmental Panel
on Climate Change (IPCC) for the 100-year time horizon. On the other hand, emissions of the
five criteria pollutants are further separated into total and urban emissions. Total emissions are
emissions occurring everywhere. Urban emissions are those occurring within urban areas. The
separation is conducted on the basis of information on facility locations and is intended to
provide an approximation of population exposure of air pollution caused by the criteria
pollutants.

For the GAPC project, Argonne estimated energy use for the three energy items and CO.-
equivalent GHG emissions for the three GHGs. Because of data quality and time and resource
constraints, emissions of criteria pollutants were not included in this study.

Development and use of the GREET model are documented in Wang (1999a and 1999b) and in
Wang and Huang (1999). The current version of the model that is available to the general public
is GREET1.5a, which was completed in January 2000. The model is in the public domain, and
any party can use it free of charge. GREET 1.5a and associated reports prepared by Argonne are
posted on Argonne' s transportation Web site at www.transportation.anl.gov/ttrdc/greet.

Figure 2 is a smplified diagram showing calculation logic for energy use and emissions
associated with activities from wells to tanks. For a given stage, energy use by fud type is
estimated by using energy efficiency and fuel type shares. We then calculate emissions by using
energy use by fuel type, emission factors by fuel type, and combustion technology shares.
Finally, urban emissions are estimated from tota emissions and split of facility locations
between urban and non-urban locations. For CO, emissions, GREET takes a carbon-balance
approach. That is, the carbon in CO, emissions is equa to the carbon contained in the fuel
burned minus the carbon contained in combustion emissions of VOC, CO, and CH,. For details
on calculation methodol ogies, see Wang (1999a and 1999b).



Inputs:
Emission Combustion Energy Fuel Type Facility
Factors Tech. Shares Efficiencies Shares Location Shares
Calgulations: Energy Use by
Fuel Type <
‘ 3 Total Urban
> Emissions ] > Emissions

Figure 2 Calculation Logic for Well-to-Tank Energy Use and Emissions
of Transportation Fuels

For this study, we used a new version of Argonne’s GREET model. Through a separate ANL
effort, the GREET model was expanded to incorporate detailed information on transportation
modes and their corresponding distances for different energy feedstocks and fuels. This version
isin draft form and is not yet available to the general public. Details regarding the expansion of
feedstock and fuel transportation in GREET are presented in alater section of this report.

Through the GAPC project, ANL began to formally address in the GREET model the
uncertainties involved in key input parameters with subjective probability distribution functions.
Previoudly, ANL addressed uncertainties with range estimates for key input assumptions. This
time, ANL began to explore probability distribution functions for some of the key input
parameters. In particular, based on published data for given fuel-cycle stages, ANL established
subjective probability distribution functions for each stage. These distribution functions are
incorporated into the GREET model. A commercia software, Crystal Ball™, is used in GREET
to conduct Monte Carlo simulations. Instead of the point estimates included in previous GREET
versions, the new version generates results with probability distributions. In order to use the new
feature of Monte Carlo simulations in GREET, users need to have both Excel and Crystal Ball
software. However, if Crystal Bal software is not available, users can still conduct point
estimates with the new GREET version.



3 Fuelsand Fuel Production Pathways Included in This Study
3.1 Gasoline, Diesel, and Naphtha from Petroleum

The petroleum-based pathways examined in this study include three fuels: gasoline, diesel, and
naphtha. We further establish cases for gasoline and diesel to represent different fuel
requirements. Currently available gasoline includes federal conventional gasoline (CG), federal
Complex Model Phase 2 reformulated gasoline (FRFG2), and California Phase 2 reformulated
gasoline (CARFG2). These gasoline options have an average sulfur content ranging from
30 parts per million (ppm) to over 500 ppm. Evaluation of future gasoline (to dominate gasoline
market around 2010) includes California Phase 3 reformulated gasoline (CARFG3) and the
gasoline requirements in the U.S. Environmental Protection Agency’s (EPA’S) Tier 2 vehicle
emission standards. These gasoline options may have an average sulfur content of 10 ppm to
30 ppm and may contain methyl tertiary butyl ether (MTBE), ethanol (EtOH), or no oxygenates.
Current diesel includes federal conventional diesel (FCD) and California low-sulfur diesel
(CALSD) with a sulfur content ranging from 150 ppm to 350 ppm. Future diesel includes EPA’s
recently adopted federal low-sulfur diesel (FLSD) with a maximum sulfur content of 15 ppm.
Virgin naphtha produced in petroleum refineries has a sulfur content of about 370 ppm. We
assumed that it would be subject to desulfurization to reduce its sulfur content to about 1 ppm for
FCV applications.

3.1.1 Gasoline Requirements

3.1.1.1 California Reformulated Gasoline

In 1992, Cdlifornia began to require use of the so-called California Phase 1 reformulated
gasoline (CARFG1). CARFG1 had the following composition requirements. a maximum
aromatics content of 32% (by volume), a maximum sulfur content of 150 ppm, a maximum
olefins content of 10% (by volume), and maximum 90% distillation temperature (T90) of 330°F
(Cdlifornia Air Resources Board [CARB] 1991).

In 1996, California began to require the use of CARFG2. Table 1 presents the composition
requirements of CARFG2. However, under the CARFG2 requirement, gasoline producers are
allowed to certify gasoline either by meeting the specified composition requirements or by
meeting an emission reduction requirement with an alternative gasoline formula. The emissions
performance of a given alternative reformulated gasoline (RFG) formula was simulated by using
CARB's Predictive Model.

In the spring of 1999, because of the concern about underground water contamination by MTBE,
Cdlifornia Governor Grey Davis issued an executive order banning the use of MTBE in
Cdlifornia s gasoline beginning in 2003. In December 1999, CARB adopted CARFG3; use of
CARFG3 will be required beginning in 2003 (Table 1). Under the CARFG3 requirements,
gasoline producers will be allowed to certify gasoline with a specified composition requirement
or by meeting emission reductions requirements with an alternative composition formula. As
Table 1 shows, one significant difference between CARFG2 and CARFG3 lies in the reduction
of sulfur content from 30 ppm to 15 ppm.



Table 1 Composition Requirements of CARFG2 and CARFG3?

Flat Limits Averaging Limits Cap Limits
Requirement CARFG2 CARFG3 CARFG2 CARFG3 CARFG2 CARFG3
RVP® (psi, summer only) 7.00 7.00 NA® NA 7.00 6.40-7.20
Sulfur content (wt. ppm) 40 20 30 15 80 60 (30 after
2004)
Benzene content (vol. %) 1.0 0.8 0.8 0.7 1.2 1.1
Aromatics content (vol. %) 25.0 25.0 22.0 22.0 30.0 35.0
Olefins content (vol. %) 6.0 6.0 4.0 4.0 10.0 10.0
T50 (°F) 210 213 200 203 220 220
T90 (°F) 300 305 290 295 330 330
Oxygen content (wt. %) 1.8-2.2 1.8-2.2 NA NA 1.8-3.5 1.8-3.7
(winter (winter
areas); 0-3.5 areas); 0-3.7
Ban of MTBE No Yes No Yes No Yes

& From CARB 2000.
® RVP = Reid vapor pressure.
¢ NA = Not available.

3.1.1.2 Federal Reformulated Gasoline

The 1990 Clean Air Act Amendments (CAAA) require use of RFG in the nation’s worst ozone
nonattainment areas. The requirement for so-called federal Simple Model Phase 1 reformulated
gasoline (FRFG1) took effect in January 1995, and Complex Model FRFG2 in June 2000.
Gasoline producers could certify FRFG1 with a specified composition requirement or by making
Complex Model Phase 1 RFG. FRFG1 composition requirements were a maximum benzene
content of 1% (by volume), a per-gallon maximum aromatics content of 25% (by volume), and a
minimum oxygen content of 2% (by weight). Under the emissions reduction requirements,
producers were required to reduce VOC emissions in FRFG1 by 16% (northern regions) to 35%
(southern regions) and air toxic emissions by about 15% relative to CG (EPA 1994). Note that
the reduction for VOC emissions is the combined reduction of exhaust and evaporative
emissions. FRFG2 is certified by meeting emission performance standards. a per-gallon VOC
emissions reduction of 27.5% in southern regions and 25.9% in northern regions, an air toxic
emissions reduction of 20%, and a NOy emissions reduction of 5.5%, al relative to CG. EPA’s
Complex Model is allowed for use in determining emissions of a given gasoline formula

Although Complex Model FRFG2 was introduced into the market in 2000, some new
requirements for gasoline will be in place in the next few years. In February 2000, EPA adopted
the final rule of Tier 2 vehicle emission standards (EPA 2000a). Besides emission standards, the
rule establishes a gasoline sulfur content requirement. While FRFG1 and FRFG2 have been
required for use in ozone nonattainment areas only, the Tier 2 gasoline requirement will be
applied to both CG and RFG nationwide, except in California, where CARFG3 will be in effect.
We call this new requirement the Tier 2 FRFG requirement. Phase-in of the requirement will
begin in 2004, and it will be fully implemented in 2006. The only new requirement for the FRFG
is an average sulfur content of 30 ppm. This sulfur level is already accomplished in CARFG2.
Also, BP began to introduce a 30-ppm sulfur premium gasoline in Chicago, Detroit, and some
other cities in the spring of 2000.



Table 2 Typical Properties of CG and FRFG

Characteristic CG* FRFG2° Tier 2 FRFG®
RVP (psi, summer) 8.9 6.7 6.7
Sulfur content (wt. ppm) 339 150 30 (max. 80)
Benzene content (vol. %) 1.53 0.68 0.68
Aromatics content (vol. %) 32.0 25 25
Olefins content (vol. %) 9.2 11 11
200°F distillation (%) 41 49 49
300°F distillation (%) 83 87 87
Oxygen content (wt. %) 0.4 2.26 2.26

a

From National Research Council (NRC 2000).

P Based on input parameters to EPA’'s Complex Model for simulating
emissions performances of FRFG2.

° From EPA (2000a).

3.1.2 Diesdl Requirements

In October 1993, EPA began to require use of adiesel fuel with alower sulfur content in on-road
motor vehicles. The maximum sulfur content for on-road diesel fuels was set at 500 ppm. As a
result, the current average of diesel sulfur content in the nation (except California) is about
350 ppm (EPA 2000b). We call this diesel fuel FCD. Before October 1993, the sulfur content of
diesel fuel was about 3,000 ppm (EPA 2000b). Recently, EPA has adopted a rule to lower the
maximum sulfur content for on-road diesel fuel to 15 ppm: this rule will be effective in
June 2006. EPA estimates that the average sulfur content of diesel fuel under this requirement
will be 7-10 ppm (EPA 2000b). We call the newly proposed diesel fuel FLSD.

In October 1993, California began to require use of a low-sulfur diesal. California refiners and
importers are allowed to adjust the diesel fuel properties in proprietary formulations as long as
these formulations meet CARB emission requirements as proven by emission tests. California’s
low-sulfur diesel has a maximum sulfur content of 500 ppm and a maximum aromatics content
of 10%. As aresult, the current average sulfur content in California’ s diesel is probably 120 ppm
(ARCO Products Company 1999). We cal this diesel fuel California conventional diesel
(CACD). Meanwhile, in March 1999, ARCO announced that it would produce a clean diesel
called emission control diesel (EC-D) for the California market (ARCO Products Company
1999). The specifications of EC-D are a sulfur content of less than 10 wt. ppm (maximum 15 wt.
ppm), an aromatics content of less than 10% (by volume) (maximum 12% by volume), and a
cetane number of 60 (minimum of 57). EC-D is already being sold in the California market.

3.1.3 Crude Naphtha

At petroleum refineries, virgin naphtha is produced primarily from an atmospheric distillation
process (although some naphtha is produced from visbreaking and other refining processes).
Virgin naphtha contains normal paraffins, iso-paraffins, and cycloparaffins of C5-C10. The
boiling point of this naphtha is higher than that of straight-run gasoline but lower than that of
kerosene. Thus, naphtha is separated during the distillation process after straight-run gasoline.
Petroleum naphtha can be further separated into light naphtha and heavy naphtha according to
boiling point ranges. The former has a boiling point of 50-200°F, while the latter has a boiling
point of 200—400°F (McKetta 1992). Light naphtha may go through a hydrotreating process to



reduce its sulfur (S) content and then an isomerization process to produce high-octane gasoline
blendstocks. Heavy naphtha also requires additional refining processes, such as catalytic
reforming. As Table 3 shows, crude with different qualities may produce different yields and
qualities of naphtha. Usually, lighter crude can produce more naphtha than heavy crude.

Because virgin naphtha has alower octane number (about 60), it is not an attractive neat gasoline
blendstock. On the other hand, because naphtha contains more hydrogen than some other
petroleum hydrocarbons, it could be a good candidate for FCV reformer fuels, so we include
crude naphthain this analysis (see Table 4).

Table 3 Crude Quality and Product Yields from the Atmospheric Distillation Process®

Product Yield and Quality from the Atmospheric Distillation Process

Crude Quality Diesel Gasoline Naphtha
API S Content Yield S Content Yield S Content Yield S Content
Crude Gravity (ppm) (%) (ppm) (%) (Pppm) (%) (ppm)
U.S. Crude
Alaska-North Slope 27.5 11,000 NAP NA 0 NA NA NA
S. Louisiana Light 31.0 20,000 0 NA 6.9 200 17.0 700
CA-Hondo Blend 20.8 42,900 0 NA 0 NA NA NA
West Texas 40.8 3,400 0 NA 0 NA NA NA
Intermediate
Foreign Crude
U.K.-Brent 38.9 3,500 20.8 2,110 9.4 NA 17.7 30
Russia-Siberian 35.3 5,800 21.7 3,160 7.8 NA 15.1 NA
Light
Saudi Light 32.9 19,000 20.9 12,470 6.8 NA 13.4 NA
Algeria-Saharan 45.7 700 21.3 485 11.8 NA 194 NA
Nigeria-Bonny Light 33.8 1,400 30.9 1,665 6.0 NA 14.4 20
Indonesia-Minas 36.0 810 20.6 480 35 NA 9.0 17
Venezuela-Tia Juana 31.6 10,800 20.0 5,670 6.0 NA 12.4 NA
Light
Mexico-Isthmus 31.8 12,500 20.4 9,080 7.7 NA 14.1 NA

& From Oil and Gas Journal (1999).
® NA = no data are available.

Table 4 Typical Properties of Crude and Fischer-Tropsch (FT)

Naphtha
Specification Crude Naphtha® FT Naphtha®
Density (g/gal) 2,861 2,651
Lower heating value (Btu/gal) 118,760 111,780
Higher heating value (Btu/gal) 127,330 120,020
Carbon (wt. %) 85.3 84.2
Sulfur content (wt. ppm) 367° 0.2

a

From Domalski and Jobe (1986).

® From Russell (2000).

¢ This is the sulfur content before desulfurization. Hydrotreating or other
desulfurization measures will be needed to reduce crude naphtha sulfur
content so that it can be used as a fuel-cell fuel. In our analysis, we assume
that the sulfur content of crude naphtha will be reduced to about 1 ppm.



Figure 3 presents the pathways from crude to gasoline, diesel, and naphtha. In particular,
Argonne’'s analysis for petroleum-based fuels includes these activities: crude recovery; crude
transportation; petroleum refining; and transportation, storage, and distribution of fuel products.
Because virgin naphtha is produced from the atmospheric distillation process at refineries,
production of virgin naphtha should be more energy efficient than production of gasoline and
diesel, both of which go through more refining processes. Because the boiling point of naphthais
higher than that of liquefied petroleum gas (LPG), we expect that the efficiency for naphtha
production is lower than that for LPG production. Transportation, storage, and distribution of
naphtha could be similar to those of gasoline.

Crude Recovery

v

Crude Transportation

v

Crude Refining to Products
(Gasoline, Diesel, and Naphtha)

v

Gasoline, Diesel, and Naphtha Transportation,
Storage, and Distribution

v

Gasoline, Diesel, and Naphtha at
Refueling Stations

Figure 3 Well-to-Tank Stages for Three Petroleum-Based Fuels

3.1.4 Quality of Crude Oil

The quality of crude oil affects refinery product slates and energy use in refineries. Among the
parameters measuring the quality of crude oil, two important ones are American Petroleum
Institute (API) gravity and sulfur content. API gravity is one indicator of the amount of gasoline
and other light fractions from crude distillation. Because of tightened sulfur requirements for
gasoline and dieseal, high-sulfur crude and its refined products will need to go through intensive
desulfurization. Table 5 lists API gravities and sulfur contents of crude oils produced in different
U.S. regions and in other countries that export crude oil to the United States. As the table shows,
among the three U.S. crude production regions presented (the Gulf area, Alaska, and California),
California crude contains more sulfur than does crude from the Gulf area and Alaska. Also,
crude from California and Alaska is heavier than that from the Gulf area. This implies that
petroleum refineries processing California and Alaska crude feeds need to employ more
intensive refining processes than those with Gulf crude inputs.



Table 5 Quality of Crude Oil Used in U.S. Refineries

API Gravity® Sulfur Content (wt. %)% Sources of
U.S. Crude
Country Range Median Range Median (1000 bbl/yr)®

United States 2,281,980
Gulf Area 31.0-40.8 35.9 0.34-2.00 1.17 638,880
Alaska 22.4-27.5 25.0 1.11-1.82 1.47 428,851
California 19.4-35.2 27.3 0.21-4.29 2.25 283,628
Saudi Arabia 27.4-38.7 33.1 1.19-2.80 2.00 517,072
Venezuela 10.1-31.8 21.0 1.10-5.50 3.30 499,580
Mexico 22.2-39.8 31.0 0.80-3.30 2.10 477,171
Canada 20.7-40.7 30.7 0.37-3.15 1.76 378,598
Nigeria 25.2-40.9 33.1 0.09-0.29 0.19 258,640
Angola 31.7-33.7 32.7 0.17-0.23 0.20 177,958
Colombia 30.8-36.4 33.6 0.25-0.47 0.36 130,364
Iraq 24.7-35.1 29.9 1.97-3.50 2.74 114,513
Kuwait 18.6-31.4 25.0 2.52-4.55 3.54 109,142
Norway 29.3-43.4 36.4 0.14-0.44 0.29 80,820
Gabon 31.8-39.5 35.7 0.05-0.11 0.08 75,543
The UK. 33.6-41.7 37.7 0.05-1.01 0.53 66,002

% From Oil and Gas Journal (1999).
® From Energy Information Administration (1999).

Of the crudes imported to the United States, the crude from Kuwait, Venezuela, Irag, and Saudi
Arabia have a sulfur content of above 2% (sour crude). On the other hand, crudes from Gabon,
Nigeria, Angola, Norway, and Colombia have a sulfur content of below 0.4% (sweet crude). As
for APl gravity, crudes from the U.K., Norway, Gabon, Colombia, Nigeria, Saudi Arabia,
Mexico, and Canada have an APl gravity above 30 (light crude). Crudes from Venezuela,
Kuwait, and Irag have an API gravity of below 30 (heavy crude). These crudes, with different
sulfur contents and API gravity values, certainly have different impacts on refining energy
intensities of U.S. refineries, and consequently, on petroleum refinery energy use and emissions.

The default energy efficiencies of U.S. petroleum refineries in the GREET model are based on
studies for U.S. average refineries, which reflect the average quality of the crudes that U.S.
refineries process. When marginal crude is used for a fuel-cycle analysis, it can have some
impacts on energy use and emissions of petroleum refining. In this analysis, we implicitly
assume the average quality of the crudes used in U.S. refineries.

3.1.5 Energy Efficiency Assumptionsfor Production of Gasoline,
Diesel, and Naphtha

3.1.5.1 Specifications of Fuel Options

For the three petroleum-based fuels, we include the following fuel options, depending on sulfur
content and use of oxygenates (for gasoline) and sulfur content only (for diesel and naphtha). For
gasoline, we include five options: CG, FRFG2, low-sulfur (LS) RFG with MTBE, LS RFG with
ethanol, and LS RFG with no oxygenate (see Table 6). In GREET, we simulated each of the five
options separately. In Appendix A, we present results for two aggregate options — current
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Table 6 Five Gasoline Options Included in This Study

Current Gasoline Future Gasoline
FRFG2 LS RFG LS RFG with LS RFG with
ltem CG*  with MTBE”  with MTBE® EtOH* no Oxygenate®

RVP (psi, for summer) 8.9 6.7 6.7 6.7 6.7
Sulfur content (wt. ppm) 340 150 5-30 5-30 5-30
Benzene content (vol. %) 1.53 0.68 0.68 0.68 0.68
Aromatics content (vol. %) 32 25 25 25 25
Oxygen content (wt. %) 0.4 2.26 2.26 3.5 0
Oxygenate type MTBE MTBE MTBE EtOH None

% CG is sold nationwide now except in the worst ozone nonattainment areas, where RFG is required.

Nationwide, about 70% of gasoline sold now is CG.

FRFG2 is currently required in the worst 0zone nonattainment areas nationwide except in California.
The RFG has significantly reduced sulfur content and uses MTBE to meet oxygen requirements.
The RFG has significantly reduced sulfur content and uses ethanol to meet oxygen requirements.
The RFG has significantly reduced sulfur content and uses no oxygenate.

In order to meet the low RVP requirement, gasoline blendstock needs to have much lower RVP.

b
d
f
gasoline and future LS gasoline — and results for each of the five individual options. Current

gasoline includes CG and FRFG2, and future gasoline includes LS RFG with MTBE, ethanol,
and no oxygenate.

For on-road diesel fuels, we include two options. a current diesel and a future diesel. The current
on-road diesel has a sulfur content of 120-350 ppm and includes the current federal diesel
(350-ppm sulfur) and current California diesel (120-ppm sulfur). The future diesel reflects the
new on-road diesel requirement adopted by EPA recently and will have sulfur content below
15 ppm.

Although virgin crude naphtha from petroleum refineries’ distillation without desulfurization has
a sulfur content of about 370 ppm, the sulfur content of naphtha will have to be reduced to an
extremely low level in order for it to be used in FCVs. We assumed that the sulfur content of
crude naphtha for fuel-cell application will be about 1 ppm. Thus, hydrotreating or some other
desulfurization measures will be needed in refineries to reduce naphtha s sulfur content from the
current level of about 370 ppm to 1 ppm.

3.1.5.2 Energy Efficiencies of Key Stages
Petroleum Recovery

The petroleum recovery stage includes activities from removing oil from underground to oil
treatment in oil fields. In oil fields, gasis usualy produced in association with oil production. In
some locations, the associated gas has no value. In this case, the gas is often flared or vented. In
calculating the energy efficiency of petroleum recovery, the energy (in Btu) in the flared and/or
vented gas is not accounted for because it is not an intended energy source. However, in
calculating emissions associated with petroleum recovery, flaring and/or venting of gas is taken
into account.
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Past published data in the United States showed an energy efficiency of 97% to 99% for
petroleum recovery (Wang 1999a). In some parts of the world, the efficiency could be as low as
96%. An efficiency range of 96% to 99% was assumed in this study.

Petroleum Refining

Of the upstream and downstream activities from crude oil to gasoline and diesel fuels, crude
refining is subject to the highest energy use, and consequently produces the largest amount of
emissions. Thus, assumptions for the energy efficiency associated with refining crude into
gasoline and diesdl fuels are key facto