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ABSTRACT

The Energy Policy Act requires the Secretary of Energy to determine the feasibility of producing
sufficient replacement fuels to replace at least 30 percent of the projected consumption of motor fuels by
light duty vehicles in the year 2010. The Act also requires the Secretary to determine the greenhouse gas
implications of the use of replacement fuels. A replacement fuel is a non-petroleum portion of gasoline,
including certain alcohols, ethers, and other components. The Oak Ridge National Laboratory Refinery
Yield Model has been used to study the cost and refinery impacts for production of "low petroleum"
gasolines, which contain replacement fuels. The analysis suggests that high oxygenation is the key to
meeting the replacement fuel target, and a major contributor to cost increase is investment in processes to
produce and etherify light olefins. High oxygenation can also increase the costs of control of vapor
pressure, distillation properties, and pollutant emissions of gasolines. Year-round low petroleum gasoline
with near-30 percent non-petroleum components might be produced with cost increases of 23 to 37 cents
per gallon of gasoline, and with greenhouse gas emissions changes between a 3 percent increase and a 16
percent decrease. Crude oil reduction, with decreased dependence on foreign sources, is a major objective
of the low petroleum gasoline program. For year-round gasoline with near-30 percent non-petroleum
components, crude ol use is reduced by 10 to 12 percent, at a cost $48 to $89 per barrel. Depending upon
resolution of uncertainties about extrapolation of the Environmental Protection Agency Complex Model
for pollutant emissions, availability of raw materials and other issues, costs could be lower or higher.




THE POTENTIAL FOR LOW PETROLEUM GASOLINE

EXECUTIVE SUMMARY

The Energy Policy Act (EPACT) requires the Secretary of Energy to determine the feasibility of
producing sufficient replacement fuels to replace at least 30 percent of the projected consumption of motor
fuels by light duty vehicles in the year 2010. EPACT also requires the Secretary to determine the greenhouse
gas emission implications of increasing the use of replacement fuels. EPACT defines replacement fuel as "the
portion of any motor fuel that is methanol, ethanol, or other alcohols, natural gas, liquified petroleum gas,
hydrogen, coal derived liquid fuels, fuels (other than alcohol) derived from biological materials, electricity
(including electricity from solar energy), ethers, or any other fuel the Secretary determines, by rule, is

substantially not petroleum and would yield substantial energy security benefits and substantial environmental

benefits. "

Gasoline is the predominant fuel for light duty vehicles. The Oak Ridge National Laboratory Refinery
Yield Model (ORNL-RYM) has been used to study the potential for production of gasoline with high
percentages of replacement fuels in the year 2010. Like all highway gasolines, these "low petroleum”
gasolines must comply with requirements of the Clean Air Act Amendments of 1990 (CAAA). ORNL-RYM
represents the production of gasolines which satisfy CAAA emissions constraints described in terms of the
Environmental Protection Agency's final Complex Model.

The low petroleum gasoline study investigates replacement of petroleum by:

Direct blending or conversion of alcohols:

Methanol (derived from natural gas) and ethanol can be directly blended into gasoline for
replacement fuel credit. Gasoline grade tertiary butyl alcohol is directly blended as a cosolvent
with methanol. Methanol and ethanol can also be converted into ethers.

Direct blending of ethers:

Replacement fuel credit is given for purchased methyl tertiary butyl ether and ethyl tertiary butyl
ether, which are assumed to be derived from non-petroleum sources.

For ethers produced in the refinery, the associated alcohol is credited as a replacement fuel.
Hydrogenation:

Hydrogen derived from non-petroleum sources and used in hydrogenation processes can be
credited as a replacement fuel in gasoline. However, there should be deductions for hydrogen
used in desulfurization, fuel gas, and in hydrogenation of blendstocks for products other than low
petroleum gasoline.

¢ Conversion of vegetable oil:
It is assumed that rapeseed oil can be used as a feedstock for future cracking technologies. The
rapeseed oil component of gasoline blendstocks is credited as replacement fuel.
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Replacement fuel credit is also given for purchased components of natural gas liquids (NGLs include
ethane, propane, butanes and natural gasoline). These non-petroleum components may be used in the
production of ethers, alkylate, reformate and other gasoline blendstocks. If large volumes of ethers are used
in low petroleum gasoline, production costs could be particularly sensitive to the availability of NGL
component raw materials for ether production.

The analysis of year 2010 summer production of low petroleum gasoline suggests that the 30 percent
replacement fuel target can be achieved at a high cost. Incremental costs to meet the 30 percent replacement
fuel target could be more- than three times the incremental costs to produce Phase II reformulated gasoline in
the U.S. Guif Coast refining system. High oxygenation is the key to meeting the replacement fuel target, and
a major contributor to cost increase is investment in processes to produce and etherify light olefins. High
oxygenation can also increase the costs of control of vapor pressure, distillation properties, and pollutant
emissions of gasolines. Crude oil reduction, with decreased dependence on foreign sources, is a major
objective of the low petroleum gasoline program. In the analysis, crude oil use is reduced by 10 to 17 percent.

There are uncertainties in the premises for study of low petroleum gasoline production, and costs can
be considerably different for alternative premises. There could be large cost impacts with different
assumptions about:

Availability of cellulosic ethanol.

Extrapolation of the Complex Model beyond valid limits.

Availability of raw materials for ether production.

Availability and costs of imported ethers.

The vapor pressure of conventional gasoline.

Gasoline distillation specifications and engine operablhty with high percentages of ethers in
gasoline.

Gasoline component blending properties.

Technology capability to process raw materials suéh as vegetable oils, and the quality of products
of those technologies.

The accounting for low petroleum credit.

Distribution costs for ethanol.

The cost of capital.

Price assumptions.

Compared with summer gasolines, emissions constraints are less stringent for winter gasolines, and
production costs are lower. If the winter gasoline production season is 6.5 months, then year-round low
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petroleum gasoline with near-30 percent non-petroleum components might be achieved by combinations of
cases, with refining cost increases in the range of 23 to 37 cents per gallon of gasoline.

A refiner would not choose to produce low petroleum gasoline unless the average cost of crude in the
base case is at least the cost of crude oil reduction in the low petroleum case. For year-round gasoline with
near-30 percent non-petroleum components, crude oil use is reduced by 10 to 12 percent, at a cost $48 to $89
per barrel of crude. Depending upon resolution of uncertainties about extrapolation of the Complex Model,
availability of raw materials and other issues, the cost increases could be lower or higher.

With the year-round low petroleum gasolines, there are greenhouse gas emissions changes between a 3
percent increase and a 16 percent decrease. The maximum estimated greenhouse gas reduction of 16 percent
is achieved with use of cellulosic ethanol and with ethers produced from cellulosic ethanol.

A mix of strategies could be less costly than any of the cases examined in this study. For example, costs
might be lower with production of regional mixes of ether-based and ethanol-based gasolines in the winter,
and with mixes of ether-based gasolines in the summer.




1. LEGISLATIVE BASIS FOR LOW PETROLEUM GASOLINE

In 1992, the Energy Policy Act (EPACT, P.L. 102-486) was enacted to provide a comprehensive
national energy policy. One goal of EPACT is to increase U.S. energy security in ways that are both
cost-effective and environmentally prudent. Consistent with this goal, one EPACT objective is to
decrease U.S. dependence on foreign oil. To meet this objective, Section 502 of EPACT requires the
Secretary of Energy to establish a program to determine the feasibility of reducing imported oil by 30
percent by the year 2010.

A large part of the mandated reductions in foreign oil dependence is expected to be achieved by
reducing the consumption of fuels for light duty motor vehicles, through the use of alternative and °
replacement fuels. Alternative fuels, such as ethanol, are those motor fuels that are "substantially not
petroleum, " being derived from sources other than crude oil.

A replacement fuel is also substantially not petroleum, but it replaces only a portion of a petroleum-
derived motor fuel. For example, ethanol is a replacement fuel in a gasoline containing 10 percent
ethanol. EPACT requires the Secretary of Energy to determine the feasibility of producing sufficient
replacement fuels to replace at least 10 percent of the projected consumption of motor fuels by light duty
vehicles in the year 2000, and the feasibility of replacing at least 30 percent in the year 2010. EPACT
also requires the Secretary to determine the greenhouse gas emission implications of increasing the use
of replacement fuels.

In its marriage with petroleum-derived fuels, the replacement fuel concept depends on the continuing
existence and technical development of the petroleum refining infrastructure. Gasoline is the predominant
fuel for light duty vehicles, and this report focuses on refinery production of "low petroleum" gasolines.
Like all highway gasolines, low petroleum gasolines must comply with requirements of the Clean Air
Act.

2. THE CLEAN AIR ACT AMENDMENTS OF 1990

The Clean Air Act Amendments of 1990 (CAAA) include programs for oxygenated gasoline and
for reformulated gasoline (RFG). The oxygenated gasoline program requires that, beginning November
1, 1992, gasoline with a minimum oxygen content of 2.7 weight (wt) percent must be sold during winter
months in about 40 cities not in compliance with carbon monoxide standards. RFGs are required by
January 1, 1995, in nine areas with extreme or severe ozone pollution problems. RFG formula and
emissions performance standards are shown in Table 1.

Emissions modeling provides a means for predicting the emissions performance of a gasoline, given
other properties of the gasoline. The Complex Model of the Environmental Protection Agency (EPA)
is a set of equations that predicts emissions of VOCs, TAPs, and NOx in terms of gasoline properties
including RVP, E200, E300, benzene, oxygen, sulfur, aromatics, and olefins contents. The Complex
Model must be used after March 1, 1997, to certify the emissions performance of gasolines.




Standard

Oxygen content

- Table 1. Formula and emissions performance standards for the federal REG program

Phase I CAAA standards
(beginning January 1, 1995)

Phase II Environmental
Protection Agency
final rule standards

- (Beginning January 1, 2000)

2 wt percent minimum

Benzene content

1 vol percent maximum

Additives No additives with heavy metals
Volatile Organic Compounds Must be reduced by at least 15 | Must be reduced during the
percent during the summer summer by 25.9 percent on a

(VOC:s include all high-ozone season, compared per-gallon basis or by 27.4
oxygenated and non- - with the calculated VOC percent on an averaged basis.?
oxygenated hydrocarbons | emissions from the use of the A greater percentage
except for methane and statutory baseline gasoline. reduction is required in
ethane) ‘ southern states.

Toxic Air Pollutants Must be reduced by at least 15 | Must be reduced year-round

(TAPs consist of
benzene, 1,3 butadiene,
formaldehyde,
acetaldehyde, and
polycyclic organic

percent during the entire year,
compared with the calculated
TAP emissions from the use of
the statutory baseline gasoline.

by 20 percent on a per-gallon
basis or by 21.5 percent on an
averaged basis.

matter)
Nitrogen Oxides (NOx) Must not increase relative to Must be reduced during the
the emissions of the statutory summer by 5.5 percent on a
baseline gasoline. per-gallon basis or by 6.8

percent on an averaged basis.
Must not increase during the
winter on a per-gallon basis
and must be reduced by 1.5
percent on an averaged basis.

“For the per-gallon standard, every gallon of every batch of RFG produced at the refinery must
meet the same emissions-performance requirements. For the averaged standard, different batches
may vary within limits, as long as the refinery’s total RFG output meets the specified average
emissions performance requirement. ‘ ‘
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The nine areas in the extreme and severe ozone nonattainment categories currently comprise about
25 percent of the nation’s gasoline market. However, because of the gasoline distribution system,
surrounding areas may receive RFG as well. Other areas are allowed to petition the EPA to opt-in to
the RFG program. States may decide that, compared with other alternatives, the best strategy for
achieving compliance with clean air standards is to require the use of clean gasolines to reduce vehicular
emissions. The total national market for RFG could exceed 60 percent by the end of the century.!

In fact, all gasolines will be affected by the CAAA. Besides requiring RFG in the covered ozone
nonattainment areas, the CAAA require that gasoline in all other areas not be any more polluting than
it was in 1990. Without this "anti-dumping" provision, the potential exists for emissions from
conventional gasoline (CG) to worsen as polluting fuel components are removed from RFG.

3. THE ORNL REFINERY YIELD MODEL

3.1 ORNL-RYM Capabilities

The potential for low petroleum gasoline production has been analyzed with the Oak Ridge National
Laboratory Refinery Yield Model (ORNL-RYM), arefinery linear program. ORNL-RYM is an enhanced
personal computer version of the Refinery Yield Model of the Refinery Evaluation Modeling System.?*

ORNL-RYM tracks octane, RVP, oxygen content, sulfur, benzene, aromatics, total olefins,
distillation points, VOC, TAP, and NOx on all gasoline component streams. In separate data tables in
ORNL-RYM, blending components for each gasoline grade are identified; blending values are assigned
to over 140 components; and blending targets (i.e., specifications with blending margins) are set.

Properties for distillates and jet fuels are handled conceptually the same as for gasoline. Properties
can include gravity, aromatics content, paraffins content, naphthenes content, sulfur content, freezing
point, Juminometer number (which is correlated with smoke point), heat of combustion, hydrogen
content, light cycle oil content, hydrocracked stocks content, surface tension, pour point, cetane index,
flash point, viscosities, RVP, distillation points, and diesel ignition improver content. The model also
provides for jet fuel additives for anti-icing, corrosion inhibition, and other functions.

Changes in crude feedstock are described in tables for crude quantity and assay. ORNL-RYM
includes 48 refining processes, which can be used to produce 40 different products from more than 100
crude oils. Individual process units can have several modes of operation, each mode with different
feedstocks and different yields. An investment module provides for the addition of processing capacity.
Potentially key processes in ORNL-RYM for the production of CAA A-compliant low petroleum gasolines
are listed in Table 2. These processes are grouped in the table by functions which are important for:

¢ CAAA compliance (through reduction of RVP, benzene, sulfur, aromatics);
® Oxygenate production for CAAA compliance and low petroleum credit (through light olefins
production and etherification). With the addition of processes like dehydrogenation and

dimerization of ethylene, the refinery becomes "more petrochemical” in character.

* Hydrogenation for low petroleum credit.




petroleum gasolines)

[

Naphtha hydrocracking

Production of C4s from naphthas

Butane isomerization

Isomerization of normal C4 for
subsequent dehydrogenation

Dimerization of ethylene

Hydrogen production

C2-C5 dehydrogenation Production of light olefins
Thermal cracking (gas) Production of light olefins
Cryogenic fractionation/ Recovery of ethylene/

Production of butylene

Hydrogen production from non-
petroleum source (natural gas)

Gas oil hydrocracking

Production of naphthas

Table 2. Key refinery process characterization for year 2010

(processes of potentially greater importance in the production of CAAA-compliant low

| | ;
I Process Function Potential importance |

Naphtha hydrotreating Desulfurization, reformer feed
: preparation
FCC feed hydrofining Desulfurization, FCC feed
preparation
Reformate splitting Separation of naphthas with high | CAAA compliance
benzene, high aromatics contents
Alkylation/ Production of alkylate with low
Alkylation of benzene emissions
Aromatics recovery Separation of naphthas with high
"benzene, high aromatics content
Fluid'catalyﬁc cracking/ Olefins production/
Satisfying CAAA
- FCC gasoline splitting/ Olefins separation/ oxygenate standard and
' for low petroleum credit
Ether production Ether production

Production of feedstocks
used to produce oxygenate
for low petroleum credit

Hydrogenation for low
petroleum credit

=




ORNL-RYM can be used to represent various regional refining configurations. The model assumes
that all refineries within a large region are interconnected. Consequently, ORNL-RYM has a tendency
to over-optimize refinery operations. The over-optimization problem can be mitigated by focusing on
changes in refining variables, rather than relying on the model to predict exact outcomes. When ORNL-
RYM is used to analyze novel refining sceparios, it is advisable to interpret results with a more
qualitative perspective. '

3.2 Representation of Non-linear Emissions Models in a Linear Program

ORNL-RYM represents gasoline blending to satisfy emissions constraints defined by EPA’s final
Complex Model.° The non-linear Complex Model presents difficult adaptation problems for use in
refinery linear programs. Each gasoline blending component has VOC, TAP, and NOx blending values
that vary with overall gasoline composition. The Complex Model is represented in ORNL-RYM by the
linear delta method shown in Table 3. Off-line software computes Aemissions/APROPERTY coefficients.
These coefficients are then used in the off-line software to compute emissions blending values for the
gasoline blending components. ORNL-RYM is solved iteratively, until convergence of the coefficients.




Table 3.

Complex model representation in ORNL-RYM by linear delta method

An emission value for NOx, VOC, TAP is represented as a base value plus small linear emissions changes due to
small changes in gasoline properties. NOx is illustrated with the Phase I Complex Model:

Step I: Choose a base gasoline. The base gasoline (for summer use in Region C) might have the following base
PROPERTY values: MTBE oxygen=2.1; RVP=7.2; sulfur=140; aromatics=25; olefins=10; E200=49.9;
E300=385.1; benzene=0.7; NOx = 1240.89.

Step 2: Develop the blending equation.

NOx= NOx,,,,

+ (ANOx/Aoxygen) x (oxygen-oxygen,..)

+ (ANOX/ARVP) x RVP-RVP,,.)

+ (ANOx/Asulfur) x (sulfur-sulfur,,.)

+ (ANOx/Aaromatics) x (aromatics-aromatics,,, )
+ (ANOx/Aolefins) x (olefins-olefins,,,)

-+ (ANOx/AE200) x (E200-E200,,.)

+ (ANOx/AE300) x (B300-E300,,.)

+ (ANOx/Abenzene) x (benzene-benzene,,.)

The ANOx/APROPERTY is an original coefficient (W ,,..)). To determine (ANOx/Aolefins) for the base gasoline
in Step 1 (olefins=10 and NOx=1240.89), calculate NOx for that gasoline with olefins decreased by 0.1%
(olefins=9.9 and NOx=1240.33):

(ANOx/Aolefins) = (1240.89-1240.33)/(10-9.9) = 5.6
Step 3: Solve the linear program using the NOx constraint equation. For example,
NOx < 1232.8 (for an 8 percent NOx reduction)

NOx = 1240.89

- 1.31864 x (oxygen-2.1)

+ 3.65489 x (RVP-7.2)

+ 0.54643 x (sulfur-140)

+ 3.23156 x (aromatics-25)
+ 5.6 x (olefins-10)

+ 1.15442 x (B200-49.9)

- 0.55387 x (B300-85.1)

+ 0 x (benzene-0.7)

Calculate the NOX values for each gasoline blendstock and load the values in 2 gasoline component
blending table. )

Step 4: Given the linear program solution PROPERTY values, calculate new coefficients (W,..). Compare the original
(W i) 2nd the new (W) coefficients for each PROPERTY. At convergence, ACCEPT LINEAR PROGRAM
SOLUTION and STOP. Otherwise, choose a new base gasoline with PROPERTY values equal to the linear program
solution values, and Go to Step 2.




4. PREMISES FOR LOW PETROLEUM'GASOLINE STUDY

4.1 Gasoline Performance Specifications

The averaged basis standards for VOC and NOx are used in the low petroleum cases for the
summer of year 2010. To provide allowances for enforcement compliance, refiners may add blending
margins to the emissions standards. Table 4 shows the regionally weighted emissions targets, with and
without arbitrary blending margins.

Table 4. Emissions performance targets for reformulated gasoline produced in
PADD IIT low petroleum study

(percent reductions relative to statutory baseline)

Controlled emissions Standard Weighted by | Weighted standard plus
end-use region share margin
voC 28.4 30.0
NOx (summer) 6.8 78
NOx (winter) 0.0 1.0
TAP (summer) 25.0 26.5
TAP (winter) 15.8 16.8

To satisfy the anti-dumping provision of the CAAA, CG is produced with no increase in emissions,
relative to gasoline produced in PADD I in 1990. The 1990 model-derived summer gasoline properties
for 1990 are compared to survey properties for 1989 in Table 5. For year 2010 CG, 1 percent margins
are applied to the model-derived emissions properties. The maximum allowable RVP for summer CG
is assumed to be 7.9 psi.?

1990 emissions for winter gasolines produced in PADD I are based on winter ‘gasoline properties
-reported in reference 7.

*In the summer Base case (cost reference case), the 7.9 psi RVP specification for CG correctly represents
standards of the current Phase I RVP program. However, a 7.9 psi RVP for summer CG is a
misspecification for the full opt-in assumptions of the low petroleum cases. With allowance for blending
margins, the CG RVP specification should be 8.7 psi, since CG is used in ozone attainment areas. The
CG RVP misspecification was discovered after completion of model runs. In high oxygenation cases,
the misspecification does not matter, because the CG RVP is not a binding constraint. An 8.7 psi RVP
sensitivity case is examined for the case with the highest cost of RVP reduction. Marginal costs of RVP
reduction are used to estimate refining costs for the other cases with CG RVP changed to 8.7 psi.




Table 5.
Historical PADD III summer gasoline properties

1990 RYM
R+M)2 89.1 87.292.6
Aromatics, vol % 33.3 31.6
Oxygen, wt % 0.22 0.22
Olefins, vol % 12.2 13.2
Benzene, vol % 1.53 ‘ 1.64
Sulfur, ppm 314 305
RVP, psi 9.4 9.4
E200, vol % 44.0 44.0
E300, vol % 88.4 80.5
API gravity 59.5 56.4-59.3
NOx, mg/mi 1360 1365
TAP, mg/mi 80.0 80.1
VOC, mg/mi 1588 1596




4.2 Product and Crude Slates

ORNL-RYM has been used to study low petroleum gasoline production in Petroleum Administration
for Defense District I (PADD III, the U.S. Gulf Coast) during the year 2010. It is assumed that
seasonal gasoline and distillate demand will be the same as in 1989, with gasoline demand adjusted to
account for fuel economy differences, and with full opt-in by ozone non-attainment areas.’®! RFG
production is assumed to be 62 volume percent of total gasoline production. It is also assumed that 60
percent of RFG produced in PADD III will be consumed in region 1 (typically northern areas), and 40
percent will be consumed in region 2 (typically southern areas).?

Total product output is fixed, except for coke and sulfur production. For the low petroleum cases,
crude quality is constant. Recently reported crude quality is compared to crude quality in the low
petroleum study in Table 6.

Table 6. Quality of crude oil processed by PADD III refineries

Year 1993, actual Low petroleum
annual® : assumption®
Sulfur, wt percent 1.23 1.64
Gravity, °API 32.37 31.98
*Quality estimated by extrapolation to year 2000

4.3 Limits on Transportation Fuel Properties

The specifications for low petroleum gasoline need to be generally compatible with the ASTM D-
486 specifications. Some important considerations include:*

Octane: ASTM D-486 sets an octane limit for the average of Research and Motor Octane
(R+M)/2, by grade of gasoline. However, the octane sensitivity, R-M, can be an issue with some
blends. The sensitivity minimum specification of 7.5 must be augmented with a maximum
sensitivity specification of about 15. The maximum specification will avoid problems with knock
in particular operating regimes, and is derived from research on methanol which has a high
sensitivity.

Reid Vapor Pressure: The RVP is a measure of gasoline volatility, and the RVP specification
varies seasonally and geographically. RVP reduction is the most cost-effective mechanism for
reducing VOC in summer gasolines. In many cases, RVP will be driven to a lower limit to satisfy
the RFG VOC specification. The assumed lower limits are 6.5 for summer and 11.6 for winter,
below which there are operability concerns because of insufficient fuel volatility.

Distillation Curve: For the low petroleum study, the distillation temperature ranges for summer
RFG have been set at the combined limits for California Phase I and Phase II REGs. The allowable
range for T50 is 200 to 230°F, and 290 to 325°F for T90. These ranges correspond to
approximately 35 to 50 percent for E200, and 84 to 92 percent for E300. The distillation ranges
for winter gasolines have been set to recently reported maximum and minimum values.?®
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Oxygen Content: The maximum allowable oxygen content is currently 3.5 wt percent for ethanol
blends. However, modern vehicles can generally perform adequately with oxygen levels of 5 to
6 wt percent. In the low petroleum cases, the maximum allowable oxygen content is 6 wt percent.
Extrapolation assumptions are requzred Jor use of the Complex Model beyond its valid limit of 3.7
WE percent oxygen.

Energy Content: BTU content is not the sole determinant of fuel economy. Other characteristics
of the fuel, as well as vehicle related factors, may also affect fuel economy. Although oxygenates
contain less energy than some other gasoline components, their presence in gasoline chemically
enleans the air/fuel charge, which can result in more complete combustion of fuel. Depending upon
vehicle technology, this improvement in combustion may compensate for the lower BTU value. !
The costs of fuel economy changes are included in the refining costs for low petroleum gasoline
- production. These costs could be high because they are based solely on energy content. However,
the fuel economy cost effect in the low petroleum cases is usually small compared to the refining
cost effects.

Hydroprocessing may be very important in some low petroleum gasoline production cases, with
possible side effects on the amounts of severely hydroprocessed stocks blended to distillates. Therefore,
specifications have to be imposed on some distillate products to prevent problems with fuel stability and
lubricity.

Stability: Light cycle oils (ILCOs) are important blendstocks for diesel fuels. LCOs have inferior
stability, with tendencies to produce gums and other particulates, resulting from complex
interactions between molecular oxygen, and organic compounds containing nitrogen/sulfur/oxygen,
reactive olefins, and aromatics compounds. The resulting particulates and gums can cause plugging
of diesel engine filters and fouling of fuel injectors.” Research has shown rapid degradation in the
stability of fuels blended with more than 30 percent LCO in virgin distillate. Therefore, in the low
petroleum study, the maximum allowable LCO in highway diesel fuel has been set at 30 percent.*®*

Lubricity:  Severely hydroprocessed blendstocks could be important in the low petroleum
hydrogenation strategies. Severe hydroprocessing can remove naturally occurring impurities such
as organic acids and some polynuclear hydrocarbons which impart good lubricity. Poor Iubricity
military jet fuels have caused wear problems with fuel pumps and fuel control valves. Corrosion
inhibiting additives can mitigate lubricity problems. However, to provide additional protection
against the lubricity problem in the low petroleum study, upper limits have been placed on the
percentage of severely hydroprocessed stocks that can be blended to jet fuels (15 percent for military
fuels and 45 percent for civilian fuels).?

4.4 Raw Material and Product Value Assumptions

The PADD IH refiner price for crude oil is assumed to follow the supply curve in Fig. 1. The
derivation of the supply curve is explained in Appendix A. The curve is based on a long-run supply
elasticity of 0.3 and a reference crude oil price of $26.49 per barrel (1990 U.S. dollars) for the year
2010.2* The crude oil price is used to estimate prices for individual refiried products, such as those listed
in Table 7. The price differentials for the products in Table 7 have remained nearly constant in recent
decades, despite a tenfold range of crude oil prices.” Ether prices are based on Nat10na1 Petroleum
Council estimates.”
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The PADD III refiner price for natural gas is assumed to follow the supply curve in Fig. 2. The
derivation of the supply curve is explained in Appendix A. The curve is based on a long-run supply
elasticity of 0.3 and an average dry gas price of $3.17 per MCF (1990 U.S. dollars) for the year 2010.2

The PADD IN refiner price for corn-derived ethanol is assumed to follow the supply curve in Fig.
3. The derivation of the supply curves for both corn-derived and cellulosic ethanol is explained in
Appendix A. The ethanol supply curves include the federal tax credit of 54 cents per gallon.

In the production of low petroleum gasoline, natural gas is often substituted for crude oil. Because
of increased gas demand, the price of natural gas increases. With decreased demand for crude oil, the
price of crude oil falls. Product prices are affected by a price reduction driven by the falling crude oil
price, and a price increase due to the increased costs of natural gas and refining. The low petroleum
study assumes that the demand for refined products is constant, regardless of the net price effect. In
actual markets, the demand could change with changes in price. The sensitivity of price assumptions is
gauged by reporting results for all low petroleum cases in terms of the assumptions stated above ("the
elastic price assumption") and for a constant price assumption.

Table 7. Product price differentials®

Produc | ooy |
Unleaded premium gasoline 4.0 cents per gallon over unleaded regular motor gasoline
Unleaded regular motor gasoline 3.5 cents per gallon over No. 2 fuel oil
Jet A 3.0 cents per ;gallon over No. 2 fuel oil
No. 2 fuel oil 8% over crude oil
No. 6 fuel oil (0.7% sulfur) 77% of No. 2 fuel oil
Bunker fuel (3% sulfur) 68% of No. 2 fuel oil

4.5 Treatment of Capital Cost Recovery

Capital equipment investment is based on a 15 percent discounted cash flow rate of return on
investment (ROI), with account for seasonal process utilization changes. Other studies have used a 15
percent ROI to select optimal process investments, with actual costs based on a 10 percent ROI.»* The
sensitivity of the ROI assumption is discussed in reference 25.

4.6 Base Cases (Cost Reference Cases)

Refining costs (and fuel economy cost effects) are relative to year 2010 seasonal base cases with
production of 100 percent CG. The Base cases (cost reference cases) use current refinery capacity plus
additional (sunk cost) investment capacity.” Summer Base case gasoline blendstocks and properties are
shown in Tables B-1 and B-2. Winter Base case gasoline blendstocks and properties are shown in Tables
D-1 and D-2.
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5. LOW PETROLEUM GASOLINE COMPONENTS

EPACT defines replacement fuel as "the portion of any motor fuel that is methanol, ethanol, or
other alcohols, natural gas, liquified petroleum gas, hydrogen, coal derived liquid fuels, fuels (other than
alcohol) derived from biological materials, electricity (including electricity from solar energy), ethers,
or any other fuel the Secretary [of Energy] determines, by rule, is substantially not petroleum and would
yield substantial energy security benefits and substantial environmental benefits. "

For the study of low petroleum gasoline production, it is assumed that replacement fuels can become
a portion of gasoline by direct blending or by conversion into another form which can be blended into
gasoline. For example, ethanol can be blended as is. Hydrogen (derived from "non-petroleum" natural
gas and steam) cannot be di_rectlj' blended into gasoline, but it can enter gasoline in a converted form (for
example, through hydrogenation of unsaturated hydrocarbons). Fig. 4 illustrates how the replacement
petroleum concept could be merged with conventional refining processes. The low petroleum study
investigates replacement of petroleum by:

® Direct blending or conversion of alcohols:

Methanol (derived from natural gas) and ethanol can be directly blended into gasoline for
replacement fuel credit. Gasoline grade tertiary butyl alcohol (GTBA) is directly blended as
_a cosolvent with methanol. Methanol and ethanol can also be converted into ethers.

¢ Direct blending of ethers:

Replacement fuel credit is given for purchased methyl tertiary butyl ether (MTBE) and ethyl
tertiary butyl ether (ETBE), which are assumed to be derived from non-petroleum sources.

For ethers produced in the refinery, the associated alcohol is credited as a replacement fuel.
Produced ethers can include MTBE, tertiary amyl methyl ether (TAME), tertiary hexyl
methyl ether (THME), ETBE, tertiary amyl ethyl ether (TAEE), and tertiary hexyl ethyl ether

(THEE).

e Hydrogenation:
Hydrogen derived from non-petroleum sources and used in hydrogenation processes can be
credited as a replacement fuel in gasoline. However, as shown in Appendix C, there should
be deductions for hydrogen used in desulfurization, fuel gas, and in hydrogenation of
blendstocks for products other than low petroleum gasoline.

o Conversion of vegetable oil:

It is assumed that rapeseed oil can be used as a feedstock for future cracking technologies.
The rapeseed oil component of gasoline blendstocks is credited as replacement fuel.
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Replacement fuel credit is also given for purchased components of natural gas liquids (NGLs include
ethane, propane, butanes and natural gasoline).® These non-petroleum components may be used in the
production of ethers, alkylate, reformate and other gasoline blendstocks. If large volumes of ethers are
used in Jow petroleum gasoline, production costs could be particularly sensitive to the availability of NGL
component raw materials for ether production.

5.1 NGL Composition

Natural gas is composed of methane with some entrained light hydrocarbons. NGLs are produced
when the non-methane components are extracted from natural gas. The methane portion of produced
natural gas varies widely from one deposit to another, and could range from 50 to 99 percent. The
remaining 1 to 50 percent is NGLs and other contaminant gases such as carbon dioxide, hydrogen, and
nitrogen. On average nationwide, 9 percent of natural gas is NGLs.

Typically, NGLs are about 52 percent ethane, 27 percent propane, 13 percent butane, 5 percent
pentane, and 3 percent hexane or heavier hydrocarbons.?

5.2 Location and Quantity of NGLs

Natural gas is processed at natural gas plants and at refineries. There are approximately 730 natural
gas processing plants and 190 refineries in the United States.?” Gas processing plants account for about
74 percent of NGL production.?® Refinery-produced NGLs are crude-derived and are not credited as
replacement fuel in this analysis. Gas plant production of propane, the primary commercial NGL, occurs
in all gas-productive areas. Refinery production is concentrated in the Gulf area, but it is regionally
important in the vicinity of other refinery centers such as Philadelphia, Chicago, and the West Coast.
Natural gas and NGL users include petrochemical plants (the largest single user), refineries, other
industry, residential, utility, commercial, and agricultural sectors.”’ Over the last 20 years, daily
production of NGLs in gas processing plants has averaged about 1.5 million barrels per day.?® Current
domestic daily production of NGLs is about 1.75 million barrels per day or 640 million barrels per
year,®

Historically, 3 to 5 percent of natural gas has been imported. As recent domestic natural gas
demand has risen faster than production, imports are now 9 to 11 percent. Natural gas imports result
in the elimination of some volume of NGLs, which would be coproduced if a volume of natural gas
equivalent to the imported volume were processed domestically. To the extent that increased demand for
natural gas is supplied by imports, some historical volume of NGLs will be lost.

*Natural gasoline is considered a replacement fuel in this analysis because it is "substantially not
petroleum” as required by EPACT and is a logical technical interpretation of the intent of the law.
Liquified petroleum gases, explicitly mentioned in the EPACT definition, include ethane, propane, and
butanes produced from natural gas processing.
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5.3 NGL Quality

"Quality" refers to the relative lack of non-hydrocarbon impurities in natural gas and NGLs. The
composition of wellhead natural gas production varies widely. To meet pipeline requirements, wellhead
natural gas must often be processed to remove water, NGLs, and non-hydrocarbon gases such as carbon
dioxide, hydrogen sulfide, and nitrogen. While technologies exist for removing all common non-methane
diluents from natural gases, the processes can be costly and energy intensive, especially when the diluents
constitute a large percentage of the gas. '

"Subquality" natural gas'is characterized by one or ‘more of the following wellhead composition
criteria:*

¢ Carbon dioxide greater than or equal to 2 percent
¢ Nitrogen greater than or equal to 4 percent

¢ Hydrogen sulfide greater than or equal to 4 ppm.

These categories of gas composition generally require some form of upgrade (processing or
blending). Carbon dioxide and hydrogen sulfide, termed "acid gases," are corrosive in pipelines and
must be removed when present in even small concentrations. Nitrogen is inert and reduces the heating
value of the gas. Removing these impurities to produce pipeline-quality natural gas generates NGLs.

The amount of NGL in natural gas varies with gas type. Associated natural gas, which is found
along with crude deposits, typically is higher in NGL content. It is often referred to as "rich" or "wet"
gas. Non-associated natural gas is not found alongside crude deposits and tends to be "drier," meaning
that the gas contains a lower percentage NGL. Since crude oil production is expected to decrease in the
future, less associated natural gas will be produced as well. The trend in natural gas production is toward
drier, non-associated gas.

5.4 NGL Extraction/Production Methods and Associated Costs

Gas processing plants have three basic methods of recovering NGLs from natural gas: straight
refrigeration, cryogenic refrigeration and lean oil absorption.® The first two methods are more common,
with lean oil absorption used primarily in older plants.

5.4.1 Straight Refrigeration

The basic process for extracting NGLs from natural gas is cooling. In straight refrigeration, liquid-
laden gas is cooled to a temperature between 15°F and -40°F. The lower temperatures are required to
remove ethane. About 70 percent of the ethane, 90 percent of the propane, and all of the butanes and
pentanes can be recovered through this method. At the higher temperature, 25 to 35 percent of the
ethane, 55 to 70 percent of the propane, 80 to 90 percent of the butanes, and at least 97 percent of the
pentanes and heavier molecules can be recovered. A 20 million cubic foot per day (inlet) straight
refrigeration plant processes gas at a cost of about $0.05 per thousand cubic feet (MCF).
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5.4.2 Cryogenic Refrigeration

To achieve greater extraction of ethane, lower temperatures are required than can be achieved
through straight refrigeration. Cryogenic refrigeration temperatures can reach between -150°F and -
225°F. With these temperatures, about 90 to 95 percent of the ethane and all of the heavier hydrocarbons
can be recovered from natural gas. Natural gas is supercooled in a cryogenic unit by increasing the
pressure on the gas. This can be done with either a turbo-expander or a Joule-Thomson valve. A 20
million cubic foot per day (inlet) cryogenic refrigeration plant processes gas at a cost of about $0.03 per
MCF.

- The economics of the straight refrigeration plant versus the cryogenic refrigeration plant depend on
the volume of gas to be processed, the amount of NGL present in the gas, the pressure of the incoming
gas source, and the intended use of the recovered liquids. Generally, straight refrigeration plants are
more economical if a small volume of gas is to be processed, and cryogenic plants are more economical
if the gas stream to be processed has a lower NGL content. Since the trend is toward drier gas with a
lower NGL content, only use of low-temperature straight refrigeration or cryogenic refrigeration will
extract the maximum amount of NGLs from natural gas. From 1991 to 1992, there was a decline in
production of ethane as the price of natural gas rose and margins narrowed that in turn decreased
production of NGLs. Strong demand for ethane from the petrochemical sector is expected to improve
margins in the late 1990s, which should benefit the production of heavier NGLs.

Although the economics of processing leaner gas are generally better in a cryogenic refrigeration
plant, there is relatively little benefit to using low-temperature, deeper extraction processing methods to
extract more of the heavier NGLs, since even the higher temperature straight refrigeration processing
extracts most of the heavier hydrocarbons.

5.5 NGL Transportation Modes and Associated Costs

Small gas processing plants are often unable to fractionate the NGL stream completely. In the case
where it is desirable to separate heavier products from the propane stream, the mixed NGL stream is sent
to a fractionation center. There are two major storage and fractionation centers in the United States. One
is at Mont Belvieu, Texas, and the other is in Conway, Kansas. The fractionation centers are connected
to gas processing plants by an extensive pipeline system. There are currently 10 major pipelines with
72,000 miles of lines dedicated to moving NGLs.* The average time to move product from Gulf Coast
to midwest is 4 to 7 days.

The cost of transporting NGL to Mont Belvieu or Conway and then fractionating it ranges from
$0.03 to $0.10 per gallon, with the higher costs associated with transporting from the Rocky Mountains
or the northeastern part of Utah.* With recently low NGL margins, the cost of moving NGL from some
remote regions to the Gulf Coast for fractionation makes it unprofitable to recover heavier NGLs.

After processing, the separated NGL products are transported from the fractionation center to end
users or distributors. Generally, only petrochemical plants and refineries receive NGLs directly from the
pipeline. Transport trucks or rail cars deliver to utility, industrial, and commercial users (including
distributors). The type of transport used depends on the requirements of the specific NGL. Ethane is
limited to pressurized pipeline movement because of its high vapor pressure and low density. Propane,
butane, and natural gasoline may be moved by any of the above methods. Propane, perhaps the most
marketable product in terms of variety of end uses, is often segregated and sold separately from butane
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and pentane. Butane, formerly used by refiners to "blend up" gasoline for higher octane, is used widely
to make ethers. ‘

5.6 Projection of Future Resource Availability

The future availability of NGLs for low petroleum gasoline does not show significant growth for
four key reasons. First, current gas processing techniques are already extracting most of
the butanes and heavier hydrocarbons in NGLs. Second, since the trend in future natural gas production
is toward drier gas, there will be fewer NGLs in the gas that is processed domestically. Third, future
increases in natural gas imports to meet increased natural gas demand does not provide any opportunity
to increase the production of NGLs. Fourth, the Energy Information Administration predicts traditional
demand for NGLs will remain flat through the year 2010.%

In summary, no significant increase in production of NGLs is expected from natural gas processing

plants. Any additional NGLs used to produce ethers would likely have to come from refineries or
imports. ’
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6. PRODUCTION OF LOW PETROLEUM SUMMER GASOLINE

The low petroleum study does not provide forecasts of the volumes or mix of low petroleum
gasolines that will enter the marketplace. Rather, the study examines hypothetical low petroleum gasoline
formulations. These low petroleum gasolines are produced by direct blending-or conversmn of alcohols,
direct blending of ethers, hydrogenation, and conversion of vegetable oil.

6.1 Direct Blending of Alcohols
6.1.1 Methanol -

With EPA’s phasedown of lead in gasoline, there was increased interest in the potential of methanol
as an economical replacement for lost octane. In the late 1970s and early 1980s, EPA approved several
blends of methanol in gasoline. Correctly produced methanol blends were attractive because they could
be substituted for costly gasoline without expensive changes to either automobiles or fuel transport
systems.

Without a cosolvent blended with methanol, water can separate from gasoline and accumulate at the
bottom of storage tanks. When this water-rich mixture is pumped into an automobile’s fuel system, it
causes rough idling, stalling, and other problems. Publicity about incorrectly blended methanol
contributed to automakers’ skepticism about the effect of methanol blends on the engine and fuel system.
As a result, several automakers cautioned motorists against using methanol blends and declared that
vehicle warranties could be revoked if methanol blends were used. Higher methanol prices and
misblending episodes led to-the phase out of major methanol programs in the mid-1980s.3*

Table 8 shows that methanol (with cosolvent) blends have attractive octane blending values, but high
RVP blending values. RVP is the major determinant of VOC emissions. Fig. 5 shows that the VOC
emissions blending value of methanol (with cosolvent) can be two and a half times the target VOC value
for RFG. The RFG VOC specification greatly reduces the viability of methanol as a replacement fuel
for gasoline. In fact, for premises of the low petroleum gasoline study, the minimum oxygen requirement
for summer RFG cannot be met with methanol without exceeding the VOC emissions limit. Therefore,
direct blending of methanol is eliminated as an option in the low petroleum study, but methanol remains
important as a non-petroleum feedstock for ether production.

17




Table 8. Octane and RVP for REG and blendstocks®

i | |

I -y T
Summer RFG 88.6 (minimum) | 6.5 -7.0 (typical)
Methanol (with cosolvent gasoline grade tertiary 107 34+
butyl alcohol, GTBA)

Ethanol : ‘ 115 19.5
MTBE 109 9
ETBE 112 4
*RFG octane is target specification. RFG RVP is typical value range. Other octane and
RVP values are blending values. Blending values can vary with gasoline composition.

6.1.2 Ethanol

Ethanol has seen continued growth as a gasoline component since the late 1970s when it was used
as a product extender due to tight gasoline supplies. State and federal benefits can be claimed if a
renewable feedstock is used for ethanol production. .The current federal excise tax credit is 5.4 cents per
gallon of 10 percent ethanol in gasoline, or 54 cents per gallon of ethanol. The excise tax credit can be
prorated below the 10 percent ethanol blend. Income tax credits can be claimed for ethers produced from
ethanol, if the taxpayer is not paying the Alternate Minimum Tax.?¢

More than 95 percent of ethanol is made from corn, and about 6 percent of U.S. corn is used to
make ethanol.”’” However, cellulosic ethanol could have substantial cost and emissions benefits in the
future. Production of cellulosic ethanol from low-cost and widely available materials, such as wood,
could be a long-term solution to the problem of dwindling petroleum reserves, provided no fossil fuel
inputs are used during biomass production, harvesting, and transport. It has been argued that use of
cellulosic ethanol will result in no net contribution of carbon dioxide (CO,) to the atmosphere. This is
because the CO, released during biomass conversion to ethanol and ethanol combustion will be absorbed
during the growth of new biomass materials to replace those used during conversion.*® Other factors that
could contribute to lower emissions of CO, in the use of cellulosic ethanol include reduced use of
fertilizers, pesticides, tillage, and labor.

Gasoline suppliers tend to blend ethanol into gasoline at sites near ethanol producers, predominantly
in the Midwest for corn-derived ethanol. Most petroleum pipelines will not carry ethanol or ethanol
blends, due to solvency properties. Ethanol can dissolve accumulated sediments, which could reform at
valves and other critical points, or in vehicle engines. Pipelines and terminals would need to provide
costly treatment to remove impurities and moisture, or need to replace fittings to permit transportation
of ethanol or ethanol blends. Therefore, ethanol is usually shipped by truck or rail and blended with
gasoline at distribution points, rather than at refineries.*
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Ethanol-based gasoline demand can be very high in the low petroleum study. Extensive production
and marketing would require the introduction of ethanol into pipeline systems. Anhydrous facilities
would have to be provided from the point of blending to the point of retail sale. The American
Petroleum Institute (API) has estimated that a 10 percent ethanol blend for half the gasoline sold would
require an investment of $0.8 to $1.7 billion for upgrading blending, storage and pipeline systems.
Annualized capital and operating costs would be about 21 to 24 cents per gallon of ethanol, or about 2
cents per gallon of the ethanol gasoline blend.*

As shown in Table 8, ethanol has an attractive octane blending value, but its RVP blending value
is considerably higher than the likely RVP of RFG. Ethanol’s RVP causes its VOC blending value to
be high, as shown in Fig. 5. Another potential problem with ethanol is that RVP can increase through
commingling of ethanol-based gasolines with other gasolines (the blending RVP of ethanol can increase
as the ethanol concentration decreases). The current.maximum allowable concentration of oxygen from
ethanol is 3.5 wt percent, equivalent to 10 volume percent of ethanol. In the year 2010 low petroleum
cases, the regulatory limit on oxygen is relaxed.

Six cases have been examined in which summer gasoline is oxygenated with ethanol. The non-
petroleum share is manipulated in these cases by increasing the oxygen content of gasolines, by
decreasing the refinery input of crude oil, and by increasing the use of hydrogen. Sensitivity cases gauge
the importance of the VOC and RVP assumptions. Given the large volumes of ethanol-based gasolines,
the cases assume that ethanol blending is optimized and performed at the refinery. Major investments
in the distribution system would be required to deliver these gasolines to end users. Distribution system
investment costs are not included in the estimated refining costs. Tables 9 and 10 summarize case
conditions, non-petroleum inputs, and refining costs. Key points related to these tables include:

Refining cost is sensitive to the VOC specification assumption. If the required VOC reduction is
relaxed from 30 to 24 percent, the refining cost increase can be cut about half (compare cases 1EA

and 2EA).

Refining cost can be sensitive to the RVP specification assumption for CG. RVP for CG is a
binding constraint in all ethanol cases. Among all low petroleum cases, RVP reduction is most
costly in case 4EA. As a variation of case 4EA, case SEA shows a refining cost decrease of 4 to
5 cents per gallon of gasoline when the allowable RVP for CG is increased to 8.7 psi.

In terms of increased refining costs, crude oil reduction can be expensive in ethanol blends
(compare cases 3EA and 4EA). Low-RVP blend stocks are important in compensating for ethanol’s
high VOC blending value. Reducing crude input reduces the availability of low-RVP stocks.

The cost of crude oil reduction is the total increase in costs divided by the total reduction in crude
oil use. A refiner would not choose to produce low petroleum gasoline unless the average cost of
crude in the base case is at least the cost of crude oil reduction in the low petroleum case. In terms
of the cost of crude oil reduction, the cases have similar cost-effectiveness. The lowest cost of
crude oil reduction is for the CG RVP sensitivity case SEA.

Crude oil reduction causes an increase in natural gas used as feed to the hydrogen plant (compare
cases 3EA and 4EA).
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Forced hydrogenation causes an increase in natural gas used as feed to the hydrogen plant (compare
cases 3EA and 6EA).

Oxygen levels slightly higher than those shown in the table are not feasible, because there is no
market disposition for some naphthas displaced from gasoline. The displacement of naphthas is
related to VOC control.

The maximum non-petroleum share is 17 to 18 percent, occurring with high crude oil reduction
(cases 4EA and 5EA). ‘

Refining costs are sensitive to assumptions about price elasticity of raw materials and products. In
case SEA with corn-based ethanol, the refining cost increases range from 23 cents (constant prices)
to 34 cents (elastic prices) per gallon of gasoline.

Refining costs are sensitive to assumptions about the use of corn-derived and cellulosic ethanol.
In case SEA, the use of cellulosic ethanol can save 3 to 5 cents per gallon compared to the use of
corn-derived ethanol.

Gasoline blendstocks (Tables B-3 and B-4), gasoline properties (Tables B-5 and B-6), process
capacity investments (Table B-7), and refinery fuel use changes (Table B-8) are shown in Appendix B.
Key points related to these tables are:

In crude oil reduction, increased alkylation is required to compensate for the loss of low-RVP inputs
(compare cases 3EA and 4EA). Increased natural gas feedstocks are used in expanded hydrogen
plant capacity. The increased hydrogen stream is utilized in expanded hydrocracker capacity.
There are increases in hydrocrakate blended to gasolines and to distillates (Table 11).

A reduction of crude oil (with reduced availability of low RVP stocks) causes a shift of refinery
operations toward building larger molecules from small molecules. For example, lighter
hydrocarbons are separated by fractionation and combined in processes such as a