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Preface

In December 2000 the U.S. Environmental Protection
Agency (EPA) issued a final rulemaking on Heavy-Duty
Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Control Requirements. The purpose of the rule-
making is to reduce emissions of nitrogen oxides and
particulate matter from heavy-duty highway engines
and vehicles that use diesel fuel. The rulemaking
requires new emissions standards for heavy-duty high-
way vehicles that will take effect in model year 2007.
“The pollution emitted by diesel engines contributes
greatly to our nation’s continuing air quality problems,”
the EPA noted in its regulatory announcement. “Even
with more stringent heavy-duty highway engine stan-
dards set to take effect in 2004, these engines will con-
tinue to emit large amounts of oxides of nitrogen (NOx)
and particulate matter (PM), both of which contribute to
serious public health problems in the United States.”

While the review of this rule was underway, the Com-
mittee on Science of the U.S. House of Representatives
asked the Energy Information Administration (EIA) to
provide an analysis of the proposal (Appendix A). The
Committee noted that the proposed rule would reduce
the level of sulfur in highway diesel by 97 percent.
“These deep sulfur reductions will require significant
investment s that not all refiners may choose to make. As
a result, diesel fuel supplies could be affected,” the Com-
mittee’s letter stated.

In response to the Committee’s request, EIA undertook
an analysis incorporating two different analytical
approaches. Mid-term issues and trends are addressed
through scenario analysis using EIA’s National Energy
Modeling System. In addition, refinery cost analysis
addresses the uncertainty of supply in the short term.
Discussion of the key issues and uncertainties related
to the distribution of ultra-low-sulfur diesel is based
on interviews with a number of pipeline carriers. As

suggested by the Committee, most of the major assump-
tions in this report are consistent with those used by the
EPA in its Regulatory Impact Analysis (RIA) of the Rule.

Within its Independent Expert Review Program, EIA
arranged for leading experts in the fields of energy and
economic analysis to review earlier versions of this anal-
ysis and provide comment. The reviewers provided
comments on two draft versions of the report and dis-
cussed their comments in a joint meeting. All comments
from the reviewers either have been incorporated or
were thoroughly considered for incorporation. As is
always the case when peer reviews are undertaken, not
all the reviewers may be in agreement with all the meth-
odology, inputs, and conclusions of the final report. The
contents of the report are solely the responsibility of EIA.
The assistance of the following reviewers in preparing
the report is gratefully acknowledged:

Raymond E. Ory
Baker and O’Brien, Inc.

Norman Duncan
Energy Institute, University of Houston

Kevin Waguespack
PricewaterhouseCoopers

The legislation that established EIA in 1977 vested the
organization with an element of statutory independ-
ence. EIA does not take positions on policy questions. It
is the responsibility of EIA to provide timely, high-
quality information and to perform objective, credible
analyses in support of the deliberations of both public
and private decisionmakers. The information contained
herein should be attributed to the Energy Information
Administration and should not be construed as advocat-
ing or reflecting any policy position of the U.S. Depart-
ment of Energy or any other organization.
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Executive Summary

This study was undertaken at the request of the Com-
mittee on Science, U.S. House of Representatives. The
Committee asked the Energy Information Administra-
tion (EIA) to provide an analysis of the Final
Rulemaking on Heavy-Duty Engine and Vehicle Stan-
dards and Highway Diesel Fuel Sulfur Control Require-
ments, which was signed by President Clinton in
December 2000.1

The purpose of the rulemaking is to reduce emissions of
nitrogen oxides (NOx) and particulate matter (PM) from
heavy-duty highway engines and vehicles that use die-
sel fuel. The new rule requires refiners and importers to
produce highway diesel meeting a 15 parts per million
(ppm) maximum requirement, starting June 1, 2006;
however, pipelines are expected to require refiners to
provide diesel fuel with an even lower sulfur content,
somewhat below 10 ppm, in order to compensate for
contamination from higher sulfur products in the sys-
tem, and to provide a tolerance for testing. Diesel meet-
ing the new specification will be required at terminals by
July 15, 2006, and at retail stations and wholesalers by
September 1, 2006. Under a “temporary compliance
option” (phase-in), up to 20 percent of highway diesel
fuel produced may continue to meet the current 500
ppm sulfur limit through May 2010; the remaining 80
percent of the highway diesel fuel produced must meet
the new 15 ppm maximum.

The purpose of this study is to assess the possible impact
of the new sulfur requirement on the diesel fuel market.
The study discusses the implications of the new regula-
tions for vehicle fuel efficiency and examines the tech-
nology, production, distribution, and cost implications
of supplying diesel fuel to meet the new standards. In
order to address both the short-term and mid-term
supply issues identified by the Committee on Science,
this analysis incorporates two different analytical
approaches. Refinery cost analysis addresses the uncer-
tainty of supply in the short term, during the transition
to ultra-low-sulfur diesel fuel (ULSD) in 2006. Mid-term
issues and trends (2007 through 2015) are addressed

through scenario analysis using EIA’s National Energy
Modeling System (NEMS). The Committee on Science
requested that these analyses use assumptions consis-
tent with the Regulatory Impact Analysis published by
the U.S. Environmental Protection Agency (EPA). Dis-
cussion of the key issues and uncertainties related to the
distribution of ULSD is based on interviews with a num-
ber of pipeline carriers.

Although highway-grade diesel is the second most con-
sumed petroleum product, gasoline is the most impor-
tant product by far. In 1999 highway diesel accounted
for 12 percent of total petroleum consumption and gaso-
line 43 percent.2 Consumption of highway-grade diesel
(500 ppm) accounted for 68 percent of the distillate fuel
market in 1999, although 9 percent went to non-road
(rail, farming, industry) and home heating uses.3 Higher
sulfur distillate (more than 500 ppm sulfur), used exclu-
sively for non-road and home heating needs, accounted
for the other 32 percent of the distillate market.

Assessment of Short-Term Effects
of the Rule

Whether there will be adequate supply of diesel fuel as
the new standard becomes effective in June 2006 is one
of the key questions raised by the House Committee on
Science in the request for analysis. To assess this possi-
bility, cost increases for individual refineries to produce
ULSD were estimated, the cost increases were arrayed
from smallest to largest, and the resulting cost curves
were matched against projected demand and imports.
The cost curves reflect investment requirements and
operating costs for refineries in Petroleum Administra-
tion for Defense Districts (PADDs) I through IV.4 ULSD
production costs were estimated for different groups of
refineries based on size, sulfur content of feeds, fraction
of cracked stocks in the feed,5 boiling range of the feed,
and fraction of highway diesel produced. Unlike ULSD
analyses conducted by the EPA and others, the cost
curves relied on proprietary stream data collected by
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1U.S. Environmental Protection Agency, “Control of Air Pollution from New Motor Vehicles: Heavy-Duty Engine and Vehicle Stan-
dards and Highway Diesel Fuel Sulfur Control Requirements: Final Rule,” Federal Register, 40 CFR Parts 69, 80, and 86 (January 18, 2001).

2Energy Information Administration, Petroleum Supply Annual 1999, DOE/EIA-0340(99)/1 (Washington, DC, June 2000), Table 3.
3Energy Information Administration, Fuel Oil and Kerosene Sales 1999, DOE/EIA-0525(99) (Washington, DC, September 2000), Tables

19-23.
4PADD V was not included in this analysis, because supply concerns are less of an issue in the transition period, and the requirement for

California Air Resources Board diesel makes the PADD V market different from those in PADDs I-IV.
5Cracked stocks are previously processed streams that are more difficult to treat.



EIA.6 The capital and operating costs for the different
groups were developed for EIA by the staff of the
National Energy Technology Laboratory (NETL), con-
sistent with the EPA analysis. Return on investment was
assumed to be 5.2 percent after taxes, consistent with the
EPA’s assumption of a 7-percent before-tax return on
investment. Costs were not adjusted to take sulfur credit
trading into account, because of the uncertainty about
whether trading would occur and the value of the cred-
its. If credit trading occurred, costs could be reduced.

Cost representations of desulfurization units were used
to develop four sets of cost curves, based on four differ-
ent investment rationales (Table ES1). Within a given
supply curve, the relative costs of different groups of
refineries provide an indicator of possible supply short-
falls at the beginning of the ULSD requirement in the
summer of 2006. Some refiners may be able to produce
ULSD at a cost of about 2.5 cents per gallon; however, at
the volumes needed to meet demand, costs are esti-
mated at 5.4 to 6.8 cents per gallon,7 and they could be
higher if supply falls short of demand and consumers
bid up the price. The behavior of refiners will be influ-
enced by their expectation of what others will do and is
therefore subject to considerable uncertainty.

The four refinery investment scenarios have progres-
sively more volume and are defined as follows:

• The Competitive Investment scenario includes only
those refiners that are very likely to prepare to pro-
duce ULSD in 2006. They currently hold market
share and are estimated to be able to produce ULSD
at a competitive cost. Refiners with highway diesel
as a relatively low fraction of their distillate produc-
tion are assumed to abandon the market unless their
cost per unit of production is competitive at current
highway diesel production levels.

• In the Cautious Expansion scenario, current produc-
ers with competitive cost structures for ULSD pro-
duction and high fractions of highway diesel
production (greater than 70 percent) are assumed to
maintain current production levels and, possibly, to
push production of ULSD toward 100 percent of
their distillate production if only minor increases in
per-unit production costs occur for the increased
volume.

• The Moderate New Market Entry scenario assumes
that a selective number of refineries currently pro-
ducing little or no highway diesel will enter the
ULSD market. The underlying premise is that a lim-
ited number of companies would think that they
would be able to gain market share without depress-
ing margins to the extent of undercutting profits.

• The Assertive Investment scenario assumes that a
larger number of refiners would make the requisite
investments to either maintain or gain share in the
highway diesel market. In this scenario, refiners
would believe that most of their competitors were
overly cautious, and that they could succeed by tak-
ing a contrary strategy (which in reality would be
adopted by far more refiners than anticipated).

As a result of distribution limitations and non-road uses,
the amount of ULSD actually needed to balance demand
in 2006 is highly uncertain. Accordingly, a range of
demand estimates was developed to account for some of
the uncertainty (Table ES2 and Figure ES1). The Small
Refiner and Temporary Compliance Options demand
estimate was calculated as 80 percent of the estimated
demand for transportation distillate for both highway
and non-road uses in PADDs I-IV in 2006 (excluding
production by small refineries, which are allowed to
request waivers to delay production until 2010), repre-
senting the EPA’s requirement to produce 80 percent
ULSD after the regulation takes effect. The Small Refiner
and Temporary Compliance Options with Imports
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Table ES1. Short-Term Scenarios

Scenario
Number of Refineries

Producing ULSD Characteristics

(1) Competitive Investment 66 Current low-sulfur diesel producers maintain market share. Low-fraction
producers drop out.

(2) Cautious Expansion 66 Some low-sulfur diesel producers in Scenario 1 expand production.

(3) Moderate New Market Entry 67 One refinery not currently producing low-sulfur diesel enters the ULSD market.
Nine other producers in Scenario 2 expand production.

(4) Assertive Investment 74 A larger number of refineries not currently producing low-sulfur diesel enter the
ULSD market. Some others expand production.

Notes: Current low-sulfur diesel contains 500 ppm sulfur. ULSD contains 7 ppm sulfur to compensate for contamination and to provide a tolerance
for testing.

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting.

6The EPA used EIA data on refinery capacity and diesel production in its refinery-by-refiney analysis.
7These are marginal costs on the industry supply curve, based on average refinery costs for producing ULSD. These cost estimates do not

include additional costs for distribution, estimated at 1.1 cents per gallon in the mid-term analysis.



estimate assumes that imports from Canada and the
Virgin Islands will continue at historical levels (Demand
B, which matches the demand projection in the
mid-term analysis described in Chapter 6). The High-
way Use Only, Small Refiner and Temporary Compli-
ance Options with Imports estimate (Demand C)
assumes that ULSD will be used only to meet highway

transportation demand, that the temporary compliance
option will further reduce this demand by 20 percent,
and that imports will remain at historical levels. Finally,
the Highway Use Only, Small Refiner and Temporary
Compliance Options with Higher Imports estimate
(Demand D) assumes a higher level of ULSD imports.8
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Figure ES1.  ULSD Cost Curve Scenarios with 2006 Demand Estimates

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling System, run DSU7INV.D043001A.

Table ES2.  Short-Term Demand Estimates, 2006

Estimate

Demand Level
(Thousand Barrels

per Day) Characteristics

Demand A: Small Refiner and Temporary Compliance
Options

2,026 76 percent of transportation demand.

Demand B: Small Refiner and Temporary Compliance
Options with Imports

1,946 Demand estimate A, less projected imports from Canada and
the U.S. Virgin Islands.

Demand C: Highway Use Only, Small Refiner and
Temporary Compliance Options with Imports

1,662 65 percent of transportation demand, less projected imports from
Canada and the U.S. Virgin Islands.

Demand D: Highway Use Only, Small Refiner and
Temporary Compliance Options with Higher Imports

1,626 Demand estimate C, less higher projected imports.

Source: National Energy Modeling System, run DSU7INV.D043001A.

8Additional demand estimates are analyzed in Chapter 5.



The combined cost curves for PADDs I-IV show that the
total volume of ULSD production on the cost curves for
the Competitive Investment and Cautious Expansion
scenarios, production reaches the two lowest demand
estimates, although at different costs (Figure ES1). In the
Moderate New Market Entry scenario, production just
reaches the Small Refiner and Temporary Compliance
Options with Imports estimate. In the Assertive Invest-
ment scenario, production just reaches the Small Refiner
and Temporary Compliance Options estimate.

The largest shortfall—estimated at 264,000 barrels per
day relative to the Small Refiner and Temporary Com-
pliance Options demand estimate (Demand A, the high-
est demand estimate in Table ES2)—occurs in the
Competitive Investment scenario (which assumes the
most cautious investment strategy and has the lowest
production estimate). The largest surplus—517,000 bar-
rels per day relative to the Highway Use Only, Small
Refiner and Temporary Compliance Options with
Higher Imports estimate (the lowest demand esti-
mate)—occurs in the Assertive Investment scenario
(which assumes the most aggressive investment strat-
egy and has the highest production estimate).

With the Highway Use Only, Small Refiner and Tempo-
rary Compliance Options with Imports demand esti-
mate (Demand C), all the production scenarios project
sufficient supply (at least in the aggregate). For the Small
Refiner and Temporary Compliance Options with
Imports demand estimate (Demand B), the Moderate
New Market Entry and Assertive Investment produc-
tion scenarios provide supplies that are higher than
demand by 197,000 barrels per day and 6,000 barrels per
day, respectively. Supplies in the Competitive Invest-
ment and Cautious Expansion scenarios fall short of
Demand B by 184,000 and 123,000 barrels per day,
respectively. For the Small Refiner and Temporary Com-
pliance Options demand estimate (Demand A), only the
Assertive Investment production scenario provides suf-
ficient supply.

Two sensitivity cases were used to examine the effects of
assumptions about hydrotreater capital costs and about
return on investment. The capital costs assumed in the
initial set of four scenarios are similar to those used in
the EPA analysis. When the capital costs for hydro-
treater units are assumed to be about 40 percent higher
than assumed in the initial set of scenarios, production
of ULSD is projected to be 25,000 to 55,000 barrels per
day lower, and the production costs are projected to be
from 0.5 to 1.1 cents per gallon higher. When a 10-
percent return on investment is assumed, as compared
with 5.2 percent assumed in the initial set of scenarios,
production is projected to be 40,000 to 66,000 barrels per
day lower and costs 0.8 to 1.2 cents per gallon higher.
Because of the reduced volumes, estimated production
levels in the Moderate New Market Entry Scenario fall

short of the demand level projected in the Small Refiner
and Temporary Compliance Options with Imports esti-
mate in both the higher capital cost and higher required
return on investment sensitivity cases.

The scenarios indicate the possibility of a tight diesel
market when the ULSD Rule is implemented.
Supply scenarios that assume more cautious investment
indicate inadequate supply compared with the demand
levels projected in the Annual Energy Outlook 2001. Only
more aggressive investment scenarios or lower demand
scenarios show adequate supply to meet estimated
demand. Furthermore, this analysis compares supply
and demand at a very aggregate level. Maintaining a
balance of supply and demand across regions and
throughout the distribution system could be even more
difficult.

If supplies fell short of demand, sharp price increases
would likely occur to balance supply and demand.
Sharply higher prices would curtail demand for diesel
fuel. Truckers would reduce consumption to the extent
possible and try to pass higher fuel costs on to custom-
ers, who would then look for alternative means to trans-
port goods. In this situation refiners would attempt to
maximize ULSD production. Some additional produc-
tion may be possible by, for example, shifting some
non-road distillate or jet fuel streams into ULSD. Addi-
tional imports of ULSD or jet fuel could be forthcoming
if there were large price differentials between markets.

In 2006, little ULSD will actually be needed, because few
new vehicles requiring ULSD will be on the road by
then. If it becomes apparent that there will be inadequate
supply, or if distillate markets are tight, the EPA could
temporarily reduce the required proportion of ULSD
production, which could make additional diesel sup-
plies available. However, a temporary reduction would
reduce the availability of ULSD supplies for new vehi-
cles. In its final rulemaking the EPA required refiners
and importers to submit a variety of reports to ensure a
smooth transition, and the agency plans to establish an
advisory panel to look at issues of diesel supply and
monitor the progress of related technologies.

Assessment of Mid-Term Effects
of the Rule

The mid-term analysis for this study was performed
using the NEMS Petroleum Market Module (PMM) to
assess the impact of new requirements for ULSD in the
years 2007 through 2015. The PMM represents domestic
refinery operations and the marketing of petroleum
products to consumption regions. Refining operations
are represented by a three-region linear programming
formulation of the five PADDs. PADDs I (East Coast)
and V (West Coast) are treated as single regions, and
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PADDs II (Midwest), III (Gulf Coast), and IV (Rocky
Mountains) are aggregated into one region. Each region
is considered as a single firm, for which more than 80
distinct refinery processes are modeled. Refining capac-
ity is allowed to expand in each region.

Unlike previous ULSD analyses, the PMM provides
multi-year scenarios. These scenarios reflect market
prices rather than average costs and implicitly include
investment and import decisions. In contrast to the cost
curves used in the short-term analysis, the NEMS projec-
tions reflect equilibrium market prices. That is, the
results of the PMM scenarios assume that, in the long
run, refiners will increase supply to meet demand. As a
result, the NEMS analysis reflects more aggressive
investment behavior than that portrayed for individual
refiners in the short-term analysis.

The PMM was used to develop a ULSD Regulation case
based on the provisions of the EPA’s final ULSD Rule. A
Severe case was developed to combine five sensitivity
cases associated with greater uncertainty in industry
operations and costs.9 Finally, a No Imports case and a
10% Return on Investment case were developed.

In the Regulation case, highway diesel at the refinery
gate is assumed to contain a maximum of 7 ppm sulfur.
Although sulfur content is limited to 15 ppm at the
pump, there is a general consensus that refineries will
need to produce diesel somewhat below 10 ppm in order
to allow for contamination during the distribution pro-
cess. Revamping existing units to produce ULSD is
assumed to be undertaken by 80 percent of refineries,
while 20 percent build new units. The amount of ULSD
that is to be downgraded to a lower value product
because of sulfur contamination in the distribution sys-
tem is assumed to total 4.4 percent. The energy content
of the ULSD is assumed to decline by 0.5 percent,
because undercutting and severe desulfurization will
result in a lighter stream composition than 500 ppm die-
sel. The Rule is assumed to result in no loss in vehicle
fuel efficiency. The actual after-tax return on investment
is assumed to be 5.2 percent, which is equivalent to a
7-percent before-tax return on investment. As suggested
by the Committee, the major assumptions in this case are
consistent with those used by the EPA in its Regulatory
Impact Analysis (RIA) of the Rule.10

The Severe case combines five sensitivities at variance
with the above assumptions. In the “2/3 Revamp” sensi-
tivity case, two-thirds of upgrades at refineries are
assumed to be accomplished by retrofitting existing
equipment and one-third by construction of all new

units, consistent with the results of the individual refin-
ery analysis. In the “10% Downgrade” case, 10 percent of
the 15 ppm diesel produced is assumed to be down-
graded to a lower value product because of contamina-
tion with higher sulfur products in the distribution
system. In the “4% Efficiency Loss” case it is assumed
that manufacturers will meet the emissions require-
ments of the ULSD Rule by installing after-treatment
technology on new vehicles beginning in 2010, which
would result in a 4-percent loss of fuel efficiency that is
phased out as new technology emerges. In the “1.8%
Energy Loss” case, a greater loss of energy content is
assumed than in the Regulation case. In the “Higher
Capital Cost” case, the capital costs of the hydrotreaters
are 24 percent higher and 33 percent higher than in the
Regulation case, based on a review of the most recent
industry cost data.

The No Imports case assumes that foreign imports of
ULSD will not be available. This assumption was not
included in the Severe case because it was deemed to be
less likely. Foreign supplies should be available from
Canadian refiners, who likely will move to the U.S. stan-
dard at the same time as the United States, and from a
large refinery in the U.S. Virgin Islands that is jointly
owned by Armada Hess and Venezuela’s national oil
company, PdVSA. Both owners of the Virgin Islands
plant see the United States as a strategic market. The
greatest uncertainty for import availability is likely to
occur in the early years of the program, because foreign
refiners may delay investment until the market outlook
for ULSD is more certain.

The 10% Return on Investment case uses the after-tax
rate of return assumed in most other studies, which is
higher than the 5.2-percent after-tax rate used in the Reg-
ulation case and in the other sensitivity cases in this
study, consistent with the EPA’s assumption. At a rate of
return less than 10 percent, investors may hesitate to put
money into the refinery industry, especially for equip-
ment designed for a new product.

In the Regulation case, the marginal annual pump price
for ULSD is projected to range from 6.5 to 7.2 cents per
gallon between 2007 and 2011 (Table ES3 and Figure
ES2).11 The peak differential is projected to occur in 2011,
when oil refiners must produce 100 percent ULSD. In
absolute terms, real marginal prices range from $1.29 to
$1.35 per gallon in the Regulation and Severe cases from
2007 to 2011.12 Refiners are projected to invest $6.3 to
$9.3 billion to meet full compliance with the ULSD Rule
through 2011.
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After 2011, the first full year of 100 percent ULSD, the
projected differential of marginal prices is generally
expected to decline, because of lower distribution and
capital investment costs. About 0.7 cents of the projected
decline results from using the EPA’s assumption that the
additional capital investments for distribution and stor-
age of a second highway diesel fuel will be fully amor-
tized during the transition period. The remainder of the
drop in the post-2011 differential occurs because refiner-
ies are assumed to have completed the upgrades

necessary for full compliance, to be making additional
investment only to meet incremental demand, to be
replacing and upgrading existing equipment, and to be
making incremental operating improvements that make
ULSD production less challenging. A similar decline in
the price differential also occurs in all the sensitivity
cases.

Through 2010, the Regulation case projections for high-
way diesel consumption exceed the reference case levels
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Figure ES2.  Difference Between End-Use Prices of ULSD and 500 ppm Diesel in the Reference Case,
2007-2015

Source: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7ALL.D050101A, and DSUIMP0.D043001A.

Table ES3.  Variations from Reference Case Projections in the Regulation and Sensitivity Analysis Cases,
2007-2015

Analysis Case 2007 2008 2009 2010 2011 2015
2007-2010
Average

2011-2015
Average

Difference Between End-Use Prices of ULSD and 500 ppm Diesel (1999 Cents per Gallon)

Regulation . . . . . . . . . . . . 7.0 6.7 6.5 6.8 7.2 5.1 6.8 5.4

Severe . . . . . . . . . . . . . . . 8.8 8.4 8.4 8.6 10.7 6.8 8.6 7.4

No Imports . . . . . . . . . . . . 8.6 8.1 7.8 8.0 8.8 6.2 8.1 6.8

Total Highway Diesel Fuel Consumption (Thousand Barrels per Day)

Regulation . . . . . . . . . . . . 10 10 8 8 83 85 9 83

Severe . . . . . . . . . . . . . . . 41 40 39 57 355 374 44 366

No Imports . . . . . . . . . . . . 10 9 7 7 81 83 8 81

Total Imports of Highway Diesel Fuel (Thousand Barrels per Day)

Regulation . . . . . . . . . . . . -36 -1 -1 0 0 0 -10 0

Severe . . . . . . . . . . . . . . . -36 -1 -1 0 0 0 -10 0

No Imports . . . . . . . . . . . . -120 -125 -125 -125 -125 -125 -124 -125

Source: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7ALL.D050101A, and DSUIMP0.D043001A.



by up to 10,000 barrels per day, which can be attributed
to the assumption of 0.5-percent loss in energy content.
In 2011 the differential in consumption increases to
83,000 barrels per day, because ULSD contaminated in
the distribution system can no longer be downgraded to
500 ppm highway diesel, and refiners must therefore
make more ULSD.

In the Severe case, up to 57,000 barrels per day of addi-
tional highway diesel is projected to be consumed
between 2007 and 2010, and an average of 366,000 bar-
rels per day of additional consumption is projected
between 2011 and 2015. The ULSD Rule by itself
accounts for an average of 9,000 barrels per day of the
additional consumption through 2010 and an average of
83,000 barrels per day after 2010. The combined effects of
the 2/3 Revamp, 10% Downgrade, 4% Efficiency Loss,
1.8% Energy Loss, and Higher Capital Cost cases raise
consumption beyond that in the Regulation case by at
least 30,000 barrels per day through 2010, primarily
because of energy losses and higher capital cost, and by
an average of 283,000 barrels per day after 2010 because
of energy losses, downgrading, and efficiency losses.
The higher downgrade assumption accounts for about
210,000 barrels of the additional demand after 2010.
ULSD-related investments in the Severe case are pro-
jected to total $9.3 billion through 2011, $3 billion more
than in the Regulation case. Higher demand in the
Severe case generally results in marginal prices 1.7 to 1.9
cents per gallon above those in the Regulation case,
although costs range up to 3.5 cents per gallon higher in
2011.

The No Imports case explores the impact of the ULSD
Rule by assuming that foreign imports will not be avail-
able to meet the new sulfur standard. In the Regulation
case, projected imports of highway diesel are lower than
in the reference case in the first few years, because for-
eign refiners are expected to be more hesitant to invest to
meet a U.S. regulation. The No Imports case assumes
that no imports of ULSD are available, and that imports
of highway diesel are reduced by 120,000 to 125,000 bar-
rels per day between 2007 and 2015, relative to the refer-
ence case. The lack of imports means that domestic
refineries must produce more ULSD. The requirement
for more production results in marginal prices 1.1 to 1.6
cents per gallon higher than in the Regulation case. The
higher prices in the No Imports case result in a slight
dampening of demand compared with the Regulation
case.

Because the Regulation case assumes a 5.2-percent
after-tax return on investment, the 10% Return on
Investment case must be compared with an alternative
base case that assumes the same return on investment.
The resulting price differentials range from 7.5 to 8.0
cents per gallon between 2007 and 2011 and are 0.9 cents
per gallon higher on average than when the 5.2-percent
after-tax rate is assumed.

Differences between regional end-use prices in the anal-
ysis cases relative to those in the reference case reflect
variations in the marginal costs of producing ULSD
between regions. The cost curve analysis described in
Chapter 5 indicates that PADD IV, which is made up of
relatively small refineries, can be expected to be the
highest cost region. The relatively high cost in PADD IV
is obscured in the mid-term analysis (Chapter 6),
because PADD IV is aggregated with both PADD II and
the largest and lowest cost refining region, PADD III. In
the transition years of the Regulation case, regional
refining costs range from an average of 4.8 to 5.3 cents
per gallon. PADD I is the highest cost region, PADD V is
the lowest cost region, and PADDs II-IV (and average
U.S.) costs fall in between. Average marginal refining
costs generally narrow by about 0.5 cents per gallon in
the post-2010 period, as refineries make incremental
improvements that allow them to produce ULSD more
efficiently.

Additional Uncertainties

Uncertainties about the pace of engine, refinery, and
pipeline testing technology development; the availabil-
ity of personnel, thick-walled reactors, and reciprocat-
ing compressors; the behavior of ULSD in the oil
pipeline system; and cost recovery by oil pipelines fur-
ther cloud the outlook for the transition to very low lev-
els of sulfur in diesel fuel. The new ULSD Rule requires
not only that the sulfur content of transportation diesel
fuel oil produced by domestic refineries be drastically
reduced by 2007, but also that emission controls on
heavy-duty diesel engines be imposed to reduce emis-
sions of NOx, PM, and hydrocarbons (HC).

Historically, engine manufactures have met new emis-
sions standards through modifications to engine design.
To meet the 2007 standard, manufacturers will have to
rely heavily on component and system development by
emission control equipment manufacturers. In particu-
lar, engine manufacturers must implement an exhaust
after-treatment catalyst technology to control NOx emis-
sions. Currently, the EPA expects NOx adsorbers to be
the most likely emission control technology applied by
the industry. Using current catalyst technology, the
fuel-rich cycle could reduce fuel efficiency by 4 percent.
To date, no NOx adsorber system has proven feasible.
Although NOx adsorbers have demonstrated compli-
ance using ULSD (7 ppm), the systems show losses in
conversion efficiency after 2,000 miles of operation. In
order to meet the 2007 emission standards for
heavy-duty diesel engines, conversion efficiencies must
be improved, and exhaust gas recirculation equipment
must be optimized. The considerable time available for
research and development, however, may provide gov-
ernment and industry ample time to resolve the fuel effi-
ciency loss issues associated with advanced emission
control technologies.
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Beyond traditional hydrotreating to remove sulfur from
diesel streams, new technologies are under develop-
ment that could reduce the cost of desulfurization. They
include sulfur adsorption, biodesulfurization, sulfur
oxidation, gas-to-liquids, and biodiesel. Each of these
technologies is in the first stages of commercialization.
Although they are being spurred by the EPA Rule, it is
uncertain whether any of the new technologies will
make a significant contribution to meeting the require-
ments of the ULSD Rule in 2006, although they may
have some impact later in the decade.

Before the ULSD Rule takes effect in 2006, sulfur testing
methods must also be improved. The designated
method, ASTM 6428-99, was developed for testing sul-
fur in aromatics and has not yet been adapted or evalu-
ated by industry as a test for sulfur in diesel fuel.
Because the diesel methodology has not yet been devel-
oped for the designated method, it has not yet been
tested by multiple laboratories. There is also no readily
available and appropriate test for sulfur that will permit
the precise cuts between batches that will be required in
handling ULSD. Most oil pipeline operators will proba-
bly want or need to perform in-line monitoring of sulfur
content, because degradation of ULSD will easily and,
possibly, frequently occur in as little as a minute’s time.
However, current instruments for testing sulfur do not
have adequate sensitivity, accuracy, or speed for the job.
Current machines require 5 to 10 minutes to complete
one analysis of a passing product stream—far too long to
permit a pipeline operator to make a correctional
response if off-specification material is detected in a
batch of ULSD.

The deployment of diesel desulfurization technologies
will hinge not only on the ability and willingness of
refiners to invest and the timing of investment and per-
mitting but also on the ability of manufacturers to pro-
vide units for all U.S. refineries at once, and the
availability of engineering and construction resources.
In addition to providing diesel hydrotreaters, the same
contractors will be designing and building gasoline
desulfurization units for the Tier 2 gasoline sulfur reduc-
tion requirements that will be phased in between 2004
and 2007. The EPA’s breakout of the expected startup of
gasoline and diesel desulfurization units reflects an
overlap of 26 gasoline units and 63 diesel units in 2006,
more than any other year except 2004. The EPA esti-
mates that 30 percent more workers will be required for
the gasoline and diesel programs together than for the
gasoline program alone. If thick-walled reactors are
required for deep hydrotreating, delivery lead times will
be longer, because only one or two U.S. companies
produce thick-walled reactors. Another type of
critical equipment is reciprocating compressors. Two
reciprocating compressors will be required for each die-
sel desulfurization project. Reciprocating compressors
will also be required for gasoline desulfurization

projects. Excluding the former Soviet Union, there are
only five manufacturers of reciprocating compressors in
the world.

The exact sulfur level at which refineries will be required
to produce ULSD is not certain, because there is no expe-
rience with distributing ULSD in a non-dedicated or
common transportation system. Residual sulfur from
high-sulfur material could contaminate subsequent
pipeline material beyond the interface between the two
products. Recently, Buckeye Pipe Line conducted a test
of possible sulfur contamination from one product batch
to another. Buckeye carefully measured the sulfur con-
tent in batches of highway diesel fuel following a batch
of high-sulfur diesel fuel and found that the sulfur con-
tent of the second batch of highway diesel fuel
increased. Exact sulfur levels have implications for the
amount of material downgraded during pipeline and
terminal operations.

If no other application or action were taken by an oil
pipeline company, the existing tariff rates covering die-
sel fuel would apply to ULSD when that material is dis-
tributed to markets; however, oil pipelines will incur
large incremental capital and operating costs in distrib-
uting the new diesel fuel. If an oil pipeline carrier is
operating under the Federal Energy Regulatory Com-
mission’s commonly approved index method and
applies its existing tariff rate to ULSD, there will be no
basis for the carrier to recover its incremental costs in the
approved rate. A carrier might file a new tariff rate
expressly covering ULSD.

Comparison with Other Studies

Earlier studies related to ULSD supply and costs
included analyses by the U.S. Environmental Protection
Agency (EPA), Mathpro, the National Petroleum Coun-
cil (NPC), Charles River and Associates with Baker and
O’Brien, EnSys Energy & Systems, Inc., and Argonne
National Laboratory (ANL). The studies were based on
two general types of methodologies: a linear program-
ming (LP) approach used by Mathpro, NPC, EnSys,
ANL, and EIA; and a refinery-by-refinery approach
used by Charles River, EPA, and EIA.

Cost estimates from the different studies are not easy to
compare, because differences in estimation methodolo-
gies make them conceptually different. Both average
and marginal costs can be based on LP models that oper-
ate as a single firm, or estimated from analysis of indi-
vidual refineries. In general, marginal cost estimates that
represent the cost of the last barrel of required supply
can be seen as estimates of market prices. Average cost
estimates usually reflect refinery investment, but they
are not good estimates of market prices. Much of the
variation in investment and cost estimates reflects
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different assumptions about the cost of technologies;
unit size; contingency factors; the extent to which refin-
ers will modify existing equipment or build entirely new
hydrotreaters; the cost and quantity of additional hydro-
gen required; the extent to which some refineries may
reduce highway diesel production; and the amount of
highway diesel downgraded due to fuel contamination
during distribution. Nevertheless, the studies using LP
models reported cost increases ranging from 4.0 to 10.7
cents per gallon, excluding distribution costs and taxes.
The marginal refinery gate prices reported in this study
for the post-2006 period, which exclude distribution
costs and taxes, range from 4.7 to 9.2 cents per gallon.

Likewise, the costs derived from refinery-by-refinery
analysis included average costs for the industry and

average costs for the marginal firm, different estimates
of the penetration of ULSD, different consumption esti-
mates, different assumptions about the cost of technolo-
gies, different assumptions about the extent to which
refiners will modify existing equipment or build entirely
new hydrotreaters, different assumptions about the cost
and quantity of additional hydrogen required, and dif-
ferent regions. The range of estimated cost increases
reported in the studies using refinery-by-refinery analy-
sis was 4.1 to 6.8 cents per gallon. This study’s range for
the 2006 analysis is at the higher end, because it leaves
out the lower cost PADD V, is based on marginal indus-
try costs rather than average refinery costs, and has 63
percent of refineries revamping their hydrotreaters, as
compared with 80 percent in the studies with lower cost
estimates.
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1. Background and Methodology

Introduction

This study was undertaken at the request of the Com-
mittee on Science, U.S. House of Representatives. The
Committee asked the Energy Information Administra-
tion (EIA) to provide an analysis of the Final
Rulemaking on Heavy-Duty Engine and Vehicle Stan-
dards and Highway Diesel Fuel Sulfur Control Require-
ments, which was signed by President Clinton in
December 2000.1 Along with all other regulations final-
ized at the end of the Clinton Administration, the Rule
underwent a 60-day review by the Bush Administration.
On February 28, 2001, the Administrator of the U.S.
Environmental Protection Agency (EPA), Christine
Todd Whitman, gave her approval to move forward
with the new rule, citing the great benefits to public
health and the environment.2

The purpose of the rulemaking is to reduce emissions of
nitrogen oxides (NOx) and particulate matter (PM) from
heavy-duty highway engines and vehicles that use die-
sel fuel. The rulemaking requires new emissions stan-
dards for heavy-duty highway vehicles that will take
effect in model year 2007. Because the advanced emis-
sion control devices that will be required to meet the
2007 emissions standards are damaged by sulfur, and
because the 2007 model year begins September 1, 2006,
the rulemaking also requires the sulfur content of high-
way diesel to be substantially reduced by mid-2006.

The purpose of this study is to assess the possible impact
of the new sulfur requirement on the diesel fuel market.
The study does not address the impact of the
rulemaking on vehicle emissions or public health.3 This
study discusses the implications of the new regulations
for vehicle fuel efficiency and examines the technology,
production, distribution, and cost implications of sup-
plying diesel fuel to meet the new standards.

A summary of the new sulfur requirement, the analysis
issues identified by the Committee on Science, and
the methodology of the report are provided in the
remainder of this chapter. Chapter 2 describes emission
control technologies for heavy-duty diesel engines, their
effects on fuel efficiency, and expected costs. Chapter 3

discusses technologies for producing ultra-low-sulfur
diesel fuel (ULSD) and the analysis approaches used in
this study to assess their future costs. Chapter 4 dis-
cusses the impact of the ULSD Rule on oil pipeline oper-
ations. Chapter 5 addresses the issue of future supply of
ULSD, particularly during the transition period in 2006,
and the potential responses of refinery operators. Chap-
ter 6 summarizes mid-term projections (2007 through
2015) for diesel fuel prices, based on a range of assump-
tions in cases analyzed using EIA’s National Energy
Modeling System (NEMS). A comparison of the
assumptions and estimates from this study with those
from other analyses is provided in Chapter 7.

Summary of the Final ULSD Rule

The new ULSD Rule requires refiners and importers to
produce highway diesel meeting a 15 parts per million
(ppm) maximum requirement starting June 1, 2006.4
Pipeline operators are expected to require refiners to
provide diesel fuel with even lower sulfur content
(somewhat below 10 ppm) in order to compensate for
possible contamination from higher sulfur products in
the system and to provide a tolerance for testing. Diesel
meeting the new specification will be required at termi-
nals by July 15, 2006, and at retail stations and wholesal-
ers by September 1, 2006. This time schedule is driven by
the need to provide fuel for the 2007 model year diesel
vehicles that will become available in September 2006.
Under a “temporary compliance option” (phase-in), up
to 20 percent of highway diesel fuel produced may con-
tinue to meet the current 500 ppm sulfur limit through
May 2010. The remaining 80 percent of the highway die-
sel fuel produced must meet the new 15 ppm maximum.

The ULSD Rule provides for an averaging, banking, and
trading (ABT) program. Refineries that produce more
than 80 percent of their highway diesel to meet the 15
ppm limit can receive credits, which may be traded with
other refineries within the same Petroleum Administra-
tion Defense District (PADD) that do not meet the
80-percent production requirement. Starting June 1,
2005, refineries can accrue credits for producing any
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volume of highway diesel that meets the 15 ppm limit.5
The trading program will end on May 31, 2010, after
which time all refineries must produce 100 percent of
their highway diesel at a low enough sulfur level to
ensure 15 ppm at retail. The ABT program will not
include refineries in States that have State-approved die-
sel fuel programs, such as California, Hawaii, and
Alaska.

The Rule includes provisions for refiners in a Geograph-
ical Phase-In Area (GPA) that includes Colorado, Idaho,
Montana, New Mexico, North Dakota, Utah, Wyoming,
and parts of Alaska. The highway diesel provisions in
the GPA are linked to the Tier 2 gasoline program. While
the rest of the country is required to average 30 ppm gas-
oline sulfur requirements by January 2006, refineries in
the GPA are granted an additional year to meet this
requirement. Under the highway diesel provisions,
refineries in the GPA that meet the ULSD standard by
June 1, 2006, for all their highway diesel may receive a
2-year extension on gasoline compliance to December
31, 2008. To receive the extension, the refinery must
maintain production of 15 ppm highway diesel fuel that
is at least 85 percent of its average 1998 and 1999 high-
way diesel production.

Hardship provisions are allowed for small refiners with
up to 1,500 employees corporate-wide and that had a
corporate crude oil capacity of 155,000 barrels or less per
calendar day in 1999. The small refiner provisions
include: (1) production of 500 ppm diesel fuel until May
31, 2010; (2) the ability to acquire credits for producing
15 ppm highway diesel prior to June 1, 2010; and (3) a
2-year extension of the refiner’s applicable interim gaso-
line standards if all its highway diesel fuel is 15 ppm sul-
fur beginning June 1, 2006.

Summary of the
Request for Analysis

In its July 2000 letter (see Appendix A), the Committee
on Science requested that EIA undertake a study
addressing the possible supply and cost implications of
the diesel fuel regulations. The Committee specifically
asked EIA to address the following production and sup-
ply issues related to the ULSD Rule:

• The potential impacts of the Rule on highway diesel
fuel supply and on costs to end users of diesel fuel6

• The potential impacts of the diesel fuel regulation on
other middle distillate products such as home heat-
ing oil, non-road diesel, and jet fuel

• The cost and availability of ULSD imports

• The impact of the Rule on refinery operations

• The impact of the Rule on fuel efficiency (related to
engine after-treatment devices) and on diesel fuel
demand

• The cost of current and future technologies that are
expected to allow refineries to meet the new sulfur
standard, and their costs

• The likelihood that the necessary technologies will
be adequately deployed to meet the new standards.

The memorandum also identified a number of issues
related to the distribution of ULSD that are addressed in
the study, including:

• The effects of the ULSD Rule on the U.S. oil distribu-
tion system both during and after the phase-in
period

• How the distribution system would handle the sec-
ond highway diesel product during the phase-in
period, the infrastructure and investments required,
and how the investments might be recouped

• The extent to which fuel contamination might occur
when ULSD is shipped in common pipelines with
other, higher sulfur products

• The capability of current testing methods to measure
sulfur at the 15 ppm level

• The operational changes required in the distribution
system, and how they will affect consumer costs.

In a followup letter dated January 24, 2001, the Commit-
tee on Science modified its initial request to reflect provi-
sions included in the EPA’s final rule. The Committee
directed EIA to reflect the assumptions used by the EPA,
to the extent possible. Where EPA’s assumptions
diverge meaningfully from industry expectations, EIA
was asked to provide a sensitivity analysis. The Com-
mittee noted several issues that might require sensitivity
analysis, including:

• The difference in production of 7 ppm versus 10 ppm
diesel fuel

• The energy content of ULSD

• Fuel efficiency losses associated with engine after-
treatment devices

• Additional distribution costs.
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5Credits for 15 ppm diesel fuel can be accrued before this date if the refiner can certify that the fuel is to be used in vehicles certified to
meet the 2007 model year heavy-duty engine standards.
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change if the effective date of the diesel regulation were later and did not overlap those for gasoline sulfur requirements, and how potential
supply would change if the ULSD requirement were phased in.



Background

The ULSD Rule represents a unique financial and logis-
tical challenge to refiners and distributors, because it
places an unprecedented low sulfur limit on a secondary
product. Although highway-grade diesel, which is
currently limited to 500 ppm sulfur, is the second most
consumed petroleum product, gasoline is the most
important product by far. In 1999, 500 ppm diesel
accounted for 12 percent of total petroleum consump-
tion while gasoline accounted for 43 percent.7 The ULSD
Rule comes less than a year after a new nationwide sul-
fur standard for gasoline was finalized by the EPA at
an average 30 ppm.8 Some concerns have been raised
that resources may be both financially and physically
challenged to meet both the gasoline and diesel sulfur
standards.9

In February 2000, the EPA finalized a rule on Tier 2 vehi-
cle emissions and gasoline sulfur standards. The sulfur
content of gasoline across the country is to be phased
down to 30 ppm on average between 2004 and 2007. Like
the diesel sulfur standard, reduced sulfur gasoline is
required in order to accommodate new emissions con-
trol technologies required for meeting tighter vehicle
emissions standards. Gasoline produced by most refin-
ers will be required to meet a corporate average sulfur
content of 120 ppm in 2004 and 90 ppm in 2005, com-
pared with a national average of around 340 ppm in
1998.10 By 2006, most refiners must meet a refinery level
annual average of 30 ppm with a maximum of 80 ppm in
any gallon.

Refiners producing most of their gasoline for the Geo-
graphical Phase-In Area (GPA), generally encompassing
the Rocky Mountain region, will also be allowed a more
gradual phase-in because of less severe ozone pollution
in the area. These refiners will be required to meet a
refinery average of 150 ppm in 2006 and must meet the
30 ppm requirement in 2007. Small refiners will not be

required to meet the 30 ppm standard until 2007. The
date for GPA and small refiner gasoline sulfur compli-
ance has been extended an additional 2 years for those
refineries that produce 15 ppm diesel at 85 percent of
baseline highway diesel production levels.11

Consumption of highway-grade diesel (500 ppm sulfur)
accounted for 68 percent of the distillate fuel market in
1999,12 although 9 percent of that fuel went to non-road
(rail, farming, and industry) and home heating uses.13

Higher sulfur distillate (more than 500 ppm) used exclu-
sively for non-road and home heating needs accounted
for the other 32 percent of the distillate market. These
other distillate markets will also be affected by the new
highway diesel standard and may play a role in how
some refineries respond to the rule. For instance, instead
of investing in ULSD production, some refineries may
opt to switch production to non-road or heating
markets.

The EPA is in the process of promulgating “Tier 3”
non-road engine emission limits around 2005 or 2006,
which are expected to be linked to sulfur reduction for
non-road diesel fuel.14 The level of sulfur reduction
required for Tier 3 vehicles is highly uncertain because
of the diversity of the non-road market. Diesel engines
used for farming, construction, rail, and other industrial
markets have different performance requirements that
need to be reconciled.15 Both the American Petroleum
Institute (API) and National Petrochemical and Refiners
Association (NPRA) have expressed concerns about
complying with potential non-road standards before full
implementation of the 15 ppm highway diesel stan-
dards.16

In addition to refinery issues, there are concerns about
the ability of the distribution system to handle the
requirements of the ULSD Rule. Between June 2006 and
June 2010, the 80/20 rule will allow up to 20 percent of
highway diesel production to continue at the current 500

Energy Information Administration / Transition to Ultra-Low-Sulfur Diesel Fuel 3

7Energy Information Administration, Petroleum Supply Annual 1999, DOE/EIA-0340(99)/1 (Washington, DC, June 2000), Table 3.
8U.S. Environmental Protection Agency, “Control of Air Pollution from New Motor Vehicles: Tier 2 Motor Vehicle Emissions Standards

and Gasoline Control Requirements,” Federal Register, 40 CFR Parts 80, 85, and 86 (February 10, 2000).
9National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), Chapter 3,

U.S.A.
10U.S. Environmental Protection Agency, EPA Staff Paper on Gasoline Sulfur Issues, EPA420-R-98-005 (Washington, DC, May 1998). The

average sulfur content has declined since the sulfur content of reformulated gasoline was reduced substantially to meet Phase 2 reformu-
lated gasoline emissions requirements, which became effective in 2000.

11The EPA announced on May 4, 2001, that National Cooperative Refining Association and Wyoming Refining would be given addi-
tional time to meet the sulfur standard for gasoline. Both refiners are planning to comply with the 2006 highway diesel requirements on
time.

12Energy Information Administration, Petroleum Supply Annual 1999, DOE/EIA-0340(99)/1 (Washington, DC, June 2000), Table 3.
13Energy Information Administration, Fuel Oil and Kerosene Sales 1999, DOE/EIA-0525(99) (Washington, DC, September 2000), Tables

19-23.
14U.S. Environmental Protection Agency, Reducing Air Pollution from Non-road Engines, EPA420-F-00-048 (Washington, DC, November

2000), p. 3.
15Nonroad Workgroup, Minutes of the Workgroup’s Meeting (Alexandria, VA, January 16, 2000).
16Diesel Fuel News, Vol. 5, No. 3 (February 5, 2001).



ppm limit. That fuel must be segregated in the distribu-
tion system from the remaining 80 percent of highway
diesel meeting the 15 ppm limit. As a result, some
pipelines, terminals, and retail outlets may temporarily
need to carry an extra diesel product, requiring capital
investment for the additional infrastructure require-
ments and additional operating costs for distributing the
extra product. Both pipeline operators and fuel market-
ers are concerned that contamination from higher sulfur
petroleum products might require some ULSD to be
downgraded to a higher sulfur product that would have
a lower market value. Moreover, a second new distillate
product may be required if Tier 3 requirements also
become effective before 2010.

A number of groups representing refiners and retailers
are taking legal action against the ULSD Rule, including
the National Petrochemical and Refiners Association
(NPRA), the American Petroleum Institute (API), the
Society of Independent Gasoline Marketers of America
(SIGMA), and the National Association of Convenience
Stores (NACS). The four groups have cited concerns
about the possibility of inadequate ULSD supply under
the Rule. The retailer groups also oppose the phase-in
provision of the ULSD Rule (”the 80/20 rule”), because
it will temporarily require costly storage of an additional
product. SIGMA’s lawsuit also questions the feasibility
of the 15 ppm sulfur limit on ULSD.17 On the other hand,
the Rule has been strongly supported by a diverse coali-
tion of environmental, manufacturing, regulatory, and
trucking groups.18 State and local regulators are sup-
portive of the ULSD Rule because it is an integral part of
their State Implementation Plans for meeting air quality
standards.

Some State and local areas have begun to set their own
requirements for ULSD. Texas and Southern California
have already finalized ULSD regulations, and the State
of California is in the process of doing so.19 During the
Bush Administration’s review of the Federal ULSD rule,

a group of State and local air pollution regulators
warned that more States would follow suit with their
own regulations if the ULSD rule were delayed or
changed in any way.20

Methodology

In order to address both the short-term and mid-term
supply issues identified by the Committee on Science,
this analysis incorporates two different analytical
approaches.

Refinery cost analysis addresses the uncertainty of sup-
ply in the short term. In addition, mid-term issues and
trends are addressed through NEMS scenario analysis.21

Discussion of the key issues and uncertainties related to
the distribution of ULSD is based on interviews with a
number of pipeline carriers.

As suggested by the Committee, most of the major
assumptions in this report are consistent with those used
by the EPA in its Regulatory Impact Analysis (RIA) of
the Rule. Before conducting this study, EIA consulted
with representatives from diesel engine and emissions
control manufacturers, the refining industry, and
Government22 to discuss the methodology and assump-
tions. EIA also received input through EIA’s Independ-
ent Expert Review program.23 On the basis of the
information received and a review of other analyses,
EIA identified the analysis assumptions that contained
the most significant uncertainties. Where possible, sensi-
tivity analyses were developed to provide a measure of
uncertainty in the projections.

Assessment of Short-Term Effects
of the Rule
For the purpose of assessing the short-term supply situa-
tion as the new standard becomes effective in June
2006 (see Chapter 5), industry-level cost curves were
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17Diesel Fuel News (March 19, 2001).
18The coalition includes the Alliance of Automobile Manufacturers, the American Lung Association, the Association of International

Automobile Manufacturers, the Association of Local Air Pollution Control Officials, the California Trucking Association, the Clean Air Net-
work, the International, Truck and Engine Corporation, Manufacturers of Emission Control Association, the Natural Resources Defense
Council, Northeast States for Coordinated Air Use Management, the Sierra Club, the State and Territorial Air Pollution Program Adminis-
trators, U.S. Public Interest Research Group, and the Union of Concerned Scientists.

19Discussions with Mr. Bill Jordan, Texas Natural Resource Conservation Commission, and Mr. Tim Dunn, California Air Resources
Board.

20Diesel Fuel News, Vol. 5, No. 4 (February 19, 2001).
21Energy Information Administration, National Energy Modeling System: An Overview 2000, DOE/EIA-0581(2000) (Washington, DC,

March 2000), www.eia.doe.gov/oiaf/aeo/overview/index.html.
22Contact with diesel engine manufacturers included Cummins, Inc., Mack Truck, Inc., and Caterpillar, Inc. Contact with emission con-

trol manufacturers included Johnson Matthey and Engelhard Corporation. Refining industry contacts included the American Petroleum
Institute (API), the Cenex Harvest States Cooperatives, UniPure Corporation, Equilon Enterprises, LLC, Lyondell Citgo Refining Company,
Ltd., ExxonMobil Refining and Supply Company, Marathon Ashland Petroleum, LLC, and the National Petrochemical and Refining Associ-
ation (NPRA). Government contacts included the U.S. Department of Energy’s Office of Policy and Office of Transportation Technologies
and the U.S. Environmental Protection Agency.

23Independent expert reviewers were Mr. Raymond E. Ory, Vice President, Baker and O’Brien, Inc.; Mr. Norman Duncan, Energy Insti-
tute, University of Houston; and Mr. Kevin Waguespack, PricewaterhouseCoopers.



constructed, based on refinery-specific analysis of
investment requirements and operating costs.24 Unlike
the NEMS projections discussed below, the cost curves
do not reflect an equilibrium market price.

The cost curves developed for this study are the result of
a refinery-by-refinery analysis. Because of the propri-
etary nature of the data, this analysis does not disclose
information about individual refineries. The ULSD pro-
duction costs were estimated for different groups of
refineries based on their size, the sulfur content of the
feeds, the fraction of cracked stocks in the feed, the boil-
ing range of the feed, and the fraction of highway diesel
produced. The capital and operating costs for the differ-
ent groups were developed for EIA by the staff of the
National Energy Technology Laboratory (NETL).25

The technology cost representations were used to
develop four sets of cost curves based on four different
investment rationales. Within a given supply curve, the
relative costs of different groups of refineries provide an
indicator of possible supply problems. A large range of
compliance costs in which investment costs are much
higher for some refiners than for others may be an indi-
cation that some refiners may forgo investment. The
behavior of refiners will be influenced by their expecta-
tion of what others will do and is therefore subject to
great uncertainty. In order to explore the uncertainty of
refinery behavior and the possible implications for sup-
ply, cost curves were developed based on the four differ-
ent scenarios of investment behavior discussed below:

• Competitive Investment Scenario. This scenario
assumes that some refineries will produce ULSD in
2006, while others may find it more economical to
abandon the market. Refiners that have competitive
costs of production are assumed to maintain market
shares similar to current highway diesel market
shares. Refineries currently producing a relatively
low fraction of diesel fuel may abandon the market
unless their cost per unit is competitive at current
highway diesel production levels.

• Cautious Expansion Scenario. Current producers
with competitive cost structures for ULSD produc-
tion and a high yield of diesel production (greater
than 70 percent of middle distillates) are assumed to
increase production if the unit cost of the increased
production is not substantial. Other refineries may
also increase their fraction of highway production if
economical and if the non-road market will allow.
For instance, the Northeast has a strong heating oil
market, potentially limiting a shift toward highway
diesel production.

• Moderate New Market Entry Scenario. This cost
curve assumes that a selective number of refineries
that are currently producing little or no highway die-
sel will enter the ULSD market. The underlying
premise is that there would be a limited number of
companies that think they will be able to gain market
share without depressing margins to the extent of
undercutting profits. Only a few will make this
move, while the rest wait for a clear indication of
ULSD margins.

• Assertive Investment Scenario. Refineries were
assumed to make the requisite investments to either
maintain or gain highway diesel market share.

The scenarios discussed above are based on capital cost
and return on investment assumptions that are consis-
tent with EPA’s analysis. Due to the uncertainty of these
assumptions, two sets of sensitivity analysis are also
provided. To address the uncertainty associated with
the cost of installing or modifying distillate hydro-
treaters for producing ULSD, a set of scenarios was
developed assuming capital costs for hydrotreater units
that are about 40 percent higher than the initial set. An
additional set of scenarios explores the impact of assum-
ing a 10-percent after-tax rate of return on investment,
used in most of the studies compared in Chapter 7,
instead of the 5.2-percent after-tax rate (equivalent to 7
percent before tax) assumed in the initial set.

Assessment of Mid-Term Effects
of the Rule
The mid-term analysis for this study was performed
using the NEMS Petroleum Market Module (PMM). The
PMM represents domestic refinery operations and the
marketing of petroleum products to consumption
regions. PMM solves for petroleum product prices,
crude oil and product import activity (in conjunction
with the NEMS International Energy Module and Indus-
trial Demand Module), and domestic refinery capacity
expansion and fuel consumption. PMM is a regional, lin-
ear programming representation of the U.S. petroleum
market. Refining operations are represented by a
three-region linear programming formulation of the
five Petroleum Administration for Defense Districts
(PADDs). PADDs I (East Coast) and V (West Coast) are
treated as single regions, and PADDs II (Midwest), III
(Gulf Coast), and IV (Rocky Mountains) are aggregated
into one region. Each region is considered as a single
firm where more than 80 distinct refinery processes are
modeled. Refining capacity is allowed to expand in each
region over each 3-year period. As a result, cumulative
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24The EPA and Baker and O’Brien also developed refinery-specific cost analyses, but their estimates did not reflect data related to the
quality of crude oil inputs and the quality of diesel fuel components input to downstream units, collected by EIA.

25The technology costs were developed in consultation with Mr. John Hackworth and were reviewed by Mr. Ray Ory, one of EIA’s inde-
pendent expert reviewers, and by members of API.



investment for any given year may include investment
to meet future product expectations.

Unlike previous ULSD analysis sponsored by the EPA
or industry groups, the PMM provides multi-year sce-
narios. These scenarios reflect market prices rather than
average costs and implicitly include investment and
import decisions. Because each model region operates as
a single firm, the impact of the ABT refinery credit pro-
gram is also implicitly represented. The PMM cannot
differentiate between the costs of different types of refin-
eries, but the impact of the temporary compliance option
for small refiners is partially accounted for in this analy-
sis by reducing the refinery production of ULSD by 4
percent prior to 2010.

The PMM was used to develop a ULSD Regulation case
based on the provisions of the EPA’s final ULSD Rule.
Five sensitivity cases were developed for assumptions
associated with greater uncertainty, as well as a Severe
case, which combines the five sensitivity case assump-
tions in a single scenario, a No Imports case, and a 10%
Return on Investment case. The eight alternative cases
explore the impacts of the following assumptions:

• The capital costs associated with distillate hydro-
treaters (the Higher Capital Cost case).

• The reliance of refineries on revamped equipment
versus new equipment (the 2/3 Revamp case)

• The percentage of ULSD that is downgraded to a
lower value product because of contamination from
higher sulfur products in the distribution system
(the 10% Downgrade case)

• The fuel efficiency loss associated with meeting new
diesel emissions standards (the 4% Efficiency Loss
case)

• The loss in ULSD energy content resulting from
more severe desulfurization processes (the 1.8%
Energy Loss case)

• The combined effects of the alternative assumptions
in the previous five sensitivity cases (the Severe case)

• The impact of the ULSD Rule assuming that foreign
imports meeting the new sulfur standards will not
be available (the No Imports case).

• The rate of return on investment (the 10% Return on
Investment case).

The PMM provides average annual marginal prices.
Because of its aggregate regional and annual nature, the
PMM cannot be used to address short-term supply
issues. The results of the PMM scenarios assume that, in
the long run, refiners will increase supply to meet
demand.

Assessment of Distribution and Marketing
Effects of the Rule
The temporary compliance and small refinery provi-
sions were incorporated into the Final Rule as a “safety
valve” to minimize potential supply problems by allow-
ing up to 20 percent of a refinery’s highway diesel fuel
production to remain at the current 500 ppm sulfur stan-
dard between June 1, 2006, and May 31, 2010, and by
allowing small refineries (representing about 5 percent
of total diesel fuel production) to delay compliance with
the new standard until June 1, 2010. These provisions
provide flexibility to refiners during the transition
period but will effectively require the distribution sys-
tem to temporarily handle an additional product. Aside
from carrying an additional product, the distribution
system will face new challenges related to transporting a
very-low-sulfur fuel in the same system with other,
high-sulfur products. The discussion of the implications
of the ULSD Rule for the pipeline distribution system
(Chapter 4) is based on interviews with a number of
pipeline companies representing a cross-section of size,
capacity, location, markets, corporate structures, and
operating modes.26

The mid-term scenarios generated by the PMM include
additional distribution costs associated with getting the
ULSD to market during the transition period and after
2010. The incremental distribution costs reflect both the
cost of capital for pipelines, terminals, and retail outlets
and the costs associated with downgrading highway
diesel that is contaminated during distribution. The cap-
ital component of the distribution costs used in this anal-
ysis is the same as that used in the EPA’s Regulatory
Impact Analysis (RIA) and is similar to those estimated
by two other studies (Chapter 7). The cost of down-
graded product is estimated by EIA using EPA’s total
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26The companies that participated in the interviews included Buckeye Pipe Line Company, Colonial Pipeline, Conoco Pipe Line Com-
pany, Kaneb Pipeline Partners, L.P., Kinder Morgan Energy Partners L.P., Marathon Ashland Petroleum, LLC, TE Products Pipeline Com-
pany, L.P., and Williams Energy Services.



downgrade assumption of 4.4 percent and the price dif-
ferential between ULSD and other diesel.27 Estimates for
the percent of downgraded product range between
EPA’s 4.4 percent estimate to 17.5 percent by Turner

Mason and Associates.28 Due to the uncertainty about
the extent of downgrade that will occur in the pipeline
system, EIA has also projected the costs associated with
larger downgrade assumptions (see Chapter 6).

Energy Information Administration / Transition to Ultra-Low-Sulfur Diesel Fuel 7

27U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/hd2007/frm/
ria-v.pdf.

28Turner, Mason & Company, Revised Supplement to Report: Costs/Impacts of Distributing Potential Ultra Low Sulfur Diesel (Dallas, TX,
August 8, 2000).



2. Efficiency and Cost Impacts
of Emission Control Technologies

Background

The new ultra-low-sulfur diesel (ULSD) Rule issued by
the U.S. Environmental Protection Agency (EPA)
requires not only that the sulfur content of transporta-
tion diesel fuel oil produced by domestic refineries be
drastically reduced by 2007, but also that emission con-
trols on heavy-duty diesel engines be imposed to dra-
matically reduce emissions of nitrogen oxides (NOx),
particulate matter (PM), and hydrocarbons (HC). This
chapter summarizes the new heavy-duty engine emis-
sion standards, discusses the feasibility of meeting the
standards based on a review of the EPA-identified emis-
sion control technology options that might be available,
and assesses cost implications of the technology options.

The new ULSD standards finalized by the EPA are cru-
cial to the successful development of emission control
equipment for heavy-duty diesel engines. The catalysts
to be used in meeting the emission standards can be
severely damaged by sulfur contamination. For exam-
ple, catalyst-based particulate filters for diesel engines
have shown significant losses of conversion efficiency
with fuel containing 30 ppm sulfur, particularly in
colder climates. With respect to NOx adsorbers,
researchers have found that at fuel sulfur levels above 10
ppm, the heavy truck emission standard may not be
attainable.

The EPA’s final emission standards will affect new
heavy-duty vehicles in model years 2004, 2007, and 2010.
Although this study focuses on the impact of the 2007
standard, discussion of the 2004 standards and the asso-
ciated impacts on technology, cost, and efficiency are
relevant to the analysis. In 1997, the EPA proposed new
emission standards for 2004 and later model year
heavy-duty diesel engines that required a combined
standard for NOx and HC of 2.4 grams per brake horse-
power-hour (g/bhp-hr).29 The current standard for NOx
is 4 g/bhp-hr, and the standard for HC is 1.3 g/bhp-hr.
The proposed standard was reviewed by industry, and
in 1998 the EPA signed consent decrees with several

heavy-duty engine manufacturers, stating that the 2004
emission standards would be met by October 2002.30

The standards for new heavy-duty highway vehicles in
model years 2004 and later were finalized July 2000.

In December 2000, EPA published additional standards
for on-road heavy-duty diesel engines that would take
effect beginning in 2007. These standards will require
stricter control of PM (0.01 g/bhp-hr), NOx (0.20
g/bhp-hr), and HC (0.14 g/bhp-hr) emissions. The new
standards apply to diesel-powered vehicles with gross
vehicle weight (GVW) of 14,000 pounds or more.
The PM standard applies to all on-road heavy- and
medium-duty diesel engines. The NOx and HC stan-
dards are to be phased in at 50 percent of new vehicle
sales in model years 2007 through 2009. In 2010, all new
on-road vehicles will be required to meet the NOx and
HC standards.

For years 2007 through 2009, the EPA allows diesel
engine manufacturers flexibility in meeting the NOx and
HC standards.31 Engine manufacturers are provided the
option of producing all diesel engines to meet an aver-
age of 2004 and 2007 NOx and HC emission standards
(1.1 g/bhp-hr). Engine manufacturers and EPA have
confirmed that the industry intends to design and pro-
duce engines that meet the average NOx/HC emission
standard, providing engine manufacturers the ability to
comply with the standards by using less stringent emis-
sion control systems.32 If manufacturers produce
low-emission engines in 2006, the number produced can
be deducted from 2007 production requirements.

Emission Control Technologies

Historically, engine manufactures have met new
emissions standards through modifications to engine
design. The continuation of this trend is seen in the
projection of technologies used to meet the EPA’s 2004
emission standards for heavy-duty diesel engines. An
EPA-commissioned technology study that addressed
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29The brake horsepower of an engine is the effective power output, sometimes measured as the resistance the engine provides to a brake
attached to the output shaft. A bhp-hr is that unit of work or energy equal to the work done at the rate of 1 horsepower for 1 hour.

30U.S. Environmental Protection Agency, Final Emission Standards for 2004 and Later Model Year Highway Heavy-Duty Vehicles and Engines,
EPA420-F-00-026 (Washington, DC, July 2000), p. 4.

31U.S. Environmental Protection Agency, Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur Control Requirements,
EPA420-F-00-057 (Washington, DC, December 2000), p. 2.

32Based on telephone interviews with engine manufacturers and the U.S. Environmental Protection Agency,



technology, availability, cost, and efficiency concerns
concluded that engine manufacturers could meet the
2004 emission standards with engine control strate-
gies—primarily, exhaust gas recirculation (EGR) and
high-pressure fuel injection systems with retarded fuel
injection strategies.33 The EPA also stated that other
advanced diesel engine technologies—such as waste-
gated turbochargers, air-to-air after-coolers, advanced
combustion chamber design, and electronic controls—
could be used to help meet the 2004 emission standards.

Although the EPA states that implementation of cooled
EGR will achieve most of the necessary emission reduc-
tions and that increases in fuel consumption are
expected due to pumping losses, they believe that
advanced turbochargers, advanced combustion cham-
ber design, and electronic controls will also be used to
overcome losses in efficiency. The EPA also mentions
various catalyst technologies that might be used to meet
the NOx and PM standards but concedes that engine
manufacturers will opt for engine control strategies to
meet the NOx standard, due to both economic and
technological concerns regarding the catalyst technolo-
gies for NOx reduction. The EPA concludes that particu-
late traps or oxidation catalysts will be used to control
PM.34 The assumptions reflected in the EPA study
were recently confirmed when several engine manu-
facturers reported that they would implement the
above-mentioned engine technologies to meet the 2004
standards.35,36,37

Whereas engine manufacturers have been able in the
past to meet new emission standards by using advanced
engine controls and technologies, they will have to rely
heavily on component and system development by
emission control equipment manufacturers to meet the
2007 standard. In particular, engine manufacturers must
implement an exhaust after-treatment catalyst technol-
ogy to control NOx emissions.

Several NOx control after-treatment devices are
currently being investigated, including lean-NOx cata-
lysts, NOx adsorber catalysts, and urea-based selective

catalytic reduction (SCR) devices. Lean-NOx catalysts
have not seen significant improvement in NOx reduc-
tion efficiency during the past 3 years and are not con-
sidered a viable option, but NOx adsorber and SCR
systems have shown potential for significant reduction
of NOx emissions.38 The NOx absorber catalyst works by
temporarily storing NOx during normal engine opera-
tion on the adsorbent. When the adsorbent becomes sat-
urated, engine operating conditions and fuel delivery
rates are adjusted to produce a fuel-rich exhaust, which
is used to release the NOx as N2. The SCR process
involves injecting a liquid urea solution into the exhaust
stream before it reaches a catalyst. The urea then breaks
down and reacts with NOx to produce nitrogen and
water. Using the SCR system, it might be possible to
meet the NOx emission standard without ultra-low-
sulfur diesel fuel.

Industry experts have indicated that the SCR system
shows more promise than the NOx adsorber system for
reduction of NOx emissions in truck applications.39

There is currently no infrastructure in place for the dis-
tribution of urea, however, and other issues remain to be
addressed, including freezing of the urea solution in
extreme weather conditions as well as operator compli-
ance. Several engine manufacturers are working on
infrastructure development plans for liquid urea.
Although the EPA agrees that the technology is promis-
ing, it has serious concerns about compliance issues,
because truck drivers may forgo refilling the urea tanks
in an effort to save on operating costs. Engine manufac-
turers are working with the EPA to develop engine con-
trol systems to address this and other engineering
issues. The SCR technology will not be viable until infra-
structure plans are established and engine manufactur-
ers can demonstrate to the EPA that compliance can be
assured through reasonable engine control strategies.

Currently, the EPA expects NOx adsorbers to be the
most likely emission control technology applied by the
industry.40 Using current catalyst technology, the
fuel-rich cycle reduces fuel efficiency by 4 percent.41 The
majority of the reduction in fuel efficiency comes from
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33U.S. Environmental Protection Agency, Regulatory Impact Analysis: Control of Emissions of Air Pollution From Highway Heavy-Duty
Engines, EPA420-R-00-010 (Washington, DC, July 2000), p. 21.

34U.S. Environmental Protection Agency, Regulatory Impact Analysis: Control of Emissions of Air Pollution From Highway Heavy-Duty
Engines, EPA420-R-00-010 (Washington, DC, July 2000), p. 46.

35DieselNet, “Caterpillar Announces New Emission Technology,” web site www.dieselnet.com/news/0103cat.html (March 2001).
36Newport’s Truckinginfo.com, “Mack To Use EGR To Meet ’02 Emissions Standards,” web site http://www.trcukinginfo.com/news/

news_print.asp?news_id=42839 (March 20, 2001).
37DieselNet, “Cummins in Support of Cooled EGR Technology,” web site www.dieselnet.com/news/0103cummins.html (March 2001).
38U.S. Department of Energy, Office of Transportation Technologies, “Impact of Diesel Fuel Sulfur on CIDI Emission Control Technol-

ogy” (August 21, 2000), p. 2.
39Based on telephone interviews with manufacturers of heavy-duty diesel engines.
40U.S. Environmental Protection Agency, Technical Support Document for the Heavy-Duty Engine and Vehicle Standards and Highway Diesel

Fuel Sulfur Control Requirements: Air Quality Modeling Analyses, EPA420-R-00-028 (Washington, DC, December 2000), p. V-3.
41U.S. Department of Energy, Office of Transportation Technologies, “Diesel Emission Control: Sulfur Effects (DECSE) Program Phase II

Summary Report: NOx Adsorber Catalysts” (October 2000), p. 21.



the reduction of sulfur in the exhaust stream. The sulfur
accumulates on the NOx adsorber catalyst, and eventu-
ally adsorber storage capability is completely lost. Even
at ultra-low-sulfur levels, further desulfurization must
occur to ensure that the NOx adsorber is not “poisoned.”

To date, no NOx adsorber system has proven feasible.
Although NOx adsorbers have demonstrated compli-
ance using ULSD (7 ppm), the systems show losses in
conversion efficiency after 2,000 miles of operation.42

Concerns have also been raised about the ability of the
technology to perform over a range of operating temper-
atures and loads. Industry and government research
efforts are seeking ways to overcome the obstacles fac-
ing the NOx adsorber technology.

In order to meet the 2007 emission standards for heavy-
duty diesel engines, the EPA makes the following
assumptions regarding the performance of NOx
adsorber emission control technology:

• Conversion efficiencies will improve so that the
overall loss of fuel economy will be only 2 percent: 1
percent for the fuel-rich cycle and 1 percent for
pumping losses.

• EGR equipment will be optimized as a result of the
improved efficiency of NOx adsorber emission con-
trol equipment. The optimized EGR air-to-fuel mix-
ture will provide a 1-percent increase in fuel
efficiency, which will offset the 1-percent loss in effi-
ciency from the fuel-rich exhaust cycle.

• The application of the new emission control technol-
ogy will provide a 3-percent or greater increase in
efficiency by offsetting the fuel efficiency reductions
that were incurred to meet the 2004 standard when
diesel engine manufacturers manipulated fuel injec-
tion timing to optimize for low NOx emissions.

Based on these assumptions, EPA predicts that there
will be no loss in fuel efficiency associated with the NOx
adsorber catalyst designed to meet the 2007 emission
standard.43 Although experts agree that this is possible,
it has yet to be proven.44 Current field tests reveal a 4- to
5-percent fuel efficiency loss with current state-of-the-
art technology, which still requires EGR and timing
control. Experts agree, however, that NOx adsorber

catalysts are expected to improve and that the associated
optimization of EGR and timing control will eventually
be achieved.

Technology Costs
The EPA’s cost analysis of the technologies required to
meet the 2004 standard assumed that fuel injection and
turbocharger improvements would occur without the
new emission standards. Therefore, when estimating
increases in engine costs, the EPA excluded 50 percent of
the technology costs in the total cost estimation. The
incremental costs for medium-duty engines were esti-
mated to be $657 in 2004, decreasing to $275 in 2009.
Heavy-duty engine costs were estimated at $803 in 2004,
decreasing to $368 in 2009.45

The EPA also estimated increases in annual operating
costs of $49 for medium-duty engines and $104 for
heavy-duty engines for the maintenance of the EGR sys-
tem. The cost of the NOx adsorber emission control sys-
tem for medium-duty engines was estimated at $2,564 in
2007, decreasing to $1,412 in 2012. For heavy-duty
trucks, the cost of control technology was estimated at
$3,227 in 2007, decreasing to $1,866 in 2012.46 Although
engine manufacturers state that these costs are optimis-
tic, no studies have been completed to dispute the EPA
estimates.

Efficiency Losses
EPA assumptions for the impacts of the ULSD Rule on
diesel engine fuel efficiency are used for the Regulation
case in this analysis. Because the emission control tech-
nology development needed to meet the 2007 standards
remains to be developed, however, a sensitivity case
was analyzed to evaluate the possible impacts of fuel
efficiency reductions.47 In the 4% Efficiency Loss case for
this study, it is assumed that meeting the emission stan-
dards in 2010 will reduce the average fuel efficiency of
highway heavy-duty diesel engines by 4 percent,
improving to no efficiency loss in 2015. It is assumed in
this scenario that engine manufacturers will not be able
to overcome fuel efficiency losses in order to meet the
standards in 2010, but with continued improvements in
NOx adsorber efficiency and desulfurization catalysts,
they will be overcome by 2015.
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42Manufacturers of Emission Controls Association, Catalyst-Based Diesel Particulate Filters and NOx Adsorbers: A Summary of the Technol-
ogies and the Effects of Fuel Sulfur (August 14, 2000), p. 19.

43U.S. Environmental Protection Agency, Technical Support Document for the Heavy-Duty Engine and Vehicle Standards and Highway Diesel
Fuel Sulfur Control Requirements: Air Quality Modeling Analyses, EPA420-R-00-028 (Washington, DC, December 2000), p. V-34.

44Based on phone interviews with emission control equipment manufacturers.
45U.S. Environmental Protection Agency, Regulatory Impact Analysis: Control of Emissions of Air Pollution From Highway Heavy-Duty

Engines, EPA420-R-00-010 (Washington, DC, July 2000), p. 88.
46U.S. Environmental Protection Agency, Technical Support Document for the Heavy-Duty Engine and Vehicle Standards and Highway Diesel

Fuel Sulfur Control Requirements: Air Quality Modeling Analyses, EPA420-R-00-028 (Washington, DC, December 2000), p. V-38.
47Although this case reflects a scenario in which losses in efficiency from emission contol are not overcome by new technology, the con-

siderable time available for research and development may provide government and industry ample time to resolve the fuel efficiency loss
issues associated with advanced emission control technologies.



The reference case for this analysis includes assump-
tions for the market penetration of advanced engine and
vehicle technologies and resulting improvements in fuel
efficiency. Included in the slate of technologies are low
rolling resistance tires, improved aerodynamics, light-
weight materials, advanced electronic engine controls,
advanced turbochargers, and advanced fuel injection
systems. Market penetration is estimated using a pay-
back function in which the incremental capital cost for
each technology is compared to a stream of fuel savings
over a specified technology payback period (1 to 4
years), discounted at 10 percent. In the reference case it is
projected that average new truck fuel efficiency will
increase from 6.4 miles per gallon in 2000 to 7.4 miles per
gallon in 2020.

New vehicle fuel efficiency is reduced slightly in the 4%
Efficiency Loss case, but the impact on stock efficiency is

marginal because the number of new vehicles expected
to enter the market is small relative to the total number
of vehicles on the road. Fuel expenditures for heavy
trucks are projected to be $1.9 billion higher in 2007 in
the 4% Efficiency Loss case than in the reference case,
and the difference grows to $2.9 billion in 2011 (Table 1),
an increase of $410 in average fuel expenditures per
truck. Cumulative fuel expenditures from 2007 to 2015
are projected to be $17.6 billion higher in the Regulation
case than in the reference case and an additional $3.0 bil-
lion higher in the 4% Efficiency Loss case. The projected
cumulative increase in energy use in the 4% Efficiency
Loss case is approximately 80 trillion British thermal
units (Btu). Energy consumption projections are dis-
cussed in Chapter 6.
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Table 1.  Projected Fuel Expenditures for Heavy-Duty Diesel Vehicles, 2006-2020
(Billion 1999 Dollars)

Analysis Case 2007 2008 2009 2010 2011 2015
Total,

2007-2015

Total Fuel Expenditures

Reference . . . . . . . . . . . . . . . . 39.45 40.46 41.46 42.19 42.98 45.96 385.63

Regulation . . . . . . . . . . . . . . . . 41.37 42.31 43.09 44.40 45.55 47.95 403.24

4% Efficiency Loss . . . . . . . . . 41.37 42.31 43.09 44.58 45.92 48.44 406.21

Incremental Fuel Expenditures

Regulation . . . . . . . . . . . . . . . . 1.92 1.85 1.63 2.21 2.57 1.99 17.62

4% Efficiency Loss . . . . . . . . . 1.92 1.85 1.63 2.38 2.94 2.49 20.58

Source: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, and DSU7TRN.D043001A.



3. Desulfurization Technology

Introduction

The availability of technologies for producing ultra-
low-sulfur diesel fuel (ULSD) was one of the issues
raised by the House Committee on Science. First, do ade-
quate and cost-effective technologies exist to meet the
ULSD standard? Second, are technologies being devel-
oped that could reduce the costs in the future? Last, is it
likely that the needed technologies can be deployed into
the market in time to meet the ULSD requirements of the
rule?

A review of the technologies reveals that current tech-
nologies can be modified to produce diesel with less
than 10 parts per million (ppm) sulfur. A small number
of refineries currently produce diesel with sulfur in the
10 ppm range on a limited basis. The existence of the req-
uisite technology does not ensure, however, that all
refineries will have that technology in place in time to
meet the new ULSD standards. Widespread production
of ULSD will require many refineries to invest in major
revamps or construction of new units. In addition to the
status of desulfurization technologies, this chapter dis-
cusses possible impediments to their deployment.

Refineries in the United States are characterized by a
wide range of size, complexity, and quality of crude oil
inputs. Upgrades at a given refinery depend on individ-
ual circumstances, including the refinery’s existing con-
figuration, its inputs, its access to capital, and its
perception of the market. The sulfur in petroleum prod-
ucts comes from the crude oil processed by the refinery.
Refiners can reduce the sulfur content of their diesel fuel
to a limited extent by switching to crude oil containing
less sulfur; however, sulfur reduction from a switch in
crude oil would fall well short of the new ULSD stan-
dard. Refineries will require substantial equipment
upgrades to produce diesel with such limited sulfur.

In order to allow for some margin of error and product
contamination in the distribution system, refineries will
be required to produce highway diesel with sulfur
somewhat below 15 ppm. Due to limited experience
with such low-sulfur products, the exact sulfur level that
will be required by refineries is not certain. In the Regu-
latory Impact Analysis for the ULSD Rule, the EPA
assumed highway diesel production with an average of

7 ppm. Whether production is at 10 ppm or 7 ppm, the
same technology would be used. In general, a relatively
lower sulfur content would be achieved with more
severe operating conditions at a higher cost.

Considerable development in reactor design and cata-
lyst improvement has already been made to achieve
ULSD levels near or below 10 ppm. In some cases low
sulfur levels are the consequence of refiners’ efforts to
meet other specifications, such as low aromatic levels
required in Sweden and California. In other cases refin-
ers have decided to produce a “premium” low-sulfur
diesel product, as in the United Kingdom, Germany, and
California. These experiences, though limited, provide
evidence for both the feasibility of and potential difficul-
ties in producing ULSD on a widespread basis.

Refineries currently producing ULSD in limited quanti-
ties rely on enhanced hydrotreating technology. Tech-
nology vendors expect that this will also be the case for
widespread production of ULSD. The following section
focuses on hydrotreating as the primary means to
achieve ULSD levels. A few emerging and unconven-
tional desulfurization technologies are also discussed,
which if proven cost-effective eventually may expand
refiners’ options for producing ULSD.

ULSD Production Technologies

Very-low-sulfur diesel products have been available
commercially in some European countries and in Cali-
fornia on a limited basis. Sweden was the first to impose
very strict quality specifications for diesel fuel, requiring
a minimum 50 cetane, a maximum of 10 ppm on sulfur
content, and a maximum 5 percent on aromatics content.
To meet these specifications the refinery at Scanraff,
Sweden, installed a hydrotreating facility based on
SynTechnology.48 The Scanraff hydrotreating unit con-
sists of an integrated two-stage reactor system with an
interstage high-pressure gas stripper. The unit processes
a light gas oil (LGO) to produce a diesel product with
less than 1 ppm sulfur and 2.4 percent aromatics by vol-
ume. It is important to note that the Scanraff plant is
highly selective of its feedstock to achieve the ultra-low
sulfur content which may not be generalized to most
U.S. refineries.
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48B. van der Linde (Shell), R. Menon (ABB Lummus), D. Dave & S. Gustas (Criterion), “SynTechnology: An Attractive Solution for Meet-
ing Future Diesel Specifications,” presentation to the 1999 Asian Refining Technology Conference, ARTC-99.



In addition to Sweden, other European countries are
encouraging the early introduction of very-low-sulfur
diesel fuel ahead of the shift to a European requirement
for 50 ppm diesel in 2005. The United Kingdom and Ger-
many have structured tax incentives for the early intro-
duction of 50 ppm diesel fuel and have discussed
incentives for introduction of a 10 ppm diesel fuel. An
example of a European refinery capable of producing
diesel fuel for these markets, is BP’s refinery at
Grangemouth, United Kingdom, which has a 35,000-
barrel-per-stream-day unit originally designed for 500
ppm sulfur in 1995.49 The hydrotreater at Grangemouth
has a two-bed reactor, no quench, and operates at about
950 pounds per square inch gauge (psig). Operating at a
space velocity of 1.5 and using a new higher activity
AK30 Nobel catalyst (KF757), the unit is producing 10 to
20 ppm sulfur diesel product. The feed is primary LGO
with a sulfur content of about 1,800 ppm, derived from a
low-sulfur crude. BP reported that on several occasions
the feed had included a small fraction of cycle oil, which
resulted in a noticeable increase in catalyst deactivation
rate.

In 1999 Arco announced that it would produce a pre-
mium diesel fuel— which Arco termed “EC Diesel”—at
its Carson, California, refinery.50 EC Diesel is a “super
clean” diesel designed to meet the needs of fleets and
buses in urban areas. The reported quality attributes
include less than 10 ppm sulfur, less than 10 percent
aromatics, and 60 cetane, among others.51 Arco indi-
cated that the crude slates of the Carson refinery would
remain unchanged, with only the operating conditions
modified. The refinery had to selectively take out a sul-
furous, aromatic cycle oil feed stream to the diesel unit
and repeat this every few days for batches. If continuous
production were required, a major capital investment
would have to be made. In April 2000, Equilon also
announced that its Martinez refinery in Northern Cali-
fornia could provide ULSD for fleet use in that region of
the State.52

The challenge of producing ULSD from feedstocks that
are difficult to desulfurize is well represented by the
experience of Lyondell-Citgo Refining (LCR) at its refin-
ery in Houston, Texas. In 1997 the refinery moved to a
diet of 100 percent Venezuelan crude.53 The gravity of
the crude oil was less than 20 oAPI, and it was highly
aromatic. To produce suitable quality low-sulfur diesel
product the refinery had revamped a hydrotreater to

SynSat operation in 1996 and then converted to SynShift
in 1998. The revamped hydrotreater has a capacity of
50,000 barrels per day and consists of a first-stage reactor
operating at 675 psig pressure, a high-pressure stripper,
and a second-stage reactor that uses a noble metal cata-
lyst. The feed to the unit is a blend of light cycle oil
(LCO), coker distillate, and straight-run distillate
(approximately equal volumes) with 1.4 percent sulfur
by weight, 70 percent aromatics, and a cetane number of
30. The product has about 40 percent aromatics, a cetane
number of 38.5, and sulfur content less than 140 ppm.

Citgo reported that the LCR hydrotreating unit was the
largest reactor of its type when installed in 1996 and that
the volume of catalyst in the unit, which had been 40,000
pounds in the old unit, had increased to 1.7 million
pounds in the revamped unit. The diesel sulfur level
produced in the unit reportedly met the 15 ppm sulfur
cap at initial conditions at start of run, but as the
desulfurization catalyst aged, the reactor temperature
had to be revised to achieve target sulfur levels. If the
revamped unit had to consistently meet a 15 ppm diesel
sulfur limit, the cycle life could be greatly reduced from
current operation, causing frequent catalyst replace-
ment and more frequent shutdowns. Under the current
mode of operation, the frequency of catalyst changeout
is managed by reducing the cracked stocks in the feed to
the unit. More frequent catalyst changeouts to meet a 15
ppm sulfur cap reportedly could raise the cost of diesel
production.54

Hydrotreating
Conventional hydrotreating is a commercially proven
refining process that passes a mixture of heated feed-
stock and hydrogen through a catalyst-laden reactor to
remove sulfur and other undesirable impurities. Hydro-
treating separates sulfur from hydrocarbon molecules;
some developing technologies remove the molecules
that contain sulfur (see box on page 16). Refineries can
desulfurize distillate streams at many places in a refin-
ery by hydrotreating “straight-run” streams directly fol-
lowing crude distillation, hydrotreating streams coming
out of the fluid catalytic cracking (FCC) unit, and/or
hydrotreating the heavier streams that go through a
hydrocracker. Over half of the streams currently going
into highway-grade diesel (500 ppm) are made up from
straight-run distillate streams, which are the easiest and
least expensive to treat.
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49L.A. Gerritson, F. Stoop (Akzo Nobel Catalyst), P. Low, J. Townsend, D. Waterfield, and K. Holdes (BP Amoco), “Production of Green
Diesel in the BP Amoco Refineries,” presented at the WEFA Conference (Berlin, Germany, June 2000).

50Now part of BP Amoco.
51“Arco’s EC Diesel Dominates CARB Advisory Discussion,” Diesel Fuel News (April 26, 1999), p. 5.
52“Equilon Offers 15 PPM Sulfur Diesel for N. California,” Diesel Fuel News (April 10, 2000), p. 10.
53L. Allen (Criterion Catalyst Co.), “Economic Environmental Fuels with SynTechnologies,” presented at the World Fuels Meeting,

EAA-World Fuels-98 (Washington, DC, Fall 1998).
54Diesel Fuel News (April 11, 2000), p. 17.



Refineries with hydrotreaters are likely to achieve pro-
duction of ULSD on straight runs by modifying catalysts
and operating conditions. Desulfurizing the remainder
of the distillate streams is expected to pose the greatest
challenge, requiring either substantial revamps to
equipment or construction of new units. In some refiner-
ies the heavier and less valuable streams, such as LCOs,
are run through a hydrocracker. The distillates from the
cracked stocks contain a larger concentration of com-
pounds with aromatic rings, making sulfur removal
more difficult. The need for some refineries to desulfur-
ize the cracked stocks in addition to the straight-run
streams may play a key role in the choice of technology.

When the 15 ppm ULSD specification takes effect in June
2006, refiners will have to desulfurize essentially all die-
sel blending components, especially cracked stocks, to
provide for highway uses. It is generally believed that a
two-stage deep desulfurization process will be required
by most, if not all refiners, to achieve a diesel product
with less than 10 ppm sulfur. The following discussion
reviews a composite of the technological approaches
of UOP, Criterion Catalyst, Haldor Topsoe, and
MAKFining (a consortium effort of Mobil, Akzo Nobel,
Kellogg Brown & Root, and TotalFinaElf Research).

A design consistent with recent technology papers
would include a first stage that reduces the sulfur con-
tent to around 250 ppm or lower and a second stage that
completes the reduction to less than 10 ppm. In some
cases the first stage could be a conventional hydro-
treating unit with moderate adjustments to the opera-
tion parameters. Recent advances in higher activity
catalysts also help in achieving a higher sulfur removal
rate.55 The second stage would require substantial modi-
fication of the desulfurization process, primarily
through using higher pressure, increasing hydrogen
rate and purity, reducing space velocity, and choice of
catalyst. To deep desulfurize cracked stocks, a higher
reactor pressure is necessary. Pressure requirements
would depend on the quality of the crude oil and the
setup of the individual refinery.

The level of pressure required for deep desulfurization
is a key uncertainty in assessing the cost and availability
of the technology. In its 2000 study, U.S. Petroleum

Refining: Assuring the Adequacy and Affordability of Cleaner
Fuels, the National Petroleum Council (NPC) suggested
that in order to produce diesel at less than 30 ppm sulfur,
new high-pressure hydrotreaters would be required,
operating at pressures between 1,100 and 1,200 psig.56

Pressures over 1,000 psig are expected to require
thick-walled reactors, which are produced by only a few
suppliers (see discussion later in this chapter) and take
longer to produce than reactors with thinner walls. In
contrast to NPC’s expectations, EPA’s cost analysis
reflected vendor information for revamps of 650 psig
and 900 psig units that would not require thick-walled
reactors. The vendors indicated that an existing
hydrotreating unit could be retrofitted with a number of
different vessels, including: a reactor, a hydrogen com-
pressor, a recycle scrubber, an interstage stripper, and
other associated process hardware.57

The amount of hydrogen required for desulfurization is
also uncertain, because the industry has no experience
with widespread desulfurization at ultra-low levels.
One of the primary determinants of cost is hydrogen
consumption and the related investment in hydro-
gen-producing equipment. Hydrogen consumption is
the largest operating cost in hydrotreating diesel, and
minimizing hydrogen use is a key objective in hydro-
treating for sulfur removal. In general, 10 ppm sulfur
diesel would require 25 to 45 percent more hydrogen
consumption than would 500 ppm diesel, in addition to
improved catalysts.58 Hydrogen requirements at lower
sulfur levels rise in a nonlinear fashion.

In addition to improvements in design and catalysts,
other modifications to refinery operations can contrib-
ute to the production of ULSD. For example, high-sulfur
compounds in both straight runs and cracked stocks lie
predominantly in the higher boiling range of the materi-
als. Thus, reducing the final boiling point for the streams
and cutting off the heaviest boiling segment can reduce
the difficulty of the desulfurization task. If a refiner has
hydrocracking capability, the hydrocracker would be an
ideal disposition for these streams. Some refiners mak-
ing both high- and low-sulfur distillate products may be
able to allocate the more difficult distillate blend streams
to the high-sulfur product; however, the EPA is in
the process of promulgating “Tier 3” non-road engine
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55The type of improvement in catalyst activity is illustrated by Akzo Nobel new KF757 cobalt-molybdenum (CoMo) catalyst. Comparing
KF 757 with its predecessor catalyst Akzo states, “A diesel unit designed to achieve 500 wppm product sulfur with KF 752 can easily achieve
less than 250 ppm product sulfur with KF 757 while maintaining the same operating cycle.” Source: C.P. Smit, “MAKFining Premium Distil-
lates Technology: The Future of Distillate Upgrading,” presentation to Petrobras (Rio de Janeiro, Brazil, August 24, 2000), p. 4.

56National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000) , Chapter 7, pp.
132-133.

57U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, p. V-69.

58Charles River Associates, Inc., and Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed Environmental Regulations on
U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000), p. 26.
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Developing Technologies and Ultra-Low-Sulfur Alternatives

Sulfur Adsorption

One new technology on the horizon is the “S Zorb”
processing under development by Phillips Petroleum.
S Zorb has been promoted for gasoline desulfurization
to meet EPA’s Tier 2 requirements. The major distinc-
tion of this process from conventional hydrotreating is
that the sulfur in the sulfur-containing compounds
adsorbs to the catalyst after the feedstock-hydrogen
mixture interacts with the catalyst. Thus the catalyst
needs to be regenerated constantly. Phillips is promot-
ing the S Zorb process for highway diesel as potentially
having lower capital cost than conventional hydro-
treating options and reportedly is on the fast track to
demonstrate the process in a pilot plant in 2001.a Phil-
lips estimates on-site capital costs at $1,000 to $1,400
per barrel per day.

Biodesulfurization

Biodesulfurization is another innovative technology,
which uses bacteria as the catalyst to remove sulfur
from the feedstock. In the biodesulfurization process,
organosulfur compounds, such as dibenzothiophene
and its alkylated homologs, are oxidized with geneti-
cally engineered microbes, and sulfur is removed as
a water-soluble sulfate salt. Several factors may limit
the application of this technology, however. Many
ancillary processes novel to petroleum refining would
be needed, including a biocatalyst fermentor to
regenerate the bacteria. The process is also sensitive to
environmental conditions such as sterilization, tem-
perature, and residence time of the biocatalyst. Finally,
the process requires the existing hydrotreater to con-
tinue in operation to provide a lower sulfur feedstock
to the unit and is more costly than conventional
hydrotreating.b Biodesulfurization has been tested in
the laboratory, but detailed engineering designs and
cost estimates have not been developed.

Sulfur Oxidation

The latest entry in unconventional desulfurization
involves sulfur oxidization. This process creates a
petroleum and water emulsion in which hydrogen per-
oxide or another oxidizer is used to convert the sulfur
in sulfur-containing compounds to sulfone.c The oxi-
dized sulfone is then separated from the hydrocarbons
for post-processing. Most of the peroxide can be

recovered and recycled. The major advantages of this
new technology include low cost, lower reactor tem-
peratures and pressures, short residence time, no emis-
sions, and no hydrogen requirement.

Advocates for the sulfur oxidation technology estimate
capital costs at $1,000 per barrel of daily installed
capacity—less than half the cost of a new high-pressure
hydrotreater.d The technology preferentially treats
dibenzothiophenes, one of streams that is most diffi-
cult to desulfurize, but it does not work as well on
straight-run distillate. Because the process removes
molecules containing sulfur, some volume losses also
occur. One company working on the technology has
proposed installation of 1,000 to 5,000 barrel per day
units at distribution terminals to “polish” material that
might otherwise be downgraded. Construction of a
pilot plant is planned, but to date there has been no
real-world demonstration of the process.

Fischer-Tropsch Diesel and Biodiesel

One way to add to ULSD supply without desulfuriza-
tion is to rely on a non-oil-based diesel. The Fischer-
Tropsch process, for example, can be used to convert
natural gas to a synthetic, sulfur-free diesel fuel. Two
gas-to-liquids (GTL) facilities have operated commer-
cially: the Mossgas plant in South Africa with output
capacity of 23,000 barrels per day and the Shell Bintulu
plant in Malaysia at 12,500 barrels per day. Other
plants are in the planning stages.

Commercial viability of GTL projects depends on capi-
tal costs, the market for petroleum products and possi-
ble price premiums for GTL fuels, the value of
byproducts such as heat and water, the cost of feed-
stock gas, the availability of infrastructure, the quality
of the local workforce, and potential government sub-
sidies. Capital costs for GTL projects are currently less
than $25,000 per daily barrel of capacity. An EIA analy-
sis of a hypothetical GTL project estimated the cost of
GTL fuel at almost $25 per barrel in 1999 dollars. Thus,
a GTL project with present technology could be cost-
competitive only if investors were confident that crude
oil prices would stay in the range of $25 to $30 per bar-
rel and natural gas feedstock prices would remain at 50
cents per thousand cubic feet.e

(Continued on page 17)

aU.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV, pp. IV-31–IV-32.

bNational Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), p. 75.
cSulfone is any of various sulfur-containing organic compounds having a bivalent radical SO2 attached to two carbon atoms.
dR.E. Levy et al., “UniPure’s ASR-2 Diesel Desulfurization Process: A Novel, Cost-effective Process for Ultra-Low Sulfur Diesel,”

presented at the National Petrochemical and Refining Association 2001 Annual Meeting (New Orleans, LA, March 18-20, 2001).
e“Gas-to-Liquids Technology: The Current Picture,” International Energy Outlook 2000, DOE/EIA-0494(2000) (Washington, DC,

March 2000), pp. 59-60; and S. Weeden, “Financial Commitments Brighten 2001 GTL Prospects,” Oil & Gas Journal (March 12, 2001).



emission limits around 2005 or 2006, which are expected
to be linked to sulfur reduction for non-road diesel
fuel.59

A processing scheme that has been promoted primarily
in Asia and Europe employs a combination of partial
hydrocracking and FCC to produce very-low-sulfur
fuels. In this scheme a partial conversion hydrocracking
unit is placed in front of the FCC unit to convert the vac-
uum gas oil to light products (distillate, kerosene, naph-
tha, and lighter) and FCC feed. The distillate product is
low in sulfur (less than 200 ppm) and has a cetane num-
ber of about 50. The cracked stocks produced in the FCC
unit are also lower in sulfur and higher in cetane. The
relatively greater demand for distillate relative to gaso-
line demand in Europe and Asia and the higher diesel
cetane requirement are more in keeping with the
strengths of this process option than is the case for most
U.S. refineries.

A few new technologies that may reduce the cost of
diesel desulfurization—sulfur adsorption, biodesulfuri-
zation, and sulfur oxidation—are in the experimental
stages of development (see box above). Although they
are being spurred by the EPA rule, they are unlikely to
have significant effects on ULSD production in 2006;
however, they may affect the market by 2010. In addi-
tion, methods have been developed to produce diesel
fuel from natural gas and organic fats, but they still are
costly.

NEMS Approach to Diesel
Desulfurization Technology

The Petroleum Market Module (PMM) in the National
Energy Modeling System (NEMS)60 projects petroleum
product prices, refining activities, and movements of
petroleum into the United States and among domestic
regions. In addition, the PMM estimates capacity expan-
sion and fuel consumption in the refining industry. The
PMM is also revised on a regular basis to incorporate
current regulations that may affect the domestic petro-
leum market.

The PMM optimizes the operation of petroleum refiner-
ies in the United States, including the supply and trans-
portation of crude oil to refineries, the regional
processing of these raw materials into petroleum prod-
ucts, and the distribution of petroleum products to meet
regional demands. The production of natural gas liquids
from gas processing plants is also represented. The
essential outputs of the model are product prices, a
petroleum supply/demand balance, demands for refin-
ery fuel use, and capacity expansion.

The PMM employs a modified two-stage distillate deep
desulfurization process based on proven technologies.61

The first stage consists of a choice of two distinct units,
which accept feedstocks of various sulfur contents
and desulfurize to a range of 20 to 30 ppm (Table 2). The
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Developing Technologies and Ultra-Low-Sulfur Alternatives (Continued)

A second way to avoid desulfurization is with
biodiesel made from vegetable oil or animal fats.
Although other processes are available, most biodiesel
is made with a base-catalyzed reaction. A fat or oil is
reacted with an alcohol, such as methanol, in the pres-
ence of a catalyst to produce glycerine and methyl
esters or biodiesel. The methanol is charged in excess to
assist in quick conversion and recovered for reuse. The
catalyst, usually sodium or potassium hydroxide, is
mixed with the methanol. Increased production of
biodiesel could create more surfactants than the

market would be able to absorb. Biodiesel is a strong
solvent and can dissolve paint as well as deposits left in
fuel lines by petroleum-based diesel, sometimes lead-
ing to engine problems. Biodiesel also freezes at a
higher temperature than petroleum-based diesel.
Biodiesel advocates claim that a 1-percent blend of
biodiesel can improve lubricity by as much as 65 per-
cent. At least eight companies are marketing biodiesel
in all parts of the United States, according to the
National Biodiesel Board.f

fWeb site www.biodiesel.org/marketers.htm.

59U.S. Environmental Protection Agency, Reducing Air Pollution from Non-road Engines, EPA420-F-00-048 (Washington, DC, November
2000), p. 3.

60NEMS was developed by EIA for mid-term forecasts of U.S. energy markets (currently through 2020). NEMS documentation can be
found at web site www.eia.doe.gov/bookshelf/docs.html. PMM documentation can be found at web site www.eia.doe.gov/pub/pdf/
model.docs/m059(2001).pdf.

61The PMM incorporates the technology database from EnSys Energy & Systems, Inc., a consultant to EIA, for refinery processing mod-
eling.



second stage also includes a choice of two processing
units, which further deep desulfurize the first-stage
streams to a level below 10 ppm. The purpose of reduc-
ing the sulfur level to 20 to 30 ppm in the first stage,
rather than the common goal of 250 ppm or less, is to
enable a more accurate representation of costs for pro-
cessing streams.

The PMM retains the option of conventional distillate
desulfurization when 500 ppm sulfur diesel can still be
produced (before June 2010). Because the PMM models
an aggregation of refinery capacities in each of the
refinery regions,62 the above representation of multi-
ple processing options is possible, although in reality
individual refineries may choose one process over the
other on the basis of strategic and economic evaluations.

Individual Refinery Analysis
Approach to Diesel Desulfurization

Technology

To assess the supply situation during the transition to
ULSD in 2006, industry-level cost curves were con-
structed for this study and matched against assumed
demand and imports. The cost curves are the result of a
refinery-by-refinery analysis of investment require-
ments and operating costs for refineries in Petroleum
Administration for Defense Districts (PADDs) I through

IV. The ULSD production costs were estimated for dif-
ferent groups of refineries based on their size, the sulfur
content of the feeds, the fraction of cracked stocks in the
feed, the boiling range of the feed, and the fraction of
highway diesel produced. The capital and operating
costs for the different groups were developed for EIA by
the staff of the National Energy Technology Laboratory
(NETL).

For the study, a semi-empirical model was developed to
size and cost new and retrofitted distillate hydrotreating
plants for production of ULSD. Sulfur removal was pre-
dicted using a kinetic model tuned to match the limited
literature data available on deep distillate desulfuriza-
tion. Correlations were used in the model to relate
hydrogen consumption, utility usage, etc., to the three
major constituents of the distillate pool: straight-run dis-
tillate, cat-cracker light cycle oil, and coker gas oil. (See
Appendix D for a discussion of the assumptions used to
construct the model.)

Capital costs ranged from $592 to $1,807 per barrel per
day, depending on the size of the unit, whether it was
new or retrofitted, and the percentage of straight run
feedstock (Table 3). A large hydrotreater using only
straight-run distillate derived from high-sulfur crude
had the least cost for both new and retrofitted units. The
most expensive units were small hydrotreaters running
32 percent cracked stocked, about the average propor-
tion of cracked feedstocks in PADD II.
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Table 2.  Desulfurization Units Represented in the NEMS Petroleum Market Module

Unit
Capacity

(Barrels per Day) Feedstock

Capital Costa

(1999 Dollars
per Barrel per Day)

Total Capital Cost
per Unita

(Million 1999 Dollars)

HL1/HS2. . . . 25,000 All except coker gas oil and high-sulfur light cycle oil 1,331 33.3

HD1/HD2 . . . 10,000 All 1,849 18.5
aOnly on-site costs for hydrotreaters are included in this table. See NEMS documentation for hydrogen and sulfur plant costs. Revamped unit costs

are estimated to be 50 percent of new unit costs.
Source: Energy Information Administration, Office of Integrated Analysis and Forecasting.

Table 3.  Range of Hydrotreater Units Represented in the Individual Refinery Analysis

Type
Throughput

(Barrels per Day)
Straight-Run Feedstock

(Percentage)

Capital Costa

(1999 Dollars
per Daily Barrel)

Total Capital Cost
per Unita

(Million 1999 Dollars)

New . . . . . . . . . . . . . . . . . 50,000 100 995 49.8

New . . . . . . . . . . . . . . . . . 10,000 68 1,807 18.1

Revamp . . . . . . . . . . . . . . 50,000 100 592 29.6

Revamp . . . . . . . . . . . . . . 10,000 68 1,210 12.1
aIncludes only on-site costs.
Source: National Energy Technology Laboratory.

62Within the PMM, the refinery sector is modeled by a linear programming representation for three refining regions. The first region
consists of Petroleum Administration for Defense District (PADD) I; the second of PADD’s II, III, and IV; and the third of PADD V. Each
model region represents an aggregation of the individual refineries in the region, rather than a notional refinery.



Expected Developments
and Cost Improvements

Recent experience indicates that consistent, high-
volume production of ULSD is a technologically feasible
goal, although many refineries could face major retrofits
or new unit construction. The variation in feedstock con-
cerning both sulfur content and the amount of cracked
stock may be influential in the choice of process option
and the cost of desulfurization, which may also entail a
different allocation of streams to products. Although
unconventional desulfurization technologies have been
promoted recently by various vendors, none has made
sufficient progress toward the commercial stage to war-
rant consideration by most refiners who must start pro-
ducing ULSD by June 2006.63

The two-stage desulfurization process can be accom-
plished through revamping existing units, building new
units, or a combination of both. Several aspects of unit
design are important. Properly designed distribution
trays can greatly improve desulfurization efficiency, in
that catalyst bypassing can make it virtually impossible
to produce ULSD. Because hydrogen sulfide (H2S)
inhibits hydrodesulfurization reactions, scrubbing of
recycle gas to remove H2S will improve desulfurization.
New design or revamps will also include gas quench to
help control temperature through the reactor. In the
design of a two-stage system, there will be a hot stripper
between the two reactors where ammonia and H2S are
stripped from the first-stage product.

As more commercial evidence and cost information
become available for diesel desulfurization in the next
few years, it will be possible to better assess the technol-
ogy choices—including equipment requirements, oper-
ating conditions, and production logistics—that most
refiners will have to make in order to meet the new
ULSD standards. However, the EPA’s tight compliance
timetable for producing ULSD might short-circuit the
learning process for refiners to acquire necessary experi-
ence to make cost-effective decisions.64 The many cave-
ats within current vendors’ statements must be carefully
scrutinized, to avoid overestimating the capability or
underestimating the costs for new or revamped distil-
late hydrotreating facilities. Most vendors state that
their goal is to use or revamp a client refiner’s current
process units whenever possible. In trying to reach a 10
ppm or lower sulfur target, however, many units may be

unsuitable or require major capital outlays. Uncertainty
about the level of revamp is a major source of uncer-
tainty in estimating the cost of the ULSD Rule.

Further consolidation of the refinery industry may
achieve better economies of scale, although some indus-
try analysts have expressed concern that a shortage of
diesel supply could materialize in the short term if some
economically challenged refineries exit the diesel mar-
ket. Catalyst improvements are expected to be one of the
main factors in reducing operating costs, both in terms
of recycle rate and efficient use of hydrogen. Other fac-
tors, such as the dependence of the refinery on distil-
lates, access to lower-sulfur crude, level of competition,
and ability to upgrade infrastructure, must also be taken
into account. The European experience could also pro-
vide valuable insights for U.S. refineries.

Deployment of
Desulfurization Technologies

The deployment of diesel desulfurization technologies
will hinge on several factors, such as the ability and will-
ingness of refiners to invest, the timing of investment
and permitting, the ability of manufacturers to provide
units for all U.S. refineries at once, and the availability of
engineering and construction resources.

One impediment to acquiring desulfurization upgrades
may be the willingness and ability of individual refiners
to obtain capital. The EPA estimates that average invest-
ment for diesel desulfurization will cost $50 million per
refinery, slightly more than the estimated $44 million
per refinery required to meet the Tier 2 gasoline sulfur
requirement. Most refiners will invest in the gasoline
sulfur upgrade because gasoline is their major product.
Because U.S. refineries typically produce three to four
times as much gasoline as highway diesel fuel, the per
gallon investment cost of ULSD will be three to four
times as high.65

In its Regulatory Impact Analysis, the EPA provided an
analysis of capital requirements indicating that the com-
bined annual capital investment for gasoline and diesel
desulfurization would be $2.15 billion in 2004 and $2.49
billion in 2005.66 The EPA analysis spread the diesel
investments over a 2-year period (to reflect “a somewhat
more sophisticated schedule for the expenditure of capi-
tal throughout a project”) and assumed that the gasoline
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63It is believed that, to comply with the new ULSD cap of 15 ppm, a refiner would require about 4 years lead time to secure a permit and
to design, build, and optimize a new desulfurization process before commercial production is ready.

64Small refiners, which may delay ULSD production under special provisions of the Rule, could adopt emerging technologies later in the
decade when any of those technologies becomes cost-competitive.

65U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV.

66U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV, pp. IV-63–IV-64.



investments would be incurred in the year before a unit
came on line. The EPA concluded that this level of
investment should be sustainable by the industry
because it is roughly two-thirds of the estimated envi-
ronmental investments incurred during 1992-1994,
when the industry was responding to the 500 ppm high-
way diesel and oxygenated and reformulated gasoline
requirements. Other estimates of ULSD investment
costs range from $3 billion to $13 billion (see Chapter 7).

Although not discussed in the EPA’s investment analy-
sis, the 1990s was a period of rationalization for the refin-
ing industry, marked by refinery sales, mergers, and
closures. Between January 1990 and January 1999, 50 of
205 refineries were closed (4 of which were merged wth
adjacent refineries).67 The NPC attributes the refinery
closures to heightened competitiveness. Although the
environmental requirements of the 1990s cannot be
pointed to as the cause of the closures, they contributed
to the inability of some refineries to compete economi-
cally. Refiners who chose not to invest in the 500 ppm
sulfur limit (required for highway diesel since 1993)
found it more economical to shift their existing
high-sulfur diesel production to non-road markets.

Some refiners will be more able than others to obtain
capital for Tier 2 gasoline and ULSD projects. Assuming
that capital is accessible, a refiner’s willingness to invest
in ULSD projects will depend on its assessment of the
economics of the market. For instance, a refiner would
be less likely to invest if it believed it could not compete
favorably with others because the investments would
result in a higher cost per gallon. History may lead some
refiners to be cautious about investment. In the 1990s
refinery upgrades for meeting reformulated gasoline
requirements resulted in excess gasoline production
capacity. As a result, gasoline margins were depressed,
making it difficult for refiners to recoup investments.

Profit margins for ULSD could be depressed if refiners
build too much capacity, and the fear of overinvestment
could lead some refiners to delay investment until more
highway diesel production is required. On the other
hand, refiners anticipating inadequate supply of ULSD
may choose to invest as early as possible to benefit tem-
porarily from higher margins and sell credits to those
that do not invest early. The EPA believes that any lack
of investment will be compensated for by the temporary
compliance options and credit trading provisions of the
ULSD Rule.

Another possible hurdle to the timely adoption of
desulfurization technologies is the ability of the engi-
neering and construction industries to design and build
diesel hydrotreaters in a timely manner. In addition to
providing diesel hydrotreaters, the same contractors

will be providing gasoline desulfurization units for the
Tier 2 gasoline sulfur reduction requirements that will
be phased in between 2004 and 2007. Moreover, engi-
neering and construction requirements will also be
expanding outside the United States. The Canadian gov-
ernment has committed to harmonizing gasoline and
diesel requirements with the United States. In Europe,
refiners will be making upgrades to meet tighter gaso-
line and diesel requirements in 2005 and have may
incentives to produce even cleaner fuels for markets in
Germany and the United Kingdom (see discussion in
Chapter 6).

In its 2000 study, the NPC provided an analysis of the
number of construction projects required for U.S. refin-
ers to provide both gasoline and diesel fuel meeting a 30
ppm sulfur cap. The analysis concluded that “if a diesel
sulfur reduction is required for 2006, implementation
would overlap significantly with the Tier 2 Rule gasoline
sulfur reduction, and engineering and construction
resources will likely be inadequate, resulting in higher
costs, implementation delays, and failure to meet the
regulatory timelines.” The study also concluded that if a
15 ppm diesel standard is required, further investments
in new units will be required and there will be a signifi-
cant risk of inadequate diesel supplies.

The NPC estimated that 89 refineries will require gaso-
line hydrodesulfurization units by 2004 and that 89
refineries (presumably the same ones) would make
upgrades for new highway diesel standards and con-
cluded that if the diesel standard were required within
12 months of completion of Tier 2 gasoline projects, con-
struction labor shortages could occur. The analysis pro-
vided peak monthly engineering and construction
personnel requirements for five scenarios with different
assumptions about the timing and overlap of Tier 2 gas-
oline and ULSD requirements (Table 4). The scenarios
ranged from a “balanced implementation” case, in
which one-fourth of the required projects would begin
in each quarter of the first year (Scenario A), to highly
front-end loaded cases (Scenarios D and E), in which
three-fourths of the projects would begin in the first
quarter of the first year. Scenarios B and C assumed that
refiners would start projects as late as possible.

In the Regulatory Impact Analysis for the ULSD Rule,
the EPA conducted its own analysis of the personnel
requirements for design and construction services
related to the overlapping requirements of the Tier 2
gasoline and ULSD requirements. The analysis pro-
vided monthly estimates for each personnel category,
assuming that in a given year 25 percent of the projects
would be completed per quarter. The monthly estimates
were used to develop estimates of the maximum num-
ber of personnel required in any given month for the
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67National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), p. 23.



Tier 2 gasoline program alone and for the gasoline and
ULSD programs together, both with and without a
temporary compliance option. The estimates of the two
programs taken together without the temporary compli-
ance option were about double the employment esti-
mates for the Tier 2 gasoline program only, in all three
job categories. When the temporary compliance option
is taken into account, personnel requirements for the
two programs are only about 30 percent higher than for
the Tier 2 gasoline program alone.

Because the largest impact is expected to occur in front-
end design, where 30 percent of available U.S. personnel
are required, the EPA believes that the engineering and
construction workforce can provide the equipment nec-
essary for compliance. It appears that the EPA’s criterion
for the adequacy of engineering and construction per-
sonnel lies somewhere between 30 percent and 50 per-
cent over the personnel requirements of the Tier 2
requirements alone.

The EPA’s estimates without a temporary compliance
option are most consistent with the timing assumptions
of NPC’s Scenario A. EPA’s analysis indicates that engi-
neering and construction requirements will be lower
given the temporary compliance option of the ULSD
Rule; however, NPC Scenarios D and E demonstrate that
different assumptions about project timing lead to very

different estimates for personnel. The range of personnel
estimates shown in Table 4 highlights the uncertainty of
the estimates.

The EPA’s analysis assumed that a total of 97 units
would be added to make Tier 2 gasoline and that 121 die-
sel desulfurization units would be added for ULSD
(Table 5). The expected startup dates for the gasoline
and diesel desulfurization units indicate an overlap of 26
gasoline units and 63 diesel units in 2006. The 2006 over-
lap in gasoline and diesel startups is noteworthy
because it is significantly greater than it would have
been with ULSD implementation in any other year
except 2004.

Another possible hurdle to implementing technology
for the ULSD Rule raised by the NPC is the ability of
manufacturers to provide critical equipment. As men-
tioned earlier, the NPC analysis assumed that a sulfur
requirement below 30 ppm would require new deep
hydrotreaters with reactor pressures in the range of
1,100 to 1,200 psig, requiring thick-walled reactors. As
compared with other reactors, the delivery time for
thick-walled reactors is longer and the number of sup-
pliers is more limited. Only one or two U.S. companies
produce thick-walled reactors, whereas four to six can
supply reactors with more typical wall widths. Outside
the United States, 10 to 12 companies are able to supply
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Table 4.  Estimated Peak Engineering and Construction Labor Requirements for Gasoline and Diesel
Desulfurization Projects
(Percent of Current Workforce)

Analysis Case
Front-End Design

Workforce
Detailed Engineering

Workforce
Construction

Workforce

NPC Scenario A. . . . . . . . . . . . . . . . . . . . . . . . . . . 42 32 —

NPC Scenario B. . . . . . . . . . . . . . . . . . . . . . . . . . . 59 45 —

NPC Scenario C. . . . . . . . . . . . . . . . . . . . . . . . . . . 62 56 —

NPC Scenario D. . . . . . . . . . . . . . . . . . . . . . . . . . . 82 49 —

NPC Scenario E. . . . . . . . . . . . . . . . . . . . . . . . . . . 82 49 —

EPA With No Temporary Compliance Option . . . . 46 27 10

EPA With Temporary Compliance Option . . . . . . . 30 17 7

Sources: NPC: National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000),
Table 7-6. EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel
Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV, Table IV.B-5.

Table 5.  EPA Estimates of Desulfurization Unit Startups, 2001-2010
Unit Type 2001-2003 2004 2005 2006 2007 2008 2009 2010

Gasoline Units

After Promulgation of the Tier 2 Gasoline Sulfur Program . . 10 37 6 26 9 9 — —

After Promulgation of the ULSD Program . . . . . . . . . . . . . . 10 37 6 26 5 3 4 6

Diesel Units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . — — — 63 — — — 58

Source: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV, Table IV.B-2.



reactors regardless of wall width. This view is at odds
with the EPA analysis, which was based on vendor esti-
mates, with reactor pressures in the range of 650 to 900
psig.

Another type of critical equipment identified by the
NPC is reciprocating compressors. The NPC indicated
that two reciprocating compressors will be required for
each diesel desulfurization project. Reciprocating com-
pressors will also be required for gasoline desulfur-
ization projects, and the NPC listed them as the principal
constraining factor for the gasoline projects. Excluding
the former Soviet Union, there are only five manufactur-
ers of reciprocating compressors in the world. Two are
in Europe and were assumed to be occupied with orders
for European gasoline sulfur reduction projects through
2003. The NPC analysis did not account for additional
orders from Canadian desulfurization projects.

Conclusion

Technology for reduction of sulfur in diesel fuel to 15
ppm is currently available and new technologies are
under development that could reduce the cost of
desulfurization. Variations in feedstock sulfur content
and the amount of cracked stock may be very influential
in the choice of process option and cost of desulfur-
ization. Estimates of investment costs related to ULSD
production range from $3 billion to $13 billion. The abil-
ity and willingness of refiners to invest depends on an
assessment of market economics. Experience with
upgrades to meet reformulated gasoline requirements in
the early 1990s may lead some refiners to be cautious.
The availability of personnel, thick-walled reactors,
and reciprocating compressors may delay some
construction.
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4. Impact of the ULSD Rule on Oil Pipelines

Introduction

The petroleum products pipeline distribution system is
the primary means of transporting diesel fuel and other
liquid petroleum products within the United States. The
Nation’s refined petroleum products pipeline system is
not monolithic. Pipelines are distinguished by the region
they serve, the type of service they offer, their mode of
operation, their size, the size of the interfaces between
batches, and how they dispose of them. In preparing this
report, several pipeline companies were contacted.68

These companies represent a cross-section of size, capac-
ity, location, markets, corporate structures, and operat-
ing modes. The assessment of the impact of the
ultra-low-sulfur diesel (ULSD) Rule is complex, both
because the pipeline system is complex and because
there are uncertainties that cannot be resolved without
operating experience with ULSD.

The first question appears to be: “Can the Nation’s oil
pipeline system successfully distribute ULSD without
degrading its sulfur concentration?” While the answer
seems to be yes, lingering uncertainties that come with
the unique specifications of this new and untested prod-
uct prevent a clear assertion. Among the uncertainties
are the following:

• Protecting the product integrity of 15 parts per mil-
lion (ppm) product will be more difficult than pro-
tecting the product integrity of the current 500 ppm
highway diesel. Not only is the sulfur specification
lower, with less room for error, but also the relative
“potency” of the sulfur in products further upstream
is higher.

• The behavior of sulfur molecules in ULSD has not
been field-tested to allow conclusions about whether
pipeline wall contamination is a real problem or sim-
ply a fear, and whether the migration of sulfur will
require a significant increase in the volume down-
graded at the interface.

• There are few pieces of the approved test equipment
now in use, but its reliability and accuracy are
unproven.

Although the overall costs of the program may be lower
if the rule is phased in, the incremental costs associated
with temporarily transporting ULSD, in addition to
low-sulfur diesel and heating oil fall on pipelines and
other players in downstream distribution. During the
transition phase, some 20 percent of the highway diesel
volume will be 500 ppm. The increased cost of tankage
for handling this small volume of 500 ppm material is
borne solely by the affected regions. On a cost-per-
gallon basis for the small volume in the limited region,
the increased cost more than doubles the current pipe-
line tariff for the largest carriers. Whether such an
increase can be passed through in tariff rates is a matter
of significant concern for pipeline operators.

Finally, there is a concern that further limitations on dis-
tribution flexibility will contribute to price spikes or spot
outages. The distribution of ULSD will reduce the sys-
tem’s flexibility by imposing testing requirements that
will increase transit times by increasing the product lost
to downgrade and by “freezing” storage capacity in the
event of product contamination. These adverse impacts
inject new supply risks into the system, making an
already burdened oil distribution system more vulnera-
ble to product supply imbalances in local and regional
markets. Supply imbalances, if they occur, could cause
increased product price volatility, price spikes, and
product outages. This concern is not just theoretical.
During 2000, logistics problems contributed to large and
sudden price spikes in the Midwest gasoline market.69

To the extent that the system is overburdened, stresses
and unforeseen circumstances will cause imbalances
more often, and with greater impact.

The Role of Refined Petroleum
Product Pipelines

Oil pipelines transport more crude oil and refined
petroleum products in the United States than any other
means of transportation.70 Typically, as common carri-
ers (which transport for any shipper on a nondiscrimina-
tory basis), oil pipelines are subject to State authority if
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68Buckeye Pipe Line Company, Colonial Pipeline, Conoco Pipe Line Company, Kaneb Pipeline Partners, L.P., Kinder Morgan Energy
Partners L.P., Marathon Ashland Petroleum LLC, TE Products Pipeline Company, L.P., and Williams Energy Services.

69Joanne Shore, Energy Information Administration, “Supply of Chicago/Milwaukee Gasoline Spring 2000,” web site www.
eia.doe.gov/ pub/ oil_gas/ petroleum/ presentations/ 2000/ supply_of_chicago_milwaukee_gasoline_spring_2000/ cmsupply2000 .htm
(August 9, 2000).

70According to the Association of Oil Pipe Lines, Shifts in Petroleum Transportation: 1999 (2001), pipelines account for 75 percent of the
ton-miles of oil transported in the United States. (One ton of oil transported one mile equals one ton-mile.)



they are in intrastate service, or to the U.S. Department
of Transportation for operations and safety and to the
Federal Energy Regulatory Commission for tariff rates,
if they provide interstate service. Interstate pipeline car-
riers transport the higher volume, by far. Accordingly,
the Federal Government is the major regulator of oil
pipelines. Some pipelines are private, serving private
(proprietary) transportation needs. These private oil
pipelines are not regulated with respect to tariff rates or
other economic issues. Today, transportation of refined
petroleum products by pipeline is essential to move
more than 19 million barrels per day of refined petro-
leum products to markets throughout the Nation.

The United States is divided into five Petroleum Admin-
istration for Defense Districts (PADDs), each with dis-
tinct population levels, indigenous oil production,
refinery and pipeline systems, and crude oil and refined
product flows. Imbalances that result from these differ-
ent characteristics are brought into equilibrium by trade
and hence transportation. The trade can consist of
imports from abroad and shipments from other regions.
Shipments from the Gulf Coast (PADD III) dominate
(Figure 1), first to the East Coast (PADD I) and second to
the Midwest (PADD II). Shipments from the East Coast
to the Midwest are third. Thus, shipments between
PADDs east of the Rockies account for almost all the
interregional trade. Intraregional movements are also a
core element in the market logistics, but few data are
available on these movements. (See Appendix C for a
more detailed discussion of the U.S. regions and their
key pipelines.)

Overview of Key Pipeline Operations

Refined petroleum product pipelines in the United
States fall into two service categories. Trunk lines serve
high-volume, long-haul transportation requirements;
delivering pipelines transport smaller volumes over
shorter distances to final market areas. As the system
reaches its furthest capillaries, the inflexibilities
imposed by the smaller scale become more apparent. A
“lockout” can occur when a terminal does not have
room to accept a scheduled shipment and there are no
other terminals at hand to accept the product. The pipe-
line is thus stalled until the product can be delivered.

Petroleum product pipelines also differ by whether they
operate on a batch or fungible basis. In batch operations,
a specific volume of refined petroleum products is
accepted for shipment. The identity of the material
shipped is maintained throughout the transportation
process, and the same material that was accepted for
shipment at the origin is delivered at the destination. In
fungible operations, the carrier does not deliver the
same batch of material that is presented at the origin
location for shipment. Rather, the pipeline carrier

delivers material that has the same product specifica-
tions but is not the original material.

In general, fungible product operation is more efficient;
however, customer requirements for segregation limit
fungible operation, and batch service is often the only
feasible choice. Like the difference between trunk and
delivering carriers, the difference between fungible and
batch service is one of scale for many operating parame-
ters. An oil pipeline in batch service has considerably
less flexibility to offset operating “hiccups” (such as
product contamination at a shipper’s terminal tank)
than does an oil pipeline operating in fungible service.

Product pipelines routinely transport various grades of
motor gasoline, diesel fuel, and aircraft turbine fuel in
the same physical pipeline. (For the most part, oil pipe-
lines do not transport both crude oil and refined petro-
leum products in the same pipeline.) To carry multiple
products or grades in the same pipeline, different petro-
leum products or grades are held in separate storage
facilities at the origin of a pipeline and are delivered into
separate storage facilities at the destination. The differ-
ent types or grades of petroleum product are trans-
ported sequentially through the pipeline. While
traversing the pipeline, a given refined product occupies
the pipeline as a single batch of material. At the end of a
given batch, another batch of material, a different petro-
leum product, follows. A 25,000-barrel batch of product
occupies nearly 50 miles of a 10-inch diameter pipeline.

Generally, such batches are butted directly against each
other, without any means or devices to separate them.
At the interface of two batches in a pipeline, some (but
relatively little) mixing occurs. As a guide to under-
standing the volume of interface generated, it would be
typical for 150 barrels of mixed material (“transmix”) to
be generated in a 10-inch pipeline over a shipment dis-
tance of 100 miles. The hydraulic flow in a pipeline is
also a crucial determinant of the amount of mixing that
occurs. “Turbulent flow,” as occurs in most pipelines,
minimizes the generation of interface. Operations that
require the flow to stop and start generate the most inter-
face material.

The composition of the mixed (or interface) material
reflects the two materials from which it is derived. While
it does not conform to any standard petroleum product
specification or composition, it is not lost or wasted. For
interface material resulting from adjacent batches of dif-
ferent grades of the same product, such as mid-grade
and regular gasoline, the mixture typically is blended
into the lower grade. This “downgrading” reduces the
volume of the higher quality product and increases the
volume of the lower quality product.

Typically, refined oil products are transported from
a source location, such as a refinery or bulk terminal,
to a distribution terminal near a market area. Large
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aboveground storage tanks at an origin location accu-
mulate and hold a given petroleum product pending its
entry into the pipeline for transport. Petroleum products
are also stored temporarily in aboveground storage
tanks at destination terminals. Such tanks usually are
dedicated to holding a single petroleum product or
grade. Most storage tanks used in pipeline operation are
filled and drained up to four or more times per month.

In addition to the minor creation of interface material
that occurs in pipeline transit, creation of interface mate-
rial also occurs in the local piping facilities (station pip-
ing) that direct petroleum products from and to
respective origin and destination storage tanks and in
the tanks themselves. Essentially, station piping repre-
sents the connection between a main pipeline segment
and its requisite operating tanks. The concept is simple
in theory, but in practice the configuration of station pip-
ing is not. Station piping layouts become more complex
as the tanks at a pipeline terminal facility become more
numerous.

The interface generation in station piping and breakout
tanks may be even more important than during pipeline
transit. The volume of interface material thus generated
is due to the physical attributes of the system. It has
fewer variables but approaches a fixed value on a

barrel-per-batch, not a percentage, basis. For instance,
one pipeline operator creates 25,000 barrels of
high-sulfur/ low-sulfur distillate interface per batch
whether the batch is 250,000 barrels or 1,000,000 barrels.
In addition, a given batch of product might be trans-
ported in multiple pipelines between its origin and its
final destination and even within the same system might
require a stop in breakout tanks, as noted above. Each
segment of the journey generates additional interface.

Challenges of the ULSD Rule

Because pipeline operators do not have experience with
15 ppm product, there are significant uncertainties
related to its transport. This section discusses some of
the issues:

• The volume of downgraded product likely to be pro-
duced from deep pipeline cuts necessary to preserve
the integrity of ULSD

• Likely strategies for protecting the product integrity
of 15 ppm diesel and their impact on the generation
of interfaces and transmix

• Limitations on downgrading from 15 ppm to 500
ppm product within the diesel pool
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Figure 1.  Pipeline Shipments of Distillate Fuels Between PADDs, 1999

Note: Includes low-sulfur (highway) diesel fuel and high-sulfur distillate fuel oil (non-road diesel fuel and heating oil).
Source: Energy Information Administration, Petroleum Supply Annual 1999, DOE/EIA-0304(99)/1 (Washington, DC, June 2000), Table 33.



• The sulfur content of products reprocessed from
transmix

• The possibility that residual sulfur adhering to main-
line pipeline walls may contaminate ULSD as it tran-
sits the pipeline

• Product testing

• The challenges and costs of the phase-in period.

Estimation of Interface Generation
The U.S. Environmental Protection Agency (EPA) esti-
mates that the interface that will be generated under the
ULSD rule will be 4.4 percent of the highway diesel fuel
volume transported by pipeline. EPA arrived at this 4.4
percent figure by estimating the current level of inter-
face as a percentage of highway diesel fuel volume and
doubling the current level.71 There are significant uncer-
tainties in the EPA’s calculation.

At the EPA’s request, the Association of Oil Pipelines
(AOPL) and the American Petroleum Institute’s pipeline
Committee surveyed their members on the impact of the
ULSD rule. The survey and its cover letter are comments
to the EPA’s Notice of Proposed Rulemaking.72 AOPL
points out that pipeline companies do not now sepa-
rately account for interface volumes and indicated that
the estimates of downgraded interface from the survey
should not be used for economic analysis.73

Six respondents provided numerical estimates of the
current diesel fuel downgrade. These estimates ranged
from 0.2 percent to 10.2 percent of diesel shipped by the
pipeline on an annual basis. In making its calculation of
the total current downgrade of highway diesel, the EPA
used the range of downgrade percentages from the
AOPL survey and information from a database on the
pipeline distribution system published by PennWell.

The EPA assigned each pipeline diameter in the
PennWell database a value between 0.2 percent and 10.2
percent (the range of response in the AOPL survey),
with the smallest diameter at the low end and the largest
at the high end. EPA then multiplied the assigned values
by the miles of a given diameter of pipe and divided the
result by the total number of pipeline miles in the data-
base to arrive at an average downgrade of 2.5 percent.

Pipeline diameter is only one of the factors in determin-
ing the amount of interface material. The velocity of the

flow and the topography of the land are also important
factors. A pipeline that can run in a turbulent flow will
have a lower volume of interface for a given diameter
than one in which the flow slackens for any number of
operating reasons. Interface generation is also affected
by batch size. Moreover, station piping and breakout
tanks are additional and large generators of downgrade
volume. (The EPA accounted for the role of station pip-
ing and breakout tanks by assigning higher percentages
to the larger diameter pipe, as a proxy for the greater
complexity of the large systems.) In addition, the higher
product flow in the larger lines is not taken into account.
If a system like the Colonial Pipeline has a downgrade
rate of 10 percent, it would result in a much higher num-
ber of downgraded barrels than an 8-inch-diameter line.
In the AOPL’s submission, the operator with the
10-percent downgrade accounted for 90 percent of all
downgrade.

EPA then adjusted its initial estimate of downgrade vol-
umes downward by 15 percent. EPA made this adjust-
ment based on the following assumption:

Data from the Energy Information Administration
(EIA) indicates that 85 percent of all highway diesel fuel
supplied in the United States is sold for resale. There-
fore, we believe it is reasonable to assume that only this
85 percent is shipped by pipeline, with the remaining 15
percent being sold directly from the refiner rack or
through other means that does not necessitate the use of
the common fuel distribution system. By multiplying
2.5 percent by 0.85 we arrived at an estimate of the cur-
rent amount of highway diesel fuel that is downgraded
today to a lower value product of 2.2 percent of the total
volume of highway diesel fuel supplied.74

This downward adjustment of downgrade volumes has
some limitations. EIA’s Form 782A collects data from
refiners. There is no way to determine whether the vol-
umes sold to end users transit a pipeline or not. They
may have, if they were sold in a refiner’s integrated sys-
tem. Form EIA-782A excludes sales to other refiners, and
some of the excluded volumes may also have been trans-
ported in a pipeline. Finally, the volume throughput in a
pipeline system is not necessarily equal to consumption,
because some volumes may travel in more than one
pipeline before reaching the consumer. Thus, “sales for
resale” as a share of total refiner sales is not an ideal
proxy for the share of highway diesel transported by
pipeline.
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The EPA assumed the level ULSD downgrade volumes
at 4.4 percent of ULSD supplied, double their current
estimate of 2.2 percent of highway diesel supplied. The
EPA based this assumption in part on comments made
by respondents to the AOPL survey. In its Regulatory
Impact Analysis, the EPA stated a desire to “. . . yield a
conservatively high estimate of our program’s impact
. . .” and noted “. . . an appropriate level of confidence
that we are not underestimating the impact of our sulfur
program . . . will help account for various unknowns that
may cause downgrade volumes to increase.”75

Pipeline operators have several concerns about the
downgrade volume of ULSD. One concern is that the
simple use of specific gravity—the current method—
may not be a sufficiently sensitive indicator to make the
interface cut. One of the AOPL/API survey respondents
noted, for instance: “Our initial studies of trailback from
[heating oil] to [low-sulfur diesel] indicates that trail-
back in interfaces to ULSD diesel may be as much as 4
times that of the gravity change between products.”76

However, the EPA viewed increased trailback from
heating oil to ULSD as less of a concern.77

The EPA assumed that pipeline operators would not
have to substantially change their current methods to
detect the interface between ULSD and adjacent prod-
ucts in the pipeline. In the EPA’s view it was highly
unlikely that there would be any difference in the physi-
cal properties of ULSD versus the current 500 ppm high-
way diesel that would cause a substantial change in the
trailback of sulfur from preceding batches into batches
of ULSD.78

Another concern is that a protective cut, when it can be
calibrated using real-world experience, may require a
large volume downgrade. The conventional approach is
to buffer distillate products against other distillate prod-
ucts to facilitate blending, as noted in the previous dis-
cussion. A batch of 500 ppm diesel might be wrapped
between a batch of 2,000 ppm jet fuel and a batch of dye
non-road distillate fuel oil (heating oil) at 3,000 to 5,000
ppm. Thus, the product with the sulfur restriction (500
ppm diesel) is wrapped by a product with four times the
sulfur (2,000 ppm jet fuel), and by a product with six to
eight times the sulfur (3,000 to 5,000 ppm heating oil). In
practice, the current highway diesel is usually consider-
ably less than the 500 ppm limitation (300 ppm would

not be uncommon). Under these circumstances, it is rela-
tively unlikely that chance contamination could move
the diesel from 300 ppm to nonconforming status at
more than 500 ppm.

The current situation, however, contrasts significantly to
the ULSD situation. ULSD (15 ppm) may be adjacent to
jet fuel at 2,000 ppm, 133 times the ULSD sulfur concen-
tration, or to heating oil at 3,000 to 5,000 ppm, 200 to 300
times the ULSD concentration. In this case, a tiny con-
tamination will move the ULSD batch to nonconforming
status. According to one of the AOPL/API respondents,
“. . . a 0.15 percent contamination (15 bbls in 10,000 bbls)
of [heating oil] in ULSD will raise the sulfur level by 3
ppm . . . .” According to another, “. . . the [heating oil] at
2000 ppm can contaminate the ULSD at levels as low as
0.22 percent.”79 In combination with the concerns raised
about the sulfur trailback, the issue of the volume neces-
sary for the protective cut is another significant uncer-
tainty in the handling of ULSD.

The assumption made about the size of the increase in
interface generated after a switch from the current stan-
dard for highway diesel (500 ppm) to ULSD becomes
important when calculating the cost of the regulation.
EPA’s estimate of additional costs of the ULSD rule that
can be attributed to increased product downgrades was
0.3 cents per gallon of ULSD supplied once the ULSD
rule was fully implemented and all highway diesel must
meet the 15 ppm standard. This 0.3 cents per gallon cost
was with the 4.4 percent downgrade assumption.80

Turner Mason and Company conducted a study of dis-
tribution costs for the API and came up with a cost
increase of 0.9 cents per gallon for product downgrade.
Turner Mason assumed that 17.5 percent of ULSD
shipped would be downgraded.

Strategies for Buffering ULSD in a Pipeline
Because there is no experience with distributing ULSD
in a non-dedicated or common transportation system,
pipeline operators are unsure how they will sequence
the new product in the pipeline. Those that now ship
highway diesel adjacent to jet fuel are unlikely to be able
to continue the practice unless the sulfur content of the
jet fuel is also lowered. At the current jet fuel sulfur con-
tent, ULSD cannot tolerate the contamination from the
protective cut necessary to protect the other properties
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of the jet fuel. According to the EPA, pipelines might
have to treat a mixture of jet fuel and 15 ppm diesel as
transmix in separate tanks, because it will not be accept-
able either as jet fuel or as 15 ppm diesel. The need for
new tanks to handle this new hybrid, however, would
be difficult to accommodate. In addition, it is not clear
how the hybrid would be reprocessed for reentry into
the petroleum products distribution system.

There is currently no regulatory requirement that the
sulfur content of jet fuel be lowered to 15 ppm. Even ker-
osene/jet fuel used for blending into 15 ppm diesel is
controlled by the specification of the finished product,
not the blending component. As a practical matter, how-
ever, any kerosene/jet fuel destined for blending must
have ultra-low sulfur content. Whether an ultra-low-
sulfur jet fuel will present additional lubricity problems
for jet engines is another unknown.

While there is a 500 ppm product in use, operators might
be able to buffer 15 ppm ULSD with the 500 ppm prod-
uct. Such buffering is limited by the volumes that can be
downgraded within the diesel pool, however, as dis-
cussed below.

Gasoline, at an average of 30 ppm and a maximum of 80
ppm, will represent the next lower sulfur content in the
overall product transportation slate. Some operators
have speculated that if the trailback is significant, gaso-
line buffers might be the best alternative. There are con-
siderable problems, however, with the increased
generation of transmix. The availability of reprocessing
facilities is the first. In addition, some transmix is now
reprocessed in purpose-built facilities—a simple distil-
lation column—on station property. Such a simple facil-
ity, or even a more complex purpose-built facility, has
never needed to accommodate desulfurization. Thus,
the reprocessing of transmix will be routinely more diffi-
cult under the ULSD program, and it is unclear that the
facilities will exist to reprocess increased volumes of
transmix.

Pipeline operators will establish interface minimization
strategies on a case-by-case basis. Trunk line operators
will seek to ship ULSD in as large a batch as possible.
Delivery pipeline operators will do the same, but with
more difficulty, because delivery pipelines ship smaller
volumes and face more operating permutations related
to time and location requirements. Operators of fungible
pipeline systems will have an advantage in protecting
the integrity of ULSD in transit and minimizing the
expense of downgrading. It is worthwhile to note that
the use of large batches requires more careful inventory

management on the part of pipelines and shippers, to
assure that requisite tanks have room for the incoming
product. Given the inventory environment in oil mar-
kets, any new rigidity imposed by the logistics system
can reverberate through market prices.

The result of deeper cuts will be significantly more prod-
uct downgrading. The practical effect of creating a
greater volume of high-sulfur distillate is difficult to
estimate. Depending on market circumstances at vari-
ous locations, it will range from none to significant. The
worst case will be found where the creation of
high-sulfur distillate affects terminals that do not have
capacity to accept and store the material or in markets
that do not have enough demand to absorb it.

The 20-Percent Downgrade Rule
The ULSD Rule prohibits any party downstream of the
refiner or importer from downgrading more than 20 per-
cent of its annual volume of 15 ppm highway diesel to
500 ppm highway diesel.81 (There is no limitation on
downgrading from 15 ppm diesel to the non-road pool.)
This provision is designed to discourage downgrading
within the diesel pool during the phase-in period.82 The
pipeline industry, however, is likely to be handling sig-
nificantly increased volumes of downgraded material
and to have substantial incentive to minimize the down-
grade, because of the economic penalty involved. Fur-
thermore, the downgrade limitation applies to normal
interfaces.

As noted previously, the generation of some interface is
irreducible, fixed by the physical attributes of the sys-
tem. An operator with a high-interface system may have
little room against the 20- percent limitation when all the
other increases in ULSD interface are factored in. The
20-percent limitation also applies to the accidental con-
tamination of a batch. If a batch were accidentally con-
taminated on a high-interface system, the operator
might be required to deny that product to the diesel
pool, even though it met all the specifications for 500
ppm material. Chances of localized diesel fuel supply
imbalances are increased, and with them, the possibility
that a system could get “frozen” by nonconforming
product.

Given the uncertainties surrounding the transport of
ULSD, the 20-percent downgrade rule will be particu-
larly difficult when the first batches of ULSD are trans-
ported. There may be multiple contaminated batches
before operating norms are established and equipment
is calibrated.
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Residual Sulfur in a Pipeline
In comments on the proposed ULSD Rule, pipeline
operators raised a concern over whether residual sulfur
from high-sulfur material could contaminate subse-
quent pipeline material beyond the interface. The con-
cern was based on limited experience. Recently, in light
of the prospect of transporting ULSD, Buckeye Pipe Line
conducted a test of possible sulfur contamination from
one product batch to another. In the test on one segment
of its pipeline system, Buckeye made a careful measure-
ment of sulfur content in batches of highway diesel fuel
following a batch of high-sulfur diesel fuel. Buckeye
found that the sulfur content of the second batch of high-
way diesel fuel increased.83 However, the EPA stated:
“We believe there is no reason to surmise that contami-
nation from surface accumulation will represent a sig-
nificant concern under our sulfur program.”84 This issue
cannot be resolved without further testing. Until it is, it
will remain an uncertainty about the impact of the ULSD
Rule.

Product Testing
Product testing is another area of considerable concern
for those involved in the transport of highway diesel
fuel, for two reasons: (1) The designated test method was
developed for testing sulfur in aromatics and has not yet
been adapted or evaluated by industry as a test for sul-
fur in diesel fuel. (2) There is no readily available and
appropriate test for sulfur that will permit the precise
interface cuts between batches that will be required in
handling ULSD. The first of these issues is important for
all players in ULSD markets, and the second is specific to
the oil pipelines that will transport ULSD.

Currently, oil pipeline operators test the petroleum
products they transport in a variety of ways, for a vari-
ety of parameters. Each product has its own relevant test
parameters, and grades of a particular product are
tested to confirm their defining characteristics within a
product group. In many pipelines, product batches are
tested four times at various stages of their entry to or
transit through the pipeline:

• Rigorous testing is performed before products enter a
pipeline to assure that relevant specifications are
within the normal range.

• Many pipelines monitor materials at strategic pipeline
locations en route for contamination.

• At or near a product’s delivery point, pipelines perform
oversight testing covering a limited number of key
product parameters (but not sulfur content).

• Most pipelines test random pipeline batches using a full
battery of tests.

All tests except in-line testing, the second testing regime
outlined above, are performed on a batch basis. All but
the fourth testing regime outlined above are performed
on each batch of products. Pipeline operators are
equipped at their own pumping and delivery stations to
perform oversight testing on an expedient, on-site basis.
Other batch testing is typically performed at an off-site
laboratory. Some operators use test laboratories owned
and operated internally and some use third-party labo-
ratories. The large laboratories, whether operated by a
pipeline operator or by a third party, will be able to meet
any testing requirements. However, the designated test
method presents uncertainties even to the most sophisti-
cated laboratories, as discussed more fully below. ULSD
regulations on testing apply directly only to refiners and
importers, leaving additional leeway for parties down-
stream to choose a test method. Thus, the concerns with
respect to test method apply even more strongly to refin-
ers and importers than to pipelines and other down-
stream parties.

The designated testing method will be ASTM 6428-99,85

not the widely-used ASTM 5453-99, which has been
approved by the State of California and has been dem-
onstrated to be reliable in testing very low sulfur con-
tent. The designated method, ASTM 6428-99, was
developed for testing sulfur in aromatics. There is no
currently available test methodology to apply the test to
sulfur in diesel fuel. Because the diesel methodology has
not yet been developed for the designated method, it has
not yet been tested by multiple laboratories. By industry
convention, new test methods are subjected to “round
robin” testing under the oversight of the American Soci-
ety of Testing and Materials (ASTM), in which multiple
laboratories apply the test method to multiple batches to
develop an objective evaluation of the method’s reliabil-
ity and accuracy. The correlation of the round robin’s
results becomes the industry standard and is used to
calibrate other test methods against the designated
method. The correlation is critical to the choice of test
method and equipment for downstream players.

While ASTM 5453-99 has been designated as an alterna-
tive test method, its results must be correlated with the
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83Operators at Explorer Pipeline, which formerly carried crude oil and refined products as batches in the same pipeline, also observed
that refined products following high sulfur crude oil in the pipeline experienced a material increase in sulfur content. (The physical charac-
teristics of crude oil are distinct from refined products, and its sulfur content can be considerably higher than the sulfur content of refined
petroleum products shipped in a pipeline.)
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designated method. Hence, even those with experience
using ASTM 5453-99 cannot be confident of the impact
of the designated method on their testing practices.
A downstream testing tolerance of 2 ppm will be
allowed,86 but whether this is the appropriate level,
given the designated method’s performance, also cannot
be determined until the method is adapted for use with
diesel fuel and correlated in the round robin.

Upon their entry to a pipeline, distillate fuels are given a
full battery of tests, typically examining approximately
18 separate parameters. In an oversight test for distillate
fuels, products are tested for flash point, specific gravity,
and appearance. With respect to highway diesel fuel,
sulfur content is also analyzed. Other tests relevant to
distillate fuels, such as cetane, cloud point, freeze point,
or corrosiveness, are performed at an off-site laboratory.

The same rigorous level of testing is performed that is
randomly applied to other products on a sampling basis.

The sulfur content of existing highway diesel fuel is
often well under the 500 ppm specification. It is not
uncommon for highway diesel to contain only 200 ppm
sulfur. Thus, the statistical reproducibility of sulfur test-
ing can comfortably be more than 20 to 50 ppm, and is.
Operators anticipate that sulfur testing of ULSD will
have to work within a 3 to 5 ppm reproducibility error.

With a 3 to 5 ppm reproducibility in the test, a product
could be tested at 10 ppm as it enters the system and at
15 ppm as it exits. Generally, pipeline operators do
not have a consensus on the sulfur content they will
require as the product enters the pipeline system. Some
have mentioned levels as low as 7 to 8 ppm in order to
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Figure 2.  Monitoring Pipeline Product for Contamination

Note: Taken from an oil pipeline control center’s SCADA (Supervisory Control and Data Acquisition) system, this screen illustrates gasoline con-
tamination (indicated by the drop in flashpoint) during a change from one kerosene batch to a second kerosene batch. The Net Meter stops climbing
and shows where the pipeline was shut down to investigate the source of the problem (likely a late cut leaving gasoline/kerosene mix in the tank line
that became evident when the pipeline began to draw product from the tank). The time scale across the screen is in hours. There is no similar monitor-
ing available for ULSD.

86U.S. Environmental Protection Agency, “Control of Air Pollution from New Motor Vehicles: Heavy-Duty Engine and Vehicle Stan-
dards and Highway Diesel Fuel Sulfur Control Requirements: Final Rule,” Federal Register, 40 CFR Part 80.580(a)(4) (January 18, 2001).



leave room for test reproducibility and unavoidable
contamination.

Currently, most oil pipeline operators use X-ray fluores-
cent sulfur analyzers such as those manufactured by
Oxford Instruments, Asoma Instruments, or Horiba,
Ltd., for oversight sulfur content testing of highway die-
sel fuel. These analyzers, however, will be unable to
monitor ULSD. Some oil pipelines use Antek Instru-
ments, administering ASTM 5453-99 in a laboratory to
monitor sulfur content on a batch basis. However, this
equipment and test will help with the interface cut only
in some situations, because its application for in-line
testing presents a number of challenges (see below).

Some oil pipelines use in-line testing equipment to
detect contamination close to and downstream from
potential source locations where foreign or off-
specification material might be inadvertently intro-
duced into pure material (Figure 2). Early detection of
contamination gives operators flexibility in correcting
problems before they become intractable. However,
there is no in-line test for sulfur content.

Product testing is different from instrumented detection
of specific gravity, which is used to identify and track
product batches in a pipeline system. Batch tracking
and identification are accomplished by in-line monitor-
ing of the pipeline stream’s specific gravity at strategic

pipeline locations. Such locations are typically station
entry points or other locations where batches need to be
“cut” and separately directed to subsequent pipeline
segments in a system or to storage tanks for segregation
(Figure 3). The cut, as noted previously, does not depend
on sulfur content.

Most oil pipeline operators will probably want or need
to perform in-line monitoring of sulfur content, because
degradation of ULSD will easily and, possibly, fre-
quently occur. The entry, for example, of only 35 barrels
of heating oil (3,000 ppm) into a 10,000-barrel batch of
ULSD will contaminate the batch.87 A 10-inch diameter
pipeline flowing at 4 miles per hour (a representative
rate for a delivering carrier) is flowing at some 34 barrels
per minute. Other carriers may be flowing faster, and on
larger diameter pipelines, are moving more product.
Hence, flow rates can exceed 300 barrels per minute. The
35-barrel contamination, then, is quick to occur. A nor-
mal cut, illustrated above, might take some minutes.

In-line testing for sulfur will represent a difficult chal-
lenge for the oil pipeline industry and for test instru-
ment manufacturers. Current in-line instruments such
as flash point or dye/haze analyzers cost $40,000 each to
acquire, but there is no similar instrument available to
meet ULSD test requirements. Current instruments for
testing sulfur do not have adequate sensitivity, accu-
racy, or speed.
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Figure 3.  Monitoring Pipeline Batch Change

Note: This screen capture, originating from the pipeline’s SCADA system, illustrates a normal batch change from gasoline (67 API gravity) to kero-
sene (47 API gravity and 123 minimum flashpoint).

87[(9,965 x 7) + 935 x (35 x 3,000)] / 10,000 = 17.5 ppm.



With respect to speed of analysis alone there is a signifi-
cant performance deficiency with current in-line analy-
sis techniques. Current machines require 5 to 10 minutes
to complete one analysis of a passing product stream.
Five minutes is far too long to permit a pipeline operator
to make a correctional response if off-specification mate-
rial is detected in a batch of ULSD. One suggested solu-
tion would move the testing equipment to an upstream
(earlier) location. The pipeline could construct a test
loop, fed by samples from the main line. Samples regu-
larly extracted from the product stream could flow
through the loop to the test equipment housed in a shed,
and readouts of the results could be returned to control-
lers to identify the interface as the product approaches.

Operators point to a number of difficulties with such an
upstream testing mechanism. According to industry
experts, many refiners test the sulfur content of outgoing
product using ASTM 5453-99 with such a test loop, and
at least one major pipeline system uses ASTM 5453-99
with an upstream test loop, so it is clearly an effective
alternative for some applications. Refineries may have
more success using the ASTM 5453-99 with a test loop,
because product flow is slower in refinery piping than in
oil pipelines, and the speed of the product flow dictates
the placement of the test loop. For example, such a loop
would have to be positioned far enough upstream to
allow the sample flow to reach the test equipment, per-
form the test, and return the readout in time to make the
batch cut. If the loop transit and testing took 5 minutes,
for instance, and the product flowed through the pipe-
line at 8 miles per hour, the equipment would have to be
positioned about two-thirds of a mile upstream of the
valve. This distance would commonly be outside of a
station property, on the right-of-way.

Although positioning certain equipment upstream is a
relatively common pipeline practice, restrictions on the
use of or availability of space on the right-of-way would
be among the factors that could be obstacles to position-
ing anything as substantial as a free-standing shed on
the pipeline right-of-way. Power and communications
availability on the right-of-way could also be impedi-
ments. The expense of the equipment is an additional
deterrent to placing equipment in an unstaffed remote
location. Finally, an oil pipeline with many delivery
points—a delivering carrier might have 100, for exam-
ple—would find it prohibitively expensive to install
such equipment at each delivery location.

Special Issues Related to the Phase-In
The temporary compliance option as well as the provi-
sions related to small refiners provide flexibility for

refiners and importers to phase in ULSD, at the expense
of pipelines and other downstream distributors. The
phase-in provision assumes that some operators carry
an additional grade of diesel/distillate fuel oil during
the transition years, providing concomitant facilities for
segregating the product. As noted earlier, the East Coast
is the only region where operators consistently carry
both diesel, at 500 ppm, and heating oil, at 3,000 to 5,000
ppm. Many pipelines carry only 500 ppm product, serv-
ing both highway and non-road needs with the same
fungible grade (dye is added at the destination termi-
nal). Most also carry jet fuel. The ULSD phase-in will
push them to carry an additional grade of distillate fuel
oil—diesel at 15 ppm—in addition to diesel at 500 ppm
and, for some, heating oil at 3,000 to 5,000 ppm plus jet
fuel.

Tank size and utilization have been optimized at most
terminals to carry the existing product slate. Pipeline
executives are universal and adamant in their opinion
that sufficient storage tanks and other pipeline assets are
not available in most pipeline systems to segregate a
third grade of distillate. Many small terminals are
unable to add tanks because of space and permitting
concerns, and even at larger terminals such constraints
may be a factor. Permits can take years to obtain. For ter-
minals that are able add tanks, new tanks cost $1 million
or more each, an expenditure that is necessary only to
carry a discrete product for a limited period of time. In
addition, because of the limited volumes involved, the
tanks may be used inefficiently during the ULSD transi-
tion period.

The EPA estimated that there are 853 terminals, exclud-
ing tanks at refineries, that carry highway diesel. The
EPA assumed that, of these 853 terminals, 40 percent
would build a new tank to distribute both 15 ppm and
500 ppm diesel fuel during the transition period. At a
cost of $1 million per new tank, the additional cost of
new terminal tankage was estimated to be approxi-
mately $340 million.88

Beyond the terminal level, the EPA estimated there are
9,200 “bulk plants” that carry highway diesel fuel,
excluding tanks at refineries. Again, the EPA assumed
that 40 percent of these bulk plants would build a new
tank to accommodate both 500 ppm and 15 ppm diesel
fuel. The EPA assumed a cost of $125,000 for each of
these smaller tanks, giving a total cost of new tankage at
the bulk plant level of $460 million.89

Finally, at the truck stop level, the EPA assumed there
are 4,800 truck stops operating in the United States, of
which 50 percent would sell both 500 ppm and 15 ppm
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diesel fuel. The EPA cited a survey on the expected cost
of handling a second grade of diesel fuel by the National
Association of Truck Stop Operators of its members.
Based on this survey, the EPA estimated an average cost
of $100,000 per truck stop to handle the two diesel
grades, giving a total of $240 million. A Petroleum Mar-
keters Association of America estimate gave costs of
$50,000 per truck stop.90 The total costs of new tanks and
equipment to handle both 500 ppm and 15 ppm diesel
fuel were estimated by the EPA at $1.05 billion.91

The EPA estimated the total cost per gallon of highway
diesel of additional storage tanks at 0.7 cents. This 0.7
cents per gallon additional cost was for the 2006 to 2010
phase-in period. The EPA assumed that the additional
storage tanks would be fully amortized during the
phase-in period, and that service stations supplying
light-duty vehicles with diesel fuel, centrally fueled fleet
facilities, and card locks (unattended filling stations)
would not install additional storage tanks to handle both
500 ppm diesel and ULSD. Therefore, no cost was esti-
mated for additional storage tanks during the phase-in
at service stations, centrally fueled fleet facilities, or card
locks.92

Where an operator cannot add a tank, it may choose to
drop a grade of product. (Such a strategy is not a clear
winner, however, because a dropped grade of gasoline,
for instance, requires the shipment and storage of
greater volumes of another grade of gasoline to compen-
sate.) A carrier might be able to drop a grade of distillate
fuel oil, but not without requiring an additional, com-
pensating volume of low-sulfur product or ULSD to
meet the market need, exacerbating the draw on refiner
capabilities.

The question of whether pipeline companies will be able
to recover the increased costs associated either with
moving ULSD or moving ULSD plus another temporary
grade is a matter of conjecture. The only process for
recovery will be tariff rates, and the path to structuring
rates to allow that recovery is uncharted.

Overview of Tariff Rate Issues
The majority of transportation for refined petroleum
products by volume or by barrel-miles is provided by
common-carrier oil pipelines operating in interstate
service, under rates regulated by the Federal Energy
Regulatory Commission (FERC). Most oil pipeline carri-
ers have approved tariff rates on file with the FERC

covering the transportation of diesel fuel. If no other
application or action were taken by an oil pipeline com-
pany, the existing tariff rates covering diesel fuel would
apply to ULSD when that material is distributed to mar-
kets. As noted in other sections of this report, however,
oil pipelines will incur large, incremental capital and
operating costs in distributing the new diesel fuel.

For most regulated oil pipelines, the FERC uses an eco-
nomic index as the basis for approving tariff rate
increases. The index provides that tariff rates may
increase without challenge by a percentage amount no
more than the Producer Price Increase for Finished
Goods, less 1 percent over an approved base rate. If an
oil pipeline carrier is operating under the FERC’s index
method and applies its existing tariff rate to ULSD, there
will be no basis for the carrier to recover its extraordi-
nary incremental costs in the approved rate.

Some oil pipeline companies operate under alternative
programs with the FERC. The second most prominent
method is to administer some or all of a carrier’s tariff
rates under a market-based system.93 Under this
method, if various markets served by an oil pipeline are
first found by the FERC to be workably competitive, the
FERC then stipulates the basis by which the pipeline car-
rier may raise rates more flexibly, without application of
the index. Many oil pipeline operators believe that mar-
ket conditions under which they operate are far more
competitive than their status as regulated utilities sug-
gests. If they are correct (and the FERC’s own findings of
workable competition in many oil transportation mar-
kets suggests that they are), pipelines will be competi-
tively constrained from simply passing through their
higher ULSD costs to shippers.

A carrier might file a new tariff rate expressly covering
ULSD. If that rate is greater than the previous rate (or the
remaining tariff rate for other grades of diesel fuel), the
FERC or a shipper might protest the new rate, a common
occurrence. In such an event, it is possible that the new
tariff rate would not be permitted to take effect or that it
would be accepted subject to refund if it were later
found to be excessive. Furthermore, such administrative
proceedings to adjudicate tariff rates before the FERC
are costly and time-consuming.

As an alternative to attempting to recover incremental
costs through increasing an existing approved rate or fil-
ing new tariff rates, carriers could try to impose special
charges to recover incremental capital or operating costs
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by filing such charges as a part of the “rates and regula-
tions” that normally cover the qualitative aspects of a
tariff rate. Under this method, tariff regulations might
support cost recovery in various forms, including a
mandatory provision for the shipper to provide pipeline
buffer material, a volume loss allowance, facility
charges, or access charges. While the imposition of such
special charges outside of the transportation tariff rate is
possible, it is unlikely that material charges could be
imposed without eliciting a shipper or FERC challenge,
making this, too, an uncertain avenue for recovery of the
unique costs.

Because of the difficulties presented by fitting ULSD into
tariff rates, innovative approaches may be required. For
instance, a pipeline carrier or an oil pipeline industry
association might file an advance request with the FERC
for a declaratory order either recognizing the validity of
special charges or specifying the basis under which spe-
cial charges would be applied to ULSD shipments. The
purpose of seeking a declaratory order would be to clear
a path for cost recovery before new capital or higher
operating costs were actually incurred. Such an
approach, with its earlier recognition of the issue, would
allow the multi-year process to proceed well in advance
of the collection of the new tariff rate.

The foregoing discussion suggests that higher capital
and operating costs attributable to distributing ULSD
will be difficult to recover, and that carriers will need to
take proactive steps with the FERC and shippers in
order to do so. There is no assurance that such steps will
be successful, nor is there economic assurance that any
such recovery will even be possible. Therefore, resis-
tance among pipeline operators to incurring those costs
should be expected.

Distribution Costs in the EIA Model

In its Regulation case analysis, EIA closely followed the
EPA’s assumptions about distribution costs, with the
exception that EIA calculated the downgrade revenue
loss within its NEMS model, using the prices of highway
and non-road diesel generated from the model. From
June 2006 through June 2010, EIA assumed an increased
distribution cost markup of 1.2 cents per gallon on the
price of highway diesel: 0.7 cents per gallon reflected the
additional capital costs associated with handling two
grades of highway diesel fuel during the phase-in
period, 0.3 cents per gallon was the downgrade revenue
loss, and 0.2 cents per gallon reflected other distribution

costs, including operating and testing costs. The 1.2
cents per gallon additional distribution cost is slightly
higher than the EPA’s estimate of 1.1 cents per gallon.
After June 1, 2010, the additional distribution cost asso-
ciated with ULSD was 0.4 cents per gallon, including 0.2
cents per gallon for the downgrade revenue loss.94

EIA conducted a sensitivity analysis of higher distribu-
tion costs in the 10% Downgrade case. In the Regulation
case, EIA followed the EPA assumption that ULSD
product downgrade would be 4.4 percent of ULSD sup-
plied. In the 10% Downgrade case, EIA assumed that
10% of ULSD would be downgraded from the highway
diesel market. From June 2006 through June 2010, EIA
assumed an additional distribution costs of 1.6 cents per
gallon of highway diesel supplied. Of the 1.6 cents per
gallon, 0.7 cents per gallon was for additional storage
tanks to handle two on-highway diesel grades during
the phase-in, 0.7 cents per gallon was for the revenue
loss from downgrading ULSD, and 0.2 cents per gallon
was for other distribution costs. After the end of the
phase-in, in June 2010, the additional distribution cost
was 0.9 cents per gallon: 0.7 cents per gallon for down-
grade revenue loss and 0.2 cents per gallon for other dis-
tribution costs (see Chapter 6 for more detail).95

Summary

The Nation’s refined petroleum product pipeline system
is not monolithic. Pipelines are distinguished by region,
type of service, mode of operation, size, how much inter-
face material they produce, and how they dispose of it.
In preparing this report, a variety of pipeline companies
were consulted, representing a cross-section of size,
capacity, location, markets, corporate structures, and
operating modes.

It is likely that the pipeline industry can distribute ULSD
successfully, but major challenges arising from the
unique specifications of a new product prevent a clear
assertion that pipeline distribution of the material will
be successful. In successfully distributing ULSD, oil
pipelines will have to surmount numerous challenges:

• Coping with a product phase-in

• Demonstrating that untested pipeline batching tech-
niques work

• Determining for the first time that sulfur content
from other refined products does not “trailback” in
pipelines and will not avoidably contaminate the
new fuel
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• Installing product quality testing equipment (which
does not yet exist)

• Recovering operating costs that are not transpar-
ently recoverable under FERC regulations or market
conditions

• Collecting, transporting, reprocessing, and selling
up to twice the volume of existing pipeline transmix

• Reconfiguring an undetermined number of existing
stations with new piping, tanks, manifolds, or valves

• Installing new loading facilities at distribution
terminals.

Protecting the integrity of 15 ppm product will be more
difficult than protecting the product integrity of the cur-
rent 500 ppm product. The sulfur concentration of the
neighboring product will more easily lead to contamina-
tion of the ULSD. Not only is the specification lower,
with less room for error, but also the “potency” of the
sulfur in the nearby product is higher.

It appears that the overall proposition of transporting
ULSD is feasible. More problems can be expected to
arise in handling ULSD among delivering pipeline carri-
ers than among trunk carriers. In particular, those deliv-
ering carriers that cannot support fungible operations,
are already short of working tankage, have complex
routing and schedules, or have small markets at their
end points will have the greatest difficulty in transport-
ing ULSD.

The market impact of a contaminated batch will be
stronger, however. With such a tight specification, there
is little opportunity for blending lower sulfur material
into an off-specification batch or tank. With the regula-
tion applied as a cap with no averaging aspect, an
off-specification tank in a terminal with only two tanks
will quickly lead to a localized shortage of highway die-
sel, especially in areas where the market is thin and the
infrastructure sparse.

Finally, there are uncertainties about transporting ULSD
that cannot be resolved without hands-on experience
with this unique product.
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5. Short-Term Impacts on ULSD Supply

Background

This chapter addresses the transition to ultra-low sulfur
diesel fuel (ULSD) when the ULSD Rule takes effect in
2006. Whether there will be adequate supply was one of
the key questions raised by the House Committee on Sci-
ence in its request for analysis. The Charles Rivers Asso-
ciates/Baker and O’Brien (CRA/BOB) study done for
the American Petroleum Institute (API) estimated a
shortfall of 320,000 barrels per day when the regulation
is introduced in 2006. The issue of future supply of high-
way diesel fuel “received considerable attention during
the comment period” on the Notice of Proposed Rule-
making (NPRM) published by the U.S. Environmental
Protection Agency (EPA).96 The EPA noted that “numer-
ous commenters to the proposed rule indicated that they
believed that the 15 ppm sulfur cap would cause short-
ages in highway diesel fuel supply” but that “a number
of commenters also thought otherwise (i.e., that future
supplies would be adequate).”97

While it is possible that some refiners may decide to shut
down altogether because of this regulation, others might
just abandon the highway diesel market. Few refineries
can operate without producing gasoline because gaso-
line is a high-margin, high-volume product that pro-
vides significant revenue to refiners. On the other hand,
it may be possible for some refineries to operate without
producing ULSD. Some refineries could sell higher sul-
fur distillate products into the non-road, rail, ship, or
heating oil markets. Some refiners could also decide to
export distillate products if they are in the right location.

Because there are other markets for distillate products,
some refiners may opt to delay upgrading their facilities
to produce ULSD. Refiners’ recent experiences with
investing to meet new fuel standards have not been
encouraging. As the EPA pointed out in the Regulatory
Impact Analysis for this regulation, both the 500 ppm
diesel fuel and reformulated gasoline standards resulted
in overinvestment and oversupply of the fuels, and “of

late, relatively poor refining margins have not allowed
refiners to recoup the full cost of environmental stan-
dards.”98 Overly aggressive expansion to produce
ULSD could result in similar oversupply of product and
reduced margins, and some refiners may therefore wait
to see whether adequate margins develop.

Another uncertainty is possible regulation of non-road
diesel fuel. In addition, some States are proposing their
own regulations for highway diesel fuel, which may add
to the EPA requirements. Some refiners may wait to see
whether additional requirements are established for
highway or non-road diesel before investing to upgrade
their refineries to produce ULSD.

The EPA has taken steps to monitor the ULSD supply
situation. Its Final Rulemaking requires refiners and
importers to submit a variety of information to ensure a
smooth transition, and to evaluate compliance once the
program begins. Refiners and importers expecting to
produce highway diesel in 2006 are required to register
with the EPA by December 31, 2001. Annual pre-
compliance reports are required from 2003 through
2005, containing estimates of ULSD and 500 ppm sulfur
fuel that will be produced at each refinery and projec-
tions of the numbers of credits that will be generated or
needed by each refinery. A time line for compliance is
also required, as well as other information.

The EPA will produce an annual report summarizing
information from the precompliance reports without
disclosing individual company plans. This information
will give refiners a better indication of the potential mar-
ket for credits and the availability of credits in each
region. The EPA will also require annual reports after
the program takes effect, in order to monitor production
of ULSD and 500 ppm sulfur diesel fuel.99 In addition, an
independent advisory panel will be set up to look at
issues of diesel supplies and related technologies, and to
report to the EPA annually on the progress being made
by industry to comply with the ULSD Rule.100
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Cost Analysis
To assess the supply situation during the transition to
ULSD in 2006, estimates of ULSD costs and supply were
developed based on refinery-specific analysis of invest-
ment requirements. The relative costs can provide
insights into whether refiners will make the investments
to produce ULSD and give an indication of possible sup-
ply. Four scenarios describing investment behavior
under different assumptions were developed to provide
a range of possible responses to the ULSD Rule.

Using refinery-specific data collected by the Energy
Information Administration (EIA), the ULSD product
costs are estimated for each refinery based on its size, the
sulfur content of the feeds, the fraction of cracked stocks
in the feed, the boiling range of the feed, and the fraction
of highway diesel produced. Cost curves were then
developed in a three-step process. In the first step the
cost of producing ULSD for each refinery was estimated
for several strategies of ULSD production, based on
refinery operation data for 1999. The strategies start by
maintaining ULSD production at current highway

diesel production levels. Then they consider both reduc-
tions and increases from current production to find the
most economical level of production for individual
refineries. In the second step the cost and volume infor-
mation for individual refineries is used to construct cost
curves for the U.S. refining industry using a variety of
scenario assumptions about how refiners may respond
with refinery investment in preparation for summer
2006, when ULSD requirements for highway diesel
begin. The third step consists of adjusting the cost curves
to reflect changes in refinery capacity from 1999 to 2006.

Appendix D describes in detail the refinery-by-refinery
analysis and development of the cost model used as the
basis for developing the cost curves. Table 6 provides
samples of the ULSD cost model results for cases repre-
senting various refinery configurations and situations.
The case descriptions in the table indicate whether the
refinery in that particular case falls within the higher or
lower part of the range in terms of hydrotreater unit
capacity, sulfur content of the hydrotreater feed, and the
fraction of cracked stock in the feed. The costs in this
analysis assume a 5.2-percent after-tax return on
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Table 6.  Sample Results from the ULSD Cost Model
Refinery Characteristics and Costs Case A Case B Case C Case D Case E Case G Case H Case I Case J Case K Case L

Hydrotreater Capacity Rangea . . . . . . . . . H H H H H L L H H H HR

Feed Sulfur Content Rangea. . . . . . . . . . . H H L L H H H M M M M

Percent Cracked Stock Rangea . . . . . . . . H H H H L H H H M M M

Revamp or New Unitb . . . . . . . . . . . . . . . . N R N R R N R N N R R

Current Highway Diesel Production
(Thousand Barrels per Day) . . . . . . . . . . . 50.0 50.0 50.0 50.0 50.0 10.0 10.0 0.0 32.4 32.4 32.4

Hydrotreater Feeds
(Thousand Barrels per Day)

Straight-Run Distillate . . . . . . . . . . . . . . . 34.0 34.0 34.0 34.0 50.0 6.8 6.8 33.0 25.3 25.3 18.4

Light Cycle Oil. . . . . . . . . . . . . . . . . . . . . 8.0 8.0 8.0 8.0 0.0 1.6 1.6 4.0 2.1 2.1 0.0

Coker Distillate . . . . . . . . . . . . . . . . . . . . 8.0 8.0 8.0 8.0 0.0 1.6 1.6 23.0 5.1 5.1 2.3

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . 50.0 50.0 50.0 50.0 50.0 10.0 10.0 60.0 32.4 32.4 20.7

Hydrogen Consumption
(Standard Cubic Feet per Barrel) . . . . . . . 550 550 402 402 248 550 550 590 395 395 305

Feed Sulfur Content
(Parts per Million)

Straight-Run Distillate . . . . . . . . . . . . . . . 9,000 9,000 1,100 1,100 9,000 9,000 9,000 6,000 6,000 6,000 6,000

Light Cycle Oil. . . . . . . . . . . . . . . . . . . . . 25,000 25,000 3,800 3,800 0 25,000 25,000 15,000 13,000 13,000 13,000

Coker Distillate . . . . . . . . . . . . . . . . . . . . 22,000 22,000 5,700 5,700 0 22,000 22,000 14,000 14,000 14,000 14,000

ULSD Cost Components
(1999 Dollars per Barrel)

Hydrotreater

Capacity Changes . . . . . . . . . . . . . . . . 0.73 0.55 0.70 0.55 0.36 1.21 0.74 0.72 0.81 0.55 0.49

Other. . . . . . . . . . . . . . . . . . . . . . . . . . . 0.83 0.74 0.75 0.68 0.54 0.96 0.79 0.87 0.78 0.67 0.62

Hydrogen Production

Capacity Changes . . . . . . . . . . . . . . . . 0.20 0.20 0.22 0.22 0.05 0.35 0.35 0.30 0.19 0.19 0.00

Other. . . . . . . . . . . . . . . . . . . . . . . . . . . 0.52 0.53 0.55 0.54 0.12 0.56 0.57 0.88 0.40 0.41 0.13

Sulfur and Other . . . . . . . . . . . . . . . . . . . . 0.27 0.06 0.07 0.06 0.06 0.41 0.10 0.19 0.19 0.07 0.08

Total Cost (1999 Dollars per Barrel) . . . 2.54 2.08 2.27 2.05 1.12 3.49 2.56 2.97 2.37 1.88 1.31

Total Cost (1999 Cents per Gallon) . . . . 6.0 5.0 5.4 4.9 2.7 8.3 6.1 7.1 5.6 4.5 3.1
aH = refinery in the higher range; M = refinery in the middle range; L = refinery in the lower range.
bN = new unit; R = revamped unit.
Note: Only refineries in Petroleum Administration for Defense Districts (PADDs) I-IV are included in the short-term analysis.
Source: Energy Information Administration, Officeof Integrated Analysis and Forecasting.



investment, which is estimated to be equivalent to the
7-percent before-tax return on investment assumed in
the EPA’s analysis.

The cases in Table 6 were designed to represent the types
of individual refinery situations that lie behind the cost
curve results. Cases A and B represent refiners produc-
ing highway diesel fuel as a high fraction of their distil-
late pool. These refineries run a higher sulfur crude oil,
do not have hydrocracking facilities, and have relatively
large-scale highway diesel production. Thirty-two per-
cent of the highway diesel they produce comes from
cracked stock, which is about the average for Petroleum
Administration for Defense District II (PADD II) (see
Appendix D, Table D1). The cost of producing highway
diesel at current production levels in the refineries of
Cases A and B is 6.0 cents per gallon if a new hydro-
treater is required and 5.0 cents per gallon if the current
hydrotreater can be revamped. The cost of the incremen-
tal hydrogen to produce ULSD represents 28 percent of
the added cost for Case A and 35 percent for Case B.

Cases C and D have the same volumes as A and B but
use a lower sulfur crude oil. The cost of the added hydro-
gen is similar to the result for Cases A and B, because this
analysis is estimating the cost to produce ULSD with 7
ppm sulfur rather than the current 500 ppm. Total costs,
however, are just 0.1 cents per gallon lower for a
revamped unit (Case D compared to Case B) and 0.6
cents per gallon lower for a new unit (Case C compared
to Case A).

Case E shows a refinery producing ULSD only from
straight-run distillate derived from a high-sulfur crude.
The cost of production from a hydrotreater that has been
revamped is only 2.7 cents per gallon. This is slightly
more than half the cost of Case B, which has to handle 32
percent cracked stocks.

Cases G and H represent the same mix of hydrotreater
feed as in Cases A and B, but the total feedstock volume
is only 10,000 barrels per day, compared to 50,000 bar-
rels per day in Cases A and B. This is the type of situation
represented by comparing ULSD production in PADD
IV with that in PADD II and PADD III. For a new
hydrotreater unit, the ULSD cost would be 8.3 cents per
gallon (2.3 cents per gallon higher than in Case A). If the
unit can be revamped, the cost is 6.1 cents per gallon (1.1
cents per gallon higher than in Case B).

Some refineries currently produce high volumes of dis-
tillate product but no highway diesel. These refineries
might consider entering the highway diesel market
when the ULSD Rule takes effect if they anticipate that
the price differential between ULSD and their other
distillate products can more than offset the added

investment and operating costs they would incur. Case I
illustrates a non-road diesel producer converting to the
production of highway diesel. The refinery runs a
moderately high-sulfur crude oil and has substantial
volumes of cracked distillates from the fluid catalytic
cracker (FCC) and coker units. Because of quality
requirements for non-road diesel products, cracked
stocks still make up 45 percent of the feed to the
hydrotreater for highway diesel production. The large
percent of cracked stocks means a moderately high
per-barrel investment and operating cost for the
hydrotreater. Additionally, the per-barrel cost for
hydrogen is quite high. Most of the refineries with
high-volume distillate production and no highway die-
sel production had costs of highway diesel production
in the higher portion of the cost range.

Cases J, K, and L provide an illustration of refineries
achieving improved economics by reducing the volume
of ULSD diesel below current highway production lev-
els. As shown in Table 6, the cost of added hydrogen is
generally a large component of the cost of producing
ULSD. The cost for hydrogen grows as the fraction of
cracked stocks increases, eventually requiring the con-
struction of new hydrogen production capacity. How-
ever, if there is only a modest percent of cracked stock in
the hydrotreater feed and the refiner reduces the input
to the hydrotreater, then the incremental hydrogen
requirement for ULSD production can be provided by
existing refinery production sources.

Cases J and K show the costs for a new and revamped
hydrotreater for a refinery running a medium-sulfur
crude and with 22 percent cracked stock in the highway
diesel production pool. Case L shows that if the input
level is reduced from 32,400 barrels per day to 20,700
barrels per day when the unit is revamped, then the cost
of ULSD production is reduced from 4.5 cents per gallon
to 3.1 cents per gallon. Given the costs for Cases K and L,
the preferred option for the refiner would be Case K if
the price differential between highway and non-road
diesel exceeds 6.9 cents per gallon and Case L if the dif-
ferential is less than 6.9 cents per gallon.101

These sample cases highlight several situations that can
cause refineries to have potentially high ULSD produc-
tion costs and discourage them from investing to pro-
duce ULSD. Small refineries with less than 10,000 barrels
per day of highway diesel production will have very
high relative costs unless they can revamp an existing
unit. The fraction of cracked stocks in the ULSD hydro-
treater feed is extremely important. The need for hydro-
gen increases with the fraction of cracked stocks and
may require new hydrogen production capability. If a
refinery's other distillate products are primarily
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101Calculated by taking the difference in total cost (1.88 × 32.4 − 1.31 × 20.7) divided by the change in volume (32.4 − 20.7), expressed in
cents per gallon.



non-road diesel fuels with cetane requirements that
limit the volume of cracked stocks, then it is often impos-
sible for the refinery to reduce the cracked stocks going
into highway diesel. Thus, refineries with moderate
cracked stocks and a smaller scale will have high ULSD
cost, and refineries with high cracked stocks and a mod-
erate to large scale may also have ULSD costs that they
view as uncompetitive.

Analysis of ULSD
Production Decisions

Economic Considerations
Scenarios are analyzed to estimate the volumes of ULSD
that refiners might produce at the beginning of the
ULSD requirement in the summer of 2006. Each scenario
defines a set of strategic principles that might character-
ize the economic rationale behind investment decisions
that may be commonly made by refiners in this situa-
tion. Refiners have a choice as to how much ULSD they
produce. Some refiners may decide to produce no high-
way diesel when the ULSD Rule comes into effect. While
most refiners who are currently producers of highway
diesel will likely continue to produce it, they could
increase or decrease production from current levels.
Because there is uncertainty associated with refiners’
behavior, four supply scenarios were constructed, any
one of which may turn out to be closest to the actual
behavior of the refining industry in this situation.

In making the ULSD decision a refiner will look at the
available options, analyze the costs to produce various
levels of ULSD, and determine the impact on other dis-
tillate products. Then the refiner will try to estimate his
relative competitive position for producing ULSD. The
competitive assessment considers the cost of ULSD pro-
duction for other refiners and looks at the mid-term
competition for market share, including an analysis of
current market share, regional market competition, the
impact of new entrants that may have a significant cost
advantage, synergies with other refineries within the
same company, and potential changes in the price differ-
ential between ULSD and non-road fuels on a mid-term
basis.

In a number of past instances when refiners have been
required to meet new product specifications, they have
not only made facility changes that would enable them
to meet the demand for the product with new specifica-
tions, but have done so in such numbers and volumes
that their ability to supply the market has exceeded mar-
ket demand. In the case of ULSD, refiners have more
choice in deciding to participate in the highway market
or alternatively to produce products only for non-road
distillate markets. This choice becomes a particular issue
for refiners facing an expensive investment decision and

the likelihood that they would be at a significant com-
petitive cost disadvantage relative to other market
competitors.

While most U.S. refiners look upon gasoline as an essen-
tial product, they could operate in the refinery business
without producing any highway diesel. Thus, it is possi-
ble that some refiners will cease or significantly decrease
highway diesel production when ULSD specifications
take effect in 2006. This would create a transition market
in which some refiners with higher costs would decrease
production and be replaced by more cost-competitive
refiners.

The set of more cost-competitive refiners falls into two
categories—those increasing production of highway
diesel from current levels and those currently producing
little or no highway diesel. Will refiners in the second
group jump into the market because they recognize that
they would have a competitive position, or will they
wait to see how the supply and margin picture unfolds
before making a large-dollar commitment? Later
entrants into the market could also be the beneficiaries
of improved technologies that reduce the cost of
compliance.

Refiners who estimate that their costs to produce ULSD
are on the high end of the range will be far less likely to
invest to produce ULSD. No one wants to be the mar-
ginal supplier after making a large investment, espe-
cially when the product is a secondary fuel product. The
question is what differential cost will be perceived to be
too high—is it 1 or 2 cents per gallon above what the
refiner perceives is the average cost in the market? How
does the refiner assess the possible competitive threats
of a large-volume refiner who has previously not been a
highway diesel producer but may now enter the market
with better economics to produce highway diesel and
reduce market prices? Refiners will likely try to retain
highway market share, even if their relative competitive
cost is modestly above the average cost in the region,
rather than shifting into new markets. Refining compa-
nies with multiple refineries will view strategies in the
context of their total system and could rebalance pro-
duction on a system basis.

One of the key decisions in preparing to produce ULSD
is whether to build a new hydrotreater or revamp an
existing unit. This analysis assumes that revamps are
more likely if a refinery installed new distillate
hydrotreating units in the 1990s, or if the proportion of
cracked stocks in the refinery’s hydrotreater feed is
small. New units are assumed at refineries where cur-
rent hydrotreating capacity is less than highway diesel
production. As shown in Table 7, the estimates indicate
that 46 percent of the refineries in PADDs I-IV, account-
ing for 63 percent of highway diesel production capac-
ity, would revamp existing units. PADD IV has the
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lowest proportion of revamps because of the larger
amount of cracked stocks that refineries in that region
must process. PADD II has the highest percentage of
revamps because of the extensive upgrading that took
place in the early 1990s and the moderate levels of
cracked stocks in the feed. The EPA assumed that 80 per-
cent of ULSD production capacity would be revamped
units.

Supply Scenarios
The first of the four supply scenarios was developed
based on the rationale that there is a high probability
that refiners will produce at least a moderate level of
ULSD. In the other three scenarios there is decreasing
probability that the additional volumes would be pro-
duced. The description of the specific scenarios follows:

• Scenario 1—Competitive Investment. The first sce-
nario includes only those refiners who are likely to
prepare to produce ULSD in 2006. They currently
hold market share and are estimated to be able to
produce ULSD at a competitive cost. Refiners with
highway diesel as a relatively low fraction of their
distillate production are assumed to abandon the
market unless their cost per unit of production is
competitive at current highway diesel production
levels. Some refiners are assumed to reduce highway
diesel production below current levels when they
have a more competitive ULSD production at a
reduced production rate.

• Scenario 2—Cautious Expansion by Competitive
Producers. In this scenario, refiners base ULSD pro-
duction decisions on the assumption that the price
differential between ULSD and non-road distillate
products will remain wide. Current producers with
competitive cost structures for ULSD production
and high fractions of highway diesel production
(greater than 70 percent of total distillate produc-
tion) are assumed to maintain current production
levels and may even push production of ULSD
toward 100 percent of distillate production if only
minor increases in per unit production costs occur at
increased volume. Other refiners are also assumed to
increase their fraction of highway production if the

economics are only slightly poorer at higher vol-
umes. Those whose current production is focused
primarily on non-road markets are assumed to stay
with those markets.

• Scenario 3—Moderate New Market Entry. While
refineries that are currently producing little or no
highway diesel may be hesitant to jump into the
ULSD market, this scenario assumes that a select few
will decide to take the risk. This is based on the belief
that a limited number of refineries think they can
gain market share without depressing the price dif-
ferential between ULSD and non-road diesel to the
extent of ruining margins and return on investment.
These refiners are assumed to have favorable cost
structures for ULSD production (probably in the
lower third).

• Scenario 4—Assertive Investment. The fourth sce-
nario assumes that a larger number of refiners will
compete to increase their shares of the ULSD market.
In this scenario, refiners believe that most of their
competitors are overly cautious, and that they can
succeed by taking a contrary strategy (which in real-
ity is adopted by far more refiners than anticipated).

Imports

Historically, imports have been a small part of low-
sulfur diesel supply. The only significant volumes of
low-sulfur diesel fuel have been imported into PADD I,
which totaled 123,000 barrels per day in 1999 then
declined slightly in 2000 to 106,000 barrels per day
(Figure 4). Imports made up 5 percent of low-sulfur die-
sel product supplied for the United States as a whole in
2000 and 14 percent of product supplied in PADD I. The
PADD I imports come from three main sources—
Canada, the Virgin Islands, and Venezuela. Low-sulfur
diesel imports from the Virgin Islands reached 62,000
barrels per day in 1996 and have fallen to 47,000 barrels
per day in 2000. Imports from Canada, which have been
fairly constant for the past few years, totaled 35,000 bar-
rels per day in 2000. Imports from Venezuela grew
sharply in 1998 and 1999, to 22,000 barrels per day in
1999, before falling to 8,000 barrels per day in 2000.
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Table 7.  Estimate of Revamps and New Hydrotreaters for ULSD Production

Region

Number of Refineries Percent
Revamp

ULSD Production Volume
(Thousand Barrels per Day) Percent

RevampRevamp New Total Revamp New Total

PADD I. . . . . . . . . . . . . . . 4 7 11 36 139 77 216 64

PADD II . . . . . . . . . . . . . . 14 13 27 52 442 158 599 74

PADD III. . . . . . . . . . . . . . 22 23 45 49 603 423 1,026 59

PADD IV . . . . . . . . . . . . . 5 10 15 33 46 72 117 39

Total . . . . . . . . . . . . . . . . 45 53 98 46 1,229 729 1,957 63

PADD = Petroleum Administration for Defense District.
Note: Although 98 refineries are considered in this analysis, 87 are current producers of low-sulfur diesel. Not all of these refineries are expected to

produce ULSD economically.
Source: Energy Information Administration, Office of Integrated Analysis and Forecasting.



Other countries are also planning to lower the sulfur
content of diesel fuel. Canada has announced plans to
require a 15 ppm sulfur diesel fuel in mid-2006, mirror-
ing the U.S. regulation.102 A 50 ppm ULSD becomes
mandatory across Europe in 2005. The European Com-
mission is also discussing a gradual phase-in to 10 ppm
sulfur, starting with a 10-percent supply requirement in
January 2007.103

Given these changes, Canadian refiners currently
exporting to the United States may make the investment
to produce ULSD for the U.S. market. The East Coast has
been the main market for a large refinery in the Virgin
Islands that is jointly owned by Amerada Hess and
PdVSA, Venezuela’s national oil company. Both of the
plant’s owners see the United States as a strategic mar-
ket. Venezuela is planning to upgrade its domestic refin-
eries, but because it is also interested in expanding its
presence in Latin American markets,104 it is not clear
whether it would supply ULSD to the U.S. market.

Refineries worldwide will be investing to produce lower
sulfur diesel fuel. Even a refinery designed to produce
diesel with 50 ppm sulfur could produce some amounts
at less than 15 ppm. Thus, it is conceivable that limited

amounts of ULSD could be imported from other sources.
In the early part of the transition to ULSD, imports
beyond historical levels probably are less likely and
quantities less than historical levels probably are more
likely.105

Demand Issues
The number of vehicles that actually need ULSD when
the regulation takes effect in 2006 will be small. The EPA
has mandated that 80 percent of the refinery output of
less than 500 ppm diesel fuel be ULSD in order to pro-
vide retail availability for the trucks that need ULSD. As
a result, the supply of ULSD will be much larger than the
demand provided by vehicles that need ULSD. The con-
cern is whether enough fuel will be available to supply
all highway diesel vehicles.

Current production of low-sulfur diesel fuel is greater
than what is required by the market. Highway diesel
fuel consumption accounted for 86 percent of transpor-
tation distillate demand in 1999. Yet low-sulfur diesel
product supplied (a surrogate for demand) has nearly
equaled transportation distillate demand in recent years
(Figure 5). Consequently, the amount of low-sulfur
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Figure 4.  Imports of Low-Sulfur Diesel Fuel into PADD I, 1993-2000

Source: Energy Information Administration, Form EIA-814, “Monthly Imports Report.”

102Public Works and Government Services Canada, Canada Gazette, Vol. 135, No. 7 (February 17, 2001), p. 454.
103Diesel Fuel News (March 5, 2001), p. 11.
104Oil Daily (February 27, 2001), p. 2.
105EIA’s Office of Oil and Gas is planning to issue a report in 2001 on the availability of product imports.



diesel fuel currently being consumed in the market is
more than 15 percent higher than that required for high-
way vehicles. There are several reasons for this. The
logistics of the distribution system dictate in some areas
that only one type of fuel can be distributed. Because the
price differential between low-sulfur diesel and other
distillate products has been only 2 to 3 cents per gallon
or less in recent years, the incentive to maintain separate
product infrastructure has not been great. An important
question is the extent to which the demand for ULSD
will remain above that required for highway vehicles
after the ULSD regulation takes effect in 2006. A larger
price differential between ULSD and higher sulfur dis-
tillate products may provide some incentive to avoid
consuming ULSD in markets where it is not required,
but in some areas it may continue to be impractical to
distribute more than one product.

It is also unclear how much 500 ppm sulfur diesel fuel
will be in the market after the regulation takes effect.
Refiners will be investing for the long term and not just
to produce 80 percent ULSD in the transition period, and
many refiners (if they invest to produce ULSD at all)
may be producing 100 percent ULSD in the transition
period. Some refiners could continue to supply 500 ppm

diesel fuel by purchasing credits, and some small refin-
ers could continue to produce 500 ppm sulfur fuel until
2010 (see box on page 45).

For the above reasons, the amount of ULSD actually
needed to balance demand in 2006 is highly uncertain. A
range of demand estimates has been developed to
account for some of the uncertainty. In the mid-term
analysis for this study, transportation distillate demand
in PADDs I-IV106 in the 2/3 Revamp case (see Chapter 6)
amounts to about 2.7 million barrels per day. At the U.S.
level, transportation distillate demand is projected to be
3.0 million barrels per day in 2006, increasing by 3.2 per-
cent per year from the 1999 level of 2.4 million barrels
per day. This compares to an average rate of increase of
3.5 percent per year from 1982 to 1999. Transportation
distillate demand rose sharply from 1982 to 1989 and
again from 1991 to 1999, at annual average growth rates
of 4.7 and 4.0 percent, respectively, but fell in 1990 and
1991, at the time of the Iraqi invasion of Kuwait.

The probable downgrading of some ULSD to 500 ppm
sulfur diesel in the distribution system was not taken
into account in this part of the analysis. The requirement
to produce 80 percent ULSD is at the refinery gate, and
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Figure 5.  Low-Sulfur Diesel Consumption and Product Supplied, 1993-1999

Sources: Energy Information Administration, Petroleum Supply Annual, DOE/EIA-0340, and Fuel Oil and Kerosene Sales, DOE/EIA-0525 (Wash-
ington, DC, 1993-1999).

106PADD V was not included in this analysis because supply concerns are less of an issue in the transition period and the requirement for
CARB diesel makes the PADD V market different from PADDs I-IV.



supplies that are downgraded to a higher sulfur level in
the distribution system can still be sold as highway die-
sel during the transition period.

Cost Curves and Demand Estimates
for 2006

Figure 6 shows the combined cost curves for PADDs I-IV
for each of the scenarios, together with four estimates of
demand.107 The EPA estimates that, under the small
refiner option, up to 5 percent of the market could delay
making the transition to ULSD until 2010.108 In addition,
the temporary compliance option mandates that ULSD
production must constitute 80 percent of low-sulfur
diesel production. Assuming the full extent of the small
refiner, temporary compliance, and credit trading provi-
sions of the Rule, ULSD demand is estimated at just over
2.0 million barrels per day (Demand A). As indicated
above, imports from the Virgin Islands and Canada are

likely to continue. At their recent historical level of
80,000 barrels per day, imports would reduce domestic
demand for ULSD to 1.95 million barrels per day
(Demand B, which matches the demand projection in the
mid-term analysis described in Chapter 6). Demand C in
Figure 6 is based on the same assumptions as Demand B
and, in addition, assumes that ULSD will be used only
for highway consumption (86 percent of transportation
distillate demand), resulting in a demand estimate of 1.7
million barrels per day. Demand D assumes a higher
estimate for imports—116,000 barrels per day—which
was the level for PADDs I-IV in 2000.

The cost curves in Figure 6 show the estimated volumes
of ULSD that could be produced at increasing cost lev-
els. The curves show the wide range of costs to produce
ULSD across the population of U.S. refiners that might
choose to become ULSD producers. There are some
refiners at the upper range of the cost curves that would
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107A range of demand estimates are shown in Figure 6, but no feedback effects are represented. Feedback effects are included in the
mid-term analysis (Chapter 6).

108U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, p. V-134.



have much higher costs and could have concerns that
margins in the marketplace would not be high enough to
provide a satisfactory rate of return.

The cost curves in Figure 6 were developed using capital
cost and return on investment assumptions consistent
with those used in the EPA’s analysis. Those assump-
tions were used in order to provide a comparison with
the EPA’s analysis results and should not be viewed as
the assumptions that EIA considers the most likely.
However, concerns about the adequacy of ULSD supply
are based on the possible reluctance of higher cost pro-
ducers to invest to produce ULSD in 2006. Because of the
uncertainty of these assumptions, two additional sets of
supply scenarios are provided, using higher capital cost
assumptions and a higher required return on invest-
ment, as discussed later in this chapter.

Total ULSD production on the Scenario 1 (Competitive
Investment) and Scenario 2 (Cautious Expansion) cost
curves extends beyond the lower demand estimates (C

and D) and would meet the highway demand estimates
even if no ULSD imports were available. In Scenario 3
(Moderate New Market Entry), production just reaches
the mid-term analysis demand estimate that includes
imports (Demand B). In Scenario 4 (Assertive Invest-
ment), ULSD production surpasses the mid-term analy-
sis demand estimate that does not include imports.
None of the supply curves, however, provides enough
supply to reach the demand estimate that does not
include the temporary compliance option (see Table 8
below). Some refiners may be able to produce ULSD
with a cost of about 2.5 cents per gallon; however, at the
volumes needed to meet demand, costs are estimated at
5.4 to 6.8 cents per gallon.109 ULSD prices could show an
even higher differential if supply falls short of demand.

The four factors that have the strongest influence on the
cost of producing ULSD are the production volume
of 500 ppm diesel, the fraction of cracked stocks in
the feedstock, the scale of the hydrotreater unit,
and whether a new or revamped unit is required.

Energy Information Administration / Transition to Ultra-Low-Sulfur Diesel Fuel 45

500 ppm Diesel Supply Issues in 2006

In 2006, 500 ppm highway diesel could come from two
sources: either from refiners who produce both 500 ppm and
15 ppm highway diesel or from refiners who are now pro-
ducing highway diesel but who choose not to make invest-
ments to produce ULSD and purchase credits to sell 500 ppm
diesel. Few refineries are assumed to fall into the first group.
Possible candidates would be refiners with large current pro-
duction of highway diesel who have multiple distillate
hydrotreating units and decide to revamp or replace a large
unit to produce ULSD and maintain a second unit to produce
500 ppm highway diesel. This would also mean that the
refiner would anticipate selling the 500 ppm diesel as
non-road diesel in 2011, because building one large
hydrotreater in 2006 would be more economical than build-
ing a second hydrotreater for ULSD in 2010. If the decision is
made to invest to produce ULSD, a refiner is likely to invest
to produce the full volume of highway diesel as ULSD. Some
product that fails to meet the ULSD specifications could be
downgraded to 500 ppm diesel fuel and sold as highway die-
sel during the transition period, but few refiners are assumed
to produce both 15 ppm and 500 ppm diesel.

Production of 500 ppm highway diesel can clearly come from
refiners who are now producing low-sulfur highway diesel
and decide not to convert their refinery facilities in 2006. In
Scenario 2, the number of non-producers of ULSD in PADDs
I-IV totals 21. The characteristics of the 21 refineries that are

the potential sources of 500 ppm highway diesel production
in 2006 in Scenario 2 differ across the various PADDs. PADD
I has 5 refineries and PADD II has 5 refineries that are
assumed not to invest to produce ULSD. Nine of these ten
refineries currently produce less than 10,000 barrels per day
of highway diesel, and the other is under 20,000 barrels per
day.

The profile of the PADD III refiners is quite different from
those in the other PADDs. While PADD III has some small
refineries in this group, several moderately large refineries
are also included, which accounts for the fact that PADD III
represents 56 percent of the total volume of PADD I-IV pro-
duction that is estimated not to convert from low-sulfur die-
sel to ULSD in 2006. Most of these refineries are on the high
end of the cost range and would have to build new units
and/or deal with relatively high fractions of cracked stocks
to produce ULSD.

Six refineries in PADD IV are estimated to have relatively
high costs of ULSD production and are assumed not to invest
to produce ULSD. The PADD IV refiners are relatively small.
Most have some cracked stocks in the highway diesel feed
stream and would need to build new units. The refiners not
producing ULSD would need to obtain waivers or purchase
credits to continue to sell 500 ppm diesel fuel into the high-
way market.

109These are marginal costs on the industry supply curve, based on average refinery costs for producing ULSD. These cost estimates do
not include additional costs for distribution, estimated at 1.1 cents per gallon in the mid-term analysis. Costs were not adjusted to take sulfur
credit trading into account, because of the uncertainty about whether trading would occur and the value of the credits. If credit trading
occurred, costs could be reduced.



Twenty-nine refineries in Scenario 1 are in the cost range
below 4 cents per gallon, and all are refineries for which
it is assumed that the existing unit could be revamped.
Most of these refineries have little or no cracked stocks in
the hydrotreater feed to produce ULSD. For the few that
do have cracked stocks, a revamped unit at a reduced
throughput was found to obtain better economics of
ULSD production and put them in the cost range under
4 cents per gallon. Twenty-five refineries are in the cost
range from 4 to 5 cents per gallon. Thirteen are assumed
to construct new units, and most of these refineries have
a low percentage of cracked stocks in the hydrotreater
feed. A couple of units in this cost range are assumed to
reduce throughput from current highway diesel pro-
duction levels. Above 5 cents per gallon, a couple of
refineries with a high percentage of cracked stocks are
assumed to revamp existing units. The rest, which have
moderate levels of cracked stocks, are assumed to build
new units. The refineries above 5 cents per gallon also
include a number of smaller refineries with ULSD pro-
duction under 10,000 barrels per day.

Regionally, PADD IV has the highest estimated costs for
ULSD production. The refineries in PADD IV are
smaller on average, have more cracked stocks to process,
and have the lowest proportion of revamps. In PADD I,
a large heating oil market provides an outlet for some of
the more difficult streams to hydrotreat so it tends to
show lower costs for producing ULSD. PADD II refiner-
ies are also toward the lower end of the cost curve. They
tend to be more moderate in size (which gives better
economies of scale), have moderate levels of cracked
stocks, and had extensive revamps in the early 1990s to
put them in a better position to upgrade to produce
ULSD. PADD III has a mixture of small and large refin-
eries with a variety of configurations and as a result
shows a wide range of lower and higher cost ULSD pro-
ducers. Some of the refineries in PADD III are among the

highest as far as the proportion of cracked stocks in the
feedstock going to the hydrotreater. Sixty-four percent
of the refineries in PADD IV that are assumed to pro-
duce ULSD in Scenario 4 have estimated costs greater
than 5 cents per gallon compared to 31 percent in PADD
III, 22 percent in PADD II, and 17 percent in PADD I.

Scenario 1 has the lowest production volume of the four
scenarios but the highest probability that production
volumes of ULSD will at least reach these estimates in
2006. Of the 87 refineries in PADDs I-IV that currently
produce highway diesel, only 66 are estimated to pro-
duce ULSD in Scenario 1. Of the 21 refineries that are
estimated to terminate ULSD production in Scenario 1,
the cost of ULSD production ranges from 6 to 13 cents
per gallon.110 Two-thirds of these refineries currently
produce less than 10,000 barrels per day of highway die-
sel. PADD IV refineries are disproportionately in the
higher cost range.

Scenario 2 assumes that the number of refineries that
will produce ULSD is the same as in Scenario 1, but that
these refineries will increase production if their competi-
tive position is not greatly affected. Comparing Scenario
3 to Scenario 2, ULSD production is estimated to
increase at nine refineries, and one refinery that cur-
rently produces only non-road distillate product is
assumed to enter the ULSD market. All of these factors
raise the estimated production level in Scenario 3 by
129,000 barrels per day over that in Scenario 2.

The probability of reaching the total volume production
of Scenario 4 is the lowest. In this scenario, refineries
with higher costs of production are assumed to enter the
ULSD market in 2006. The added production volumes in
Scenario 4 come from three types of situations. First,
some refineries are assumed to expand production
beyond the Scenario 3 level if unit costs are only slightly
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Table 8.  Supply and Demand Estimates in the Reference Case, 2006
(Thousand Barrels per Day)

Demand Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,763 1,823 1,952 2,143

Number of Refineries Producing ULSD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 66 67 74

Differences Between Supply and Demand

Small Refiner Option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,533 -770 -709 -580 -389

Small Refiner and Temporary Compliance Options (Demand A) . . . . . . 2,026 -264 -203 -74 117

Small Refiner and Temporary Compliance Options with Imports
(Demand B) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,946 -184 -123 6 197

Highway Use Only, Small Refiner and Temporary Compliance Options
with Imports (Demand C) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,662 100 161 290 481

Highway Use Only, Small Refiner and Temporary Compliance Options
with Higher Imports (Demand D) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,626 136 197 326 517

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling Sytem, run DSU7INV.D043001A.

110The highest estimated costs by region are 9 cents per gallon for PADD I, 13 cents per gallon for PADD II, 7 cents per gallon for PADD
III, and 12 cents per gallon for PADD IV.



higher. Second, five of the refineries entering the market
were viewed in Scenario 3 as having too high a cost. The
third and largest portion of additional volume comes
from two refineries that currently are not producers of
highway diesel. All of the additional volume in Scenario
4 comes from refiners with costs of ULSD production
higher than 5 cents per gallon.

Table 8 shows the differences between the demand and
supply estimates. The largest shortfall, which occurs
between Scenario 1 (assuming the most cautious invest-
ment strategy) and the highest demand estimate, is esti-
mated at 770,000 barrels per day. The widest surplus,
517,000 barrels per day, is under Scenario 4 (the most
aggressive investment strategy) and the lowest demand
estimate that also accounts for import availability.
Assuming the mid-term analysis demand estimate,
which is similar to the AEO2001 projection, Scenarios 3
and 4 project sufficient supply.

Some analysts contend that demand could exceed the
estimates in this analysis that assume the temporary
compliance option of 80 percent ULSD production. Most
refiners that invest to produce ULSD will plan to pro-
duce 100 percent ULSD unless they have a market for

the higher sulfur product after 2010. Those producing
100 percent ULSD will generate credits which can then
be sold to those who decide to delay investing to pro-
duce ULSD. Credit trading programs have been success-
ful in the utility industry, but how well credit trading
will work in a less-regulated industry remains unclear.
Refiners may be less than enthusiastic about selling
credits to their competitors that would allow them to sell
product produced at a lower cost in the same market as
ULSD, possibly at a price similar to the price of ULSD.111

Refiners who wait to invest can also take advantage of
improvements in technology that could help them com-
pete more effectively with those who invested early.
Credits could increase sharply in value if markets were
tight, but they would have less value if supplies were
ample.

To provide a further range of demand estimates, Tables
9 and 10 show the projections for high and low macro-
economic growth cases along with the supply estimates
from the cost curves. Transportation distillate demand is
projected to increase by 4.0 percent per year from 1999 to
2006 in the high macroeconomic growth case and by 2.7
percent per year in the low macroeconomic growth case.
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Table 9.  Supply and Demand Estimates in the High Economic Growth Case, 2006
(Thousand Barrels per Day)

Demand Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,763 1,823 1,952 2,143

Number of Refineries Producing ULSD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 66 67 74

Differences Between Supply and Demand

Small Refiner Option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,669 -906 -845 -716 -525

Small Refiner and Temporary Compliance Options . . . . . . . . . . . . . . . . 2,135 -372 -311 -183 8

Small Refiner and Temporary Compliance Options with Imports . . . . . . 2,055 -292 -231 -103 88

Highway Use Only, Small Refiner and Temporary Compliance Options
with Imports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,756 7 68 196 387

Highway Use Only, Small Refiner and Temporary Compliance Options
with Higher Imports. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,720 43 104 232 423

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling Sytem, run HM2001.D101600A.

Table 10.  Supply and Demand Estimates in the Low Economic Growth Case, 2006
(Thousand Barrels per Day)

Demand Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,763 1,823 1,952 2,143

Number of Refineries Producing ULSD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 66 67 74

Differences Between Supply and Demand

Small Refiner Option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,447 -685 -624 -495 -304

Small Refiner and Temporary Compliance Options . . . . . . . . . . . . . . . . 1,958 -195 -134 -6 186

Small Refiner and Temporary Compliance Options with Imports . . . . . . 1,878 -115 -54 74 266

Highway Use Only, Small Refiner and Temporary Compliance Options
with Imports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,604 159 220 349 540

Highway Use Only, Small Refiner and Temporary Compliance Options
with Higher Imports. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,568 195 256 385 576

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling Sytem, run LM2001.D101600A.

111Many analysts contend that the prices of ULSD and 500 ppm diesel will converge in the phase-in period, because most trucks can use
500 ppm fuel but only 20 to 25 percent of production will be 500 ppm fuel. The higher demand than supply will tend to push the price to the
same level as ULSD. The need to purchase credits to sell 500 ppm product will also tend to push up its price.



Two additional sets of the four supply scenarios are pro-
vided that vary the hydrotreater capital cost assump-
tions and the return on investment assumption. The
capital costs assumed in the initial set of four scenarios
in this chapter are similar to those used in the EPA anal-
ysis (see Chapter 7 for a comparison of capital cost
assumptions). Because of the uncertainty associated
with the cost of installing distillate hydrotreating capa-
ble of producing diesel fuel containing less than 10 ppm
sulfur, a second set of scenarios was developed assum-
ing capital costs for the hydrotreater units that are about
40 percent higher than the initial set (Figure 7). The
higher capital costs in this scenario reduce the projected
production of ULSD by 25,000 to 55,000 barrels per day
and increase the cost estimates from 0.4 cents per gallon
to 1.0 cents per gallon.

A third set of supply scenarios was developed assuming
a 10-percent required return on investment (Figure 8),
rather than 5.2 percent assumed in the initial set of sce-
narios. The higher assumed rate results in a reduction in
production of 40,000 to 66,000 barrels per day across the
four scenarios. The cost estimates increase by 0.8 to 1.2
cents per gallon from the first set of scenarios. Because of

the reduced volumes, estimated production levels in
Scenario 3 fall short of the demand level projected in the
mid-term analysis (Demand B) in both the higher capital
cost and higher required return on investment sensitivi-
ties (Tables 11 and 12).

Balancing Demand and Supply in 2006

These supply curves, along with the demand estimates
for 2006, indicate the possibility of a tight diesel market
when the ULSD Rule is implemented. Supply scenarios
that assume more cautious investment indicate inade-
quate supply compared with the demand levels pro-
jected in the Annual Energy Outlook 2001. Only more
aggressive investment scenarios or lower demand
cenarios show adequate supply to meet estimated
demand. This analysis compares supply and demand at
an aggregate level. Maintaining a balance of supply and
demand across regions and throughout the distribution
system would be more difficult.

Improvements in supply could result if more refiners
undertook investments to produce ULSD, if capacity
expansions by refiners were greater than anticipated in
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this analysis, and/or if more imports were available. On
the demand side, slower growth in the highway diesel
market than these demand estimates and/or curtailing
of ULSD consumption for non-road uses would also
improve the situation.

If supplies fall short of demand, sharp price increases
could occur to balance supply and demand. That type of
situation could result in a number of responses, some of
which could begin to occur as soon as the price differen-
tial between ULSD and other products started to
widen—possibly even before it became clear that a mar-
ket supply problem existed. Refiners would attempt to
maximize ULSD production. Some additional produc-
tion may be possible by, for example, shifting some
non-road distillate or jet fuel streams into ULSD. This
would be limited, however, because only the lower sul-
fur streams could be used and additional hydrotreating
may be necessary. Imports of jet fuel or other products
could then replace the lost production of those fuels.
Additional imports of ULSD could be forthcoming if
there were large price differentials between markets.

Such responses would require higher costs, however,
because lower cost options would be exercised first.

Sharply higher prices would also curtail demand for die-
sel fuel. Truckers would reduce consumption to the
extent possible and try to pass higher fuel costs to cus-
tomers, who would then look for alternative means to
transport goods.

In 2006, the quantity of fuel actually needed for vehicles
requiring ULSD will be much less than the required 80
percent of diesel production. If it becomes apparent that
the supply is inadequate, or that markets are becoming
tight, additional low-sulfur diesel supplies could
become available if the required proportion of ULSD
production were reduced. Allowing more 500 ppm die-
sel into the highway market could alleviate some of the
stress on the market. If the requirement were 70 percent
instead of 80 percent, for example, the demand estimates
shown in Table 8 would be reduced by 217,000 to 253,000
barrels per day, enough to eliminate the shortfalls indi-
cated except for Demand A in Scenario 1 and the highest
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demand estimate across all scenarios. However, a lower
requirement for ULSD production would reduce retail
availability for the vehicles that require ULSD. Other
responses providing greater flexibility, increasing par-
ticipation, and encouraging technological improve-
ments would also help to alleviate supply concerns.112

Given the variety of responses, it is difficult to know the
magnitude or duration of a possible tight market situa-
tion. Supply shifts and demand responses would
require time before the effect would be felt. It would take
time for additional imports to enter the market, and
importers would have to believe that prices would
remain high enough for long enough to make it worth-
while to divert supplies from other markets.

Summary

Whether there will be adequate supply is one of the key
questions raised by the House Committee on Science in
its request for analysis. To assess the supply situation
during the transition to ULSD in 2006, cost curves and
estimates of ULSD supply are developed based on

refinery-specific analysis of investment requirements.
Supply is estimated for four scenarios of investment
behavior, and a range of demand is projected for com-
parison with the supply curves. In addition, two other
sets of supply sensitivities are provided, assuming
higher capital costs and higher required return on
investment.

Supply scenarios that assume more cautious investment
indicate inadequate supply compared with the demand
levels projected in the Annual Energy Outlook 2001. Only
more aggressive investment scenarios or lower demand
cenarios show adequate supply to meet estimated
demand. The two sets of supply sensitivities show even
lower production estimates than the initial set. This indi-
cates the possibility of a tight market supply situation
when the ULSD Rule takes effect in 2006. While consid-
erable uncertainty exists in both the supply and demand
estimates, this analysis indicates that even though the
market could see supply meet demand at a cost increase
for production between 5.4 and 7.6 cents per gallon,
there are a number of scenarios in which inadequate
supply of ULSD could result.
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Table 12.  Supply and Demand Estimates in the 10% Return on Investment  Sensitivity Case, 2006
(Thousand Barrels per Day)

Demand Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,702 1,760 1,912 2,078

Number of Refineries Producing ULSD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 61 63 71

Differences Between Supply and Demand

Small Refiner Option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,533 -831 -773 -621 -455

Small Refiner and Temporary Compliance Options . . . . . . . . . . . . . . . . 2,026 -325 -266 -114 51

Small Refiner and Temporary Compliance Options with Imports . . . . . . 1,946 -245 -186 -34 131

Highway Use Only, Small Refiner and Temporary Compliance Options
with Imports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,662 39 97 249 415

Highway Use Only, Small Refiner and Temporary Compliance Options
with Higher Imports. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,626 75 133 285 451

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling Sytem, run DSU7INV.D043001A.

Table 11.  Supply and Demand Estimates in the Higher Capital Cost Sensitivity Case, 2006
(Thousand Barrels per Day)

Demand Scenario 1 Scenario 2 Scenario 3 Scenario 4

Total Supply . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,721 1,782 1,897 2,118

Number of Refineries Producing ULSD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 61 61 72

Differences Between Supply and Demand

Small Refiner Option. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2,533 -812 -751 -636 -415

Small Refiner and Temporary Compliance Options . . . . . . . . . . . . . . . . 2,026 -305 -244 -130 92

Small Refiner and Temporary Compliance Options with Imports . . . . . . 1,946 -225 -164 -50 172

Highway Use Only, Small Refiner and Temporary Compliance Options
with Imports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,662 58 119 234 455

Highway Use Only, Small Refiner and Temporary Compliance Options
with Higher Imports. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,626 94 155 270 491

Sources: Cost curve scenarios: Appendix D. Demand estimates: National Energy Modeling Sytem, run DSU7INV.D043001A.

112Short-term responses are possible, such as the regulatory response that took place when the 500 ppm diesel fuel requirements came
into effect on October 1, 1993. As a result of localized outages and price spikes, the EPA sent a letter to marketers and major consumers of
diesel fuel granting “enforcement discretion” in cases of extreme difficulty in obtaining supplies, extending through October 22, 1993.



6. Mid-Term Analysis of ULSD Regulations

Assumptions

The National Energy Modeling System (NEMS) was
used to perform petroleum market analysis of the
impact of new requirements for ultra-low-sulfur diesel
fuel (ULSD) from 2007 through 2015. The Petroleum
Market Module (PMM) of NEMS were modified to pro-
duce a ULSD Regulation case. Analysis of the Regula-
tion case focuses on changes relative to a reference case
using the oil price and macroeconomic assumptions of
the Annual Energy Outlook 2001 (AEO2001) reference
case but including some adjustments to provide a more
accurate reflection of the diesel fuel market. The differ-
ences between the reference case for this study and the
AEO2001 reference case are discussed in Appendix B.

The projected investment costs and average marginal
prices resulting from the NEMS analysis represent the
investment and price levels necessary to meet all
demand requirements under the new ULSD Rule. As
discussed in Chapter 5, some refiners may choose to
drop out of the highway diesel market or even close
down instead of investing for compliance with the Rule.
ULSD supply could be inadequate in the short term if
enough refineries chose to forgo investment. The NEMS
analysis does not capture this uncertainty of supply,
because NEMS is a long-run equilibrium model. By defi-
nition, the NEMS analysis projects the level of domestic
production and imports necessary to meet all demand
requirements. As a result, the NEMS analysis reflects
more aggressive investment behavior than that por-
trayed for individual refiners in the short-term analysis.

The NEMS analysis reflects the “80/20” rule, which
requires the production of 80 percent ULSD and 20 per-
cent 500 ppm highway diesel between June 2006 and
June 2010, and a 100 percent requirement for ULSD after
June 2010. Because each model region acts as a single
unit, the provision of the ULSD Rule allowing small
refiners, which account for about 5 percent of current
highway diesel production, to delay investment until
June 2010 is not modeled explicitly. However, the pro-
duction requirements are adjusted downward by 4 per-
cent to reflect an assumption that most small refiners
will choose to delay investment.113

The requirement for 80 percent ULSD is not phased in
and begins on June 1, 2006. Therefore, the full market
impact of the requirement can be expected to occur at
that time. Because NEMS is an annual average model,
the full economic impact of the 80/20 rule cannot be seen
until 2007. In the same manner, projections for 2011 rep-
resent the first full year of 100 percent ULSD compliance.
The results for 2010 reflect a partial year at the 80 percent
requirement and a partial year at the 100 percent
requirement. For the purpose of assessing the market
impacts of the new ULSD requirements, 2007 will be dis-
cussed as the first full year of the 80/20 requirement, and
2011 will be discussed as the 100 percent requirement.

The House Committee on Science requested that, if prac-
tical, the EIA analysis use the same assumptions as those
used by the U.S. Environmental Protection Agency
(EPA) in its Regulatory Impact Analysis (RIA). The
assumptions are compared in Table 13. The Regulation
case for this study is based on the following
assumptions:

• Highway diesel at the refinery gate will contain a
maximum of 7 parts per million (ppm) sulfur.
Although sulfur content is limited to 15 ppm at the
pump, there is a general consensus that refineries
will need to produce diesel somewhat below 10 ppm
in order to allow for contamination during the distri-
bution process. The EPA assumed in its RIA that
refineries would produce highway diesel at 7 ppm.

• The capital costs for the distillate hydrotreaters
reflected in NEMS are $1,331 per barrel per day for a
notional 25,000 barrel per day unit that processes
low-sulfur feed streams with incidental dearomati-
zation, and $1,849 per barrel per day for a second,
10,000 barrel per day unit that processes higher sul-
fur feed streams with greater aromatics improve-
ment. A range of capital costs from a number of other
studies is provided in Chapter 7. Because of differ-
ences in methodology, the sets of capital costs are not
directly comparable. For instance, the EPA esti-
mated the capital cost for a new distillate hydro-
treater to range from $1,240 per barrel per day to
$1,680 per barrel per day, but those estimates
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113In its Regulatory Impact Analysis, the U.S. EnvironmentalProtection Agency included investment by small refineries in cost esti-
mates for full compliance but not for the transition period. See U.S. Environmental Protection Agency, Regulatory Impact Analysis:
Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000).



are associated with units processing 100 percent
straight-run distillate and 100 percent light cycle oil,
respectively.114

• Revamping (retrofitting) existing units to produce
ULSD will be undertaken by refineries representing
80 percent of highway diesel production; the remain-
ing refineries will build new units. Other analyses
have assumed 60 percent revamps and 40 percent
new builds, but the assumption of 80 percent
revamps and 20 percent new units was used in the
EPA’s RIA. The capital cost of a revamp is assumed
to be 50 percent of the cost of new equipment, which
is consistent with the EPA analysis.

• The total amount of ULSD downgraded to a lower
value product because of sulfur contamination in the
distribution system is assumed to be 4.4 percent, an
increase of 2.2 percent from the reference case. This
assumption is based on the EPA’s assessment that
2.2 percent of diesel fuel is currently downgraded
and its assumption that the amount of downgrade

will double with the new Rule. This downgrade
assumption is associated with considerable uncer-
tainty, because EPA’s estimate of current down-
grade was not based on a scientific survey. The
EPA’s estimation methodology was based on a sur-
vey by the Association of Oil Pipelines, in which six
respondents provided estimates of the current diesel
fuel downgrade, ranging from 0.2 percent to 10.2
percent.

• The costs associated with ULSD distribution are
based in part on EPA assumptions and in part on
NEMS results. This analysis uses the EPA’s capital
cost estimate of 0.7 cents per gallon for additional
storage tanks to handle ULSD during the transition
period. The capital expenditures are assumed to be
fully amortized during the transition period. The
ULSD Rule is assumed to increase the operating
costs for distribution by 0.2 cents per gallon over the
entire period. In addition, the EPA estimated a reve-
nue loss of 0.2 to 0.3 cents per gallon for all highway
diesel as a result of product downgrades. For this
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Table 13.  Comparison of EIA and EPA Assumptions
Parameter EPA EIA Sensitivity Analyzed

Sulfur Content at Refinery 7 ppm 7 ppm None

Capital Costs for New Diesel
Hydrotreaters

$1,240-$1,680 per barrel per daya $1,331-$1,849 per barrel per dayb $1,655-$2,493 per barrel per dayb

Percent of Production from
Revamped Equipment

80 percent 80 percent 66.7 percent

Total Percentage of
Downgraded ULSD

4.4 percent total 4.4 percent total 10 percent total

Revenue Loss Associated with
Downgrade

0.2 to 0.3 cents per gallon for all
highway diesel

0.2 to 0.3 cents per gallon ULSD
based on model results

0.7 cents per gallon ULSD based
on model results for 10 percent
downgrade

Capital Cost for Distributing
Two Highway Diesels
(Excluding Above Revenue
Loss)

0.7 cents per gallon through 2010 0.7 cents per gallon through 2010 None

Lubricity Additives 0.2 cents per gallon 0.2 cents per gallon None

Loss of Energy Content 0 percent 0.5 percent 1.8 percent

Yield Loss 1.3 percent yield loss (weight) at a
cost of 0.1 to 0.2 cents per gallon

Variable model result (about 1.5
percent by volume)

Variable model result (about 1.5
percent by volume)

Loss of Fuel Efficiency None None 4 percent loss starting in 2010,
phased out by 2015

Change in Non-Road Diesel
Standards

None None None

Change in Other Highway
Diesel Properties

None None None

Import Availability Not studied Same as reference No imports

Return on Investment 7% before tax
(estimated 5.2% after tax)

5.2% after tax 10% after tax

aThe low end of the range is for straight-run distillate; the high end is for light cycle oil.
bThe low end of the range is for units processing low-sulfur feed with incidental dearomatization; the high end is for higher sulfur feeds with greater

aromatics improvement.
Sources: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel

Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), and Energy Information Administration, Office of Integrated Anal-
ysis and Forecasting.

114U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Table V.C-9.



analysis, the revenue loss estimate is based on NEMS
model results, at 0.3 cents per gallon of ULSD during
the transition period and 0.2 cents per gallon after
2010.

• A cost of 0.2 cents per gallon is assumed for the addi-
tion of lubricity additives, consistent with estimates
by the EPA and with industry analyses. Lubricity
additives are needed to compensate for the reduc-
tion of aromatics and high-molecular-weight hydro-
carbons stripped away by the severe hydrotreating
used in the desulfurization process.

• The energy content of ULSD is assumed to decline by
0.5 percent, because undercutting and severe
desulfurization will result in a lighter stream compo-
sition than that for 500 ppm diesel. The EPA’s analy-
sis made no explicit adjustment to the energy content
of diesel fuel but estimated a cost associated with a
1.3-percent (by weight) loss of yield. In the NEMS
analysis, the yield loss is a variable model result
(generally around 1.5 percent by volume). The
National Petrochemical and Refining Association
(NPRA) quoted a range of 1 to 4 percent energy loss
in comments to the rulemaking docket. NPRA also
estimated a yield loss of 1 to 5 percent.

• In accordance with the EPA’s RIA, changes to engine
after-treatment devices are assumed to result in no
loss of fuel efficiency. Discussions with some engine
and emission control technology manufacturers
indicated considerable uncertainty about this
assumption.

• No change in the sulfur level of non-road diesel is
assumed. The EPA analysis of ULSD reflects no
change in non-road standards, although the EPA is
in the process of promulgating “Tier 3” non-road
engine emission limits around 2005 or 2006, which
are expected to be linked to sulfur reduction for
non-road diesel fuel.115 The level of sulfur reduction
required for Tier 3 vehicles is highly uncertain
because of the diversity of the non-road market.

• No changes to other highway diesel specifications,
such as aromatics or cetane, are assumed. Some
refiners anticipate changes to these parameters in the
future because of their relationship to emissions of
particulate matter (PM). The State of California
already limits aromatics to 10 percent by volume,
which is reflected in this analysis. Proposals for simi-
lar requirements in other States are not included.

• Imports of diesel meeting the new ULSD standard
are assumed to be available to U.S. markets, but the
level of imports relative to the level of product sup-
plied by refineries in the United States is a model
result. Refineries in Canada, Northern Europe, and
the Caribbean Basin (including Venezuela) are
assumed to make upgrades to produce diesel fuel
meeting the 15 ppm sulfur cap for 2006. Canada is
moving forward with plans to harmonize with diesel
regulations in the United States. European refiners
will reduce diesel sulfur to 50 ppm for a new Euro-
pean standard in 2005. Some isolated European pro-
duction of diesel meeting the ULSD standard is
assumed, due to tax incentives for 10 ppm diesel in
some markets.116 In order to divert ULSD from Euro-
pean markets, prices in the United States would have
to exceed the tax incentives plus shipping costs. In
2000 less than 5 percent of U.S. imports of highway
diesel came from Europe.

• In accordance with the EPA’s RIA, the before-tax
rate of return on investment is assumed to be 7 per-
cent. Between 1977 and 1999 the combined before-
tax return on investment for refiners and marketers
averaged 7 percent, which is equivalent to a 5.2-
percent after-tax rate.117 Because NEMS operates on
an after-tax basis, the 5.2-percent rate is used in the
model. Most of the studies compared in Chapter 7
assumed a 10-percent after-tax return on investment.

The Committee indicated that this analysis was to be as
consistent as possible with the assumptions underlying
the EPA’s RIA, and that sensitivity analysis should be
provided for assumptions that diverge significantly
from those in other studies or from expectations of
industry experts.118 In addition to the Regulation case,
this report provides sensitivity analyses for five assump-
tions associated with a greater uncertainty, for a Severe
case that combines the assumptions of the five individ-
ual sensitivities, for a No Imports case, and for a 10%
Return on Investment case:

• In the Higher Capital Cost case, the capital cost of the
first notional hydrotreater is 24 percent higher than
in the Regulation case, and the capital cost of the sec-
ond notional unit is 33 percent higher.119

• In the 2/3 Revamp case, two-thirds of upgrades at
refineries are assumed to be accomplished by retro-
fitting existing equipment and one-third by con-
struction of new units. With the exception of the

Energy Information Administration / Transition to Ultra-Low-Sulfur Diesel Fuel 53

115U.S. Environmental Protection Agency, Reducing Air Pollution from Non-road Engines, EPA420-F-00-048 (Washington, DC, November
2000), p. 3.

116Germany and the United Kingdom have proposed tax incentives for sales of 10 ppm diesel.
117Based on financial information from Form EIA-28 (Financial Reporting System).
118EIA did not assess the validity of these asumptions.
119The capital costs used in this case are based on recent work by EnSys, with revisions based on correspondence with Mr. Martin Tallett,

April 23, 2001.



EPA, all other cost analyses for ULSD have used an
assumption of 60 percent revamps and 40 percent
new units. The two-thirds revamp assumption was
developed from EIA’s individual refinery analysis
(see Chapter 5 and Appendix D).

• In the 10% Downgrade case, a total of 10 percent of
the 15 ppm diesel is assumed to be downgraded to a
lower value product because of contamination with
higher sulfur products in the distribution system.
Before 2010 the contaminated product is assumed to
be downgraded to 500 ppm highway diesel and does
not result in additional production of 15 ppm high-
way diesel. After 2010, when all highway diesel must
meet the 15 ppm sulfur standard, refineries must
produce an extra 7.8 percent of highway diesel above
the reference case level, which will be sold as
non-road diesel or heating oil. The EPA assumption
of 4.4 percent total downgrade after the ULSD Rule
takes effect in June 2006 (2.2 percent higher than in
the reference case) is on the low end of downgrade
estimates, which range up to 17.5 percent by Turner
Mason.

• In the 4% Efficiency Loss case, manufacturers are
assumed to meet the emissions requirements by
installing after-treatment technology on new vehi-
cles beginning in 2010, resulting in a 4-percent loss of
fuel efficiency. The loss in new vehicle efficiency is
assumed to be fully phased out by 2015 as a result of
technological improvements.120

• In the 1.8% Energy Loss case, a greater loss of energy
content is assumed than in the Regulation case,
which assumed a 0.5-percent loss. The loss of energy
content is associated with more severe undercutting
and desulfurization due to heavier crude oil
inputs.121

• The Severe case combines the assumptions of the
four sensitivity cases above. This scenario is more in
line with the assumptions used by alternative stud-
ies related to ULSD than with the EPA’s RIA.

• The No Imports case assumes that no foreign
imports of ULSD will be available. This assumption
is not included in the Severe case because it is consid-
ered to be relatively unlikely. The greatest uncer-
tainty for import availability is likely to occur in the
early years of the program because foreign refiners
may delay investment until the market outlook for

ULSD is more certain. Thus far, only Canada has
announced its intent to align with the final U.S. level
and timing for reducing sulfur in highway diesel
fuel.122 Environment Canada expects to launch a
public consultation process in the next few months
to facilitate the rulemaking, which is similar to the
U.S. ULSD Rule while taking into account issues
unique to the Canadian market.123

• The 10% Return on Investment case uses the after-tax
rate of return assumed by most other studies (10 per-
cent), which is higher than the 5.2-percent after-tax
rate used in the Regulation and other sensitivities,
consistent with the EPA’s assumption.

Although the assumption of non-road diesel sulfur con-
tent is also highly uncertain, a sensitivity analysis would
have required significant changes to the model structure
and was not within the scope of this study. Sensitivity
analysis of other diesel properties was also beyond the
scope of the study.

Results

Discussions of all results are framed in terms of changes
from the reference case. In the Regulation case and in all
the sensitivity cases, projections for 2007 reflect the first
full year of the program at 80 percent ULSD and 20 per-
cent 500 ppm highway diesel, and 2011 reflects the first
full year of 100 percent ULSD. During the years requir-
ing 80 percent ULSD, the reference case and sensitivity
cases project that the greatest price increase will occur in
2007, because all investment for compliance with the
“80/20” provision of the ULSD Rule must be met by that
time. Similarly, a second peak in marginal prices is pro-
jected in 2011, because all investment for full compliance
with the Rule must be in place by that time. Year-to-year
variations in marginal prices can reflect differences in
levels of demand for diesel and other products, oil price
projections, the economics of domestic production ver-
sus imports, and other factors.

In the reference case, demand for transportation distil-
late (highway diesel) is projected to increase by 2.5 per-
cent per year from 1999 to 2015. In the Regulation case,
highway diesel demand is projected to grow at a slightly
higher rate of 2.6 percent per year for the same period,
largely due to the 2.2 percent additional (4.4 percent
total) downgrades of highway diesel in the distribution
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120This assumption is based on interviews with engine and technology manufacturers. Although this case reflects a scenario in which
losses in efficiency from emission contol are not overcome by new technology, the considerable time available for research and development
may provide government and industry ample time to resolve the fuel efficiency loss issues associated with advanced emission control tech-
nologies.

121The National Petrochemical and Refining Association provided data indicating that energy loss may be greater than assumed by the
EPA. Letter from Terrence S. Higgins to James M. Kendell, February 8, 2001.

122Public Works and Government Services Canada, Canada Gazette, Vol. 135, No. 7 (February 17, 2001), p. 454.
123Maureen Monaghan, Natural Resources Canada, “Canadian Sulfur Standards for Gasoline and Diesel Sulfur,” presentation to the

U.S. Department of Energy (March 12, 2001).



system. In other words, the additional downgrades
must be offset by more ULSD production after 2010. The
effect of downgrades is more pronounced in the 10%
Downgrade case and the Severe case, where highway
diesel demand is projected to increase by 2.9 percent and
3.1 percent per year, respectively, from 1999 to 2015.

Regulation Case
In the Regulation case, cumulative investment in distil-
late hydrotreating and hydrogen units is projected to be
$4.2 billion higher than projected in the reference case in
2007 and $6.3 billion higher in 2011, when upgrades for
meeting full compliance with the ULSD Rule will be
complete (Table 14). In the early part of the transition
period, upgrades for making ULSD may be constrained
by specialized workforce and manufacturing limitations
and access to capital, all of which will be in competition
with projects for meeting the requirements for low-
sulfur gasoline (see Chapter 3). The projected $2.1 billion
in investment between 2007 and 2011 reflects expendi-
tures for meeting expectations of growing demand for
highway diesel, in addition to full compliance with the
Rule. After 2011, incremental upgrades to meet future
distillate demand are projected to continue, resulting in
another $0.5 billion of investment in desulfurization
equipment by 2015.

The Regulation case results in an increase in the mar-
ginal annual pump price for ULSD of 6.5 to 7.2 cents per
gallon between 2007 and 2011 (Table 15). The peak dif-
ferential is projected to occur in 2011, when all refiners
must produce 100 percent ULSD. The projected differen-
tial declines after 2011, reaching 5.1 cents per gallon in
2015. About 0.7 cents of this decline is the result of no
longer needing to include EPA’s estimate of additional
capital investments for distribution and storage of a sec-
ond highway diesel fuel during the transition period. A
drop in capital expenses for distribution systems occurs
after 2010 as a reflection of the EPA’s assumption that
these investments will be fully amortized during the
transition period. The remainder of the drop in the
post-2011 differential occurs because refineries are
expected to have completed the upgrades necessary for
full compliance, and to be making incremental improve-
ments that will make ULSD production less challenging.
A similar decline in the price differential also occurs in
all the sensitivity cases.

Through 2010, the Regulation case projections for high-
way diesel consumption exceed the reference case levels
by up to 10,000 barrels per day, which can be attributed
to the assumption of 0.5 percent loss in energy content.
In 2011, the differential in consumption increases to
83,000 barrels per day, due mostly to the downgrade of
2.2 percent of ULSD to lower value non-road markets.

In a refinery, the impact of a change in the makeup or
production level of a product can filter through to other

products, because it changes the mix of total refinery
production. The ULSD Rule is projected to result in
slightly lower yields of higher sulfur distillate used for
non-road and heating purposes, because its production
is replaced by ULSD that is produced by refineries but is
downgraded to higher sulfur products in the distribu-
tion system. The availability of the downgraded ULSD
reduces the projected prices for high-sulfur distillate by
about 1 cent per gallon relative to the reference case. The
analysis revealed no clear trends for other distillate
products as a result of the ULSD Rule.

Higher Capital Cost Case
Because of limited experience in producing diesel con-
taining less than 10 ppm sulfur, the capital costs for
hydrotreaters able to mass produce ULSD are uncertain.
The Higher Capital Cost case results in refinery invest-
ment for hydrogen and distillate hydrotreating units
totaling $5.4 billion in 2007, which is $1.2 billion above
the Regulation case level. By 2011 the Higher Capital
Cost case is projected to require $7.8 billion of invest-
ment, $1.5 billion more than in the Regulation case. The
higher investment costs translate to a higher projected
price path for ULSD. Relative to the reference case, price
differentials are projected to range from 7.5 to 7.8 cents
per gallon between 2007 to 2010, peaking at 8.1 cents per
gallon in 2011, the first full year of full compliance. These
prices are 0.8 cents per gallon higher on average than
those in the Regulation case.

2/3 Revamp Case
The 2/3 Revamp case results in a higher projected price
path for ULSD, with price differentials ranging from 6.9
to 7.6 cents per gallon higher than in the reference case
from 2007 to 2011. Prices are generally higher than in the
Regulation case, with the differential between the two
cases at its widest in 2011 at 0.4 cents per gallon. The 2/3
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Table 14.  Variation from Reference Case
Projections of Cumulative Capital
Expenditures for Hydrogen and Distillate
Hydrotreating Units in EIA Sensitivity
Cases, 2007, 2010, and 2015
(Billion 1999 Dollars)

Analysis Case 2007 2010 2015

Regulation. . . . . . . . . . . . . 4.2 6.3 6.8

Higher Capital Cost. . . . . . 5.4 7.8 8.8

2/3 Revamp. . . . . . . . . . . . 4.6 6.9 7.6

10% Downgrade . . . . . . . . 4.2 6.7 7.3

4% Efficiency Loss . . . . . . 4.2 6.3 6.9

1.8% Energy Loss. . . . . . . 4.2 6.3 6.9

Severe. . . . . . . . . . . . . . . . 5.9 9.3 10.5

No Imports . . . . . . . . . . . . 4.4 6.5 7.0

Source: National Energy Modeling System, runs DSUREF. D043001B,
DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A,
DSU7DG10.D043001A, DSU7TRN.D043001A, DSU7BTU.D043001A,
DSU7ALL.D050101A, and DSU7IMP0.D043001A.



Revamp case reflects greater reliance on new equipment
than in the Regulation case, resulting in an additional
$600 million of investment for full compliance in 2011.

10% Downgrade Case
The 10% Downgrade case reflects a net downgrade
increase of 7.8 percent over the reference case and 5.6
percent over the Regulation case. Total highway diesel
consumption increases by up to 10,000 barrels per day in
the transition period in both the 10% Downgrade case
and the Regulation case. After 2010, the 10% Downgrade
case results in an additional 289,000 barrels per day of
highway diesel consumption, compared with an addi-
tional 83,000 barrels per day in the Regulation case. The
greatest impact from downgrade in either the 10%
Downgrade or Regulation case on refiners and consum-
ers occurs after 2011, because until that time the contam-
inated product can be downgraded to 500 ppm highway
diesel with no net increase in highway diesel produc-
tion. Because all highway diesel supplied must meet the
15 ppm sulfur cap in June 2010, ULSD exceeding 15 ppm
sulfur at some point in the distribution system must be
downgraded to non-road markets and must be offset by

additional ULSD production after 2010. This means that
refiners must produce 212,000 barrels per day more
ULSD after 2010 than in the Regulation case, which
translates to an additional $500 million of investment by
2015.

Aside from the impacts on ULSD on demand and refin-
ery investment, the 10% Downgrade case has implica-
tions for the economics of pipelines and marketers,
because they incur a revenue loss when a portion of the
ULSD going into the system comes out of the system as a
lower value product. Table 16 shows the costs associated
with ULSD distribution in the Regulation and 10%
Downgrade cases. The capital costs, which are assumed
to be the same in both cases, reflect additional infrastruc-
ture required for carrying a second highway diesel
product during the transition period. The estimate for
capital expenditures was taken from the EPA’s RIA and
is fully amortized over the transition period. The addi-
tional annual diesel fuel distribution costs in the Regula-
tion case differ slightly from the EPA estimates (see
Table 26 in Chapter 7), because different revenue losses
associated with product downgrade are assumed.
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Table 15.  Variations from Reference Case Projections in the Regulation and Sensitivity Analysis Cases,
2007-2015

Analysis Case 2007 2008 2009 2010 2011 2015
2007-2010
Average

2011-2015
Average

Difference Between End-Use Prices of ULSD and 500 ppm Diesel (1999 Cents per Gallon)a

Regulation . . . . . . . . . . . . 7.0 6.7 6.5 6.8 7.2 5.1 6.8 5.4
Higher Capital Cost . . . . . 7.8 7.6 7.5 7.6 8.1 5.8 7.6 6.2
2/3 Revamp . . . . . . . . . . . 7.3 6.9 6.9 7.1 7.6 5.4 7.1 5.7
10% Downgrade. . . . . . . . 7.4 7.1 6.8 7.2 9.1 5.7 7.2 6.4
4% Efficiency Loss . . . . . . 7.0 6.7 6.5 6.9 7.3 5.3 6.8 5.7
1.8% Energy Loss . . . . . . 7.3 7.0 6.6 6.9 7.4 5.2 7.0 5.5
Severe . . . . . . . . . . . . . . . 8.8 8.4 8.4 8.6 10.7 6.8 8.6 7.4
No Imports . . . . . . . . . . . . 8.6 8.1 7.8 8.0 8.8 6.2 8.1 6.8

Total Highway Diesel Fuel Consumption (Thousand Barrels per Day)
Regulation . . . . . . . . . . . . 10 10 8 8 83 85 9 83
Higher Capital Cost . . . . . 10 9 8 7 82 83 9 82
2/3 Revamp . . . . . . . . . . . 10 10 8 8 82 84 9 82
10% Downgrade. . . . . . . . 10 10 8 8 289 303 9 295
4% Efficiency Loss . . . . . . 10 10 8 19 103 108 12 107
1.8% Energy Loss . . . . . . 41 41 39 47 127 131 42 128
Severe . . . . . . . . . . . . . . . 41 40 39 57 355 374 44 366
No Imports . . . . . . . . . . . . 10 9 7 7 81 83 8 81

Total Imports of Highway Diesel Fuel (Thousand Barrels per Day)
Regulation . . . . . . . . . . . . -36 -1 -1 0 0 0 -10 0
Higher Capital Cost . . . . . -36 -1 -1 0 0 0 -10 0
2/3 Revamp . . . . . . . . . . . -36 -1 -1 0 0 0 -10 0
10% Downgrade. . . . . . . . -36 -1 -1 0 0 0 -10 0
4% Efficiency Loss . . . . . . -36 -1 -1 0 0 0 -10 0
1.8% Energy Loss . . . . . . -36 -1 -1 0 0 0 -10 0
Severe . . . . . . . . . . . . . . . -36 -1 -1 0 0 0 -10 0
No Imports . . . . . . . . . . . . -120 -125 -125 -125 -125 -125 -124 -125
aEnd-use prices include marginal refinery gate prices, distribution costs, and Federal and State taxes but exclude county and local taxes.
Source: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A,

DSU7DG10.D043001A, DSU7TRN.D043001A, DSU7BTU.D043001A, DSU7ALL.D050101A, and DSU7IMP0.D043001A.



4% Efficiency Loss Case
The 4% Efficiency Loss case reflects an expectation, by
some engine and emission technology manufacturers,
that emission requirements for new heavy-duty vehicles
in 2010 will be met by installing after-treatment technol-
ogy, which could result in a 4-percent loss of fuel effi-
ciency. Technological improvements are assumed to
fully offset the loss in fuel efficiency of new vehicles by
2015.124 The combined impact of the ULSD requirement
and less efficient new vehicles results in 19,000 barrels
per day of additional highway diesel consumption in
2010 and 107,000 barrels per day in 2011 through 2015.
The introduction of less fuel-efficient vehicles accounts
for 11,000 barrels per day of the additional demand in
2010 and 24,000 barrels per day of demand after 2010.
Refiners are projected to invest an additional $100 mil-
lion dollars through 2015 relative to the Regulation case
to provide for the slightly higher diesel demand.

The additional demand for highway diesel results in
prices that are 5.7 cents per gallon above reference case
prices on average between 2011 and 2015. This differen-
tial is 0.3 cents higher than when no fuel efficiency loss is
assumed. Owners of vehicles purchased between 2010
and 2015 would see the greatest impact under this case,
because diesel vehicles of that vintage would consume
relatively more diesel fuel.

1.8% Energy Loss Case
Due to changes in refinery processing, ULSD is expected
to have slightly less energy content than 500 ppm diesel.
The 1.8% Energy Loss case reflects a greater loss of
energy content than the Regulation case, which assumes

a 0.5-percent loss per barrel. This case results in an aver-
age increase in ULSD consumption of 42,000 barrels per
day between 2007 and 2010. Due to the 100 percent
ULSD requirement, the impact of the lower energy con-
tent is greatest after 2010 when it widens to 128,000 bar-
rels per day. Relative to the Regulation case, the 1.8%
Energy Loss case results in an average of 33,000 barrels
per day of additional demand through 2010 and 45,000
barrels per day after full compliance. This additional
demand does not change refinery investment patterns
relative to the Regulation case, because it can be pro-
vided through higher utilization rates.

The price differentials from the reference case average
7.0 cents per gallon between 2007 and 2010 and 5.5 cents
per gallon between 2011 and 2015. In anticipation of
higher demand, refineries are expected to build slightly
more capacity in the transition period than they would
in the Regulation case. Because of the slightly different
investment pattern, prices in the 1.8% Energy Loss case
are 0.2 cents per gallon higher than in the Regulation
case on average through 2010 and comparable to Regu-
lation case prices after 2010.

Severe Case
In the Severe case, the ULSD requirement in combina-
tion with the five sensitivity assumptions results in an
average of 44,000 barrels per day of additional highway
diesel consumption between 2007 and 2010 and an aver-
age of 366,000 barrels per day of additional demand
between 2011 and 2015. The ULSD regulation by itself
accounts for about 9,000 barrels per day of the additional
consumption through 2010 and about 83,000 barrels
per day after 2010. The combined effect of the five
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Table 16.  Variations from Reference Case Projections of Fuel Distribution Costs in the Regulation and
10% Downgrade Cases
(1999 Cents per Gallon)

Analysis Case
and Cost Component

Average Annual Cost,
June 2006 - June 2010

Average Annual Cost
After June 1, 2010

Regulation

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2a 0.4a

Capital Costs . . . . . . . . . . . . . . . . . . . . . . . . 0.7 0.0

Operating Costs . . . . . . . . . . . . . . . . . . . . . . 0.2 0.2

Downgrade Revenue Loss . . . . . . . . . . . . . . 0.3 0.2

10% Downgrade

Total . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 0.9

Capital Costs . . . . . . . . . . . . . . . . . . . . . . . . 0.7 0.0

Operating Costs . . . . . . . . . . . . . . . . . . . . . . 0.2 0.2

Downgrade Revenue Loss . . . . . . . . . . . . . . 0.7 0.7
aThe additional annual diesel fuel distribution costs in the Regulation case differ slightly from the EPA estimates (see Table 26 in Chapter 7),

because different revenue losses associated with product downgrade are assumed.
Sources: Capital Costs and Operating Costs: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and

Vehicle Standards and Highway Diesel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site
www.epa.gov/otaq/regs/hd2007/frm/ria-v.pdf. Operating Costs include operating, existing mix, transmix, and testing cost estimates. Downgrade
Revenue Loss: Energy Information Administration, Office of Integrated Analysis and Forecasting, based on projected price differentials for ULSD
versus 500 ppm diesel.

124This assumption is based on interviews with engine and technology manufacturers.



assumptions raises demand beyond that in the Regula-
tion case by about 35,000 barrels per day through 2010
and by about 283,000 barrels per day after 2010. The
higher downgrade assumption accounts for about
212,000 barrels of the additional demand after 2010. The
Severe case results in a projected increase in refinery
investments for hydrogen and distillate hydrotreating
totaling $9.3 billion in 2011, $3.0 billion more than in the
Regulation case. Higher demand in the Severe case
results in marginal prices 1.7 to 3.5 cents per gallon
above those in the Regulation case.

No Imports Case
In 1999, 87 percent of all imports of highway diesel went
to PADD I (the East Coast), which is less self-sufficient
than other regions in terms of refinery production. The
East Coast is expected to continue to be the major market
for imported highway diesel; however, a slight reduc-
tion in imports is projected under the ULSD Rule,
because it is more economical for domestic refiners to
provide the last barrel supplied. The No Imports case
assumes that imports of highway diesel fuel are zero
and, therefore, 120,000 to 125,000 barrels per day lower
than projected in the reference case. The lack of imports
means that domestic refineries must produce that much
more ULSD. During the transition years, prices in the No
Imports case are only slightly lower than in the Severe
case, indicating the sensitivity of the market to imports.
The requirement for more production results in mar-
ginal prices 1.1 to 1.6 cents per gallon higher than in the
Regulation case. The higher prices in the No Imports
case result in a slight dampening of demand, by up to
2,000 barrels on average when compared to the Regula-
tion case. When imports of ULSD are not available,
refineries are projected to meet the additional ULSD
requirement by investing an additional $200 million in
desulfurization equipment through 2015, and by reduc-
ing jet fuel production and importing more jet fuel. More
ULSD is also shipped from PADDs II-IV to PADD I to
compensate for the lack of imports.

10% Return On Investment Case
This case assumes that refiners will realize a higher rate
of return than is assumed in the Regulation case and in
all the other sensitivity cases for this analysis, which
assume a 5.2-percent after-tax return on investment.
Because the 10% Return on Investment case must be
compared with an alternative reference case that uses a
consistent rate of return, the projected price differentials
are presented separately from those for the cases that are
compared with the reference case (with a 5.2-percent
after-tax rate (Table 17). The resulting price differentials
range from 7.5 to 8.0 cents per gallon between 2007 and
2011 and are 0.9 cents per gallon higher on average than
when the 5.2-percent after-tax rate is assumed. The dif-
ferent return on investment affects the payback of
investment but does not affect the level of investment.

Regional Variations in Refining Costs
Differences between regional refinery gate prices in the
analysis cases relative to those in the reference case
reflect variations in the marginal costs of producing
ULSD between regions (Table 18). The cost curve analy-
sis described in Chapter 5 indicates that PADD IV,
which contains relatively small refineries, can be
expected to be the highest cost region; however, these
costs are obscured by the aggregate model representa-
tion in NEMS. The Petroleum Market Module provides
refining costs for three separate regions: PADD I (the
East Coast), PADDs II-IV aggregated (mid-U.S.), and
PADD V (the West Coast). In the transition years of the
Regulation case, regional refining costs (excluding dis-
tribution costs) range from an average of 4.8 cents per
gallon in PADD V to 5.3 cents per gallon in the other
regions, with an average U.S. cost of 5.2 cents per gallon.

The relative patterns of regional costs during the transi-
tion period are similar in all the sensitivity cases, with
PADD I as the highest cost region of the three NEMS
regions, PADD V as the lowest cost region, and PADDs
II-IV (and the U.S. average) falling in between. The rela-
tively high ULSD production cost in PADD IV is masked
in the mid-term analysis, because PADD IV is aggre-
gated both with PADD II and with the largest and lowest
cost refining region, PADD III. Average marginal refin-
ing costs generally are expected to fall by about 0.5 to 0.8
cents per gallon after 2011, as refineries make incremen-
tal improvements to meet incremental increases in
demand more efficiently.

Conclusion

The ULSD Rule is projected to require total refinery
investments ranging from $6.3 billion in the Regulation
case to $9.3 billion in the Severe case, resulting in high-
way diesel fuel price increases that range from 6.5 to 10.7
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Table 17.  Variations from Alternative Reference
Case Projections in the 10% Return on
Investment Case, 2007-2015

Year

Difference Between End-Use Prices
of ULSD and 500 ppm Diesel

(1999 Cents per Gallon)a

2007 . . . . . . . . . . . . . . . . 7.9

2008 . . . . . . . . . . . . . . . . 7.5

2009 . . . . . . . . . . . . . . . . 7.6

2010 . . . . . . . . . . . . . . . . 7.7

2011 . . . . . . . . . . . . . . . . 8.0

2015 . . . . . . . . . . . . . . . . 5.7

2007-2010 Average . . . . 7.7

2011-2015 Average . . . . 6.0
aEnd-use prices include marginal refinery gate prices, distribution

costs, and Federal and State taxes but exclude county and local taxes.
Source: NEMS runs DSUREF10.D043001A and DSU7PPM10.

D043001A.



cents per gallon between 2007 and 2011. Because this
analysis is based on results from a long-run equilibrium
model, it does not capture the uncertainty of supply dis-
cussed in Chapter 5. The NEMS analysis reflects more
aggressive investment than is portrayed for individual
refiners in the short-term analysis. In the Regulation
case, which uses many of the EPA’s assumptions, prices
are projected to increase by 6.5 to 7.2 cents per gallon
between 2007 and 2011. The widest price differen-
tial—10.7 cents per gallon in 2011—is projected in the
Severe case, which is based on assumptions more consis-
tent with industry views. This peak price differential is

associated with a requirement for additional ULSD sup-
plies of 272,000 barrels per day above demand levels in
the Regulation case, of which 206,000 barrels per day
results from the 10-percent downgrade assumption.

Because NEMS is a long-run equilibrium model, it can-
not address short-term supply issues; however, the No
Imports case does provide some implications for short-
term supply. When no availability of ULSD grade
imports is assumed, the marginal price of ULSD is pro-
jected to exceed prices reflecting access to imports by
about 1.2 to 1.6 cents per gallon between 2007 and 2011.
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Table 18.  Variations from Reference Case Projections of ULSD Marginal Refinery Gate Prices by Region in
the Regulation and Sensitivity Analysis Cases, 2007-2015
(1999 Cents per Gallon)

Analysis Case and
Producing Region

2007-2010
Average

2011-2015
Average

Analysis Case and
Producing Region

2007-2010
Average

2011-2015
Average

Regulation 4% Efficiency Loss . . .

U.S. Average . . . . . . . . 5.2 4.7 U.S. Average . . . . . . . . 5.2 5.1

PADD I . . . . . . . . . . . . . 5.3 4.8 PADD I . . . . . . . . . . . . . 5.3 5.3

PADDs II-IV . . . . . . . . . 5.3 4.8 PADDs II-IV . . . . . . . . . 5.3 5.2

PADD V . . . . . . . . . . . . 4.8 4.3 PADD V . . . . . . . . . . . . 4.8 4.5

Higher Capital Cost 1.8% Energy Loss . . . .

U.S. Average . . . . . . . . 6.4 5.2 U.S. Average . . . . . . . . 5.5 4.8

PADD I . . . . . . . . . . . . . 6.6 5.5 PADD I . . . . . . . . . . . . . 5.6 5.3

PADDs II-IV . . . . . . . . . 6.6 5.3 PADDs II-IV . . . . . . . . . 5.6 4.9

PADD V . . . . . . . . . . . . 5.4 4.9 PADD V . . . . . . . . . . . . 5.2 4.4

2/3 Revamp Severe . . . . . . . . . . . . . .

U.S. Average . . . . . . . . 5.7 4.9 U.S. Average . . . . . . . . 7.0 6.4

PADD I . . . . . . . . . . . . . 6.0 5.0 PADD I . . . . . . . . . . . . . 7.4 6.8

PADDs II-IV . . . . . . . . . 6.0 5.0 PADDs II-IV . . . . . . . . . 7.4 6.3

PADD V . . . . . . . . . . . . 5.0 4.5 PADD V . . . . . . . . . . . . 5.9 5.2

10% Downgrade No Imports . . . . . . . . . .

U.S. Average . . . . . . . . 5.2 5.2 U.S. Average . . . . . . . . 6.6 6.1

PADD I . . . . . . . . . . . . . 5.3 5.4 PADD I . . . . . . . . . . . . . 6.9 6.8

PADDs II-IV . . . . . . . . . 5.3 5.3 PADDs II-IV . . . . . . . . . 6.9 6.3

PADD V . . . . . . . . . . . . 4.8 4.7 PADD V . . . . . . . . . . . . 4.8 4.3

Source: NEMS runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A, DSU7DG10.D043001A,
DSU7TRN.D043001A, DSU7BTU.D043001A, DSU7ALL.D050101A, and DSU7IMP0.D043001A.



7. Comparison of Studies
on ULSD Production and Distribution

This chapter compares the methodology and results of
the Energy Information Administration’s (EIA’s) analy-
sis with those from a number of other studies related to
ultra-low-sulfur diesel fuel (ULSD) supply and costs.
Refinery costs and investments are compared with other
estimates from studies by the U.S. Environmental Pro-
tection Agency (EPA), Mathpro, the National Petroleum
Council (NPC), Charles River and Associates and Baker
and O’Brien (CRA/BOB), EnSys Energy & Systems, Inc.
(EnSys), and Argonne National Laboratory (ANL).
EIA’s estimates of distribution costs are compared with
estimates from the EPA, ANL, and Turner, Mason and
Company (TMC). A review of an analysis of alternative
markets for diesel fuel components by Muse, Stancil and
Company (MSC) is also provided. All cost estimates in
this chapter have been converted to 1999 dollars.

Analyses of Refining Costs

The refining cost studies reviewed here represent a
range of methodologies and assumptions. An under-
standing of some key terms is important to differentiat-
ing between the methodologies of the various studies.
The studies were based on two general types of method-
ologies: a linear programming (LP) approach used by
Mathpro, NPC, EnSys, DOE, and EIA; and a refin-
ery-by-refinery approach used by CRA, EPA, and EIA.
Within either approach, the studies used different meth-
odologies and made different assumptions that make
them difficult to compare. For instance, two different
types of LP refinery models were used. The Mathpro
analysis used an LP model of a “notional refinery” that
represented an average refinery in a given region. In
contrast, EnSys and EIA used refinery LP models that
represented an aggregate refinery, or all the refineries in
a region acting as one (Tables 19 and 20).

Costs estimated by the different studies are not easy to
compare, because differences in estimation methodolo-
gies make them conceptually different. Both “average”
and “marginal” costs can be based on LP models that

operate as a single firm, or estimated from analysis of
individual refineries. In general, marginal cost estimates
that represent the cost of the last barrel of required sup-
ply can be seen as estimates of market prices. Much of
the variation in investment and cost estimates reflects
different assumptions about the cost of technologies;
return on investment; the extent to which refiners will
modify existing equipment or build entirely new
hydrotreaters; the cost and quantity of additional hydro-
gen required; the extent to which some refineries may
reduce highway diesel production; and the amount of
highway diesel downgraded due to fuel contamination
during distribution.

In EIA’s refinery-by-refinery analysis (cost curves), the
increased cost of producing ULSD in 2006 is estimated to
be between 5.4 and 6.8 cents per gallon. Using the
National Energy Modeling System (NEMS) Petroleum
Market Module (PMM), the increased cost of producing
ULSD is estimated to be between 4.7 and 7.3 cents per
gallon from 2007 to 2010 and between 6.5 and 9.2 cents
per gallon in 2011.125 The estimated additional produc-
tion costs are associated with expected increases in aver-
age marginal price increases at the pump ranging from
6.5 to 8.8 cents per gallon in the transition period and 7.2
to 10.7 cents per gallon in 2011. In the Regulation case,
which uses many of the EPA’s assumptions, prices are
projected to increase by 6.5 to 7.2 cents per gallon
between 2007 and 2011. The widest price differential—
10.7 cents per gallon in 2011—is projected in the Severe
case, which is based on assumptions more consistent
with industry views.

For consistency with the EPA’s analysis, EIA estimates
are based on a 7-percent before-tax return on invest-
ment, which is estimated to equate to a 5.2-percent
after-tax rate of return.126 When a 10-percent after-tax
rate of return, which was used in all the other analyses, is
assumed; the refinery-by-refinery costs are about 0.8 to
1.2 cents per gallon higher than in the Regulation case,
and the NEMS costs are about 0.8 to 1.1 cents per gallon
higher than in the Regulation case.
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125In the NEMS PMM projections, the U.S. price is the average of the marginal prices in the three model regions.
126According to financial information from Form EIA-28 (Financial Reporting System) refiners and marketers averaged a 7-percent

before-tax return on investment between 1977 and 1999.
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Table 19.  Methodologies Used To Estimate ULSD Refining Costs
Author Client Date Methodology

Mathpro Engine Manufacturers Association October 1999; updated August 2000 LP, notional refinery
Original study: PADDs I-III average
cost (aggregated)
Updated study: average cost U.S.
excluding California

EPA December 2000 Refinery-by refinery analysis,
average cost after credit trading

NPC U.S. Department of Energy June 2000 Adjusted Mathpro’s LP results from
original study, average cost

CRA/BOB American Petroleum Institute August 2000 Constructed cost curves using
industry interviews, refinery-by-
refinery analysis, marginal cost of
PADDs I-III aggregated, PADD IV,
PADD V, and U.S.

EnSys U.S. Department of Energy August 2000 LP, aggregate PADD III refinery,
average cost by each quartile of
production, marginal costs provided
for one scenario

ANL U.S. Department of Energy November 2000 Estimated weighted average costs
based on EnSys costs

EIA U.S. House of Representatives,
Committee on Science

April 2001 (1) LP; aggregate regional refineries,
PADDs I, II-IV aggregate, and V;
marginal cost
(2) Cost curves based on individual
refinery data

Sources: EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Die-
sel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/hd2007/frm/
ria-v.pdf. Mathpro: Mathpro, Inc., Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda, MD,
August 2000), Exhibit 8, Case 11. NPC: National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner
Fuels (June 2000), Chapter 3. CRA/BOB: Charles River Associates, Inc., and Baker and O’Brien, Inc., An assessment of the Potential Impacts of
Proposed Environmental Regulations on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000). EnSys: EnSys Energy & Sys-
tems, Inc, Modeling Impacts of Reformulated Diesel Fuel (Flemington, NJ, August 2000). ANL: M.K. Singh, Analysis of the Cost of a Phase-in of 15
ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation Research, Argonne National Laboratory, November 2000). EIA:
Energy Information Administration, Office of Integrated Analysis and Forecasting (Chapters 5 and 6 of this report).

Table 20.  Characteristics of ULSD Cost Studies

Study LP Model

Based on
LP

Results

Refinery-
by-

Refinery

Year-
by-

Year
Single
Period

Multi-
Region
Results

Average
Cost

End-Use
Prices

Market
Equilibrium

Prices

Supply /
Demand
Analysis

Mathpro . . . . . . . . . . . . . . . . X X X X

EPA . . . . . . . . . . . . . . . . . . . X 2006, 2010 X X X

NPC . . . . . . . . . . . . . . . . . . . Xa X X

CRA/BOB. . . . . . . . . . . . . . . X X X X Short-run X

EnSys . . . . . . . . . . . . . . . . . X X X

ANL . . . . . . . . . . . . . . . . . . . Xb 2006-2015c X X

EIA NEMS . . . . . . . . . . . . . . X 2007-2015 X X Long-run X

EIA Refinery by Refinery . . . X X X X X
aUses Mathpro results.
bUses EnSys results.
cPhase-in of 8 percent ULSD to 100 percent.
Sources: EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur

Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/hd2007/frm/ria-v.pdf. Mathpro: Mathpro, Inc.,
Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda, MD, August 2000), Exhibit 8, Case 11. NPC: National Petro-
leum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), Chapter 3. CRA/BOB: Charles River Associates, Inc., and
Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed Environmental Regulations on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00
(August 2000). EnSys: EnSys Energy & Systems, Inc, Modeling Impacts of Reformulated Diesel Fuel (Flemington, NJ, August 2000). ANL: M.K. Singh, Analysis of the
Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation Research, Argonne National Laboratory, November 2000). EIA
Refinery by Refinery: Energy Information Administration, Office of Integrated Analysis and Forecasting (Chapter 5 of this report). EIA NEMS: National Energy Modeling
System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A, DSU7DG10.D043001A, DSU7TRN.D043001A, DSU7BTU.
D043001A, DSU7ALL.D050101A, DSU7IMP0.D043001A, DSUREF10.D043001A, and DSU7PPM10.D043001A.



EPA Analysis
The EPA analysis was conducted in support of the final
rulemaking published in December 2000.127 The EPA
analysis used a refining cost spreadsheet that included
refinery-specific estimates for meeting the new highway
diesel standards and aggregated them to estimate fuel
cost increases at the Petroleum Administration for
Defense District (PADD) and national levels. The costs
of meeting the final ULSD Rule were analyzed without
including possible reductions in non-road diesel sulfur.
The EPA estimated that the ULSD Rule would increase
average national production and distribution costs by
5.4 cents per gallon of 15 ppm diesel (4.5 cents per gallon
for all highway diesel) during the temporary compli-
ance period (2006 to 2010).128 The total cost after full
compliance in June 2010 was estimated at 5.0 cents per
gallon (Table 21).

The largest component of the costs estimated by the EPA
was increased refining costs (4.1 cents per gallon for 15
ppm diesel and 3.3 cents per gallon for all highway die-
sel between 2006 and 2010; 4.3 cents per gallon after June
1, 2010). The cost estimate for the compliance period was
adjusted downward to reflect credit trading, assuming
that low-cost refineries trade with high-cost refineries at
the cost of production. Cost estimates for PADD IV were
30 to 40 percent higher than costs in other PADDs. The
refining costs discussed above were based on a 7-percent
before-tax return on investment, but the EPA also pro-
vided costs based on a 6-percent and 10-percent after-tax
rate of return. The cost estimates for a 6-percent after-tax
rate of return were 0.1 cents per gallon higher than the
full compliance cost calculated with the 7-percent
before-tax rate, and the estimates for a 10-percent after-
tax rate were 0.4 cents per gallon higher.129

In addition to increased refining costs, the EPA esti-
mated that the addition of lubricity additives would cost
approximately 0.2 cents per gallon, and distribution
costs were estimated to add another 1.1 cents per gallon
during the temporary compliance period and 0.5 cents
per gallon after full compliance.130 The analysis behind
the distribution cost estimates is discussed below.

Increased refining costs were expected to result from
capital investment of $3.9 billion to meet the 2006
requirements and another $1.4 billion to reach full com-
pliance in 2010, for a total investment of $5.3 billion.131

The EPA estimated that the average refinery would
spend $43 million dollars in capital expenditures and an
additional $7 million per year in operating costs.

The EPA assumed that, in order to meet the 15 ppm
highway diesel requirement, refiners would need to
produce 7 ppm diesel fuel on average. It was assumed
that 80 percent of diesel refining capacity would meet
the new standards by modifications to existing
hydrotreaters and the other 20 percent by building new
hydrotreaters. The analysis included cost estimates
under two scenarios. The first scenario assumed that all
refiners currently producing highway diesel fuel would
continue to do so. The second scenario assumed that
some refiners would increase their production of high-
way diesel while making up for lost production from
refiners that would drop out of the market. The EPA did
not provide analysis assuming a net loss of production,
but indicated that, with the inclusion of the 80/20 and
small refiner provisions, no supply problems were antic-
ipated. The EPA also performed an analysis of engineer-
ing and construction requirements and concluded that
these factors should not be a problem due to the tempo-
rary compliance provisions (see Chapter 3 for more
discussion).
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Table 21.  EPA Estimates of Increased Costs To Meet the 15 ppm Highway Diesel Standard
(1999 Cents per Gallon)

Period
Additional
Refining

Lubricity
Additive Distributiona

Additional
Distribution

Tanks Total Increase

Phase-in, 2006-2010 4.1 0.2 0.4 0.7 5.4

Fully Implemented Program, 2010 4.3 0.2 0.5 0.0 5.0
aNot including additional distribution tanks.
Source: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel

Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), p. V-103.

127U.S. Environmental Protection Agency, “Control of Air Pollution from New Motor Vehicles: Heavy-Duty Engine and Vehicle Stan-
dards and Highway Diesel Fuel Sulfur Control Requirements: Final Rule,” Federal Register, 40 CFR Parts 69, 80, and 86 (January 18, 2001).

128Total cost per gallon of 15 ppm diesel is the sum of 4.1 cents per gallon refining cost and 1.1 cent per gallon distribution cost.
129U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel

Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, p. V-106.
130Distribution costs include the capital cost of additional storage tanks, additional operating costs, yield losses, product downgrades,

and testing costs.
131U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel

Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, p. V-103, web site www.epa.gov/otaq/regs/hd2007/
frm/ria-v.pdf.



Mathpro Analysis

In its original study for the Engine Manufacturers Asso-
ciation, Mathpro provided 5 sets of scenarios for 10 dif-
ferent combinations of heavy-duty, non-road, and
light-duty diesel fuel standards. The scenarios were
developed using a linear programming (LP) representa-
tion of a notional refinery in PADDs I through III.132 The
study was completed in October 1999 and reflected a
range of uncertainty with regard to the eventual sulfur
standard. The target sulfur level for highway diesel in
the scenarios ranged from 150 ppm to 2 ppm. The sce-
narios also reflected varying assumptions about the ulti-
mate sulfur level of non-road diesel, and about
investment in upgrade (revamp) projects versus new
(grassroots) projects. The scenarios resulted in an aver-
age increase in refining costs ranging from 2.5 to 9.0
cents per gallon for the 150 ppm and 2 ppm sulfur levels,
respectively. The associated investment costs ranged
between $0.8 billion and $3.9 billion for PADDs I
through III.

In August 2000, Mathpro updated its analysis using the
15 ppm sulfur standard indicated in the June 2000
Notice of Proposed Rulemaking, assuming that the
requirement would be met by producing diesel fuel with
a pool average of 8 ppm or less.133 The updated analysis
provided estimates given three different assumptions
about non-road diesel:

• Non-road diesel at current levels (3,500 ppm). This
assumption most closely resembles the EIA and EPA
cost analyses.

• Non-road diesel reduced to 350 ppm

• Non-road diesel reduced to 15 ppm.

For each of the non-road sulfur assumptions, the
updated analysis provided five scenarios based on dif-
ferent investment and operating approaches by
refineries:

• No Retrofitting-Inflexible, which requires only new
unit investment

• No Retrofitting-Flexible, which requires only new
unit investment but allows some flexibility in
hydrocracking and jet fuel production

• Retrofitting-De-rate/Parallel, which allows modifi-
cation of the existing desulfurization unit and build-
ing a parallel unit

• Retrofitting-Series, which allows expansion of the
existing desulfurization unit by debottlenecking and
adds a new unit in series

• Economies of Scale, which is similar to Retro-
fitting-Series but allows further economies of scale
through inter-refinery processing arrangements.

The estimated increase in national average refining costs
(excluding California) ranged between 4.0 and 7.6 cents
per gallon and was associated with total investment
costs between $1.8 billion and $3.3 billion (1999 dollars)
over all of the non-road sulfur assumptions. Costs
ranged from 4.5 to 7.1 cents per gallon and investments
from $3.0 to $6.0 billion for the scenarios assuming cur-
rent sulfur levels for non-road diesel (Table 22). The
analysis assumed a 10-percent after-tax rate of return on
investment. The scenarios with non-road diesel at 3,500
ppm were most similar to the EIA, EPA, and DOE analy-
ses, and the scenario with non-road diesel at 350 ppm
was more consistent with the CRA/BOB analysis. When
non-road diesel was held at 3,500 ppm, the average cost
of producing highway diesel increased by 7.1 cents per
gallon in the No Retrofitting-Flexible case and by 4.5
cents per gallon in the Economies of Scale case.

Although the investment costs estimated by Mathpro
were at least $195 million dollars higher when the sulfur
limit for non-road diesel was assumed to decline to
350 ppm, the average costs were between 0.2 and 1.2
cents per gallon lower than in the scenarios assuming
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Table 22.  Mathpro Estimates of the Costs of Producing 15 ppm Highway Diesel, with Non-Road Diesel at
3,500 ppm Sulfur

Flexible
No Retrofit:

Inflexible
No Retrofit:

Flexible
Retrofit:
De-rate

Retrofit:
Series

Economies of
Scale

Total Average U.S. Costa

(1999 Cents per Gallon). . . . . . . . . . . . 6.8 7.1 6.7 4.6 4.5

Investment
(Million 1999 Dollars) . . . . . . . . . . . . . . 5,950 5,900 5,370 3,330 3,040
aExcludes California.
Note: Costs have been converted to 1999 dollars from the 2000 dollars reported by Mathpro.
Source: Mathpro, Inc., Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda, MD, August

2000), Exhibit 8.

132Mathpro, Inc., Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda, MD, August
2000).

133Mathpro, Inc., Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda, MD, August
2000).



3,500 ppm non-road diesel. The lower average costs
were the result of spreading the investments over a
larger volume of product. The scenarios with non-road
diesel sulfur capped at 15 ppm required the most invest-
ment and led to the highest costs. Relative to the 3,500
ppm non-road scenarios, the 15 ppm non-road scenarios
required at least $1 billion more investment and resulted
in average costs between 0.1 and 0.8 cents per gallon
higher.

NPC Analysis

In its report, U.S. Petroleum Refining: Assuring the Ade-
quacy and Affordability of Cleaner Fuels, the NPC included
estimates of meeting a 30 ppm sulfur standard.134 The
estimates were based on the 30 ppm scenarios included
in Mathpro’s original report for the Engine Manufac-
turers Association in October 1999. The NPC combined
the cost estimates from the “no retrofitting-inflexibility”
and the “retrofitting-series” cases assuming that at 30
ppm, most refiners would retrofit. The NPC also made
adjustments to the Mathpro estimates to reflect alterna-
tive assumptions of refinery economics. NPC adjusted
the vendor-supplied estimates used in the Mathpro
model upward by a factor of 1.2 for investments and a
factor of 1.15 for hydrogen consumption and other oper-
ating expenses. The vendor data were adjusted to
account for a perceived tendency of vendors to quote
overly optimistic cost and performance information.
The NPC analysis estimated industry investment costs
at $4.1 billion at a cost of 5.9 cents per gallon (1999 dol-
lars) and assumed 50 percent revamped and 50 percent
new units. The study indicated that a sulfur standard
below 30 ppm would require greater reliance on new
units, as opposed to retrofits, resulting in considerably
higher investments.

The NPC analysis included a discussion of limitations
on engineering and construction resources and, in con-
trast with the EPA analysis, concluded that the overlap
with gasoline sulfur projects would result in delays in
meeting the diesel standards. The study suggested that
highway diesel supply shortfalls might occur if the stan-
dard were required before 2007 and that even more time
would be required to meet a standard below 30 ppm.

(See Chapter 3 of this report for more detail on engineer-
ing and construction.)

CRA/BOB Analysis
In a study for the American Petroleum Institute,
CRA/BOB developed refinery-specific cost estimates
for every U.S. refinery, using the Prism refinery
model.135 The estimates and a survey of refiners inten-
tions were used to construct a marginal cost curve that
was used in an equilibrium supply and demand analy-
sis. The initial supply and demand assumptions were
from EIA’s Annual Energy Outlook 2000. The supply
curve was shifted according to the marginal cost analy-
sis, and the demand curve was shifted based on an elas-
ticity assumption. In contrast to all but the EIA offline
analysis, the CRA/BOB study provided an analysis of a
short-term supply and cost outlook.

The analysis projected a reduction in highway diesel
production of 320,000 barrels per day, resulting in a sup-
ply shortfall. The EPA has estimated that 75 percent of
the shortfall estimated by CRA/BOB resulted from the
underlying assumption that an additional 10 percent of
the highway diesel produced would be downgraded
because of product degradation from distribution and
storage.136 In contrast, EIA and the EPA assumed an
additional 2.2 percent of downgraded product, and
TMC estimated that a total of 17.5 percent of ULSD
would be downgraded.137 The estimated increase in
average refining cost was 6.7 cents per gallon to produce
ULSD from 500 ppm diesel. The estimated increase in
the marginal price of ULSD needed to balance supply
and demand was between 14.7 and 48.9 cents per gallon,
depending on the availability of imports.

The CRA/BOB analysis assumed that, in order to meet
the 15 ppm standard, refiners would produce highway
diesel at an average of 7 ppm.138 The analysis also
assumed that non-road diesel would be reduced to 350
ppm and jet fuel and heating oil sulfur would remain at
1999 levels. The cost estimates reflected an assumption
that 40 percent of ULSD would be produced from new
desulfurization units and 60 percent from revamped
units, and that the return on investment would be 10
percent.
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134National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), Chapter 3.
Investment and cost estimates have been converted to 1999 dollars from 1998 dollars reported by NPC.

135Charles River Associates, Inc. and Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed Environmental Regulations
on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000).

136U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/hd2007/
frm/ria-v.pdf.

137Turner, Mason & Company, Costs/Impacts of Distributing Potential Ultra Low Sulfur Diesel (Dallas, TX, February 2000); Revised Supple-
ment (August 2000).

138Telephone conversation with Ray Ory of Baker and O’Brien, January 25, 2001.



EnSys Analysis
EnSys provided a set of cost estimates to the U.S. Depart-
ment of Energy’s Office of Policy, using an LP model
that represents PADD III refiners in the aggregate.139

The estimates reflected a 10-percent return on invest-
ment. Unlike the previously discussed studies, EnSys
did not make an assumption of how many refiners
would revamp units and how many would build new
desulfurization units, but instead provided cost esti-
mates for a refinery using revamps and cost estimates
for a refinery building new units. The scenarios were
also based on two sets of technologies: a conservative
technology set and an optimistic technology set. In order
to model a phase-in of the highway diesel standard, a
series of cases were run assuming different percentages
of highway diesel required to meet the new standard.

EnSys developed the scenarios discussed above for the
production of highway diesel at various sulfur levels,
ranging from 8 ppm to 30 ppm. The results of the 10 ppm
scenarios are the focus of this discussion, because they
were highlighted in the EnSys report and were provided
in a more uniform manner. In general, the scenarios with
diesel sulfur at 8 ppm were about 0.5 cent above the 10
ppm estimates. The average incremental cost estimates
for producing 10 ppm diesel ranged from 4.4 to 6.0 cents
per gallon for the first 50 percent of highway diesel pro-
duced at 10 ppm, 6.0 to 7.9 cents for the next 25 percent,
and 7.6 to 10.1 cents per gallon for the final 25 percent
of production. The lower estimate assumed that the
product was produced by 100 percent revamped units;
the higher estimate assumed 100 percent new units.

The cases assumed that 25, 50, 75, and 100 percent of
highway diesel would be required to meet the 10 ppm
standard, while non-road diesel was capped at 360 ppm.
The 360 ppm assumption was negated by the fact that
the cases were compared with a reference case that also
assumed 360 ppm non-road diesel. Sensitivities of
reaching 360 ppm for non-road diesel were performed
with other assumptions varied. Cases that assumed 100
percent highway diesel at 10 ppm and non-road and
heating oil at 360 ppm resulted in average costs that
were between 1.6 cents per gallon and 2.1 cents per gal-
lon higher than in the cases assuming non-road diesel
and heating oil at current sulfur levels.

The EnSys analysis also included marginal cost esti-
mates for producing 10 ppm diesel with base technology
and no revamp (all new units). The marginal cost of pro-
duction was 6.6 cents per gallon for the first 25 percent of

production, 7.2 cents per gallon for the first 50 percent,
7.7 cents per gallon for the first 75 percent, 9.2 cents per
gallon for the full phase-in, and 10.7 cents per gallon for
an all-at-once approach. The highway diesel volumes
produced did not reflect additional production for
downgraded product.

ANL Analysis
ANL provided an analysis of total incremental refining
and distribution costs for seven different phase-in sce-
narios to the U.S. Department of Energy (DOE) in
August 2000 and updated the estimates in November
2000 based on EPA comments.140 The most recent ANL
estimates were based on average incremental produc-
tion cost estimates from the EnSys 10 ppm production
scenarios and distribution cost estimates for 15 ppm die-
sel extrapolated from TMC estimates for 5 ppm and 50
ppm diesel.

The ANL analysis used average per-gallon production
cost estimates taken as the weighted average of the
incremental cost for each quartile of highway diesel pro-
duction, provided by EnSys. The scenarios had three
parameters: the type of technology, the mix of new units
versus modified units, and the percent of diesel produc-
tion required to be 10 ppm. EnSys estimated costs for
production under two different investment scenarios:
all revamped equipment and all new units. For each
investment scenario, EnSys provided cost estimates for
both a base technology and an optimistic technology
assumption.

The ANL analysis also provided cost estimates for 60
percent revamp/40 percent no revamp given both base
and optimistic technology assumptions, by blending the
EnSys “all revamp” and “all new” scenarios.141 The
average estimated cost (undiscounted) of producing the
first 25 percent ranged from 4.2 to 6.0 cents per gallon;
the first 50 percent, 4.0 to 6.0 cents per gallon; the first 75
percent, 4.2 to 6.6 cents per gallon; for 100 percent after
phase-in, 4.7 to 7.5 cents per gallon; and for 100 percent
all-at-once, 6.0 to 8.1 cents per gallon.142 Marginal costs
were provided by an additional scenario resulting in a
marginal cost of 6.6 cents per gallon for the first 25 per-
cent of production, 9.2 cents per gallon for a full
phase-in, and 10.7 cents per gallon if the production is
required all at once. ANL developed phase-in cost series
for the seven scenarios by interpolating between the cost
estimates for the different levels of production men-
tioned above.
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139EnSys Energy & Systems, Inc, Modeling Impacts of Reformulated Diesel Fuel (Flemington, NJ, August 2000).
140M.K. Singh, Analysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation

Research, Argonne National Laboratory, November 2000).
141M.K. Singh, Analysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation

Research, Argonne National Laboratory, November 2000), Appendix A.
142M.K. Singh, Analysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation

Research, Argonne National Laboratory, November 2000), Table 1.



Each of the phase-in cost series provided by ANL
was associated with a set of distribution costs, which
varied slightly in the seven scenarios. The distribution
cost analysis for 15 ppm highway diesel fuel was extrap-
olated from TMC (early) estimates for distributing
5 ppm and 50 ppm diesel.143 The costs included capital
investment for the distribution and refueling system and
for product downgrade. Distribution costs were pro-
vided for various levels of phase-in between 5 and 100
percent of the highway diesel market. The level of
phase-in most consistent with the 80 percent required by
the ULSD Rule for the initial years of the program was a
supply of 83 percent of highway diesel, which was asso-
ciated with undiscounted distribution costs between 1.5
and 2.2 cents per gallon. The costs associated with 100
percent of highway diesel at 15 ppm ranged between 1.2
and 2.1 cents per gallon.144

The ANL analysis concluded that, depending on the
case and the stage of phase-in, the total incremental costs
of a phase-in would range from 6.1 to 11.2 cents per gal-
lon, compared to a range of 7.1 to 12.7 cents per gallon
for an all-at-once strategy. Estimates of total (un-
discounted) costs to consumers for the various phase-in
scenarios ranged from $15.2 to $25.4 billion ($10.1 to
$17.3 billion net present value). Higher expenditures
were estimated for an all-at-once strategy, with expected
costs totaling $30.4 to $52.8 billion ($22.3 to $38.6 billion
net present value). The relatively lower distribution
costs under a phase-in approach were translated into an
estimated savings of $14.2 to $27.4 billion.

Summary of Investment Estimates

EPA estimated that, in order to meet the requirements of
the ULSD Rule, the industry would invest a total of $5.3
billion. In comparison, DOE (by ANL) estimated
between $8.1 and $13.2 billion of investment for ULSD,
Mathpro estimated a range of $3.0 to $6.0 billion, CRA
estimated $7.7 billion, and NPC estimated $4.1 billion to
meet a 30 ppm standard and substantially higher but
undefined amount to provide 15 ppm diesel (Tables 23
and 24). Because production of diesel in the appropriate
sulfur range has been very limited, analysis of costs of
the ULSD Rule depend heavily on vendor estimates and
several critical assumptions, including refinery configu-
ration, size, and crude oil inputs; the ratio of retrofitted
units to new units; and the relative cost of retrofits ver-
sus new units.

The studies discussed above used different methodolo-
gies, economic approaches, levels of regional and
annual detail, and assumptions (see Table 20). Many
were completed before the Final Rule was issued and do
not reflect the provisions for small refineries or the
80/20 rule. In addition, the studies were based on
different assumptions about investment behavior and
costs and the level of diesel demand. The capital invest-
ment estimates are difficult to compare not only because
of their different methodologies and assumptions but
also because their investment estimates reflect slightly
different things. For instance, the EPA estimated the
capital cost for a new distillate hydrotreater to range
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Table 23.  Comparison of ULSD Production Cost Estimates: Individual Refinery Representation

Study

Sulfur
Level
(ppm)

Percentage of
Highway Diesel

That Is ULSD

Cost Change
(1999 Cents per

Gallon of
ULSD) Cost Basis

Refinery Capital
Investment

(Billion 1999
Dollars)

EPA (temporary compliance, 2006-2010) 7 75a 4.1b Average, U.S. 3.9

EPA (full compliance, June 2010 forward) 7 100 4.3 Average, U.S. 5.3 total

CRA/BOB (August 2000 for 2006) 7c 100 6.7d Average, U.S.e 7.7

EIA (cost curves, 2006) 7 76-100 5.4-6.8 Marginal, PADDs I-IVf

aSmall refiners accounting for 5 percent of production are eligible to delay, but only 2 percent are assumed to delay.
bCost adjusted for credit trading at cost to low cost refiners.
cCorrespondence with Ray Ory of Baker and O’Brien. Also reflects assumption of 350 ppm non-road diesel.
dAverage cost to produce 7 ppm diesel from 500 ppm diesel. The marginal price to balance supply and demand was estimated to be between 14.7

and 48.9 cents per gallon, depending on the availability of imports.
eAverage based on marginal cost methodology.
fMarginal based on average refinery costs.
Sources: EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Die-

sel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/hd2007/frm/
ria-v.pdf. CRA/BOB: Charles River Associates, Inc., and Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed Environmen-
tal Regulations on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000). EIA: Energy Information Administration, Office of Inte-
grated Analysis and Forecasting (Chapter 5 of this report).

143Turner, Mason & Company, Costs/Impacts of Distributing Potential Ultra Low Sulfur Diesel (Dallas, TX, February 2000).
144M.K. Singh, Analysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation

Research, Argonne National Laboratory, November 2000), Appendix C.



from $1,240 per barrel per day to $1,680 per barrel per
day, whereas those in EIA’s refinery-by-refinery analy-
sis ranged from $1,043 to $1,807, and in EIA’s NEMS
Regulation case they were $1,331 to $1,849 per barrel per
day (Table 25).

The sets of capital costs used in the EIA and EPA analy-
ses are not directly comparable. The lower-bound of
EPA’s capital costs represents a 25,000 barrel per day
hydrotreater processing 100 percent straight-run
feedstock, and the upper-bound reflects the same unit
processing 100 percent light cycle oil. The EPA’s upper
and lower bound costs encompass a third estimate for a

unit processing entirely coker distillate. The capital costs
for individual refineries in the EPA analysis vary across
this range, depending on the assumptions about propor-
tions of straight-run distillate, coker distillate, and light
cycle oil processed at each refinery and the size of the
hydrotreater unit. The capital cost range for EIA’s refin-
ery-by-refinery analysis also varies for the quality of the
feedstock and size of each unit. EIA’s short-term analy-
sis reflects actual data about the quality of crude oil and
feed streams at individual refineries. In contrast, EIA’s
mid-term NEMS analysis does not use refinery-specific
information about feed steams but aggragates feed and
crude quality information at a regional level.
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Table 24.  Comparison of ULSD Production Cost Estimates: LP Model or Based on LP Results

Study

Sulfur
Level
(ppm)

Percent of
Highway Diesel

That Is ULSD

Cost Change
(1999 Cents per
Gallon of ULSD) Cost Basis

Refinery Capital
Investment

(Billion 1999
Dollars)

Mathpro (August 2000) 8 100 4.5-7.1a Average U.S. 3.0-6.0a

NPC (June 2000) 30 100 5.9 Average PADDs I-III 4.1

EnSys (August 2000),
first 50 percent of production at 10 ppm

10b 50 4.4-6.0c Average PADD III

EnSys (August 2000),
next 25 percent of production at 10 ppm

10b 75 6.0-7.9c Average incremental
cost of next 25%
PADD III

EnSys (August 2000),
final 25 percent of production at 10 ppm

10b 100 7.6-10.1c Average incremental
cost of final 25%
PADD III

EnSys (August 2000),
25% to 100%

10b 25-100 6.6-10.7d Marginal PADD III

ANL (November 2000),
up to 50% of production at 10 ppm

10 50 4.0-6.0d Average PADD III

ANL (November 2000),
75% of production at 10 ppm

10 75 4.2-6.6c Average PADD III

ANL (November 2000),
100% of production at 10 ppm

10 100 4.7-7.5c Average PADD III 8.1-13.2 (August
2000 estimate)e

ANL (November 2000),
100% of production at 10 ppm,
all-at-once

10 100 6.0-8.1c Average PADD III

ANL (November 2000),
25% to 100%

10 25-100 6.6-9.2d Marginal PADD III

EIA (NEMS, 2007-2010) 7 76f 4.7-7.3g Marginal,
U.S. average

4.2-5.9
through 2007

EIA (NEMS, 2011) 7 100 6.5-9.2g Marginal,
U.S. average

6.3-9.3
through 2011

aNon-road 3500 ppm.
bReflects assumption of 360 ppm non-road diesel but the cost impact is negated because it is compared with a reference case with non-road diesel

at the same sulfur level.
cThe higher end of the cost range reflects base technology while the lower end reflects more optimistic technology.
dMarginal costs at 25 percent and 100 percent 10 ppm production with base technology and all new units.
eU.S. Department of Energy, “Comments of the Department of Energy on the Environmental Protection Agency’s May 16, 2000 Notice of Pro-

posed Rulemaking on Heavy-Duty Engine and Vehicle Emission Standards and Highway Diesel Fuel Sulfur Control” (Washington, DC, September
2000), Enclosure 1.

fSmall refiners accounting for 5 percent of production are eligible for the small refinery provision, but only 4 percent of production is assumed to be
delayed.

gAverage refinery gate price for individual years.
Sources: Mathpro: Mathpro, Inc., Refining Economics of Diesel Fuel Sulfur Standards: Supplemental Analysis of 15ppm Sulfur Cap (Bethesda,

MD: August 2000). NPC: National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June
2000). EnSys: EnSys Energy & Systems, Inc, Modeling Impacts of Reformulated Diesel Fuel (Flemington, NJ, August 2000). ANL: M.K. Singh, Anal-
ysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation Research, Argonne National Lab-
oratory, November 2000). EIA: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A,
DSU7INV.D043001A, DSU7DG10.D043001A, DSU7TRN.D043001A, DSU7BTU.D043001A, DSU7ALL.D050101A, DSU7IMP0.D043001A,
DSUREF10.D043001A, and DSU7PPM10.D043001A.



The lower end cost in EIA’s NEMS analysis reflects a
notional unit that processes low-sulfur feed with inci-
dental dearomatization, while the higher end cost
reflects a different notional unit that processes higher
sulfur feed with greater aromatics improvement. EIA
also provided sensitivity analysis using higher capital
cost assumptions for both the refinery-by-refinery and
NEMS analyses. The Higher Capital Cost sensitivity
case for EIA’s refinery-by-refinery analysis is based on
capital costs that are about 40 percent higher than those
in the initial analysis. Both sets of capital costs were
developed by the National Energy Technology Labora-
tory, in conjunction with Mr. John Hackworth, energy
consultant. The capital costs used in the NEMS Higher
Capital Cost case were provided by recent work from
EnSys and are 24 percent higher for the first notional
unit and 33 percent higher for the second notional unit,
relative to the Regulation case.

The EPA analysis was based on estimates from two tech-
nology vendors, providing costs based on retrofits and
new units.145 EPA assumed that 80 percent of ULSD will
be produced from diesel hydrotreaters that are
revamped at a cost of $40 million each. These estimates
reflected an assumption that new units would cost twice
as much as revamps. The net result was an estimated
average cost of $50 million per refinery, which equates

to a little more than 4 cents per gallon of highway diesel
on average.

The NPC analysis did not estimate costs for producing
diesel with less than 10 ppm sulfur but indicated that
even a 30 ppm sulfur standard would require reactor
pressures in the range of 1,100 to 1,200 psi, which is well
above the vendor estimates used by the EPA.146 The
NPC characterized vendor estimates as inherently
over-optimistic;147 however, several new technologies
are under development that may reduce costs (see
Chapter 3).

The ANL estimates blended the EnSys 100 percent new
and 100 percent revamp refinery analysis, based on the
assumption that 60 percent of ULSD would be produced
from revamped units that cost an average of $40 million
per unit, and the other 40 percent would come from new
units at an average cost of $80 million per unit. Instead
of making an assumption about the split between
revamped and new units, Mathpro developed scenarios
for different types of choices. Assuming no change in the
non-road diesel standards, Mathpro estimated that the
total investment cost would range from $6.0 billion if
refineries required all new units with minimum operat-
ing flexibility to $3.0 billion if all refineries were retrofit-
ted and economies of scale from trading were realized.
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Table 25.  Comparison of Key Hydrotreator Investment Assumptions for Various Refinery Models

Model

Capital Cost
of New Hydrotreater

(1999 Dollars per
Barrel per Day, ISBL)

Revamp Cost as
a Percentage of
New Unit Cost

Unit Size
(Barrels per Day)

Percent of ULSD
Production from
Revamped Units

Versus New Units

Refinery-by-Refinery Models

CRA/BOB 1,622a 55 25,000 60/40

EPA 1,240-1,680b 50 25,000 80/20

EIA Cost Curve 1,043-1,807c Variable 50,000-10,000 Not an assumption

EIA Cost Curve, High Capital Cost Scenario 1,465-2,548c Variable 50,000-10,000 Not an assumption

LP Models

EnSys (August 2000) 2,350-3,296d 60 25,000 NA

EIA NEMS Regulation Case 1,331-1,849d 50 25,000-10,000 80/20

EIA NEMS 2/3 Revamp Case 1,331-1,849d 50 25,000-10,000 66.7/33.3

EIA NEMS Higher Capital Cost Case 1,655-2,493d 50 25,000-10,000 80/20
aFeedstock composed of 65 percent straight-run distillate, 10 percent cracked stock, and 25 percent light cycle oil.
bLow end of range is for straight-run distillate and high end is for light cycle oil.
cCosts varied depending on unit size and feedstock.
dLow end of range is for units processing low-sulfur feed streams with incidental dearomatization. High end is for higher sulfur feed streams with

greater aromatics improvement.
Sources: CRA/BOB: Correspondence with Mr. Ray Ory, April 19, 2001. EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis:

Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000),
Chapter V, Table V.C-9, web site www.epa.gov/otaq/regs/hd2007/frm/ ria-v.pdf. EIA Cost Curve and Cost Curve High Capital Cost Scenario:
National Energy Technology Laboratory, in conjunction with Mr. John Hackworth, energy consultant. EnSys: EnSys Energy & Systems, Inc,
Modeling Impacts of Reformulated Diesel Fuel (Flemington, NJ, August 2000). EIA/NEMS Regulation and 2/3 Revamp Cases: Office of Integrated
Analysis and Forecasting. EIA/NEMS High Capital Cost Case: Revised EnSys costs based on correspondence with Mr. Martin Tallett, April 23,
2001.

145EPA corroborated the vendors’ cost estimates in discussions with two other vendors. E-mail from Lester Wyborny, U.S. Environmen-
tal Protection Agency, March 30, 2001.

146M.K. Singh, Analysis of the Cost of a Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation
Research, Argonne National Laboratory, November 2000), p. 132.

147National Petroleum Council, U.S. Petroleum Refining: Assuring the Adequacy and Affordability of Cleaner Fuels (June 2000), p. 77.



The EIA NEMS analysis produced estimates for the
refinery capital investment required to comply with the
ULSD Rule for 2007 and 2010. The cumulative refinery
capital investment estimated through 2007 ranged
between $4.2 billion and $5.9 billion. The NEMS analysis
produced an estimate of refinery capital investment
between $6.3 billion and $9.3 billion through 2011.

Distribution Cost Analyses

EPA, ANL, and TMC have published estimates of distri-
bution costs given different assumptions about the
phase-in requirements for highway diesel. In general,
the cost estimates for distributing a smaller percentage
of 15 ppm fuel were higher than estimates assuming that
100 percent of the highway diesel market would be at 15
ppm, because a phase-in approach requires the distribu-
tion system to handle an extra product (Table 26).

Distribution cost estimates from the EPA, ANL, and
TMC analyses included the capital incurred in the distri-
bution and refueling system, as well as costs resulting

from downgraded product. The EPA estimated that dis-
tribution costs would increase by 1.1 cents per gallon
during the temporary compliance period, with 0.4 cents
of the cost associated with the distribution and energy
loss of the ULSD relative to 500 ppm diesel and 0.7 cents
associated with capital expenses for handling two
grades of highway diesel. EPA assumed that the capital
costs would be fully amortized during the transition
period (by 2010), and that revenue losses from product
downgrade and other operating costs would increase
distribution costs by 0.5 cents per gallon.

EIA’s NEMS analysis assumed the EPA’s estimated cap-
ital costs of 0.7 cents per gallon and portions of EPA’s
other distribution costs, including operating, transmix,
and testing costs, which totaled 0.2 cents per gallon. EIA
estimated the cost associated with the revenue loss of the
downgraded product at 0.3 cents per gallon through
2010 and 0.2 cents per gallon after 2010 (see Chapter 6).
The EIA revenue loss estimates were based on model
results. A higher revenue loss estimate of 0.7 cents per
gallon for all years was associated with EIA’s 10%
Downgrade sensitivity case, because more of the ULSD
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Table 26.  Comparison of ULSD Distribution Cost Estimates and Assumptions

Study
Sulfur Level

(ppm) Year
Distribution Cost Change
(1999 Cents per Gallon)

Investment
(Billion 1999 Dollars)

Downgrade
Estimates

TMC 5 7 at 5%
4.1 at 20%
1.5 at 100%

0.215
1.05
1.08

10.0%
12.0%
19.5%

TMC 15 6.9 at 5%
4.1 at 20%
1.4 at 100%

0.215
1.05
1.08

9.5%
11.0%
17.5%

TMC 50 Costs 15% to 35% less than
5 ppm costs

8.0%
10.0%
13.5%

ANL 15 6.2 at 5%
1.6-2.2 at 74%-100%
1.2-2.1 all-at-once
Costs are undiscounted and
include refueling costs

50% of terminals
reconfigure split between
new tankage at $1 million
per terminal and modified
tankage at $100,000 per
terminal

Same as TMC 5 ppm
and 50 ppm

EPA (temporary compliance) 15 2006-2010 1.1 0.5 4.4%

EPA (full compliance) 15 Post-2010 0.5 0.3 4.4%

CRA/BOB 15 10.0% above current

EIA Regulation Case
(temporary compliance)

15 2007-2010 1.2 4.4%

EIA Regulation Case
(100% ULSD)

15 Post- 2010 0.4 4.4%

EIA 10% Downgrade Case
(temporary compliance)

15 2007-2010 1.6 10%

EIA 10% Downgrade Case
(100% ULSD)

15 Post- 2010 0.9 10%

Sources: Sources: EPA: U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and
Highway Diesel Fuel Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter V, web site www.epa.gov/otaq/regs/
hd2007/frm/ria-v.pdf. CRA/BOB: Charles River Associates, Inc., and Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed
Environmental Regulations on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000). ANL: M.K. Singh, Analysis of the Cost of a
Phase-in of 15 ppm Sulfur Cap on Diesel Fuel, Revised (Argonne, IL: Center for Transportation Research, Argonne National Laboratory, November
2000). TMC: Turner, Mason & Company, Costs/Impacts of Distributing Potential Ultra Low Sulfur Diesel (Dallas, TX, February 2000). EIA: National
Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A, DSU7DG10.D043001A,
DSU7TRN.D043001A, DSU7BTU.D043001A, DSU7ALL.D050101A, DSU7IMP0.D043001A, DSUREF10.D043001A, and DSU7PPM10.
D043001A.



produced was projected to be downgraded to a lower
value product.

The ANL estimates, which were extrapolated from pre-
vious TMC estimates for delivering 5 ppm and 50 ppm
diesel,148 ranged from 6.2 cents to 1.2 cents per gallon for
delivery of 5 percent and 100 percent, respectively.149 In
August 2000, TMC provided supplemental estimates
reflecting downgrade costs associated with distributing
15 ppm diesel fuel.150 Presumably, the capital costs
would remain the same as for the 5 ppm case in the pre-
vious TMC analysis. When the original TMC 5 ppm esti-
mates are adjusted to reflect 15 ppm diesel, the total
distribution cost estimates are 6.9 cents per gallon to
supply 5 percent of the market; 4.1 cents per gallon to
supply 20 percent of the market; and 1.4 cents per gallon
to supply the entire highway diesel market.151

The extent to which product contamination will occur in
the distribution system (and how much product must be
downgraded as a result) is very uncertain. The analyses
included strikingly different estimates of how much
of the 15 ppm product would be downgraded in the dis-
tribution system. EIA’s NEMS analysis assumed 4.4 per-
cent downgrade for consistency with the EPA
assumptions but also provided a sensitivity case assum-
ing 10 percent downgrade. Downgrade estimates
ranged from 4.4 percent of production (EPA) to 17.5 per-
cent (TMC). Part of the uncertainty stems from not
knowing the present level of downgrade occurring in
the distribution system, because there is no current
reporting requirement. The EPA assumed a doubling of
product downgrade from current downgrade levels,
which were estimated at 2.2 percent. The methodology
used by the EPA to estimate current downgrade levels
was highly speculative and was not based on a scientific
survey. The EPA’s estimation methodology was loosely
based on a survey of the Association of Oil Pipelines, in
which six respondents provided estimates of the current
diesel fuel downgrade ranging from 0.2 percent to 10.2
percent (see Chapter 4). In the same survey some
respondents expressed an expectation that the down-
grade amount might be expected to double under the
ULSD Rule.

The TMC analysis was based on a survey of 14 refin-
ers (representing 38 percent of U.S. petroleum
refining capacity), 3 pipeline operators (representing

approximately 40 percent of U.S. highway diesel ship-
ping capacity), and 11 terminal operators (representing
25 percent of U.S. petroleum product storage capacity).
A wide range of responses was noted in the responses of
pipeline operators. In the survey, some terminal opera-
tors indicated that they would not handle ULSD. Termi-
nal operators generally anticipated a higher rate of
downgrade than did pipeline operators. Terminal oper-
ators indicated that, to handle ULSD, dedicated trans-
port trucks or compartments in transport trucks would
be required to avoid sulfur contamination.152

The TMC analysis projected 17.5 percent downgrade
when 100 percent of the highway diesel market was
assumed to require the 15 ppm diesel, and slightly lower
levels of downgrade were expected when smaller seg-
ments of the market were required. Although the ANL
analysis did not provide the downgrade assumptions
used, it was based on the TMC assumptions for down-
grade of 5 ppm and 50 ppm diesel and tracked closely
with the TMC assumptions. Different downgrade
assumptions resulted in different cost estimates associ-
ated with downgrade. The EPA estimated a total down-
grade cost of 0.2 cents per gallon for all highway diesel in
the initial years and 0.3 cents per gallon after full imple-
mentation.153 In contrast, the ANL analysis (based on
the TMC assumptions of higher downgrade volumes)
estimated a total downgrade cost of about 1 cent per gal-
lon when more than half of the market was required to
meet the 15 ppm standard.

The TMC, EPA, and ANL analyses also used different
sets of assumptions about capital investment require-
ments. During the initial years of the program, when the
distribution system must handle two highway diesel
fuels, the EPA estimated tankage costs at refineries, ter-
minals, pipelines, and bulk plants at $0.81 billion. In
addition, investments at truck stops to handle the extra
product were estimated at $0.24 billion. These costs were
amortized over total highway diesel volumes (both 500
ppm and 15 ppm) during the initial 4 years at 7 percent
per year, resulting in a cost of 0.7 cents per gallon. EIA
used EPA’s capital cost estimate of 0.7 cents per gallon in
all NEMS analysis scenarios.

The ANL analysis assumed that, given a phase-in, 50
percent of terminals would add tanks or reconfigure. Of
those terminals that were modified, it was assumed that
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half would add tankage at $1 million per terminal and
the other half would reconfigure at a cost of $100,000 per
terminal. Bulk terminals were not assumed to make con-
versions for a second highway diesel fuel, because they
were assumed to enter into exchange agreements with
marketers during a phase-in period, rather than invest-
ing in tankage. In addition, all truck stops were assumed
to be modified to provide two fuels during the phase-in,
at a cost of $75,000 per truck stop.

The original TMC report provided investment estimates
for distributing 5 ppm fuel to supply, 5, 20, and 100 per-
cent of the highway diesel market. Investments at termi-
nals and pipelines were estimated at $295 million when
supplying 20 percent of the highway market and $325
million for 100 percent of the market. Retail investments
were estimated at $755 million for both 20 percent and
100 percent of supply. Unlike the other two analyses,
which reflected the cost of conversion to truck stops
only, TMC assumed that some gasoline stations would
invest to carry a second diesel fuel.154

Downgrade Analysis

The MSC study, Alternative Markets for Highway Diesel
Fuel Components, conducted at the request of the EPA,
provided an analysis of the potential for diverting
sub-specification highway diesel to non-road or foreign
markets.155 The study compared 2007 projections for
supply and demand of distillate products to assess the
outlook for non-road distillate market growth and used
relative relationships of highway diesel to non-road dis-
tillate prices to estimate the economic consequences of
diverting to other products.

The analysis used historical industry-level distillate
demands for each PADD from EIA’s Fuel Oil and Kero-
sene Sales as a starting point.156 These industry level
demands were projected out to 2007, using national
annual growth rates from the Annual Energy Outlook
2000.157 PADD-level supply balances for distillate fuel
were projected for 2007, starting with historical data
from the Petroleum Supply Annual 1999158 and applying
growth rates from the Annual Energy Outlook 2000.
Import and export levels were held constant in PADDs II
and IV. In PADD V, inter-PADD transfers were held to
historical levels and imports and exports were used as a
balancing item. The study concluded that there was little
potential to divert highway diesel to non-road distillate
markets, and that the potential for severe market dislo-
cations and/or price depression in the non-road markets
was greatest in PADD IV and least in PADD I.

The price consequences of diverting product from the
highway diesel market to non-road markets were
assessed using estimated price relationships for these
products derived from historical price data from various
industry pricing agencies (e.g., Platts), combined with
relevant transportation costs.159 The price implications
of downgrading 5 percent, 10 percent, and 15 percent of
the current highway diesel supply were estimated for
each PADD (Table 27). The price impact of diverting 5
percent of the highway diesel supply to other uses
ranged from -3.0 cents per gallon in PADD I to -6.0 cents
per gallon in PADD IV. The range widened to -3.5 to
-20.0 cents per gallon in PADDs I and IV, respectively,
for 10 percent of diverted product and to -3.5 to -22.0
cents per gallon for 15 percent of diverted product. The
study concluded that except in PADD IV, a 5-percent
diversion of product would have modest market impact.
In addition, a 10- to 15-percent diversion would have a
significant market impact in all areas except PADD I.
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Table 27.  Projected Relative Price Decrease by PADD and Percentage of Diverted Diesel
(1999 Cents per Gallon)

Diversion Level
(Percent) PADD I PADD II PADD III PADD IV PADD V

5 . . . . . . . . . . . . . . . 3.0 2.5 4.0 6.0 5.0

10 . . . . . . . . . . . . . . 3.5 14.0 4.5 20.0 5.0

15 . . . . . . . . . . . . . . 3.5 16.0 4.5 22.0 6.0

Source: Muse, Stancil & Co., Alternative Markets for Highway Diesel Fuel Components (September 2000), p. 4.

154Turner, Mason & Company, Costs/Impacts of Distributing Potential Ultra Low Sulfur Diesel (Dallas, TX, February 2000), p. 6.
155Muse, Stancil & Co., Alternative Markets for Highway Diesel Fuel Components (September 2000).
156Energy Information Administration, Fuel Oil and Kerosene Sales, DOE/EIA-0535 (Washington, DC, 1995-1998).
157Energy Information Administration, Annual Energy Outlook 2000, DOE/EIA-0383(2000) (Washinton, DC, December 1999).
158Energy Information Administration, Petroleum Supply Annual 1999, Volume 1, DOE/EIA-0340(99/1) (Washington, DC, June 2000).
159Muse, Stancil & Co., Alternative Markets for Highway Diesel Fuel Components (September 2000), pp. 19-32.
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Appendix B

Differences From the AEO2001 Reference Case

The reference case for this study was established to pro-
vide a baseline scenario representing the nominal fore-
cast for petroleum refining and marketing without the
new requirement for ultra-low-sulfur diesel fuel
(ULSD). The reference case reflects the mid-term refer-
ence case forecast published by the Energy Information
Administration (EIA) in its Annual Energy Outlook 2001
(AEO2001).160 Both the reference case for this study and
the AEO2001 reference case were prepared using EIA’s
National Energy Modeling System (NEMS).161 Both
cases reflect the “Tier 2” Motor Vehicle Emission Stan-
dards and Gasoline Sulfur Control Requirements final-
ized by the U.S. Environmental Protection Agency
(EPA) in February 2000. Both cases also incorporate bans
or reductions for the gasoline additive methyl tertiary
butyl ether (MTBE) in the States where such legislation
has been passed. They do not include a waiver of the
Federal oxygen requirement for reformulated gasoline.

Updates in databases and assumptions that were incor-
porated into NEMS after the publication of AEO2001,
however, resulted in minor differences in the reference
case forecasts. Differences between the two forecasts rel-
evant to the ULSD study are discussed in this appendix.

Return on Investment

The AEO2001 forecast assumed a 15-percent hurdle rate
in the decision to invest and a 15-percent return on
investment (ROI) over the 15-year life of a refinery pro-
cessing unit. To be consistent with the EPA analysis, the
reference case for this study used a 10-percent hurdle
rate and a 5.2-percent ROI over a 15-year financial life-
span. The revised rates do not have a significant impact
on the marginal costs for producing current 500 ppm
highway diesel fuel in the reference case forecast.

Diesel Fuel Consumption

The AEO2001 reference case assumed that 85 percent of
the demand for diesel fuel in the transportation sector
was for highway use. More recently, however, EIA has
determined that refinery production of highway diesel
approximates the total demand for diesel fuel in the
transportation sector. Therefore, the reference case for
this study assumes that the production of 500 ppm high-
way diesel fuel is equal to the total demand in the trans-
portation sector.

Two major factors account for the revised assumption.
First, some of the highway diesel produced at refineries

is downgraded in the distribution system. The EPA esti-
mates that currently about 2.2 percent of highway diesel
is downgraded. Second, some highway-grade diesel has
been used for non-road or other uses, because the price
differential between low-sulfur and high-sulfur diesel
has not been large enough to make separate distribution
infrastructures economical. As a result, it has been noted
that some customers purchase low-sulfur diesel for
non-road uses. In California, the State requires the same
low sulfur standard for both highway and non-road die-
sel (except for railroad and maritime uses).

Import Supply Curves

The NEMS Petroleum Market Module (PMM) uses
import supply curves developed from an international
refinery model external to NEMS to represent the sup-
ply of available imports. In preparation for this study,
new sets of crude and product import supply curves
were estimated, adding supply curves for ULSD. The
new import curves were used in the reference case for
this study, but ULSD imports were not allowed.

Refining Technology Database

The PMM represents petroleum refining and marketing.
The refining portion is a linear programming represen-
tation incorporating a detailed refining technology data-
base that includes process options, product blending to
specification, and investment costs. This database is
updated annually to produce the AEO forecasts. There
have been some minor changes since AEO2001, mostly
associated with product blending. Although four new
distillate desulfurization units were added as part of the
refining technology database update, those four units
were not allowed in the reference case. Therefore, the
updates had minimal impact on the reference case for
this study as compared with the AEO2001 reference
case.

NEMS Operation Mode

For the AEO2001 reference case, all modules of the
NEMS were executed to solve for supply and demand
balance in the U.S. domestic energy market through
2020. For this study only the relevant modules were
executed, including the International Energy Module,
Transportation Demand Module, Industrial Demand
Module, and the Petroleum Market Module. This mode
of NEMS operation greatly reduced the model run time
without significantly affecting the results.
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Pipeline Regions and Operations

U.S. Regions for Distribution of Petroleum
and Their Key Pipelines
The supply and demand characteristics for refined
petroleum products across the United States vary across
regions (Petroleum Administration for Defense Dis-
tricts, or PADDs). The reasons are historical, demo-
graphic, geological, and topographical.

The East Coast (PADD I), the most heavily populated
PADD, has the highest petroleum consumption. It has
virtually no indigenous crude oil production and only
limited refining capacity. The Northeast is unique in its
dependence on heating oil: 70 percent of all sin-
gle-family homes in the Northeast are heated with oil.
Hence, the Northeast has the largest market for the
transportation of high-sulfur distillate, as opposed to
low-sulfur diesel oil. The region covers its deficit in
refined product supply with shipments from the Gulf
Coast by pipeline and with imports of refined products
by tanker. Colonial Pipeline (Gulf Coast to the New York
area) and Plantation Pipe Line (Gulf Coast to the Wash-
ington, DC, area) are trunk lines that transport a wide
product slate to the area, including distillate fuel oils.
Delivering lines, such as Buckeye Pipe Line Company,
distribute products within the New York Harbor and
from the New York Harbor area to Pennsylvania and
upstate New York. Buckeye also serves Connecticut and
Massachusetts from an origin in New Haven.
ExxonMobil and Sun also operate delivering product
pipelines in the region.

The Midwest (PADD II) is less heavily populated than
PADD I and has a greater balance of supply and demand
for both crude oil and refined products. It receives pipe-
line supplies of distillate fuel oil from both the Gulf
Coast and the East Coast. The main trunk carriers of
refined petroleum products in the Midwest are TE Prod-
uct Pipeline and Explorer Pipeline. The role of deliver-
ing carriers in the Midwest is a key to product
distribution. The region’s refining hubs depend on pipe-
lines to deliver their output. As logistics hubs, as well as
refining hubs, areas such as Chicago ship product out-
put from refineries and also re-ship product received
from refineries on the Gulf Coast or in Oklahoma. Pipe-
lines serving the Chicago hub include Williams,
Equilon, and Phillips (in addition to Explorer and TE
Products), Citgo, Marathon Ashland, Buckeye, and Wol-
verine. Other refining centers or single refineries also
depend on pipeline transport of their products. Kaneb
and Conoco are two of the pipelines serving the western
part of PADD II, the plains States, where distances are
long and consumption volumes low.

The Gulf Coast (PADD III) is the Nation’s main oil supply
region. It is the largest refining area, with facility design
and sophistication unrivaled in the world. It is a major
crude oil producing area, with output greater than all
but two members of the Organization of Petroleum
Exporting Countries. It also has a low regional demand
for finished petroleum products. Thus, its shipments of
products to other regions are a central facet of supply
east of the Rocky Mountains. The Gulf Coast is the origin
of trunk carriers such as Explorer, TEPPCO (to the Mid-
west), Colonial, and Plantation (to the Southeast and
East Coast). These pipelines also deliver to points within
PADD III.

The Rocky Mountain States (PADD IV) are thinly popu-
lated, with a low volume of oil shipped across long
transport distances. Its consumption of diesel fuel for
transportation on a per capita basis is about 60 percent
greater than the average in the lower 48 States, but its
consumption per square mile is less than 30 percent of
the lower 48 average. The region’s highway consump-
tion of diesel—a proxy for the low-sulfur diesel
required—is about 60 percent of its total distillate mar-
ket, but low-sulfur diesel accounts for more than 80 per-
cent of the total distillate supplied in the region. The
market is so thin that many companies have opted to
market (and hence require transport and storage for)
only low-sulfur diesel fuel instead of both low- and
high-sulfur fuel. The pipelines serving the region dis-
tribute products from refineries in the Denver area and
from refineries in Billings, MT; and Casper, WY, as well
as product received from terminals in PADD II. Pipe-
lines such as Yellowstone and Cenex distribute across
the Northern Tier States. Chevron moves products out
of Salt Lake City through Idaho and to western Wash-
ington, and a variety of pipelines go into and out of the
Denver area (Phillips from PADD III; Chase from PADD
II; and Conoco, WYCO, Sinclair, and others within the
Rockies).

The West Coast (PADD V) is a singular oil market, sepa-
rated from the rest of the country. From the earliest days,
the Rockies prevented the easy transfer of oil in and out
of the region. More recently, California’s adoption of
uniquely stringent oil product specifications has exacer-
bated the region’s supply isolation. The region is popu-
lous as a whole because California is populous;
consumption is high, but not on a per capita basis. In
California, the Kinder Morgan pipeline system (for-
merly Santa Fe Pacific Pipeline) is the most important. It
redistributes product from area refineries and, in south-
ern California, receives product from its system in
Arizona. The system in Arizona, in turn, connects with
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PADD III and receives supplies from El Paso, TX. The
Calnev Pipeline connects southern California with Las
Vegas, NV. There are also pipelines transporting prod-
uct in western Washington and Oregon from refineries
in the northwest corner of Washington (Kinder Morgan
and Olympic). As noted previously, Chevron supplies
the eastern part of those States via pipeline from Salt
Lake City, and Yellowstone delivers across Montana
and Idaho into eastern Washington as well.

The East Coast is the only region where all pipelines con-
sistently carry both diesel fuel (currently 500 ppm) and
high-sulfur distillate fuel oil (heating oil). In other
regions, some demand for non-road fuel is met by
500 ppm product. This is important to the demands of a
phase-in.

Key Pipeline Operations
Oil pipelines operate under a range of corporate struc-
tures and face a range of operational and financial chal-
lenges. Some are independent and face capital markets
on their own. Others are subsidiaries of integrated oil
companies. Oil pipelines also serve their markets in dif-
ferent ways, and their divergent operations patterns dic-
tate that the impact of the rule will vary across pipelines
and thus across regions. The options for minimizing
contamination may be different for a trunk line than for
a delivering pipeline carrier, or for a pipeline in batch
service versus one in fungible service. In addition, the
opportunities for offsetting a supply interruption
caused by a quality problem are fewer for the delivering
carrier in batch service. The sequencing of product flow
is central to maintaining product integrity and, possibly,
reducing system flexibility by requiring changes in
batch sizes or product scheduling.

Trunk Line and Delivering Pipeline Carriers

Refined petroleum products pipelines in the United
States fall into two fundamental service categories.
Trunk lines serve high-volume, long-haul transporta-
tion requirements; delivering pipelines transport
smaller volumes over shorter distances to final market
areas. Trunk pipelines provide transportation between
major source points, such as the Gulf Coast, and major
consumption locations, such as the East Coast. An exam-
ple of a trunk pipeline is Colonial Pipeline Company,
which operates from Houston to New York City.
Delivering pipelines provide transportation from source
points to multiple, but relatively nearby, market areas.
An example of a delivering pipeline is Buckeye Pipe
Line Company, which operates in the middle Atlantic
and upper Midwest regions of the country from various
source points, such as New York and Chicago, to mar-
kets such as Pittsburgh and Detroit. While the average
haul length on Colonial Pipeline is over 1,000 miles, the
average haul length on Buckeye is 125 miles.

Both trunk line and delivering pipeline carriers are nec-
essary for meeting the Nation’s demand for refined
petroleum products, and each type of pipeline carrier is
economically sound in performing its type of service.
Many pipeline companies provide both types of service.
It is clear, however, that trunk and delivering pipeline
carriers encounter different operating environments
and different economics. Trunk lines tend to have lower
costs and revenues per barrel mile than delivering carri-
ers. Trunk line carriers also tend to be more capital inten-
sive than delivering carriers. Costs and revenues per
unit of throughput are higher for delivering carriers
than for trunk lines, and delivering carriers tend to be
more labor intensive than trunk carriers. Delivering car-
riers also tend to operate physically smaller pipelines
and to use more and smaller storage tanks than do trunk
carriers.

The fundamental difference between trunk line and
delivering pipeline carriers is scale. For pipelines closer
to ultimate demand locations, the magnitude of opera-
tions tends to be smaller and the number of operating
tasks performed tends to be larger. The trunk carriers
that serve as the central arteries have flexibility to redi-
rect product, for instance. As the system reaches its fur-
thest capillaries, the inflexibilities imposed by the
smaller scale become more apparent. The chances for
“operating lockouts” increase. A lockout might occur if a
terminal does not have room to accept a scheduled ship-
ment and there are no other terminals at hand to accept
the product. The pipeline is thus stalled until the prod-
uct can be delivered.

Batch and Fungible Pipeline Service

Petroleum products pipelines also differ by whether
they operate on a batch or fungible basis. In batch opera-
tions, a specific volume of refined petroleum products is
accepted for shipment. The identity of the material
shipped is maintained throughout the transportation
process, and the same material that was accepted for
shipment at the origin is delivered at the destination. In
fungible operations, the carrier does not deliver the
same batch of material that is presented at the origin
location for shipment. Rather, the pipeline carrier deliv-
ers material that has the same product specifications but
is not the original material.

A pipeline carrier operates in a batch or fungible mode
based on its circumstances. Unless there is a more com-
pelling reason, a pipeline operator’s selection of its
mode of service is based on maximizing operating and
economic efficiency. In general, fungible product opera-
tion is the more efficient mode of operation. Fungible
operation tends to minimize the generation of interface
material (see below). Another efficiency of fungible
operation is that it permits split-stream operations. In a
split-stream operation, material originating at Point A
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and destined for Points B and C can be delivered at both
distant points simultaneously; part of the stream can
continue on to Point C while delivery is still underway at
Point B. In a batch mode, a delivery operation to Point B
means that all pipeline movements beyond Point B cease
while the delivery to Point B is completed.

Fungible operations also support more efficient utiliza-
tion of storage tanks. In fungible operations, large stor-
age tanks are used to accumulate or deliver multiple
consignments of identical refined products. In batch
operations, only one consignment of material is typi-
cally held in each tank. Accordingly, storage tanks used
in batch pipeline operations tend to be smaller (and, pos-
sibly, more numerous) and are not utilized as inten-
sively as storage tanks used in fungible service.

Among the pipeline characteristics that determine
whether a refined petroleum products pipeline operates
in a batch or fungible mode, customer requirements for
segregation are an important factor. (Many pipelines
operating on a fungible product basis can make provi-
sion to accept a distinct batch from a shipper. In doing so
the carrier might impose a higher minimum volume
requirement or charge a higher tariff rate to cover the
higher operating cost of providing the special service.)
Nonetheless, many pipelines or pipeline segments serve
areas where the structure of the market does not support
the “one size fits all” character of fungible service.

Another important factor in determining a pipeline’s
type of service offering is the possible availability of
multiple pipelines in the same service corridor. If exist-
ing practice and customer service arrangements initially
mandate batch pipeline service, it is difficult for a
refined petroleum products pipeline carrier to change to
fungible service subsequently. On the other hand, if a
pipeline carrier serves a transportation corridor using
multiple pipelines, it has more flexibility to adopt fungi-
ble service.

Thus, while an oil pipeline is likely to prefer fungible
service, batch service is often the only feasible choice.
Like the difference between trunk and delivering carri-
ers, the difference between fungible and batch service is
one of scale for many operating parameters. An oil pipe-
line in batch service has considerably less flexibility to
offset operating “hiccups” (such as product contamina-
tion at a shipper’s terminal tank) than does an oil pipe-
line operating in fungible service.

Sequencing Product Flow

Refined products pipelines carry more than 60 percent
of all petroleum products transported in the United
States.162 Products pipelines are routinely capable of
transporting various types of products or grades of the

same petroleum products in the same pipeline. For
example, it is common for a single refined products
pipeline to transport various grades of motor gasoline,
diesel fuel, and aircraft turbine fuel in the same physical
pipeline. (For the most part, oil pipelines do not trans-
port both crude oil and refined petroleum products in
the same pipeline.)

To carry multiple products or grades in the same pipe-
line, different petroleum products or grades are held in
separate storage facilities at the origin of a pipeline and
are delivered into separate storage facilities at the desti-
nation. The different types or grades of petroleum prod-
ucts are transported sequentially through the pipeline.
While traversing the pipeline, a given refined product
occupies the pipeline as a single batch of material. At the
end of a given batch, another batch of material, a differ-
ent petroleum product, follows. A 25,000-barrel batch of
products occupies nearly 50 miles of a 10-inch-diameter
pipeline.

Generally, product batches are butted directly against
each other, without any means or devices to separate
them. At the interface of two batches in a pipeline, some,
but relatively little, mixing occurs. The actual volume of
mixed material generated depends on a number of phys-
ical parameters, including pipeline diameter, distance,
topography, and type of material. As a guide to under-
standing the volume of interface generated, it would be
typical for 150 barrels of mixed material to be generated
in a 10-inch pipeline over a shipment distance of 100
miles. The hydraulic flow in a pipeline is also a crucial
determinant of the amount of mixing that occurs. “Tur-
bulent flow,” as occurs in most pipelines, minimizes the
generation of interface, while operations that require the
flow to stop and start will generate the most interface
material.

Monthly Batch Scheduling

As a part of their strategy to minimize the generation of
interface material, pipeline operators sequence batches
on the basis of the total number of products routinely
shipped and the number and capacity of storage tanks
available at the origin, destination, and intermediate
breakout locations. Most often, pipeline operators use a
recurring monthly schedule of “cycles,” shipping all the
available petroleum products of the same type in
sequence. For example, only gasoline grades would be
shipped during the days that constitute the gasoline
cycle, and only distillates would be shipped during the
days that constitute the distillate cycle. The actual dura-
tion of the cycles might vary from 6 to 10 days, depend-
ing on the volume of each material to be shipped during
a particular month. Operators accommodate increased
seasonal demand and stock builds, for instance, by
adjusting the cycle schedule. The schedule is published
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far in advance, however, leaving little opportunity for
last-minute flexibility.

Batch sizes are determined by the availability of storage
tankage (not only to pipeline operator directly, but also
to originating shippers and receiving terminal opera-
tors), the batch sizes consigned by shippers, shippers’
time requirements, and whether the pipeline is operated
on a batch or fungible basis.

Interfaces and Transmix

The composition of the mixed (or interface) material
reflects the two materials from which it is derived. While
it does not conform to any standard petroleum product
specification or composition, it is not lost or wasted. For
interface material resulting from adjacent batches of dif-
ferent grades of the same product, such as mid-grade
and regular gasoline, the mixture is typically blended
into the lower grade. This “downgrading” reduces the
volume of the higher quality product and increases the
volume of the lower quality product.

The interface between two different products—gasoline
and a distillate, for instance—produces a hybrid called
“transmix.” Transmix cannot be blended back into
either of its components, as gasoline’s flash point will
contaminate the distillate, and distillate’s higher boiling
point will contaminate the gasoline. Transmix, there-
fore, is segregated and then reprocessed in a full-scale
refinery or a purpose-built facility. When it has been sep-
arated again into its component products (gasoline and
distillate, for instance), the distinct products are reintro-
duced into the appropriate segregated transportation
and storage system. (If an operator utilizes two physical
pipelines in the same corridor, it may minimize the gen-
eration of transmix by carrying only gasoline in one line
and only distillates in the other. The problem of down-
grade within a family of products, however, still exists.)

As shown in Figure C1, a refined products pipeline typi-
cally “wraps” the current highway diesel (at 500 ppm)
with kerosene and/or jet fuel (2,000 ppm or so), and
non-road diesel (up to 5,000 ppm). The chance that the
500 ppm material will be forced off-specification by sul-
fur contamination is low. The product tendered is
around 300 ppm, leaving leeway for any minor contami-
nation from the neighboring product.

Typically, refined oil products are transported from a
source location, such as a refinery or bulk terminal, to a
distribution terminal near a market area. Large above-
ground storage tanks at an origin location accumulate
and hold a given petroleum product pending its entry
into the pipeline for transport. Petroleum products are
also stored temporarily in aboveground storage tanks at
destination terminals.

Storage tanks usually are dedicated to holding a single
petroleum product or grade. Most storage tanks used in

pipeline operation are filled and drained up to four or
more times per month. Operators usually are able to
place the same type of petroleum fuel in a given tank on
each drain and fill cycle, and the tank is not purged and
cleaned between the routine drain and fill cycles. When
a tank is filled and drained with a given material, small
to substantial quantities of the former material remain in
the tank. To the extent that the previous material was
different from new material being placed in the tank,
contamination can occur. Generally, such contamination
is inconsequential because the new material is substan-
tially the same as the old material or its volume is small.

In addition to tanks at the origin and destination termi-
nals, “working” or “breakout” tanks are used in the nor-
mal course of pipeline operation. Over a pipeline route,
there may be various needs to interrupt the flow of pipe-
line material in transit, including branching of the pipe-
line, change in size or capacity, mainline pumping
operations, change from fungible to batch operation,
and others. In each case, breakout tanks provide the flex-
ibility to temporarily stop or buffer different flow rates
of pipeline segments.

The maintenance of material in continuous pipeline
transit without need for diversion into breakout tankage
is known as “tightlining.” A pipeline operator’s ability
to tightline material will prove to be a slight advantage
in protecting the integrity of ULSD. Overall, however,
tightlining is not an easy option to engage if facilities and
operating requirements do not already permit it.

In addition to the minor creation of interface material
that occurs in pipeline transit, creation of interface mate-
rial also occurs in the local piping facilities (station pip-
ing) that direct petroleum products from and to
respective origin and destination storage tanks and in
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Making the Cut: The Mechanics of the Interface

Each petroleum product—in fact, each batch of prod-
ucts—has a distinct and identifiable specific gravity.
Different products have widely different specific
gravities. Different grades or batches of the same
product have slight but measurable differences in
specific gravity.

Pipeline operators monitor the specific gravity of a
pipeline stream as it approaches a station or terminal.
A change from one specific gravity to another indi-
cates the end of the leading batch and the beginning
of the following batch. Based on this signal of the
interface location, the pipeline operator “swings”
batches from one pipeline to another or from main-
line transit into segregated tanks. The shift in specific
gravity may be too gross an indicator, however, when
dealing with ULSD. By the time the shift in specific
gravity is discernible, the ULSD may have been con-
taminated by the sulfur in its neighboring product.



the tanks themselves. Essentially, station piping repre-
sents the connection between a main pipeline segment
and its requisite operating tanks. The concept is simple
in theory, but in practice the configuration of station pip-
ing is not. Station piping layouts become more complex
as the tanks at a pipeline terminal facility become more
numerous.

Configurations of station piping necessary to accommo-
date a given number of tanks and to provide flexibility in
routing multiple products in and out of those tanks pro-
vide many possibilities for the creation of pipeline inter-
face material. Each pipeline facility is different, not only
among pipeline companies but within pipeline compa-
nies. There is no way to predict how easy or hard it will
be to minimize possible sulfur contamination of ULSD
in station piping, except to examine the risks on a
case-by-case basis.

In fact, the interface generation in station piping and
breakout tanks may be even more important than dur-
ing pipeline transit. The volume of interface material
thus generated is due to the physical attributes of the
system. It has fewer variables but approaches being a
fixed value on a barrel-per-batch, not a percentage,
basis. For instance, one pipeline operator may create
25,000 barrels of high-sulfur/low-sulfur distillate inter-
face per batch whether the batch is 250,000 barrels or
1,000,000 barrels. In addition, a given batch of product
might be transported in multiple pipelines between its
origin and its final destination and even within the same
system might require a stop in breakout tanks, as noted
above. Each segment of the journey generates additional
interface.
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Figure C1.  Typical Product Sequence and Interfaces in a Refined Products Pipeline

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting.
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Appendix D

Short-Term Analysis of Refinery Costs and Supply

As a result of the new regulations issued by the U.S.
Environmental Protection Agency (EPA) for ultra-low-
sulfur diesel fuel (ULSD) the U.S. refining industry faces
two major challenges: to meet the more stringent specifi-
cations for diesel product, and to keep up with demand
by producing more diesel product from feedstocks of
lower quality. Some refineries in the United States and
Europe currently have the capability to produce some
diesel product containing less than 10 ppm sulfur, and
there is no question that diesel fuel with less than 10
ppm sulfur can be produced with current technology.

U.S. refiners have demonstrated that meeting the EPA
target specification of 500 ppm sulfur (1993 reduction
from 5,000 ppm to 500 ppm) was easier than anticipated.
The primary methods used were upgrading existing
hydrotreater units by adding extra reactor volume and
building new units. In contrast, the proposed change
from 500 to 15 ppm represents a new and far more chal-
lenging task for the industry, because the remaining sul-
fur (less than 500 ppm) is likely to be contained in
compounds that are difficult to desulfurize, such as
4,6–dimethyldibenzothiophene (often described as
sterically hindered sulfurcontaining molecules). Fur-
thermore, to meet growing demand for diesel fuel, some
refineries will have to increase capacity, which may
involve treating lower quality feedstocks (cracked distil-
lates) that require more severe and costly process
conditions.

The implications of producing ULSD are complex, not
only from a unit-specific standpoint but also from a
refinery standpoint. Each refinery has unique circum-
stances, such as existing hydrodesulfurization units,
source of crude, diesel blend components, and hydrogen
availability. Producing ULSD is a significant decision for
most refiners, and the incremental cost per barrel could
vary dramatically across the range of individual refin-
ers. In addition, it is uncertain whether further restric-
tions on diesel quality will be imposed in the future.
Some refiners may decide to discontinue producing
highway diesel and produce only non-road diesel and
heating oil as distillate products. Such decisions, cou-
pled with increasing demand for diesel fuel, could
heighten the potential for a diesel shortage in 2006.

This appendix provides details of the methods used to
estimate the short-term cost per gallon to manufacture
ULSD meeting the EPA sulfur specifications for 2006
and examines the variations in cost for different U.S.
refineries. The analysis results in a cost curve indicative
of the cost that may be incurred by U.S. refiners to pro-
duce the new fuel at various supply levels.

Estimating Components of the Distillate
Blend Pool

The initial step of the analysis was to analyze the poten-
tial economics of producing ULSD for each refinery.
Using input and output data submitted to the Energy
Information Administration (EIA) by refiners, the cur-
rent components of the distillate blend pool were esti-
mated and allocated to the current production of
highway diesel, non-road diesel, and heating oil.
Volumes and sulfur content of straight-run distillate,
fluid catalytic cracker (FCC) light cycle oil (LCO), coker
distillate, and hydrocracker distillate were estimated on
the basis of the gravity and sulfur content of crude feeds,
input volumes to the FCC, coker, and hydrocracker
units, and the fraction of the FCC feed that is
hydrotreated.

The estimates for volumes of full-range straight-run dis-
tillate, LCO from the FCC, and coker distillate were
adjusted according to reported refinery data. Because
kerosene and jet fuel are made from the straight-run dis-
tillate and hydrocracked material, those distillate pool
components were reduced accordingly. If a hydro-
cracker was available at a refinery, volumes of LCO and
coker distillate were allocated to the hydrocracker by
comparing available distillate boiling range components
to distillate product volumes. A final adjustment was
made, based on the relative production of gasoline and
distillate products.

The initial estimate of straight-run distillate volume for a
given refinery was based on a typical cut point range for
a crude oil with the gravity of the crude oil charged to
that refinery. If the available distillate pool volumes
exceeded the distillate product produced, the volume of
the straight-run distillate component was reduced,
based on the typical variation in distillation cut points.
(The light end of the kerosene boiling range material
may be included in the reformer feed for gasoline pro-
duction, and the heavy end (high end) of the boiling
range may be included in the FCC feedstock. Either or
both of these adjustments will reduce the straight-run
distillate volume.) The adjustments resulted in esti-
mated distillate pool volumes approximately equal to
the reported volumes of distillate production. The distil-
late pool components were then allocated to the produc-
tion of highway diesel, non-road diesel, and heating oil.
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Allocating Blend Pool Components to
Distillate Products

Specifications for the various diesel and heating oil
products determine how refiners allocate the distillate
component to the products. In 1997, the American Petro-
leum Institute (API) and National Petrochemical and
Refining Association published a survey of blend pat-
terns used by U.S. refiners in 1996 for gasoline and distil-
late products.163 The compositions of the distillate
products for Petroleum Administration for Defense Dis-
tricts (PADDs) I-IV reported in the API/NPRA survey
for 1996 are summarized in Table D1.

According to the API/NPRA survey, the fraction of
cracked stocks (LCO and coker distillate) is about
one-third of the total for both highway and non-road
diesel fuels. PADD II has the highest percentage of
cracked stock components: 34.7 percent for highway
diesel and 27.3 percent for non-road diesel. Only PADDs
I and III have significant production of heating oil, and
the cracked stock content is 44.7 percent in PADD I and
40.9 percent in PADD III. While highway diesel has a
lower sulfur limit than non-road diesel, both have the
same minimum cetane number requirement of 40,
which limits the fraction of cracked stock that can be
included in either product. Cracked stocks are
poor-quality diesel blend components, because of their
high aromatics content and low cetane numbers (Table
D2).

A refiner cannot consider options for producing ULSD
without considering the impact on other diesel and heat-
ing oil products. Thus, while cracked stocks have a

combination of high aromatics and higher sulfur that
make them difficult materials to convert to ULSD, for
most refiners it is not possible to shift more of these
cracked stocks to non-road diesel because of the
non-road cetane requirement. A few refiners in PADDs I
and III could potentially allocate more cracked stocks to
heating oil, but as the relative volumes in Table D1 indi-
cate, this would help only a small number of refiners.

The EPA analysis of the feasibility of producing
ULSD164 discussed the difficulty of desulfurizing
cracked stocks compared to straight-run distillate to
meet ULSD standards. Commentary indicated that, if
hydrocracking capacity were available, some cracked
stock could be sent to the hydrocracker. In estimating
the distillate pool components as described above, the
volume balances indicated that in many refineries with
hydrocrackers, the LCO was likely being consumed as
hydrocracker feed. The EPA also suggested that,
because non-road diesel fuel has an average cetane num-
ber of 44.4, more cracked stock could be allocated to
non-road diesel and still achieve the 40 minimum
standard.

In analyzing each specific refinery, EIA found that refin-
eries fall into three groups with respect to cracked
stocks. One group has a relatively small fraction of
cracked stocks (such as those with hydrocrackers) and
hence produces highway and non-road diesel fuels with
relatively high cetane. For a second group, cetane con-
straints offer little chance for allocating more cracked
stocks to non-road diesel. The third group, using heavy
crude oil feeds to produce large volumes of cracked
stocks from FCC units and cokers, must treat distillate
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Table D1.  API/NPRA Survey of Distillate Product Compositions, 1996

Region Product

Product Components (Percent by Volume)

Total Volume
(Million Barrels)

Straight-Run
Distillate

Cracked Light
Cycle Oil

Cracked Coker
Distillate

Hydrocracked
Distillate

PADD I . . . . . . . . Highway Diesel 67.7 16.5 0.0 15.8 12.1

Heating Oil 54.2 44.7 0.0 1.1 10.4

PADD II. . . . . . . . Highway Diesel 62.7 28.8 5.9 2.6 59.9

Heating Oil 66.9 11.6 21.5 0.0 2.1

Non-Road Diesel 72.7 27.3 0.0 0.0 19.2

PADD III . . . . . . . Highway Diesel 66.0 18.8 10.7 4.5 104.5

Heating Oil 57.8 29.6 11.3 1.3 6.5

Non-Road Diesel 56.9 12.8 3.2 27.1 28.9

PADD IV . . . . . . . Highway Diesel 71.0 22.6 4.2 2.2 11.0

Non-Road Diesel 80.9 19.1 0.0 0.0 2.1

Note: The survey included reports from 9 PADD I refineries, 25 PADD II refineries, 42 PADD III refineries, and 12 PADD IV refineries and
accounted for 80 percent of the volume that EIA reported was produced in that period.

Source: Final Report: 1996 American Petroleum Institute/National Petrochemical and Refining Association Survey of Refining Operations and
Product Quality (July 1997).

163Final Report: 1996 American Petroleum Institute/National Petrochemical and Refining Association Survey of Refining Operations and Product
Quality (July 1997).

164U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000), Chapter IV, web site www.epa.gov/otaq/regs/hd2007/frm/
ria-iv.pdf.



components to reduce aromatics and improve cetane in
order to produce acceptable products.

In the longer term, increased movement of cracked dis-
tillates between refineries could occur, with more under-
cutting of cracked stock to remove the high-aromatic,
high-sulfur material at the high end of the boiling range.
Such industry optimization avenues would take time to
establish, however, because they are based on compo-
nent price differentials that may grow over time to pro-
vide incentives for such activities. During the transition
period starting in 2006, based on past experience, it is
assumed that most refiners would base their strategies
on analyses of specific refinery situations. Possible
exceptions are multiple refineries within a single com-
pany system having logistical connections that permit
practical and economical movement of refinery streams.

Identifying Refinery Options for Producing
ULSD
The objective of this step of the analysis was to generate
estimates of the incremental cost for each refinery to pro-
duce ULSD. The incremental cost will vary for each
refinery, depending on the volume of ULSD produced;
the type of blend components from which it is produced;
the sulfur, aromatics, and boiling range content of those
blend components; whether the refinery can revamp an
existing hydrotreater or must build a new one; and the
cost for catalyst, hydrogen, and other requirements to
produce the ULSD. Moreover, each refinery must decide
how much ULSD it will produce in 2006. Because the
volume of ULSD produced will affect the incremental
cost of production, the incremental cost of ULSD pro-
duction for each refinery was first estimated at current
production levels, assuming both the revamp of a cur-
rent hydrotreating unit and the addition of a new unit.

Then, additional options for reducing or expanding the
refinery’s ULSD production were estimated.

Several factors may cause a refiner to maintain, contract,
or expand highway diesel production when the ULSD
regulation takes effect in 2006. Maintaining current pro-
duction of highway diesel has the appeal of keeping the
refinery production in balance with current distillate
markets sales for the company. Either increasing or
decreasing the highway diesel production will mean
finding markets for more highway diesel, more heating
oil, or more non-road diesel products. Reducing ULSD
production may result in a lower per barrel incremental
cost for ULSD production.

ULSD production requires added hydrogen usage in the
distillate hydrotreater, thereby increasing hydrogen
consumption per unit of distillate feed. Some refiners
may choose to reduce feed input in order to continue to
operate within existing hydrogen supply constraints
and avoid building new hydrogen production capacity.
Reducing hydrotreater throughput may also enhance
the practicality of revamping a current hydrotreater to
avoid building a new unit. The 1996 API/NPRA survey
showed that at the 500 ppm sulfur limit level, about 15
percent of untreated material was placed in highway
diesel in PADDs I-IV. Producing ULSD will require that
all the diesel product must be hydrotreated. This means
that some refiners who seek to revamp will be working
with a unit that has less capacity than indicated by cur-
rent highway production. Some additional capacity may
be made available by increasing the utilization rates of
existing units that are currently operating at lower utili-
zation rates.

If a refiner has to build a new hydrotreater, expansion of
highway diesel production is an obvious consideration.
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Table D2.  Cetane Number of Light Cycle Oil From Some World Crude Oils

Crude Oil Source
Gravity

(Degrees API)

Sulfur Content
(Percent by

Weight)

Cetane Number

Straight-Run
Diesel

Light Cycle Oil
at 60 Percent
Conversion

Light Cycle Oil
at 80 Percent
Conversion

Murban. . . . . . . . . . . . . . . Abu Dhabi 39 0.9 58 40 22

Saudi Arabia Light . . . . . . Saudi Arabia 34 1.7 58 32 18

Forcados . . . . . . . . . . . . . Nigeria 31 0.2 39 25 <15

Forties . . . . . . . . . . . . . . . North Sea 37 0.3 52 37 20

Maya . . . . . . . . . . . . . . . . Mexico 22 3.3 47 25 15

Boscan. . . . . . . . . . . . . . . Venezuela 10 5.5 39 21 <15

North Slope . . . . . . . . . . . Alaska 27 1.0 45 30 17

Gibson Mix. . . . . . . . . . . . Louisiana 36 0.3 55 40 22

West Texas Sour . . . . . . . Texas 32 2.4 47 32 18

Note: It was assumed that 650-1050F vacuum gas oil was cracked at 60 percent or 80 percent volume conversion. Properties of the vacuum gas oil
and cetane number of straight-run diesel are from the Ethyl Corporation crude oil database.

Source: G.H. Unzelman, “Diesel Fuel Demand: A Challenge to Quality,” Presentation to the Energy Economics Group, Institute of Petroleum (Lon-
don, UK, October 10, 1983).



Expansion can provide economies of scale for a new unit
and may mean lower costs per unit; however, if new
hydrogen production capacity is required, the cost per
unit may be higher. There is also the risk of having to
find additional markets for the added highway diesel
production.

The EPA analysis165 and a study by Charles River Asso-
ciates, Inc., and Baker and O’Brien, Inc. (CRA/BOB)166

have attempted to determine which refineries could be
revamped; however, it is highly uncertain which refiner-
ies have hydrotreaters that could be revamped and
maintain current production volumes. The present
study also makes such an estimate, using a rationale
similar to that used in the CRA/BOB analysis. The pro-
cess construction literature for the past decade was
reviewed for distillate hydrotreater projects, and it was
assumed that revamps would be more likely for refiner-
ies that carried out major distillate projects in the 1990s,
especially those that installed new units. It was also
assumed that revamps would be practical for refineries
using a small percentage of cracked stock to produce
ULSD. In addition, it was assumed that new units would
be built at refineries with current hydrotreater capacity
less than their highway diesel production (although
revamps would also be feasible at reduced production
levels).

Estimating Costs for Individual Refineries
A semi-empirical model was developed to size and cost
new and revamped distillate hydrotreating plants for
production of ULSD. Sulfur removal was predicted
using a kinetic model tuned to match the limited litera-
ture data available on deep distillate desulfurization.
Correlations were used in the model to relate hydrogen
consumption, utility usage, etc., to the three major con-
stituents of the distillate pool: straight-run distillate,
light cycle oil, and coker gas oil.

Model Assumptions
New ULSD Unit

• Sulfur removal from the existing refinery distillate
pool, utilizing a dual-reactor hydrodesulfurization
unit with interstage H2S removal.

• Hydrogen consumption includes hydrogen required
to desulfurize the distillate pool to 7 ppm and to sat-
urate aromatics and olefins in the distillate.

• Cost estimates include capital for a new hydro-
treating plant, sulfur plant, and expansion of utili-
ties. Depending on the feedstock, the model decides
whether or not to construct a new hydrogen plant.

• Operating costs include utilities, maintenance, cata-
lyst and chemicals makeup and natural gas used for
hydrogen generation. A small credit is taken for the
sale of the sulfur byproduct.

Revamped ULSD Unit

• Sulfur removal from the existing refinery diesel
pool, utilizing existing hydrodesulfurization unit
with a new second-stage reactor and interstage H2S
removal.

• Incremental hydrogen consumption for revamp
based on decreasing the sulfur level from 500 ppm to
7 ppm.

• Cost estimates include capital for new hydrotreating
reactor, heater, heat exchanger, H2S absorber, and
expansion of utilities. Existing refinery sulfur and
hydrogen plants are assumed to have sufficient
excess capacity to handle increased throughputs.
Depending on the feedstock, the model decides
whether of not to construct a new hydrogen plant.

• Operating costs include incremental utilities, main-
tenance, catalyst and chemical makeup, and natural
gas used for hydrogen generation. No credit is taken
for the sale of the additional sulfur byproduct.

Model Description

The ULSD model considers hydrotreating three differ-
ent types of refinery feeds: straight-run distillate from
the atmospheric column, LCO from the FCC, and coker
gas oil from the coker. The model is in a spreadsheet for-
mat and contains Visual Basic coded functions for some
complex calculations. It consists of seven main sections:
(1) Economic Factors, (2) Refinery Input Data, (3) Man-
ual Variables, (4) Hydrotreater Kinetics, (5) Hydro-
treater Plant, (6) Hydrogen Plant, and (7) Sulfur Plant.
The model consists of seven Microsoft Excel® work-
sheets: a raw data worksheet that contains refinery-
specific information used by the other worksheets, five
refinery scenario worksheets that contain the detailed
step-by-step calculations for the revamp and new unit
cost projections, and a summary worksheet.

Model Options

The costs to produce ULSD for five investment options
are estimated from the compiled data for each refinery.
Costs vary for each refinery, depending on the volume
of ULSD produced, the blend components from which it
is produced, the sulfur, aromatics, and boiling range of
the blend components, whether the refinery can revamp
an existing hydrotreater or must build a new one,
and the cost of the catalyst, hydrogen, etc. required to
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165U.S. Environmental Protection Agency, Regulatory Impact Analysis: Heavy-Duty Engine and Vehicle Standards and Highway Diesel Fuel
Sulfur Requirements, EPA420-R-00-026 (Washington, DC, December 2000).

166Charles River Associates, Inc., and Baker and O’Brien, Inc., An assessment of the Potential Impacts of Proposed Environmental Regulations
on U.S. Refinery Supply of Diesel Fuel, CRA No. D02316-00 (August 2000).



produce ULSD. The volume of ULSD a refiner decides to
produce will affect the cost. For each refinery, the cost
for ULSD production is estimated at current production
levels, both assuming the addition of a new
hydrotreating unit and assuming the revamping of an
existing hydrotreating unit (options 1 and 2 below).
Three additional options are considered (reductions
from current highway diesel production assuming new
and revamped hydrotreater units and increases from
current production assuming new units) to find the most
economical production levels for individual refineries.

Option 1 (Baseline New Hydrotreater): This “busi-
ness-as-usual” option is modeled using the current
refinery production capacities for highway and
non-road diesel. The model estimates the cost to pro-
duce highway and non-road diesel at the proposed sul-
fur limits (7 ppm and 5,000 ppm, respectively) while
maintaining the same hydrotreater throughput. A new
hydrotreater plant is estimated.

Option 2 (Baseline Revamped Hydrotreater): This
option is identical to Option 1 except that the existing
hydrotreater plant is assumed to be revamped. The
revamp option considers the cost of installing an addi-
tional hydrotreater reactor (not an entire plant) and
interstage amine scrubber. The additional reactor is
sized to decrease the existing diesel sulfur content from
500 ppm to 7 ppm.

Options 3 and 4 (Reduced ULSD New and Revamp
Hydrotreater): These options consider the cost impacts
of decreasing highway diesel production and increasing
non-road diesel production. Because ULSD production
will require more hydrogen consumption (especially for
refineries with lower quality feedstocks), reducing
ULSD production may permit the refinery to operate
within existing hydrogen capacity and avoid the neces-
sity of building a costly new hydrogen plant. Further-
more, reducing hydrotreater throughput may also
enhance the practicality of revamping the current
hydrotreater and avoiding the need to invest in a new
unit.

Option 5: Increased ULSD New Hydrotreater: This
option considers expanding highway diesel production
while decreasing non-road diesel production, thus
increasing throughput to the hydrotreater and creating
the need for a new hydrotreater. A particular refiner
might consider this option for several reasons: (1) the
refinery has a high volume of cracked stocks, and a new
hydrotreater plant is needed anyway; (2) a new unit may
provide economies of scale and lower per-unit produc-
tion cost; (3) there may be a perceived opportunity to
expand highway diesel production as demand increases
and “challenged” refineries discontinue diesel produc-
tion. A corresponding revamp case was not considered,
because it was assumed that current refineries were at

maximum production rate with existing equipment, and
both new hydrotreater and hydrogen plants would be
needed.

Worksheet Environment

Economic Factors: The capital charge factor is assumed
to be 12.0 percent (corresponding to a 5.2-percent after-
tax rate of return on investment), contingency 20.0 per-
cent, on-site maintenance 4.0 percent, off-site mainte-
nance 2.0 percent, taxes and insurance 1.5 percent
(included in the capital charge factor), and miscella-
neous 0.6 percent, all as a percentage of capital invest-
ment. Sensitivity cases using a 17.2-percent capital
charge were also analyzed.

Refinery Input Data: The cost model requires two input
data sets for each scenario. The first set of input data is
the baseline data, consisting of the current refinery die-
sel capacities from which all scenarios are developed.
The baseline data consist of the API gravity, highway
and non-road diesel blend component flow rates, and
sulfur content of each stream to the hydrotreater. The
second set of input data contains the blend component
flow rates for the optional expanded or reduced
hydrotreater.

Manual Variables: Some variables are not available in
the original refinery-by-refinery specific database and
require some engineering judgment and estimation.
Whether or not the FCC feed is hydrotreated affects the
hydrogen consumption for desulfurizing the LCO
stream. Pretreatment of the FCC feed results in products
(LCO in this case) with higher API gravities (lower sul-
fur and aromatic content), which will in turn require less
hydrogen to remove the remaining sulfur during
hydrotreating. The geographic location factor is utilized
in the cost estimates for each refinery process; the loca-
tion basis used in the model is the U.S. Midwest. The
pressure input (in pounds per square inch absolute [psi])
affects both the kinetic and hydrotreater portions of the
model. It is assumed that the maximum pressure for the
revamp options is 650 psi, and the average length-of-run
pressure for the new hydrotreater options is 900 psi. The
estimated process temperature has a direct impact on
the kinetic performance.

Hydrotreater Kinetics: The kinetic model used in this
study has the general form:

-dS/dt = kSnPH2
/(1 + KsSo) .

An Arrhenius form is used for the temperature depend-
ence of k. For the Langmuir-Henshelwood factor, it is
assumed that sulfur species in the feed and H2S are
equally strongly absorbed on catalyst sites. The con-
stants in the equation were fit using the best available
data from the literature. The best fit was obtained with n
equal to 1.5. The equation was integrated to give space
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velocity as a function of feed properties and operating
conditions. The value of k used reflects the higher sever-
ity required to process cracked feedstocks. When two
reactors are used in series with interstage H2S removal,
the intermediate sulfur level is adjusted to give approxi-
mately equal space velocities in the two reactors. When
utilized for the revamp situations, the intermediate sul-
fur level (500 ppm) is manually placed in the kinetic
model, and only the second space velocity is used for
hydrotreater cost estimating.

Hydrotreater Plant: The total on-site capital cost esti-
mate for a new hydrotreater plant (see Chapter 3) con-
sists of three parts: a two-reactor system (in series) with
interstage H2S stripping, hydrogen makeup compres-
sors, and remaining on-site capital equipment. The cost
of the reactor system and makeup compressors are a
function of the percent of cracked stocks present in the
hydrotreater feed pool, whereas the cost of the remain-
ing on-site equipment is a function of capacity. The com-
bined flow rates, space velocities calculated from the
kinetic model, and pressure are used to size each reactor,
with the restrictions that the reactor length-to-diameter
ratio must be greater than or equal to 5, and the diameter
must be less than or equal to 15 feet. The cost of each
reactor is a function of the wall thickness and reactor
weight. Next, the hydrogen makeup compressor costs
are calculated based on the hydrogen consumption. The
remaining on-site capital for a new plant (inside battery
limit [ISBL] equipment) is estimated by using vendor
data supplied in a recent NPC study as a basis (30,000
barrels per stream day, $1,200 per barrel per stream
day). Figure D1 shows the predicted ISBL costs for each
refinery studied, using a basis of $1,200 per barrel per
stream day, and a best-fit curve through the data. Differ-
ences in capital costs at a given capacity level are the
result of variations in the fractions of the different types
of feeds (e.g., straight run versus cracked stocks) and the
sulfur level of the feed to the hydrotreater.

In the view of many refiners with whom discussions
were held, an estimate of $1,600 per barrel per stream
day is believed to be a more representative ISBL invest-
ment cost to produce ULSD. Therefore, the model was
rerun using a basis of $1,600 per barrel per stream day
for a unit with 30,000 barrels per stream day capacity.
Figure D2 shows the relation of vendor-supplied data to
the model results for both ISBL baseline costs ($1,200 per
barrel per stream day and $1,600 per barrel per stream
day).

The revamped hydrotreater on-site capital portion of the
model utilizes only the space velocity calculated for the
second reactor used to lower the diesel pool sulfur con-
tent from 500 ppm (manually specified) to 7 ppm. The
revamped hydrotreater capital cost includes only an
additional reactor, heater, and separator and assumes
that the existing inside battery limit equipment will
remain unchanged.

The on-site capital costs for the new and revamped
hydrotreater plants include the initial catalyst charge.
The off-site capital cost for a new plant is assumed to be
45 percent of the on-site capital cost, and the off-site cap-
ital cost for a revamped plant is assumed to be 30 percent
of the on-site capital cost.

Hydrotreater Catalyst: Catalyst cost (in dollars per bar-
rel) is a function of space velocities and is calculated
assuming a 2-year life, with CoMo in the first reactor and
NiMo in the second reactor. CoMo is more reactive in
removing sulfur from the less challenging sulfur-
containing molecules. Below 500 ppm, however, the sul-
fur present is more likely to be contained in sterically
hindered molecules and is more difficult to remove
using a CoMo catalyst (Figure D3). In contrast, NiMo has
higher activity on more challenging sulfur-containing
molecules. Published data have shown that the costs of
both catalysts are approximately $10 per pound, includ-
ing royalty.
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Source: National Energy technology Laboratory.
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Hydrotreater Utilities: The main utilities for the hydro-
treater plant included in the model are power, steam,
cooling water, and fuel. All utility requirements were
estimated from published correlations or actual data.
The revamp option utility requirements are the incre-
mental utilities to remove the remaining sulfur present
in the diesel. The incremental additional power was esti-
mated to be 40 percent of the existing power usage due
to additional hydrogen consumption and potentially
higher system pressure drops.

Hydrotreater Yields and Energy Content: The volume
and weight percent yields of ULSD produced by the dis-
tillate hydrotreater can vary considerably, depending on
the fraction of cracked stocks in the feed and the level of
aromatics saturation. An average yield and energy con-
tent were estimated for this study, based on the Crite-
rion data in a June 2000 study by the National Petroleum
Council.167 The yield of hydrotreater product in the dis-
tillate boiling range was assumed to be 98 percent by
weight, and the API gravity was assumed to increase by
2 numbers, which means that the volume yield was 99.2
percent. There was also a small increase in the Btu con-
tent of the product on a weight basis (98.2 percent of the
feed energy content in 98.0 weight percent of the feed).
The energy content declines on a volume basis, because
the heat content of the product is 0.989 times the heat
content of the feed on a volume basis.

Hydrogen Plant: The same hydrogen consumption
and hydrogen plant cost estimation methodologies are
used for both the new and revamp cases. The goal of the
hydrogen plant portion of the model is to determine
the hydrogen consumption and associated costs to
reduce the current sulfur level (500 ppm) down to 7
ppm, whether it is a new or revamp situation (see Table
6 in Chapter 6). The incremental H2 is calculated as the
difference between the baseline H2 consumption (for
highway diesel at 500 ppm sulfur and non-road diesel at
5,000 ppm) and the predicted required H2 consumption
(highway diesel at 7 ppm, non-road at 5,000 ppm). If the

incremental H2 consumption value is greater than 25
percent of the baseline H2 capacity, then the model cal-
culates the H2 costs based on a new plant.

Simple nonlinear correlations based on the flow rate and
sulfur concentration of each cut, including the non-road
streams to the hydrotreater, were developed using data
compiled from multiple sources. The H2 consumption
correlations are as follows:

Straight-run highway baseline:

SCF H2 = SR Flowrate * (((120 * SRSulPercent)
+ 40) + 50)

Straight-run highway required:

SCF H2 = SR Flowrate * (((120 * SRSulPercent) + 40)
+ 50 + 50)

Straight-run non-road baseline and required:

SCF H2 = SR NonHighway Flowrate * ((120
* SRSulPercent) + 40)

LCO highway baseline:

SCF H2 = LCO Flowrate * (((150 * LCOSulPercent)
+ 40) + 150)

LCO and coker distillate highway required:

SCF H2 = LCO Flowrate* (((150 * LCOSulPercent)
+ 40) + 150 + 650)

LCO and coker distillate non-road baseline and
required:

SCF H2 = LCO NonHighway Flowrate *
((150 * LCOSulPercent) + 40).

After the total baseline, required, and incremental
hydrogen capacities are calculated, the model then
decides whether to build a new hydrogen plant. If the
existing H2 plants capacity is determined to be sufficient
(no build), only the variable cost associated with the
required capacity is calculated. If a new H2 plant is nec-
essary, the on-site capital cost is estimated (scaled) using
published data (60 million standard cubic feet per day
plant at $50 million). The off-site capital cost is assumed
to be 40 percent of the on-site capital cost. The total
hydrogen cost per barrel of distillate treated includes the
cost of the natural gas feed to the hydrogen plant.

Sulfur Plant: The new sulfur plant estimates are based
on the amount of sulfur removed from the diesel pool
and are a function of whether the FCC feed was
pre-treated, the flow rate and percent sulfur of each
stream, and the API gravity of the crude. The estimate
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includes an interstage H2S absorber for the new unit
case. The on-site capital, off-site capital, and fixed and
variable operating costs are calculated by scaling off
published data. The only difference in the total sulfur
cost on a per barrel basis is the credit from the sale of the
sulfur at $27.50 per long ton. The revamp case assumes
that the existing sulfur plant can handle the additional

500 ppm sulfur removed from the diesel stream. The sul-
fur section of the revamp worksheet calculates the cost
of an additional absorber, which is a function of the
overall flow rate to the hydrotreater and the hydrogen
recirculation rate. In the sample cases, the sulfur costs
ranged from $0.08 to $0.55 per barrel.
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Appendix E

Model Results

This appendix provides mid-term projections for
end-use prices and total supplies of ultra-low-sulfur
diesel fuel (ULSD), based on the Energy Information
Administration’s (EIA’s) National Energy Modeling
System (NEMS) Petroleum Market Module (PMM).
Historical data for 1999 prices and supplies of highway
diesel (500 ppm sulfur) are also provided for compari-
son (Tables E1 and E2).

The projected end-use (pump) prices are lower than the
current prevailing prices for highway diesel fuel for sev-
eral reasons. The end-user prices include crude oil costs,
processing costs, taxes, and marketing costs.168 There-
fore, variations in the costs and taxes affect the projected
end-user prices. The reference case, the Regulation case,
and all sensitivity cases were based on mid-term projec-
tions for world crude oil prices used in Annual Energy
Outlook 2001 (AEO2001). After the steep increase in
world crude oil prices in 1999 and 2000, EIA projected
that crude oil prices would decline initially (through
2003), then slowly increase through 2020.169 EIA’s
Weekly Petroleum Status Report for March 23, 2001, esti-
mated the February 2001 price at $24.60 per barrel
($0.577 per gallon) in 1999 dollars for U.S. imported
crude oil. In comparison, NEMS projects a world crude
oil price of $21.37 per barrel ($0.509 per gallon) in 2010

(in 1999 dollars). The lower 2010 oil price projections
from AEO2001 thus account for a difference of 6.8 cents
per gallon in the projected end-use prices for ULSD.

In addition, the end-use diesel prices include a nominal
Federal tax of $0.24 per gallon in 1999, which decreases
in value (in real terms) in the forecast years. The differ-
ential in Federal taxes between 1999 and 2010 is about 4
cents per gallon. The PMM reference case projects an
end-use price of $1.238 per gallon in 2010. After upward
adjustment to account for the differentials in world
crude oil price and Federal taxes (a total of 10.8 cents),
the end-use price would be $1.346 per gallon at the cur-
rent world crude oil price level.

The U.S. prices of most petroleum fuel products fluctu-
ate between seasons and in response to world crude oil
prices. The higher-than-normal diesel prices in 2000 and
in the early part of 2001 reflect the low distillate inven-
tory and high world crude oil prices. Since February
2001, the average price of U.S. highway diesel has been
dropping steadily, to a level around $1.40 per gallon.
According to the Weekly Petroleum Status Report for
March 23, 2001, the average U.S. price of highway diesel
was $1.338 per gallon (in 1999 dollars), comparable to
the price projection of $1.346 per gallon from the PMM.
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168Energy Information Administration, Annual Energy Outlook 2001, DOE/EIA-0383(2001) (Washington, DC, December 2000), Figure
112.

169Energy Information Administration, Annual Energy Outlook 2001, DOE/EIA-0383(2001) (Washington, DC, December 2000), Figure
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Table E1.  End-Use Prices and Total Supplies of Highway Diesel, 1999 and 2007-2015,
Assuming 5-Percent Return on Investment

Analysis Case 1999 2007 2008 2009 2010 2011 2015
2007-2010
Average

2011-2015
Average

End-Use Prices of Highway Diesel (1999 Cents per Gallon)a

Reference (500 ppm) . . . . . . . 114.0 121.6 122.3 123.0 123.6 124.1 124.3 122.6 124.3

Regulation (ULSD) . . . . . . . . . NA 128.6 129.0 129.5 130.4 131.3 129.4 129.4 129.7

Higher Capital Cost (ULSD) . . NA 129.4 129.9 130.5 131.2 132.2 130.1 130.3 130.5

2/3 Revamp (ULSD) . . . . . . . . NA 128.9 129.2 129.9 130.7 131.7 129.7 129.7 130.0

10% Downgrade (ULSD). . . . . NA 129.0 129.4 129.9 130.8 133.2 130.0 129.8 130.7

4% Efficiency Loss (ULSD) . . . NA 128.6 129.0 129.5 130.5 131.4 129.6 129.4 130.0

1.8% Energy Loss (ULSD) . . . NA 128.9 129.3 129.6 130.5 131.5 129.5 129.6 129.8

Severe (ULSD) . . . . . . . . . . . . NA 130.4 130.7 131.4 132.2 134.8 131.1 131.2 131.7

No Imports (ULSD) . . . . . . . . . NA 130.2 130.4 130.8 131.6 132.9 130.5 130.8 131.1

Total Highway Diesel Supplied (Million Barrels per Day)

Reference

Total (500 ppm) . . . . . . . . . . 2.43 3.09 3.15 3.21 3.27 3.32 3.55 3.18 3.43

Regulation

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.02 3.40 3.63 2.59 3.51

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.28 3.40 3.63 3.19 3.51

Higher Capital Cost

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.02 3.40 3.63 2.59 3.51

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.28 3.40 3.63 3.19 3.51

2/3 Revamp

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.02 3.40 3.63 2.59 3.51

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.28 3.40 3.63 3.19 3.51

10% Downgrade

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.02 3.61 3.85 2.59 3.72

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.28 3.61 3.85 3.19 3.72

4% Efficiency Loss

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.03 3.42 3.65 2.59 3.53

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.29 3.42 3.65 3.19 3.53

1.8% Energy Loss

500 ppm . . . . . . . . . . . . . . . . 2.43 0.71 0.72 0.73 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.42 2.47 2.52 3.06 3.45 3.68 2.62 3.55

Total . . . . . . . . . . . . . . . . . . 2.43 3.13 3.19 3.25 3.32 3.45 3.68 3.22 3.55

Severe

500 ppm . . . . . . . . . . . . . . . . 2.43 0.71 0.72 0.73 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.42 2.47 2.52 3.07 3.67 3.92 2.62 3.79

Total . . . . . . . . . . . . . . . . . . 2.43 3.13 3.19 3.25 3.33 3.67 3.92 3.22 3.79

No Imports

500 ppm . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.72 0.26 0.00 0.00 0.60 0.00

ULSD. . . . . . . . . . . . . . . . . . . 0.00 2.40 2.45 2.50 3.02 3.40 3.63 2.59 3.51

Total . . . . . . . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.28 3.40 3.63 3.19 3.51
aHighway diesel prices (both 500 ppm and ULSD) include Federal and State taxes but exclude county and local taxes.
NA = not available.
Sources: 1999: Energy Information Administration, Petroleum Supply Annual 1999, Vol. 1, DOE/EIA-0340(99)/1 (Washington, DC, June 2000).

Projections: National Energy Modeling System, runs DSUREF.D043001B, DSU7PPM.D043001A, DSU7HC.D043001A, DSU7INV.D043001A,
DSU7DG10.D043001A, DSU7TRN.D043001A, DSU7BTU.D043001A, DSU7ALL.D050101A, and DSU7IMP0.D043001A.
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Table E2.  End-Use Prices and Total Supplies of Highway Diesel, 1999 and 2007-2015,
Assuming 10-Percent Return on Investment

Analysis Case 1999 2007 2008 2009 2010 2011 2015
2007-2010
Average

2011-2015
Average

End-Use Prices of Highway Diesel (1999 Cents per Gallon)a

Reference with 10% Return on
Investment (500 ppm) . . . . . . . . . 114.0 121.9 122.5 123.3 123.8 124.4 125.4 122.9 124.8

Regulation with 10% Return on
Investment (ULSD). . . . . . . . . . . . NA 129.8 130.0 130.9 131.5 132.4 131.1 130.6 130.8

Total Highway Diesel Supplied (Million Barrels per Day)

Reference with 10% Return on
Investment

Total (500 ppm). . . . . . . . . . . . . 2.43 3.10 3.16 3.22 3.27 3.33 3.56 3.19 3.44

Regulation with 10% Return on
Investment

500 ppm . . . . . . . . . . . . . . . . . . . 2.43 0.70 0.71 0.73 0.26 0.00 0.00 0.60 0.00

ULSD . . . . . . . . . . . . . . . . . . . . . 0.00 2.41 2.46 2.50 3.02 3.41 3.64 2.60 3.52

Total. . . . . . . . . . . . . . . . . . . . . 2.43 3.11 3.17 3.23 3.28 3.41 3.64 3.20 3.52
aHighway diesel prices (both 500 ppm and ULSD) include Federal and State taxes but exclude county and local taxes.
NA = not available.
Sources: 1999: Energy Information Administration, Petroleum Supply Annual 1999, Vol. 1, DOE/EIA-0340(99)/1 (Washington, DC, June 2000).

Projections: National Energy Modeling System, runs DSUREF10.D043001A and DSU7PPM10.D043001A.
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