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ABSTRACT

With increasing emphasis on clean fuels and environmental emissions, refiners are faced with
meeting new and varied market challenges, while optimizing the use of their existing assets. In
some cases these assets were designed to meet the significantly different refining environment
and challenges of decades past. The ability to revamp these assets to meet today’s needs, with
minimum capital investment, is key to maximizing return on capital and operating flexibility.

This paper specifically addresses the revamp of a 20-year-old, 40,000 BPSD resid fluid catalytic
cracking (RFCC) unit to a 95,000 BPSD fluid catalytic cracking (FCC) unit. The revamped FCC
unit now processes entirely hydrotreated feedstock to produce low-sulfur gasoline. The revamp
has also resulted in reduced levels of SO and NOx emissions from the regenerator flue gas. This
transformation represents a unique approach to utilizing existing assets, including the revamp of
an existing feed hydrotreater and decommissioning of an old 1950s vintage FCC unit along with
the revamp of the RFCC unit. The reconfigured RFCC unit restarted in February 2004 and has
exceeded the refiner’s expectations while demonstrating the innovation and flexibility that UOP
technology delivers to refiners as they continue to adapt to the demands of a changing
marketplace.

© 2005 UOP LLC. All rights reserved.
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INTRODUCTION

Today’s refiners are challenged with the dual goals of maximizing profit for stakeholders while
meeting the public’s demand for a clean environment.

At the heart of today’s modern gasoline refinery is the fluid catalytic cracking (FCC) unit, which
converts the heavy portion of crude oil into usable products such as liquefied petroleum gas
(LPG) and gasoline. The gasoline produced by FCC units account for about half of the typical
refinery gasoline pool, while other processes such as reforming, isomerization and alkylation
provide the remainder.

Sulfur tends to concentrate in the heavy portion of crude oil and, ultimately, shows up in the
FCC products, primarily gasoline and cycle oils. Thus, FCC gasoline contributes a
disproportionate amount of sulfur to the gasoline pool. Sulfur also shows up in coke, which is a
byproduct of the cracking process. The coke is subsequently burned in the FCC unit regenerator,
releasing sufficient heat to power the entire process. Sulfur contained in the coke is oxidized to
sulfur oxides (SOy) during combustion and ultimately shows up in the flue gas.

The market demand for low-sulfur gasoline has increased worldwide in recent years as public
regulators have reduced the maximum allowable sulfur content in gasoline. Likewise, public
regulators have also reduced the maximum allowable SOy emissions from stationary sources,
including FCC units.

This paper outlines how Marathon Ashland Petroleum LLC (MAP) reconfigured their
Catlettsburg, Kentucky, refinery to meet the market demand for low-sulfur gasoline and the
public’s need for reduced flue gas SOy and NOy emissions. MAP’s goal was to produce gasoline
with a pool average sulfur content less than 30 ppm. This goal could be achieved blending FCC
gasoline containing up to 45 ppm sulfur with ultra low-sulfur gasoline from other process units.

MAP’s target for flue gas SO, emissions was 25 ppm on a 365-day rolling average basis. MAP’s
target for flue gas NOy emissions was not specific, but a substantial reduction was expected.

The project’s success was largely due to the flexibility of the regenerator and the innovation to
take advantage of this flexibility.
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REFINERY HISTORY

The Catlettsburg Refinery was the original refinery owned by Ashland Oil Company and has
been in continuous operation since 1917. In 1956 a new FCC unit was commissioned for
conversion of vacuum gas oil. In 1983 a resid FCC (RFCC) unit was commissioned, which
included multiple first-of-kind technologies. Two low-pressure feed hydrotreating units were
later commissioned. By 2003, the refinery (now owned by MAP) had a crude capacity of
240,000 BPSD, with typical FCC charge rate of 55,000 BPSD and typical RFCC charge rate of
40,000 BPSD. This paper will focus on the modifications to the RFCC unit that were necessary
for MAP to meet their goals.

The RFCC unit installed at Catlettsburg was jointly developed by UOP and Ashland Oil
Company. The unit was designed to process an unhydrotreated mixture of reduced crude
(atmospheric tower bottoms), sour vacuum gas oil, deasphalted oil and vacuum tower bottoms.
Refer to Table 1 for typical feed properties and operating conditions for the RFCC unit and for
the FCC unit for 2003.

RFCC UNIT — FIRST-OF-KIND TECHNOLOGY

When commissioned in 1983, the RFCC unit included multiple first-of-kind technologies:

Unique two-stage regenerator in a single vessel
Flow-through shell and tube catalyst cooler
Vented riser reactor with single-stage cyclones
Elevated radial feed distributors

Lift gas in lower riser for nickel passivation

A back-mixed shell and tube catalyst cooler was added in 1988.

Since 1983, UOP has commissioned a total of 7 RFCC units with two-stage regenerators.
UOP’s latest RFCC unit, located in the Middle East, will be commissioned in late 2005. Refer to

Figure 1 for a diagram of the Catlettsburg RFCC unit during it’s last full year of operation in
2003.
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Table 1

Feed Properties and Operating Conditions

RFCC Unit and FCC Unit, circa 2003

Feed Rate, BPSD
Feed Quality
Base Gravity, “API
Characterization, UOP K
Sulfur, wt-%
Concarbon, wt-%
Basic Nitrogen, wppm
Total Nitrogen, wppm
Nickel, wppm
Vanadium, wppm
Feed Composition, LV-%
Gasoils
Reduced Crude
Vacuum Tower Bottoms
Deasphalted Oil
Lube Oil Extract
Catalyst Activity (MAT)
Reactor Temperature, °F
Yields
Dry Gas, wt-%
LPG, LV-%
Gasoline, LV-%
LCO, LV-%
Slurry Oil, LV-%
Coke, wt-%
Conversion, LV-%

Gasoline Sulfur, wppm

(H) = Hydrotreated

RFCC Unit
40,000

19.2
11.78
1.53
6.0
509
1544
10.1
24.9

13(N)
68 (N)
8 (N)
11 (N)
0
68
980

53
25.2
50.3
16.6

8.9
10.9
74.5
803

FCC Unit
55,000

26.7

11.89
0.70
0.8
196
634
0.4
0.8

86 (M)

S (H)
9 (H)
73
986

2.8
30.1
58.5
16.6

4.3

5.8
79.1
470

(N) = Not Hydrotreated (M) = Mixture
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MAP Catlettsburg RFCC Unit, circa 2003
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As mentioned previously, the Catlettsburg RFCC regenerator contains two stages in a single
vessel. About three-fourths of the air is consumed in the first stage, which operates in partial
combustion. The remaining air is consumed in the second stage, which operates in complete
combustion. Flue gas from the second stage is transferred to the first stage through vent tubes
located in a ring around the first-stage air distributor. The combined flue gas exits through
cyclones located at the top of the first-stage regenerator. The combined flue gas is oxygen
deficient, resulting in partial combustion overall. Spent catalyst from the reactor is initially
delivered to the first-stage regenerator where it is partially regenerated. Some of the catalyst is
then cooled in the flow-through catalyst cooler and transferred to the second stage by the cooled
catalyst standpipe. The remaining catalyst is transferred to the second stage by the circulating
catalyst standpipe. The backmix catalyst cooler provides supplemental cooling. The catalyst is
then fully regenerated in the second-stage regenerator and returned to the reactor riser by the
regenerated catalyst standpipe.

Regenerator temperatures can be quite high when processing feeds containing high
concentrations of Conradson carbon (concarbon) resulting in a low catalyst to oil (cat/oil) ratio
and poor conversion. To maximize the cat/oil ratio, the two-stage regenerator was designed to
operate in partial combustion overall, resulting in a higher cat/oil ratio than a comparable
operation in complete combustion. To further improve the cat/oil ratio, a means of externally
cooling the catalyst was provided via the catalyst coolers.

Catalyst deactivation accelerates with increasing water partial pressure and temperature
(hydrothermal deactivation). =~ When processing high concarbon feedstock, hydrothermal
deactivation can result in a substantial increase in fresh catalyst cost required for activity
maintenance. Since hydrogen is oxidized very readily in the combustion process, most of the
hydrogen is converted to water in the first stage and leaves directly with the flue gas. Thus, most
of the water is removed and the catalyst is cooled before reaching the second stage. In the
second stage, the catalyst is then fully regenerated at relatively low temperature and low water
partial pressure but with excess oxygen.

Another factor which contributes to catalyst deactivation is vanadium in the feed, which will
accumulate on the catalyst and can poison the catalyst’s zeolite crystals. The vanadium is most
harmful in the fully oxidized (V,0s) state and in the presence of water at high temperature.
However, any vanadium attached to the catalyst is not fully oxidized until it reaches the second
stage where it is less harmful due to the lower temperature and lower water partial pressure. This
design philosophy allows for greater catalyst activity retention at high metals loading."

Nickel in the feed will also accumulate on the catalyst where it can act as a strong
dehydrogenation agent. Unchecked, the accumulated nickel will lead to very high hydrogen
yields. Recycled dry gas from the gas concentration unit has proven effective at passivating the
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active nickel sites on the catalyst, thus reducing the hydrogen yield. The Catlettsburg reactor
included elevated radial feed distributors with a long lift section employing recycled dry gas as
the lift medium to passivate the nickel sites prior to feed injection.

The reactor also included a single-stage vented riser, which was state of the art in 1983. This
riser termination device relied on the momentum of the catalyst leaving the top of the riser for
the initial stage of separation, followed by a single stage of conventional cyclone separators.

Since the regenerator operated in partial combustion, a CO boiler was required to incinerate the
CO in the flue gas and recover the released heat. The original design feed for the RFCC unit had
a very high sulfur content, so high SO, emissions from the regenerator flue gas were anticipated.
Thus, a fluidized limestone (calcium carbonate) boiler was provided with the original
installation. This unique equipment served the dual purpose of capturing the SOy with calcium
carbonate as well as the traditional function of CO incineration and heat recovery. Bag houses
were provided for final cleanup of limestone dust and catalyst fines.

THE CHALLENGE

In 1999 MAP embarked on an asset development plan for the Catlettsburg Refinery. The
principal driving forces for the plan were production of low-sulfur gasoline and reduced
emissions from the refinery. Another major goal was to decommission the old 1950s era FCC
unit due to reliability concerns and maintenance costs.

Two general schemes were available to meet these goals: pre-treating the FCC feed or post-
treating the FCC gasoline. Both schemes were commercially proven for production of low-
sulfur gasoline; however, only the feed pre-treating option could reduce the concarbon
concentration in the feed. Lower concarbon feed would allow the capacity of the RFCC unit to
increase to 95,000 BPSD, enabling shutdown of the old FCC unit. The feed pre-treating option
had several other advantages and synergies with other initiatives:

W The refinery had an existing FCC feed hydrotreating unit which could be revamped for
higher throughput and severity.

B A significant reduction in SOx and NO, emissions meeting the expectations of a consent
decree with the EPA.

B SO,-reducing additives are much more effective in complete rather than partial
combustion operations. With clean hydrotreated feed, the RFCC unit could operate in
complete combustion. SOy-reducing additives would then be sufficient for reducing the
SOy emissions below the desired limit.

B Avoid capital and maintenance cost associated with the old FCC and limestone boiler.
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W Improved product value, due to the hydrotreated feed, though at substantial investment
and operating cost.

B Reduced sulfur content of the LCO, which will reduce the cost of producing future low-
sulfur diesel.

To accomplish the desired goals, the existing low-severity 40,000 BPSD FCC feed hydrotreater
would be revamped to produce 60,000 BPSD of FCC feed with 750 ppm sulfur. Another
existing hydrotreater would be reloaded with fresh catalyst and slightly modified to produce
35,000 BPSD of FCC feed with 500 ppm sulfur. The combined 95,000 BPSD of hydrotreated
FCC feed would have a sulfur concentration of 660 ppm. Preliminary studies by MAP indicated
that this level of feed sulfur would be sufficient to produce FCC gasoline having about 45 ppm
sulfur. The old FCC unit could be decommissioned while the RFCC unit could be modified to
process all 95,000 BPSD of hydrotreated FCC feed. Improved product selectivity due to feed
hydrotreating would improve the return on investment.

Due to the large capital investment for this plan, MAP conducted extensive pilot plant tests at
their R&D facility in Catlettsburg. Hydrotreater feed samples were collected from the refinery
and tested in a hydrotreater pilot plant. The product from the hydrotreater pilot plant was then
tested in a circulating riser FCC pilot plant. The FCC pilot plant tests were conducted using an
equilibrium FCC catalyst obtained from a commercial FCC unit. These pilot plant tests
validated the licensors’ yield estimates for both the FCC feed hydrotreating unit and the RFCC
unit.

Haldor Topsoe was selected as technology provider for the hydrotreater revamp, which was
commissioned in June 2003%. UOP was selected as technology provider for the RFCC unit
revamp, which was commissioned in February 2004. The remainder of this paper details the
revamp of the RFCC unit to meet MAP’s challenges.

RFCC UNIT MODIFICATIONS

Preliminary analysis by UOP confirmed that the reactor and regenerator shells for the RFCC unit
could be retained while processing 95,000 BPSD of clean hydrotreated feed. Modifications to
vessel internals and auxiliary equipment are described in the following sections.

REGENERATOR MODIFICATIONS

Due to the anticipated low concarbon feedstock, the coke yield, as a percentage of feed, would
be substantially reduced. This would normally result in a lower flue gas rate, thus
debottlenecking the regenerator cyclones. However, because of the increased capacity, the flue
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gas rate would actually increase. Left unchecked this would result in high cyclone velocities and
increased erosion rates. To accommodate the increased flowrate, the regenerator operating
pressure was increased to keep the cyclone velocities at a sustainable rate.

Due to the low concarbon feedstock, catalyst coolers were no longer needed to cool the catalyst
for activity maintenance. The tube bundles were removed from both catalyst coolers while the
shells were left in place. The existing circulating catalyst standpipe was not large enough to
accommodate the increased catalyst circulation rate. Thus, the cooled catalyst standpipe from
the flow-through catalyst cooler was converted to a secondary circulating catalyst standpipe. A
unique air distributor was installed to ensure proper fluidization at the entrance to this standpipe.
Refer to Figure 2 for a diagram of the modified regenerator.

Figure 2
Modified RFCC Regenerator, February 2004
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