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INTRODUCTION

Although gasoline and crude demand have declinedtduhe global economic crisis and the
impact of high prices earlier in 2008, distillatendand has remained relatively strong. The
worldwide distillate demand over the next ten ydargxpected to increase by over 5 million
barrels per day. Consumption of low-sulfur, highality diesel is projected to grow at a faster
rate than both fuel oil and gasoline over the nEXtyears. Of particular interest, distillate
demand in the Americas is expected to increasevby ane million barrels per day during that
period. In addition to the transportation demanawgh the price differential between gasoline
and diesel is also expected to increase. As dtresiiners are asking, “How can | shift refinery
production to meet the need for more high-qualiegel fuel?” To address this need, refiners are
searching for cost effective solutions to succdlysincrease diesel yields from existing refinery
processes. The key challenge is to identify thérad path from the options available, such as
changes in cutpoints, changes in operating comditipield selectivity enhancements via catalyst
changes, minor to major investments, and implemgrigchnology advancements. This paper
will explore the possible opportunities to increalesel production from an existing gasoline
FCC-based refinery. This paper will also explor¢icps to shift a refinery with a maximum
naphtha hydrocracking unit to increased diesel yettdn while retaining flexibility to produce
both naphtha and diesel. Evaluating project cost product requirements requires in depth
knowledge of refinery wide technologies with botatatyst and process design, and their
application to new challenges. UOP is uniquelyesuitob this task, deriving knowledge from over
100 refinery catalysts and over 70 process teclgnesdanstalled worldwide for almost 100 years.
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MARKET SITUATION

Refined Products Demand

Not surprisingly, most market projections show gitovef refined products demand varies
geographically (Figure L The growth rates tend to be slowest in the kigleveloped
economies such as North America, Europe, and thelaj@ed countries in Asia. However, strong
economic development in China, India and the Mid8ést is expected to help total refined
products demand grow nearly 12 million barrels gy, a 1.4% average rate, over the next 10
years. Distillate demand is expected to experiemca@nnual growth rate of 2.0% during this
time frame, while gasoline demand is forecast toaase at 0.7% per year. These growth rates
equate to ~5 million barrels per day (MMBPD) disté demand versus ~1.6 MMBPD of
gasoline demand over the ten year period. It iglwooting that worldwide demand for diesel
has exceeded the gasoline demand since 2000 andrehd is projected to continue through
2018}

Figure 1: Worldwide Refined Products Demand
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The pattern of refined fuels demand in the Americas been shifting toward diesel in recent
years as demonstrated by the gasoline to dieseantmatio (G:D) in Figure 2. The expectation
is that this will continue to shift beyond 2010 aatda much faster pace. One driving force for
increased diesel demand is the continued evolatfi@uvanced diesel engine technology. Diesel
engines have progressed considerably since thg, somoky, unreliable engines that U.S. drivers
were exposed to in the early 1980s. Today's didgektrains are not only efficient; they are

clean, and provide high performance. Turbo chaigeovation from industry leaders like
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Honeywell makes the turbo diesel the world’s moficient internal combustion engine.
Consequently, demand for diesel-powered vehicldavisred by fuel economy standards since
diesel engines are 15 to 30% more efficient thasolgae-powered engines. Recent
implementation of more aggressive Corporate Avefaggd Economy (CAFE) regulations in the
U.S. may accelerate penetration of diesel-poweedicles.

The increase in the production of diesel fuel bg.Uefiners is also a result of globalization,

being driven by countries experiencing strong eocanalevelopment. China, India and nations

of the Middle East are building their economiesdoasn trucks, trains and other modes of
transportation that require diesel. As these a@mmitincrease their industrial capacity, diesel
demand will continue to increase. Many of thesenties also utilize diesel power generation

stations to provide power since their electriceéguirements are growing faster than electrical
generation supply. Economic growth has also irs@édiving standards in these countries, thus
enabling development of a middle class that caar@ftars, which in turn further increases

demand for transportation fuel. Although, somehafse countries, such as China tend to favor
gasoline-fueled cars, other developing marketstt¢avoring diesel-fueled vehicles.

Figure 2: Shifting Gasoline-to-Diesel Demand
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Recent regulations such as the Renewable Fuelsl@thnaimed at increasing the amount of
renewable components, such as ethanol, in the gaSoline pool have created a mismatch
between refining capabilities and product demairkfiners are faced with an oversupply of
high-octane gasoline blending components, thusedsprg gasoline margins. At the same time,
global demand for diesel has continued to growjtlatnot easy to force a refinery configured to
maximize gasoline yield to significantly increaséesgl yield from existing equipment.

Consequently, the supply of diesel to the marketplaas remained relatively tight compared to
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Diesel less Gasoline Differential, $ / bbl

gasoline, thus supporting healthier margins foseliduel production. This has resulted in a
significant jump in diesel-gasoline differentials shown in Figure 3. Changes in the pricing
spread between gasoline and diesel have resulederexamination of how best to shift refinery
G:D ratios to meet the market requirements whil&imeing refinery profitability.

Figure 3: 2008 Diesel-to-Gasoline Differentials
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Environmental Regulations

Motor fuel specifications have changed significantlver the past 10 to 15 years and are
continuing to evolve. The World Wide Fuel Chartatiative is helping to set advanced emission
control requirements, and thus drive fuel qualiti8silfur and aromatics contents are being
reduced in most developed countries and the trarelspreading to other regions. The Clean Air
Initiative for Asian Cities (CAIl-Asia) is developina road map for cleaner fuels and vehicles in
Asia®. The most notable changes govern the sulfur confasoth gasoline and diesel fuel.

Tier Il regulations in the U.S. have driven gaselsulfur down to < 30 ppm. Europe has reduced
sulfur to <15 ppm. Japan already has very low suéuvels in its gasoline while other countries
are moving in the same direction, albeit at a l@ggressive pace. The evolution of gasoline
sulfur specifications is shown in Figure 4. By #rel of the decade, 80% of the world’s gasoline
consumption will be ultra-low sulfur (< 50 ppm).
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Figure 4: Worldwide Changing Gasoline Sulfur Standads
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Diesel fuel sulfur content is being reduced atnailar pace to gasoline with Germany mandating
maximum sulfur levels of 10 ppm in January 2008, thS. mandating 15 ppm in 2006, Japan
planning to go to 10 ppm, and other Asian countaiesfollowing a similar trend. Several other
European countries are voluntarily switching to d@im sulfur in diesel ahead of this year’'s

deadline (Figure 5).
Figure 5: Diesel Sulfur Indicative Trends
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Currently, ~65% of the world road diesel is refitedow and ultra-low sulfur diesel standards.

This percentage is projected to rise to approxima®% by 2015
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DIESEL PRODUCTION OPTIONS

Refiners generally have some flexibility to shiiglgs of gasoline, jet, and diesel to meet market
demand, but there are practical limits to this ifddity dictated by the refinery configuration.
The objective of our study was to investigate savef the more promising options. The refinery
configuration is based on a defined crude slate thedrefinery operation was assumed to be
focused on producing transportation fuels with piienary emphasis on maximizing gasoline.
The shifting to heavier crudes to increase diesed not considered as an option for this study.
Shifting to a heavier crude slate is certainly @tian worth considering, but was defined to be
outside the scope of this work.

For the purpose of this study, we evaluated optimgifeed stocks to different processing units as
well as existing assets operating flexibility féwee refinery case scenarios. In summary, the
three refinery base case scenarios considered were:

Scenario 1 FCC based refinery,
Scenario 2.FCC with a Cat Feed Hydrotreating unit (CFH), and
Scenario 3.FCC refinery with a Hydrocracking unit (HCU).

As you shift from gasoline to diesel production togkn availability becomes increasingly

important. The additional hydrogen is necessacabsge the gasoline refinery requires hydrogen
only for treating where as the CFH and HCU unitguree hydrogen for both conversion and

treating. Hydrogen is also needed to meet critdiakel specifications such as cetane and
polyaromatics content in much of the world. Therkegs that are being accessed dictate the
product slate required and process unit flexibiiitsit is necessary. In this study, different stage

of process unit flexibility have been considere@d ave assumed that up to 15% additional
throughput in each major process unit can be acamated without investment, and the stages
are defined below. A sensitivity analysis is préed at the end of the paper, evaluating the
major process unit capacities constrained frono6D10% from the base cases.

*  Operational. In this approach, conventional cutpoint changessamilar strategies were
allowed, but no catalyst was changed.

« Minimal Investment. For this option feed and product cutpoint changes shifts of
feedstocks to other processes were allowed. Aistuded was a change in FCC
catalyst to a more LCO selective catalyst.

* Moderate Investment. For this option additional feed changes were altbfrem the
minimal investment stage, as well as catalyst cestaqd moderate capital investments.

The three different FCC-based refinery scenariosewe®aluated over these different stages for
shifting toward maximum diesel production. A summynaf these different operating scenarios

and changes are discussed further in the followewions as well as the recommendations from
this work.
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UNDERSTANDING THE |MPACT OF SHIFTING TO DIESEL PRODUCTION

Changes in the pricing spread between gasolinedease| have resulted in a re-examination of
how best to shift refinery G:D ratios to meet tharket requirements while maximizing refinery
profitability. To help frame the options and prawidjuidance for evaluating product slate
properties as well as the affect of shifting feadd operations of process units, a refinery linear
program (LP) model was developed for three refirmgfiguration scenarios. The LP model
was used to evaluate how best to optimize theiegistssets with a new diesel-focused product
slate. At the same time, it was assumed that #reeRable Fuel Standard (RFS) increased the
level of ethanol into the gasoline pool from 6 @l1-%.

The LP was based on a crude mix consisting of TRORPD of a mixture of Arab medium,
Western Canadian Select (WCS), and West Texasriet#iate (WTI) crudes. A summary of the
price basis used in this study is provided in Tdblerhe LP was configured such that there was
no buying or selling of intermediates in the casesept for the FCC clarified slurry oil (CSO).
The transportation fuel specifications are basedypital U.S. summer requirements including
ultra low sulfur diesel (ULSD) and gasoline. Thesgie product mix is made up of
conventional regular, conventional oxygenated, RR& regular gasoline. No premium gasoline
was produced. Both of the oxygenated grades use%Dethanol resulting in 6 Iv-% ethanol in
the pool for each of the base cases. The amougdsafiine production can vary in the cases, but
the grade mix (i.e. quality) was fixed to have anageable matrix of cases. The gasoline
benzene and sulfur were tracked and controlled.nadgement of the light and heavy naphtha
cutpoints, coupled with an isomerization unit, UP&ex" Process and low benzene reformer,
UOP CCR Platforming” Process were arranged to control benzene. FCBtmasulfur was
managed using a FCC naphtha selective hydrotreatiiigthe UOP SelectFininj Process.

Scenario 1. FCC Based Refinery

The Scenario 1 FCC based refinery configuratiomwshin Figure 6, consists of a delayed
coking unit, an FCC unit with a naphtha hydrotmegtunit, an UOP HF alkylation unit, a
distillate hydrotreating unit, and a catalytic mefing unit. After hydrotreating, the naphtha is
split for routing to an isomerization unit and nefong unit. Hydrogen for this scenario was
supplied from the Platforming process.
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Figure 6 — Scenario 1 Refinery Flowscheme
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The refinery base case was established with the RGCmaximum gasoline operating mode.
This case was used to establish the operatingcapdcities and provide the basis for assessing
constraints in the other cases. The pricing set irsthe cases is provided in Table 1.

Table 1 — Pricing Basis for LP

Purchases
West Texas Intermedic 35%
Arab Mediun 50%
Western Canadian Sel 15%
Blend Price $75.27/Bb

% of crude price
Ethano 123%
Normal butan 88%
Isobutan 92%
Natural Ga, $/MT 575%
Maijor Product Sales: % of crude price
Propan 74%
Butane 85%
Non-RFG Regular Gasolin 122%
RFG Regule Gasolint 125%
Ultra Low Sulfur Diesel (Gasoline Valued Pri 116%
Ultra Low Sulfur Diesel (Distillate Valued Pric 142%
FCC Clarified Slurry O 86%
Petroleum Cok, $/MT 20%
Sulfur, $/MT 71%

*Purvin & Gertz 3Q08 forecast, blend of 80% 200d &% 2008 actual prices
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The base case for this scenario has been labeteBabe Gasoline Case and used the ultra low
sulfur diesel (ULSD) Gasoline Valued Pricing to gt refinery optimization. The result of this
base case is a gasoline to diesel ratio of 1.62.

Operational Change Case:

o Distillate pricing. In this case, the refinery operations were opiath based on
the Distillate Valued ULSD pricing while also tatigey a gasoline pool ethanol
content of 10 Iv-%. Crude unit swing cuts werefte move based on economics.
The re-optimization of diesel to preferred procegsioutes shows that a larger
DHT unit is required. The net result of the op#ation is a decrease in the G:D
ratio from 1.62 to 1.34 (going more towards digselduct) and an increase in
overall Refinery margin of ~$1.2MM/D or $7.95/Bbf orude higher than the
base gasoline case due to the increased value aftth low sulfur diesel product.
Table 2 presents some of the changes to the proodésteed rates as well as the
shift in refinery products for the different caseghin the Scenario 1 based
refinery case.

Minimal Investment Change Case:

0o FCC Fractionator Cutpoint Adjustment. The FCC unit main column operation
was adjusted to maximize the overall LCO volum#atexpense of naphtha and
bottoms. The gasoline endpoint was reduced toninenum diesel flash and the
LCO end point was maximized to the diesel finallibgi point limit. It was
assumed that the operational shifts in the maiarsolcan be accommodated with
existing equipment and therefore no investment dobé required. This
operational condition shift alone significantly uvegs overall G:D ratio with a
marginal reduction in clarified slurry oil (CSO).The refinery margin was
increased slightly ~$53M/D over the above dis#lllaticing case. This was due
to the reduction in CSO and the much higher pradonaf diesel represented by
the reduction in the G:D ratio to 1.17. Again DEIT unit capacity increased
from the prior case, 23% over the base rate, regusome capital investment.
The CCR Platforming process operation adjusteddrease hydrogen production
resulting in the refiner being long on octane.

o0 Catalyst Optimization. Starting with the same main column operatiomaits
highlighted under the FCC Fractionator Cutpoint ustiment case above,
distillate production from the FCC unit was furtlehanced through the use of a
FCC catalyst targeted for maximum distillate prddut The main shifts
associated with these catalyst systems are adgh@SO (primary) and naphtha
(secondary) to LCO. The refinery margin increasgggroximately $43M/D over
the prior case. A further reduction in the G:D1td5 is obtained. As with the
prior cases the DHT capacity would need to be amsxd.
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Moderate Investment Change Case:

o

Full Distillate. This case represents a shift in FCC operatiolowo severity
maximum distillate operation. This case incorpmaaé of the operational and
catalytic effects cited in the previous cases tgd ancludes a ~40°F reduction in
reactor operating temperature. The reduction it opérating severity results in
LCO volume gain, however, with a slightly greatetumetric increase in CSO.
Although this case achieves the lowest G:D rati®4) of all cases simulated
under Refinery Scenario 1, the increase in CSQdyietluces overall refinery
margin by ~$89M/D, relative to the previous ca3ée G:D reduction in this case
is accomplished from reducing gasoline yield atighér rate relative to the
increase in ULSD. The associated economics inditetelowering FCC severity
for maximizing distillate is not attractive. A potgl alternative for managing
CSO volume at reduced severity would be to implen@S0 or, preferably, HCO
recycle within the FCC unit. This would require tedkation of recycle facilities
and also dictates that the impact of the recyckast on unit coke and gas yields
be factored into overall unit throughput and ecomsm Recycling of CSO or
HCO will typically yield slightly better economidban the case simulated in this
study, however, it still will not be an attractieption for maximizing distillate
relative to the cutpoint and/or catalyst changeomsthighlighted above.

Table 2 — Scenario 1 FCC Based Refinery

Fractionator

Case Titles

Base
Gasoline

Didtillate
Pricing

Cutpoint
Adjustment

Catalyst
Optimization

Full
Distillate

G:D Ratio

1.62

1.34

1.17

1.15

1.04

Refinery Margin,

$/Bbl of crude

Base

2.03x

2.08x

2.12x

2.04x

Ethanol Level, vol-%

6

10

10

10

10

FCC, MBPD

Base

-6%

-6%

-6%

-6%

DHT, MBPD

Base

14%

23%

25%

27%

Sulfur Plant, MTPD

Base

2%

10%

13%

14%

EEC A, $MM

Base

$2.7

$3.5

$4.2

“Inside process battery limits only, U.S. Gulf Coast labor and erection, no special design standards.
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Scenario 1 Summary

A FCC-only gasoline focused refinery configuratisrtonstrained in the amount of distillate that
can be economically produced using existing asmedsconventional methods. The traditional
“max distillate” FCC operation shifts reactor temgdare and/or catalyst activity to reduce unit
conversion thereby increasing LCO production. Uttiioately, reducing reactor temperature
and/or catalyst activity are not selective to LO©Oduction alone and result in sizable quantities
of CSO (or FCC bottoms) to be produced. This optieii generally be economically
unattractive for producing ULSD due to the swelG80O volume and corresponding volume loss
of high valued products across the FCC plant. Booes favored reduction of the FCC feedrate
in all the cases consistent with shifting crudet gnipoints to maximize distillate volume to the
DHT. The simple payback (after tax) for all of 8ado 1 cases is less than a month both when
the capital expenses are only incurred if the atipaare greater than 15% over the base as well
as if we assume that the unit is already constdaamel any increase would require capital.

Scenario 2. FCC with Cat Feed Hydrotreating Based &inery

This refinery configuration, also defined as Scenarincorporates a Cat Feed Hydrotreating unit
(CFH) with the FCC unit as shown in Figure 7. TDaliess the additional hydrogen requirements
associated with the CFH, a hydrogen plant wasiatdaded. The CFH feed rate was allowed to
vary between 25 to 30 MBPD. The hydrogen plant matsiral gas based and the capacity was
allowed to float in order to satisfy the incremeérttgdrogen requirements in all cases. Feed
streams to the FCC were adjusted slightly with alelition of the CFH. All of the heavy
atmospheric gas oil (HAGO) was routed to the FC{L aimd all of the coker gasoil was routed to
the CFH. The other gas oil streams were optimlzzskd on economics between the FCC and
CFH units in each of the cases.

Figure 7 - Scenario 2 Refinery Flowscheme
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The Scenario 2 base case configuration has beetethiBase Gasoline Case 2 and the ULSD
Gasoline Valued Pricing was used to set the refih€ optimization. The result of this base
case is a gasoline to diesel ratio of 1.53.

Operational Change Case:
0 The cases investigated in this scenario were rentickl to those covered in
Scenario 1, but instead started from the assumphiainthe changes made to the
FCC unit in the Catalyst Optimization case were gleted already. Making
these changes results in the requirement of minimastment and this initial
case is described in the Minimal Investment Chabagse section.

Minimal Investment Change Case:

o Distillate FCC and Distillate Favored Pricing As was done in Scenario 1, the
crude unit operation was free to shift to a didselsed operating refinery, the
gasoline mix was required to produce a 10 Iv-% rmth@ool from the refinery,
and the FCC operation was shifted as describedeirCatalyst Optimization case
within the Scenario 1 refinery description. Themery optimization reflected the
move from Gasoline Valued ULSD to Distillate Valupdcing from Table 1.
The CFH rate was increased to the maximum constldievel in the optimized
LP configuration. The DHT and hydrogen plants @ased substantially from the
base case, as well. The result of these changesased the G:D ratio from 1.53
to 1.10 while increasing the refinery margin by 2B8Bbl of crude. This
represents an increase of over double the base aadeis mainly due to the
increased value of the ultra low sulfur diesel mid Table 3 presents some of
the changes to the process unit feed rates anterefproducts for the different
cases simulated within the Scenario 2 refineryigomdtion.

Moderate Investment Change Case:

o CFH shiftto HC. One option for further increasing diesel producin an FCC-
based refinery with a CFH, is to adapt the CFH tgaatial conversion
hydrocracking (HC) operation. This enables greatethan the standard CFH
operation to produce more distillates. In ordemtndel this operation, the FCC
operation was kept constant based on the previass, avhile the yields were
modified to account for the change in feed quadihd reduction in feed rate
reflecting the higher CFH lift. The CFH shift frominimal conversion (17%) to
a more moderate level of conversion (40%) requireplacing part of the
hydrotreating Albemarle KF-848 catalyst with UOPittacking™ catalyst DHC-
32 and required additional recycle gas capacithe DHT and hydrogen plant
increased from the above case but not as dramgtasithe delta from the base
case to the minimal investment operating case.reTtsea further increase in the
refinery margin, ~$99M/D over the prior case, adl a® a further reduction in the
G:D to 1.03. The main reason for the increaseithesf margin was due to the
greatly increased ULSD yield and lower FCC CSO @wkk production due to the
FCC feed rate reduction.
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Table 3 — Scenario 2 FCC with FCC Feed Hydrotreatig Unit Refinery

Didtillate FCC
Base and Digtillate | CFH shift
Case Titles Gasoline2 | Favored Pricing toHC
G:D Ratio 1.53 1.1 1.03
Refinery Margin, $/Bbl of crude Base 2.14x 2.22X
Ethanol Level, vol-% 6 10 10
FCC, MBPD Base -9% -26%
DHT, MBPD Base 23% 27%
CFH, MBPD Base 20% 20%
Sulfur Plant, MTPD Base 7% 6%
Hydrogen Plant, MTPD Base 2.92x 3.37x
EEC™ A, $MM Base $21.6* $29.1*

*over ~70% of this EEC increase is attributed to the almost 3 times larger hydrogen plant.
"*Inside process battery limits only, U.S. Gulf Coast labor and erection, no special design standards.

Scenario 2 Summary

An FCC-based refinery which also incorporates Ca&dF Hydrotreating unit can increase
distillate production (and improve the G:D ratioy bonverting the existing CFH to partial
conversion hydrocracking operation. The CFH for shedy was designed for 500 ppm sulfur
feed to the FCC Unit for a CFH catalyst life of @ays. In the moderate investment scenario, part
of the hydrotreating catalyst was replaced withistilthte selective hydrocracking catalyst to
facilitate a moderate increase in conversion witheacrificing significant catalyst life. The
conversion level in this case was increased frof 1d 40% in the hydrocracking mode. The
CFH unit will typically require additional recyclgas capacity to manage the increased heat
release and modifications to the fractionation éoower the additional distillate. The simple
payback (after tax) for the two cases in Scenarie ss than two months when the capital
expenses are only incurred if the capacities azatgr than 15% over the base. However, when
we assume that the units are already constrainddaay increase would require capital, the
simple payback (after tax) for both cases incredeetess than 2 months for the minimal
investment case and less than 3 for the moderatstiment case.

Scenario 3. FCC and Hydrocracking Based Refinery

Scenario 3 represents a complex refinery configuratconsisting of both FCC and
hydrocracking units as shown in Figure 8. Thithiss same configuration as Scenario 1 with the
addition of a hydrogen plant and a hydrocrackinig (skhiCU). The HCU was added in parallel to
the FCC unit. The base HCU operation is operated haphtha production mode. The feed
streams to the HCU for naphtha production consietesll of the Coker gasoil, HAGO and the
FCC LCO. The light and heavy VGO were split betwelkee FCC and HCU units and the
unconverted oil (UCO) from the HCU was routed t@ thCC. The FCC operations were
maintained for gasoline production, but the yieldse shifted to account for the change in feed
quality.
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Figure 8 - Scenario 3 Refinery Flowscheme
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The Scenario 3 base case configuration has beasethliBase Gasoline 3 and the ULSD
Gasoline Valued Pricing was used to set the refih® optimization. The result of this base
case is a gasoline to diesel ratio of 1.65.

Operational Change Case:

0 As was the case in Scenario 2, the cases invesfigatthis scenario were not
identical to those covered in Scenario 1, but adtstarted from the assumption
that the changes made to the FCC unit in the Cat&ptimization case were
completed already. Making these changes resuliisel requirement of minimal
investment and this initial case is described m kfinimal Investment Change
Cases section.

Minimal Investment Change Cases (All below cases have Distillate FCC & Didtillate
Favored Pricing):
o Naphtha Feed & HCU Operation As described in Scenario 1, the crude unit

operation was adjusted to focus on increased ldistiproduction. At the same
time, the gasoline pool was also adjusted to taagetthanol content of 10 Iv-%,
and the FCC operation was shifted as describeldeirCatalyst Optimization case
within the Scenario 1 refinery description. Thémery optimization reflected the
move from Gasoline Valued ULSD to Distillate Valupdcing from Table 1.
The HCU feed and operations were left consistetit te base case. The DHT
and hydrogen plant increased slightly from the beese. The result of these
changes was to only slightly increase diesel prbdogcthus reducing the G:D
ratio from 1.65 to 1.62 while increasing refinenangin to $7.49/Bbl of crude
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above the Base Gasoline case. This is mainly dubet increased value of the
ultra low sulfur diesel product in this case. Tablpresents some of the changes
to the process unit feed rates and refinery praddot the different cases
simulated within the Scenario 3 refinery configioat

o Distillate HCU Operation with Naphtha Feed The feed routing and the FCC
operation were left constant with the previous ca¥ée HCU operating mode
and therefore yields were shifted to maximize Wigdgé production. The DHT
decreased in size from the prior case, althoughtideogen plant and HCU did
increase. For this case the refinery margin irsgdaby ~$184M/D over the
Naphtha HCU operation. This was due to the rednath CSO and coke make
and the much higher production of diesel represebyethe reduction in the G:D
ratio to 0.90.

o Distillate Feed & HCU Operation case This is the same configuration and
operation as in the above case, except that, LCOrgraoved from the HCU feed
and routed directly to the DHT with the intent n€ieasing overall refinery ULSD
production. However, contrary to the desired effetCU rates decreased. The
reason is that constraints on the gasoline poolitgasa specifically RVP and
VOC, controlled the relative HCU and FCC feed ratésljusting FCC and HCU
unit feed rates allowed the balance of high RVP Higbt naphtha product with
the lower RVP alkylate and FCC naphtha. HCU ligéyphtha yield increased for
the new case and so, high HCU rates were not niaéutaas desired, the FCC
feed became heavier and overall yields slumpedho@igh this option did result
in a slight G:D ratio improvement, the overall etfevith reduced HCU rate and
poorer FCC yields resulted in a refinery mardacreaseof ~$21M/D from the
prior case.

Moderate | nvestment Change Cases:

o Distillate Feed & HCU Operation with Distillate Catalyst. This is the same
configuration and operation as in the previous casth the main change being
the replacement of the original naphtha selectatalgst to a distillate selective
catalyst. This change resulted in the removalhef HCU light naphtha yield
problem. The more selective distillate operatiooviged an improvement over
all the previous cases. The margin improved ~$Z9M¥er the prior naphtha
catalyst case with distillate feed, and ~$8M/D abdhe naphtha feed with
distillate HCU operation. This case had the low&sD of 0.81, and highest
overall ULSD production of all of the cases thateveimulated.
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Table 4 — Scenario 3 FCC and Hydrocracking Units Rienery

Dist HCU Dist HCU | DistHCU
Digtillate FCC and with with & Feed
. Base Didtillate Favored Naphtha Didtillate | with Dist
CaseTitles Gasoline 3 Pricing 3 Feed Feed Catalyst
HCU Catalyst Base Base Base Base Distillate
G:D Ratio 1.65 1.62 0.90 0.88 0.81
Refinery Margin, $/Bbl | g0 1.75x 1.87x 1.86x 1.88x
of crude
Ethanol Level, vol-% 6 10 10 10 10
FCC, MBPD Base 17% -23% -24% -28%
DHT, MBPD Base 5% 5% 13% 8%
HCU, MBPD Base -9% 12% -4% 10%
Sulfur Plant, MTPD Base 1% 6% 4% 6%
Hydrogen Plant, MTPD Base 1.14x 1.50x 1.25X 1.60
EEC A, $MM Base $2.7 $6.5 $2.1 $10

"Inside process battery limits only, U.S. Gulf Coast labor and erection, no special design standards.

Scenario 3 Summary

The FCC and HCU based refinery has several optionsnaximize distillate production
depending upon the type of hydrocracking unit teaists in the refinery. The HCU offers
flexibility to maximize distillate production in vimus ways that can be as simple as changing the
product fractionator to draw distillate productdieanging the hydrocracking catalyst to one that
is more distillate selective. The extent of thenges that can be implemented will depend on the
unit flow scheme, unit design conditions and pradygality objectives. Such changes to the
unit require a detailed study to evaluate the @gsunit design flexibility, available heat
exchange network and fractionation train.

For the Scenario 3 refinery defined above, the HBUassumed to be a Single Stage
hydrocracking unit designed for maximizing naphgiraduction. The operating pressure was
assumed to be 1500 psig. One of the consequemaesdifying the HCU operation to shift
from maximum naphtha mode to distillate mode igduction in hydrocracking severity, which
in turn reduces hydrogen consumption and heatgeléekhis relaxation of the operating window
permits the use of lower activity distillate seleetcatalyst within the constraints of the heat
exchange flexibility. Not surprisingly, shifting éhproduct slate from naphtha to distillate has
significant impact on the product fractionator, @efhimust be addressed. In this study, naphtha
selective Unicracking catalyst HC-24, was changedUnicracking catalyst HC-150, an
intermediate distillate selective hydrocrackingatggt. As shown in Table 4, a significant
improvement in G:D ratio can be achieved by chapdive Unicracking catalyst. The simple
payback (after tax) for all of Scenario 3 casetess than 1 2 months both when the capital
expenses are only incurred if the capacities agatgr than 15% over the base as well as if we
assume that the unit is already constrained anananyase would require capital.
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SENSITIVITY CASES

Several sensitivity cases were run for the aboen&tos using the LP model. Three different
sensitivities were evaluated: unit rate limit saéagy, hydrogen limit sensitivity and ULSD to
gasoline price differential sensitivity. The raswf the sensitivity analysis are provided in the
following sections.

(Note that additional operating costs for new gatahre not included in the refinery margin
results indicated.)

Unit Rate Limit Sensitivity

In reality, a refiner will have constraints on tAmount of additional capacity which can be
accommodated within existing assets. Sensitivitiese evaluated to provide an indication of
the impact this constraint has on the economicdiedel maximization. For each of the three
refineries, the beginning base gasoline mode wasidered the “as built” refinery that defined
the unit capacities. For this sensitivity workwiis assumed that these unit rates could only vary
from about 60% to 110% around the base rate exoephe H Plant and CFH. The HPlant
remained open for this evaluation, but is addregsedsubsequent section. The CFH rate was
constrained to about 62 to 75% of the gasoline nkdié unit rate. New rate limited base cases
were defined by re-running the Distillate Pricingpaies with these unit rate limits setting the
base case for analysis to compare with a similetg limited case that included the various
improvement options discussed above. Resultshansrsin Tables 5 — 7.

Table 5 — Rate Constrained Scenario 1 FCC Refinery

Didtillate Pricing Rate Catalyst Relative Open Rate
Rate Constrained Cases Limited (Base) Optimization Delta Result
Margin, M$/Day Base +26 +96
G:D 1.44 1.46
Rates, % of Max
DHT 100 100
FCC 85 91
Sulfur Plant 92 100

The 100% of maximum rates for the DHT and Sulfuar®lrepresented in Table 5 refer to the
rates reaching 110% of the gasoline mode basecapdcity. The margin improvement for the
constrained FCC refinery is reduced by about fola-felative to the open rate situation due to
DHT and Sulfur Plant limits. Only a slight shift the full Catalyst Optimization mode was
possible which had generated most of the benefi improved FCC yields.
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Table 6 — Rate Constrained Scenario 2 FCC & CFH Refery

Didtillate FCC &
Pricing Rate CFH shift Relative Open Rate
Rate Constrained Cases Limited (Base) toHC Delta Result
Margin, M$/Day Base +6 +99
G:D 1.37 1.37
Rates, % of Max
DHT 100 100
FCC 91 91
CFH Min Min
Sulfur Plant 93 93
Hydrogen Plant, MTD (open) 39 39

The margin improvement for the constrained Scenarieefinery is reduced by an order of
magnitude relative to the open rate situation @u€FH and DHT limits. Only a slight shift to
the partial conversion hydrocracking mode was pbsgjenerating some modest yield upgrade.
However, these gains were essentially inconsecalesitice very little movement was possible
due to the hydrotreating limits.

Table 7 — Rate Constrained Scenario 3 FCC & Hydroacking Refinery

Digtillate FCC &
Pricing 3 Rate Dist HCU & Feed | Relative Open Rate
Rate Constrained Cases Limited (Base) with Dist Catalyst Delta Result
Margin, M$/Day Base +198 +193
G:D 1.61 0.82
Rates, % of Max
DHT 95 08
FCC 100 68
SelectFining Unit 78 Min
HCU 86 98
Sulfur Plant 93 97
Hydrogen Plant, MTD (open) 57 86

" (Each individual constrained case refinery margin was lower than the respective individual unconstrained case
refinery margin. Theitemsindicated are delta margins where there was greater economic suppression between the
base points than between the improved points.)

The constrained Scenario 3 refinery margin improsetwas less affected by the imposition of
unit rate limitations. This results because mdshe capacity difference is involved with the
finished products off the HCU. There is not a gregpact at the DHT and supporting units.
The constrained Base Distillate Case had a naplubizssed HCU operation with distillate

pricing and so, economics favored a maximum FCE. rathe constrained, all distillate, HCU

favored maximizing the HCU rates at the expens¢éhef FCC as indicated by the minimum
SelectFining Process rate.
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H, Limit Sensitivity

All H, was provided by the catalytic reforming unit foetScenario 1 refinery configuration, so
there was no FPlant sensitivity for this refinery Scenario. Hiolly, many of the higher margin
cases indicated octane give-away in the gasolir@d ponsistent with a foperation at the
reformer.

The open unit rate Scenario 2 refinery cases weexamined in comparison to the same cases
with a constrained HPlant with results shown in Table 8. As indicatid imposition of the §
Plant limit essentially reduces the improvemenepbal by about a third. The limited cases ran
at the minimum CFH rate in full partial conversioydrocracking mode at the maximum allowed
H, Plant operation.

Table 8 — Hydrogen Limit Sensitivity Constrained Senario 2 FCC & CFH Refinery

Margin I mprovement move to HC Mode Delta $M/Day
All Open Unit Rates +99
Above with Limited B Plant +67

The Scenario 3 refinery inherently had more fldkipiparticularly since the starting condition
was a naphtha based HCU with relatively highuidtake in comparison to distillate operation at
lower H, uptake. The Ksensitivity was examined with unit rate constmintplace as shown in
Table 9. As indicated, the imposition of the Pant limit essentially removes about 30% of the
potential improvement value by limiting the degteeavhich the maximum distillate mode HCU
improvements can be exploited.

Table 9 — H, Limit Sensitivity Constrained Scenario 3 FCC & Hydrocracking Refinery

Margin I mprovement for Max Digtillate HCU with Distillate Catalyst Delta $M/Day
Limited Unit Rates, exceptHPlant +198
Above with Limited H Plant +141

Price Sensitivity

Sensitivity to price was examined by re-running Yagious cases over a range of ULSD to
gasoline differentials and plotting these resuifsilast delta margin per barrel of crude. This was
done for all three refinery Scenarios and use®#ms® Distillate case specific to each Scenario as
the anchor point for the refinery delta margin a&dton, i.e.

Refinery Upgrade, $/bbl Crude = Delta Refinery Maug/Day / 150,000 BPD Crude
Delta Refinery Margin = Improved Case Margin $/BaBase Distillate Case Margin $/Day

Figure 9 shows the price sensitivity for Scenarioptions with open unit capacities. The low
severity FCC operation requires the highest diffea¢ to generate a positive incentive due to the
large amount of clarified slurry oil produced fdmat option. The naphtha recut shows
intermediate incentive except at low differentiasere gasoline is more strongly favored. The
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LCO catalyst optimized case indicates the highastntives even at low differentials due to the
reduction in CSO vyield. Across all cases showm thost significant (>10%) throughput
increases occur at the DHT (+30%), and Sulfur Rtah5%).

Figure 9 - Scenario 1 FCC — Margin Upgrade vs. ULSIMogas Differential
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Figure 10 shows the incentive for the combined FEp@ons with the imposition of unit capacity
constraints. As before, there is some overalltp@sincentive indicated even at low differentials
due to CSO reduction. However, little improvempatential is possible due to the DHT and
Sulfur Plant limits, and so, the value slope isasally flat.

Figure 10 - Scenario 1 FCC — Margin Upgrade vs. ULIS3-Mogas Differential
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Figure 11 shows the price sensitivity results toe Scenario 2 refinery in partial conversion
hydrocracking mode with all open unit capacitiescépt the CFH that was limited to 30 MBPD
max). Greater incentives are shown relative toRGE cases due to more degrees of freedom
with the CFH partial conversion hydrocracking mod&imilar to the FCC cases, positive
incentives are indicated at low differentials duestty to slurry oil reduction. Across all cases,
the most significant (>10%) unit throughput incleaeccur at the DHT (+25%), CFH (+20%),
and K Plant (+350%). Price sensitivities for the Scenarrefinery with the imposition of unit
capacity constraints are not shown, since, as atelicabove, improvement potential is very low
once DHT limits are in place.

Figure 11 - Scenario 2 FCC & CFH- Margin Upgrade vsULSD-Mogas Differential
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Figure 12 shows the price sensitivity results for Scenario 3 refinery options with open unit
capacities. All these modes produce large amanintistillate, and, as a result, incentives are
negative at the lower differentials that favor demoand rise sharply as differentials improve
toward favoring ULSD production. The relative valaf the options vary (cross) at different
ends of the scale in proportion to the favored pobénd its production rate. Notably, in this
analysis, at the high ULSD differential, the diaté HCU operation with distillate feed (i.e.
routing LCO away from the HCU and direct to the DHiid not perform comparatively well
even though much higher distillate yield might bgexted. This occurred since HCU light
naphtha yield was much higher in this mode andalarize gasoline volatiles (RVP, VOC), the
high HCU rate could not be maintained over the F@ECross all cases, the most significant unit
throughput increases (>10%) occurred at the DHB%®%) HCU (+20%), FCC/Alky (+15%),
and H Plant (+15%).

Page 21



Figure 12 - Scenario 3 FCC & HCU- Margin Upgrade vsULSD-Mogas Differential
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Figure 13 shows the results for the Scenario 3ieefi with limited unit capacities (except)H
Since the open rate HCU price sensitivity resuttsva clustered fairly close together, only the
max distillate HCU with distillate catalyst casesisown below for comparison. Results are
fairly close to the open unit rate results since HCU produces finished products with less
impact on supporting units. Primarily the minim@alectFining Unit rate was limiting as feed
favored the HCU over the FCC.

Figure 13 - Scenario 3 FCC & HCU — Margin Upgrade 8. ULSD-Mogas Differential
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CONCLUSION

Addressing the question of how best to optimize biadance between gasoline and diesel
production and feedstock shifts depends on thenesfi configuration, gasoline and diesel
markets, other blending considerations (such ashehélending ethanol), hydrogen availability,
equipment constraints, and the ability to inveBbe challenge for a refiner is how to choose and
implement a solution that provides the best valmemany, but necessarily not all cases, this will
often be the low-cost solution. Solutions will dimery-specific and will be determined by the
current refinery configuration, the type of proéegs units present, external blending
requirements (i.e. ethanol), and access to mattatsallow trading of intermediate streams.

A refiner’s first step in meeting the optimizatiohgasoline and diesel production requirements
is to review the current yield pattern of each @mtl analyze any feed shifts and operations that
can be accomplished without major changes. Nex, réfiner should determine what the
operating window and roles are for the existingetss light of the market requirements. These
steps may involve considering the impact from aléwe crudes that can be processed, future
refinery revamps or expansions, and any changdsCi@ unit operation that alters existing
product mix. Once these preliminary steps are ¢et@pthe refiner needs to evaluate a number
of solutions and determine if one solution offeettér economics and flexibility than another.
UOP can help evaluate the affect on the produte dlased on the improvements that can be
achieved for unit designs and constraints to maenthe return on investment, across the total
refinery.

As shown in this paper, the process units thatallyi require the largest increases in capacity to
shift toward diesel include the distillate hydrettieg unit, cat feed hydrotreating unit; Rlant
and Sulfur Plant. For the distillate and cat fegdratreating units, UOP is uniquely positioned to
assist refiners with further analyses and solutasis leading hydrotreating technology licensor
with a full scope of state-of-the-art hydrotreaticatalysts via its alliance with Albemarle, the
Hydroprocessing Alliance. UOP can also assist withimized solutions for increased, H
capacity via state-of-the-art,Hnanagement studies and its positions as the lgadipplier of
PSA units for high purity hydrogen production.

The complex refinery with FCC and hydrocrackingtsintypically have significant potential to

shift toward diesel production with attractive econcs and minimal investment. UOP is well
positioned to assist refiners with further analysesl solutions as a leading hydrocracking
licensor with a full scope of state-of-the-art hychacking catalysts for all applications.

Fully integrated and optimized solutions that drigezard minimum investment cost and project
timing, ensuring maximum project profitability awgitical in meeting these challenges and
taking advantage of the opportunities they pres@perational improvements, revamps of
existing equipment, major expansions, as well @asgroots refinery projects all need to be
evaluated, requiring in depth knowledge of refingrgie technologies, and the ability to integrate
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catalyst applications into the process designicénisor that can offer refiners a full portfolio of

process technology, adsorbents and catalysts,atged equipment, engineering and technical
services, as well as operational support serviaesassist in maximizing the ability of the refiner
to meet their individual market demands.
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