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CONVERSION OF HEAVY FUEL O1L TO CHEMICALS

BACKGROUND

{3061} To date, most crude has been partially converted to chemicals in large
refinery-petrochemicals complexes. The focus of the refinery is to produce
iransportation fuels such as gasoling and diesel. Low value streams from the refinery,
such as LPG and light naphths, are routed to petrochemicals complexes that may or
may not be adiacent to the refinery. The petrochemicals complex then produces
chemicals such benzene, para-xylene, ethylene, propylene and butadiene. A typical
complex of this kind is shown in Figure 1, where the units and streams have the

following reference numbers,
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REH DR Fuel oil that may be produced from the residue conversion unit in the refinery

often contains a high sulfur content. The International Maritime Crganization (IM(}

is currently considering regulations fo cut sulfur emissions from ships. Specifically, #t
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is expected the new requirements reset subfur emissions from the current maximum of
3.5 wi% of fuel content to 0.5 wilks,

EETERY Typically, refiners have been selling vacuum residue from thelr refineries as
high sulfur fuel oll, blending to form a low suifir fuel oil, or converting the vacuum
residue to vacuum gas oil or Hghter distillates using residue hydrocracking or Delayed
Coking or, in some instances, desulfirizing the vacuum residue to an oil suitable for
feeding Residue FCC units, The vacuum residue may alternatively be sent to a residue
hydrocracking unit to convert the vacuum residue to vacuum gas oil and other hight
fractions, which may be sent for further upgrading in distilate hydrotreating or
hydroeracking units. Or, the vacuum residue may be sent to a sulfur deasphalting unit
for recovering a deasphalted oil fraction and the plich fraction may either be blended
to & high or low sulfur fuel oil or where possible, used as road asphalt.

{08384] Each of these applications involves production of transportation fuels and is
associated with a refinery. In each of these instances, the high sulfir fuel oil will
become a very low value product. Further, the aforementioned IMO regulations may
climinate the route to sell high sulfur fuel oil in the near futors,

SUMMARY OF THE DISCLOSURE

18865] Embodiments herein relate fo a process that directly converts high sulfur fuel
oil to petrochemicals, producing a higher value end product. The IMO regulations will
create a surplug of off-spec and very low value high sulfur fuel oil as a feedstock.
Embodiments hersin convert the low value fuel oil to petrochemicals, rather than
transportation fuels. Embodiments herein may also remain in hydrogen balance.

18506} In one aspect, embodiments disclosed herein relate to a process for converting
high sulfur fuel oils to petrochemicals. The process may include hydrocracking a
high sulfur fuel oil in an ebuliated bed or slurry bed fuel oil hydrocracker to form a
cracked fuel oi} effiuent. The cracked fuel oil effluent may be separated into a light
fraction and a heavy fraction. The light fraction may be hydrocracked in a distiilate
hydrocracker to form a cracked efffuent, which may be separated into a hydrogen
fraction, a light hydrocarbon fraction, a light naphtha fraction, and a heavy naphtha
fraction. The heavy naphths fraction may be reformed (o produce a reformer effluent
comprising hydrogen and at least one of benzene, toluene, and xylenes. The light

hydrocarbon fraction and/or the light naphtha fraction may be steam cracked in a
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steam cracker to produce a steam erscker effluent comprising at least one of ethylens,
propylene, benzene, toluene, and xylenes.

{60071 In some embodiments, the heavy fraction may be gasified to produce a syngas
comprising carbon monoxide and hydrogen. The syngas or hydrogen recovered from
the syngas may be fed 1o the fuel ol hydrocracker. In other embodiments, the heavy
fraction {unconverted oil) may be fed to a delayed coking unit, a cement plant, or,
where it is an IMO compliant uliralow salfur fuel oil, may either be used internally or
sold as high value preduct,

[GB08] In another aspect, embodiments disclosed herein relate to a system for
converting high sulfur fuel oils to petrochemicals. The system may include an
ebullated bed or slurry bed fuel oil hydrocracker for hydrocracking 2 high sulfur fuel
oil to form a cracked fuel oil effluent. A first separation system may be provided for
separating the cracked fuel oil effluent into a lght fraction and a heavy fraction. The
system may also melude 8 gasifier for gasifying the heavy fraction to produce a
syngas comprising carbon monoxide and hydrogen. A flow ling may be provided for
feeding the syngas or bydrogen recovered from the syngas to the fuel oil
hvdrocracker. The system may further include a distiliate hydrocracker, a catalytic
reformer, and a steam cracker, The distillate hydroeracker may hydrocrack the light
fraction to form a cracked effluent, and a second separation system may sepavate the
cracked effuent into a hydrogen fraction, a light hydrocarbon fraction, a light naphtha
fraction, and a heavy naphtha fraction. The catalytic reformer may reform the heavy
naphtha fraction o produce a reformer effluent comprising hydrogen and at least one
of benzene, tohuene, and xylenes. The steam cracker may crack the hght hydrocarbon
fraction and/or the light nephtha fraction o produce a steam ecracker effluent
comprising at least one of ethylene, propylene, benzens, toluene, and xylenes.

{6069] In another aspect, embodimenis disclosed herein relaie to a process for
converting high sulfur fuel oils 1o petrochemicals.  The process may include
hydrocracking a high sulfur fuel oil in an chuliated bed or slurry bed fuel oil
hydrocracker to form a cracked fuel ofl effluent. The cracked fuel oil effluent may
then be separated into a light fraction and a heavy fraction. The process may also
inchude hydrocracking the lght fraction in a distillate hydrocracker o form a cracked

effluent, and separating the cracked cffluent to recover one or more gas fractions,
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such as hydrogen, hydrogen sulfide, and/or ammonia, and 10 recover twe or more
hydrocarbor  fractions, including a light hydrocarbon fraction and a heavy
hydrocarbon fraction. The heavy hydrocarbon fraction may then be hydrocracked to
produce & hydrocracked effiuent comprising naphtha range and lighter hydrocarbons.
The light hydrocarben fraction and the bydrocracked effluent may be fed to an
ethylene complex to produce petrochemicals including ethylene, propylene,

butadiene, benzene, toluene, xylenes, and/or methy! tertiary-butyl ether.

F0018 In another aspect, embodimenis disclosed herein relate to a system for
converting high sulfur fuel oils to petrochemicals,  The system may include an
ehuliated hed or shurry bed fuel oil hydrosracker for hydrocracking a high sulfur fuel
oil in to form a cracked {uel oil effluent. The system may also include a separator for
separating the cracked fuel oil effivent into a light fraction and a heavy fraction. A
distitiate hydrocracker may be provided for hydrocracking the light fraction in to form
a cracked effluent. A separation system may be provided for separating the cracked
effluent o recover one or more gas fractions comprising hyvdrogen, hydrogen sulfide,
andfor ammonia, and 1o recaver two or more hydrocarbon fractions, including a light
hydrocarbon fraction and 3 heavy hydrocarbon fraction. The system may also include
a hydrocracker for hydrocracking the heavy hydrocarbon fraction to produce a
hydrocracked effluent comprising naphiha range and lighter hydrocarboms.  An
ethylene complex may be provided converting the light hydrocarbon fraction and the
hydrocracked effluent to produce peirochemicals including ethylene, propylene,

butadiene, benzene, ioluene, xylenes, and/or methy! terfiary-butyi sther.

{6014 Other aspects and advantages will be apparent from the following description

and the appended claims,
BRIEF DESCRIPTION OF DRAWINGS

8612} Figure 1 is a simplified process flow diagram of a typical refinery-
petrochemicals complex.

{6813} Figure 2 is a simplified process flow diagram of processes for converting high
sulfur fuel oif to petrochernicals according to embodiments berein,

{8614} Figure 3 is & simplified process flow diagram of processes for converting high

subfur fuel oil to petrochemicals aceording to embodiments herein.
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{8015} Figure 3A is a simplified process flow diagram of an integrated two-stage
hydrocracking system useful in processes for converting high sulfur fuel oil (o
petrochersicals according to embodiments berein,

8016} Figure 4 is & siroplified process flow diagram of processes for converting high
sulfur fuel oil to peirochemicals according to emmbodiments herein,

DETAILED DESCRIPTION

1958173 Embodiments herein relate to processes and systems that may directly convert
high sulfr fuel oil to petrochemicals. Fesdstocks useful in embodiments herein
include high sulfur fusl oif (HSFO). HSFQ, as used herein, refers to fuel oil having a
sulfur content of gregter than I wi%. Other feedatocks useful in embodiments herein
may include pitch from solvent deasphalting units, decant oil, and pyrolysis fuel ofl
from sieam crackers, for example. In some embodiments, the feedstock may be a
blend of high sulfur fuel oil and a pyrolysis fuel oil. Feedstocks berein may include
vacuum gas oils derived from residue conversion processes, having not only sulfur,
but may be high in heavy polynuclear aromatic content as well 83 nitrogen.

[0018] Feedstocks used in embodiments hersin typically have a sulfir content of
greater than 0.5 wi%, greater than 1.0 wi¥h in other embodiments, greater than 2.0
wi% in other embodiments, and may be as high as 7.0 wi% in other embodiments.
The feedstocks typically have & density of greater than 900 kg/m® at 15°C, and/or may
have a kinematic viscosity of at least 180 mm¥'s at 50°C. The feedstocks may have
an initial boiling point greater than 350°C in some embodiments; greater than 430°C
in other ernbodiments; and, greater than S80°C in other embodiments, The feedatock
typically has an initial boiling point greater than S00°C. While HRFO is defined
above as containing greater than 1 wiS6 sulfur, the values described refer to feedstocks
useful in embodiments herein, and feedsiocks other the HSFO may have a lower
sulfur content.

6619 Feedstocks herein are converied to petrochemicals, incloding light olefins,
using an integrated high pressure hydrocracker, in which the HSFO cracker may be a
single high-pressure loop wiilizing a two-stage system with recyele, One skilled in the
art would generslly not propose converting a low hydrogen content feedstock, such as

HRFQ, to petrochemicals.  However, embodiments hereln may sfficiently and
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sffectively convert such a feedstock to petrochemicals using a combination of
catalysis, processing conditions, and processing units as described below.

{84261 The HSFO may be converted to vacuum gas oil (VGO} (typically 370°C-
$80°C) products in an ebullated bed or shury hydrocracking unit. The hydrocracking
unit may utilize either extrudates in an ebullated bed reactor (heterogeneous phase
reactor using liguid circulation) or slurry catalyst (homogenous phase reactor) in the
presence of hydrogen. The slury catalyst may be used either in a liguid circulating
reactor such as the EB reactor or a Shurry Bubble Phase resctor. This fuel ol
hydrocracking step is referred to herein as Step 1.

j66zi} The conversion in the hydrocracking unit is only partisl  In some
embodiments, unreacted oil or piich may be fed to a gasifier. The gasifier may be
used to convert the usconverted oil or piteh to a synthesis gas, providing hydrogen for
the fuel oil hydrocracking and subsequent integrated distillate hydrooracking steps,
described below, The gasifier may also be used to generate power, if desired. In
ather embodiments the heavy fraction {unconverted oil) may be fed to a delayed
coking unit or a cement plant. In yet other smbodiments, an ultra-low sulfur fuel oil
may be recovered from the hydrocracking unit {Step 1), which may either be used
internally or sold as high value product.

18622] The fuel ol hydrocracking step (Step 1) is integrated with a hydrocracking
step {Step 2) that further converts the products from Step 1 to heavy naphtha, light
naphtha, LPG, and lighter products, such as cthane. The products from Step 1 are very
sromatic and therefore unsuitable for steam cracking to make olefing, Step 2
hydrogenates the products from Step 1 and hydrocracks the VGO and diesel range
material to naphtha that is far more suitable as feed to a downsiream ethylene
complex, which may inclede a steam cracker for the production of olefins, for
exampie.

16423] Step 2 and Step | may shere the same high-pressure hydrogen loop in some
embodiments.

{3024} Step 2 may include an integrated two-stage hydrocracking system.

{6825} Fthane, LPG and/or naphtha products from Step 2 may then be routed fo an
ethylene complex, which may include a steam cracker. If desired, heavy naphtha from

Step 2, rich in paphthenss, may be fed to a reactor for catalytic reforming. The

s
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process is also flexible, and whers more olefins are desived as compared to arpmaties,
both the light naphtha stream and a portion or all of the heavy naphtha stream can be
routed o the steam cracker.

{8261 The ethylene complex and the catalvtic reformer both produce hydrogen. The
hydrogen may be routed back to Steps 1 and 2. In this manner, the integrated unit
may remain i or largely in hydrogen balance, generating the bulk or all of the
hydrogen intemmally.  Further, in some embodiments, the pyrolysis gas and/or
pyrolysis fuel oil produced in the ethylene complex may be used as an additional
feedstock for the fuel ol hydrocracking Step 1.

(8027} Fibviene complexes useful in embodiments herein may inchude various unit
operations. For example, an ethylene complex may include a cracker, such as a steam
cracker. Other cracking operations may also be used. The ethylene complex may
also include an olefins recovery unit, a butadiene extraction unit, & MTBE uait, a C4
selective hydrogenation unit, 2 pyrolysis gasoline hydrotreating unit, an aromatics
extraction unif, a metathesis unit, and/or a disproportionation unit, among others
useful for the production and recovery of olefins and other light hydrocarbons.
Products from the ethylene complex may include, for example, ethylene, propylene,
butadiene, benzene, MTBE, and mixed xvienes, among others.

{0828] Processes disclosed herein are not dependent on a refinery to produce
petrochemicals, Systerns according to embodiments herein may be located right next
{0 a petrochemicals complex with imported high sulfur fuel oil as the only feed, for
example. High Sulfur Fuel (il may be priced much lower than crode following
implementation of IMO regulations in 2020, and embodiments hersin may convert
these low cost feedstocks to higher value petrochemicals. Embodiments herein may
also eliminate the need for a refinery and the need to make any transportation fuels
from these low value hydrocarbons, may dramatically reduce lnvestment costs with
integration, and/or may provide an excellent outlet for pyrolysis fuel oil from a sieam
cracker.

{819] Reterring now to Figure 2, a simplified process flow diagram of procssses for
converting high sulfur fuel oil to petrochemicals according o embodiments herein is
Hlustrated. A high sulfir fuel ol 100 may be fed to a fuel oil hydrocracking reaction

zone 102, which may include one or more slurry or sbullated bed fuel oil
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hydrocrackers, which may be operated in series and/or paratiel. The high sulfur fuel
oil 140 may be reacted with hydrogen (from 108, 122, 130 deseribed further below)
over g hydrocracking catalvst in the slurry or ebullaied bed fuel oil hydrocrackers to
convert af feast a portion of the fuel oil hydrocarbons o lighter molecules,

REIXIH] The hydrocrackers in the fuel oil resction zone may be operated at conditions
to provide 40 wi to 98 wi% conversion in some embodiments, for example; greater
than 60 wi% conversion in other embodiments; greater than 80 wi% conversion in yet
other embodiments. The hydrocracking reaction in the fuel oil hydrocracking reaction
zone may be conducied al a temperature in the range from about 360°C to about
460°C; from about 400°C to about 440°C in other embadiments. Pressures in the fusl
ol hydrocracking reaction zone may be in the range from about 70 bara to about 230
Bara in some embodiments; from about 100 to about 130 bara in other ersbodiments,
The hydrocracking reactions may also be conducted at a liguid howdly space velocity
{LESV) in the range from about 0.1 hr! to about 3.0 ! in some embodiments; from
about
0.2 hir'! to about 2 ! in other embodiments.

{6833} Hydrovarbon conversion is defined herein as the percentage of material in the
reactor feed sirewn boiling above g terperature threshold hereafter described minus
the percentage of the material in the reactor effivent stream boiling above that same
temperature threshold with said difference divided by the perceniage of material in the
reactor feed stream boiling above the temperature threshold. In some embodiments,
such as for high sulfur fuel oil conversion, the thresheld temperature may be defined
as 500°C+, such as 520°C or another TBP cut point designated for a feedstock fuel oil
grade hydrocarbon; in other embodiments the threshold ternperature may be defined
as, 540°C+ and in other embodiments the treshold tomperature may be defined as
SE0°C.

{66331 The hydrocarbon effluent from the chullated bed or slury bydrocracker may
then be separated into a light {converted) hydrocarbon fraction 110 and & heavy
{unconverted} hydrocarbon fraction 104. The light hydrocarbon fraction may have an
end boiling point in the range from about 4530°C to sbout 350°C, such as about 520°C
in some embodiments. The Hght hydrocarbon fraction 110 may then be forwarded to

a distillate hydrocracking reaction stage 112,

oy
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18833} The heavy hydrocarbon fraction 104 may be fed to a pasifier 106 and
converied to a synthesis gas, which may include CO and Ha, among other byproducts.
The synthasis gas, or only the hydrogen separated therefrom, may be used as & feed
108 to provide hydrogen to the fuel oif hydrocracking reaction stage 102 and thence
downatream to the distillate hydrocracking reaction stage 112, As noted sbove, in
other embodiments the heavy hydrocarbon fraction 104 {unconvenied oil) may be fed
to a delayed coking unit or a cement plant {not shown}. In yet other embodiments, an
ultra-low sulfur fuel oil may be recovered from the hydrocracking unit {Step 1), which
may either be used internally or sold as bigh valus product,

[8334] Distillate hydrocracking reaction stage 112 may include one or more fixed,
ehullated, or slurry hydrocrackers, which may be operated in series and/or parallel
Inter-reactor gas Hguid separators may be included to separate out converted products
from unconveried residue. The hydrocracking reaction in the distiliate hyydrocracking
reaction stage 112 may be conducted at 8 tempersture in the range from about 300°C
to about 440°C in some embodiments; fom about 360°C to about 440°C in other
erbodiments; and from about 400°C to about 440°C in other embodiments.
Pressures in the distiliate hydrocracking reaction zone may be in the range from about
70 hara to about 230 bara in some smbodiments; from about 180 to aboot 1890 bara in
other embuodiments. The hydrocracking reactions may alse be conducted at a lquid
hourly space velocity (LHSV) in the range from about 4.1 hr' to about 4.0 hr'! in
50Mme embodiments; from about
0.2 hr' to about 2.5 hr! in other smbodiments,

{3635} The hydrocarbon efffuent from the distillate hydrocracker 112 may then be
separated into two or more fractions, such as a lights or LPG fraction 113, a light
naphtha fraction 114 and a heavy naphtha fraction 115, The LPG fraction 113 and the
light naphtba fraction 114 may then be forwarded fo a sicam cracking reaction stage
124, and the heavy naphiba fraction 115 may be fed to a catalytic reforming reaction
zone 116

{6036} Catalytic reforming reaction zone 116 may include a dehydrogenation reactor,
if needed, as well as a catalytic aromatization reactor. When the heavy naphtha feed
from the distillate hydrocracking reaction is anticipated to be rich in saturated

components, the dehvdrogenation reactor may be included. The catalyst utilized in
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the catalytic aromatization reactor may include a catalyst that promotes one or a
number of reactions, such as conversion of olefinic and paraffinic molecules to small
olefins via cracking and hydrogen transfer, the formation of €2 to Cie olefins via
transmutation, oligomerization, cracking, and isomerization reactions, and aromatic
formation by eyclization and hydrogen transfer. The catalyst may be tailored to the
desired reactions based upon the feedstock and conditions employed.

{4037} The reaction product from the catalytic reformer may then be processed in 2
fractionation zone (internal to box 116, not illustrated} to separate the reaction
products into two or more hydrocarbon fractions using one or more distillation
crfumns.  The resuliing hydrocarbon fractions may include benzene fraction 1185,
paraxylene fraction 120, and hydrogen fraction 122, among other fractions.

{60381 The LPG fraction 113 and light naphtha fraction 114 may be fed, as noted
above, 10 a steam cracking reaction zone 124, Steam cracking reaction zone 124 may
include a heater contalning one or more convective and/or radiant coils for cracking
of the light naphtha and LPG in the presence of steam. The steam cracking may be
conducted at gas outlet temperaiures in excess of 700°C, such as in the range from
about 750°C to gbout 1100°C. The effluent recovered from the steam hydrocracking
system may be separated to recover unreacted hydrogen 130 from the hydrocarbons in
the efffuent and condense the steam. The efftuent hydrocarbons may be fractionated
using one or more distiliation columas to form two or more hydrocarbon fractions,
including one or more light hydrocarbosn fractions 126 {propylene, ethylene, eto.), one
or more aromatic fractions 128 (benzene, toluene, xylenes, etc.), and a pyrolysis gas
ofl andfor fuel oil fraction 132,

(8035} A flow line may be provided to feed the pyrolysis gas oil fraction to the fuel
oil hvdrocracker 102, the distillate hydrocracker 112, or both, In some embodiments,
the pyrolysis gas oil fraction may be separated in a separator to form a hight pyrolysis
gas oil fraction and a heavy gas oil fraction, and flow lines may be provided to feed
the respective fractions recovered 1o a desired reactor, such as feeding of the heavy
pyrolysis gas oil fraction to the fuel oil hydrocracker 102 and feeding of the hight
pyrolysis gas oil fraction to the distillate hydrocracker 112,

(D040} Hydrogen fractions 122 and 130 recovered from the reformer [16 and steam

cracker 124, respectively, may be fed to the fuel oil hydrocracker 102 and/or the
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distiliate hydrocracker 112, as noted above. Hydrogen fractions 108, 122, 130 may
allow the systemn to remain in or nesr hydrogen balance, generating the bulk or ail of
the hydrogen intemally.

{8341} Referring now to Figures 3 and 3A, a simplified process flow diagram of
processes for converting high sulfur fuel oil fo petrochemicals according to
embodiments herein is illustrated, where like numerals represent like parts. A high
sulfur fuel oil 100 may be fed to a fuel oil hydrocracking reaction zone 102EB, which
may include one or more ebullated bed or slurry reactors, which may be operated in
series and/or parallel.  The high sulfur fuel oil 100 may be reacted with hydrogen
{from 108, 122, 130 described further below) over a one or more catalysts with
specific functions designed for hydrodemetallation, hydrodesulfurization, CCR
conversion, hydrodenitrification, aromatic saturation and bydrocracking. Part of the
conversion process is thermal and part satalytic. In the fuel oll hydrocrackers the
process of thermal and catalytic conversion converts at least a portion of the fuel ofi
ydrocarbons to ighter molecules. The hydrocracking catalyst in the ebullated bed or
shirty bed reactors may have a very high hydrogenation activity, which rmay
maximize hydrodesulfurization, among other reactions. Depending on the reacior
used in the fuel oil hydrooracking step, the catalyst may be Ni, Mo on silica alumina
base or an organic molybdenum component of a molybdenum salt promoted by
ancther base metal.

{8042} The hydrocrackers in the fuel oil reaction zone may be operated at conditions
to provide 40 wit% to 90 wi% conversion in some embodiments, for example; greater
than 60 wi% conversion in other embodiments; greater than 80 wi% conversion in yet
other embodiments. The hydrocracking reaction in the fuel oil hydrocracking reaction
zone may be conducted al a ieroperature in the range from about 360°C to abowt
460°C; from about 390°C or 400°C to about 440°C in other embodiments. Pressures
in the fusl oil hydrocracking reaction zone may be in the range from about 70 bara io
ahout 230 bara in some embodiments; from about 100 to about 200 bara in other
embodiments, such as from about 170 bara to about 195 bara in other embodiments.
The hydrocracking reactions may also be conducted at a lquid hourly space velogity
{LHSV) in the range from about 0.1 b to about 3.0 b in some embodiments; from

about 0.2 bt 0 about
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2wl in other embodiments, such as from about 8.1 & to about 0.5 k! in other
smbodiments,

{6043} The efftuent from the ehullated bed hydrocracking reaction zone 162EB may
include 3 mixture of hydrocarbons, including light and heavy naphtha, diesel, and
vacuum gas oil range hydrocarbons, The light naphtha range products may include
60-75 wits paraffing, 15-30 wi% naphthenes, 2-10 wi%% aromatics, as well as up 10 50
wppm nifrogen and up to 500 wppm sulfur, for example. The heavy naphtha range
products may inchude 20-30 wi% paraffing, 35-55 wi% naphthenes, 12-20 wi%
aromatics, as well as up to 150 wppm nitrogen and up to 200 wppm sulfur, for
example. The diesel range producis may include 13-35 wi% paraffing, 1530 wi%
naphthenes, 35-55 wid aromatics, as well as up to 750 wppm nitrogen and up to 2000
wppm sulfur, for example. The VGO range products may include 13-25 wi%
parsffins, 15-30 wi% naphthenes, 40-60 wiSs aromatics, s well as up to 3500 wppm
sulfur and oitrogen and in the range from sbout 13,000 wppm up to about 25,000
wppn heavy polyruclear aromatics (having 4+ rings}, for example. Fach of these
product fractions is unsuitable as a feedstock for a steam cracker, as they may result in
rapid fouling, poor conversion to olefing (low cthivlene yield), may resuit in a high
vield of pyrolysis fuel oil, and/or may rapidly convert to coke at the high temperatures
in a steam cracker. The heavy naphtha is unsuitable as feed to a catalvtic reformer
because it has very high sulfur and nitrogen when most catalytic reforming catalysis
require the sulfur and nitrogen content (o be less than 0.3 parts per million.

0044} To improve the convertibility of the effluent from the First Step fuel off
hydrocracking, the effluent from the fuel oif hydrocracker(s} may then be separated
into a light (convered) hydrocarbon fraction 110 and a heavy (unconverted)
hydrocarbon fraction 104, The light hydrocarbon fraction may have an end boiling
point in the range from sbout 430°C to about 550°C, such as about 320°C in some
embodiments. The Hght hydrocarbon fraction 110 may then be forwarded to a two-
stage distillate hydrocracking reaction stage 11278, as further illustrated in Figure
3A.

[0045] The heavy hyvdrocarbon fraction 104 may be fed to a gasifier 106 and
converted to a synthesis gas, which may include CO and ¥, among other byproducis.

The synthesis gas, or only the hydrogen separated therefrom, may be used as a feed
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108 to provide hyvdrogen to the fuel oil hydrocracking reaction stage 102 and thence
downstream to the distillate hydrocracking reaction stage 112T5. Turbings and other
equipment associated with the gasifier 106 may also be used io generale a power
ouiput 109,

53646} Two-stage distilate hydrocracking reaction stage 112TS may include one or
more fixed, etullated, or slurry hydrocrackers, which may be operated in series and/or
parallel. In some embodiments, the two-stage distillate hydrocracking reaction stage
11278 may include a first stage reactor(s) inchuding a mixture of catalysts to perform
hydrotreating, deep hydrogenation, ring opening, and hydrodenifrogenation, and
hydrocracking.

88471 in some smbodiments, for example, the first stage may include s fixed bed
reactor 302 containing: 1o a first contact bed 304, a Type I hydrotresting catalyst,
such as & Ni-Mo catalyst; in a second contact bed 306, an unsupported tri-metallic
catalyst  system  targeting  deep  hydrogenation, rng  opening, and
hydrodenitrogenation; and, in a third contact bed 308, a layer of nitrogen-iolerant
hydrocracking catalyst, which may be amorphous or zeolitic with base metals such as
Ni, Mo or W.

{8848} The reactor effluent 310 from Stage | may be flashed, such as in a flash drum
or separator 312, to recover a vapor fraction 314, which may include hydrogen for
recycle as well as remove amimonia and hydrogen sulfide from the hydrocarbons. The
rerpaining hvdrocarbon effiuent 316 may then be directed to an intermediate
fractionator or separation zone 318 to recover various hydrocarbon fractions. The
overhead and/or side-draw fractions recovered from fractionator 318 may wclude one
or more light hvdrocarbon fractions 320, such as one or mere £2-C12 fractions (C2,
C3, 04, C8, Ca, C7, C&, C%, €10, €11, €12, individaally or combinations thereof). A
heavy fraction, including unconverted hydrocarbons (oil) from Stage 1 may be
recoversd from fractionator ot separation zone 318 via flow stream 322,

10849 The unconverted oils from stage 1 may then be converted in Stage 2 reactor{s},
which may include one or more fixed, ebullated, or shurry hydrocrackers, which may
be operated in series and/or parallel. The second stage reactor(s} 324 may contain &
hydrocracking catalyst 328 for converting the unconveried oil from Stage 1 to a very

hydrogenated naphtha and lighter products, recovered as effluent 328, which may be
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recovered in the comumon fractionator 318 along with Stage 1 efflusnt or in a separate
dedicated fractionator {not shown). The hydrocracking catalyst in the second stage
may be either zeolitic or amorphous or 2 mixtwre of both. The catalyst may include
base metals such as Ni, Mo or W or noble metals such as platinum or palladium, The
hydrocracking catalyst may be layersd with hydrotreating catalysts in some
embadiments.

{00501 The light naphtha range products from Stage 2 may include 75-85 wide
paraffins, 15-20 wi% vaphthencs, 2-5 wi% aromatics, and less than 1 wppm sulfar
and nitrogen, for example. The heavy naphtha range products may include 40-30
wi% paraffing, 45-30 wi% naphthenes, §-10 wt%s aromatics, and less than 0.5 wppm
nifrogen and sulfur, for example.

{8651} In some embodiments, the whole naphtha vield from hydrocracking reaction
stage 11278 may be in the range from about 85-92 wi%, Further, the C2 fraction
117, C3FLPG fraction 113, and light naphthe products 114 recovered may be wdeal
feedstocks for a downstream steam cracker or pyrolysis furpace in an sthylene cracker
complex 124, as described sbove with respect to Figure 2. In some embodiments,
streams 320, 128 may be fed divecily to the ethylene complex 124, In other
smbodiments, streams 320 and/or 328 may be separated into multiple fractions for
separate processing {cracking, for example, at preferred temperatures, pressures, and
residence times for each respective fraction). In some smbodiments, for example, the
effivent 328 from the second stage may be separated to recover a light naphths
fraction 114 and a heavy naphtha fraction 1135, which may be processed as described
above with respect to Figure 2, in a cracking zone 124 and optionally a reforming
zone 116

100821 The hydrocracking reaction in the distillate hydrocracking reaction stage
11278 may be conducted at a temperature in the range from about 280°C or 300°C to
about 440°C in some embodimenis; from about 360°C o about 440°C in other
embodiments; and from about 330°C to sbowt 440°C in other embodiments.
Pressures in the distillate hydrocracking reaction zone may be in the range from about
76 bara to about 230 bara in some embodiments; from about 100 to about 200 bara in
other embodiments, such as from about 140 to sbout 190 bara. The hydrocracking

reactions may also be conducted at a liquid hourly space velocity (LHSV} in the range
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fromn about 0.1 B to about 4.0 B! in some embodiments; from about 0.2 ! to about
2.5 b! in other embodiments, such as from about 0.5 b to about 2.5 or 3.0 b, for
example.

{84531 In the first stage, for example, the reactions may be conducted at a temperature
in the range from about 300°C to about 440°C in some embodiments; from about
320°C to about 440°C in other smbodiments; and from about 340°C to about 430°C in
other embodiments. Preasures in the first stage reaction zone may be in the range
from about 70 bara to about 230 bara in some embodiments; from about 160 {0 about
200 bara in other embodiments, such as from about 140 to gbout 190 bara or from
about 150 bara to about 180 bara in other embodiments. The hydroeracking reactions
in the first stage resction zone may also be conducted at 2 lignid hourly space velocily
(LHSY) in the range from abowt 0.1 W' to about 4.0 &' in some embodiments; from
about 0.2 k! to sbout 3.0 b in other embodiments, such as from about 0.5 b to
about 2.5 I, for example.

{6054} In the second stage, for example, the reactions may be conducted at a
temperature in the range from abowt 280°C to sbout 440°C in some embodiments;
from about 300°C to about 400°C in other embodiments; and from about 320°C
ahout 380°C in other embodiments. Pressures in the second stage reaction zone may
be in the range from about 70 bara to about 230 bara in some embodiments; from
about 100 1o about 200 bara in other embodiments, such as from about 140 to about
190 bhara or from ahout 150 bara to about 180 bara in other embodiments. The
wydrocracking reactions in the sevond stage reaction zone may also be conducted at a
liquid hourly space velocity (LHSV) in the range from about 0.1 ! to about 4.0 k' in
some embodiments; from about £.2 b to about 3.5 ! in other embodiments, such as
fromn about 0.5 B! 1o about 3.0 ! in other embodiments,

IS Referring again to Figure 3, as noted above, the hydrocarbon effluents 320,
328 from the two-stage distillate hydrocracking reaction zone 112T8 may be
forwarded to an ethylene complex to produce petrochemicals. In some embodiments,
one or both of fractions 320, 328 may be separated into two or more fractions, such as
a lights fraction 117, a C3 or LPG fraction 113, a light naphtha fraction 114 and a
heavy naphtha fraction 118, for example. The lights {C2) fraction 117, the C3/LPG

fraction 113 and the light naphtha fraction 114 may then be forwarded to 3 steam
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cracking reaction stage 124. In some embodiments, a beavy fraction, such as a heavy
naphtha fraction 115 or other heavy fractions containing unconverted effluent from
the fuel oil hyvdrocracker andfor the first or second stage hydrocrackers may optionally
be fed to a catalytic reforming reaction zone 116

[0056] Catalytic reforming reaction zone 116, when present, may include a
dehydrogenation reactor, if needed, as well as 8 catalytic aromatization reactor. When
the heavy naphtha feed from the distillate hydrocracking reaction is anticipated to be
rich in saturated components, the dehydrogenation reactor may be included. The
catalyst utilized in the catalytic sromatization reactor may include a catalyst that
promotes one or a mumber of reactions, such as conversion of olefinic and paraffinic
molecules to small olefing via cracking and hydrogen transfer, the formation of Oy to
{10 olefing via transmutation, oligomerization, cracking, and isomerization reactions,
and aromatic formation by cyclization and bydrogen transfer. The catalyst used in the
reforming reaction zone 116 may be tailored to the desired reactions based upon the
feedstock and conditions employed.

{BGSTY The reaction product from the catalytic reformer may then be processed in a
fractionation zone {internal to zone 116, not illustrated) to separate the reaction
producis into two or more hydrocarbon fractions using one or mwore distillation
cohimns. The resulting hydrocarbon fractions may include, for example, benzens
fraction 118, paraxylene fraction 120, and hydrogen fraction 122, among other
fractions.

U The lights fraction 117, C3 / LPG fraction 113 and lght naphtha fraction 114
may be fed, as noted sbhove, to a steam cracking reaction zone 124, Steam cracking
reaction zone 124 may inchide a heater containing one or more convective and/or
radiant coils for cracking of the light naphtha and LPG in the presence of steam. The
stearn cracking may be conducted at gas outlet temperatures in excess of 700°C, such
as in the range from about 750°C to about 1100°C. The effluent recovered from the
siearn hydrocracking systern may be separated to recover unrsacted hydrogen 130
from the hydrocarbons in the effluent and condense the steam.  The effluent
hydrocarbons may be fractionated using one or more distiflation columas to form two
or more hydrocarbon fractions, including, for example, sue or more light hydrocarbon

fractions 123, 126 {propviene, ethylene, ole.), a butadiens or C4-containing fraction
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127, one or more aromatic fractions 128, 129 (benrene, toluens, xvlenes, sic}, and a
pyrolysis gas oif and/or fuel oil fraction 132,

{591 A flow line may be provided to feed the pyrolysis gas oil fraction io the fuel
oif hydrocracker I02ER, the distillate hydrocracker 11278, or both. In some
embodiments, the pyrolysis gas oif fraction may be separated in a separaior to form a
light pyrolysis gas off fraction and a heavy gas oil fraction, and flow lines may be
provided to feed the respective fractions recoversd to a desired reactor or reaction
stage, such as feeding of the heavy pyrolysis gas off fraction io the fuel oil
hydrocracker 102 and feeding of the light pyrolysis gas oil fraction to the distillate
hydrocracker 1128,

18666 Hydrogen fractions 122 and 138 recovered from the reformer 116 and steam
cracker 124, respectively, may be fed to the fuel oil hvdrocracker 102EB and/or the
distillate hydrocracker 112785, as noted above. Hydrogen fractions 108, 122, 130 may
atiow the system o remain in of near hydrogen balance, generating the bulk or ali of
the hydrogen internally.

LHH Referring now to Figure 4, a simplified process flow dlagram of processes for
converting high sulfur fuel oil to petrochemicals according to embodiments herein is
illustrated, where like numerals represent like parts. A high sulfur fuel oil 1060 may be
fed to a fuel oil hydrocracking reaction zone 1028, which may include one or more
shurry fust oil hydrocrackers, which may be operated in series and/or parallel. The
high sulfur fuel oil 100 may be reacted with hydrogen (from 108, 122, 130 described
further below) over a hydrocracking catalyst in the shury fuel oil hydrocrackers to
convert at least a portion of the fuel oil hydrocarbons to lighter molecules. The
hydrocracking catalyst in the shury reactor may have a very high hydrogenation
activity, which may maximize hydrodenitrogenation, among other reactions.

18662} The hydrocrackers in the fuel oil reaction zone 1028 may be operated at
conditions to provide 40 wi%h to 98 wi% conversion in some embodiments, for
example; greater than 60 wi% conversion in other embodiments; greater than 80 wi%
conversion in yet other embodiments. The hydrocracking reaction in the fuel oif
hydrocracking reaction zone 1025 may be conducted at a temperature in the range
from about 360°C fo about 460°C; from about 390°C or 400°C to abeout 440°C in

other embodiments, Pressures in the fuel ol hydrocracking reaction zone may be in
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the range from about 70 bara to about 230 bara in some embodiments; from about 160
to aboutl 200 bara in other embodiments, such as from ahout 170 bara to about 193
bara in other embodiments. The hydrocracking reactions may also be conducted at a
figuid hourly space velocity (LHSV) in the range from about 0.1 b to about 3.0 5 in
some embodiments; from about 0.2 bl to about 2 bl in other embodiments, such as
from about 0.1 ! to abowt 0.5 i in other embodiments,

{8363] The effluent from the shirry hydrocracking reaction zone 1028 may include a
mixture of hydrocarbons, including light and heavy naphtba, diesel, and vacuum gas
oil range hydrocarbons, The lght naphtha range products may include 6(-75 wi%
paraffins, 15-30 wi% naphthenes, 2-10 wi%e sromatics, as well as up 1o 530 wppm
nitrogen and up to 500 wppm sulfur, for example. The heavy naphtha range products
may include 20-30 wi% paraffing, 35-35 wi% naphthenes, 12-20 wt¥% aromatics, as
well as up to 150 wppm nitrogen and up to 200 wppm sulfur, for example. The diesel
range products may include 15-35 wi% paraffing, 15-30 wi¥s naphibenes, 35-33 wil
aromatics, as well as up to 750 wppm nitrogen and up to 2000 wppo sulfur, for
example. The VGO range products may include 15-25 wite paraffing, 15-30 wils
naphthenes, 40-60 wi% aromatics, as well as up 1o 1000 wppm sulfir and nitrogen
and in the range from sbout 10,000 wppm up to about 25,000 wppm heavy
polynuclear aromatics {having 4+ rings), for example. Each of these product fractions
is unsuitable as a feadstock for 2 steam cracker, as they may result in rapid fouling,
poor conversion to olefins (low ethylene vield), may result in a high vield of pyrolysis
fuel oil, and/or may rapidly coovert io coke at the high lemperatures in a sieam
cracker.

{064] To improve the convertibility of the effluent from the First Step slurry bed
hydrocracking, the effluent from the ebullated bed hydrocracker may then be
separated inio # Hight {converted) hydrocarbon fraction 110 and a beavy {unconveried)
hydrocarbon fraction 107, such as an ulira-low sulfur fuel ol fraction, which may
either be used internally or sold as high value product, The Hight hydrocarbon fraction
may have an end boiling point in the range from about 430°C to about 550°C, such as
about 520°C in some embodiments. The Hght hydrocarbon fraction 110 may then be
forwarded 0 a two-stage distillate hvdrocracking reaction stage 11278, and processed

simifar 1o that as described above with respect to Figures 3 and 34, In other
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embaodiments the heavy fraction (unconverted oil) may be fed to a gasifier, a delayed
coking unit or a cement plant (not shown}, as described above,

{865} Two-stage distillate hydrocracking reasction stage 112TS may include ons or
more fixed, ehullated, or shurry hydrocrackers, which moay be operated in series and/or
parallel. In some embodiments, the two-stage distiliate hydroeracking reaction stage
11278 may include a first stage reactor{s} including a mixture of catalysts to perform
hydroireating, deep hydrogenation, ring opening, and hydrodenitrogenation, and
hydrocracking.

[B066] In some embuodiments, for example, the first stage may include a fixed bed
reacior 302 containing: in a first contact bed 304, a Type I hydrotreating catalyst,
such as a Ni-Mo catabyst; in a second contact bed 308, an uvnsupporied tri-metallic
caialyst  gystern  largeting  deep  hydrogenation, rng  opening, and
hydrodenitrogenation; and, in a third conlact bed 308, 2 layer of nitrogen-tolerant
hydrocracking catalyst.

{8867} The reactor effhient 310 from Stage | may be flashed, such as in a flash dram
or separator 312, to recover a vapor fraction 314, which may include hydrogen fir
recycle as well as remove ammonia and hydrogen sulfide from the hydrocarbons. The
remaining hydrocarbon efffuent 316 may then be directed to an intermediate
fractionator or separation zone 318 to recover various hydrocarbon fractions. The
overhead and/or side-draw fractions recovered from fractionator 318 may include one
ar more light hydrocarbon fractions 320, such as one or more C2-C12 fractions {C2,
C3,C4, C8, C6, {7, C8, 8, €10, C11, C12, individually or combinations thereof). A
heavy fraction, including unconveried hydrocarbons {oil} from Stage 1 may be
recovered from fractionator or separation zone 318 via flow stream 322,

{B068] The unconverted oils from stage 1 may then be converted in Stage 2 reactor{s),
which may include one or more fixed, ebullated, or slurry hydrocrackers, which may
be operated in series and/or parailel. The second stage reactor(s) 324 may contain 8
hydrocracking catalyst 326 for converting the voconverted ol from Stage 1 to a very
hydrogenated naphtha and lighter products, recovered as effluent 328.

{9869] The fight naphtha range products from Stage 2 may include 75-85 wili
paraffing, 15-20 wi% naphthenes, 2-5 wi% aromatics, and less than | wppm sulfur

and nitrogen, for example. The heavy naphtha range products may inclade 40-30



WO 2019/133880 PCT/US2018/067965

wit% paraffing, 45-30 wite naphthenes, 8-10 wid% aromatics, and less than 0.5 wppm
nitregen and sulfur, for example.

{8678] It some embodiments, the whole naphtha vield from hydrocracking reaction
stage 11218 may be in the range from about 85-92 wit%. Further, the (2 fraction
113, C3/LPG fraction 114, and naphtha products 117 {light or full range) recovered
may be ideal feedstocks for a downstream steam cracker or pyrolysis furnace in an
ethvlens cracker complex 124, as described above with respect to Figiwes 2 and 3. In
some embodiments, sireams 320, 328 may be fod directly io the ethylene complex
£24. In other embodiments, streams 320 and/or 338 may be separated into multiple
fractions for separate processing {cracking, for example, at preferred {emperatures,
pressures, and residence times for sach respective fraction). In some embodiments,
for example, the effluent 328 from the second stage may be separated to recover a full
range naphtha fraction 117 fed to the ethylone complex 124, In cther embodiments,
for example, the effluent 325 way be separated to recover a light naphtha fraction 117
and a heavy naphtha fraction 115, which may be processed as described above with
raspect io Figure 3, in a cracking zone 124 and optionally a reforming zone 116,

[8071} The hydrocracking resction in the distillate hydrocracking reaction stage
F12TS may be conducted at a tomperature io the range from about 280°C or 300°C to
about 440°C in some embodiments; from about 360°C o about 440°C in other
embodiments; and from abouwt 330°C to sbout 440°C in other embodiments.
Pressures in the distillate hydrocracking reaction zone may be in the range from about
76 bara to sbout 2340 bara in some embodiments; from about 100 to about 200 bara in
other embodiments, such as fom sbout 140 to about 190 hara, The hydrocracking
reactions may also be conducted at a Hguid hourdy space velocity (LHSV) in the range
from about 8.1 b to about 4.0 It in some embodiments; from sbout 0.2 i to about
2.5 ! in other embodiments, such as from abowt 0.5 b to sbowt 2.5 or 3.0 i, for
example.

72y In the first stage, for example, the reactions may be conducted at a temperature
in the range from abowt 300°C to about 460°C in some embodiments; from asbowt
320°C 1o about 440°C in other embodiments; and from about 340°C to about 430°C in
other embodiments. Pressures in the first stage reaction zone may be in the range

from about 70 bara to about 230 bara in some embodiments; from about 160 to about
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200 bara in other embodiments, such as from aboul 140 to about 190 bara or from
about 150 bava to about 180 bara in other embodiments. The hydrocracking reactions
in the first stage reaction zone may also be conducted at 3 Hauid hourly space velocity
(LHSV} in the range from about 0.1 k' to about 4.0 k! in some embodiments; from
about 0.2 k! to about 3.0 I in other embodiments, such as from about 8.5 h' o
about 2.5 bt for example.

{8573} in the second stage, for example, the reactions may be conducted at a
temperature in the range from about 280°C to about 440°C in some embodiments;
from about 300°C to about 400°C in other embodiments; and from about 320°C to
about 330°C in other embodiments. Pressures in the second stage reaction zone may
be in the range from about 70 bara to about 230 bara in some embodiments; from
about 100 to about 200 bara in other embodiments, such as from about 148 to about
180 bara or from about 150 bara to about 180 bara in other cmbodiments, The
hydrocracking reactions in the second stage reaction zone may also be conducted at a
touid bourly space veloeity (LHSV) in the range from about (L1 bl te about 4.0 bt in
some embodiments; from about 0.2 i to about 3.5 It in other embodiments, such as
from about 0.5 b to about 3.0 k! in other embodiments.

[G874] Referring again to Figure 4, as noted above, the hydrocarbon effluents 320,
328 from the two-stage distillate hydrocracking reaction zome 11278 may be
forwarded to an ethylene complex to produce petrochenyicals. In some embodiments,
ong or both of fractions 320, 328 may then be separated into two or more fractions,
such as a lights (2} fraction 117, a C3 or LPG fraction 113, and a naphtha fraction
114, The lghis fraction 117, C3/ LPG fraction 113 and the naphtha fraction 114 may
then be forwarded to a steam cracking reaction siage 124; if recovered, a heavy
fraction 115 may be fed to a catalytic reforming reaction zone 116, as described above
with respect to Figore 3.

{66753 The Hghts fraction 117, €3/ LPG fraction 113 and naphtha fracdon 114 may
be fed, as noted above, o a2 steam cracking reaction zone 124, Steam cracking
reaction zone 124 may include a heater contailning one or mewe convective and/or
radiant cotls for cracking of the light naphtha and LPG in the presence of steam, The
steam cracking may be conducted at gas outlet temperatures in excess of 706°C, such

as in the range from about 730°C to about 1100°C. The offfuent recoversd from the

k3
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steam hydrocracking system may be separated to revover unreacted hydrogen 130
from the hydrocarbons in the efffuent and condense the steam.  The effluent
hydrocarbons may be fractionated using one or more distillation colurens to form two
or more hydrocarbon fractions, including, for exaraple, one or maore light hydrocarbon
fractions 125, 126 {propylene, sthylene, ete.), a butadiens or C4-containing fraction
127, one or more aromatic fractions 128, 129 (benzene, toluene, xyienss, s}, and a
pyrolysis gas oil and/or fuel oil fraction 132. In some embodiments, the ethylene
cracker complex 124 may include a MTBE unit, producing a fraction 131 comprising
MTRE.

{8676} A flow line may be provided to feed the pyrolysis gas oil fraction to the fuel
oil hydrocracker 1028, the distillate hydrocracker 1i278, or both. In some
embodiments, the pyrolysis gas ofl fraction may be separated in a separator to form a
light pyrolysis gas oil fraction and & heavy gas oil fraction, and flow lines may be
provided to feed the respective fractions recovered 1o a desived reactor or reaction
stage, such as feeding of the heavy pyrolvsis gas oil fraction to the fuel oil
hydrocracker 1028 and feeding of the Hight pyrolysis gas oil fraction to the distiliate
hydrocracker 11278,

{8877} Hydrogen fractions 122 and 130 recovered from the reformer 116 and steam
cracker 124, respectively, may be fed to the fuel oil hydrocracker 1023 and/or the
distillate hydrocracker 112TS, as poted above. Hydrogen fractions 122, 130 may
allow the sysiem to remain in or near hydrogen balance, generating the bulk or all of
the hydrogen internally.

{6878] As described above, catalysts useful in Step 1, the ebullated bed or shury
hvdrocracking reaction zone, may include catalysts having a very high bydrogenation
activity, and may maximize hydrodenifrogenation, among other resctions. Exemplary
catalysts that may be used include exirudates or liguid circulation catalysts suitable
for use in ebullated bed and/or slurry reactors, or other catalysts suitable for other
types of reactors that may be used, including the fixed bed reactors noted above.

{0079 i1 cbullated bed reactors, the catalysts may include hydrodemetalistion
catalysts with Ni and Mo over silica alumina with a very high pore size followsd by
Ni-Mo catalysts with progressively lower pore size and higher surface area to achieve

the target levels of HDS, DCCR, and asphaliens conversion without excessive
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sediment formation. In slurry bed reactors, the catalyst may be either an organo-moly
compound in nano-scale or micron-sized molybdenum sulfide promoted by another
base metal such as Ni. The catalyst systems are designed for maximum conversion
with hydrogenation always remaining shead of the Hmit of resin destruction that
would lead to residual asphaltene {unconverted asphaltene) precipiation.

{6080} Catalysts useful in Step 2 Stage 1 may include a catalyst or a mixture of
catalysts to perform hydrotreating, deep hydrogesation, ring opening, and
hydrodenitrogenation, and hydrocracking, In some embodiments, Step 2 Stage 1
resctor(s) may contain multiple beds of catalyst, where a first layer may include a
Tvpe I hydrotreating catalyst, such as a Ni-Mo catalyst; in a second contact bed may
be disposed an unsupported tri-metallic catalyst system targeting deep hydrogenation,
ring opening, and hydrodenitrogenation; and, in a third contact bed, a layer of
nitrogen-tolerant hydrooracking catalyst may be used.

{6081} Exazmples of Type I hydrotreating catalysts may include chelated Ni-Mo or
Co-Mo or Ni-Co-Mo catalysts dispersed over a porous material, typically alimina.
The advance in these catalysts compared to fraditional hydrotreating catalysts is the
access to the metals where the hydrogenation and sulfur removal takes place and
modulation of porosity.

{(3382] The unsupported tri-metailic catalyst may be, for example, a Ni-W-Mo
catalyst. The all metal catalyst may serve two functions: (1} the catalyst may have the
right porosity to provide access 1o the active sites for the larger than normal HPNA
from vesidue hydrocracking and (2) the high concentration of metals leads to
saturation of the HPNA and lower boiling aromatics. Such a catalyst may also have
high enough activity to open up the naphthenic rings, and thereby the embedded
nitrogen, which can then be treated. The all metal cstalyst may thus allow the
subsequent hydrodenitrogenation and hydrocracking, which would otherwise be
severely inhibited. Use of the all meial catalyst may permit the conversion of
nifrogen at lower temperatures. Without such a catalyst and the associated activity,
there would be no recourse bui {0 try to converi the pitrogen through higher
temperatures, which would lead o the formation of higher amounts of HPNA, such as
by Scholl condensation. Further, without access to the active sites of the all metal

catalyst, the larger HPNA would readily form carbonaceous depesits, fouling the
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catalyst.  An sxemplary all-metal catalyst may include ICR® 1000, available from
Grace Catalyst Technologies.

[0083] Catalysts useful in Step 2 Stage 2 may include hydrocracking catalyst useful
for converting heavy hydrocarbons {oil) from Stage 1 10 a very hydrogenated naphtha
and lighter products. The desired activity may be provided, for example, by noble
metal zeolitic catalysts, among others. In some embodiments, a guard bed containing
the all metal catalysts may also be used in Stage 2 to further protect the noble metal
zeolitic catalysts or other catalysts used, if necessary.

[8084] Example

[B085] The following is an example for the conversion of Middle Eastern High Sulfur
Fuel Ot {ME HSFPQ) according to embodiments herein. The ME HSFD feed includes
4.5 wi% sulfur, 3300 ppm nitrogen, 18.3 wilh hydrogen, §4.8 wi% carbon, 130 ppm
nickel and vanadium, and 23 wi% Conradson Carbon,

{6886} The ME HSFO is contacted with a catalyst in Siep 1 reactor {sbullated bed
containing extrudate catalyst or a shirry reactor inchnding a Hauid cireulation catalyst).
Operating conditions in Step | may include an operating temperature in the range
fromm about 390°C 1o about 440°C, an operating pressure in the range from 170 bar to

195 bar, and a Hoguid hourly space velocity in the range from 0.1 1o 0.8 L.

{0GRY) The producis after the first stage of conversion may be as shown in Table 1.
Table |
Component Wit
Ethane 1.3-2
LPG 3.2-8
Light Naphiha 3.0-8.0
Heavy Naphtha 5.2-183
Digsel 37.0-42.0
VGO 23.0-40.8
ULSFO or Pitch 3.6-10.0
{BGES) The product components from Step 1 lsted above may have the following

compositions, as shown in Table 2,
Table 2
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Light Naptha
Paraffins 65-70 wi%
Maphthenes 20-35 wi%
Aromatics 46 wit%
Nitrogen 30-50 wppm
Sulfur 306-400 wppm
Heavy Naphtha
Paraffins 30-40 wi%
Naphthenss 40-45 wt¥h
Aromatics 15-18 widt
Nitrogen 80-100 wppm
Sulfur 100-158 wopim
Digsel
Paraffins 20-30 wi%
MNaphthenes 330wt
Aromatios 43-50 wi%
PNiirogen 500-600 wppm
Suifur 16001806 ppin
2+ ring sromatics 79 wit
VGO
Paraffing 25 witth
Naphthenes 20-30 wit%
ATOmatics 45-55 wi%
Sulfur 2000-3500 wppim
HENA 4+ rings) 10,000-25,600 wppm
{0089} The light naphtha product cannot be fed to a steam cracker, based on its

composition.  Similarly, the heavy naphtha cannot be fed to a catalytic reformer or 2
steam cracker. The dissel would cause rapid fouling and poor ethylene yield if fed to
a steam cracker. And the VGO cannot be fed to a steam cracker, as the HPNA will
very rapidly convert to coke in the high temperatures in the Steam Cracker, and resubt

in very poor ethylene vields and very high vield of pyrolysis fuel il
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The products from Step | may then be upgraded in Step 2, which includes an
integrated two-stage hvdrocracker with recyele.  Step 2 Stage 1 contains a catalyst
system including a Type T hydrotreating catalyst, such as a Ni-Mo catalyst, followed
“by an unsupported tri-metaliic catalyst sysiem targeting deep hydrogenation and ring
opening followed by HDN, followed by a layer of nitrogen tolerant hydrocracking
catalyst.  Operating conditions in Step 2 Stage | may include an operating
teroperature in the range from about 340°C to about 430°C, an operating pressure in
the range from 150 bar to 180 bar, and a liquid hourly space velocity in the range
from (.5 10 2.5 ', Operating conditions in Step 2 Stage 2 may include an operating
temperature in the range fom about 300°C to about 400°C, an operating pressure in
the range from 150 bar to 180 bar, and a Hquid hourdy space velocity in the range
from 0.5 to 3.0 0L

Following the hydrocracking Stage 1, the reactor effluent is flashed to recover
hydrogen for recycle and to remove ammonia and hydrogen sulfide. The efffuent is
then directed to an intermediate fractionator to recover products. The bottoms from
the fractionator are directed to a clean second stage (Btep 2 Stage 2, where another
hydrocracking catalyst converts the uncomverted oil from Stege 1 to very
hydrogenated naphtha and lighter products. The final product mixture resulting from

Stage 2 may be as follows in Table 3.

Table 3
Fraction Component Amount
Light Naptha
Paraffins 7585 wt%
Naphthenes 15-20 wt¥e
Aromatics 2-5 wite
Suifur + Nitrogen <} wppm
Heavy Naphtha
Paraffins 40-45 witly
Maphthenes 45-50 with
Aromatics 8-10 wi¥s
Sulfur + Nitrogen < §.5 wppm
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{0092} The whole naphtha yield suitable for petrochemicals production may thus be
in the range from 85-92 wi%. The €2, C3, LPG and Light Napbtha are ideal
components for the sieam cracker, The beavy naphthe with very high nitrogen plus
aromatics content is ideal for a catalytic reformer but can also be fed to the steam
cracker,

{6093] By avoiding making either diese] or VGO, embodiments herein eliminate the
risk of fouling in the Transfer Line Exchanger or pyrolysis furnace in the Stearn
Cracker. The specification of HPNA content to a steam cracker is very stringent. This
is not a concept known to those with knowledge of refining units or ethylene units
alone, but requires a thorough understanding of the molecular transformation in each
umnit.

{00941 As a result of the above processing, the whole naphtha, when sent fo a steam
cracker, may yield 23-30 wi% ethylens, 13-16 wi% propylens, 6-7 wi% butadiene,
and less than 5 wit% aromatics and pyrolysis fuel oil. The pyrolysis fusl oil may be
recyeled to residue hydrocracking section. The unconverted pitch may be used as fuel
or converted to hydrogen using a partial oxidation wait. The steam cracker may also
supply hydrogen for the residus hydrocracking and integrated hydrocracking section.

{80951 As described above, the reactor counfiguration, operating conditions, and
catalysts systems described herein may produce the correct feeds for petrochemicals
production. The VGO derived from Residue Conversion is extremely high in heavy
polynuclaer aromatic content and nitrogen; if one were to send this VGO Lo a typical
hydrotreating unit loaded with conventional Ni-Mo catalyst, the catalyst would
deactivate very fast because of the formation of higher molecular weight HPNA
(heavy polynuclear aromatics) from the feed HPNA molecules. Even if the VGO
were to be converted, the product diesel and naphtha range distilates would be high
in naphthenic rings that would not produce high olefin yields if fed to a steam cracker,

{30961 In contrast, embodiments herein integrate a high-pressure hydrocracker with
the HSFO cracker in a single high-pressure loop utilizing & two-stage with recycle
hydrocracker to; (1) minimize conversion of residue-derived vacuum gas oif in 2 non-
favorable (high ammonia environment); (i1} maximize hydrodenitrogenation (HI3N}
in the firsi stage using a catalyst with very high hydrogenation activity; and (1}

maximize conversion in a second stage in a clesn {ammoenia and hydrogen sulfide

v
e
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free} environment to produce naphtha products with the correct molecular structure
for either catalyiic reforming or steam cracking.

166871 As also described above, cmbodiments herein provide for the conversion of
iow cost feedstocks, such as high sulfur fuel oil, to higher value petrochemicals,
including sromatics. Embodiments herein may also eliminate the need for a refinery
and the need to make any transportation fuels from these low value hydrocarbons,
may dramatically reduce investment costs with integration, and/or may provide an
excellent outlet for pyrolysis fuel oil from a steam cracker.

j0698] Additionally, embodiments herein provide for unit integration, and in addition
to process flows between units, there may be substantial heat integration. For
example, heat integration may be provided between the hydrocrackers {fuel oil and
distillate) and the ethylens {sieam) cracker, in particular, and in some embodiments
the catalytic reformer. As the entire hydrocracking process may be considered feed
preparation for the steam cracker and the catalytic reformer, the net exothermic
hydrocrackers can be integrated with the severely endothermic steam cracker and
catalytic reformer. For example, there would be no need for product run downs from
the hydrocrackers as the products would be directed directly to the cracking furnaces.

(EHESY While the disclosure inchudes a Bmited number of embodiments, those skilled
in the an, baving benefit of this disclosure, will appreciate that other embodiments
may be devised which do not depart from the scope of the present disclosure.

Accordingly, the scope should be limited only by the attached claims,



