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STAGED SOLVENT ASSISTED HYDROPROCESSING
AND RESID HYDROCONVERSION

FIELD OF THE INVENTION

6661} This invention provides methods for processing of resids and other heavy oil

feeds or refinery streams.

BACKGROUND OF THE INVENTION

6602} Slurry hydroprocesssing provides a method for conversion of high boiling,
low value petrolenm fractions into higher value liquid products. Slurry hydroconversion
technology can process difficult feeds, such as feeds with high Conradson carbon residue
(CCR), while still maintaiming high higuid yields. In addition to resid feeds, shurry
hydroconversion units have been used to process other challenging streams present in
refinery / petrochemical complexes such as deasphalted rock, steam cracked tar, and
visbreaker tar. Unfortunately, slurry hydroprocessing 1s also an expensive refinery
process from both a capital investment standpoint and a hydrogen consumption

standpoint.

[6063] Various slurry hydroprocessing configurations have previously been
described. For example, U.S. Patent 5,735,955 and U.S. Patent Application Publication
2010/0122939 provide examples of configurations for performing shurry
hydroprocessing. U.S. Patent Application Publication 2011/0210045 also describes
cxamples of configurations for shurry hydroconversion, including examples of
configurations where the heavy oil feed 1s diluted with a stream having a lower boiling
point range, such as a vacuum gas oil stream and/or catalytic cracking sturry oil stream,
and examples of configurations where a bottoms portion of the product from slurry

hydroconversion is recycled to the shurry hydroconversion reactor.

(66064} U.S. Pateunt Application Publication 2013/0075303 describes a reaction

system for combining slurry hydroconversion with a coking process. An unconverted
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portion of the feed afier shurry hydroconversion 1s passed 1uto a coker for further

processing. The resulting coke is described as being high in metals.

[3805] U.S. Patent Application Publication 2013/0112593 describes a reaction
system for performing shurry hydroconversion on a deasphalted heavy oil feed. The
asphalt from a deasphalting process and a portion of the unconverted material from the

sturry hydroconversion can be gasified to form hydrogen and carbon oxides.

SUMMARY OF THE INVENTION

[(086] In an aspect, @ method for processing a heavy otl feedstock is provided. The
method includes providing a heavy oil feedstock having a 10% distillation point of at
least about 650°F {343°C); exposing the heavy otl feedstock to a catalyst in the presence
of hydrogen and & solvent under first effective hydroprocessing conditions to forrn an
effluent comprising at least a plurality of liquid products and a hydroprocessing bottoms
product, the effective hydroprocessing conditions including a temperature of at least
about 360°C and a liquid hourly space velocity of the fraction of the cornbined feedstock
boiling above 1050°F {566°) of at least about 0.10 hr™'; exposing the hydroprocessing
bottoms product to a catalyst in the presence of hydrogen under second effective shurry
hydroconversion conditions to form a shurry hydroconversion effluent comprising at least
a second plurality of Higuid products and a bottoras product; and fractionating the first

plurality of liquid products and the second plurality of fiquid products.

(6667} In another aspect, a method for processing a heavy oil feedstock is provided.
The method includes providing a heavy oil feedstock having a 10% distillation point of
at least about 650°F (343°C); exposing the heavy oil feedstock to a catalyst in the
presence of hydrogen under first effective shurry hydroconversion conditions to form a
sturry hydroconversion efftuent comprisiog at least a plurality of liquid products and a
bottoms product, wherein the hydrogen is provided by reforming of a reformable fuel,
and wherein the hydrogen and the heavy o1l foedstock are heated in a common hesting

Zone.
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BRIEF DESCRIPTION OF THE FIGURES

[G008] FIG. 1 shows an exaraple of a sturry hydroconversion reaction systera.

[6609] FIG. 2 shows an example of reaction system include a solvent assisted

hydroprocessing stage and a shurry hydroconversion stage.

[B016] FI1G. 3 shows an example of reaction system include a solvent assisted

hydroprocessing stage and a shurry hydroconversion stage.

{681} FI1G. 4 shows an exaraple of reaction systern include a solvent assisted

hydroprocessing stage and a shurry hydroconversion stage.

(6012} FIG. § shows an exaraple of integrating a slurry hydroconversion reactor into

a refinery network.

[6613] FIG. 6 shows an exarople of an alternative configuration for a slurry

hydroconversion reaction system.

DETAILED DESCRIPTION OF THE EMBODIMENTS

{Overview

6014} fn various aspects, systems and methods are provided for processing a
heavy oil feed, such as an atmospheric or vacuum resid, using a combination of solvent
assisted hydroprocessing and slurry hydroconversion of a heavy oil feed. The systems
and methods allow for conversion and desulfurization / denitrogenation of & feed to form
fuels and gas oil {or lubricant base oil) boiling range fractions while reducing the portion
of the feed that 1s exposed to the high severity conditions present in shurry

hydroconversion,

[B015] Additionally or alternately, in some aspects, systems and methods are

provided for slurry hydroconversion of a heavy oil feed, such as an atmospheric or
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vacuum resid. The systems and methods allow for reduced energy consumption during
sharry hydroconversion by integrating slurry hydroconversion reactor(s) with other
refinery systerns. Additionally, an alternative configuration is provided for operating a
sturry hydroconversion reaction system. The output effluent from slurry hydroeracking
can be quenched using a portion of one or more product fractions, such as a naphtha
fraction, a diesel (distillate fuel) fraction, a light vacuum gas oil fraction, or a heavy

vacuum gas oil fraction.

Feedstocks

[B616] In various aspects, a hydroprocessed product is produced from a heavy oil
feed component. Examples of heavy oils include, but are not limited to, heavy crude
oils, distillation residues, heavy ouls coming from catalytic treatroent (such as heavy
cycle bottom slurry oils from fluid catalytic eracking), thermal tars {such as oils from
visbreaking, steam cracking, or similar thermal or non-catalytic processes), oils (such as

bitumen} from oil sands and heavy oils derived from coal.

{817} Heavy oil feedstocks can be hquad or semi-solid. Examples of heavy oils
that can be hydroprocessed, treated or upgraded according to this invention include
bitumens and residoum from refinery distillation processes, including atroospheric and
vacuum distiliation processes. Such heavy oils can have an initial boiling point of 656°F
(343°C) or greater. Preferably, the heavy oils will have a 10% distillation point of at
feast 650°F (343°C), alternatively at least 660°F (349°C) or at least 750°F (399°C). In
some aspects the 10% distillation point can be still greater, such as at least 900°F
(482°C), or at least 950°F (510°C), or at least 975°F {524°C), or at least 1020°F (549°C)
or at least 1050°F (566°C). In this discussion, boiling points can be determined by a
convenient method, such as ASTM D86, ASTM D287, or another suitable standard
method.

[B818] i addition to initial boiling points and/or 10% distiliation points, other
distillation points may also be useful in characterizing a feedstock. For example,
feedstock can be characterized based on the portion of the feedstock that boils above

1030°F (566°C). In some aspects, a feedstock can have a 70% distiliation point of
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10SO°F or greater, or a 60% distillation point of 1050°F or greater, or a 50% distillation

point of 1050°F or greater, or a 40% distillation point of 1050°F or greater.

[6619] Density, or weight per volurne, of the heavy hydrocarbon can be determined
according to ASTM D287 - 92 (2006) Standard Test Method for AP Gravity of Crude
Petroleurn and Petroleum Products (Hydrometer Method), and s provided in terms of
API gravity. In general, the higher the AP gravity, the less dense the oil. API gravity is

20° or less in one aspect, 15° or less in another aspect, and 10° or less in another aspect.

[6026] Heavy o1l feedstocks (also referred to as heavy oils) can be high in metals.
For example, the heavy o1l can be high in total nickel, vavadium and tron contents. In
one embodiment, the heavy o1l will contain at least 0.00005 grams of Ni/V/Fe (50 ppm)
or at feast 8.0002 grams of Nv/V/Fe (200 ppm) per gram of heavy oil, on a total
clemental basis of nickel, vanadium and iron. In other aspects, the heavy oil can contain
at least about 500 wppr of nuckel, vanadium, and woun, such as at least about 1600

wppm.

{6621 Contanunants such as nifrogen and sulfur are typieally found in heavy oils,
gften in organically-bound form. Nitrogen content can range from about 50 wppm to
about 10,000 wppro elemental nitrogen or more, based on total weight of the heavy
hydrocarbon component. The nitrogen containing compounds can be present as basic or
non-basic nitrogen specics. Examples of basic nitrogen species inchude quinolines and
substituted quinolines. Examples of non-basic nitrogen species include carbazoles and

substituted carbazoles.

[(3022] The invention is particularly suited to treating heavy oil feedstocks
containing at least 500 wppro elemental sulfur, based ou total weight of the heavy oil.
Generally, the sulfur content of such heavy oils can range from about 500 wppm to about
100,000 wppm clemental sultur, or from about 1000 wppra to about 50,000 wppm, or
from about 1000 wppm to about 38,000 wppm, based on total weight of the heavy
component. Sulfur will usually be present as organically bound sulfur. Examples of
such sulfur compounds include the ¢lass of heterocyclic sulfur compounds such as

thiophenes, tetrahydrothiophenes, benzothiophenes and their higher homologs and
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analogs. Other organically bound sulfur corapounds include aliphatic, naphthenic, and

aromatic mercaptans, sulfides, and di- and polysuifides.

[6623] Heavy oils can be high in uv-pentane asphaltenes. In some aspects, the
heavy ot can contain at least about 5 wt% of n-pentanc asphaltenes, such as at least

about 10 wt% or at least 15 wi% n-pentave asphaltcues.

[(024] Still another method for characterizing a heavy oil feedstock 1s based on the
Conradson carbon residue of the feedstock. The Conradson carbon residue of the
feedstock can be at lcast about 5 wt%, such as at least about 18 wi% or at least about 20
wi%. Additionally or altcroately, the Conradson carboun residue of the feedstock can be

about 50 wit% or less, such as about 40 wit% or less or about 30 wt% or less.

Slurry Hyvdroprocessing

[B025] FIG. 1 shows an example of a reaction systern suitable for performing
sharry hydroprocessing. The configuration in FIG. 1 is provided as an aid in
understanding the general features of a shurry hydroprocessing process. It should be
understood that, unless otherwise specified, the conditions described in association with

FIG. 1 can generally be applied to any conventient slurry hvdroprocessing configuration.
== o X } o & e

[6026] in FIG. 1, a heavy oil feedstock 105 is mixed with a catalyst 0¥ prior to
entering one or more sturry hydroprocessing reactors 118, The mixture of feedstock 105
and catalyst 108 can be heated prior to entering reactor 110 in order to achieve a desired
temperature for the slurry hydroprocessing reaction. A hydrogen stream 102 1s also fed
into reactor 110, In the configuration shown in FIG. 1, both the feedstock 105 and
hydrogen stream 102 arc shown as being heated prior to entering reactor 110,
Optionally, a portion of feedstock 105 can be mixed with hydrogen stream 102 prior to
hydrogen stream 102 entering reactor 110, Optionally, feedstock 105 can also inchude a
portion of recycled vacuum gas ot 155, Optionally, hydrogen stream 102 can also

include a portion of recycled hydrogen 142.
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[6627] The effluent frovo slurry hydroprocessing reactor{s) 110 1s passed nto one
or more scparation stages. For example, an initial separation stage can be a high
pressure, high termperature (HPHT) separator 122, A higher boiling portion from the
HPHT separator 122 can be passed to a low pressure, high termperature (LPHT) separator
124 while a lower boiling (gas) portion from the HPHT separator 122 can be passed to a
high temperature, low pressure (HTLP) separator 126, The higher boiling portion from
the LPHT separator 124 can be passed into a fractionator 130. The lower boiling portion
from LPHT separator 124 can be combined with the higher botling portion from HPLT
separator 126 and passed into a low pressure, low temperature (LPLT) separator 128,
The lower boiling portion frova HPLT separator 126 can be used as a recyeled hydrogen
strearn 142, optionally after removal of gas phase contaminants from the stream such as
H»S or NH3. The lower boiling portion from LPLT separator 128 can be used as a flash
gas or fuel gas 141, The higher boiling portion from LPLT separator 128 is also passed

mte fractionator §30.

[6028] in some configurations, HPHT separator 122 can operate at a temperature
similar to the outlet temperature of the slarry hydroconversion reactor 118, This reduces
the amount of energy required to operate the HPHT separator 122, However, this also
means that both the lower boiling portion and the higher boiling portion from the HPHT
separator 122 undergo the full range of distillation and further processing steps prior to

any recyching of unconverted feed to reactor 110

[6029] in an alternative configuration, the higher beotling portion from HPHT
separator 122 18 used as a vecycle stream 118 that is added back ioto feed 105 for
processing in reactor 110, In this type of alternative configuration, the effluent from
reactor 110 can be heated to reduce the amount of converted matenial that is recycled via
recycle stream 118, This allows the conditions in HPHT separator 122 to be separated

frorn the reaction conditions n reactor 110,

[6G306] in FIG. 1, fractionator 130 is shown as an atmospheric fractionator. The
fractionator 130 can be used to form a plorality of product streams, such as a light cods
or U4 stream 143, one or more naphtha streams 143, one or more diese] and/or distilate

{(including kerosenc) fuel streams 147, and 4 bottoms fraction. The bottoms fraction can
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then be passed into vacuurn fractionator 135 to form, for example, a hight vacuura gas oil
152, a heavy vacuum gas otl 154, and a bottoms or pitch fraction 156, Optionally, other
types and/or more types of vacuum gas oil fractions can be generated from vacuum

fractionator 135. The heavy vacuum gas ol fraction 154 can be at least partiaily used to

torra a recycle stream 155 for combination with heavy oil feed 105,

16631} in a reaction system, slurry hydroprocessing can be performed by
processing a feed in one or more slurry hydroprocessing reactors. The reaction
conditions in a slurry hydroprocessing reactor can vary based on the nature of the
catalyst, the nature of the feed, the desired products, and/or the desired amount of

conversion.

6632} With regard to catalyst, suitable catalyst concentrations can range from
about 50 wppm to about 20,000 wppm {(or about 2 wt%), depending on the nature of the
catalyst. Catalyst can be incorporated into a hydrocarbon feedstock directly, or the
catalyst can be incorporated into a side or slip stream of feed and then combined with the
main flow of feedstock. Still another option s to form catalyst in-situ by introducing a
catalyst precursor into a feed (or a side/slip stream of feed) and forming catalyst by a

subscquent reaction.

[6033] Catalytically active metals for use in hydroprocessing can include those
trorn Group IVB, Group VB, Group VIB, Group VHB, or Group VI of the Perodic
Table. Examples of suitable metals include iron, nickel, molybdenum, vanadium,
tungsten, cobalt, ruthenium, and mixtures thereof. The catalyvtically active mactal may be
present as a solid particulate in elemental form or as an organic compound or an
inorganic compound such as a sulfide (e.g., iron sulfide) or other ionic compound. Metal

or metal compound nancaggregates may also be used to form the solid particulates.

[6034] A catalyst in the form of g solid particulate is generally a compound of a
catalytically active metal, or a metal in elemental form, either alone or supported on a
refractory material such as an inorganic metal oxide (¢.g., alumina, silica, titania,
zirconta, and mixtures thereot}. Other suitable refractory materials can inchide carbon,

coal, and clays. Zeolites and non-zeolitic molecular sieves are also useful as solid
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supports. One advantage of using a support s its ability to act as a “coke getier” or
adsorbent of asphaltene precursors that might otherwise lead to fouling of process

equipiment.

[(3035] i some aspects, it can be desirable to form catalyst for shurry
hydroprocessing in sitn, such as forming catalyst from a metal sulfate {e.g., iron sulfate
monohydrate} catalyst precursor or another type of catalyst precursor that decomposes or
reacts in the hydroprocessing reaction zone environment, or in g pretreatment step, to
form a desired, well-dispersed and catalytically active solid particulate {e.g., as iron
sulfide}. Precursors also include oil-soluble organometaliic compounds containing the
catalytically active metal of interest that thermally decompose to form the solid
particulate (¢.g., wron sulfide) having catalytic activity. Other suitable precursors include
metal oxides that may be converted to catalytically active (or more catalytically active}
compounds such as metal sulfides. In a particular embodiment, a metal oxide containing
mineral may be used as a precursor of a solid particulate comprising the catalytically
active metal {e.g., iron sulfide} on an inorganic refractory metal oxide support {¢.g.,

alumina}.

[B036] The reaction conditions within a shurry hydroconversion reactor can inchude
a temperature of about 400°C to about 480°C, such as at least about 425°C, or about
450°C or less. Some types of slurry hydroconversion reactors are operated under high
hydrogen partial pressure conditions, such as having a hydrogen partial pressure of about
1200 psig (8.3 MPag) to about 3400 psig (23.4 MPag), for example at least about 1500
psig (10.3 MPag), or at least about 2000 psig (13.8 MPag). Examples of hydrogen
partial pressures can be about 1200 psig (8.3 MPag) to about 3000 psig (20.7 MPag), or
about 1200 psig (8.3 MPag) to about 2500 psig (17.2 MPag), or about 1500 psig (10.3
MPag} to about 3400 psig (23.4 MPag), or about 1500 psig {10.3 MPag} to about 3000
psig (20.7 MPag), or about 1500 psig (8.3 MPag) to about 2500 psig (17.2 MPag), or
about 2000 psig (13.8 MPag) to about 3400 psig (23.4 MPag), or about 2000 psig (13.8
MPag) to about 3000 psig (20.7 MPag). Since the catalyst 1s in slurry form within the
feedstock, the space velocity for a slurry hydroconversion reactor can be characterized
based on the volume of feed processed relative to the volume of the reactor used for

processing the feed. Suitable space velocities for slurry hydroconversion can range, for
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~ o1 = no -1 ; n. b
example, from about 8.05 v/v/hr™ to about 5 v/v/hir™, such as about 0.1 v/v/hr™ to about 2

A - J
viv/hr™.

[6637] The reaction conditions for shurry hydroconversion can be selected so that
the net conversion of feed across all slurry hydroconversion reactors (if there is more
than one arranged in series) 1s at least about 80%, such as at least about 90%, or at least
about 95%. For shurry hydroconversion, conversion is defined as conversion of
compounds with botling points greater than a conversion temperature, such as 975°F
{524°C), to compounds with botling points below the conversion temperature.
Alternatively, the conversion teraperature for defining the amount of conversion can be
1050°F (566°C). The portion of a heavy feed that is unconverted after shurry
hydroconversion can be referred to as pitch or 4 bottoms fraction from the slurry

hydroconversion.
Definitions

[6038] In order to clarify the deseription of solvent assisted hydroprocessing, the
following definitions are provided. The following definttions should be apphied

throughout the description herein unless otherwise specified.

[3039] In some embodiments of the invention, reference is made to conversion of a
feedstock relative to a conversion teraperature T. Conversion relative to a temperature T
is defined based on the portion of the feedstock that boils at a tomperature greater than
the conversion temperature T. The amount of conversion during a process {(or optionally
across mudtiple processes) is defined as the weight percentage of the feedstock that is
converted from boiling at a temperature above the conversion temperature T to boiling at
a teraperature below the couversion temperature T. For example, consider a feedstock
that includes 40 wit% of components that boils at 1050°F (366°C) or greater. By
definition, the remaining 60 wi% of the feedstock boils at less than 1050°F {(566°C).

For such a feedstock, the amount of conversion relative to a conversion temperature of
1050°F (566°C) would be based only on the 40 wt% that imtially boils at 1050°F
(566°C) or greater. Hf such a feedstock is exposed to a process with 30% conversion

relative to a 1050°F (566°C) conversion temperature, the resulting product would include
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72 wt% of corponents boiling below 1050°F (566°C) and 28 wit% of corponents

boiling above 1050°F (566°C).

[3040] In various aspects of the favention, reference may be made to one or more
types of fractions generated during distillation of a petroleum feedstock. Such fractions
may include naphtha fractions, kerosene fractions, diesel fractions, and vacuum gas oil
fractions. Each of these types of fractions can be defined based on a boiling range, such
as a boiling range that includes at least 90 wit% of the fraction, and preferably at least 95
wit% of the fraction. For example, for many types of naphtha fractions, at least 90 wt%
of the fraction, and preferably at least 95 wt%, can have a boiling point in the range of
R5°F (29°C) to 350°F (177°C). For some heavier naphtha fractions, at least 90 wit% of
the fraction, and preferably at least 95 wi%, can have a botling point in the range of 85°F
{29°C) 1o 400°F (204°C). For a kerosene fraction, at least 90 wit%% of the fraction, and
preferably at least 95 wt%, can have a boiling point in the range of 300°F (149°C) to
600°F (28R°C). Alternatively, for a kerosene fraction targeted for soroe uses, such as jet
fuel production, at lcast 90 wt% of the fraction, and preferably at least 95 wt%, can have
a boiling point in the range of 300°F (149°C) to 550°F (288°C). For a diesel fraction, at
least 90 wt% of the fraction, and preferably at least 95 wt%, can have a boiling point in
the range of 400°F (204°C) to 750°F (399°C). For a vacuumn gas oil fraction, at least 80
wit% of the fraction, and preferably at least 95 wt%, can have a boiling point in the range
ot 650°F (343°C) to 1100°F (593°C). Optionally, for some vacuum gas oil fractions, 4
narrower boiling range may be desirable. For such vacoum gas oil fractions, at least 90
wit% of the fraction, and preferably at least 95 wt%, can have a boiling point in the range

of 650°F (343°C) to 1000°F (538°C).

Solvent Assisted Hvdroprogessing - Solvent

[B041] In various aspects of the invention, the hydroprocessing of a heavy oil feed
component is facilitated by adding a solvent component. Two types of solvent
components are contemplated in various aspects. One type of solvent component is a
solveut component that contaius at least one single-ring aromatic ring compound, and
more preferably more than one single-ring aromatic ring compound. The solvent is also

a low botling solvent relative to the heavy hydrocarbon oil. By the term "single-ring
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aromatic corapound” as used herein, 1t 1s defined as a hydrocarbon compound containing

only onc cyelic ring wherein the cyelic ring is aromatic in nature.

[6042] For a solvent componeunt containing at least one single-ring aromatic
compound, the solvent preferably has an ASTM D86 90% distillation point of less than
300°C (572°F). Alternatively, the solvent has an ASTM D86 90% distiliation point of
less than 250°C (482°F) or less than 200°C (392°F). Additionally or alternately, the
solvent can have an ASTM DE6 10% distillation point of at fcast 120°C (248°F), such as
at least 140°C {284°F) or at least 150°C (302°F).

[6043] The single-ring aromatic corapound or compounds in particular have
relatively low boiling points compared to the heavy hydrocarbon oil. Preferably, none of
the single-ring aromatic compounds of the solvent has a boiling point of greater than
550°F (288°C), or greater than 500°F (260°C), or greater than 450°F (232°(C), or greater
than 400°F (204°C).

66441 The single-ring aromatic can include one or more hydrocarbon substituents,
such as from 1 to 3 or 1 to 2 hydrocarbon substituents. Such substituents can be any
hydrocarbon group that is consistent with the overall solvent distillation characteristics.
Exaraples of such hydrocarbon groups include, but are not limited to, those selected from
the group consisting of C;-Cy alkyl and C-Cy alkenyl, wherein the hydrocarbon groups
can be branched or linear and the hydrocarbon groups can be the same or different. A
particular example of such a single-ring aromatic that includes one or more hydrocarbon

substituents is trimethylbenzene (TMB).

[(045] The solvent preferably contains sufficient single-ring aromatic component(s)
to effectively increase run length during bydroprocessing. For example, the solvent can
be comprised of about 20 wt% to about 80 wt% of the single ring aromatic component,
such as at least 50 wt % of the single-ring aromatic componcent, or at least 60 wt %, or at

feast 70 wt %, based on total weight of the solvent component.

3846} The density of the solvent coraponent can also be determined according to

ASTM D287 - 92(2006) Standard Test Method for API Gravity of Crude Petroleum and
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Petroleum Products (Hydrometer Method) in terms of API gravity., API gravity of the
solvent component is at most 357 in one aspect, at most 30° in another aspect, and at

most 25° in another aspect.

16847} In other aspects of the invention, the solvent component can correspond to a
recycle stream of a portion of the liguid effluent or product generated from the
hydroprocessing reaction and/or the slurry hydroconversion reaction. The recycle stream
can be a portion of the total hiquid effluent from hydroprocessing, or the recycle stream
can include a portion of one or more distillation fractions of the liquid product from
hydroprocessing and/or slurry hydroconversion. An example of a recyele stream
corresponding to a portion of a distillation fraction is a recycle stream corresponding to a

portion of the distillate boiling range product frorn hydroprocessing of the heavy foed.

[6048] Recycling a portion of the total liquid effluent from hydroprocessing for use
as a sohvent provides g variety of advantages. Because the recyeled portion 18 a part of
the total liquid effluent, a separation does not have to be performed to recover the solvent
after hydroprocessing. Instead, the output effluent from hydroprocessing can sirply be
divided to form a product stream and a recycle stream. In some embodiments,
tfractionation of the total liguid product may not occur unttl after additional processing 1s
performed, such as additional hydroprocessing to remove contaminants or improve cold
flow propertics. Recycling a portion of the total liquid effluent means that fully
hydroprocessed products are not recycled to an early stage, which can increase the

avatlable processing volume for later hydroprocessing stages.

6849} Optionally, other portions of the hydroprocessed product may be recyeled in
addition to the portion of the total liquid effluent. For example, after withdrawing the
recycle stream portion of the total liquid effluent, the remaining portion of the total hiquid
effluent may be separated or fractionated to form various fractions, such as one or more
naphtha fractious, one or more kerosene and/or distiliate fractious, one or more
atmospheric or vacuum gas ol fractions, and a bottoms or resid fraction. A portion of
one or more of these product fractions can also be recycled for use as part of the
combined hydroprocessing feed. For example, a portion of a kerosene product fraction

or distillate product fraction can be recycled and combined with the heavy oil feed and
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the recyeled portion of the total liguid effluent to form the hydroprocessing feed. These
recycled product fractions, based on recycle of one or more fractions that have a
narrower boiling range than the total liquid product, can correspond to at least about 2
wit% of the cornbined hydroprocessing feed, such as at least about 5 wit% or at least about
10 wt%. Such recyeled product fractions can correspond to about 50 wit% or less of the
combined hydroprocessing feed, and preferably about 25 wt% of the combined

hydroprocessing feed or less, such as about 15 wi% or less or 10 wt% or less.

[B850] One potential concern with using a product fraction as a recycle stream is the
possibility of further conversion of the recycled product fraction during hydroprocessing.
For example, a product fraction where 90 wit% of the product fraction boils in a boiling
range of 300°F (149°C) to 600°F (316°C) corresponds to a kerosene fraction. Further
conversion of this product fraction when used as a recyele solvent would result in
formation of additional components with boiling points less than 300°F (149°C). Such
low boiling point components correspond to either naphtha or hight ends, which are
lower value fractions. Preferably, less than 10 wt% of a product fraction is converted to
compounents with a boiling point below the boiling range of the product fraction when
exposed to the hydroprocessing environment as a recycle solvent, and more preferably

leas than 5 wi% of a recycled product fraction undergoes conversion,

(3051 In an alternative aspect of the invention, the total liquid effluent from the
hydroprocessing reaction can be fractiovated, so that the ouly recycle wputs to the
hydroprocessing feed are recycled portions from the product fractions. In this type of
aspect, the amount of recycled product fractions can correspond to at least about 10 wit%
of the hydroprocessing feed, such as at least about 20 wt%. The amount of recycled
product fractions can correspond to about 50 wt%6 or less, such as about 30 wit% or less.
Suttable product fractions for recycle include kerosene fractions, distillate {including
diesel} fractions, gas oil fractions (including atroospheric and vacuum gas oils), and

combinations thereof

{3852} The solvent component should be combined with the heavy hydrocarbon oil
component to effectively increase run length during hydroprocessing. For example, the

solvent and heavy hydrocarbon component can be comabined s0 as to produce a
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combined feedstock that is coraprised of from 10 wi % to 90 wt % of the heavy
hydrocarbon otl component and from 10 wt % to 90 wt % of the solvent component,
based on total weight of the combined feed. Alternatively, the solvent and heavy
hydrocarbon component are combined so as to produce a combined feedstock that is
comprised of from 30 wit% to 80 wi% of the heavy hydrocarbon oil component and from
20 wt% to 70 wit% of the solvent component, based on total weight of the combined
feed. In some aspects, the solvent component is about 50 wt% or less of the combined
feedstock, such as about 40 wit% or less or about 30 wi%s or less. o other aspects where
at least a portion of the solvent component corresponds to a recycled portion of the total
tiguid efttuent, the solvent coraponent can be greater than 50 wi of the corubined

feedstock.

[BH53] Another way of characterizing an amount of feedstock relative to an amount
of solvent component, such as a recycle component, is as a ratio of feedstock to solvent
coraponent. For example, the ratio of feedstock to solvent component on a weight basis
can be from about 8.3 to about 6.0, such as at least about 0.5 and/or less than about 5.0 or

less than about 3.0,

6854} The solvent can be combined with the heavy hydrocarbon oil within the
hydroprocessing vessel or hydroprocessing zone. Alternatively, the solvent and heavy
hydrocarbon oil can be supplied as separate streams and combined into one feed stream

prior to entening the hydroprocessing vessel or hydroprocessing zone,

[B0S5] In still another option, instead of feeding a solvent component corresponding
to a recycled portion of the total Hauid effhuent into a reactor from the reactor inlet, part
of the solvent may be fed to the reactor via interbed guench zones. This would allow the
solvent to help control reaction exothermicity (adiabatic temperature rise) and improve

the hquid flow distribution in the reactor bed.

Solvent Assisted Hvdronrocessing - Catalvsis

[3856] The catalysts used for hydroconversion of a heavy oil feed can inclade

conventional hydroprocessing catalysts, such as those that comprise at least one Group
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VI non-noble metal {Columns 8 — 18 of TUPAC periodic table), preferably Fe, Co,
and/or Ni, such as Co and/or Ni; and at least one Group VI metal {Column 6 of IUPAC
periodic table}, preferably Mo and/or W. Such hydroprocessing catalysts optionally
include transition metal sulfides that are impregnated or dispersed on a refractory support
or carricr such as alumina and/or sitlica. The support or carrier itself typically has no
significant/measurable catalytic activity. Substantially carrier~ or support-free catalysts,
commonly referred to as bulk catalysts, generally have higher volumetric activities than

their supported counterparts.

[B0S7] The catalysts can cither be in bulk form or in supported form. In addition to
alumina and/or silica, other suitable support/carrier materials can inclade, but are not
limited to, zeolites, titanua, silica-titania, and titania-alumina. It is within the scope of the
invention that more than one type of hydroprocessing catalyst can be used in one or

nltiple reaction vessels.

G058 The at least one Group VHI non-noble metal, in oxide form, can typically be
5 B o o
present in an amount ranging frora gbout 2 wt% to about 30 wi%, preferably from about
4 wt% to about 15 wt%. The at least one Group VI metal, in oxide form, can typically
3 b o o

be present in an amount ranging from about 2 wt% to about 60 witde, preferably from
about 6 wit% to about 40 wt% or from about 10 wit% to about 30 wit%. These weight
percents are based on the total weight of the catalyst. | 18 noted that under
hydroprocessing counditions, the metals may be present as metal sulfides and/or may be

3 , ¥ ¥

converted metal sulfides prior to performing hydroprocessing on an intended feed.

6059} A vessel or hydroprocessing zone in which catalvtic activity occurs can
include one or more hydroprocessing catalysts. Such catalysts can be mixed or stacked,

with the catalyst preferably being in a fixed bed in the vessel or hydroprocessing zone.

[6060] The support can be impreguated with the desired metals to form the
hydroprocessing catalyst. In particular impregnation embodiments, the support is heat
treated at temperatures in a range of frorn 400°C to 1200°C (752°F to 2192°F), or from
450°C to 1000°C (B42°F to 1832°F), or from 600°C to 900°C (1112°F to 1652°F), prior

to impregnation with the metals.
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{6061 In an aliernative embodiment, the hydroprocessing catalyst 1s comprised of
shaped extrudates. The extrudate diameters range from 1/32nd to 1/8" inch, from 1/20™
to 1/10™ inch, or from 120" to 1/16" inch. The extrudates can be cylindrical or shaped.

Noun-limiting examples of extrudate shapes include trilobes and quadralobes.

[6662] The process of this imvention can be effectively carried out using a
hydroprocessing catalyst having any median pore diameter effective for hydroprocessing
the heavy oil component. For exaraple, the median pore diameter can be in the range of
from 30 to 1000 A (Angstroms), or 50 to 500 A, or 60 to 300 A. Pore diameter is

preferably deterroined according to ASTM Method D4284-07 Mercury Porosimetry.

[(30363] In a particular cmbodiment, the hydroprocessing catalyst has a median pore
diarneter in a range of from 50 o 200 A. Alternatively, the hydroprocessing catalyst has

a median pore diameter in a range of from 90 to 180 A, or 100 to 140 A, or 110 t0 130 A,

[6064] The process of this mvention is also effective with hydroprocessing catalysts
having a larger median pore diameter. For example, the process can be cffective using a
hydroprocessing catalyst having a median pore diameter in a range of from 180 to 500 A,

or 200 to 300 A, or 230 to 250 A.

[3865] It is preferred that the hydroprocessing catalyst have a pore size distribution
that is not so great as to negatively fropact catalyst activity or selectivity. For example,
the hydroprocessing catalyst can have a pore size distribution in which at least 60% of
the pores have a pore diameter within 45 A, 35 A, or 25 A of the median pore diameter.
o certain embodiments, the catalyst has a wmedian pore diameter in a range of from 50 to
180 A, or from 60 to 150 A, with at least 60% of the pores having a pore diameter within

45 A, 35 A, or 25 A of the median pore diarneter.

[3066] In some alternative embodiments, the process of this invention can be
effectively carried out using a hydroprocessing catalyst having a median pore diarocter of
at least 85 A, such as at least 90 A, and a median pore diameter of 120 A or less, such as
105 A or less. This can correspond, for example, to a catalyst with a median pore

diameter from 85 A to 120 A, suchas from 85 Ato 100 A or from 85 Ato 98 A. In
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certain alternative evabodiraents, the catalyst has a roedian pore diameter 1o a range of
from 85 A to 120 A, with at least 60% of the pores having a pore diameter within 45 A,

35 A, or 25 A of the median pore diameter.

(6867} Pore volume should be sufficiently large to further contribute to catalyst
activity or selectivity. For example, the hydroprocessing catalyst can have a pore
volume of at least 0.3 em’/g, at least 0.7 cm’/g, or at feast 0.9 em’/g. In certain
cmbodiments, pore volume can range from 0.3-0.99 em’/g, 0.4-0.8 ¢ra’/g, or 0.5-0.7

3,
cm/g.

[3068] Iu certain aspects, the catalyst exists 1o shaped forms, for example, pellets,
cylinders, and/or extrudates. The catalyst typically has a flat plate crush strength in a
range of from 58-3500 N/em, or 60-400 N/em, or 100-350 N/em, or 200-300 Niem, or

220-280 N/em.

[6069] In some aspects, a cornbination of catalysts can be used for hydroprocessing
of a heavy oil feed. For example, a heavy oil feed can be contacted first by a
demetallation catalyst, such as a catalyst including NiMo or CoMo on a support with a
median pore diameter of 200 A or greater. A demetallation catalyst represents a lower
activity catalyst that is effective for removing at least a portion of the metals content of a
feed. This allows a less expensive catalyst to be used to remove a portion of the metals,
thus extending the hifetimac of any subsequent higher activity catalysts. The demctallized
effluent from the demetallation process can then be contacted with a catalyst having a

different median pore diameter, such as a median pore diameter of 85 A to 120 A

Solvent Assisted Hvdroprocessing - Processing Conditions

[B8370] Hydroprocessing (alternatively hydroconversion) generally refers to treating
or upgrading the heavy hydrocarbon ol component that contacts the hydroproccssing
catalyst. Hydroprocessing particalarly refers to any process that is carvied out in the
presence of hydrogen, including, but not Hmited to, hydroconversion, hydrocracking
{which includes selective hydrocracking), hydrogenation, hydrotreating,

hydrodesulfurization, hydrodenitrogenation, hydrodemetallation, hydrodearomatization,
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hydroisomerization, and hydrodewaxing including selective hydrocracking. The
hydroprocessing reaction is carried out in a vessel or a8 hydroprocessing zone in which
heavy hydrocarbon and solvent contact the hydroprocessing catalyst in the presence of

hydrogen.

16671} Contacting condifions i the contacting or hydroprocessing zone can include,
but are not limited to, temperature, pressure, hydrogen flow, hydrocarbon feed flow, or
combinations thereof. Contacting conditions in some cmbodiments are controlled to

yield a product with specific properties.

[6672] Hydroprocessing is carried out 1o the presence of hydrogen. A hydrogen
strearn is, therefore, fed or injected into a vessel or reaction zone or hydroprocessing
zone in which the hydroprocessing catalyst is located. Hydrogen, which is contained ina
hydrogen “treat gas,” is provided to the reaction zone. Treat gas, as referred to herein,
can be either pure hydrogen or a hydrogen-containing gas, which is a gas strecam
containing hydrogen in an amount that ts sufficient for the intended reaction(s),
optionally including one or more other gasses {¢.g., nitrogen and light hydrocarbons such
as methane}, and which will not adversely interfere with or affect either the reactions or
the products. Impurities, such as H, S and NH; are undesirable and would typically be
removed from the treat gas before it is conducted to the reactor. The treat gas stream
introduced into a reaction stage will preferably contain at least about 50 vol.% and more

preferably at least about 75 vol.% hydrogen.

6673} Hydrogen can be supplied at 4 rate of from 300 SCF/B (standard cubic feet of
hydrogen per barrel of feed) (53 S m'/mr’) to 10000 SCE/B (1780 8 m’/m’). Preferably,
the hydrogen is provided in a range of from 1000 SCF/B (178 § m'/m’) to 5000 SCF/B

(891 8 m*/m’).

6874} Hydrogen can be supplied co-currently with the heavy hydrocarbon oil and/or
solvent or separately via a separate gas conduit to the hydroprocessing zone. The contact
of the heavy hydrocarbon oil and solvent with the hydroprocessing catalyst and the
hydrogen produces a total product that includes a hydroprocessed oil product, and, in

some embodiments, gas.
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[B675] The temperature in the contacting zone can be at least about 680°F (366°C),
such as at least about 700°F (371°C), and preferably at least about 716°F (380°C), such
as at lcast about 750°F (399°C) or at lcast about 788°F (420°C). Additionally or
alternately, the temperature in the contacting zone can be about 950°F (510°C) or less,
such as about 900°F (482°C) or less, and preferably about 869°F (465°C) or less or about
842°F (450°C) or less.

[8676] Total pressure in the contacting zone can range from 200 psig (1379 kPa-g) to
3000 psig (20684 kPa-g), such as from 400 psig (2758 kPa-g) to 2000 psig (13790 kPa-~
g}, or from 650 psig (4482 kPa-g) to 1500 psig (10342 kPa-g), or from 650 psig (4482
kPa-g) to 1200 psig (8273 kPa-g). Preferably, a heavy oi can be hydroprocessed under
low hydrogen partial pressure conditions. In such aspects, the hydrogen partial pressure
during hydroprocessing can be from about 200 psig (1379 kPa-g) to about 1000 psig
{6895 kPa-g), such as from 500 psig (3447 kPa-g) to about 800 psig (5516 kPa-g).
Additionally or alternately, the hydrogen partial pressare can be at least about 200 psig
{1379 kPa-g), or at least about 400 psig (2758 kPa-g}, or at least about 600 psig (4137
kPa-g}. Addiionally or alternately, the hydrogen partial pressure can be about 1000 psig
{6895 kPa-g) or less, such as about 900 psig (6205 kPa-g) or less, or about 8350 psig
(5861 kPa-~-g) or less, or about 800 psig (5516 kPa-~g) or less, or about 750 psig (5171
kPa-g) or less. In such aspects with low hydrogen partial pressure, the total pressure in
the reactor can be about 1200 psig (8274 kPa-g) or less, and preferably 1000 psig (6895
kPa-g) or less, such as about 900 psig (6205 kPa-g} or less or about 800 psig (5516 kPa-

g} or less.

{6877} Liquid hourly space velocity (LHSV) of the combined heavy hydrocarbon otl
and recycle components will generally range from 0.1 to 30 hlior04b 020 or
0.5t 104" Insome aspects, LHSV is at least 15 h! orat least 10 Efj, oratieastSh .
Alternatively, in some aspects LHSV is about 2.0 ' or less, or about 1.5 b or less, or

about 1.0 h”' or less.

[B0378] Based on the reaction conditions described above, in various aspects of the
invention, a portion of the reactions taking place in the hydroprocessing reaction

environment can correspond to thermal cracking reactions.  In addition to the reactions
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expected during hydroprocessing of a feed in the presence of hydrogen and a
hydroprocessing catalyst, thermal cracking reactions can also occur at temperatures of
360°C and greater. In the hydroprocessing reaction environment, the presence of
hydrogen and catalyst can reduce the hikelihood of coke formation based on radicals

tormed during thermal cracking.

[6679] In an embodiment of the invention, contacting the input feed to the
hydroconversion reactor with the hvdroprocessing catalyst in the presence ot hydrogen to
produce a hydroprocessed product is carried out in a single contacting zone. In another

aspect, contacting is carried out in two or more contacting zonges.

[B080] In various embodiments of the invention, the combination of processing
conditions can be selected to achieve a desired level of conversion of a feedstock. For
varigus types of heavy oil feedstocks, conversion relative to a conversion tomperature of
10S0°F (566°C) 15 a convenient way to characterize the amount of foeedstock conversion.
For example, the process conditions can be selected to achieve at least about 25%
conversion of the 1050°F+ portion of a feedstock. In other words, the conditions are
selected so that at least about 25 wi% of the portion of the feed that boils above 1030°F
(566°C) is converted to a portion that boils below 1050°F {(566°C). In some aspects, the
amount of conversion relative to 1050°F (366°C) can be at least about 40%, such as at
least about 50% or at least about 6(%. Additionally or alternately the conversion
percentage can be about 80% or less, such as about 75% or less or about 70% or less. An
cxample of a suitable amount of conversion can be a conversion percentage from about

A0% to about 80%, such as about 309 to about 70%.

[B081] In other embodiments of the invention, a greator arnount of conversion may
be desirable. For example, in order to segregate molecules with low hydrogen to carbon
ratios using hydroprocessing, a conversion percentage of at least about 80% can be
desirable, such as at least about 85%, or at least about 90%. Additionally or alternately,
the conversion percentage can be about 95% or less, such as about 90% or less. These
tevels of conversion can also be useful, for example, for concentrating wax m the 650°F+

{343°C+) or 700°F+ (371°C+) portion of a feedstock, or for forming a low sulfur fuel oil.
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Optionally, a feedstock with a sulfur content of about 3.0 wi¥% or less can be used when

these higher levels of conversion are desired.

Solvent Assisted Hyvdroprocessing - Hydroprocessed Product

6082} Relative to the heavy oil feed component in the feedstream, the
hydroprocessed product will be a material or crude product that exhibits reductions in
such propertics as average molecular weight, boiling point range, density and/or

concentration of sulfur, nitrogen, oxygen, and metals,

G083 In an embodiment of the mvention, coutacting the beavy oil feed component
and recycle or other solvent component with the hydroprocessing catalyst in the presence
ot hydrogen to produce a hvdroprocessed product 1s carried out in a single contacting
zone. In another embodiment, contacting is carried out in two or more contacting zones.
The total hydroprocessed product can be separated to form one or more particularly

desired liquid products and one or more gas products.

[6084] In some embodiments of the fnvention, the liguid product is blended with a
hydrocarbon feedstock that is the same as or different from the heavy oil feed
component. For example, the hquid hydroprocessed product can be combined with a
hydrocarbon otl having a different viscosity, resulting in a blended product having a
viscosty that 1s between the viscosity of the higuid hydroprocessed product and the

viscosity of the heavy oil feed component,

[BO8S] In some cmbodiments of the inveuntion, the hydroprocessed product and/or the
blended product are transported to a refinery and distilled to produce one or more
distillate fractions. The distillate fractions can be catalytically processed to produce
commercial products such as transportation fuel, lubricants, or chemicals. A bottoms
fraction can also be produced, such as bottorns fraction with a 10% distillation point
(such as rocasured by ASTM D28R87) of at least about 600°F (316°C), or a 10%
distillation point of at least about 650°F (343°C}, or a bottoms fraction with a still higher
10% distillation point, such as at least about 750°F (399°C) or at least about RO0°F

(427°C).
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[3086] In soroe embodiroents of the invention, the hydroprocessed product bas a total
Ni/V/Fe content of at most 50%, or at most 10%, or at most 5%, or at most 3%, or at
most 1% of the total Nv/V/Fe content (by wt%) of the heavy ol feed component. In
certain embodiments, the fraction of the hydroprocessed product that has a 16%
distillation point of at least about 650°F (343°C) and higher (i.c., 650°F+ product
fraction} has, per gram of 650°F+ (343°C+) product fraction, a total Ni/V/Fe content in a
range of from 1x107 grams to 2x107" grams (0.1 to 200 ppm), or 3x107 grams to
1}107% graros (0.3 to 100 ppro), or 1x10°° grams to 1x107 grams (1 to 100 ppro). In
certain embodiments, the 650°F+ (343°C+) product fraction has not greater than 4x1¢7°

grams of Nv/V/Fe (40 ppm).

60871 In certain crbodiments of the invention, the hydroprocessed product has an
AP gravity that is 100-160%, or 110-140% of that of the heavy oil feed component. In
certain embodiments, APY gravity of the hydroprocessed product is from 10°-40°, or 12°-

35° or 14°-30°.

[BO8E] In certain embodiments of the invention, the hydroprocessed product has a
viscosity of at most 50%, or at most 8(3%, or at most 70% of that of the heavy oil feed
component. In some embodiments, the viscosity of the hydroprocessed product 1s at
most 90% of the viscosity of the heavy oil feed component, while the AP gravity of the
hydroprocessed product is 100-160%, or 105-155%, or 110-150% of that of the heavy oil

feed component.

[B089] In an alternative embodiment, the 650°F+ (343°C+) product fraction can have
a viscosity at 100 °C of 10 to 150 cst, or 15 to 120 cst, or 20 to 100 cst. Most
atmospheric resids of crude oils range from 40 to 200 cst. In certain embodiments,
650°F+ (343°C+) product fraction has a viscosity of at most 90%, or at most 50%, or at

most 5% of that of the heavy oil feed component.

[3898] In some embodiments of the invention, the hydroprocessed product has a total
heteroatom (1.e., S/N/QO) content of at most 530%, or at most 10%, or at most 5% of the

total heteroatom content of the heavy oil feed component.
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[B091] In some embodirents of the invention, the sulfur content of the
hydroprocessed product is at most 50%, or at most 10%, or at most 5% of the sulfur
content (by wi%) of the heavy oil feed coraponent. The total nitrogen content of the
hydroprocessed product is at maost 50%, or at most 10%, or at most 5% of the total
nitrogen (by wit%) of the heavy oil feed component, and the hydroprocessed product has
a total oxygen content that is at most 75%, or at most 50%, or at most 30%, or at most
10%, or at most 5% of the total oxygen content (by wi%) of the heavy oil feed

component.

Configuration Examples

[(3092] FI1G. Z shows an example of integration of solvent assisted hydroprocessing
with slurry hydrocracking. To the example shown in FIG. 2, a solvent 236 as defined
above is mixed with a resid or other heavy oil feed 234 for mntroduction into a
hydroprocessing reactor 230, The cffluent fror the hydroprocessing reactor is separated
266 to remove gas phase products, such as hydrogen 264 that can be recycled after
optional removal of contaminants. Reeyeled hydrogen 264 can be supplemented with
make-up hydrogen 232, The liquid portion of the effluent is then fractionated 220 to
form various products and a bottoms portion 216, The various products can mclude a
tight ends product 222, a naphtha product 224, a distillate fuel product 226, and a
vacuum gas oil product 228. The bottoms portion 216 is then passed into a sharry
hydroconversion reactor 250 for further conversion of the bottoms portion to lower
boiling components. The hydrogen for the slurry hydroconversion can include a recycled
hydrogen portion 254 and a make-up or fresh hydrogen portion 252, The effluent 214
from the shurry hydroconversion reactor can optionally be initially separated to remove
gas phase compounds, and then can be fractionated 218 to recover products such as light

ends 202, naphtha 204, distillate fuel 206, vacuum gas ol 208, and bottoms 209,

[6693] FIG. 3 shows another exarople of integration of solvent assiste
hydroprocessing with shurry hydroconversion. In FIG. 3, a configuration similar to FIG.
2 is shown, but only oune fractionator 320 1s used. Thus, the products from both
hydroprocessing 334 and slurry hydroconversion 314 are fractionated 320 together to

form common outputs, such as light ends 322, naphtha product 324, distillate fucl
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{dicsel) prodact 326, vacuum gas oil 328, and a bottoms or resid product 329, Iu the
configuration shown in FIG. 3, a portion of the bottoms product 329 is used as a feed 316

for the slurry hydroprocessing reactor 350,

(3094 F1G. 4 shows a further variation of the configuration in FIG. 3, where the
comroon fractionator correspouds to a divided wall column fractionator 470, The
divided wall column fractionator 470 in FIG. 4 allows a single fractionators to be used,
but with lower boiling portions of the products, such as the naphtha 474 or light ends
portions 472, being fractionated in a common volume. The higher botling portions, such
as distillate fuel products 474 and vacuurn gas o1l 476, remain separated. This means
that separate distillate fuel and vacuum gas oil products can be recovered from the
solvent assisted hydroprocessing unit 230 and the slurry hydroprocessing unit 350, The
bottoms fraction 478 and feed to shurry hydroprocessing 416 can be separate or in
common, depending on the desired configuration. This can aliow for use of a single
fractionator while maintaining separate control over the output properties of the fractions

from hydroprocessing and slurry hydroconversion.

Integration of Shurrv Hyvdroconversion in a Refinery Setting

[6695] In various aspects, an integrated system is provided for incorporating slurry
hydroconversion into a refinery setting. FIG. 5 shows an example of an integrated
scheme. I FIG. S, 4 slurry hydroconversion reactor 1s included in 4 refinery that also

has a gas turbine for electric power generation.

[3096] Hydrogen can be generated from patural gas 504 or another reformable fuel
using steam methane reforming 508 and shift conversion 532, Heat for the steam
methane reforroing section 508 can be provided via a fired heater 560. Hydrogen caun be
purified using pressure swing adsorption 534. The high purity hydrogen is compressed
and then heated via the heat recovery network 530 and then through the fired heater 560.
Vacuum resid and/or heavy hydrocarbon streams 528 are heated in the heat recovery
network 530 and then through the fired heater. This strearn 1s cornbined with the heated
hydrogen from the fired heater 560 and catalyst and sent to the shurry hydroconversion

reactor 510. The reaction products are separated via a series of flash drums and an
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atmospheric fractionator into products such as light ends 501, naphtha 503, diesel or
distillate fuel 505, atmospheric tower bottoms 507, and internal recycle streams. The
atmospheric tower bottorns can be further heated in the fired heater 560 and sent to a
vacuum tower 550 where it is separated into products, such as a light vacuum gas oil

524, a heavy vacuum gas otl 526, and a shurry hydroconversion pitch (not shown).

66971 Boiler feed water 533 is converted into very high pressure steam via heat
recovery network 530 and the fired heater 560, Steam is fed to a turbine 555 where
power is generated. A portion of the steam from the turbine 555, at a lower pressure, is
used for the stearn methane reforming reaction 532 and the remaining 18 scut to other
steam users for the integrated process e.g. velocity steam, stripping steamn and vacuum jet

ciectors.

[6098] Natural gas 504 or any other hydrocarbon stream can be used as a fuel fora
gas turbine 565, The gas turbine exhaust is used as hot air and 18 used with additional
natural gas and pressure swing adsorption offgas that provides the heat in the fired heater
560. All of the gas turbine exhaust can be sent to the main burners of the fired heater
560 or a portion can be sent to duct burners to increase the temperature in other parts of

the fired heater 560,

[6099] This integrated scheme can reduce energy consumption, as a single large fired
heater and convection section can be used to provide all the high level heat required by
the process. Conventional practice will require at least four fired heaters. Furthermore,
this scherme can increase the size of the gas turbine and thus the capital will be lower due
to economy of scale. Use of combined heat and power for the integrated process will be

energy efficient.

[68100]  Various other embodiments of the same concept can be possible. For
cxample, simultancously use the gas turbine exhaust as combustion air to the hydrogen
reformer, hydrogen furnace, feed furnace and shurry hydrocracker vacuum furnance.
Alternatively, the hydrogen feed to the slurry hydrocracker can be compressed to high
pressure and heated up in the steam methane reforming firrnace to the reaction

temperature before sending it to the slurry hydrocracker reactor. This eliminates the
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need for a separate hydrogen furnace, decreases the steam generation 1o the hydrogen

plant, and will improve the encrgy cfficiency.

Chienching of Slurey Hyvdroconversion Effluent

[60101] FIG. 6 shows a variation on the configuration i FIG. 1 that includes
gquenching of the slurry hydroconversion effluent. In FIG. 6, a portion of the vacuum gas
o1l output generated as a product can optionally be used as a recycled feed stream for a
sturry hydroconversion reactor. To the degree that temperatare control is desired for the
cffluent from the slurry hydroconversion reactor, a hydrogen strearn can be used, such as
bydrogen 652 recycled from light ends 152, Alternatively, one or more product streams
can be used to quench the effluent from shurry hydroconversion, such as a recycled
portion 647 of vacuum gas otl product 147 or a portion 655 of vacuum gas oil recycle

155.

[66162]  As shown in FIGS. 1 or 6, fractionators(s) can be used to separate a plarality
of product streams from a slury hydroconversion effluent. Optionally but preferably,
the product streams can be separated out after hydrotreatmcut of the effluent to reduce
the sulfur and nitrogen levels. This type of recycle can reduce or eliminate the need fora

hydrogen quench of the shurry hydroconversion effluent.

Additionsl embodiments

(361031 Embodiment 1. A method for processing a heavy oil feedstock, comprising:
providing a heavy oil feedstock having a 10% distillation point of at lcast about 650°F
(343°C); exposing the heavy oil feedstock to a catalyst in the presence of hydrogen and a
solvent under first effective hydroprocessing conditions to form an effluent comprising at
feast a plurality of liguid products and a hydroprocessing bottoms product, the effective
hydroprocessing conditions including a temperature of at least about 360°C and a hquid
hourly space velocity of the fraction of the corabined feedstock boiling above 1050°F
(566°) of at least about 0.10 fr”'; exposing the hydroprocessing bottoms product to a
catalyst in the presence of hydrogen under second effective starry hydroconversion

conditions to form a slurry hydreonversion effluent comprising at east a second phurality
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of liquid products and a bottoms product; and fractionating the fitst plurality of hquad

products and the second plurality of liquid products.

[60194] Embodiment 2. The method of Embodiment 1, wherein the solvent
component comprises a recycle component, the process further comprising recycling a

second portion of the liguid efffuent to form the recycle component.

[301065] Embodiment 3. The method of Embodiment 2, wherein the ratio of the
recycle component to the heavy oil feed component on a weight basis is from about 0.3

to about 6.0.

[66106] FEmbodiment 4. The method of any of the above embodiments, wherein the
cttective hydroprocessing conditions are effective for conversion of fromn about 50 to

about 70% of the 1050°F+ (566°C+) portion of the heavy oil feed feedstock.

[66187]  Embodiment 3. The method of any of the above embodiments, wherein the
solvent comprises at least a portion of the distiflate produet, at least 30 wit% of the at
least a portion of the distillate product baving a botling poiut in a boiling range of 300°F

(149°C) to 750°F (399°C).

[06108] Embodiment 6. The method of any of the above embodirnents, further
comprising fractionating at least a portion of the first liquid products, the second liquid

products, or a combination thereof,

{66169} Embodiment 7. The method of Embodiment 6, wherein the first hiquid

products and the second liquid products are fractionated in a coramon fractiovator.

[60118] Embodiment §. The method of Embodiment 6 or 7, wherein the common

fractionator comprises a divided wall fractionator.

[G6111]  Embodiment 3. The method of any of the above embodiments, further

comprising hydrotreating at lcast a portion of the second plurality of liquid products.
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[66112]  Embodiment 18, The method of any of the above embodiments, finther
comprising: combining at least a portion of one or more of the first plurality of liquid
products with at least a portion of one or more of the second Hquid product;
hydroprocessing the combined liguid products; and fractionating the hydroprocessed

combined higuid products.

[66113] Embodiment 1. The method of Embodiment 10, wherein hydroprocessing

the combined hiquid products comprises hydrotreating the combined hiquid products.

[68114] Embodiment [2. A method for processing a heavy oil feedstock, corprising:
providing a heavy oil feedstock having a 10% distillation point of at least about 650°F
{343°C); exposing the heavy oil feedstock to a catalyst in the presence of hydrogen under
first effective starry hydrocouversion conditions to form a shurry hydroconversion
cffluent comprising at least a plurality of liquid products and a bottoms product, wherein
the hydrogen s provided by reforming of a reformable fuel, and wherein the hydroge

and the heavy oil feedstock are heated in a common heating zone.

{61157  Embodiment 13. The method of any of the above embodiments, finther
comprising coking a second feedstock under effective coking conditions, wherein the

second feedstock is heated in the common heating zone.

[66116] Embodiment 14, The method of any of the above embodiments, wherein a

10% distillation point of the heavy oil feedstock is at least about 900°F (4R82°C).

(66117} Embodiment 15, The method of any of the above embodiments, wherein the
heavy otl feedstock has a Counradson carbon residue of about 27.5 wit% or less, such as

about 25 wit% or less.

[66118] Embodiment 6. The method of any of the above embodiments, wherein the

heavy oil feedstock has a Conradson carbon residue of at least about 30 wi%.
v
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{66119  Embodiment 17. The method of any of the above embodiments, wherein a
portion of at least one of the plurality of liquid products is added to the slurry

hydroconversion cffluent as a quench stream.
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CLAIMS:

i A method for processing a heavy oil feedstock, comprising:

providing a heavy oil feedstock having a 10% distidlation point of at least
about 650°F (343°C),

exposing the heavy ol feedstock to a catalyst in the presence of hydrogen
and a solvent under first effective hydroprocessing conditions to form an cfffuent
comprising at least a plurality of hiquid products and a hydroprocessing bottorus product,
the effective hydroprocessing conditions including a temperature of at least about 363°C
and a hquid hourly space velocity of the fraction of the combined feedstock boiling
above 1050°F (5667} of at least about 0.10 hrt

exposing the hydroprocessing bottoms product to a catalyst in the presence
of hydrogen under second effective shirry hydroconversion conditions to form a slurry
hydroconversion cffluent comprising at least a second plurality of liquid products and a
bottorus product; and

fractionating the first plurality of liquid products and the second plurality of

tiquid products.

2. The rocthed of claiva 1, wherein the solveunt coraponent comprises a
recycle component, the process further comprising recycling a second portion of the

higuid effluent to form the recycle component.

3. The method of claim 2, wherein the ratio of the recycle component to the

heavy oul feed coraponent on a weight basis 18 from about 0.3 to about 6.0.

4. The method of any of the above claims, wherein the effective
hydroprocessing conditions are effective for conversion of from about 50 to about 70%

of the 1050°F+ (566°C+) portion of the heavy oil feed {eedstock.

5. The method of any of the above claims, wherein the selvent comprises at
feast a portion of the distillate product, at least 90 wt% of the at least a portion of the
distillate product having a boiling point in a boiling range of 300°F (149°C) to 750°F
(399°C).
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6. The method of any of the above claums, further comprising fractionating
at least a portion of the first hguid products, the second liquid products, or a combination
thereof, the first liguid products and the second liquid products optionally being

fractionated in a common fractionator.

7. The method of claim 6, wherein the common fractionator comprises a

divided wall fractionator.

8. The method of any of the above claims, further comprising hydrotreating

at least a portion of the secound plarality of hqud products.

9. The rocthod of any of the above claives, further coraprising: combining at
least a portion of one or more of the first phurality of liquid products with at least a
portion of one or more of the second liquid product; hydroprocessing the combined
tiquid products; and fractionating the hydroprocessed combined liquid products,
optionally wherein hydroprocessing the combined hiquid products coraprises

hydrotreating the combined liguid products.

10, A method for processing a heavy oil feedstock, comprising:
providing a heavy oil feedstock having a 10% distillation point of at least
about 650°F (343°C),
exposing the heavy oil feedstock to a catalyst in the presence of hydrogen
under first cffective slurry hydroconversion conditions to form a slurry hydroconversion
effluent comprising at least a plurality of liquid products and a bottoms product,
wherein the hydrogen is provided by reforming of a reformable fucl, and

wherein the hydrogen and the heavy o1l feedstock are heated in a common heating zone.

11, The method of any of the above claims, further comprising coking a
sccond feedstock under effective coking conditions, wherein the second feedstock is

heated 1o the commeon heating zone.
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12, The method of any of the above claims, wherein a 10% distillation point

of the heavy oil feedstock is at least about 900°F (482°C).

13, The method of any of the above claims, wherein the heavy ot feedstock
has a Conradson carbon residue of about 27.5 wt% or less, or about 25 wi% or less, or at

{east about 30 wi%,.

4.  The method of any of the above clairs, wherein a portion of at least one
of the plurality of liquid products is added to the shurry hydroconversion offluent as a

quench strear.
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