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PROCESSES FOR UPGRADING ALGAE GILS AND PRODUCTS THEREQDF

CROSS REFERENCE TO RELATED APPLICATIONS

[3681] This application claimns the benefit of U.S. Provisional Patent Apphcation Serial No, 61/553,128, filed 28

October 2011, of which is berein incorporated by reference in its entirety for all purposes.

BACKGROUND

(96821 Many renewable oils, or “bin-01ls”, are composed almost exelusively of inglyeerides and/or free fatty acids
that are derivatives of triglycerides. Examples are canola and soy bean oils among the plant oils that can be
alternatively a food product, and cameling and jatropha among non-food otls. Bven tallow 1s composed almost
exclusively of triglycerides. The mterest in these otls as fucls is intense, given the desire to lessen the country and
even world’s dependence on petrofewm. Processes, such as UOP’s Ecofining™, have been commercially developed.
The parachgro has cracrged that oils from all plarss and algae, wcluding various species and processes for theix
production, consist predoramantly and even exclusively of triglycerides and fatty acids. This has led wventors 10
extend their work on triglycerides and faity acids to oils from algas, by Usting algae oils with igh-trighycende oils

10 their patent applications regarding renewable oils, even though they have not actually processed algae derived

oils,
196831 In fact, algae cils produced in coraraercially-scaleable and econoric processes do not consist of
exclusively triglycerides and fatty acids, as disclosed in currently-pending patent applications by Sapphire Epergy,
Inc. Recent publications have also found this is to be the case (Valdez, et al. "Liguefaction of Nannochiloropsis 5.
and the Influence of Solvends.” Energy & Fuels (201 1), This is a eritical point and the composition of algac oils
requires substantially different processing than has previously been discussed for renewable otls, In fact, algac ol
has a very unique coraposition and may be considered an algae biocrnde, in that it contains a wide varicty of
corapounds, as opposed to simpler, high-triglveeride vegetable oils. Yet, the algac biocrude 18 also very different
from fossil petrolenrn, in that many of said variety of compounds are not present in petroleum or in oils from oil
sands, coal and shalc oil. Therefore, it is not clear or obvious front past work on vegetable oils or fossi petroleum
how to upgrade algae oil to feedstock for petroleurs refineries or to commercial products,
10084] Thus disclosure recognizes this critical difference and provides specific processing routes unigue to algae
biccrude. The processing technologies of this disclosure borrow from existing technologies, however, the sequence
and processing conditions swrprisingly require an understanding of algac ol that is very different from what is the
accepted paradigm and basis for previously cited and patented renewable oil technology. Therefore, unigue
upgrading methods, and unigue compositions of matter resulting therefron, are disclosed herein for algae biocrude.
SUMMARY
108858]  This disclosure relates to upgrading rencwable oils that have been extracted from algac biomass. Certain
embodiments may comprise upgrading the algae oils by one or more thermal or catalytic processes and/or the

resulting compositions of matter. The algae oils are sigm ficantly different from high-triglycenide vegetabies oils and
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animal fats that recently have been the focas of renewable oil development, in that the algae oils contain 2 wide
range of compounds instead of mainly triglycerides, and they contain high amounts of both nitrogen and oxygen. In
this disclosure, upgrading of algae oils has been accomplished by thermal processmg or catalytic hydroprocessing
with catalyst and/or operating conditions different from those proposed for high-triglyceride renewable fuels, and
yet which are possible in existing petroleam refinery process units. Farther, in this disclosure, catalytic cracking of
catalytically hydrotreated algae oil has been accomplished with advantageous yield stractures. The catalytic
hydrotreating and catalytic-cracking results herein indicate that, in spite of the complex nature of algac oils, they arc
good candidates for feedstocks for conventional petrolewm refineries, and that upgraded algae o products are good
candidates for high-quality faels or fuel blending components. This includes using the algae oils as crude oil
substitutes wherein they are ntroduced as 2 divect substitute for crude il and fed to the crude distillation units or as
an itermediate where they are fed directly fo processing units downstream of the crude distiflabon unit. And, 1t also
includes feeding algae oil to processing units outside of the refinery battery limits that are operated with the mtent of
produciug foels from seed cils {camelina, palm ol ete.} and/or tallow.

[6386] This disclosure comprises upgrading methods and/or equipment, and/or the compositions of matter,
reselting from thermal processing, catalytis-hydroprocessing, and/or catalytic cracking, of rencwable il extracted
from algae bicrass, Certain ermbodiments corprise thermal treatroent, decarboxylation, and/or raoderate-to-high-
severity hydrotreatment as methods of prepanag algae oil, or fractions thereod, o be effective foedstock for
subsequent prosessing to ulttmately produce fuels, peteochemical feedstocks, hube basestock, or other products.
Embodiments of particular inderest use two or more of thermal teeatmest, decarboxyvlation, and medivm-to-high
severity hvdrotreatment as satd methods of preparing algae oif or s fractions. Certain embodiments utilize medium-
to-hugh severity catalytic bydratreatment, optionally with thermal treatment prior (o said medinm-to-high sevenity
bydeoireatraent, followed by fhndized catalytic cracking to obtain gasobine and bight cycle ofl {distillate) from algae
oil.

(6687} Certain methods for preparation of algae oils for subsequent upgrading comprise medium-to-high severity
hydrotreatment, for example, at pressures of 800 - 2000 psig m hydrogen, 300 — 425 degrees C (more typically 350
— 400 degrees C), and 0.5 - 2 Vhr ¢hr-1) LHSV (more typically about 1 Vhr LHSV), over ong or more hydrotreating
catalysts. Exanples of hydrotreating catalvsts are NiMo and/or Co/Mo on alumina or silica-alumina supports, for
example, with BET surface areas in the range of about 100 - 300 m2/g, and micropores in the average diameter
range of 20 — 1006 Angstroms, and optionally with macropores 1n the range of 500 - 10,000 Angstroms. Examples
of metals Joadings inclide nickel or cobalt ranging from greater than 0 up to about 10 %, and molybdenum ranging
from greater than 0 up to about 40%. BET surface area measurements/equations are well-known in the catalyst arts.
[0088] In view of the ynusual characteristics of algae oil, as described elsewhere in this disclosure, hydrotreating
at greater than 1000 psig and even mn the range of 1500 — 2000 psig may be needed. Hydrotreating in the range of
800-3000 psig can be conducted according to the methods disclosed herein. Also i view of the unusual
characteristics of algae oil, large-pore hydrotreating catalysts including macro-pores may be needed. Exaniples of
such hydrotreating catalysts include catalysts having BET surface areas in the range of 130 - 230 m2/g, micropores

in the average diameter range of 50 — 200 Angstroms, and macropores in the range of 1000 - 3600 Angstroms.
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10889]  Certain methods for preparation of algae oils for subsequent upgrading comprise thermal treatment, without
catalyst and without, or optionally with, the addition of hydrogen. Such thermal treatment, of the entire crude algac
oif or a fraction thereof, may be conducted at a range of pressures, including antogenous pressure, and s expected 1o
be beneficial as an early or first step in the processing of algae oils, for example, prior to hydrotreatment. Certain
enibodiments comprise thermal treatment of 2 heavy fraction of the crude algae oil, blending the hquid product of
the thermal treatment with the lighter fraction of the crude algae o1l, and subsequent hydrotreating of the biend.
10818} Certain embodiments of hydrotreating, especially moderate-and-high-severity catalytic-hydrotreatment,
provide high fevels of heteroatom removal, mcloding deoxygenation, denitrogenation, and desulfurization.
Saturated hydrocarbons are mereased, fatty acids and armides are removed, and mitrogen and oxygen compounds are
reduced, leaving only small fevels of nitrogen-aromatics and oxygenated compounds in the oil product. Nutriles are
not formed in a significant amount. High severity hydrotreating, such as at 1500 — 2000 paig, also removes sterols.
Moderate-and-tigh-severity catabytic-hydrotreatment upgrades the algae oils to an extent that fatty acid content in
the product oils 1s little or none (for example, 99 — 108 percent removal} compared to algae oil feeds having 15 - 68
area % (by HT GC-MS), for example. Starting with algae oil feeds having satarated hydrocarbon content of less
than 5 area %, for example, certain embodiments of moderate-and-high-severity hydrotreating produce upgraded
algac oils baving 2 saturated hydrocarbon content of over 60 area %, and in some embodiraents, over 76 area % {all
by the same HT GC-MS analytical technigoes),

{6813 Ancusexpected result of certain therroal and calytic-hydrotreatment process embodirnents is shifting of
boiling point distribution away from residue and toward lower-boding compounds. Specifically, bailing point
reductions are exhibited that shift products toward gas otl, distillate, and/or naphtha fractions. The boiling point
distribution changes are beheved to resuldt from cracking of the algac oil, which is surprising 1o fow- and moderate-
severity hydrotreatmen, in that the cracking cccurs at conditions and with catalysts that would not be expected to
cause significant cracking of petroleum feeds. Further, the boiling point distribution changes exhibited in high
severity hydrotreatment are within a range that have not been seen to cause deleterious effects in subsequent
processing, such as in FCC processiag. These bodling point distribution changes may allow algae oil producers
and/or conventional refiners to adjust the products obtained from subsequent processes, in order to optimize their
process unit operations and/or overall refinery product slate,

{6612} Therefore, certain embodiments of thermal and/or catalvtic-hydroprocessing of algae ol have been found

to reraove hetero-atorss, greatly reduce fatty acids, greatly increase saturated hiydrocarbons, and crack the algae feed

> &
to desirable liquid products that are good feedstocks for subsequent processes. These benefits, and various, but not
all embodiments of the invention, will be further described below in the Detailed Description, with reference to the
attached Figures and Tables, It should be understood that the Detailed Description, Figures, Tables, and Abstract
supply examples and clarifying information but do not necessarily limit the invention fo the details, specifics,
methods and means therein.

{6013} Provided herein is an oleaginous composition comprising oil extracted from biomass comprising a
microorganism whercin the composition is hydrotreated and the hydrotreated composition comprises; a} from about

30 weight percent to about 90 weight percent carbon containing compounds selected from the group consisting of
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B, 8, €10, C11, C12, €13, C14, C15, C16, C17, and C18 containing compounds; b} from about 30 weight
percent to about 70 weight percent carbon containing compounds selected from the group consisting of C8, C9, C1(,
Ci1, €12, Ci13, C14, €15, C16, C17, and C18 containing compounds; or ¢} from about 10 weight percent to about
80 weight percent carbon containing compounds selected from the group consisting of C9, C10, C11, C12, C13,
C14, C15, C16, C17, C18, €19, C20, C21, C22, €23, C24, €25, C26, C27, €28, €29, C30, U31, and 32
containing compounds; wherein weight percent is of the total amount of conipounds detectable by mass
spectrometry or gas chromatography analysis. In some embodiments, the hydrotreated composition comprises: from
about 40 to abount 85 weight percent carbon containing compounds selected from the group consisting of C8, (9,
Cig, C11, €12, C13, €14, C15, Clg, C17, and C18 contamng compounds; from about 65 to about 85 weight
percent carbon containmg compounds selected from the group copsisting of C8, C9, C16, Ci1, C12, C13, Cl4, C13,
Cl6, C17, and C18 containimng compounds; from about 70 to about 80 weight percent carbon contatning compounds
selected from the group consisting of C8, €9, C18, C11, €12, C13, Ci4, C15, Cle, C17, and Ci8 containmng
compoonds; from about 77 to about 84 weight percent carbon containing compounds selected from the group
consisting of C8, 9, C10, C11, C12,C13, C14, C15,C16, C17, and C18 containing compounds; from 77.4 to 83.8
weight percent carbon containing compounds selected from the group consisting of C8, €8, C18, C11, C12, i3,
Cl4, C15, €16, C17, and C18 containing compounds; from 77.3 t0 85.5 weight percent carbon contarning
compounds selected from the group consisting of C8, €9, €10, C11, 12, C13, Ci4, CI15, C16, C17, and €18
contaiing compounds; or from §0.8 10 86.6 weight percent catbon containing compounds selected from the group
consisting of 8, €9, C10, €13, €12, C13, C14, C15, Cl16, C17, and C18 condaining compounds. In other
ernbodiments, the hydrotreated composition comprises: from about 43 to about 66 weight percent carbos countaining
compounds selected from the group consisting of C8, C9, €10, C1, C12,C13, C14, C15, C16, C17, and €18
containg compounds; or from about 42,7 1o about 63,7 weight percent carbon containing compounds selected from
the group consisting of U8, €9, C10, C11, C12, C13, Cl4, Ci35, C16, C17, and CI8 containing compounds. In yet
other embodiments, the hydrotreated conposition comprises: front about 26 to about 70 weight percent carbon
contaiming compounds selected from the group consisting of C9, Ci60, CIt, C12, C13, Ci4, C13, C16, Ci7,Cl8
C19,C20, C21, C22, 23, C24, C25, C26, C27, C28, 029, C36, C31, and C32 containing compounds; from about
30 to about 60 weight percent carbon containing compounds selected from the group consisting of C9, C14, Ci 1,
12, C13, C14, C15,C16, C17, C18, C19, C20, €21, €22, C23, C24, C25, C26,C27, C28, 029, C30, C31, and €32
contaiming compounds; or from about 23 to about 46 weight percent carbon containing compouads selected from the

by

group consisting of C9, C16, C11, C12, Ci3, C14, C15, C1o, C17, C18, C19, €26, C21, €22, €23, C24, C25, 26,
027, €28, C29, €30, (31, and C32 containing compounds. In some embediments, prior to hydrotreatment, the
oleaginous composition is hydrothermally extracted. In other embodiments, the hydrotreatment is in a semi-batch,
batch, or continuous flow reactor. In yet other embodiments, the microorganism is an alga, the alga is a microalga or
a macroalga, the microalga is a cyanobacterivm, the microorganism is a Desmodesmus speeies or a Spiruling
species, the microorganism is a Naunochloropsis species, or the Namnochioropsis species 18 Nannochioropsis salina.

In other embodiments, the solvent used for extraction is a heptane, hexane, methyl isobuty! ketone (MIBK),

acetonitrile, ethanol, methyl-t-butyl ether (MTBE), methyl ethyl ketone (MEK), propanol, iso propyl aleohol {(IPA),
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methanol, cyclohexane, toluene (methvibenzene), chloroform {trichloronmethane}, methylene chloride
{dichloromethane), & polar solvent, a non-polar sclvent, or a conbination of any two or more thereof. In other
embodiments, the solvent used for extraction 18 hexane, heptane, or methyl isobutyl ketone (MIBK ). In some
embodiments, the mass spectrometry analysis is high temperature gas chiromatography-mass spectrometry (HT GC-
M3}, zas chromatography-mass spectrometry (GC-MS), or liquid chromatography mass spectrometry, or the gas
chromatography analysis is gas chromatography flame ionization detection (GC FID).

10814}  Also provided herein is an oleaginous composition comprising oil extracted from biomass comprising a
microorganism wherein the composition 1s hydrotreated and the hydrotreated composition: a} has a reduction of
nitrogen of at least 70% as compared to the unhydrotreated composition; b} the hydrotreated composition comprises
{ess than 106 ppm of nitrogen; or ¢} the uphydrotreated composition has up to 8 weight percent nitrogen, and the
hydrotreated composition has less than | weight percent nitrogen. In some embodiments, the reduction of nitrogen is
at feast 75%, the reduction of nitrogen is at feast 80%, the reduction of nitrogen s at least 85%, the redection of
nitrogen is at least 90%, the reduction of mtrogen is af least 5%, or the reduction of nitrogen is at least 99%. In
other embodiments, the hydrotreated composition comprises less than 90 ppm of nitrogen, the hydrotreated
composition comprises ess than 80 ppm of nitrogen, the hydrotreated composition comprises less than 70 ppm of
pitrogen, the hydrotreated composition comprises less than 60 ppm of mtrogen, the hydrotreated composition
comprises less than 50 ppro of nitrogen, the bydeotreated composition comprises Iess than 490 ppro of nifrogen, the
bydeoireated composition comprises less than 30 ppm of pifroges, the hydrotreated coraposition comprises {ess than
20 ppo of nitrogen, the hydroteeated composition comprises less than 19 ppro of miteagen, or the hydrotreated
composition comprises about 15 ppm of nirogen, about 29 ppro of vitrogen, or about 1] ppm of mitrogen. Inyet
another embodireent, the vehydrotecated composition bas up to 7 weight percent nitrogen, and the hydrotreated
composition has less than 0.5 weight percent nitrogen, In other erabodiments, the ushydrotreated coraposinon has
up to 7 weight percent, up to 6 weight percent, up to 3 weight percent, up to 4 weight percent, up to 3 weight
percent, up o 2 weight percerd, or up to | weight percent nitrogen, and the hydrotreated composition has less than
0.9 weight percent, less than 0.8 weight percent, less than 0.7 weight percent, less than 0.6 weight percent, less than
0.5 weight percent, less than 0.4 weight percent, less than 0.3 weight percent, fess than 0.2 weight percent, or less
than 6.1 weight percent nitrogen. In some embodiments, the nitrogen levels are determined by ASTM standard
D4629 or clemental analysis. In another embodiment, prior to hydrotreatment, the oleaginous composition is
hydrothermally extracted. Tn other embodiments, the hydrotreatrueat is in a serni-batch, bateh, or continmous flow
reactor, Io vet other embodinments, the microorganism is an alga, the alga is a ovicroalga or a macroalga, ¢

microalga is a cyanobacteriim, the microorganism is a Desmodesmus species or a Spiruling species, the
microorganism is & Nannochioropsis species, or the Nannochloropsis species is Nannochioropsis safina. In other
embodiments, the solvent used for extraction is a heptane, hexane, methyl isobutyl ketone (MIBK), acetomitrile,
ethanol, methyl-t-butyl ether (MTBIE), methyi ethyl ketone (MEK), propanol, 1so propyl alechol (IPA), methanol,
cyclohexane, toluene (methylbenzene), chloroform (inichloromethane), methylene chloride (dichloromethane), a
polar solvent, & non-polar sofvent, or a combination of any two or more thereof. In other embodinients, the solvent

used for extraction is hexane, heptane, or methyl isobutyl ketone (MIBK). In sonie embodiments, the niass
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spectrometry analysis is high temperature gas chromatography-mass spectrometry (HT GC-MS), gas
chromatography-mass spectrometry (GC-MS), or liquid chromatograply mass spectrometry, or the gas
chromatography analysis is gas chromatography flame iomzation detection (GC FID).

6015}  Also provided herein is an oleaginous composition comnprising oil extracted from biomass comprising a
microorganism wherein the composition 1s hydrotreated and the hydrotreated composition comprises a percent mass
fraction with a boiling point of from 260 degrees ¥ to 1020 degrees ¥ of between about 40% and about 95% as
determined by ASTM protocol 7169, In some embodiments, the hydrotreated composition coniprises a percent
mass fraction with a botling point of from 260 degrees F to 1028 degrees F of between about 60% and about 90%;
the hydrotreated composition comprises a percend mass fraction with a boiling point of from 260 degrees F to 1028
degrees F of between about 74.4% and about 87.4%; the hiydrotreated composition comprises 4 percent mass
fraction with & botling point of from 260 degrees F 1o 630 degrees F of between about 30% and about $5%; or the
hydrotreated composition comprises a percent mass fraction with a boiling point of from 260 degrees T t0 630
degrees F of between abount 35.2% and about 51%. In another embodiment, prior to hydrotreatment, the oleaginous
composition is hydrothermally extracted. In other embodiments, the hydrotreatiment i3 in a semi-bateh, bateh, or
coutingous fow reactor. Ju yet other embodiments, the microorganism 1s an alga, the algaisa micmalga or a
macroalga, the microalga is a cyanobacterivm, the mictoorganism s a Desmodesmus specics or a Spirulina species,
the microorgamsm is a Nansochlioropsis spacies, ot the Nennochloropsis species 8 Nannochioropsis salina. Tn other
erabodiments, the solvent used for extraction is a heptane, bexane, methyl isobuotyl ketone (MIBK), acetonitnle,
ethanol, methyl-t-butyl ether (MTBE), methyi ethyl ketone (MEK), propanol, iso propyi alcobol (IPA}, masthanol,
cyclchexane, tolpene {methylbenzene), chloroform (inchlorometbane}, methyleae chioride (dichloromethane), a
polar solvent, 2 non-polar solvent, or a combination of any two or more thereof, In other erbodiments, the solvent
used for extraction is hexane, heptane, or methyl isobutyl ketone (MIBK), In some embodiments, the mass
spectrometry analysis is high temperature gas chromatography-mass spectronetry (HT GC-MS), gas
chromatography-mass spectrometry ( GC—MS}, or Hiquid chromatography mass spectrometry, or the gas
chromatography analysis is gas chromatography flame ionization detection (GC FID).

{6016} Further provided herein is an oleaginous cornposition comprising oil extracted from biomass comprising a
nucroorganism wherein the oleaginous composition has: a} at least 60% of its components boiling below about 326
degrees Celsius {about 608 degrees Fahrenheit); or b) at least 90% of its components boiling above about 450
degrees Fahrenheit (about 232.22 degrees Celsius) as deteomined by ASTM D7169; an oleaginons composition
comprising oil extracted fron biomass comprising 2 microorganism, wherein the ofeaginous composition has at least
65% of its components boiling below about 320 degrees Celsius; an oleaginous composition comprising oif
extracted from biomass comprising a microorganism, wherein the oleaginous composition has at least 70% of its
contponents boiling befow about 320 degrees Celsius; an oleaginous coniposition comprising oil extracted from
biomass comprising a microorganism, wherein the oleaginous composition has at least 75% of its components
boiling below about 320 degrees Celstus; an oleaginous composition comprising oil extracted from biomass
comprising a microorganisni, wherein the oleaginous composition has at least 80% of its components boiling below

about 320 degrees Celsius; an oleaginous composition comprising oil extracted from biomass comprising a
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microorganism, wherein the olcaginous composition has at least 853% of nts components boiling below about 320
degrees Celsius; an oleaginous composition coniprising oil extracted from biomass comprising a microorganism,
wherein the oleaginous composition has at feast 90% of its components boiling below abowut 320 degrees Celsius; an
oleaginous composition comprising oil extracted from biomass comprising a microorganism, wherein the oleaginous
composition has at least Y3% of 1t components boiling below about 320 degrees Celsius; an oleaginous composition
comprising oil extracted from biomass comprising a microorganism, wherein the oleaginous composition has at feast
99% of its components boiling below about 320 degrees Celsius; an oleaginous composttion comprising oil
extracted from biomass comprising a microorgamsm, wherem the oleaginous composttion has at least 85% of #ts
components boiling above about 475 degrees Fahrenbeit; an oleaginous coruposition comprisig off extracted from
biomass comprising 4 microorganism, wheretn the oleaginous composition has at least 80% of its components
boiling above about 500 degrees Fahrenheit; or an cleaginous composition comprising oif extracted from biomass
comprising a microorganism, wherein the cleaginous composition hag at least 75% of iis components bothng above
about 550 degrees Fahrenheit. In one embodiment, the olcaginous composition has been hydrotreated. In other
embodiments, prior to hydrotreatment, the oleaginous composition is hydrothermally extracted. In one embodiment,
the percentage of components is determined by ASTM protocol B7169. In other embodiments, the hydrotreatment is
in a serai-batch, batch, or continaous flow reactor. Tn yet other embodiments, the microorgamsin 1s an alga, the alga
i3 & raicroalga or a macroalge, the microalga is a cyanobacterivn, the microorgasism i a Desmodesmus specics or a
Spiruding species, the microorganism s a Nannochioropsis species, or the Nonnochloropsis species 18
Nawnnochloropsis safiva. Tn other embodirnents, the sotvent used for extraction is a heptane, bexane, roethyl isobutyl
ketone (MIBKS, acetomtrile, etharol, methyl-t-butyl ether (MTBE), raethyl ethyi ketone {(MEK), propanol, iso
propyl alcohol (IPA), methanol, cyclchezane, toluene (methylbenzene), chloroform {(tnchloromethane), methylen
chloride {dicklororaethane}, a polar solvent, 2 non-polar solvent, or a combination of any two or mote thereof. In
other embodiments, the solvent used for extraction is hexane, heptane, or methyl ssobutyl ketone (MIBK. In some
embodiments, the mass spectrometty analysis is high temperature gas chromatography-mass spectrometry (HT GC-
MS;}, gas chromatography-mass spectrometry (GC-MRB), or liquid chromatography reass spectrometry, or the gas
chromatography analysis is gas chromatography flame ionization detection (GC FID),

{6617 Provided hercin is an oleaginous composition comprising oil extracted from biomass comprising 2
nucroorganism wherein the composifion is hivdrotreated and the hydrotreated composition comprises; from about
70.8 to about 86.6 weight percent Carbon; frors about 9.5 1o about 14.5 weight percent Hydrogen; or from about
{1.03 1o about 3.6 weight percent Nitrogen. In some embodiments, the oleaginous composition further comprises less
than or equal to about 0.76 weight percent Sulfur. In other embodiments, the oleaginous composition further
comprises fess than or equal to about 2.6 weight percent Oxygen by difference. [n one embodiment, prior to
hydrotreatment, the oleaginous composition is hydrothermally extracted. In other embodiments, the hydrotreatnent
is it a semi-batch, batch or continuous flow reactor. In yet other embodiments, the microorganism is an alga, the
alga is a microalga or a macroalga, the microalga is a cyanobacterivm, the microorganism s a Desmodesmus species
or & Spirufing species, the microorganism 18 a Nannochloropsis species, or the Nannochioropsis species i3

Nannochloropsis saling. In other embodiments, the solvent used for extraction is a heptane, hexane, methyl isobutyl
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ketone (MIBK), acetonitrile, cthanol, methyl-t-buty! ether (MTBE}, methyl ethyl ketone (MEK), propancl, iso
propyl alcchol (JPA), methanol, cyclohexane, toluene (methylbenzene), chloroform (trichloromethane), methylene
chloride {dichloromethane}, a polar solvent, a non-polar solvent, or a combination of any two or more thereof. I
other embodiments, the sofvent used for extraction is hexane, heptane, or methy! isobuty! ketone (MIBK). In some
enibodiments, the mass spectrometry analysis is high temperatare gas chromatography-mass spectrometry (HT GC-
M8}, gas chromatography-mass spectrometry (GC-MS), or liquid chromatography mass spectrometry, or the gas
chromatography analysis is gas chromatography flanie iomzation detection (GC FID).

[6018] Also provided herein is an oleaginoss composition comprising oil extracted from biomass comprismg a
microorganism wherein the composition 1s hydrotreated and the hydrotreated composition comprises: a) an arca
percent of saturated hydrocarbons from about 36.3 to about 75.7; an area percent of unsaturated hydrocarbons from
about 0.3 to about 5.5; an area percent of N-aromatics from about 0.1 to about 1.2; and an area percent of oxygen
compounds from about (1.7 to about 5.6; or b) an area percent of saturated hydrocarbons from about 43.0 to about
74.8; an arca percent of unsaturated hydrocarbons of less than or equal to 0.7; an area percent of aromatics from
about 0.7 1o about 2.3; and an area percent of oxygen compounds from about 1.4 to about 2.7, In one embodiment,
prior to hydrotreatment, the oleaginous composttion 1s hydrothermally extracted. [n other embodiments, the
bydroireatroent is in a semi-bateh, baich, or contingous flow reactor. In vet other embodiments, the microorganisin
i3 a8 alga, the alga is a ruicroalga or a macroalga, the microaiga is a cyanobacteriurn, the microorganissis a
Desmodesmus species ot a Spiruling species, the microorganism s a Nannochloropsis species, or the
Nawnnochloropsis species 18 Nannochlorapsis salina, 1n other embodiments, the solvent used for extraction 5 a2
heptane, hexane, methyl sobuiyl ketone (MIBK), acetonitrife, ethanol, methyl-t-butyl cther (MTBE), methyl ethyl
ketone (MEK), propanol, is0 propyl aleobal {IPA), methanol, cyclohexane, toliene (raethylbenzene), chloroform
{trichloromethane), methylene chioride (dichloromethane), a polar solvent, a son-polar solveny, or a corbination of
any two or more thereof, In other eobodiments, the solvent nsed for extraction s hexane, heptane, or methyl
isobutyl ketone (MIBK}. In some embodiments, the mass spectrometry analysis 1s high temperature gas
chromatography-mass spectrometry (HT GC-MS), gas chromatography-mass spectrometry (GC-MS), or liquid
chromatography roass spectrometry, or the gas chromatography analysis is gas chromatography flame ionization
detection {GC FiD).

[6619]  Also provided herein is a method of upgrading renewable oil obtained from biomass, the method
comprising: a) providing the renewable oif; b) dissolving at least a pertion of the rencwable oil in a solvent; and ¢}
upgrading the renewable oil in the solvent by a reethod comprising: hydrotreating the renewable odl in the solvent in
the presence of a catalyst. at a temperatare of from about 300 degrees C to about 500 degrees (; a total pressure
and/or hydrogen partial pressure of from about 800 psi to about 3000 psi; a space velocity from about 0.1 volume of
oil per volume of catalyst per hour to about 18 volame of oil per volume of catalyst per hour; and a hydrogen feed
rate of from about 10 m® Hy/m® dissolved oil to about 1700m’ Hyn' dissolved oil, to obtain a hydrotreating efffuent.
In one embodiment, prior to step a), step b), and step ¢) the renewable oil was not refined-bleached-deodorized
(RBD)}. In other embodiments, the method further comprises, separating a hydrotreated oil from the hydrotreating

effhuent; and further upgrading the hydrotreated o1l by sending the hydrotreated oil or a fraction thereof to one or
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more of an FCC unit, 2 hydroeracking unit, a hydro isomerization unit, a dew axing unit, a naphtha reformer, ora
anit utilizing Ni/Mo, Co/Mo, NiYW, a precious metal, a noble metal, a group VHI catalyst, or a zeolite catalyst. In
other smbodiments, the solvent is naphtha, diesel, kerosene, light gasoil, heavy gasoil, resid, heavy cmude, dodecane,
a cyclic solvent, an aromatic solvent, a hydrocarbon solvent, crude oil, any product obtained after distillation of
crude oif and/or the further refining of crude oil fractions, or any combination thereof. In yet other embodiments, the
space velocity is from about 0.1 volume of oil per volume of catalyst per hour to about 6 volume of oil per volume
of catafyst per hour; from about 0.2 volume of oil per volume of catalyst per hour to about 5 volume of o1l per
vohime of catalyst per houor; from about 8.6 volume of oif per volame of catalyst per hour to about 3 volume of oil
per vohume of catalyst per hour; or abount 1.0 volame of oil per volame of catalyst per howr. [n some embodiments,
the hydrogen feed rate is from about 160 m’ Hy/m” dissotved oil to about 1400 m’ Hy/m® dissolved oil; from about
100 m® Hy/m® dissolved ol to about 1000 m’ Hy/m® dissolved oil; from abouat 100 m Ho/ns dissolved oif {0 about
800 m” Hy/mw” dissolved oil; from about 200 m’ Hy/m® dissolved oif to abowt 500m’ Hy/nt’ dissolved oil; or about
609 m” Hy/m’ dissolved oil. Tu yet other embodiments, the total pressore and/or hydrogen partial pressare is from
about 1000 psi to about 2000 psi, about 1500 psi to about 2000 psi; or selected from the group consisting oft 1600
pst to 1100 psi, 1100 psi to 1200 psi, 1280 psi to 1300 psi, 1300 psi to 1400 psi, 1400 psi to 1500 psy, 1500 psito
1660 ps1, 1600 psito 1700 psi, 1780 pst to 1800 pei, 1800 pst {o 1900 pst, 1900 pst to 2000 psi, 2800 psi to 2100 psy,
2160 psi o 2200 pst, 2200 psi to 2300 psi, 2300 psi to 2400 pst, 2468 psi to 2500 pai, 2500 pst 1o 2606 psi, 2600 psi
to 2760 psi, 27006 psi to 2800 psi, 2800 psi to 2900 pst, and 2900 psito 3800 psi. In sore embodiments, the
temperatare 15 in a range selected from a growp consisting of 300 to 310, 310 t0 326, 320 10 336, 330 to 340, 340 o
330, 350 t0 360, 360 10 370, 370 to 380, 380 t0 390, 390 to 406, 400 t0 410, 410 to 420, 420 10 430, 430 to 440, 440
to 456, 450 to 460, 460 to 470, 470 to 480, 480 t0 490, and 499 1o 500 degrees €. Tn still other embodinents, the
catalyst is a large-pore catalyst selected from the group consisting of petroleun residunovbitemen hydrotreating
catalysts; the catalyst comprises NvMo and/or Co/Mo on an ahinuna or a silica-alumina support; or the catalyst is
characterized by having a pore structure comprisiag macro-pores and characterized by BET surface areas i the
range of about 10 m*/g to about 350 m’/g or about 150 m’/g to about 250 m'/g; micropores in the average diameter
range of about 30 Angstroms to about 200 Angstroms, or macropores in the range of about 1000 Angstroms to about
3000 Angstroms. In other embodiments, the method further comprises, either prior to step b} or after step &),
thermally treating the rencwable oil prior to hydrotreating, by raising the renewable oil o 2 femperature in the range
of zbaut 300 to about 600 degrees C, and holding at about that temperature for a held time in the range of § minutes
to about & hours, about .25 to about § hours, or about 0.3 to about 2 hours, In another embodiment, the therma
treatment 18 conducted at fess than 1000 psi. In other embodiments, the thermal treatment ts conducted in a range of
about atmospheric to about 300 psi. In one embodiment, no hydrogen is added to the thermal treatment process. In
one embodiment, the method farther comprising fluid-catalytic~-cracking (FCC) the hydrotreated oil. In other
embodiments, the bionass is algal biomass; the algal biomass comprises microalga and/or macroalga; the microalga
is a cyanobacterium,; the microalga is a Desmodesmus, Spirulina, or Nanmochiloropsis species; or the
Nawmmochioropsis speeies is Nannochloropsis saling. Also provided herein is a hydrotreating effluent made by any

one of the method embodiments described above.
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10828}  Also provided herein is a hydrotreated efflaent made by the process oft a) providing a renewable oil
obtained from a biomass; b) dissolving at least a portion of the renewable ol in a solvent; and b) upgrading the

renewable ol m the solvent by a method comprising: hydrotreating the renewable o1l in the solvent at a temperatare

800 pai to about 3000 psi: a space velocity from about 0.1 volume of ot per volume of catalyst per houor to about 10
volume of oil per volume of catalyst per hour; and a hydrogen feed rate of from about 10 nv’ Hy/nt' dissolved oil to
about 800m’° Hy/m’ dissolved oil, to obtain the hydrotreating effuent. In one embodiment, prior o step a}, step b),
and step ¢} the renewable oil was not refined-bleached-deodorized (RBD}. In other embodiments, the method further
comprises, separating a bydrotreated oil from the hydrotreating effluent; and further npgrading the hydrotreated oil
by sending the hydrotreated oil or a fraction thereof to one or more of an FCC unit, 2 hydrocracking ynig, a
hydroisomerization unit, a dewaxing untt, a naphtha reformer, or a unit wtilizing NvMo, Co/Mo, NYW, a precions
metal, a noble metal, a group VI catalyst, or 3 zeolitic catalyst. In other embodiments, the seivent is naphtha,
dicsel, kerosene, hight gasoil, heavy gasoil, resid, heavy crade, dodecane, a cyclic solvent, ant aromatic sobvent, a
hydrocarbon solvent, crude oil, any product obtained after distillation of crude oil and/or the further refining of
crude oif fractions, or any combmation thereof. In yet other snibodiments, the space velooity is from aboot 8.1
volume of oil per volurae of catalyst per hour to about 6 volure of ol per volume of catalyst per hour, fror about
0.2 volame of otl per velume of catalyst per hour to abowt 5 vohume of oil per volurae of catalyst per houwr; from
about 0.6 volume of ofl per vohume of catalyst per hour to about 3 volume of otl per volurae of catalyst per hour; ox
about 1.0 volume of ol per volume of catalyst per hour. In some emboduecats, the bydeogen feed rate is from about
100 0 Hy/od dissolved ol to about 1400 m Hy/m® dissolved oil; from about 100 o’ Haof' dissolved oil fo about
1000 m” Ho/m® dissolved il from about 100 e’ Hao/me® dissobved oil to about 800 o’ Ha/me® dissolved oil; from
about 200 o’ Hy/or' dissolved oil to ahout 500m” Fiy/m” dissolved oil; or about 606 m® Hy/m' dissolved oil, Inyet
other erabodiments, the total pressure and/or hydrogen partial pressure is from about 1000 psi to about 2000 pa,
about 1500 psi to about 2000 pst; or selected from the group counsisting oft 1000 psi to 1100 psi, 1106 psito 12060
psi, 1200 psi to 1300 pst, 1300 psi to 1400 psi, 1400 psito 1500 psi, 1500 psito 1600 psi, 1660 psi to 17060 psi, 1700
psi to 1800 psi, 1800 psi to 1900 psi, 1900 psi to 2000 psi, 2000 psi to 2100 psi, 2100 psi to 2200 psi, 2200 psito
2300 psi, 2300 psi to 2400 psi, 2400 psi to 2500 psi, 2500 psi to 2600 psi, 2600 psi to 2766 psi, 2700 psi to 2800 psy,
2800 psi to 2900 psi, and 2900 psi to 3000 psi. In some embodiments, the temperature is in arange selected from a
group consisting of: 300 10 310, 310 10 320, 320 to 330, 330 to 340, 340 to 350, 350 to 360, 360 w0 370, 376 to 380,
380 t0 390, 390 to 400, 400 t0 410, 410 t0 420, 420 10 430, 436 10 440, 440 10 450, 450 10 460, 460 10 470, 476 10
4803, 480 to 490, and 490 to 500 degrees C. In still other embodiments, the catalyst is a large-pore catalyst selected
from the group consisting of petroleum residuum/bitumen hydrotreating catalysts; the catalyst comprises Ni/Mo
and/or Co/Mo on an alumina or a silica~aluniina support; or the catalyst s characterized by having a pore stracture
comprising macro-pores and characterized by BET surface areas in the range of about 10 m™/g to about 350 m™/g or
about 150 m'/g to about 250 m’/g; micropores in the average diameter range of about 50 Angstroms to about 200
Angstronis; or macropores in the range of about 1000 Angstroms to about 3000 Angstroms. In other embodiments,

the method further comprises, either prior to step b) or after step b), thermally treating the renewable oil prior to
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hydrotreating, by raising the rencwable o1l to a temperature in the range of about 300 to about 600 degrees C, and
holding at about that temperature for a hold time i the range of § minutes to about 8 hours, about 0.25 to about ¥
hours, or about 0.5 to about 2 hours. In another embodiment, the thermal treatment is conducted at less than 1000
psi. In other embodiments, the thermal treatment is conducted in a range of about atmospheric to about 300 psi. In
one embodinent, no hydrogen is added to the thermal treatment process. [n one embodiment, the method further

comprising ﬂuid—camiytic-cracking (F CC) the hydrotreated oil. In other embodiments, the biomass is aigai biomass;

De:‘snfz::zdesmz,.'s,, Spiruling, ot qunnodzlorqysis species; ot the j\(qimodzlorqysis species is ]\/’cznno::?hlor-iy}sis saling
{6823}  Also disclosed heremn 5 a method of upgrading a renewable oil extracted from agoatic biomass, the method
comprising: a) providing a renewable oil feed extracted from aguatic biomass, the renewable ol feed comprising
fess than 10 arca %% saturated hydrocarbons, 15 to 60 area % fatty acids, over 3 wt% nitrogen, and over 5 wt-%
oxygen, wherein area % 1s measored and caleulated from HT-GC-MS analysis; b} hydroprocessing the renewable o1l
feod by a method comprising hydrotreating the renewable ot feed over hydrotreating catalyst at one or more
pressures 1o the range of 1000 to 2000 psig in the presence of added hydrogen; and ¢} separating a Hquid oil product
from the bydrotreating effhuerd, wherein the baquid oif product has a lower botling point distribution than the
renewable oil feed and containg lower heteroatoms, lower fatty acids, and lower amides than the renewable oil feed.
In some embodiments, the pressure is 10 a range selected from the group consisting of: 1000 to 1856, 1050 10 1100,
116010 1150, 1150 to 1200, 1200 to 1250, 1256 o 1300, 1300 to 1350, 1350 to 1400, 1400 o 1450, 1450 10 1500,
1500 to 1550, 1550 to 1600, 1600 to 16506, (650 to {700, 700 to 1750, 1750 fo 1800, 1800 to 1850, 1850 10 1900,
1960 to 1958, and 1930 to 2000 psig. In other embodiments, the hydroprocessing is performed at 2 temperature
the range of 369 to 560 degrees C. In yot other embodiments, the teraperature is 18 a range selected from a group
conststing oft 300 to 310, 310 to 320, 320 to 330, 330 to 348, 340 10 350, 350 10 360, 360 10 370, 370 10 380, 380 w
390, 390 t0 400, 400 t0 410, 410 10 420, 420 to 430, 430 to 446, 440 t0 450, 450 to 460, 460 10 470, 476 to 480, 480
to 490, and 490 to 560 degrees C. In one emebodiment, the hydroprocessing inereases saturated hydrocarbons from
ess than 10 area % in the renewable ol feed to over 70 arca % in the liquid o1l product, wherein area % is
determined by HT GC-MS. In another embodiment, the hydroprocessing reduces nitrogen from over 3 wt-%o in the
renewable ol feed to less than 2 wi-% in the liquid oil product, reduces oxygen from over 5 with 1o the renewable
oil feed to less than or equal to 0.5 wt-%, in the Bquid ot product, reduces free fatty acids from 15 to 60 area -% in
the renewable oil feed to less than .05 wt-% in the Hguid a1l produoct and wherein the hydroprocessing increases

.,/

saturated hydrocarbons from less than 10 area % in the renewable oil feed to over 60 area %% 1o the liquid od
product, wherein area % is determined by HT GU-MS. In yet another embodiment, the hydroprocessing step further
reduces acid amides from over ¥ wt-% in the renewable oif feed to less than 0.05 wt-% in the liquid oil product. In
one embodiment, the renewable oil feed contains greater than 80 mass % 630 degrees F + TBP boiling material and
the liquid ol product has been cracked in the hydroprocessing step and contains less than 70 mass % 630 degrees F
+ TBP boiling matenial. In another embodiment, the renewable ol feed contains less than 10 mass % 400 - 630
degrees F TBP boiling material and the liguid oil product has been cracked in the hydroprocessing step and contains

greater than 30 mass % 400 - 630 degrees F TBP boiling material. In yet another embodiment, the renewable oil
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feed contams [ess than 10 mass % 400 - 630 degrees F TBP boiling matenial and the ligmd oil product has been
cracked in the hydroprocessing step and contains greater than 40 mass % 400 - 630 degrees F TBP boiling material.
In one embodiment, the liquid oil product has been cracked in the hydroprocessing step and contains 3-0 mass-%
boiling at 260 to 400 degrees F, 6 to 10 mass-% boiling at 400 to 490 degrees F, 20 to 40 mass-% boiling at 480 1o
630 degrees F, and 35 to 40 mass-% boiling at 630 to 1020 degrees, and 10 to 27 mass-% boiling at 1020 + degrees
F. In yet anothier embodiment. the hydroprocessing effluent is distified into fractions and at [east one fraction is
recycled for additional hydroprocessing to further crack the at least one fraction. In another embodiment, the

renewable il feed is an algae o extracted from algae biomass.

BRIEF DESCRIFTION OF THE BRAWINGS
{0822} These and other featares, aspects, and advantages of the present mvention will become better understood
with regard to the folowing deseription, appended claims and accompanying figures, where:
{6823} Figare 1 is a photo of ail upgraded product samples from the seven expenments ("runs” [SEBR, 2SEBR,
33EBR, 4SEBK, 5SEBR, 6SEBR, and 73EBR, left to right) of EXAMPLE 1 of this disclosure, wherein the
processes and/or the prodocts may be some but not the only embodiments of the invention.
(6824} Figure 2 is a distillation curve overlay, of three of the experirnents of Figare 1, that is, | SEBR -3 SEBR,
compared to the algas ot feed.
[6825] Fignre 3 is a distiliation curve overlay, of three other of the experiments of Figure 1, that is, 4 SEBR -6
SERR, compared to the algae oil feed.
(6826} Figunre 4 15 2 distiliation curve overlay, of the one thermal experiment {(without catalyst) of Figure 1, that is
7 SEBR compared to the algac oil food.
{6827 Figure § is a bar-graph showing % raass fraction of 6 fractions cormmonly vsed in petroleyrs refining, for
the oil products of 1 SEBR -3 SEBR of Figure 1 and Figure 2 conpared to algae ail feed.
{6628} Figure 6 s 2 graph showing % mass fraction for the 1 SEBR - 3 SEBR oil products and algae oil feed of
Figure §.
0829} Figure 7 is 2 bar-graph showing % mass fraction of the 6 fractions commouly used in petroleum refining,
for the ot products of 4 SEBR - 6 SEBR of Figure 1 and Figure 3 compared to algae ol feed.
[6938] Figure § is 2 graph showing % mass fraction for the 4 SEBR ~ 6 SEBR oil products and algae 01l feed of
Figure 7.
[6031] Figure 9 is a bar-graph showing % mass fraction of 6 fractions, for the oil product of 7 SEBR of Figure |

and Figure 4 compared to algae oil feed.

[$632] Figure 10 is a graph showing % mass fraction for the 7 SEBR oil product and algae oil feed of Figure 9.
(6033 Figure 11 1s a HT GC-MS chromatogram of the algac oil feed of EXAMPLE 1 and EXAMPLE L
[0034] Figure 12 ic a HT GC-MS chromatogram of the oil product of 1SEBR.

[6035] Figure 13 1s a HT GC-MS chromatogram of the ot product of 3 SEBR.

[0036] Figure 14 is a HT GC-MS chromatogram of the il product of 3 SEBR.

{037 Figure 15 is a HT GC-MS chromatogram of the oil product of 7 SEBR.
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10438} Figure 16 i3 a bar-graph of peak area % of compound groups, neasured by HT GC-MS, m il products
from 1 SEBR -3 SEBR, compared to the algae oil feed.

10839] Figare 17 13 a bar-graph of peak area % of compound groups, measured by HT GC-MS, m ol products
from 4 SEBR - 6 SEBR, compared to the algae oil feed.

[0048] Figure 18 is a bar-graph of peak area % of compound groups, neasured by HT GC-MS, m il product
from 7 SEBR, compared to the aigae oil feed.

10041} Figare 19 13 a comparison of HT GC-MS chronatograms of the oil products from T SEBR (EXAMPLE T}
and 8 SEBR (EXAMPLE ), iflustrating the effect of a temperature change from 350 degrees C (1 SERR) 10 375
degrees C {8 BEBR).

0842} Figure 28 1s a companison of HT GC-MS chromuatograms of the oif products from 4 SEBR (EXAMPLE I}
and 9 SEBR (EXAMPLE 1}, iflustrating the cffect of a residence time change from | howr (4 SEBR} to 2 howurs (9
SEBR}.

[6843} Fignre 21 iz a companson of HT GC-MS chromatograms of the oif products from 4 SEBR (EXAMPLE 1}
and 10 SEBR (EXAMPLE 11), itlustrating the effect of a pressure change from 1000 psig (4 SEBR) to 1950 psig (10
SEBR}.

(6844} Figure 22 is a bar-graph of peak arca % of compound groups, racaswred by HT GC-MS, 1n oil products
from | SEBR (EXAMPLE 1} and 8 SEBR (EXAMPLE IE), compared to the algac oil feed.

[6845] Fignre 23 is a bar-graph of peak area % of compound groups, measured by HT GC-MS, 1 oif products
from 4 SEBR (EXAMPLE 1}, 9 SEBR (EXAMPLE 1i) and 16 SEBR (EXAMPLE I}, compared to the algae ol
feed.

{6846} Figure 24 is a graph comparng chromatograms (“fingerprings”}, compound gronps, and clemental analysis
of an algae oil feed according to one embodiment of the invention and an example HVGO, Figure 24 shows that
algac oil feed 1s in the HVGO betling point range.

[6647] Figure 25 is a Boduszynski Plot {C number versus AERP), modified to include an indication {arcow) of the
location of an algae oil feed according to many embodiments of the invention.

(048] Figure 26 is a graph comparing chromatograms (“fingerprings”), componad groups, and elemental analysis
of the oif product from Run 6 SEBR (EXAMPLE D) and an example jet-A fuel,

[6049] Figure 27 is a graph comparing chromatograms (“fingerprints”) of the ol product from Run 8 SEBR
{(EXAMPLE II} and an example jet-A fuel

[60S6]  Figure 28 is a plot of weight percent conversion vs. catalyst/oil ratio for the MAT testing of EXAMPLE
111, which is predictive of performance m a fluidized catalytic cracking (FCC) umit, for a Nannochiorepsis-derived
crude algag oif and a reference vacuum gas oil (VGO

[0051] Figure 29 is a plot of coke yield (wi%) vs. conversion {wt%) from the MAT testing of EXAMPLE I for
the two feedstocks of Figure 28.

[0052] Figure 30 is a plot of weight percent conversion vs. catalyst/oil ratio for the MAT testing of EXAMPLE

111, wherein MAT test results using the three hydrotreated algae oils of EXAMPLE | ave added to Figare 28.
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104853} Figure 31 i3 a plot of coke vield {wt %) vs. conversion {(wt %), wherein test results for the three
hydrotreated algae oils of EXAMPLE T are added to the plot of Figure 29.

[6054] Figure 32 - Figure 37 are plots of the yields from the MAT testing of EXAMPLE 11, specifically gasoling
yield (Figure 32), LCO yield (Figure 33), DCO yield {Figure 34), and TC2, TC3 AND TC4 in Figure 38, Figure
36, and Figare 37, respectively.

[6053] Figure 38A and B show o1 products after upgrading.

10056] Figares 394, B, C and D, show boiling pownt distribution plots of upgraded oil products from Ron |
described in EXAMPLE VI The y-axis represents boiling point in degrees C and the K-axis represents mass
percentage recoversd,

0857} Figures 404, B, C and B, show boiling point distribution plots of upgraded otl products from Ren 2
described in EXAMPLE VHI The y-axis represents boiling point in degrees C and the x-axis represents mass
percentage recovered,

(6858} Figures 414, B, C and B, show bailing pomt distribution plots of upgraded oil products from Ron 3
described in EXAMPLE VI The y-axis represents boiling point in degrees C and the x-axis represents mass
percentage recovered,

[6839] Figure 42 shows 2 HT GC-MS analysis of Run 1 and Ron 2 of EXAMPLE VIIL The firet bar of each set of
two bars is from Run 2 and s shown as the sermalized arce percent Desmodesmus (hexane extracted), the second
bar of each set of two bars 18 from Ron | and i3 showa as the normalized area percent Spireding (hexane extracted),
The Y-axis 1s normalized area percent and the x-axis lists various corapound types. The mumber of carbons mereases
from left to right,

[6868] Figure 43 shows a HT GC-MS analysis of Run 1 and Ron 3 of EXAMPLE VilL The first bar of cach set of
two bars is from Run [, the second bar of each set of two bars is from Run 3. The Y-axis is normalized area percent
and the x-axis lists various compound types. The nwuber of carbons mercases froo left to right.

{6688} Figure 44A shows the boiling point distribution plot of the light fraction of Run 4. The y-axis represents
parcentage vield and the ¥-axis represents temperature 1o degrees C.

[6062] Figure 44 B shows the boiling point distribution plot of the heavy fraction of Run 4. The y-axis represents
percentage yield and the x-axis represents temperature in degrees C.

(6083} Figure 45A shows the boiling point distribution piot of the light fraction of Run 5. The y-axis represents
percentage vield and the x-axis represents temperature in degrees C.

[6064] Figure 458 shows the boiling point distribution plot of the heavy fraction of Run S. The y-axis represents
percentage vield and the x-axis represents temperature in degrees C.

[0065] Figure 46A shows a HT GC-MS chromatogram of the oil product from the light fraction of Run 4. The y-
axis represents abundance and the x-axis represents time in minutes.

[0066] Figure 468 shows a HT GC-MS chromatogram of the oil product from the heavy fraction of Run 4. The y-
axis represents abundance and the x-axis represents time m minutes.

(0067 Figure 47A shows a HT GC-MS chromatogram of the oil product from the light fraction of Run 5. The y-

axis represents abundance and the x-axis represents time in minutes.
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[0668] Figure 47B shows a HT GU-MS chromatogram of the ot product from the heavy fraction of Ron 5. The v-
axis represents abundance and the x-axis represents time in mimites.

[0069] Figure 48 shows a HT GU-MS chromatogram of the hydrotreated oil product from 7SEBR. The y-axis
represents abundance and the x-axis represents time in minutes.

10878] Figore 49 shows a HT GO-MS chromatogram of the hydrotreated oif product from 108EBR. The y-axis

represents abundance and the x-axis represents time in minutes.

BETAILED DESCRIPTION
[6878} Referring to the [ollowing Examples, inchiding the Tables and Figures, there are described several but not
alt of the methods and compositions of matter according to embodiments of the invention. Certain methods
comprise thermal processing and/or catalytic hydroprocessing of algae ol feeds or fractions thereof. The methods
may further comprise subsequent processing of the liguid oil products from the thermal processing and/or catalytic
hydroprocessing, for example, by fluid catalytic cracking (FCC). Certain compositions of matter may comprise the
products from these methods.
{6872} The algae oils fed 1o these varions processes and combinations of processes are snusual i that they are
biccrudes, containing a wide range of compounds {very different from igh-triglveende vegeiables oil) and
contaming compounds rare or now-cxistent 1 fossil petralenm. The aigae oi feedstocks may be obtaned from algac
biornass by vanous methods and be of various compositions, for example, inchiding but not necessarily Himited to
the methods of treatrent/extraction and the compositions described in U.S. Provisional Patent Applications Senal
No. 61/367,763, filed July 26, 2010; Serial No. 61/432,006, filed Janmary 12 i; Serial No. 61/521,687, filed
August 2, 20115 and Sertal No. 61/547,391, filed October 14, 2011, all of which provisional apphications are
incorporated heretn by this reference, The algae otl feedstocks and/or products resulting from the upgrading
processes of this disclosure may be analyzed and optimized, for example, by methods comprising the analytica
methods disclosed in Application Serial 61/547391 (incorporated herein). Thermal treatment processes that may be
used i crubodiments of this disclosure inchide, for example, those disclosed in Provisional Applications Serial No.
61/504,134, filed July 1, 2011 and Serial No. £1/552,628, filed October 28, 2011, which are both incorporated
herein by this reference
(6673}  Certain processes of this disclosure may be batch or semi-batch, for example. In large-scale processing
such as in a refinery, however, most of the processes will be continuous, wherein feed zad 2 hydrogen stream flow
continvousty through one or more reactors and the hydrogen is separated from the efffuent and recyeled to the
reactor(s). The oil separated from the reactor effhuent (that 1s, separated from gasses/light ends in the reactor
effhient), will be typically fod to downstream processing, but alternatively, fractions of the oil separated from the
reactor effluent may be fed to different downstream processes.

96741 Algae Strains and Growing Conditions for Biomass

{6075 The renewable crude oils of this disclosure may be extracted by various means from biomass that has been
alive within the last 30 years. The renewable crude 01l may be extracted by various means from of naturally-

occurring non-vascular photosynthetic organisms and/or from genetically-modified non-vascular photosynthetic
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organispis. Genctically modified non-vascular photosynthetic organisnis can be, for example, where the chloroplast
and/or nuclear genone of an algae is transformed with a gene(s) of interest. As used herein, the term non-vascular
photosynthetic organisn includes, but is not hmited to, algae, which may be macroalgae and/or microalgae. The
term microalgae includes, for example, microalgae (such as Nannochioropsis sp.}, cyanobacteria (blue-green algae),
diatoms, and dinoflaggellates. Cmde algae oil may be obtained from said naturally-occcurring or genctically-
modified algae wherein growing conditions (for example, nutrient levels, light, or the salinity of the media) are
controlled or altered fo obtain a desired phenotype, or to obtain a certain lipid composition or lipid panel.
[6876] In certam embodiments of this disclosare, the biomass is substantiaily algae, for example, over 39 wt%
algae, or over 90 wit % algae, or 95 -~ 100 wi% algae (dry weight}). Iu the Examples of this disclosure, the algae oil
feedstock is obtained from biomass that is photosynthetic algae grown m Hght. Other embodiments, however, may
comprise obtarmmng algae biomass or othier “host organisms” that are grown i the absence of bght. For example, in
some instances, the host orgamisms may be photosynthetic organisms grown in the dark or organisms that are
genetically modified i such a way that the organisms” photosynthetic capability is diminished or destroyed. In such
growth conditions, where a host organism is not capable of photosynthesis (e.g., because of the absence of light
and/or genetic modification), typrcally, the organism will be provided with the necessary nutrients to sapport growth
n the absence of photosyathesis. For example, a colivre mediorn i (or on) which an organism s grown, may be
supplemented with any reguired nutnient, including an organic carhon source, witrogen scieee, phosphorous sourcg,
vitamins, metals, lipids, oucleic acids, wicromutrients, and/or an organism-specific requirement. Organic carbon
sources include any source of carbon which the bost organisiu is able to metabolize inclading, but not Hunited to,
cetate, simple carboliydrates {e.g., glucose, sucrose, and Iactose}, complex catbohydrates (e.g., starch and
glvcogen), proteins, and lipids. Not all organisms will be able to sufficicotly metabolize a particular nutrient and
that putrient mixtures may need to be modified frore one organism to another 1 order w provide the approprate
putrient mix. One of skill 1n the art would know how to determine the appropriate nutrient mix.
{6677} Scveral, but not the only, examples of algae from which suitable oil may be extracted are Chlamvdomonas
sp., Dunalielia sp., Scenedesmus sp., Desmodesmus sp., Chiorella sp., Desmid sp., and Nannochloropsis sp.
Examples of cyanobacteria from which suitable crude oif may be obtained include Synechococcus sp., Spirulina sp.,
Synechocystis sp. Athrospira sp., Prochiorococcus sp., Chroococcus sp., Glevecapsa sp., Aphanocapsa sp.,
Aphanothece sp., Merismapedia sp., Microcysiis sp., Coelosphaerium sp., Prochiorothyix sp., Oscillatoria sp.,
Trichodesmium sp., Microcoleus sp., Chroococcidiopisis sp., Anabaena sp., Aphanizomencn sp.,
Cylindrospermopsis 8p., Cvliindrospermum sp., Tolypothrix sp., Lepiolyngbya sp., Lyngbya sp., ot Scyionema sp..

A

$678] Hydrothermal-Treatment of Biomass, with Acidification, for Production of Crude Algae il

[
{06079 While the renewable crude oils of this disclosure may be extracted by various means from naturally-
occurring non-vascular photosynthetic organisms and/or from genetically-modified non~vascolar photosynthetic
organisms, the algae oils of particular interest have been extracted from hiydrothermally treated algae biomass.
Various solvents may be used, for example, heptanes, hexanes, and/or methy! isobutyl ketone (MIBK). Certain
embodiments of the hydrothermal treatment comprise an acidification step. Certain embodiments of the

hydrothermal treatment comprise heating {for clarity, here, also called “heating to a first temperature™), cooling, and
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acidifying the biomass, followed by re-heating and solvent addition, separation of an organic phase and an agueous
phase, and removal of solvent from the organic phase to obtain an oleaginous composition. A pretreatment step
optionally may be added prior to the step of heating to the first temperature, wherein the pretreatment step may
cornprise heating the biomass {typically the biomass and water composition of step (a) below) to a pretreatment
temperatare (or pretreatment temperatyre range) that 1 lower than said first temperature, and holding at about the
pretreatment temperature range for a period of time. The first temperature will typically be in a range of between
about 250 degrees C and about 360 degrees, as tHustrated by step (b) listed below, and the pretreatment temperature
will typically be in the range of between about 80 degrees C and about 220 degrees C. lu certain embodiments the
holding time at the pretreatment temperature range may be between about 5 mingtes and about 60 minutes. In
certain embodiments, acid may be added during the pretreatment step, for example, to reach a biomass-water
composition pH i the range of about 3 to about 6,

{6386} The hydrothermal extraction methods used for the algae ol feed embodiments detatled in the Examples of
this document were extracted from algae biomass by the processes described 1 U.S. Patent Application Serial No.
61/367,763, filed July 26, 2010 and Serial No. 61/432,006, filed January 12, 2011 {both incorporated herein). It
should be noted that the extraction methods may be conducted as a batch, contimuous, or combined prosess.
Specifically, unless otherwise specified heretn, the extraction procedures for the crade algac oils of the Exarapies
Were:

a} Obtaining an agueous composition comprising said biomass and water;

b) Heating the aquscus composition in a closed reaction vessel to a first teraperature between about 250
degrees C and about 360 degrees C and holding at said first temperature for a time between 0 aad 60 minutes;

¢} Cooling the agusons composition of (b) to a temperature between arabient wmperature and about 150
degrees C;

d) Acidifying the cooled agueous coraposition of (¢} to 2 pH fronabout 3.0 to less thas 6.0 to produce an
acidified composttion;

¢} Heating the acidified conposition of {d} 10 a second temperature of between about 30 degrees C and
about 150 degrees C and holding the acidified composition at said second temperature for between about § and
about 30 muinutes;

) Adding 1o the acidified composition of {¢) a volume of a solvent approximately equal in volume to the
water in said acidified comaposition to produce a solvent extraction composition, wherein said sclvent is sparingly
soluble in water, out cleaginous compounds are at least substantially soluble in said solvent;

g) Heating the solvent extraction composition in closed reaction vessel to a third temperature of between
about 60 degrees C and about 15¢ degrees C and holding at said third temperature for a period of between aboyt 15
minttes and about 45 numites;

i) Separating the solvent extraction composition info at least an organic phase and an agueous phase;

1) Removing the organic phase from said aqueous phase; and

1) Bemoving the sobvent from the organic phase to obfain an oleaginous composition,
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10883} Multiple solvent extractions can be performed, for example, steps f) 10 §) can be repeated several imes. The
solvent extraction composition of step g} can be heated to ambient (about 25 degrees C) to about 200 degrees C, or
about 80 degrees € to about 120 degrees O

[0882] Characteristics of Crude Algae Oi from Hydrothermally-Treated {HTT) Biomass

10883}  As stated in the Background section, algae oils produced in commercially-scaleable and economic
processes do not consist of exclusively triglycerides and fatty acids, but rather comprise a wide variety of
compounds, many of which are not present i fossil petroleum or oils from o1l sands, coal and shale o1l Certain of
these complex crude algae oils are those obtained from the HTT methods of this disclosure. These extracted crude
algae oils may be described as foll boiling range algac oils, which, i this disclosure, means the oleaginous matenial
obtained from the extraction without subseguent distillation/fractionation. H distiflation/fractionation is done after
extraction. varions fractions of the extracted algace oil may be obtained a3 desived, wherein the volume of a particular
fraction will be dependent upon the botling pot distribution of the full-boiling-range algae oil. Worked Exampiles |
and H of this document utilized 8ill-boiling-range (not fractionated) crude algae oil feeds from Nannochioropsis
salina. 1t should be understood, however, that fractions of the crude algae oils may be feedsiocks for certain
processes of this disclosare, and/or that fractions of upgraded oil product from certain processes of this disclosure
may be subsequenily processed by additional processes of this disclosure or by additional physical or cheraical
processes.

[6884] EA and HT GC-MS methods of this disclosure (ucludiag 1n the Provisional Patent Applications
incorporated herein), show that these complex crude algae oils conprise & wide range of corapounds, mcloding a
significant amouvnt of 1020 degrees F+ material and a sigmficant areount of currently-vmidentifiable material. EA
has shown greater than 5 arca % oxygen {and more typically 6 — 10 arca % oxygen), greater than 3 area %o nitrogen
{and roore typically 3.5 - 6 avea % nifrogen), less than 2 area % solfur (and more typically less than 1.5 area %
sulfury, and hydrogen to carbon molar ratios of greater than 1.5 {and more typically 1.6 — 2.1}, Of the total peak arca
of HT (GC-MS chronmatograns, less than 16 arca % has been identificd as saturated hydrocarbons, less than 10 arca
% has been identified as aromatics, and greater than 13 arca % has been identificd as fatty acids. Also, of the total
peak area, | — 2 area % has been identified as nitriles, 1 — 15 area % has been identified as amides; over 5 area %
has been identificd as sterols plus steroids, and 1 - 10 arca % and [ - 15 area % has been identified as nitrogen
compounds and oxygen compounds (other than fatty acids), respectively. The complex crude algae oils of this
disclosure muay also contain fatty acid esters, sterols, carotenoids, tocopherols, fatty alcohels, terpenes, and other
cotpounds, but typically only a small amount of triglyeerides, for example, <1 area %, < 0.1 area %, or < .01
triglycerides.

[0085]  In addition, metals contained in algae oils may be of particular interest, as they will affect upgrading
selections because of possible metals-caused catalyst deactivation/poisoning. Certain HT'T methods disclosed in
Provisicnal Patent Application Serial No. 61/367,763 and Serial Number No. $1/432,006 (both facorporated heretn)
comprise an acidification step that may reduce metals content in the crude algae off. Examples of the metals
contained in crude algae oil by various HTT methods are shown tn Provisional Patent Application Serial No.

61/367,763 and 61/43Z2 006, and metals reduction absolute values and/or percentages may be calculated therefron.
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10486} The wide range of compound types m crade algae oils, including many compounds other than fatty acids, is
unexpected i view of the relatively simple, riglyceride otls from vegetables and plants oils, and is unexpected even
in view of the fatty acid moicties that might be obtained from hydrolysis of triglyceride cils. Further, this wide
range of compound types may be disconcerting to petroleum refiners, whose refineries are typically designed for
fossil petroleum comprising mainly saturated hydrocarbons and aromatics. The high acid, nitrogen and oxygen
content, metals, heavy materials, and currently-unidentifiable materials of the crude algae oil may cause concern for
fossil petroleum refiners, who avoid feedstock changes that might cansc operating upsets, shortened catalyst life,
and/or corrosion of equipment.

[6887F The oxygen content of these complex crude algae oils may be explained by the many carbonyl groups,
mainly of fatty acids in the algae oil. A wide range of oxygen content may be seen, for example, 1 - 35 wie, but
more typically oxygen content s typically 5 ~ 35 wi% and more typically 5 15 wi%. The fatty acid moictics may
range, for example, from about 4 to about 30 carbon atoms, but typically 10 to 25 carbon atoms, and even more
typically, 14 to 20 carbon atoms. The fatty actd moieties most commonly are saturated or contain 8, 1, 2, 3, or more
double bonds (but typically fewer than six}.

[6888]  In the Examples, the algae ol feeds have not been subjected to any RBD processing (the refimng,
bleaching, and deodorizing process conventionally known and used for high-triglyceride bio-otls), nor subjected fo
any of the individual steps of refining, blcaching or deodorizing, after bemng extracted and before the upgrading
processes of the Exarples. Certain embodiments of this disclosure lustrate that RBD i not necessarily needed for
crude algae od upgrading to refinery foedstocks and/or upgraded products.

(6889 Analytical Methods

(6896} The analytical methods used for the algae ol foeds and the upgraded products discussed herein are those
desertbed in detail wa Provisional Patent Applicaticn Sertal No, 61/547391 (incorporated herein), and with reference
to data shown in Application Serial No. 61/521,687 (incorporated berein). Boting points and botling distribution
curves were obtained by Simulated Distillation (ASTM D7169), wherein data is presented in mass percent boiling at
a given temperature. Corspositional analysis (compownd groups and types) were obtained by gas chrormatography-
flame ionization detector (GC-FID) or HT GC-MS, including advanced and/or specially-reodified methods and
apparatus, wherein the data is reparted in area percent. Compositional analysis {compound groups and types) can be
obtained, for example, using various types of mass spectrometry, such as gas chromatography-mass spectrometry
{GC-MS), high-temperature GC-MS (HT GC-MS), or hquid chromatogr pl v mass spectrometry. One skifled 1o the
art would be able to choose the correct type of mass spectrometry analysis to use, Elemental analysis (EA) was
obtained by using a Perlin Elmer 240 Elemental Analyzer for CHNS/O, in current state-of-the art methods related to
ASTM DB3291 {for C, H, N) and ASTM D1552 and D4239 (for 8}, as are understood by those of skifl in the art,
Nifrogen levels can also be deternuned by ASTM standard D4629
[0091] Many of the crude algae oils of this disclosure may be deseribed as having a broad boiling point rangg, for
example, approximately 300 — 1350 degrees F true botling point. It may be noted that the heavy fraction in the
boiling point distribution is usually reported as 1020 degrees F+, as this is a conventional refinery vacuum

distillation tower cut-point between “distillable” material and “non-distiliable” material. The SIMDIST boiling
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point curves of this disclosure, including the Provisional Patent Applications incorporated herein, allow description
of the 1020 degrees F+ material in more detail, for example, by estimating the 1020 — 1200 degrees T fraction, the
1200 - FBP fraction, and the small portion above the FBP that is “non-detectable” or "non-distilable” even by
SIMBIST. From the Application Serial Number 61/521,687 SIMBDIST boiling curves, one may see that certain
crude algae oils contain a 1020 - 1200 degrees F fraction m the range of about 10 - 18 mass %, a 1200 - FBP
fraction in the range of about 8 — 15 mass%, and a portion fhat is non-detectable/non-distillable by SIMDIST in the
range of about 2 — 5 mass ¥%. Thus, the SIMDIST data 1n this disclosure, including those in Application Serial
Mumber 61/521687, may be described as including compounds up to about C-100 and having boiling points up to
about 1350 degrees F, or, in other words, providing 2 botling pomnt curve of percent off (mass fraction) vs.
temperature vp o about 1350 degrees F. This translates to the SIMDIST equipment and methods used by Applicant
providing data representing over about 93 percent of the matenal in the crade algae o1l but not representing the last
few percent of the material, for example, about 2 - 5 mass percent of the material.
16892} The HT GC-MS procedures and eqaipment used to obtain the data in this disclosure provide
spectral/chromatogram data representing a large portion, but again not all, of the crade algae ol Said HT GC-MS
spectral/chromatogram data represents the crude algae oil portion boiling 1 & range of IBP to abowut 1200 degrees F,
or, in other words, the entire crude algae cil except for approximately the 1200 - FBP fraction and the SIMDIST-
pen-detectable material over the final bothing point. By again referning to the 1200 degrees F cotpomt of the
SIMDIST curves in Application Serial Number 61/521687, one may describe the portion of the crude algae of}
represcated by the HT GC-MS spectra/chromatogeam as about 88 — 90 mass percent of the crude algac oil.
Eﬁﬂ%} Of the total peak area of the crude algae otl HT GC-MS chroraatograras in this disclosure, including those
sphication Serial Number 61/521687, abowt S8 - 75 percent of the peak area may be specifically idestified and
named, This means that the chromatogram is the “fingerpring” of about 50 - 90 reass percent of the crude algae od,
and about 50 - 75 percent of the fingerprint total peak area may be specifically named and categorized by compound
type/class.
[6394] By this same approach, one may see from distillation curves and HT GC-MS data for upgraded algac ol
products of this disclosure and the Provisional Patent Applications incorporate berein, that the upgraded algae off
products typically are lighter 1o botling point than the crude algae o1l containing less 1020 degrees F+ material and
tess 1200 degrees ¥ +material. Therefore, the SIMDIST curves represent about 98 — 100 mass percent of the
upgraded algae oil products, and the HT GC-MS chromatogram total peak area represents a higher percentage
{compared to that of the crde algae oil) of the upgraded algae ol products, for example, about 90 - 160 mass

percent. About 70 — 93 area percent of the total peak area of the upgraded o product chromatograms is identifiable.

EXAMPLES

[6695] Now referring specifically to the following Examples, including the Tables and Figures, there are deseribed
and skown some but pot the only embodiments of the invented upgrading processes and process combinations. Also
shown are some but uot the only embodiments of analyses and other description of the upgraded algae oil

compositions of matter.
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10896}  Extracted algac otls, which comprise a unmigue mixture of molecular specics as disclosed herein, mcluding
in the Provisional Applications ncorporated herem, can be upgraded by thermal or catalytie-hydroprocessing, for
example, for subsequent processing 1n additional processes. Said additional processes may be, for example, thud
catalytic cracking wnits (FCC), isomerization oaits, reforming anits, hydrocrackers, BTX units {for petrochemicals
from aromatics), fabe otl basestock facilities, or other refinery processes. The thermal and/or catabytic-
hiydroprocessing methods of this disclosure, including the optional FCC-cracking step, are unique approaches to
upgrading of renewable oil, in view of the upgrading schemes currently proposed for bio-renewable oils and 1 view
of the differences between algae “biocrude” and fossit petrofeum crude oils.

[0097] LXAMPLEL

0888}  Algae oil feed was produced by hydrothermal treatment and heptane extraction of Nammochloropsis saling,
aecording to the methods listed above i the section entitled “Hydrothermal-Treatment of Biomass, with
Acidification, for Production of Crude Algae Ol”. The hydrothermal treatment step (step b i the methed tisted
above} was conducted at 260 C for 0.5 hour. The resulting algac oil feed was subjected to various hydroprocessing
experiments, including decarboxylation (1SEBR}, hydrogenation (28EBR), hydrogenation foltowed by
decarboxylation (3SEBR), and three variations of catalytic-hydrotreatment (45EBR, S3EBR and 6SEBR). Said
algac otl feed was also subjected 10 a therrnal rus in hydrogen (without catalyst, 7SEBR). The conditions and
catalysts of these experiments are snounarized in Table 1, and the ol products of these experiments are shown in
Figure §,

{6893} Table 3: Calalyst/Process Conditions

1SEBR - (5F1 2EBR - SR JSEBR-SR3 45688 - S S5EBR - CSFS §SEBR - (¥ JSEBR - (8K

decarhoryiated

_ hdrotreated ol hydrotreated ol hydrotrestedoll  hydrotrested of
product from J5E8R

decarbonyiated ol hydrogenated ol

no catalyst, 370°C

M/C,350°C, 300 B/C,200°C, 300p N 350°C, 00psi Bi/Mo, 370°C, 1000 Mi/Mo, 370°C 1500 i, 370°C, 1800

T o o 1800 ps M, bateh

H, semi-Datch reactor H, semibatch reactor H, semi-hatch veactor psiH, hatchreactor psi Hz batch reactor  psi y batch reactor |

’ ’ ' ’ ’ ’ reacior
fiquid semi-figuid semi-lguid sl sl sild semiHiguic

(6188 Experimental runs [ - 7SEBR were condueted in 2 serm-batch reactor (continuons flow of H2 winle the oil,
and catalyst when used (in all runs except TSERR), remained in a well stivred reactor at pressure and temperature).
At the end of cach | howr residence time run, the ol was removed using ciloroform and then conducting a rotary
evaporation {66C under vacoumy) to recover the hydrotreated algal off. The bydeotreated oil was then subjected to
further analyses and is referred to below as the “oil product”. The recovered ol and residual material adhering to
the catalyst exceeded 72% 1o all cases with the remainder of the mass Jost o the bydrogen flowing throogh the

reactor or ruaterial adhering to the reactor, For exarple, the recovered oil and residual material cxceeded 90% in
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the case of 2SEBR, 45EBR and 5SSEBR. Recovered il as & percent of il plus residual material adhering to the
catalyst ranged from a low of 61% for 3SEBR to a high of 100% for ISEBR and 28EBR and values of 75% or
higher for 4-78EBR.

16181} Three variations of catalytic hydrotreating were conducted at the same temperature (370 degrees C) with
the same catalyst, but at three pressurcs ranging from 1000 psi to 1800 psi. Speeifically, 45EBR, 55EBR, and
63EBR were conducted at 1600 psig, 1500 psig, and 1800 psig pressure, respectively.  The hydrotreatment catalyst
was a commercially-available NiMo/AL O, that had been pre-sulfided and handled prior to the semi-batch reaction
such that re-oxidation did not occur. The NiMo/ ALQ, catalyst used for these hydrotreating experiments was a
sample of catalyst used for processing Canadian oil sands, helieved to have a pore structure with BET surface arca
in the range of 156 - 230 m2/g, micropores in the average diameter range of 50 - 200 Angstroms, and macropores
the range of 1000 - 3000 Angstroms.

[6182} Boiling Range and Fractions

6183} Simelated Distillation (ASTM D7169) was ased to characterize algae oil feed from Nannochloropsis salina
and the upgraded oil products, as detailed in the Analytical Methods section above. In order 1o {acilitate
mterpretation of the results, the oil products from the seven nims were divided mto 3 groups, based on the apgrading
conditions, and compared to the algal oil feed. The theee groups were: Group 1) Decarboxylated/Hydrogenated
Samples vs. Feed; Group 2) Hydrotreated Samples vs, Foed; and Grougp 3) No Catalyst Sarapies (“blank thermaal
) vs, Feed.

{6184} Boding point curves for the ¢il products of the upgradiag processes ate overlayed and compared to the
algac otl feed 1o Figure 2 — Figare 4. Fraction mass % values for the products are tabulated and compared to algae
oil foed in Tables 2 ~ 4. The fraction mass % vahies are also graphed in Figure 5 — Figure 18, whorein Figure 5
and Figure 6 show the Group No. 1 products compared to the algae oil feed, Figure 7 and Figure 8 show the Group
Neo. 2 products compared to the algac oil feed, and Figure ¢ and Figure 16 show the Group No. 3 product compared
to the algae oif feed.

[6185] Table 2: % Mass Fraction - Decarboxyiated/Hydrogenated Samples (ISEBR-35EBR) Versas Feed

decarboxylated/hydrogenated FRACTION MASS %
samples vs. feed

SAMPLE ID initial - 260°F- 400 °F- 490 °F- 640 °F- >1020°F

260 °F 460 °F 490°F 630°F 1020°F

I SEBR-CFS Lidecarbox. Ni/C, 0.0 5.1 16.8 260 30.6 L5
350°C, 300 psi Hy
2 SEBR-CFS 2:hydro PA/C, 0.0 2.7 4.8 10.6 46.9 350
200°C, 300 psi H,
3 SEBR-CFS 3:decarboxylated 0.8 3.4 9.2 24.6 37.3 253
product from CFS2
NB-263-061 algae o1l feed 0.0 0.5 1.3 6.6 64.1 275
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8886} Table 3: % Mass Fraction — Decarbexylated/Hydrogenated Samples (dSEBR-65EBR) Versus Feed

hydeotreated samples vs. feed FRACTION MASS %
SAMPLE I3 nitial - 260°F- 400 °F- 490 °F- 640°F- >1020°F
260 °F 400°F 490°F 630°F 1020°F
4 SEBR-CFS 4: Hydrotreated, 0.9 34 7.5 243 392 25.6
NiMo 370°C, 1006 psi H;
5 8EBR-CFS 5: Hydrotreated, 0.0 4.9 9.6 36.35 364 12.6
Ni‘Mo 370°C, 1500 psi Hy
6 SEBR-CFS 6:Hydrotreated, 0.0 3.2 6.9 279 R 233
Ni‘Ma 376°C, 1800 psi Ho
NS-263-061 algae oil feed 0.0 0.5 ] 6.6 64.1 275
[6187] Table 4: % Mass Fraction — No Catalyst Sample (TSEBR) Versas Feed
uo catalyst sample vs. feed FRACTION MASS %
SAMPLE 1D initial - 260°F- 400 °F- 490 °F- 640°F- >1020°F
2660 °F 460 °F 490°F 630°F 1020°F
7 SEBR-CFS 7: Hydeotreated, no | 0.0 41 5.4 40.1 451 53
catalyst 370°C, 1808 psi H,
NS-263-661 algae oil fead 0.6 0.5 1.3 6.6 64.1 275

[6188]  For ali catalyst runs {wihich used NiMo/ AL, NVC or PA/C, the latter two associated with decarboxylation
or hydrogenation, respectively), the roass fractions of the oil product, cornpared to the algae oil feed, were shifted to
tower boiling point ranges, Compared to the feed, the 495 - 630 degrees F and 400 — 496 degrees F fractions
showed the most significant wcrease. The vacoun residue in the feed was 27.5 mass %, and that fraction was
shghtly reduced by decarboxylation (15EBR ~ 20%) and by hydrogenation followed with decarboxylation (35EBR
- 10%). Hydrotreatment over a Ni/MO catalyst at 1500 psi H; redueced the vacuum residue by more than 50% while
bydeotreatraent at 1000 and 1800 psi H, caused reduction of only 8 t6 15% (4 to0 6 SEBR).

[6589] The blank thermal run without catalyst (7SEBR) was done at “maxinwim conditions” (to roatch the
conditions of 65EBR, 370 degrees C, 1800 pst Hy, except without catalyst) and showed the largest reduction of
vacuum residue to lower botling point products. It may be noted, however, that 85% of the product from this run
remaiaed 1 the boiling point range between 490 and 1020 degrees F.

[6516] A comparison of the boiling distribution graphs and fraction mass % values shows a desirable amount of
distillate in the jet fuel and diesel boiling point range (400 — 630 degrees F) for the Ni/C decarboxylated product as

well as for the 1500 psi Hy, NirMo, hydrotreated product.
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10133} Compound Groaps by BT GC-MS
10112} High Temperature GC-MS (HT GC-MS) was used to identify compounds in the algae oil feed and the

seven upgraded oil products, to measure effects of the different upgrading methods and process conditions on oil
guality and composition. HT GC-MS provided information at the molecular level for study of the upgrading
processes in terms of deoxygenation, denitrogenation, and desulforization, as well as olefin saturation.

{6313} The modified HT GC-MS equipment and methods used for the Exaniples are detailed earlier in this
document and in Provisional Patent Application 61/547,391 (incorporated herein), with a sammary bemg: Column -
Zebron ZB-1HT Inferno™, Damensions - 15 meter x 8.25 mm x 0.1 pm; Injection - PTV, GERSTEL CIS4 @) 10
°C, 12%sec to 380°°C, 8.1 b, Split 1:3¢; Camrier Gas - Helium @ 1.5 mU/min (constant flow); Oven Program: 40
°C for 1 min to 380 °C @ 20 °C/min, 10 min hold; Detector - M3D, Interface @ 300 °C, Sovree @ 230 °C, Quoad @
156 °C; Sample: 2% 1w C82. Approximately 200 peaks per sample were detected. Roughly 50% of the peaks
accounting for 73% to 90% of the total peak area were tdentified, with & minimum match quality requirement:
=>80%. The HT GC-MS clromatograms were integrated and peak spectra (TIC) compared against the NISTOS and
Wiley 9 hibrary. Identified peaks were sorted according to the following compound classes: Hydrocarbons -
Saturated, Hydrocarbons — Unsaturated, Naphthenes and Aromatics, Avomatics containing Nifrogen, Acid Amudes,
Nitriles, Fatty Acids, Oxygen Compounds (non Fatty Acids), Sterols/Toecopherols, and Sulfur Compounds,

(6114} For casier comparison of the results, the seven product samples were divided into the same three groups as
in the Boiling Range and Fracticns section above. Figures 11 - 18 portray, respectively, the HT GC-MS
chramatograms of the algac oil feed, and the of products from runs 1SEBR, 35EBR, 5SEBR, and 7SEBR. Table 5
reports compound types in the feed and products, and Table 6 reports the most abundant compovuds for the feed
and products, Figures 16 ~ 18, respectively, show the products of group | {decarboxylated/bydrogenated products);
growup 2 (hydeotreated producis); and group 3 (oo catalyst, thermal ran product), compared 10 the algae ol feed.

[6115] Table §5: Compseund Classes - Saounary for 1ISEBR-7SEBR

algacoil | ISEBR- | 2SEBR-~ | 3SHBR- | 4SEBR- | SSEBR- | 6S€BR- | 7TSEBR-
feed TSP~ CSk2 CSE-3 CSF-4 CSKF-8 CSF-6 CRFT
HC- 2.0 42.8 0.9 64,7 74.2 75.7 581 482
saturated
HC- 8.1 1.0 43 2.7 0.9 32 55 6.4
unsaturated
papthenes | 17 186 0.3 6.5 3.5 6.5 12.6 34
and
aroratics
N- B.6 1.6 8.0 0.6 0.7 0.2 1.2 0.7
arornatics
nitrikes 0.0 10.8 6.0 0.0 8.0 0.0 0.0 14.3
acid 16.9 8.0 5.9 0.5 0.0 (.0 0.0 0.6
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arides

fatty acids | 25.9 0.0 18.6 0.0 0.0 0.0 0.0 0.6

oxygen L3 1.0 18.4 5.0 43 21 5.6 6.6

compounds

sterofs 13.6 0.4 11.2 0.1 6.0 15 0 8.2

sulfix 0.0 0.4 0.0 L6 0.0 0.0 1.2 0.0

compounds

unknowns | 26.9 24.1 326 19.1 9.5 164 14.0 12.8
j6i16} Table 6: Most Abundant Corapounds - Summary, ISEBR-TSEBR

algae aii feed

1SEBR-CSFY

ISEBR-CSF2

1121 cis-9-hexadecenoic actd

6,98 ventadecane

9.64 isopropy] hocleare

71 pentadecane nitrile

53.11 dodecane

6.4 n-hexadecanoic acid

4.07 peatadecane mitrile

4.5 4-piteo-1H-pyrazole-3-carboxylic a

8
8.3 n-hexadecanoic acid
6,

3 hexadecane

3.63 tridecane

3.84 cholesterol

5.31 cholesterol

3.53 tetradecane

3.83 4,5-diamino-1,3-pyrimidine-2,6-dio

ISEBR-SCE3

45EBR-(EF4

SSEBR-CHES

16.79 pentadecane

16.54 hexadecane

16.29 hexadecane

4.1 tridecane

8.08 eicosane

8.42 eicosane

3.03 nonadecans

8.06 pentadecane

7.53 peotadecane

2.67 heptadecane

5.25 nonadecane

4.81 nonadecane

2.51 hexadecane 2,6,10,14-

teteamethyl-

4724 tetracosane

3.94 heptadecane

6SEBR-SCKF¢

TSEBR-CSET

10.56 hexadecane

8.71 pentadecanc nitule

5.59 eicosane

8.5 hexadecane

B
3

3.62 peniadecane

4.32 peatadecnae

L2
L

-
/
i

nonadecane

2.98 hexadecang, 2, 6, 1¢, 14-

tetramethyl-

3,21 hexadecane, 2,6, 10, 14-

tetrametiyl-

2.7 octadecane, |-odo

(0117 In all rons with the exception of 28EBR (Pd/C - 200 °C, 300 psi Hy), the fatty acids of the algae ¢il feed

were practically completely removed. This fatty-acid removal cocurred even in the thermal run (7TSEBR).
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10118} Run ISEBR (NY/C, 350 o(, 300 psi H,) and Run 7TSEBR {(thermal) showed some removal of oxygen and
comnplete removal of fatty acids but with some levels of oxygenated compounds remaining, that is, primarily esters,
alcchols, and aldehydes. The oif products of 1SEBR and 7SEBR also showed the conversion of nitrogen
compounds, that 1, primarify amides into nitriles. That conversion into nitriles was not observed in any other
run/samples.

{6119 Run 28EBR (Pd/C catalyst, 200 degrees C, 300 psig) did not appear to remove any hetero atoms. Qut of ali
the samples tested the product from 28EBR appeared to be the closest to the original feed. The Z5EBR product stifl
contained 18.6 area % fatty acids (25.9 area % in the feed) and about 15.4 area % other oxygenated compounds
{ester, aldehyde, alcoholy. The 2SEBR product also showed hardly any removal of nitrogen/oxygen, again, still
remaimng the closest to the feed out of all the product samples.

[6126} Run 3SEBR {decarboxylated 2SEBR) showed complete removal of fatty acids but had some oxygenated
compounds remaining {5 area %), Amides were removed completely and no formation of nitriles was observed.
Saturated hydrocarbous increased sigmificantly to 64.7 arca %, unsatrated HC redaced to 2.7 area %. Aromatics
increased 0 a total 0f 6.3 area %, compared © over 1.7 area % in the feed.

[6123] The catalytic-hydrotresting runs, 4SEBR, SSEBR, and 6SEBR, vsed NiMo/ AL O; catalyst as described
above, at 378 degrees C, and at 1000, 1500 and 1800 psi H,, respectively. 1o general, all theee samples showed
complete rernoval of fatty acids and armdes, no formation of miteides, small levels of nifrogen aromatics remaining,
as well as small levels of oxygenated compounds remaining. In other words, partial nitrogen removal appeared 0
take place m samples 45EBR - &6 SEBR, where the amides were removed (without formation of sitrles) but nitrogen
contaming aromatics stayed behind (indoles, pyrrolidide). Nitrogen temoval from aromatic compounds 1s more
difficelt than fror aliphatic compounds. Removal of sterols increased with bydrogen pressure. Aliphatic
bydrocarbons as large as Tetratetracontane (C44H9D) were observed in these products, possibly via dimerization
reactions.

(6522} Overall, the catalytic-hydrotreating runs 45EBR - SEBR 6 showed the highest fevel of hetero-atom
renoval, particulardy deoxygenation and denitrogenation, along with the highest fevel of saturation observed 1 any
sarnple. Sample SSEBR showed the lowest Jevel of heterc-atoms and highest level of saturated hydrocarbons at
75.7 area %. Satated ahiphatic hydrocarbons, like hexadecane {C16H34), eicosane (C20H42), and pentadecane
{C15H32), are the nost abundant compounds in the catalytically-hydrotreated samples,

(61237 Rus 65EBR surprisingly reversed the trend with naphthenes/aromatics going up and saturation going down
somewhat {58 arca % vs, 75.7 area % for SSEBR). This result was somewhat unexpected and may be due to the
sarnple not being prepared homogenously, as a hiquefied portion and a solid portion of the sample were observed
when looking at it closely.

[0324] It should also be noted that, in the catalytically-hydrotreated saniples 45EBR to 6SEBR, the fraction of
unknowas in the total HT GC-MS chromatogram peak area (quality of the library match < 80%) was reduced 10 the
lowest values {at ~ 10 area %)

(0125} The thermal run (7SEBR), which was in the presence of hydrogen but not of any catalyst, showed removal

of the fatty acids, significant removal of oxygen {but leaving a relatively high level of oxygenated compounds, 6.6
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area %), and only some nitrogen/mitriles removal, The thermal ran (hike sample ISEBR) showed conversion of
antides and nitrogen containing aromatics into nitriles (14.3 area %), Sterols remained at a relatively high level of
8.2 arca %. Saturated hydrocarbons, simularly to 15EBR, mereased significantly compared to the blank but were not
as high as in the catalytically-hydrotreated oils 4SEBR to 6SEBR.

10126} For most samples, anudes were removed completely, while the aromatic nitrogen remained at almost the
same fevel. This observation may be expected as it i3 more difficalt to remove aromatic nitrogen than nitrogen
bound in aliphatic compounds.

{6327 It may be noted that only very few sulfur-containing compounds were detected by HT-GCO/MS. Trace
clemental analysis wouold be reguired to determine the total amount of selfur compounds in the algae o feeds and
products.

(6128 Elemeutal Analysis

6128} Elemental Analysis, as deseribed in the Analytical Methods section above, was performed on the algae oil
feod and the seven product oils. The clemental analysis results are shown in Table 7. Note that, based on the
hydrogen and carbon valyes in Table 7, the H/C mole ratics for the aigae ol feed and the seven oil prodocts are as
follows: 1.65 for the algae oil feed; 1.69 for 1SEBR; 1.74 for 2Z8EBR; 1.73 for 35EBR; 1.89 for 4SEBR; 1.95 for
SSEBR; 2.05 for 6SEBR; and 2.05 for 7 SEBR.  Thas, it may be seen that processes of EXAMPLE I provided oil
products with H/C male ratios higher than that of the algas oif foed, for examples, with increases in the mole ratio
the ranges of 8.1 - 0.2, 0.2 - 6.3, and about 0.4, It is expected that, with adjostiment of conditions and/or catalyst, the
increascs may be igher, for example, 0.4 - 0.5,

[0138] Table?

algacoil | I-SEBR | 2-SEBR | 3-SEBR | 4-5EBR | S5SEBR | 6SEBR | 7-8EBR
feed
C 77.9 50.9 76.7 771 R1.9 82.3 85.0 82
H 18.7 {14 111 111 131 134 14.5 12.4
N 3.9 4.1 4.6 4.9 1.5 1.5 0.7 3.5
) 0.8 1.9 7.8 7.8 0.5 <5 <B.5 1.5
S 0.37 .49 0.43 0.72 0.70 0.76 0.45 .73

{8333 The highest level of heteroatom removal appeared to cceur 1o the hydrotreated oils 43EBR ~ 6SEBR.
Those samples appeared to have soadergone the bighest lovel of deoxygenation, demtrogenation, and desulfurization.
The tivdrotreated samples also exhibited the largest increase in "C” and “H”, indicating the formation of saturated
hydrocarbons.

(0132} Ik should also be noted that the decarboxylated oil (ISEBR, NV/C, 350 degrees C, 300 psi H, semi-batch
reactor} showed significant removal of oxygen but nitrogen remained high; nitriles were formed (based on GC/MS

findings).
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10133} Samples 2SEBR and 3SEBR stayed closest to the original feed, with no significant amount of
deoxygenation, denitrogenation or desulfurization observed.

10134} Surprizmgly, the thermal run 7SEBR showed significant removal of 07, down to 1.5 wit%. However,
nitrogen (formation of nitriles) and sulfur in the thermal run product remaned at the level of the feed.

101358} From the EXAMPLE [ EA data, 1t may be expected that medium-to-high severity hydrotreating conditions
{increased H; pressure and/or increased temperature) may allow for additional heteroatom removal like nitrogen
removal from aromatics. For example, hydrotreating pressures of greater than 1500 psig, and even as high as about
2000 psig may be needed. It is of particular interest that, in hydrotreating of algae oil, pressures may be needed
{1500 - 2008 psig) that are comparable {0 hydrotreaters designed to handle difficalt petrolenm feeds such as coker-
derived gas oils, rather than the low pressures (less than 1000 psig and typically about S8G - 306) used for virgin gas
oif and virgin distillate hydrotreaters. It 1s also of particular mierest that pressures may be needed (1560 - 2000
psig) that are mych higher than those proposed (for example, about 360 - 500 psig) for high-triglyceride renewable
oils,

[0136] Carbonaceous Solids

6137} Table 32 shows the total solids recovered from the reactor after cach of the catalytic-hydroprocessing runs
1~ 68EBR, the catalyst charge, and (by difference} the residue on catalyst. Table 12 aleo shows the total TGA
weight loss, and the TGA weight loss excluding that below 156 degrees €. One may note from the data for the theee
bydroireating rons (4, 5, and 65EBR), that total TGA weight loss, and TGA weight loss excluding that below 159
degrees C, both decreased from 1000 psig to 1560 psig, and again from 1500 psig to 1800 psig. From thas data, it
appears that higher pressure helped prevent butld-up of catbonaceous solids {for example, coke and meials) on the
catalyst during bydrotreating of the algae ol feed of EXAMPLE L

[6138] Table 12: Comparicen of Measured Ameount of Residue on Catalyst with Ameunt Caloulated from
TGA Resulis

experiment solids recovered | catalyst charge | residue on TGA:total TG A weight
{g) catalyst (by weight loss (g} | loss excluding
difference}{g) that below
186°C

ISEBR 0.2 2 0.0 0.4 0.2

3SERR 13,5 9.0 43 4.7 32

45EBR 10.3 7.6 2.7 27 1.7

SSEBR 1.1 .7 24 2.6 1.8

6SEBR 9.5 7.5 2.1 2.8 1.4

7SEBR N/A N/A N/A /A N/A

(6139 EXAMPLEU
[148] Additional experimentation was conducted using the same algae oil feed as in EXAMPLE [, from

Nannochloropsis, but upgrading the feed at different process conditions. Specifically, the effects of increased
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reaction temperature, residence time and hydrogen pressure on the upgrading of algae o1l were studied. The
generated algae otl products and samples were analyzed by Tlemental Analysis (EA) and High Temperature GC-
M35, according to the procedures detailed carhier in this docament.

6141} 'Table 8 contains the fist of runs and the corresponding experimental conditions. The runs in this Example,
therefore, inclade a decarboxylation experiment at higher temperature (375 °C) than the decarboxylation ran I1SEBR
{350 °C). Thus, resulis from ISEBR and 8 SEBR may be compared, as shown in Table 8. Run 9SEBR wasa
catalytic-hydrotreatment run at 1000 psig but at longer residence time (2 hours) than the catalytic-hydrotreating rans
{1 hour) of EXAMPLE [; thus, results from 43EBR and 9SEBR may be compared. Run 10SEBR was a catalytic-
hydrotreatment run at 1956 psig and 1 hoor residence time, and may be compared to any of the lower-pressure
catalytic-hydrotreatment rons of EXAMPLE I Runs 43EBR, 9SEBR, and [03EBR correspond to hydrotreatment at
1060 ps1 H, for THr; 1000 psi H, for 2Hrs; and 1950 psi Hofor 1Hr, respectively, as shown in Table 8.

[6142] Table 3: Example H-Catalyst/Process Conditions (Compared to Selected Runs from Example 1)

Sample ID | Deseription Variant in Experimental Condition
ISERR Wi/, 35G°C, 300 psi Hy, semi-batch reactor reference

85EBR N/, 375°C, 300 psi Ho, serni-baich reactor mercased temperature

45EBR Ni/Me, 370°C, 1000 psi Hy, | hour, batch reactor | reference

SEBR Ni/Me, 370°C, 1000 psi Hy, 2 hours, batch reactor | increased reaction time

105EBR Ni/Mo, 370°C, 195G psi Hy, 1 howr, batch reactor | increased pressure

{6343} Tables ¥ and 18 contain the clemental analysis (EA) results fron two different fabs. No major change was
observed in the hetercatom content of the product oils due to the increased conditions. The % C content decreased
conipared to the reference conditions, but the reason for that is not clear at this stage. Note that, based on Table 9,

the H/C mole ratios for 83EBR, 9 SEBR, and 105EBR are 1.58, 1.93, and 1.85, respectively.

29

SUBSTITUTE SHEET (RULE 26)



WO 2013/063595

10144]

~ Results from Laboratory A

PCT/US2012/062468

Table & Fiemental Analysis (EA) of Example 1T Runs (Compared o Selected Runs from Example I

£A: Internal Results

1-3EBR 8-5EBR | 4-5EBR [ 9-SEBR | 10-SEBR
%L ave: | 83.18 76.28 86.57 72.28 79.88
SoH gve:| 11.65 10.06 13.54 1076 12.28
%N ave: 3.07 3.16 .19 0.12 0.03
%8 ave: $.37 0.40 8.72 8.5¢ (.52
%hO* ave: 1.87 2.54 (.51 0.65 0.7¢
16145} Table 1 Elemental Analysis (EA) of Example Il Runs {Compared fe Selected Runs from Kxample I)

~ Resalts from Laboratory B

EA: External Results

1 5EBR 8 3EBR 4SEBR |[9SEBR |105EBR
% agve:| 80.80 70.82 82.86 77.04 76.82
JaH agve:| 11.40 89.50 1310 1210 12.96
%N ave: 4.87 3.54 1.46 < 0.5 < 0.5
%8 ave: | <1.544 0.28 <{,2035 .19 0.28
%0 gve: 1.87 2.54 .81 0.65 0.7¢
6146} Figures 19 - 21 show the HT- GCMS chromatograms of 83EBR compared to 1SERR, 9SEBR compared to

45EBR, and 10SEBR compared to 45EBR, respectively. Figures 22 and 23 show distributions of the detected
compooad types. Table 11 contains the breakdown of compound distributions. From these Figures and Table 11, it
may be seen that the igher decarboxylation temperature leads to the decomposition of mitriles and the production of
increased amounts of aromatics and olefins. The mereased catalyst-hydrotreating reaction time leads to the increase
of arcmatics and the decrease of saturated hydrocarbons, The mereased H, pressure leads to the decrease of the
remaining sterols and oxygen compouands and the increase of the cyclic saturated compounds (naphthenes). These

resolts are consistont with the expectations of the 1ncreased seventy of the cxperimental conditions,
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11471 Table 11: Breakdown of Compound Types in Algal 08 Feed and Produets - Example I Runs

Compared to Selected Example { Runs

300°C, decarboxylation bydrotreatment
heptane
(Ni/C, 300 psi Hy, semi- {Ni/Mo, 370°C, semi-batch reactor)
batch reactor)
algae 350°C 375°C 1600 psi Hy 1000 psi Hy 1950 psi Hp
oil feed 1 hour 2 hours thour
ISEBR 8SEBR 45EBR 9SEBR I8SEBR
ydrocarbon-
saturated 1.9 38.9 36.3 742 55.3 67.5
hydrocarbon-
unsatorated 91 10 4.0 0.3 22 2.2
hydrocarbon-
cyclic 0.6 23 1.4 (.6 0.9 52
aromatics 1.5 18.4 254 35 16.5 3.1
aromatics-
OXygen
containing 0.2 0.0 1.8 0.0 1.2 0.4
nHrogen
aromatics 5.5 16 0.6 0.7 0.1 0.1
nitriles and
nirogen
compounds 89 10.8 4.4 0.0 0.5 0.2
fatty actd methyl
esters 0.0 G.0 8.0 0.0 8.0 0.0
fatty acids 26.9 3.0 8.0 0.0 0.0 0.0
oxygen
compounds 1.3 16 8.7 4.9 3.6 1.0
sterols 136 3.4 8.0 6.0 0.2 26
sulfor
compounds 0.c 0.4 0.7 0.0 0.8 0.4
urknowns 27.3 23.6 4.7 3.3 i8.6 7.3
TOTAL= 99.9 98.9 59.9 99.5 20.8 100.0
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Additional experimentation was conducted using the same algae oil feed as in EXAMPLE 1, from

Nannochlorapsis, by catalytically cracking the algae oil feed in & Micro Catalytic Cracking (MAT) systemn. MAT

equipment and tests are well known in petroleum refining R & D, and have been designed and evolved over the

years to be highly correlated with large-seale Huidized catalytic cracking (FCC) units, The predictive ability of

MAT tests is rather remarkable considering they require only grams of feed, whereas comniercial FCC units can

process over 100 million barrels per day (MBPD) of feed. The MAT tests, like commereial FOU umits, operate at

cracking temperatures of about 1000 degrees F and with very short catalyst-feed contact times (1 - 5 seconds), and

ase zeolite-based catalysts at atmospheric pressure.

[0156] In thus BExample, MAT testing 18 nsed to compare FCC processing of algae oil feed (crude algae otl) and

FCC processing of a reference petrolenmn feedstock from a European refinery, specifically, a petroleum-derived

vacoum gas ol (VGO containing roughly 10 mass % resid, having an APLof 22, and 4 sulfur fevel of 6.61 witds,

Table 13 shows the yield structure in MAT testing of the standard VGO (fust colunmmn of data) and the algae o1l foed

{second column of data), with the difference calenlated and shown in the third data column. Several comments are

alse supplied w the third data coloman.

[6151] Table 13

Vields (wt%)

Comment

standard VGO feed

extracted algae oif

difference

feed algac ot - VGO
/0 ratio 1.981 2.808 0.026
CONVErsion 50.514 49 885 -0.629 about the same
conversion
gasoline {C3-421°F) | 40.623 29.286 -11.337 exiracted algae oil makes
significantly less gas
Coke vield 2.296 10.647 7751 sigutficantly more coke
LCO vield 18.236 35,631 17.395 sigmficantly more
LPG vield 6.001 5536 0465 distillate range material
H2+C1+C2+HH28 1.812 3.228 1713
H2+C1+C2 1512 3.225 1713
T.C3 3228 2313 -3.916
T.C4 2772 3.223 8.450
Cad=/tot, (475 0.06705 (.759 1038
C3=/tot. C37s (3.867 $5.528 -0.340
H2 0,148 9.063 -0.685
H28 0.000 0.000 0.000
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(H4 0.544 830 .486
C2+ 0.412 1.193 0.752
2= 0.408 0.938 (1.530
O3+ (0.428 1.092 .664

3= 2860 1221 -1.580
104+ 0.674 0.269 ~0.405
a4+ 0.145 (.506 {1.36]
iC4= 0.803 1111 0.308
niC4 1150 1.337 §.187
(4= 1.953 2447 0.494
(g 0.082 0.000 -0.582
BCO 31.250 14.484 -16.766
wi% recovery 96276 98.929 sigificantty fess DCO

(0182} Figure 28 compares the conversion {percent of the feed converted to distillate and to lighter components
such as gasoline, plus coke) at a range of catalyst-to-oil ratiocs (C/0) for the algae oil feed and the reference
petrolenm VGO feed. In this test, the algae oil has approximately the same reactivity as the reference VGO, this
may be inferred by noting that the algae o1l feed has a comparable conversion of about 56% to the VGO at the same
C/O ratio,

[83153] Figure 29 shows that the coke yield for the algae oil feed is significantly higher than for the VGO, This is
inportant becayse commercial-scale FCC anits operate in such a way that the heat balance drives the conversion of
feeds to lower levels when they have high coke vields, Consequently, the algae oif feed 15 expected to exhibit much
fower conversion than VGO 1 commercial orits due o 1ts lugh coke yield,

{8354 The yields of gasoline, LCO (distillate range material), DCO, TC2, TC3, and TC4 from the algae oif and
VG are shown i Figures 32 ~ 37, The vields from bydrotreated algae oils, in EXAMPLE IV, are also shown in
Figures 32 - 37 for study of the effect of hydrotreating prior to FCT processing,

(91551 Inan FOC uwmt, bigher coke yields are favored by heavier corapounds (especially 1800 degrees F +
roaterial} and basic nitrogen-containing compounds in the feed to the unit. The later react with and porson the acidic
catatytic sites in the zeolite nsed as the cracking catalyst, thus meking coke and also reducing conversion. Oxygen-
contatning compounds may also contribule 1o mereased coke yields, and, separately, to lower conversions.

(81561 Therefore, in a catalytic cracking process, the algae oif feed of this EXAMPLE exbibits coke vields that
roay be problematic for many FCC units. This suggests that inclusion of this unhydrotreated algae oif feed in an
existing FCC unit as a significant percent of the fotal feed would lower the overall convention 1o the FCC unit dus to
the impact of the coke on the unit heat balance.

101577 EXAMPLETY

[0158] The hydrotreated oil products of EXAMPLE I, that is, the oil products of 4SEBR, 5 SEBR, and 6SERR,

were used as feeds for catalvtic cracking in the MAT system deseribed above in EXAMPLE [iL. The procedures
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were consistent with those used for the algac oil feed vs, VGO comparizon of EXAMPLE 1, allowing comparison
of the data from EXAMPLE [l and this Example. The MAT testing, as discussed above, is predictive of commercial
FCC performance, Limited o1l product sample volume from SSEBR resulted in limited MAT data for algae o1l
fiydrotreated at 1500 psig.

10159} Table 14 shows the vield structure i MAT testing of the standard VGO {first column of data, as 1s also
included in Table 13 of EXAMPLE 1) and of the high-severity-hydrotreated oil (68EBR, second colummn of data),
with the difference calculated and shown i the third data colomn. Several comments are also supplied in the fourth
column.

16868 Table 14

Yields (wi%) Copunent
standard 65EBR difference
VGO feed 6SERR - VGO

/0 ratio 3.031 2475 ~.556 6SEBR cracks to the same conversion at a
conversion 78.563 70.268 -0.298 tower C/0 ration
gasoline {(05-421F) | 48.613 44.357 -4.256 6SEBR makes slightly less gasoline
Coke yield 4,492 4932 {.440 6SEBR makes slightly more coke (10%)
LCO vield 15.870 27.397 11.523 5SEBR makes significantly more distiliate
LPG vield 15.208 20.117 4.909 6SEBR makes more LPG
H2+C1+C2+H28 2076 .862 -1.214
102 2076 0.862 1214 GSEBR makes less fuel gas
T3 5314 6871 1307 6SEBR makes more propane/propylenc
TC4 0 R04 13796 3407 6SEBR makes more butane/butylene
Casiot s 6670 YL s comparable butylene composition
T TR YT YOE comparable propylene composition
H2 0211 0,007 -0.114
H28 0.610 0.0600 -0.510
CH4 0.718 (.230 -0.488
C2+ 3.587 3,146 -0.441
Ci= 0.539 {.388 -0.170
C3+ 0.768 (.861 0.093
C3= 4546 3,961 1.414
104+ 2.526 3.608 1.082
nCa+ 0.635 1.61% 0.364
iC4= 2.225 2.752 {(.528
n(4= 4489 3916 1.427
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(4= 6.714 8.669 1.955

== 0.177 0.000 -0.177

DCO 13.565 2.340 11.225

wi% recovery 97.786 104.828 6SEBR makes significantly less DCO

(8161} Figure 30 shows the reactivity of the thuee hydrotreated algae oils, compared to the algas ol feed (crude
algac o) and VO, inthe FCC process, The algae oil that had been bydrotreated at bigher severity (6SEBR, 1808
psig) showed superior reactivity compared to the algae otls hydrotreated at lower seventy (4 and SSEBR), with the
higher-seventy-hydrotreated oif being more teactive than the VGO, That is, conversion of the high-severity-
hydrotreated algae oif i the MAT test is higher than that for VGO at the sarne C/0 range of about 2 - 2.5, The
moderately-hydrotreated ot (SSEBR, 1500 psig) was about as reactive as the VGO, whereas the material produced
from hydrotreating at 1000 pst was, very surprising, less reactive than the VGO and the crude algae off feed.

10362} As shown in Figure 31, hydrotreating improved the coke yields relative to those from the erude algae oil,
The coke yield from the 1800-psig-hydrotreated algae oil was stouilar to that of the VGO at the same conversion of
about 78 wt%,

16163] Figure 32 - 37 show the yields from the hydrotreated algae otls in the MAT testing. Product yields are
best compared at similar conversions. Therefore, Figures 32 -37 show weight-% yicld key products (y-axis) plotted
against conversion (X-axis) as obtained by varying C/O. These key yields are discussed in the following paragraph.
10164} Figure 32 shows that gasoline vields were lower from algac ofl feed (crude algac oil) and its hydrotreated
counterparts (the o1l products from 4 — 6SEBR), compared to those from VGO at similar conversions. Figure 33
shows that distillate yields (LCO or “light cyele oil™) were higher from algae oil feed (crude algac oil) and its
hydrotreated counterparts, compared to those from VGO at similar conversions. Figure 34 shows that DCO yields
{"decanted oil”, the heaviest and least-valued product from catalytic cracking) were markedly tower for from algae
oil feed (crude algae oil} and #s hydroireated counterparts, compared to DCO from the VGO at similar conversions.
Figures 35 — 37 show the vields of specific components Hghter than gasoline, that 1s, TC2, TC3, and TC4.

10168} The yield structure obtained by MAT (FCC) testing of the high-severity-hydrotreated algae oil (6SEBR)
suggest the high-severity-hydrotreated algae oil may have a higher value than VGO, even when the cost of the high-
pressure hydrotreating is faken into account. The higher distillate yields and reduction in gasoline yields, along with
the sigmficant reduction of low-vablued DCO, all mcrease the vatue of the hydrotreated algae oil. {t should be noted
that the fower coke-on-FCC-catalyst of the high-severity-hydrotreated algac oil (65EBR) hielps the heat balance in
the FCC, winch i turn improves conversion and yields.

[6186] LXAMPLEY

[6167} Certain crude algae cils may be hydrotreated m equipment and under conditions that are within the broad
range used 1B one or more petrolenm refineries corrently or in the past. However, due to the coraplex composition
and high reolecular weight constituents of said certain crode algae oils, hydrotreating said certain crude algac oils
may be 10 a subset of this broad hydrotreating range previously de'vch)ped/resc rved for bydeotreating peteolenrs

vesid, for exaraple, for 1900 or 1020 degres F+ material (“the bottom of the barrel™), o} sands or tar sands, or other
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mainly bitemen materials. Thercfore, catalysts for hydrotreating said certain algae oils are chosen from large pore
size (including macro-pore} catalysts, for example, the catalysts ssed for said petroleum-resid processing or oil-
sands upgrading. For example, the catalyst used for hydrotreating in EXAMPLE T above was a catalyst of the type
used by upgraders of the bitumen extracted from Canadian oil sands.

10168] Said catalysts with large pore size, inchuding macro-pores, are expected to be used with crude algae oil at
high pressures, for example, at 1000 psig or higher or 1500 psig or higher (typically 1500 - 2000 psig). Thus, it
may be noted that, cven though certain algae oils contain large amounts of gas oil and distiflate boiling-range-
material (for example, 85 — 85 wi%s or 66 — 50 wi% gas oil plus distillate), the hydrotreating pressures needed for
said certain crude algae oils are expected to be significantly higher than pressores ased for virgin gas oif or virgin
distiffate, which tend to in the 500 - 800 psig range.

01898} Therefore, in this Example, a method of upgrading algae o comprises:

a} chiaining 4 crude algae oil from algae biomass, the crude algae oil bemng a full boiling range algae o1l
comprising material in the boiling range of distillate (about 460 - 630 degrees F) and w the boiling range of gas oil
{about 630 ~ 1020 degrees F) and in the boiling range of vacoum bottoms (about 1020 degrees I'+), wherein the total
of the distillate phis gas oil botling range matenal is at least 55 wi%4;

b} hydroteeating the exude algae oil over one or roore hydrotreating catalysts adapted for hydroreatraent of
fossit petrolenm resid/bitomen (inchiding albitumen from ol sands or tar sands}, and/or over ene more
bydroireating catalysts having a pore structure inchuding wacro-pores and characterized by BET surface areas in the
range of 156 - 250 m/g, micropores in the average diameter range of 50 - 200 Angstroras, and macropores i the
range of 1000 - 3000 Angstrorns, wherein said one or more hydrotreating catalysts may comprise NvMo and/or

Co/Mo on alumina or silica-alomina supports having said pore siructure;

¢} wherein the hydrotreating conditions are in the ranges of: 1000 — 2000 psig (or 1500 - 2000 psig, about
0.8 = 1.5 1/br LHSV {orabout 1 1/hr LHSV), 300 - 425 degrees C {or 350 - 400 degrees C), with typical gas/oil
ratios being at least 2000 sct/h;

d) separating

2, by conventional separation vessels/methods, the hiquid hydrotreated ofl frontthe hydrotreater
effluent, typically meaning separating the liquid hydrotreated otf fron hydrogen and gasses; and opticnally:

¢} sending the Hquid hydrotreated oif or fractions thereof o at least one of the following: ap FCCunit, a
hydrocracking unit; a hydroisomerization unif, a dewaxing unit (for example, and then 10 a fube oif plant to separate
a fraction to be used or upgraded to fube basestock), a naphtha reformer, and/or one or more umis utilizing catalysts
containing NitMo, Co/Mo, and/or Ni/W, and/or catalysts containing metals such as platinuni and other precious
metals (especially group VI, including zeolitic catalysts for improved cold flow properties.
(0378} Certain alternative embodiments may comprise step {b) instead being: hydrotreating the crude algae oil
over one o more hydrotreating catalysts characterized by BET surface areas in the range of about 150 - 250 m2/g,
and comprising macropores of at least 1000 Angstroms, wherein said one or more hydrotreating catalysts may
comprise Ni/Mo and/or Co/Mo on alumina or silica-alumina sapports having said pore structure. Certain
alternative embodiments may comprise step {b) instead being: hydrotreating the crude algae oil over one or more

hydrotreating catalysts comprising macropores in the range of at feast about 1000 Angstroms. Certain alternative
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enibodiments may comprise step {2) instead being selling/trading/transporting the hydrotreated algae oil to another
party for subsequent processing. End products from the above processes of this Example may include one or more
of gasoline, kerosene, jet fuel, dicsel fuel, lube base stock, or BTX plant feedstock, for example. Certam methods of
this Example may comprise, consist essentially of, or consist of method steps a-e above. Algae oils/fractions may
range from very hittle to all of the feedstock for the processing unit{s) in steps b and e above, for example, from
about 0.1 volume percent ap to 100 volume percent of the liquid feedstock being fed to said processing onit{s).

10871} EXAMPLE VI

16372 Certain crude algae cils may be thermally treated prior to betg fed to a catalytic omt. Because of the
complex composition and/or the high molecular weight matenals of said certain crade algae oils {as discussed
earlier in this document and the Provisional Patent Applications mecrporated herein), thermal treatment prior to
processing 1 any catalytic unit may be effective in redacing one or more of the following characteristics: oxygen
content and/or other heteroatom content, metals content, high molecolar weight content, 1000 degree F+ content,
1620 degree F+ content, boiling range/distribution, viscosity, and/or catalyst poisons and/or coke-on-catalyst
precursors. {n certain embodiments, thermal treatrnent will reduce most or alf of these characteristic

{6873} In certamn embodiments, several of these characteristics are expected to be related to catalyst deactivation
due to porsoning of catalyst active sites {sach as acidic sites being poisoned by basic nifrogen compounds) and/or
productag coke-on-catalyst. See, for example, the metals reduction, including reduction of knows catalyst
deactivators such as Fe, in Table 3 of Provisional Application Senial No. 61/504,134. , the solids yields, and

s

61/504,134. See the decrease in 1028 degrees F+ material in Table 4 actieved by the therraal run (7SEBR) of

decrcase m 1020 degrees F+ matenal, achioved by thermal treatment in Tables 1 and 3, respectively, of Senal No.

EXAMPLE 1, ahove. Sec alse, the residue on catalyst, and corresponding TGA results, from the hydrotreating runs
4 - 65EBR of EXAMPLE 1 in Table 12, These data suggest that there is significant coke-ou-catalyst after the
hydrotreating experuments of EXAMPLE 1, and that therowal treatiuent significantly affects metals and heavy
materials content. Therefore, thermal treatment of whole crude algae oil 18 expected to mitigate catalyst deactivation
and/or coke-on-catalyst production caused by the crude algac oil, thereby extending catalyst life or mproving heat
balances in continuous catalyst regencration systems such as FCC units, Also, therefore, the thermal treatment
methods of this example may be used i conjunction with hydrotreating over large-pore catalysts {such as described
in EXAMPLE 11} to improve catalyst Uves and/or heat balapces in downstrearm vnits,
[6574] Thormal mn 7SEBR in EXAMPLE 1 illustrates one enbodiment of thermal treatment methods, and
Provisional Patent Applications Serial No. 61/304,134 and Serial No, 61/552,628 {incorporated herein) include
further embodiments of thermal treatment methods.  Embodiments of coking and/or visbreaking such as have been
designed for fossil petroleunt also may be used. In this Example, therefore, & thermal treatment method may be
applied to certain crude algae oils, the method comprising:

a} obtaining a crade algae oil from algae biomass, the crude algae oil being a full boiling range algae oil
comprising material m the boiling range of distillate (about 400 — 630 degrees F) and in the botling range of gas oil
{about 630 — 1020 degrees F) and in the boiling range of vacuum bottoms (about 1020 degrees F+), wherein the total

of the distillate plus gas oil boiling range material is at least 55 wt%;

37

SUBSTITUTE SHEET (RULE 26)



WO 2013/063595 PCT/US2012/062468

i) thermally treating the erude algae oil (the whole crude algae oil) by heating the crude algac oil to a
temperature in the range of 300 - 450 degrees C, with or without added gas or diluent(s), at a pressure in the range
of 0 — 1060 psig (and more typically 6 — 300 psig), and holding the algae o1l at that temperature for a peniod of 0
minutes to 8 hours, and more typically 0.25 - 8 hours or 0.5 — Z hours;

¢} separating, by conventional separation vessels/methods, hiquid thermally-treated oil from the thermal
treatment effluent, typically meaning separating the liquid thermally-treated oil from hydrogen and gasses and from
coke/sokids; and

d} hydrotreating the Hgoid thermally-treated oil over one or more hydrotreating catalysts such as those
described i EXAMPLE 1 and/or EXAMPLE I, and under hydrotreating conditions in the ranges described in
EXAMPLE | and/or EXAMPLE 1I;

¢} separating, by conventional separation vessels/methods, the liquid hydrotreated oil from the hydrotreater
effluent, typrcally meaning separating the hquid hydrotreated oif from hydrogen and gasses; and optionally:

f) sending the liguid hydrotreated oil or fractions thereof to at least one of the following: an FCC unit, a
hydrocracking unit; a hydroisomerization unit, a dewaxing unit {for example, and then o a lube oil plant to separate
a fraction (o be used or vpgraded to hube basestock), a naphtha reformer, and/or one or more wnus utihizag NifMo,
Co/Mo, NIY/W, precious raetal, noble metal, and/or group VI catalysts, inchiding zeolitic catalysts for iaproved
cold flow properties,

{06175} Eod products from the above process may include ove or more of gasoline, kerosene, jet fuel, diesel fuel,
tube base stock, or BTX plant feedstock, for example. Certain methods of this example may comprise, consist
cssentially of) or consist of raethod steps a-f above. Algae ols/fractions may range fom very Hittde to all of the
feedstock for the processing unit{s) @ steps b, d, and fabove, for example, from about 8.1 volume percestup to 100
volume pereent of the biquid feedstock betng fed 1o the processing vuit(s),

§176] EXAMPLE VH

P ——

$177} Fractions of cerfain crude algae oils may be thermally treated prior to being fed fo a catalytic unit,
Because of the complex composition and/or the high melecular weight materials of said certain erude algae oils (as
discussed earlier in this document, the Provisional Patent Applications incorporated herein, and in EXAMPLE Vi),
thermal treatraent of a heavy fraction of certain crude algae oils, prior to processing in any catalytic unit may be
effective in reducing one or more of the following characteristics: oxygen content and/or other heteroatom content,
metals content, high molecular weight content, 1006 degree F+ content, 1020 degree F+ content, boiling
range/distribution, viscosity, and/or catalyst poiscas and/or coke-on-catalyst precursors, In certain embodiments,
the thermal treatment of a heavy portion of crude algae o1l will reduce most or all of these characteristics i said
heavy portion. In certain embodiments, several of these characteristics of said heavy portion are ¢xpected to be
related to catalyst deactivation by poisoning of catalyst active sites {such as acidic sites being poisoned by basic
nitrogen compounds) and/or producing coke-on-catalyst. The processing of this example is expected to mitigate
deactivation of hydrotreating catalyst, generally for the same reasons as cited above in EXAMPLE VL In this
Example, however, the heavy portion of the crude algae oil is chosen for thermal treatment, rather than the whole

crude algae oil, because the heavy portion {(when not thermally treated) may be the major contributor to
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hydrotreating catalyst deactivation. Therefore, thermal treatment of said heavy portion of the crude aigae oil may
extend catalyst life or improving heat balances in continuous catalyst regencration systems such as FCC units.
10178} Whele crude algae o1l may be separated into a heavy portion and a fighter portion, and thermal freatment
methods for said heavy portion may be drawn from thermal run 7SEBR in EXAMPLE I, Provisional Patent
Apphications Sertal No. 61/504,134 and Serial Neo. 61/552,628 (incorporated herein), or embodiments of coking
and/or visbreaking such as have been designed for fossif petrolenm. The resulting thermally-treated oif may be sent
to a hydrotreater. The lighter portion of the crude algae o1l (not thermally treated) may also be hydrotreated, for
example, along with the thermally-treated oil from said heavy portion i the same hydrotreating unit. The heavy
portion of the crude algae ol for example, may be, for example, 1006 degrees F +, 1020 degrecs F+ matenal, or
another cot mtended to contain a majortty of the metals prone to deactivate catalyst and/or a majority of the
componds prone to deactivate catalyst by forming coke-on-catalyst that phugs pores and/or otherwise interferes
with active catalyst sites. Thus, the thermal treatrnent methods of this example may be used i conjunction with
hydrotreating over large-pore catalysts {such as described in EXAMPLE {H) to improve catalyst hives andior heat
balances in downsiream upnits.

{6179} For example, the thermal treatment method of this example, may be as follows:

a) cbtaining a crude algae oil from algae biomass, and separating the crude algae oil indo a beavy portion
and a Hghter portion;

by therraally treating said heavy portion by bearing the heavy portion to a teraperature @ the rasge of 300 -
455G degrees C, with or without added gas or diluent(s), at a pressure w the range of 0 — 1000 psig {and more
typically € — 300 psig), and holding the heavy portion at that femperature for a period of § minuies to 8 hours;

¢} separating, by conventional separation vessels/methods, bhauid thermally-treated oil fror the thermal
treatment effluent, typically meaning separating the hquid thermally-treated oil from hydrogen and gasses and from
solids; and

d) hydrotreating the liquid thermally-treated oif over one or more hydrotreating catalysts such as those
desertbed in EXAMPLE HI, and/or under bydrotreating conditions 1n the ranges described in EXAMPLE |

e} wherein step (d) may optionally be conducted after blending said highter portion of the crude algae il
from step (a) with said liguid thermally-treated ot of step (c) and then hydrotreating them together as i step (d);

f) separating, by conventional separation vessels/methods, the liguid hydrotreated ol from the hydrotreater
efflaent from cither step (d) or (¢}, typically meaning separating the liguid hydrotreated oif from hydrogen and
gasses; and optionally:

g) sendling the liquid hydrotreated o1l from steps (d) or (e}, or fractions thereof, to at least one of the
following: an FCC unit, a hydroeracking unit; a hydroisomerization unit, a dewaxing unit (for example, and thentoa
tube oil plant to separate a fraction to be used or upgraded to lube basestock), a naphtha reformer, and/or one or
more ynits utilizing Ni‘Mo, Co/Mo, Ni/W, precious metal, noble metal, and/or group VIH catalysts, including
zeolitic catalysts for improved cold flow properties.

[0188] End products from the above process may include one or more of gasoline, kerosene, jet fuel, diesel fuel,

tube base stock, or BTX plant feedstock, for example. Certain methods of this example may comprise, consist
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cesentiatly of, or consist of method steps a-g above. Algae oils/ractions niay range from very hittle to all of the
feedstock for the processing unit(s) in steps b, d, ¢ and g above, for example, fron about 0.1 volume percent up to
1006 volume percent of the fiquid feedstock being fod to the processing umit(s).
6181} Integration of algae oils into conventional refinery flowschemes, and algae oil products into commercial
fuels, may be bencfitted by various embodiments of the upgrading processes demonstrated herein. For example, in
the upgrading experiments of the Examples, catalytic-hydrotreatment caused a visible color/phase change of the
algae o1l products, compared to the algae oil feed. Notable for the hydrotreating series was that the color became
successively Hghter and the phase went from Hgpid at room temperature to a wax-like solid at room temperature, In
countrast, the algae 61l feed and thermally treated matenials were black and Liguids at room ternperatare. Notable was
a smooth increase i H/C ratio in the series of feed to 4SEBR to 5SEBR to 6SEBR, while the oxygen and nitrogen
coutent decreased. There was sabstantially less improvement i H/C ratio for the thermally treated product and also
fess of a reduction in N and O, compared fo catalytic-hydrotreatment.
[6182] In addition, the upgrading processes deseribe herein provided smgue composttional shifis as detailed by
HT GC-MS, as shown in the Tables and Figures. Notable was the reduction in hetercatom (8, N, O)-containing
molecules and changes i the types of molecales containing the hetercatoms. Also notable was the increase in the
aliphatic character of the mixture.
[6183] Benefits n boiling range distribution were also noted, The full-boiling-range algae oil feed comprised a
significant amocunt of material in each of moltiple cots traditionally produced i a crade distillation woit of a
petroleum refinery. Inthe fangoage of petrolenm refining, the algac otl feed was a ruxture of kerosene/distillate
{the 400-630F boiling point range), gas ot {630F-1020F) and residunm (1020F+}, Based on the boiling point
distribution shifts, saturation, and hetero-atorm removal, seen in the upgrading experouents, it may be stated that
upgrading by conventional refinery processes may vary the amounts of these cuts {400-490F, 490-630F, 630-1020F
and 1020F+) and increasc the guality of these cuts, to approach or match desired refinery foedstocks or product
specifications. The algac ot feed composition was improved by upgrading from an initial mixture consisting of 1.3
wt % 400-490F, 6.6% 490-630F, 64.1% 630-1020F and 27.5 % 1020F+ material to increased amounts of distillate
and gas oil, at the expense of residuum, For example, cxperiment SSEBR at 1500 psi hydrogen fed to 28 upgraded
product with the coraposition of 4.9 wt % 263-490F, 9.6% 460-490F (distillate), 36.5% 490-630F distillate), 36.4°
630-1020F(zas oil) and 12.6 % 1020F+ (residunm). Therefore, i is expected that thermal treatment conditions
and/or hydrotreating conditions {teroperature, pressure, Hy flow rate, catalyst type, reactor configuration) may be
adjusted to obtain desirable feedstocks for subsequent processing units, and/or desirable product slates and product
compositions. In particular, it is expected that suttable changes in process conditions will be able to create product
mixtures, up o large amounts of naphtha, distiliate, or gas oil. Even thermally treating the algae ot extract in the
presence of hydrogen led to increases m distillate and gas o1l with corresponding reductions in residuunrm.
[0E84] Itis believed that the above benefits will move the renewable oil industry closer to the goal of integrating
renewable oils into conventional refineries. Given the results shown in the EXAMPLES (1-9), and the benefits
deseribed, it is expected that full-boiling-range algae oils may be directly fed to one or more refinery units

downstream of the crude distillation units (that is, without being fractionated in the atmospheric or vacuum
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columns), for upgrading to fuel by thermal processing and/or catalytic hydroprocessing, Or, the full-boiling-range
algae oils may be blended with other renewable oils and/or fossil petrolenm fractions, to be fed directly to one or
more refinery units. Alternatively, it 1s believed that the algac oils may be fed to a refinery crude unit to obtain
distiflate, gas oil and residuum fractions, and these corresponding fractions then would be fed to downstream
thermal and/or catalytic hydroprocessing.

[6185] For perspective regarding upgraded algae oils in the refining and fuels context, one may refer to Figures 24
~27. Algae oil feeds are unusual compared o conventional petroleum refinery feedstocks, as 15 illustrated by the
modified Boduszynski Plot of Figare 25, The algae cnude oils comprise a complex mixtore of 2 large number of
molecules having varying sizes and therefore varying bothing points, and comprising hetercatoms such as sulfur,
nitrogen and oxygen, and also with unique types of molecules. Said unigue types of molecules fall generally into
the paraftin, olefin and aromatic categories often ased to characterize crude oils and ods from other soorees, bt are
significantly different from petroleum crude (including o1l Bom tar sands, ot sands and/or shale 0il} and vegetable
oils and taltow in terms of the speeific compounds and amounts of compound classes. An example tHustrating the
unusual nature of algae oil feeds is shown by the HT GC-MS fingerprint of a hydrothermally-treated and sclvent-
extracted algae ciln Figure 24. The algae cil s compared in Figure 24 to the fingerprint and composition of &
typical HVGO, which has 2 boiling range simailar to that of the algae oil, but is rouch difforent (and simpler) in
fingerprint and coraposition.

[6186] Still, it bas been shown in the above Exaraples that algae oil foeds may be upgraded into fuels by
conventional refining approaches such as thermaal processing and catalytic-bydeoprocessing,  Because of the unigue
compositions of the algac oils, the products from upgrading of these algae oils o conventional refinery wnits are
unique. For example, algac o feeds bave been shown in the Examples to behave differently from conventional
petroleum feedstocks, in that substantial conversion frora one botling poist fraction to another when they are
thermally processed or catalvtically-hydrotreated. Feeds from fossil petrolenm, on the other hand, with the above-
mentioned botling point distribution of kerosene/distillate, gas oil and residuunm, would be expected, upon
hydrotreatment, to have lower heteroatom content but to vield roughly the same amounts of these products/cuts as
were contained in the feed,

(0187} This different behavior of the algae oil, 0 thermal processing and/or hydrotreatnent, whether called a
boiling distribution shift or cracking, may be important in achieving a flexible and high quality product slate from
T

substantial conversion o fower point fractions, when combined with recyele of unconverted fraction{s) if desired,

algae oils, whether or pot they are blended with conventional fossil petzoleum and/or vegetables vil

o
w

may allow a refiner to obtain ap to 80 - 10 Y% of a fraction selected from the list of naphtha’s (butanes to 430F).
digtiltates (430-650F), and gas oils {(650-1000F), for example,

[G188] Figures 26 and 27 dllustrate the umusval composition of upgraded algae oil product, compared to a
conmmercial petroleum-derived fuel, jet-A. Figure 26 shows the oil product from processing the algae oil feed in
OSEBR i EXAMPLE [ (Ni-Moly catalyst in hydrogen at 1800 psig and 370 degrees C, 1 hour residence time).
Figure 27 shows the oil product from processing of afgae oil feed in 8SEBER in EXAMPLE I (Ny/C catalyst in

hydrogen at 300 psig at 375 degrees, 1 hour residence time). One may see, in Figare 26, that the upgraded algae oil
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products, while not at all identical to the jet A in fingerprint and composition, are within a range of conposition and
characteristics that may allow them, especially with further optimization of operating conditions, to be included or
substituted for conventional fuels.

6189] EXAMPLE VHI

10598}  Algac oil feed was obtained froni both a Spirufina species and a Desmodesmus species produced by
fiydrothermal treatment and hexane or MIBK extraction, according to the methods listed above in the section
entitled “Hydrothermal-Treatment of Biomass, with Acidification, for Production of Crude Algac Oil”. The
tiydrothermal freatment step {step b in the method Hsted above) was conducted at 260 degrees C for 1.0 hoar. The
acidification step {(step d 1u the method listed above) was condacted at a pH of 5.8, The heating stop {step ¢ m the
method listed above} was not done. In addition, multiple solvent extractions were condocted (steps { to j were
repeated three times).

6193} Algal ol produced as described above was blended with dodecane at 2 nominal 20% algal il, 80%
dodecane mixture. The algal ail did not completely dissolve in the dodecane solvent. Actoal concentrations are as
reported in Table 18 as “weight % in dodecane.” It should be noted that the sclubility of the algal oif 1n dodecane
differed for cach algae/solvent combination. Specifically, for algal o1l used 10 Rous 1-3 (described below) the
araount of algal oi that dissolved into the dodecane solvent upon preparation of the solution was 90 wi%%, 54 wi%,
and 26 wi Yo, rospectvely.

6192} The solvent can be, bot i not Himited o napbtha, diesel, kerosene, light gasoil, keavy gasod, resid, beavy
crude, dodecane, a cyclic solvent, an aromatic solvent, a hydrocarbon selvest, crude oil, any product obtained after
distlation of crude oil and/or the further refining of crude oil fractions, or any combination thereof.

[6193] The resulting algac oif feed was subjected to catalytic-hydrotreatment. The conditions of these experiments
are sumraarized 10 Table 15 below, Runs 1-3 were conducted in a continuous-feed reactor, The reactor was operated
isothermally and in 2 downflow/tricklc bed mode with oil and hydrogen fed concurrently. The reaction was
conducted at temperatures, pressurces and space velociices as provided in Table 15, The hydrotreatrnent catalyst was
the same catalyst as described in EXAMPLE 1. Specifically, it was a comotercialiy-avatlable NiMo/Al,0; that had
been pre-sulfided and handled prior to the continuous-feed reaction such that re-oxidation did not occur, The
NiMo/AL{; catalyst was a sample of catalyst used for processing Canadian oil sands, believed to have a pore
structure with a BET surface area in the range of 150 — 250 m’/g, micropores in the average diameter range of 50 —
200 Angstroms, and macropores in the range of 1006 - 3600 Angstroms. Products samples were taken after 3,6, 9
and 12 hours “on oif”, Product oil was then analyzed by stmulated distillation and HT GC-MS. ASTM standard
D4629 was used to analyze nitrogen levels.

[0194] Table 13

Run Nes, 1 Run Ne. 2 Ren Ne. 3
algae type Spirulina Desmodesmus Spirufing
extraction solvent hiexane Hexane MIRK
space veloeity 6 cm’/h, LSHV of 11 6 cm’/h, LSHV of 1 & em'/h, LSHV of 1h”
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hydragen feed rate s0ml/min &imL/min E0mL/min

Pressure 1450 psi 1450 psi 1450 psi

Temperatare 370 degrees C 370 degrees € 370 degrees C

weight % in dodecane | 189 13.18 7.83

Catalyst NiMo/ALO, pre-suifided | NiMo/ALG, pre-sulfided | NaMo/ALGy pre-sulfided

[0195] Specific details of the catalytic-hydrotreatment protocol are as follows: hydrotreating experiments were
performed using 6 cnt’ (4.7 g) of the presuifided NiMo/ AL O, catalyst. The lguid feed rate of the algae oil in the
dodecane solution was 6 cm’/h, which corresponded to a LHSV of 1 b, H, feed rate was kept at 60 cm3/min and
the pressure of the system was 1,430 psi. Each experiment, all three of which were performed at 370 °C, lasted a
total of 12 hours, liquid samples were taken every three hows (st £=3, 6, 9, and 12 h). The catalyst extrudates were
used undiluted and their size was approximately 0.85 mm x 1.5 mm 1 1.5 mm. The trickle bed tubular (% mm D}
reactor was down flow for both gas and ligmd.

[8386] The space veloeity can be, but is not Hnuted to, from about .1 volume of oif per volame of catalyst per
howr to about 18 volume of oil per volome of catalyst per bour; from about 0.1 volome of oif per volume of catalyst
per hour to about 6 volorme of o per volume of catalyst per howr; from about 8.2 vohime of oil per volume of
catatyst per hour to about § volume of oif per velume of catalyst per hour, from about 8.6 volume of ¢il per volame
of catalyst per hour to about 3 volame of oif per volume of catalyst per howr; or about 1.8 volume of oil per volume
of catalyst per howr, Space veloeity and hquid hourly space velocity (LHSV) are used mterchangeably thronghout
the specification,

(91871 The hydrogen foed rate can be, but s not limited to, from about 19 m’ Ho/m® ol to about 1700m” Ho/m? oil;
frorn about 100 o’ Fy/m” dissolved oil to about 1400 m’ Hy/m® dissolved oil; from about 100 i’ Hymt® dissolved ofl
to about 1000 m° Ho/mt® dissoived oil; from about 100 o Hy/m® dissolved oil to about 800 i Hy/o dissolved oil;
frorm about 10 e’ Hay/nt' ol to about 800t Hy/ot® oil; from about 100 m’ Hy/m® oil to abont 600m” He/m' oil; from
about 200 ra° Ho/rd® oil o about 500 Ha/nd il or about 600 n Hay/o ol Hydrogen feed rate can alse be
rueasured, for example, as standard cubic feet per barrel,

10598] The o1l products of these expertments are shown i Figure 38A and Figure 38B. Figure 38A cowmresponds
to Run No. 1; Figure 388 corresponds to Run Ne. 2. All hydrothermally treated samples (Run 1-3) were dark brown
priot to hydrotreating, and clear after hydrotreating, as 1s shown in Figure 384 and Figure 38B. Figure 38A from
feft to right are samples taken at 3, 6, 9 and 12 hours. Figure 388 from left o right are samples taken at 3, 6, 9 and
i2 hours. A picturc of the Run 3 hydrotreated samples was not taken.

16199 Boiling Range Distribution

16286] Simulated Distillation {ASTM D7169} was used to characterize both Desmodesmus and Spiruling vpgraded
oil products, as detailed in the Analytical Methods section above. Boiling point distribution plots for the oil

products of the upgrading processes are shown in Figures 394, B, C and D, Figures 484, B, C and D, and Figures
41A, B, Cand D, Figures 33A, B, C and B, represent boiling pomt distribution plots for upgraded oi products from

Spiruling, hexane extracted, with samples taken at 3, 6, 9 and 12 hours respectively (Ruon 1). Figares 484, B, € and
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B, represent boiling point distribution plots for upgraded oil products from Desmodesmis, hexanc extracted, with
saniples taken at 3, 6, 9 and 12 hours respectively (Run 2). Figures 41A, B, C and B, represent boiling point
distribution plots for upgraded oil products from Spiruding, MIBK extracted, with samples taken at 3, 6, 9 and 12
hours respectively (Run 3). The four distribution plots for each of the upgraded oils were approximately the same
over the twelve hour time period. It is notable that all of the algal oif obtained after ydrotreating, as shown
Figure 39A to Figare 41D, has 90% of its components boiling below about 320 degrees C (608 degrees F)(this can
be observed by looking at the temperatare corresponding to the 90% points). In contrast, the algal oil feed as
exemplified in Rigure 2 for Nannechioropsis salina has about 90% of its components with a botling pomnt above
320 degrees C (608 degrees F1. Therefore, hydrotreating of the algal oils (as described in Table 15 and directly
above), as with EXAMPLE [ produces a significant reduction in boiling point.

(6203} Compoond Grovps by HT GO-MS and Elemental Apalysis

6282} High Temperature GO-MS (HT GC-MS) was used to identify compounds in the spgraded cil prodacts and
to measare the effects of the epgrading methods and process conditions on o1l guabity and composition. HT GC-M3
alse provided mformation at the molecular level. EA (as deseribed in the Analytical Methods section above) was
gsed to determine nitrogen levels, as 18 shown in Table 17 discussed below.

6283} The modified HT GC-MS equipment and raethods used for the Examples are detatted earbier in thig
decument and 18 Provisional Patent Application 63/547,391 (incorporated heremn), with a summary being: Coloron -

Zebror ZB- 1HT Inferno™, Dimensions - 15 raeter x 0.25 mum x 0.1 prn; Injection— PTV, GERSTEL CIS4 @ 1

{
°C, 12%sec to 380 °C, 0.1 k., Split 1:36; Carrier Gas - Helium @ 1.5 ml/mun (constant flow); Oven Program; 40
°C for 1 min to 380 °C @ 20 °C/min, 18 rain hold; Detector - MSD, Interface @ 380 °C, Source @ 236 °C, Quad @
156 °C; Sample: 2% 1w C82. Approximately 200 peaks per sample were detected. Roughly 50% of the peaks
ascounting for 75% 10 90% of the total peak area were identified, with a mintmum match quality requirement;
>80%. The HT GC-MS chromatograms were integrated and peak spectra (TIC) compared against the NISTO8 and
Wiley 9 ibrary. Identified peaks were sorted according to the number of carbons.
[0264] Figure 42 is a graphbical representation of data from a HT GC-MS analysis of Run 1 and Ron 2. The first
bar of each set of two bars is from Ron 2, the second bar of each set of two bars is from Run |, The y-axis is
normalized area percent and the x-axis lists various compound types. HT GC-MS results show significant
difterences between Desmodesmus and Spiruling hydrotreated otf, both extracted with hexane. As is shown i
Figure 42, upgraded Spiruling oil comprises a higher percentage of low carbon number containing compounds than
vpgraded Desmodesmus oil. Additionally, upgraded Spiruling oll conprises a higher percentage of Ci6 containing
compounds, and upgraded Desmodesmus oil comprises a higher percentage of C18 contamning compounds. These
are just 2 fow examples of some of the differences between Desmodesmus and Spirufing hydrotreated oil, both
extracted with hexane. As is apparent in Figure 42, the two hydrotreated oil products are very different in
composition from each other. These compositional differences are sigmificant since the two algae strains were
processed i the same manner, specifically, the same hydrothermal treatment, the same solvent extraction, and the
same hydrotreating conditions. Figure 43 is 2 graphical representation of data from a HT GC-MS analysis of Fun 1

and Run 3. The first bar of each set of two bars is from Run 1, the second bar of each set of two bars is from Run 3.
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The y-axis is normatized arca percent and the x-axis lists various compound types. HT GC-MS results show no
significant differences between Spiruling hydrotreated o1l extracted with hexane and with MIBK. However, it
should be noted that a significant amount of the algal oif from the MIBK extraction was not dissolved in dodecanc.
Tabie 18 below contains the data of Figure 42 and Figure 43. Notable are the percent C16 (see *) and the percent
C18 {see **) valnes. Also notable 1s the presence of longer chain conpounds (C19-C30) only in the Desmodesmus
strain.

16285} Table 16

compound type normalized ares % normalized area % normalized area %
Spiruling bexane Desmodesmus hexane Spivuling MIBK
extracted ~Run 1 extracied ~Run 2 extracted - Run 3

4 0.2

Z-methyl-butane 5.3 il 3.0

C5 i3 0.3 0.8

Z-methvil-pentane EX) 17 2.9

J-methyl-pestane 1.9 0.6 L

Cé 1.2 0.4 0.9

Methyleyelopentane 1.6

Methylcyclehexane 1.4 1.3

Z-methyl-heptane 3.6 3.5

J-methyl-heptane 7 2.7

Cs i 0.4 0.9

Toluene 0.5 0.4

2.5-dimethytheptane 1.2 0.9

Ethyleyelehexane 1.9 0.4 2.0

Ethylbenzene 1.8 1.6 1.2

p-xviene 0.4

1,3-dimethyibenzene 8.7

Propyibenzens 0.9

Propylcyclohexane 0.8

13 1.4

14 1.2

tetrahydrotrimethyinapthalene 0.4

15 6.3 4.9

Ci6 38.3% B.T* 37.4%

Ci7 10.6 112 16.7
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Dimethylibepiadecane 1.1

Ci8 22 30.1%% 21.5%%
teframethythexadecane 6.5 9.9 6.3
f-octadecane 0.4

19 0.3

C20 0.6

22 0.4

24 0.5

28 0.4

Ci6 2.1

C27 .6

28 i

¢ 0.6

€30 1.7

[6286] Nitrogen levels prior fo solvent dilution and hydrotreatiment can be, for exaraple, in the range of 10,800 10
100,800 ppra, 19,006 to 64,006 ppm, or 26,0060 to 80,000 ppo. Ror | had 6.4 weight percent {standard deviation of
.15} ntirogen; Run 2 had 1.9 weight percent (standard deviation of 0.1} nitrogen; and Run 3 had 3.7 weight percent
{standard deviation of 1.3) nitrogen. Prior to hydrotreating, the algal oil can have, for example, up fo 8 weight %
nitrogen, and after hydrotreating the algal oil can have, for example, less than 1 weight % unitrogen. Alternatively,

%, up

prior to hydrotreating, the algal oil can have, for example, up to 7 weight %, up to 6 weight %, up to 5 weight
to 4 weight %, up to 3 weight Yo, up to 2 weight %, or up o 1 weight % nitrogen, and after hydrotreating the algs
oil can have, for example, less than 0.9 weight %, tess than 0.8 weight %, less than 0.7 weight %, less than 0.6
weight %, less than .5 weight %, less than 0.4 weight %, less than 0.3 weight %, less than 0.2 weight %, ot less
than €.1 weight % nitrogen.

0287 Nitrogen was reduced after hydrotreating for all three rums as is shown below in Table 17. Nitrogen levels
were decreased at the 3 howr time point and remained low for cach of the samples taken at 6, 9 and 12 hours.
Neotable here is that the denitrogenation of Runs 1-3 was in excess of 99%. Considering the elevated nitrogen levels
in the algal oil, prior to hydrotreating, this indicates that the nitrogen containing species are readily converted vnder
the hydrotreating conditions described in Table 15, and alternatively the conditions provided throughout the
disclosure. Both the hydrotreating conditions disclosed m Table 15 and throughout the disclosure can be found m
conventional petroleum refineries.

{0248 Table 17

ppm of nitrogen after HTT | ppm of nitrogen before ppm of nitrogen after hydrotreating
and solvent extraction frvdrotreating but after solvent
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ditution
Run | 64,000 5800 15
Foun 2 19,000 4400 2
Run 3 37,000 3500 11

102897 EXAMPLEIX

(8218 Algae oi feed was obtatned from a Spirvding species produced by bydrothermal freatrent and bexane
extraction, according to the methods listed above in the section entitled “Hydrothermal-Treatraent of Biomass, with
Acidification, for Production of Crude Algae Oil”. The hydrothermal treatiment step (step b in the method bsted
above} was conducted at 260 degrees C for 1.0 hour, The acidification step {step d 1o the maethod hsted above) was
conductad at a pH of 4.5 0 5.0, The heating step (step ¢ in the method listed above) was not dene. In addition,
muitiple solvent extractions were conducted {steps 1o § were repeated twice),

16211} A fraction of the resulting oil feed was then subjected 10 ap additional thermal freatment. Thepmal treatment
was at 400 degrees C for 30 punutes (as is deseribed in United States Provisional Application Number 61/504,134,
filed July |, 2011, cotitled THERMAL TREATMENT OF CRUDE ALGAE OIL AND OTHER RENEWARLE
OILS FOR IMPROVED OIL QUALITY, and United States Provisional Application Nursber 61/552,628, filed
October 28, 2011, cutitled THERMAL TREATMENT OF ALGAE OfL).

10212}  Asindicated in Uunited States Provisional Application Number 61/504,134 and United States Provisional
Application Number 61/552,628, thermal treatment of algal o1l has 2 number of benefits including lowering the
viscosity of the o1, reducing its sulfur, oxygen and metals content and shifting the boiling pont distribution of its
components to lighter (lower boiling materials). This thermal treatment can be done in a standalone processing umit
dedicated to algal il or it can be done in a conventional refinery where algal oil can be co-processed in coking vnits
with conventional fecdstocks derived from crude in coking units or in cokers dedicated fo algal oil. The thermal
treatment can also be conducted in the heat exchanger trains that precede many processing units where algal oil
could be processed unblended or in mixtures with conventional oils derived from crude.

10213} The resulting algae oil, both thermally treated oil and o1l that which was not thermally treated, was further
subjected to catalytic-hydrotreatment. The conditions of these experiments are summarized 1n Table 18 below, Rons
4 and § were conducted in senu-batch reactor mode with hydrogen continucusly fed to the reactor that had been
previcusly charged with catalvst and oil s described m EXAMPLE 1. The hydrotreatment catalyst was the same
catalyst as described in EXAMPLE 1. Specifically, it was a commercially-available NiMo/ALO; that had been pre-
sulfided and handled prior to the batch-feed reaction such that re-oxadation did not ocour. The NiMo/ALG, catalyst
was a samiple of catalyst used for processing Canadian ol sands, believed to have a pore structure with a BET
surface area in the range of 150 - 250 m¥/g, micropores in the average diameter range of 50 - 200 Angstroms, and

masropores 10 the range of 1600 - 3000 Angstroms.
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19214} Table I8

Rux No. 4 Run No. 8
algae type Spiruling Spiruling
thermally treated Ne Yes
exiraction solvent Heptane Heptane
Pressure 1800 psi Hy 1500 psi Hsy
Temperature 370 degrees C 370 degrees U
Catalyst NiMo/ALO; pre-sulfided | NiMo/ALO; pre-sulfided
102158} Specific details of the catalytic-hydrotreatment protocol are as follows: 15 g algae oif were weighed

directly into the reactor; the reactor was purged with Ar; 7.5 g NiMo/ALO, pre-sulfided catalyst was added to the
reactor {the catalyst was pre-weighed in a glove bag under inert atmosphere and stored in a desiceator to Himit the
exposure o0 2ir) and the reactor was sealed; stirring began at aboot 100 rpm; the reactor wag purged three times with
Ar and pressunized to 1000 psi with Hy; the stirring speed was mereased to about 600 rpm and the temperatore was
ramped to 370 degrees C; the pressure was then adjusted to 1800 psi with Hy and the reactor held at 370 degrees ©
for one hour; the reactor was then conled to 35 degrees C; the gas sample was collected; and the solid and biquid
products were recovered. The recovered oil and residual solids left on the catalyst was in excess of 90% with the
remainder of the mass lost fo hydrogen that was flowing through the reactor. The ol constituted at least 85% of the
recovered ol and residual solids with the latter being material that adhered to the catalyst particles or reactor walis.,
6216} The recovered solid and hiquid products were then analyzed as follows: the total product which consisted of
the il 10 the reactor along with the catalyst, was weighed; the total product was then gravity fitered in order to
separate out the lght fraction from the solids (ol that could not be povred cut and that still adhered o the catalyst at
room femperature); the solids were then extracted with chloroform; chloroform was removed from the Hguid by
rotary evaporation at 60 degrees C under vacunm: and the heavy fraction was obtawsed. The light fraction is what
can be poured out of the reactor and filtered. The heavy fraction is extracted with chloroform from the solids, The
solids coraprise oil adhered to the catalyst and the catalyst itself. The heavy and Hght fractions were then analyzed
by sinwlated distillation and HT GC-MS5,

6217} Boiling Range Distribution

[0218]  Siomlated Distillation (ASTM D7169) was used to characterize both the light and heawy fractions of the
Spiruling wpgraded oil products from Rus 4 and Run 3, as detaifed i the Analytical Methods section above. Boiling
point distribution plots for the oil products of the upgrading processes are shown in Figures 444 and Figure 448
{Run 4; light and heavy fractions respectively) and Figures 45A and Figure 45B (Run 5; light and heavy fractions
respectivelyy).

[6219] Notable is that there was little difference in the boiling point distributions when comparing the hight
fraction to the heavy fraction for either the hydrotreated products that were first thermally freated or for the

hydrotreated products that were not first thermally treated. These results are not unexpecied since, as described
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above, the light and heavy designations came from how the products were recovered from the reactor (by
chloroform exiraction) and the method of chioroform extraction does not necessarily distinguish materials by their
boiling points.

162268] It is also notable that the hydrotreated products (both the light and heavy fractions) that were first thermally
treated have a lower average boiling point than those which were not first thermally treated. The temperature at
which 90% of the material has boiled overhead for the hydrotreated products that were first thermally treated was
about 400 degrees C (see Figure 45A and Figure 45B). The temperature at which 90% of the maternial has botled
overhead for the hydrotreated products that were not first thermally treated was about 450 degrees C (see Figure
44A and Figure 44B).

6223 Compoond CGroups by HT GC-MS

0222} High Temperature GO-MS (HT GC-M3} was used to identify compounds in the spgraded oil produocts. The
modified HT GC-MS equipment and methods psed for the Examples are detatled earlier in thas document and tn
Provisional Patent Application 61/547.391 (incorporated herein), with 2 sarmmary being: Column - Zebron ZB-1HT
Inferno™, Dimensions - 15 meter x 0.25 mm x 6.1 pmy; Injection - PTV, GERSTEL Cisd @ 10°C, 12%sec to 380
°C, 0.3 g, Sphit 1:10; Carrier Gas - Helium @ 1.5 mL/min (constant flow); Oven Program: 40 °C for 1 min to 380
°C @ 20 °C/rom, 10 min hold; Detector - MST, Interface @ 300 °C, Source @ 230 °C, Quad @ 150 °C; Sarople: 2%
in CS2. Approstmaately 260 peaks per saraple were detected. Roughly $0% of the peaks accounting for 75% o 99%
of the total peak area were identified, with 2 ounimur match quality requivement: 280%. The HT GC-MS
chromatograras were indegrated and peak spectra {TIC) compared agarnst the NISTO8 and Wiley 9 bbrary.
Identified peaks were sorted according to the oumber of carbons and by compound class.

(6223} Figure 46A and Figure 468 show a chromatogram of the light and heavy fractions of Run 4 {no thermal
treatmentt prior to hydrotreatment). Figure 47A and Figure 47B shows a cheorsatogran of the hght and heavy
fractions of Run 3 (theroual treatraent prior to hydrotreatment). Figure 48 shows a chromatogram of the
Narnochioropsis upgraded oil 7TSEBR described above (in EXAMPLE I} for comparison with the light and heavy
fractions of Run 4 and Run 5. Figare 49 shows a chromatogram of the Nannochiloropsis upgraded od 10SEBR
deseribed above (in EXAMPLE 11) for comparison with the light aad heavy fractions of Run 4 and Run 3. 1t should
be noted that the oif products shown in Figure 48, Figure 49, and Figures 46A and B, were not theomally treated
prior 1o hydrotreating, and the oil products shown in Figures 47A and B were thermally treated puior to
hydrotreatment.

[6224] Asisshown in Figures 46A and B, and Figures 47A and B, the distribution of hydrocarbons ia oil derived
from Spirufing (front both Run 4 and Run 3, and from both heavy and light fractions) has fewer compounds, and the
conmpounds are maimnly concentrated in the C12-C1¥ range. This nieans that fuels derived from Spirufing will have
vields that are higher mn jet materials than from a Naninocfiloropsis species. By contrast, Nannochioropsis derived
oils will have a wider range of hydrocarbons, for example, from C9-C32 (as is shown in Figure 48). This means that
fuel derived from Nanmochiloropsis will have yields that are different, ranging from naphtha to gas oil range
materials {ferms commonly used in refining technology). Similarly the fuel quality of il derived from Spiruling

will be different from that of Nannochloropsis. These qualities include, but are not limited to, cold flow properties
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{pour point, cloud point, and freeze point). Cold flow propertics are relevant in cold weather operations. An
example of the differing qualitics is that Nawmochioropsis derived oil was a solid at room temnperature whereas
Spiruiing derived oil was a guid at room temperature.

[6225] 'Table 19A below provides the weight percent of each of C12-C18 wherein the weight percent is of the
total amount of compounds detectable by mass spectrometry analysis. This data is shown in Figure 464, Figure
461, Figure 47A, and Figare 47B.

16226] Table 194

13H 136 14H i4L
identity | Retention | % Retention | % Retention | % Retention %
Time Time Time Time

€12 11.9748 2.2 11.9746 2.3 12.0009 6.6 12,0007 5.9
14 14.5437 2.5 14.5437 2.4 14.5525 0.5 14.5523 0.5
{15 15.7541 9.2 15.7629 a8.7 15.763 9.7 15.7715 8.8
{16 16.9124 18.5 16,9211 18.2 | 15.93%7 20.9 169472 19.4
€17 17.9225 7.6 17.9313 7.1 17.9576 11.4 17.9661 0.5
iz 18.9241 4 18.9241 3.9 19.0026 16.6 19,0111 15.2
Total 45 42.7 65.7 60.2

0227} 'Table 19B
[6228] Table 198 below provides the weight percent of each of C9-U37 wheretn the weight percent 1s of the total

amount of compounds detectable by mass spectrometry analysis. This data is shown i Figure 48 and Figure 49

7SEBR 10SEBR
Retention Time Percent Retention Time Percent
Cg 2.0747 0.2298
18 2.6268 0.5356 3.0152 0.3873
i1 3.8112 0.6199 4.1909 0.4723
€12 5.0813 0.8708 5.4623 £.9078
i3 6.3628 1.2372 6.7338 1.3064
14 7.5994 22141 7.9791 3.3125
€is 8.7925 43198 79791 3.3125
€is 8.9159 6.4955 10.374 1 17.8651
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€17 10.9261 2.2844 11,3058 2.004

€18 12.3248 2.6294

€19 13.2%14 3.8137

€20 14,2581 7.0972

€27 15.478 1.0101

€28 21.2831 1.6185

€30 21.6604 1.9208

€31 22.5347 2.697

32 22.8883 3.273
23.5029 45.2588

6229 Ome observations when comparing hydrotreated algal oil that was thermally pretreated with hydrotreated

algal oil that was not thermally pretreated is that both oils are upgraded 1 a similar manner ypon hydrotreatment.

This means that the decision to thermally pre-treat or not will be deiven by cost economics, refinery configurations,
ft that the d to th Hy pre-treat t will be dr by cost , refiners f t

ete., since both are techically feasible. Shown below in Table 18 are the compoond classes as determined by HT

GC-MS of hydro-treated products from thermally versus non-thermally treated algae crude feed.

6238} Table 33C

hydro-treated products of thermally hydro-treated products of non-thermally
treated off -Run § treated ofl -Run 4
Fraction Heavy Hight heavy light
Aromatics 1.8 23 0.7 1.3
Amides 0.0 0.0 0.8 0.9
Nitragen 3.0 0.4 54 0.1
compounds
Fatty Acids 0.8 0.0 0.0 0.0
Hydrocarbon~ 49.6 61.7 43.0 74.0
saturated
Bydrocarbaon- (.0 4.6 0.7 0.3
ansaterated
Nitriles 0.1 0.0 0.6 0.0
Oxvgen 1.4 2.1 23 2.7
cornpounds
Phosphorus 0.0 0.0 0.0 0.0
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corapeunds
Stevels 0.0 8.0 0.0 0.0
Sulfur compounds (.0 4.0 0.8 0.9

10231} In this disclosure, ranges of temperature, holding time/residence time/LHSV, gas to oil ratios, BET surface
in m2/g, pore sizes in Angstroms, pressure in psig, and/or other ranges of variables, are given for many
enmibodiments of the invention. It should be understood that the ranges are intended to mclude all sub-ranges, and to
include each meremental amount of temperature, holding time/residence time/LHSVY, gas to oil ratios, BET swiface
in m2/g, pore sizes in Angstroms, pressure in psig, and other variable, within each broad range given. For example,
while a broad range of pressure of 1000 — 2000 psig is mentioned, certain embodiments may include any of the
following sub-ranges or any pressure within any of the following sub-ranges: 1000 - 1030, 1056 — 1106, 1100 -
1150, 1150 - 1200, 1200 - (250, 1250 - 1300, 1300 — 1350, 1350 — 1480, 1400 - 1450, 145¢ — 1500, 1500 - 1550,
1350 - 1600, 1600 — 1650, 1650 - 1700, 17006 1750, 1750 - 1800, 1800 ~ 1850, 1836 — 1908, 1900 - 1950, and
1950 - 2000 psig. For example, while a broad range of 300 - S00 degrees C 13 mentioned, certain embodiments
may inclode any of the following sub-ranges or any temperatore within any of the following sub-ranges: 300 - 310,
319 - 328, 320 - 336, 330 - 340, 340 - 330, 350 - 360, 360- 370, 376 - 380, 380 - 398, 390 - 400, 400 - 410, 410
- 420, 420 - 430, 430 - 440, 448 - 450, 450 — 460, 460 - 470, 470 — 480, 450- 490, and 490 - 508 degrees €, For
example, while a broad range of 300 — 600 degrees C maxiouam temperature is mentioned (for thermal treating, for
example), certain embodiments may include any of the followmg sub-ranges or any teraperature within any of the
following sub-ranges: 300 — 310, 310- 320, 326- 330, 330-340, 340 - 350, 350 - 360, 360 - 370, 370 - 380, 380~
390, 390 - 400, 400 - 410, 410 - 420, 420 - 430, 4530 - 440, 440 — 430, 450 - 469, 460 — 470, 470 - 450, 480-490,
490 - 506, 500 - 510, §10 - 526, 520 - 538, 530 ~ 540, 546 ~ 550, 550 - 560, 566 ~ 576, 576 ~ 580, S86 - 596,
and/or 590 - 600 degrees C.

62321  Also included this disclosure, wheretn valves, for example, such as area percent, mass percent, or weight
percent are written or showa i Tables or Figures, are those values but with “about” inserted before each value, as
one of average skill in the art will understand that “about” these values may be appropriate in certain embodiments
of this disclosure.

[6233] While certain embodiments have been shown and described herein, 1t will be obvious to those skilled in the
art that such embodunents are provided by way of example only. Numerous variations, changes, and substifutions
will now occur to those skilled in the art without departing from the disclosure. 1t should be understood that various
alternatives 1o the embodiments of the disclosure described herein may be enployed in practicing the disclosure. It
is intended that the above Example Claims define the scope of the disclosure and that methods and compositions

within the scope of these claims and their equivalents be covered thereby.
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CLAIMS

i. An oleaginous composition comprising ot exiracted from biomass cornprising a microorganism wherein the
composition is hydrotreated and the hydrotreated composition comprises:

a} from about 30 weight percent to about 90 weight percent carbon containing compounds selected from
the group consisting of C8, C9, C10, C11, C12, C13, C14, C15, C16, C17, and C18 containing compounds;

b} from about 30 weight percent to about 70 weight percent carbon containing compounds selected from
the group consisting of C8, U9, C10, C11, C12, C13, C14, C15, C16, C17, and C18 containing compounds; or

¢} from about 10 weight percent to about 86 weight percent carbon containing compmmdq selected from
the group consisting of €9, C10, C11, C12, C13, Ci4, C15, C16, C17, C18, C19, C20, C21, C22, €23, 24, 25,
26, C27, C28, €29, 30, C31, and (32 containing compounds;

wheremn weight percent is of the total amoumt of compounds detectable by mass spectrometry or gas
chromatography analysis.

The oleaginous composition of claim 1, wherein the hydrotreated composition comprises: from about 40 o about
85 weight percent carbon contaimng compounds selected from the group consisting of C8, C9, C10, C11, C12, C13,
ClH4, C15, C16, C17, and 18 contaiming compounds; from about 65 to &b(}li' 85 weight percent carbon containing
compounds selected from the group counsisting of C8, C9, C10, C11, Ci2,C13, C14, C15, C16, Ci7, and C18
containing compounds; from about 70 to about 80 weight percent carbon containing compounds selected from the
group consisting of O, U8, C10, C11, C12, C13, C14, C1§, C16, C17, and Ci3 containing compounds; from about
77 to about 84 weight percent carbon contaiping corapounds selected from the group consisting of €8, C9, Ci6,

o311, €12, C13, Ci4, €18, C16, C17, and C18 containing compounds; from 77.4 o 83.8 weight percent carbon
containing compounds sefected from the group consisting of C8, C9, C16, C11, C12, €13, Cl4, C15,C16, C17, and
C18 contaiming compounds; from 77.3 to 855 weight percent carbon contamning compounds selected from the group
consisting of C8, C9, C10, C11, C12, C13, C14, C15, C16,C17, and C13 containing compoands; or from 80.8 to
86.6 weight percent carbon containing compounds selected from the group consisting of C8, €9, C16, Ci1, C12,
C13, Cl4, C15, Cls, C17, and C18 containing compounds.

. The olcaginous composition of claim |, wherein the hydrotreated composition comprises: from about 43 to about
06 Weight percent carbon containing corapounds sefected from the group consisting of C§, C9, C10, C11, C12, C13,
C14, C135, C16,C17, and C1¥ containing compounds; or from about 42.7 1o about 63.7 weight percent carbon
containing compounds selected from the group consisting of C8, €9, C10, C11, C12, C13, C14, C18, C16, C17, and
(18 containing compounds.

4. The oleaginous composition of claim 1, wherein the hydrotreated composition comprises: from about 20 to aboot
70 weight percent carbon containing compounds selected frora the group consisting of C9, C10, Cl1, €12, C13,

14, C18, C16, C17, C18, C19, €26, C21, €22, 23, €24, €25, C26, €27, C28, C29, C30, C31, and C32
containing compounds; from about 30 to .ibout 66 weight percent carbon containing compounds selected from the
group consisting of C9, C18, C11, C12, CI3, C14, C15, Cle, C17, Ci8, C19, C28, €21, €22, €23, C24, €25, €26,
27, C28, €29, C30, C31, and C32 contarsing corupounds; or from about 23 to about 46 weight percent (.cubon
contaiming componunds selected from the group consisting of C9, C10, C11, C12, C13, C14, C15, C16, Ci7, C18,
19, C20, C21, C22, €23, €24, €25, C26, C27, C28, 29, €36, €31, and C32 containing compounds.

5. The oleaginous composition of claim 1, wherein prior to hydrotreatment, the oleaginous composition is
hydrothermally extracted.
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6. The cleaginous composition of claim 1, wherein the hydrotreatment is in a semi-batch, batch, or continuous flow
reactor,

e

7. The oleaginous composition of claim 1, wherein the microorganism is an alga.

8. The oleaginous composition of claim 7, wherein the alga s 2 microalga or a macroalga.
£+ 5 % o £ o

9. The oleaginous composition of clairs §, wherein the microalga is a cyanobactenur.

10, The oleaginous composition of claim I, wherem the microorganism 18 a Desmodesmus species or a Spiruling
3pecies.

{1, The oleaginous composition of claim 1, wherein the microorganism is a Nannochloropsis species,

. The oleaginous composition of claim 11, wherein the Nannochloropsis species is Nannochioropsis salina,
w w

-
S

13. The oleaginous composition of claim 1 or 5, wherein the solvent used for extraction is a heptane, hexane,
methyl isobutyl ketone (MIBK), acetonitnle, ethanol, methyl-t-butyl ether (MTBE), methy! ethyl ketone (MEK),
propanol, iso propyl alcchol (JPA}, methanol, cyclohexane, toluene (methylbenzene), chloroform
(trichloromethane), methylene chioride (dichloromethane), a polar solvent, a non-polar solvent, or a combination of
any two or more thereof.

~

i4. The oleaginous composition of claim 13, wherein the solvent used for extraction is hexane, heptane, or methyl
isobutyl ketone (MIBK).

i5. The oleagimous composition of claim |, wherein the mass spectrometry 18 high temperature gas
chromatography-mass spectrometry (HT GC-MBS), gas chromatography-mass spectrometry ({GC-MS), or hiquid
chromatography mass spectrometry, or the gas chromatography is gas chromatography flame 1onization detection
{GC Fiby),

16. An cleaginous composition compristug oil extracted from biomass comprising a microorganism wherein the
composition is hydrotreated and the bydrotreated corposition:

a} has a reduction of nitrogen of at least 70% as compared to the snhydrotreated composition;
b) the hydrotreated composition comprises less than 100 ppm of nitrogen; or

¢} the unhydrotreated composition has up to % weight percent mitrogen, and the hydrotreated composition
has less than 1 weight percent nitrogen.

~t

. The oleaginous conmposition of claim 16, wherein the reduction of nitrogen is at feast 75%.

&0

The oleaginous composition of claim 16, wherein the reduction of nitrogen is at least §0%.

o

The oleaginous composition of claim 16, wherein the reduction of nitrogen is at least §5%.
20. The oleaginous composition of claim 16, wherein the reduction of nitrogen is at least 90%,
21, The oleaginous composition of claim 17, wherein the reduction of nitrogen is at least 95%,.
22, The oleaginous composition of claim 16, wherein the reduction of nitrogen is at least 99%.

23. The olcaginous caraposition of claim 16, wherein the hydrotreated composition comprises less than 90 ppm of
nitrogen.
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24. The oleaginous conposition of claim 16, wherein the hydrotreated composition comprises less than 80 ppm of
nitroger.

25. The oleaginous conmposition of claim 16, wherein the hydrotreated composition comprises less than 70 ppm of
nitroger.

26. The oleaginous conposition of claim 16, wherein the hydrotreated composition comprises less than 60 ppm of
nitroger.

27. The oleaginous conmposition of claim 16, wherein the hydrotreated composition comprises less than 50 ppm of
nitroger.

28. The oleaginous conposition of claim 16, wherein the hydrotreated composition comprises less than 40 ppm of
nitroger.

29. The oleaginous conposition of claim 16, wherein the hydrotreated composition comprises less than 30 ppm of
nitroger.

30. The oleaginous conmposition of claim 16, wherein the hydrotreated composition comprises less than 20 ppm of
nitroger.

31. The oleaginous composition of claim 16, wheretn the hydrotreated composition compnises less than 10 ppm of
nitroger.

-

32. The oleaginous composition of claim 16, wheretn the hydrotreated composition comprnises about 15 ppm of
pirogen, about 29 ppro of nitrogen, or abowt 1] ppm of mitrogen.

33, The oleaginous composition of claim 16, wherein the unhydrotreated composition has up to 7 weight percent
mitrogen, and the hydrotreated composition has less than 0.5 weight percent nitrogen.

34. The oleaginous composition of claim 16, wherem the unhydrotreated composition has up to 7 weight pereent,
up 10 & weight percend, up to 5 weight percent, up to 4 weight percent, up to 3 weight percent, up to 2 weight
percent, or up to 1 weight percent nitrogen, and the hydrotreated composition has less than 0.9 weight percent, fess
than §.8 weight percent, less than 0.7 weight percent, less than 0.6 weight percent, less than 0.5 weight percent, less
than (.4 weight percent, less than 0.3 weight percent, less than 0.2 weight percent, or less than 0.1 weight percent
nitrogen.

35. The oleaginous composition of claim 16, wherein the nitrogen levels are determined by ASTM standard D4629
or clemental analysis.

36. The oleaginous composition of claim 16, wherein prior to hydrotreatment, the oleaginous composition s
hydrothermally extracted.

37. The oleagious composition of claim 16, wherein the hydrotreatment 13 in a semi-batch, batch, or contimuous
flow reactor,

38. The oleaginous composition of claim 16, wherein the microorganisnt is an alga.
39. The oleaginous composition of claim 38, wherein the alga is a microalga or a macroalga.

40, The oleaginous composition of claim 39, wherein the microalga is a cyanobacterium.
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41. The oleaginous conmposition of claim 16, wherem the microorganism is a Desmodesmus species or a Spirulina
species.

42. The oleaginous composition of claim 16, wherein the microorganism is a Nannochioropsis species.
43. The oleaginous composition of claim 42, wherein the Nannochloropsis species is Nannochloropsis salina.

44, The oleagimous compaosition of claim 16 or 36, wherein the solvent used for extraction is 2 heptane, hexane,

nethyl isobutyl ketone (MIBX), acetonitrile, ethanol, methyl-t-butyl ether (MTBE), methyl ethyi ketone (MEK],
pmpcmoi 130 propyl aleohol (IPA), methanol, cyclohexane, toluene (methyltbenzene), chloroform
{trichloromethanc)}, methylene chionde {dichloromethane), a polar solvent, a non-polar selvent, or a combination of
any two or more thereof.

45. The oleaginous composition of claim 44, wherein the solvent used for extraction is hexane, heptane, or methyl
isobutyl ketone (MIBK).

46. An oleaginous composition comprisiug oil extracted from biomass comprising a microorganism wherein the
compaosition i3 hydrotreated and the bydrotreated coraposition comprises a percent mass fraction with a boiling pout
of from 260 degrees F to 1020 degrees F of between about 40% and about 95% as determined by ASTM protocol
D7169,

47. The oleaginous composition of claim 46, wherein the hydrotreated composition comprises a percent mass
fraction with a boiling pomt of from 260 degrees F 1o 1020 degrees F of between about 60% and about 90%,.

. The olecaginous carmaposition of claim 46, wherein the hydrotreated composition comprises a percent mass
fmc‘uon with a botling point of from 260 degrees F to 1020 degrees F of between about 74.4% c.nd about 87.4%.

49, The oleaginous composition of claim 46, wherein the hydrotreated composition comprises a percent mass
fraction with a boiling point of from 260 degrees F 1o 630 degrees F of between about 30% and about 55%.

50. The oleaginous composition of claim 46, wherein the hydrotreated composition comprises a percent mass
fraction with a boiling pomnt of from 260 degrees F o 630 degrees I of between about 35.2% and about 51%.

. The oleaginous compozition of claim 46, wherein prior to hydrotreatment, the oleaginous composition s
hydrothermaﬂy extracted.

The oleaginous composition of claim 46, wherein the hydrotreatment is in a semi-batch, batch, or continuous
flow reactor.

53. The oleaginous compozition of claim 46, wherein the microorganism is an alga.
54. The oleaginous comaposition of claim 533, wherein the alga 1s a nucroalga or a macroalga.
55. The oleaginous coraposition of claim 54, wheretn the microalga is a cyanobacterium.

56. The oleaginous coraposition of claim 46, wheren the microorgamsim is a Desmodesmus species or a Spiruling

57. The oleagious composition of claim 46, wherein the microorganism is a Nannochioropsis species

58. The oleaginous composition of claimn 57, wheremn the Nannochforopsis species is Nannochloropsis salina.
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59. The oleaginous conmposition of claim 46 or 51, wherem the solvent used for extraction is a heptane, hexane,
methyl 1sobutyl ketone (MIBK), acetonitrile, ethanol, methyl-t-butyl ether (MTBE}, methyl ethyi ketone (MEK),
propano], iso propyl aleohol (IPA), methanol, cyclohexane, tohuene (methylbenzene), chloroform
{trichdoromethane), methylene chloride {dichloromethane), a polar solvent, a nop-polar solvent, or a cormbination of

any two or more thereof.

60. The oleaginous coraposition of claim 59 wherein the solvent used for extraction s hexane, beptane, or methyl
isobutyl ketone (MIBK).

61. An oleaginous composition comprising oil extracted from biomass comprising a microorganism wherein the
oleaginous composition has: a} at least 60% of its components boiling below about 320 degrees Celswus (about 608
degrees Fahrenheit); or b) at least 90% of its components boiling above about 450 degrees Fahrenheit {about 232.22
degrees Celsiug) as determined by ASTM D7169.

62. An oleaginons composition comprising o1l extracted from biomass comprising a microorganism, wherein the
oleaginous composttion has at least 65% of its components boiling below about 320 degrees Celsius.

63, An oleaginons composition comprising o1l extracted from biomass comprising 2 microorganism, wherein the
oleaginous composition has at least 70% of its components boiling below about 320 degrees Celsius,

64, An oleaginons composition comprising o1l extracted from biomass comprising 2 microorganism, wherein the
oleaginous composition has at least 75% of its components boiling below about 320 degrees Celsius,

65, An oleaginons composition (,ofnpnsmu oil extracted from biomass comprising a mucroorgarism, wherein the
oleaginous composition has at least 8% of its components boiling below about 320 degrees Celsius,

66. An oleaginous composition comprising oif extracted from biomass comprising a microorganism, wherein the
oleaginous composition has at least 85% of its components boiling below about 320 degrees Celsius,

67, An oleaginons composition comprising o1l extracted from biomass comprising 2 microorganism, wherein the

oleaginous composition has at least 98% of its components boiling below abowut 320 degrees Celsius,

68. An oleaginons composition comprising o1l extracted from biomass comprising 2 microorganism, wherein the
oleaginous composition has at least 95% of its components boiling below about 320 degrees Celsius,

69, An oleaginous composition compnising oil extracted from biomass comprising a microorgarism, wherein the
fol
oleaginous composition has at least 99% of its components boiling below abowut 320 degrees Celsius.,

70, An oleaginous composition comprising oif extracted from biomass comprising a microorganism, wherein the
oleaginous composition has at least 85% of its components boiling above about 475 degrees Fahrenheit.

71, An oleaginous composition comprsing oif extracted from biomass comprising a microorganism, wherein the
oleaginous composition fas at least 80% of its components boiling above about 500 degrees Fahrenheit.

72, Anoleaginous composition comprsing oif extracted from biomass comprising a microorganism, wherein the

~z0

oleaginous composition fas at least 75% of its components boiling above about 550 degrees Fahrenheit.

73. The Oicagim)us composition of aay ove of clais 61 fo 72, wherein the oleagiuous compasition bas been
frydrotreat

74. The oleagmous compuosition of claim 62, wherein prior to bydrotreatioent, the oleaginous composition is
hrydrothermally extracted.
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75. The oleaginous composition of any one of claims 61 1074, wherein the percentage of components is deternmined
by ASTM protocel 7169,

76. The oleaginous conmposition of claim 73, wherein the hydrotreatment is i a semi-batch, batch, or continnous
flow reactor.

o
/7.

The oleaginous composition of any one of claims 61 to 76, wherein the microorganism is an alga.
78. The oleaginous composition of claim 77, wherein the alga is a microalga or a macroaiga.
79. The oleagmous composition of claim 78, wherein the microalga is a cyanobacterivm,

58, The oleagimous composition of any one of clairus 61 to 76, wherein the microorganism is a Desmodesmus

species or 8 Spiruling species,

51, The oleaginous coraposition of any one of claims 61 to 76, wherein the microorganisia is a Nannockloropsis
species.

82. The oleaginous composition of claim 81, whercin the Nannochloropsis species is Nannochloropsis salina.

#3. The cleagimouns composition of any one of claims 61 o 76, wherein the solvent used for exéraction is a heptane,
hexane, methyl iscbutyl ketone (MIBK), acetoniteile, ethanol, ruethyl-t-buty] ether (MTBE), methyl cthyl ketone
{MEK]}, propanal, iso propyl alcobol (IPA), methanol, cyclohexane, toluene (methylbenzene), chioroform
{trichloromethane), methylene chioride {dichloromethane), a polar solvent, a non-polar solvent, or a combination of
any two or more thereof.

84. The oleagimous composition of claim 83, wherein the solvent used for extraction is hexane, heptane, or methyl
isobutyl ketone (MIBK).

85. An oleaginous composition comprising oil extracted from biomass comprising & microorganism wherein the
composition i3 hydrotreated and the hydrotreated composition comprises: from about 70.8 to about 86.6 weight
percent Carbon; from abowut 9.5 to about 14.5 weight percent Hydrogen; or from about .03 to about 3.6 weight
percent Nitrogen.

86. The oleaginous coraposition of clairm 83, further compnising less than or equal to about 0.76 weight percent
Suffur.

87. The oleaginous coraposition of claim 83, further comprising less than or equal to about 2.6 weight percent

Oxygen oy difference.

88. The oleaginous coraposition of claim 85, wheretn prior to hydrotreatment, the oleaginous corpposition is
hydrothermally extracted.

89. The oleaginous coraposition of claimm 85, wheremn the hydrotreatiment is 1 a semi-batch, batch or continoous
flow reactor.

90. The oleaginous conposition of claim 85, wherein the microorganism is an alga.
91. The oleaginous coraposition of claim 90, wherewn the alga s a mucroalga or 3 macroalga.

92. The oleaginous composition of claim 91, wherem the microalga is a cyancbacterium,

58



WO 2013/063595 PCT/US2012/062468

93. The oleaginous conmposition of claim 85, wherein the microorganisin is a Desmodesmus species or a Spiruling
species,

94. The oleaginous composition of claim 85, wherein the microorganism is a Nannochioropsis species.
85. The oleaginous composition of claim 94, wherein the Namnochloropsis species is Nannochloropsis salina.

96, The oleagimous composition of claim &5 or 88, wherein the sclvent used for extraction s a heptane, hexane,
methyl isobutyl ketone (MIBK]), acetonitrile, ethanol, methyl-t-butyl ether (MTBE), methyl ethyi ketone (MEK],
propanol, iso propyl alcohol (IFA), methanol, cyclohexane, toluene {methylbenzene}, chloroform
{trichdoromethanc)}, methylene chionde {dichloromethane), a polar solvent, a non-polar selvent, or a combination of
any two or more thereof.

97. The oleaginous composition of claim 96, wherein the solvent used for extraction is hexane, heptane, or methyl
isobutyl ketone (MIBK).

98, A oleagmous composition comprizing oil extracted from biomass comprising 2 microorganisin wherein the
composition is hydrotreated and the bydrotreated coraposition comprises: 2} an arca percent of saturated
hydrocarbons from about 36.3 to about 73.7; an arca percent of unsaturated hydrocarbons front about 0.3 to about
5.5; an area percent of N-aromatics from about 0.1 to about 1.2; and an area percent of oxygen compounds from
about 0.7 (o about 5.6; or b} an area percent of saturated hydrocarbons from about 43.0 to about 74.0; an area
percent of unsaturated bydrocarbons of less than or equal to 8.7 an arca percent of aromatics from about 8.7 to
about 2.3; and an area percent of oxygen compounds from about 1.4 to about 2.7,

99. The oleagmous compuosition of claim 98, wherein prior to bydrotreatiuent, the oleaginous composition is
hrydrothermally extracted.

180, The oleaginous coruposition of claim 98, wherein the hydrotreatment is 1o a senii-bateh, batch, or continuous
flow reactor.

181. The oleaginous composition of claira 98, wherein the raicroorganism is an alga.
102, The oleaginous composition of claim 101, wherein the alga i3 a microalga or a macroalga.
103, The oleaginous composition of claimm 102, wherein the microalga s @ cyanobacterinm,

104. The oleaginous composition of claim 98, wherein the microorganism is a Desmodesmus species or a Spirulina
04. The oleaginous composition of claim 9%, wherein the microorganism is a 3 ] species or a Spirul
species.

103, The oleaginous composition of claim 98, wherein the microorganism 18 a Naunochloropsis species.
106. The oleaginous composition of claim 105, whereiwn the Nannachloropsis species 18 Nannochloropsis saling.

147, The cleaginouns compasition of claim 98 or 99, whercin the solvent used for extraction s a heptane, hexane,
methyl isobutyl ketone (MIBK), acetonitrile, ethanol, methyl-t-buty! ether (MTBE), methyl ethyl ketone (MEK),
propanol, iso propyl alcohol (JPA), methanol, cyclohexane, toluene (methyibenzene), chloroform
(trichloromethane}, methylene chloride (dichloromethane), a polar solvent, a non-polar solvent, or a combmation of
aay two or more thereof,

108, The oleaginous composition of claim 107, wherein the solvent used for extraction is hexane, heptane, or
raethyl isobutyl ketone (MIBK).

109, A method of upgrading renewable o1l obtained from biomass, the method comprising:
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a} providing the rencwable oil;
b} dissolving at least a partion of the rencwable oif in 2 solvent; and

¢} upgrading the renewable oil in the solvent by a method comprising: bydrotreating the repewable ot in
the solvent in the presence of a catalyst, at a temaperature of from about 300 degrees C to about 500 degrees C; 2
total pressure and/or hydrogen partial pressure of from about 800 psi to about 3000 psi; a space velocity from about
0.1 volume of o1l per vohume of catalyst per hoor to about 10 volome of o1l per volume of catalyst per howr; and a
hydrogen feed rate of from about 10 o Hy/m® dissolved oil to about 170¢m” Hy/m® dissolved oil, to obtain a
hydrotreating effluent.

110, The method of claim 189, wherein prior o step a), step b), and step ¢) the renewable oil was not refined-
bleached-deodorized (RBD).

111, The method of claim 199, wherein the method further comprises, separating a bydrotreated oil from the
hydrotreating effluent; and further upgrading the hydrotreated oil by sending the hydrotreated oif or a fraction
thereof to one or more of an FCC unit, a hydrocracking unit, a hydroisomerization unit, a dewaxing unit, a naphtha
reformer, or & unit utilizing Ni/Mo, Co/Mo, NYW, a precious metal, a noble metal, a group VHI catalyst, or a
zeolitic catalyst,

112, The method of claim 109, wherein the solvent 1s naphtha, diesel, kerosene, hght gasoil, heavy gasotl, resid,
heavy crude, dodecane, a cychic solvent, an aromatic solvent, a hydrocarbon solvent, crude oil, any product obtained
after distiflation of crude oif and/or the further refining of crude oif fractions, or any combination thereof,

113, The method of claim 109, wherein the space velocity is from about 8.1 volume of oil per volume of catalyst
per howr 1o about 6 volume of o1l per volume of catalyst per hour; fron about 6.2 volume of oil per volume of
catalyst per hour to about 5 volume of oil per volume of catalyst per hour; from about 0.6 volume of oil per volume
of catabyst per hour to about 3 volume of oil per volume of catalyst per hoor; or about 1.6 volume of oil per vohuime
of catabyst per hoar.

114, The method of claim 109, wherein the hydrogen feed rate is from about 100 m’ H,/m™ dissolved oil to about
1400 m’ Hy/m dissolved oil; from about 100 n® Ho/nd® dissobved off to about 1000 o Hy/od dissolved oil; from
about 100 o Hy/ot® dissolved oil to about 800 i Hy/nt® dissolved oil; from about 200 m” Hy/m” dissclved oil to
about 500m” Ho/m® dissolved oil; or about 600 m’ Ho/m® dissolved oil.

113, The method of claim 109, wherein the total pressure and/or hydrogen partial pressure is from about 1000 psi to
about 2000 pz1, about 1500 psi to about 2000 psi; or selected fron the group consisting oft 1000 psi to 1100 psi,
1100 psi to 1200 psi, 1200 psi to 1300 psi, 1300 psi to 1400 psi, 1400 psi to 1500 psi, 1506 psi to 1600 psi, 1600 psi
to 1700 psi, 1700 psi to 1800 psi, 18300 pst to 1900 psi, 1900 psi to 2000 psi, 2000 psi to 2100 ps, 2108 psi fo 2200
psi, 2200 psi to 2300 psi, 2300 psi to 2400 psi, 2400 psi to 2500 psy, 2500 psi to 2650 psi, 2600 psi to 2700 psi, 2700
psi to 2800 psi, 2800 psi to 2900 psi, and 2900 psi to 3000 psi.

116, The method of claim 109, wherein the temperatiure 18 in 2 range selected from a group consisting off 300 1o
316, 310 0 320, 320 0 330, 330 to 340, 340 to 350, 350 to 360, 360 to 370, 370 to 380, 380 to 390, 390 to 400, 400
to 410, 410 10 420, 420 to 430, 430 o 440, 440 10 450, 450 to 460, 460 10 470, 470 to 480, 480 t0 490, and 490 10
508 degrees C.

117. The method of claim 109, wherein the catalyst is a large-pore catalyst selected from the group consisting of
petroleum residunin/bitumen hydrotreating catalysts.
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118, The method of claim 109, wheremn the catalyst comprises Ni/Mo and/or Co/Mo on an alumina or a silica-
ahuming sppport.

119, The method of claim 109, wherein the catalyst is characterized by having a pore structure conprising macro-
pores and characterized by BET surface areas in the range of about 10 ni'/g to about 350 m’/g or about 150 mY/g to
about 250 m’/g; micropores in the average diameter range of about 50 Angstroms to about 200 Angstroms; of
macropores in the range of about 1060 Angstrorns to about 3000 Angstrors.

128, The method of claim 109, wherein the method further comprises, either prior 1o step b) or after step b},
thermally freating the renewable o1l prior to hydrotreating, by raising the renewable oif to a tenperature 1o the range
of about 300 to about 600 degrees C, and bolding at about that temperature for a hold fime i the range of § minutes
to about 8 hours, about .25 to about 8 hours, or about 8.5 to about 2 hours.

121. The method of claim 126, wherein the thermal treatment is conducted at less than 1000 pai.

122, The method of claim 120, wherein the thermal treatment is conducted in a range of about atruospheric to about
300 psi.

123. The method of claim 120, wherein no hydrogen 1s added to the thermal treatment process.

124, The method of claim 120, wherein the method further comprising flowd-catalytic-cracking (FCC) the
hydrotreated oil.

Ju—
[\
L

5. The method of claim 109, wherewn the biomass is algal biomass.
126, The method of claim 125, wherein the algal biomass coraprises microalga and/or macroalga.
127, The method of claim 126, wherein the microalga is a cyanchacterium.
128, The method of claim 126, wherein the microalga is a Desmodesmus, Spirulina, or Nannochloropsis species.
129. The method of claim 128, wherein the Nannochioropsis species is Nannochioropsis safina.
130, A hydrotreating effluent made by any onc of claims | 10 129,
131. A hydrotreated effloent maade by the process of

a) providing a renewable oil obtained from a biomass;

b} dissolving at feast a portion of the renewable oil in a solvent; and

byupgrading the renewable oi in the solvent by a method comprising: hydrotreating the renewable oilin
the solvent at a temperature of from about 300 degrees C to about 580 degrees {; a total pressure and/or hydrogen
partial pressure of from about 800 pst to about 3000 pst; a space velocity from about 0.1 volume of oil per vohume of
catalyst per hour to abowt 19 volurue of oil per volome of catalyst per bour; and a hydrogen feed rate of from about

10 ot Hy/or dissolved oil to about 8000 Hy/m' dissolved cil, to obtain the hydrotreating effluent.

132. The method of claim 131, wherein prior to step a), step b}, and step ¢ the resewable il was not refined-
bleached-deodorized (RBD).

133, The method of claim 131, wherein the method further coraprises, separating a hydrotreated oil from the

hydrotreating effluent; and further upgrading the hydrotreated o1l by sending the hydrotreated oif or a fraction
thereof to one or more of an FCC unit, a hydrocracking umit, a hydroisomerization unit, a dewaxing unit, a naphtha
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reformer, or a unit atifizing Ni/Mo, Co/Mo, NiYW, a precious metal, a noble metal, a group VI catalyst. or a
zeohitic catalyst.

134, The method of claim 131, wherein the solvent is naphtha, diesel, kerosene, light gasoil, heavy gasoil, resid,
heavy crude, dodecane, a cychic solvent, an aromatic solvent, a hydrocarhon solvent, erude oil, any product obtamed
after distilation of crude oif and/or the further reBumng of crade o1l fractions, or any combination thereof.

135, The method of claim 131, wherein the space veloeity 1s from about 0.1 volame of oil per volume of catalyst
per howvr to about 6 volume of oil per volure of catalyst per bour; from about 0.2 volome of o1l per volume of
catalyst per hour to about 5 volume of oil per volume of catalyst per hour; from about 0.6 volume of oil per volume
of catalyst per hour to about 3 volume of oil per volume of catalyst per bour; or about 1.0 volume of oil per volume
of catalyst per hour.

136, The method of claim 131, wherein the hydrogen feed rate is from about 100 m’ H,/m’ dissolved oil to about
1460 o’ Hg/m?’ dissolved oil; from about 100 H»,;/m3 dissolved oif to about 1000 m* Hz/n'f' dissolved oil; from
about 100 m® Hy/nt® dissolved oil {0 aboot 800 m” Ho/m® dissolved oil; from about 200 m” Ha/m® dissolved oil to
about 5000 Hy/m dissolved oil; or about 600 o” Hy/ot® dissolved oil.

137, The method of claim 131, wheren the total pressure and/or hydrogen partial pressure is from about 1000 psito
about 2000 psi, about 1500 psi to about 2000 psi; or selected from the group counsisting oft 1000 psifo 1100 psi,
1160 psi to 1200 psi, 1200 psito 1300 psi, 1300 psi 1o 1400 psi, 1400 psi to 1500 psi, 1500 psi to 1600 psi, 1600 psi
to 1700 pzi, 1700 psi to 1800 psi, 1800 psi to 1900 psi, 1900 psi to 2000 psi, 2000 psi to 2100 psi, 2100 psi to 2200
psi, 2200 psi fo 2300 psi, 2300 psi to 2400 psi, 2400 psi to 2500 psi, 2500 psi to 2608 psi, 2600 psi to 2700 psi, 2700
pst to 2800 psi, 2800 psi to 2900 psi, and 2900 psi to 3000 psi.

t0 410, 410 to 420, 420 to 430, 430 to 440, 440 10 450, 450 to 460, 460 10 470, 470 t0 480, 480 t0 490, and 490 t©
500 degrees C.

139. The method of claim 131, wherein the catalyst is a large-pore catalyst selected from the group consisting of
petroleum residouny/bitumen hydrotreating catalysts.

140. The method of claim 131, wherein the catalyst comprises Ni/Mo and/or Co/Mo on an alwinina or a silica-
alumina support.

141, The method of claim 131, wherein the catalyst is characterized by having a pore structure comprising macro-
pores and characterized by BET surface areas in the range of about 10 m¥/g to about 3530 ni’/g or about 150 m¥/g to
about 250 m™/g; micropores in the average diameter range of about 50 Angstroms to about 200 Angstroms; or
macropores in the range of about 1008 Angstroms to about 3800 Angstroms.

142, The method of claim 131, wherein the method further comprises, either prior to step b) or after step b),
therroally treating the renewable o prior to hydrotreating, by raising the renewable oil to a teroperatare in the tange

of about 300 to about 600 degrees C, and holding at about that temperature for a hold time in the range of § minutes
to about 8 hours, about .25 to about 8 hours, or about 0.5 to about 2 howrs.

143, The method of claim 142, wherein the thermal treatment is conducted at less than 1000 psi.

i44. The method of claim 142, wherein the thermal treatment is conducted in a tange of about atmospheric to about
300 pai.

145, The method of claim 142, wherein no bydrogen is added to the thermal treatment process.
2 . f) x
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146. The method of claim 142, wherein the method further comprizing fluid-catalytic-cracking (FCC) the
hydrotreated oil.

147. The method of claim 131, wherein the biomass is algal biomass.

148, The method of claim 147, wherein the algal biornass comprises microalga and/or macroalga.

149, The method of claim 148, wherein the sicroalga s a cyanobacterium,

130, The method of claim 148, wherein the microalga 18 a Desmodesmus, Spirulina, or Nannochloropsis species.
,

151, The method of claim 150, wherein the NMannochloropsis species s Nannochloropsis salina.
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