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METHODS OF PREPARING OIL COMPOSITIONS FOR FUEL REFINING

CROSS REFERENCE TO RELATED APPLICATION
16601} This application claims the benefit of United States Provisional Application Nurber 61/171,386,

filed April 21, 2009, the enlire contents of which are tncorporaied by reference for all purposes.

INCORPORATION BY REFERENCE
100021 All publications, patents, patent applications, public databages, public database eniries, and other
references cited in this application are herein incorporated by reference in their entirety as if each
individual publication, patent, patent application, public database, public database entry, or other

reference was specifically and individually indicated to be incorporated by reference.

BACKGROUND

100031 Carbon-based fossil fuels, such as coal, petroleum and natural gas, are finite and non-renewable
resources. At the current consumption vate, supplies of fossil fuels will be exbausted in the near future,
In addition, burning fossil fuels has resulted in a rise in the concentration of carbon dioxide in the
atmosphere, which is believed to have caused global chimate change.

{60047 Riofuels are viable allernatives 1o fossil fuels for several reasons. Biofusls are typically
renewable energy sources produced from biomass, ¢ matenial derived from recently living organisms,
Because transportation-related gasoline consumption represents the majority of all Higuid (ossil fusl use,
supplementing or replacing liquid fossil fuel {e.g. gasoline} with liguid biofuels can reduce our reliance
o {ossil fuels, and lower the amount of carbon dioxide released into the atmosphere,

{0003} The energy benefit of using biofuels such as ethanol {obtained from, for example, sugar cane,
potate, masioc, and maize) has been questioved. Ethanol has a Jower energy content than gasoline,
therefore, more ethanol is required to provide the same energy output as gasoline. More significantly,
the production of both ethanol and lipids (¢.g. obtained from biodiesel) is currently driven by the use of
foasil fuel. For example, the energy required for producing ethanol includes runaing farm machinery and
irrigation, fransporting and grinding the crop, producing pesticides and fertilizer, and fermenting and
distilling ethanol, There have been concerns that the energy wput for ethanol production may exceed the
energy output from the combustion of ethanol. In addition, widespread production and use of ethanol
and hiodiese] will require constructing new disiribution pipelines, because neither is suitable for

fransportation using existing fuel-distribution infrastructure. Moreover, any large-scale development of
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crop-based fuels such as ethanol and traditional biodiesel will compete for the same resources as food
production (e.g. farm land and water), and ultimately be Hmited by the amount of arable land.

{0086] Currently, much work has been focused on refining algal oil using technigues used in the
refining of vegetable oils, To date, however, none of these methods have worked for refining algal o1l
Thus, a need exists for methods to refine algal oils,

J0087] Vegetsble oils such as soy, cancla, and cameling are cssentially pure triglycerides of C16-18 free
fatty acids which are extracted or expelled from the seeds of the plants where they are stored for energy.
The resulting oil compositions can then be refined, bleached, and deodorized (RBDY) to afford the final
product oils as pure, crysial-clear materials that can be used w the food indusiry, sorp industry, or
biodiesel industry. These trigiycerides are also the feedstock of choice for hydrotreating routes to jet fuel
{(UQP) and green diesel (UOP and Nesie). However, due to the food versus oil debate, and the rising
cost of vegetable ails the economic and social viability of these biofuels is questionable. A source of
triglycerides s needed that does not compete with land used for commercial agriculiure.

10008] As mentioned above, vegetable oils such as soy, are purified by the RBD process in which trace
levels (e.g. 1% or less) of phospholipids and free fatty acids are removed. Even lower levels of
components such as sterol glucosides and chiovophyvil are also removed. The small amounts of removed
components can be treated as waste.

{88091 In theory, 1 is possible to purify algal oil using the RBD process described above. However, one
fundamental difference between algal oil and traditional vegetable oils deseribed above is that algal oil
is harvested from the whole algal biemass and not seleetively from a triglyeeride storage system such as
a seed. Algae otl is typically not essentially pure triglycerides, but rather a combination of trighycerides
and significant levels (e.g. 1% to more than 40%) of a variety of other oil or lpid components, for
example, chlorophylls and/or chlorophyllides, isoprenoids {including carotencids), and phospholipids.
For example, saline aigae such as Dunelieila viridis can deliver oils containing 30-40% of
phospholipids. In addition, all photosynihetic algae deliver oils contatning significant levels (for
example, from about 0.6% to about 62% w/w) of chlorophyll or derivatives of chicrophyil,

{6618] The problom is that food-oil processing methods (such as RBDY can deliver triglycerides ideally
sulted for converting to fuels, but a large fraction of the crude oil extracted {comprising, for example,
phospholipids, chlorophyll, and free fatty acids) from algae (e.g. 10%-~ 50%) is lost as waste making the
overall economic and environmental aspects of using algae impractical. Thus, there is a need for a
refining (Mupgrading”) technology that removes, for example, undesirable heteroatoms {e.g. P, N and
metals) from an oi] composition without loosing potential sources of hydrocarbon fuels as waste,
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{0011} Purthermore, at commercial scale, it is econonucally desirable to transport the refined
(“upgraded”) algae oil by existing pipelines used by the petroleur industry. Additional sources of
transport mchude, for example, truck, rail, and ship. BEven if the heteroatoms (for example, P, N and
metals) are removed from the otl composition the resulting “Green Crude” ~ like vegetable oils — will be
excluded from transport via pipelines because of its Irigh oxygen content, oxidative instability, and
corrosivity, among other reasons.

{0012] Therelore, there is a need to remove essentially or almost esseutially all heteroaioms (for
example, O, P, N, and ) along with metals, and metaliowds, if present, from an oil composition to
deliver a refined oil composition comprising a hydrocarbon fraction that is essentially or almost
essentially devoid of these components and that can be transported via existing pipelines, and/or further
refined in exisling refinery infrastructures.

{0813} In order to use the existing petroleum infrastructure, for example, refineries and pipelines,
biofuel, such as an oil composition obtained from a biomass needs to be “upgraded”. Upgrading
includes, for example, the removal of hetercatoms (S, N, O, P, removal of metals or metalloids,
saturation of double bonds and/or aromatics by addition of hydrogen, isomerization of the carbon
backbone o introduce branches o the backbone, and/or reforming 1o make aromatic compounds.

{60141 Provided herein are methods and systems useful for the upgrading of an oil composition.

SUMMARY
{0015] 1. A method for upgrading an oil composition oblained from a biomass, comprising, removal of
a heteroatom, a metal, or a metalioid from the ofl composition, wherein the biomass is obtained from a
photosynthetic bacterfum, a veast, an alga, or a vascular plant, 2. The method of claim 1, wherein the
removal step further comprises any one or more of: §) saturation of a double bond and/or an aromatic
present in the oil composition by addition of hydrogexn; ii) isomerization of a carbon backbone present in
the oil composition in order to introduce branches to the carbon backbone; or 1i1) reformation of &
compound present in the oil composition to make an aromatic compound. 3. The method of claim 1 or
clavm 2, wherein the heteroatom s Phosphorus (P), Nitrogen (N}, Oxygen (O), or Sulfur (8). 4. The
method of any one of claims 1 to 3, wherein the metal or metalloid is Boron (B), Calcium (Ca),
Chromium Cr), Copper {Cu), Iron (Fe), Lead (Pb), Lithium (L1}, Magnesium (Mg), Manganese (Mn),
Nickel (Ni}, Phosphorus (P}, Potassium (i), Silicon (81), Sodium (Na), Strontium (St), or Zinc (Zn). 5.
The method of any one of claims | to 4, wherein the oil composition comprises at least one of: i} a

phosphorus concentration of 0 % to 5% w/w, if} a nitrogen concentration of 0 % to 10% w/w; {ii) a
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sulfur concentration of ¢ % to 5% wiw; or v} an oxygen concentration of 0 % 1o 20% w/w. 6. The
method of claim 1, wherein the off composiiion comprises, greater than about 0.65% to about 5.0 % w/w
nitrogen, greater than about 6% to about 16% wiw oXygen, or greater than about 0.03 % to about 1.0%
w/w sulfur. 7. The method of claim 1, wherein the oil composition comprises, greater than about 0.01%
to about 10.0 % w/w nitrogen, greater than about 3% to about 18% wiw oxygen, or greater than about
0.01 % to about 3.0% w/w sulfur. 8, The method of claim I, wherein the oil composition comprises,
greater than about 0.05% wiw nitrogen, greater than about 6% w/w oxygen, or greater than about 0.0005
% wiw phosphorus. 9. The method of any one of claims 1 to 8, wherein the removal of the hetercatom,
metal, or metalloid 1s by at least one catalyst, 10. The method of claim 9, wherein the catalyst is placed
in at least one reactor. 11. The method of claim 10, wherein the catalyst is placed in two or more
reactors, 12, The method of claim 10, wherein at least two different catalysts are placed in the reactor.
13, The method of claim 10, wherein the reactor is a fixed bed reactor or a fluidized bed reactor. 14,
The method of claim 10, wherein the reactor is a single-stage reactor or a muliistage reactor. 15, The
method of claim 9, wherein the catalyst comprises metals such as Ni/Mo, Co/Mo, WiMo, or NYW. 16.
The method of claim 9, wherein the catalyst is a catalytic cracking catalysts (FCC) on a silica-alumina
support. 17, The method of claim 9, wherein the catalyst comprises a noble metal. 18, The method of
claim 9, wherein the catalyst is a naphtha reforming catalyst. 19, The method of claim 9, wherein the
calalyst comprises zeolite. 28, The method of claim 9, wherewn the catalyst coruprises NiYMo supported
on alumina. 21, The mothod of claim 9, wherein the catalyst conprises Co/Me supporied on alumina.
22. The method of claim 9, wherein the catalyst comprises Pt supported on alumina. 23, The method
of claim 9, wherein the catalyst comprises Ni/W supported on alumina. 24, The method of claim §,
wherein the catalyst is combined with & support, 25, The method of claim 24, wherein the support
comprises alwmina, silica, silica-alumina, zirconia, or a noble metal. 26, The method of claim 9,
wherein the catalyst comprises a metal of Group VIA, Group Vib, or Group VI of Pertodic Table of
Eleruents. 27. The method of claim 9, wherein the catalyst cornprises a metal of Group Vib or Group
VHI of Periodic Table of Elements supported on a porous refractory oxide carrier. 28, The method of
claim 27, wherein the porous refractory oxide cartier cornprises alumina, silica, magnesia, silica-
alumina, silica-magnesia, zirconia, silica~-zirconia, titania, or silica-titania. 29. The wethod of claim 9,
wherein the catalyst is a “supported” Pd, Pt, Ry, Rh, Ni, NiMo or CoMo catalyst, wherein the support is
activated carbon. alumina, zirconia, or sitica. 30, The method of any one of elaims 1 to 29, wherein the
rernoval of the heteroatom, metal, or metalloid is by at least one of & hydrodemetallization (HDM), a

hydrodentirogenation (HDN), a hydrodesulfunzation (HDS), or a hydrodeoxygenation (HDO) reaction.

4



WO 2010/124030 PCT/US2010/631952
EFS-WEB FILING ATTY DOCKET NO. §750WG|

31. The method of any one of claims 1 to 30, wherein removal of the metal or metalioid occurs prior to
removal ot the heteroatorn, 32, The method of any oue of claims 1 to 31, wherein chiorophyll or
chiorophyilide is also removed from the oil composition by a chiorophyllase, a RCC reductass,
dechelatase, or a pheophorbide & oxygenase, 33, The method of any one of claims | to 32, wherein the
removal is castied out at a temperature of from about 315 to about 480 C {frowm about 600 io about
9GO a total pressure gnd/or hydrogen partial pressure of from aboul 100 to about 3000 psi; a hydrogen
to oil ratio of from about 100 o about 2000 scf/Bbl; and a space velocity from about 1.5 to about 8, 34,
The method of any one of claims 1 to 33, wherein the upgraded oil composition is further refined by
catalytic reforming. 35, The method of claim 34, wherein the caialvtic reforming is debydrogenation of
naphthenes to convert the naphthenes into aromatics, isomerization of normal paraffing to 1soparaffins,
dehydrogenation and aromatization of paraffing to aromatics, or hydrocracking of paraffins into smalle
molecules. 36. The method of any one of claims 1 to 33, wherein the upgraded oil composition is
further refined by distillation, fractionation, extraction, selvent extraction, hydmtreaimem,
isomerization, dimerization, alkylation, or cracking. 37. The method of claim 36, wherein the cracking
is thermal cracking, fluid catalytic cracking, thermofor catalytic cracking, catalytic cracking, steam

orackin

, or hydrocracking. 38, The method of any one of claims 1 to 36, wherein the upgraded oil
composition is used to make gasoline, diesel fuel, jet fuel, fuel additives, petrochemicals, plastics, resins,
fibers, elastomers, lubricants, or gels. 39, The method of any one of claims | to 3§, wherein the
upgraded o1l composition is used n a pewroleum refinery. 40, The method of any one of claims 1 to 38,
wherein the upgraded oil composition is used in a distillate blendstock. 41, The method of any one of
claims 1 o 28, wherein the upgraded oil composition is in fluidic communication with an oil pipeline.

. The methed of any one of claims 1 to 38, wherein the upgraded oil compesition is in fhadic
communication with a distiliing device. 43. The method of claim 42, wherein the distilling device is
configured to remove hydrocarbons that are (4 hydrocarbons or smaller froms the oil composition. 44,
The wethod of any ous of claius 1 fo 43, wherein the oil composition is obtained frow the biomass by
solvent extraction. 45. The method of any one of claims 1 1o 43, wherein the biomass is a wet, adry, or a
senvu-dry biowass. 46, The method of any one of claims 1 to 45, wherein the biomass comprises
hydrocarbons of chain length C10 and greater. 47. The method of any one of claims 1 to 46, wherein the
photosynihetic bacterium is & member of genera Synechocystis, geners Synechococous, or genera
Athrospira. 48, The method of any one of claims 1 to 46, wherem the photosynthetic bacterium is a
cyanobacterium. 49, The method of any one of claims | to 46, wherein the alga is a microalga. 50. The
ruethod of any one of claims 1 {o 46, wherein the alga is C. reinhardtii, I, salina, H. plovalis, S.
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dimeorphus, D, viridis, D, tertiolecta, N, oculata, or N. salina. 31. The method of any one of claims 1 to
46, wherein the alga 1s a cyanophyia, a prochlorophyta, a thodophyta, a chlorophyta, a
heterokontophyta, a tribophyta, a glaucophyte, a chlorarachniophyte, a euglenophyta, a euglenocid, a
haptophyta, a chrysophvia, a cryplophyta, a cryptomonad, a dinophyta, a dinoflageliata, a
pyrmnesiophyvia, a bacillariophyta, a xanthophyta, & eustigmatophyta, a raphidophyta, a phacophyta, or a
phytoplankton, 52. The method of any one of claims 1 o 46, wherein the pholosynthetic bacteriu,
yeast, alga, or vascular plant has been transforrued with & nuclete acid sequence encoding a protein
involved in the isoprencid pathway. 53, The method of claim 52, wherein the protein s a terpene
synthase. 54, The method of claim 33, wherein the terpene synthase 1s a fusicoccadiene synthase, a
kaurene synthase, a casbene synthase, a taxadiene synthase, an abietadiene synthase, a homolog of any
one of the above, or a chimera or fusion comprising any one of the above, 55, An upgraded oil
composition made by the method of any one of claims | to 54, 56, A method for upgrading an ol
composition comprising: catalytically removing nilrogen from the oil composition 1o croate an upgraded
oil composition, wherein the oil composition comprises greater than about 0.5% w/w nitrogen, greater
than about 8% w/w oxygen or greater than about 0.1% phosphorus. 57, The method of claim 36,
wherein the oll composition comprises greater than about 2.5, greater than about 3, greater than about
3.5, greater than about 4, greater than about 4.5, or greater than about 5 % w/w nitrogen. 58. The
method of claim 36, wherein the oil composition comprises greater than about 9 or greater than about 10
% wiw oxvgen. 59, The method of claim 36, wherein the oil composition comprises greater than about
0.1, greater than about 0.2, greater than about 0.5, greater than about 1, or greater than about 2 % w/w
phosphorous.

{6016} 60. A method for preparing an upgraded ol composition comprising: catalytically removing iy a
metal or metalloid, if) nitrogen, or 1) oxygen from an oil composition to create the upgraded oil
composition. 61, The method of claim 60, further comprising delivering the upgraded oil composition
to an oil pipeline. 62, The method of claim 60, wherein the metal or metaliowd is removed before
fUtrogen or oXygen.

[0017} 63, A wethod for preparing an upgraded oil composibion comprising: removing chlorophyll or
chlorophyllide from an oil compesition; and catalytically removing wetals or metalloids and oxygen
from the oil composition to create the upgraded oil composition. 64. The method of claim 63, wherein
the oil composition is obtained from an algal biomass. 65, The method of claim 63, wherein the
removing stop is carried out at a temperature of greater than about 2350, greater than about 300, greater

than about 350, ereater than about 400, greater than ahout 450, or greater than about 500 °C, 66, The
2 B &
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method of claim 63, wherein the removing step is carried out at a pressure of hydrogen of greater than
about SO0, greater than about 750, or greater than about 1000 pst. 67. The method of any one of claim 63
1o 66, further comprising refining the upgraded oif composition. 68, The method of claim 67, wherein
the refining comprises catalytic cracking. 69, The method of any one of claim 63 to 66, further
comprising combusting the upgraded oil composition. 70, The method of any one of claim 63 10 66,
further comprising distilling the upgraded o1l composition to remove hydrocarbons that are C4
hvdrocarbons or smaller. 71, The method of claim 70, wherein the hydrocarbons that ave remaoved by
the distilling are used to heat the method.

16018] 72, A system for preparing a hydrocarbon composition for reliming, comprisiog: a metal-
removing reactor comprising a metal-removing catalyst configured to remove metal or metalloid atoms
from an o1l composition; and a nonmetal-removing reactor comprising a nonmetal-removing catalyst
configured to remove at least one of nitrogen or oxygen or sulfur from the oil composition, wherein the
nonmetal-removing reactor 1¢ i fluidic communication with the metal-removing reactor. 73, The
system of claim 72, further comprising a second metal-removing reactor, wherein the second netal-
removing reactor is interchangeable with the metal-removing reactor. 74. The system of claim 73,
further comprising: a third metal-removing reactor interchangeable with the second metal-removing
reacior or the metal-removing reactor, wherein when the metal-removing reactor is in operation, the
second metal-rerpoving reactor is on stand-by and comprises an unused metal-removing catalyst, and the
third metal-removing reactor is being emptied and/or refilled with a second unused metal-removing
catalyst, 75, The system of any one of claims 72 to 74, wherein the metal-removing catalyst comprises:
a support of alumina, aluminosilicate, or alunyinosilic; and Co/Mao, Ni/'Mo, or W/Mo. 76, The system of
any one of claims 72 to 75, further coraprising a second nonmetal-removing reactor configured 10
remove at least one of nitrogen or oxygen or sulfur from the oil composition, wherein the second
nonmetal-removing reactor is in fluidic communication with the nonmetal-removing reactor. 77, The
sysiem of claim 76, wherein the nonmetal-removing catalyst comprises: a support of alumina,
aluminosilicate, or aluminosilic; and Co/Mo, Ni/Mo, or W/Mo., 78, The system of any one of claims 72
10 77, wherein the oil composition is oblainad from an algal biomass, 79. The system of any one of
claims 72 to 77, wherein the system is in fluidic comnmumnication with an o1l pipeline. 3. The system of
any one of claims 72 1o 79, further comprising a distilling device m fluidic communication with the
system configured to remove hydrocarbons that are Oy hydrocarbons or smaller from the hydrocarbon

COrpOosion.
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j0019] 81. Anupgraded oil composition obtained from a biomass, made by the process of: i) removing
a heteroatom, a metal, or a metalloid from an oil composition, wherein the biomass is obtained from a
photosynthetic bacierium, a yeast, an alga, or a vascular plant.
{00207 82, An upgraded oil composition obtained from & biomass, made by the process of! 1} removing
a heteroatom, a meizl, or 2 metalioid from an oil composition, wherein the biomass is obtained from a
photosynihetic bacterium, a yeast, an alga, or a vascular plant; 1) saturation of a double bond and/or an
aromalic present in the oil composition by addition of hydrogen; 1) isomerization of a carbon backbone
present in the oif composition in order to introduce branches to the carbor backbone; or iif) reformation
of a compound present in the ol composition 1o make an aromatic compound.
{6021} 83, An upgraded oil composition obained from an algal biomass, made by the process of! 1}
removing a heterocatom, a metal, or a metalloid from an oil composition to obtain the upgraded oil
composition, wherein the upgraded oil composition is used to make a product with a freezing point of -
60°C 1o -T0°C.
[00221 84, An upgraded oif composition obtained from an algal biomass, made by the process of: 1}
removing a hetercatom, a metal, or a metalioid from an oil composition to obtain the upgraded oil
composition, wherein the upgraded oi] composition is used to make a product with a freezing point of -
54°C 1o -75°C.
(60231 85, Anupgraded oil composition obtained from an algal biomass, made by the process oft 1)
removing a heteroatom, a metal, or a metalloid from an oil composition to obtain the upgraded oil
compogition, wherein the npgraded oil composition is used to make a product with a freezing point of -
&7°C
[0024] 56. A method for upgrading an oil composition obiaimned from a biomass, comprising: i}
removal of a heteroatom, a metal, or 2 metalloid from the oil composition; 11} saturation of a double
bond and/or an aromatic present in the oil composition by adduion of hydrogen; i1} 1somerization of a
sarbon backbone present in the oil composition in order to introduce branches o the carbon backbone;
oriv} reformation of a compound present in the oil composttion to make an aromatic compound,
wherein the biomass 1s obtained from a non-vascalar photosynthetic organism. §7, The method of claim
86, wherein the nog-vascular photosynthetic organism is an alga. 88, The method of claim &7, wherein
the algais C. reinhardtii, D. salina, H. pluvalis, 5. dimorphus, D, vinidis, D tertiolecta, N. oculata, or N,
salina. 9. The method of claim 87, wherein the alga is a cyanophyia, a prochlorophyta, a thodophyta, a
chiorophvia, a heterokontophyta, a fribophyta, a glaucophyta, a chiorarachniophyte, a cuglenophyta, a
euglenoid, 2 haptophyta, a chrysophyta, a eryptophyta, a cryptomenad, a dinophyta, a dinofiagellata, a
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pyrmnesiophyvia, a bacillariophyta, a xanthophyta, a eustigmatophyta, a raphidophyta, a phacophyta, or 2
phytoplankton.
{325] 90. A method for upgrading an oil composition obtained frow an algal biomass, comprising: 1)
removing a heteroatom, a metal, or a metalloid from the ol composition to obtain the upgraded oil
composition, wherein the upgraded o1l composition is used to make a product with a freezing point of -
60°C to -70°C.
{0026] 91. A method for upgrading an oil composition obtained fror an algal biomass, comprising: 1)
removing a heteroatom, a metal, or & metalloid from the oil composition to obtain the upgraded oil
composition, wherein the upgraded ol composition is used 10 make a product with a freezing point of -
56°C to 75°C,
[B027] 92. A method for upgrading an oil composition obtained from an algal biomass, coraprising: 1)
removing a heteroatom, a metal, or a metalioid from the oil composition to obtain the upgraded oil
compaosition, wherein the upgraded oil composition is used to make a product with g freezing pomt of -
67°C.

<

{0028} 93. Anupgraded oil composttion made by the method of any one of claims 36 to 71 and |

[}

1o

{8028} Iy an embodiment, 2 method is disclosed herein for preparing a fuel that comprises catalytically
removiog heteroatoms from an oil corposition from biomags o create a refined oil composition.
10036} Tn an embodiment, a method for preparing a fucl from an ol composition comprises catalytically
removing nitrogen from an o1l composition o create a refined oil composition, wherein said oil
composition comprises greater than about 8.5% w/w nitrogen, greater than about 8% w/w oxvgen or
greater than about 0.1% w/w phosphorus. In sorne embodiments, the oil compaosition comprises groater
thag about 2.5, grealer than about 3, greater than about 3.5, greater than about 4, greater than about 4.5,
or greater than about § % w/w nitrogen. In some embodiments, the oil composition comprises greates
than about ¥ or greater than about 10 % w/w oxygeun. In some ermbodiments, the oll composition
comprises greater than about 0,1, greater than about (.2, greater than about 0.5, greater than about 1, or
greater than about 2 % w/w phosphorous.
(8631 In an embodiment, a method is disclosed for preparing a fuel from an oil composition comprising
catalytically removing (i) metals or metalloids, (i) nitrogen, and (311} oxygen from an oil composition o

i

create a refined composition.
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{0032] In some ombodiments, a method herein comprises combusting a refined composition. A method
can compnse delivering said vefined composition o an oil pipeline. In some embodiments, the metal or
metalioid is removed prior {o rewoving nitrogen or oxXygen.

[6033] In an embodiment, a method for preparing a fuel from an oil compostiion comprises: remeving
chicrophvll or chlorophyliide from an o1l compesition; and catalytically removing (i} metals or
metatioids and (11} oxygen from an oil composition to create a refined composition.

[4134] The o1l composition can be an algae extracl.

{0835] As disclosed herein, a removing step can be carried out at a temperature of greater than about
250, greater than about 300, greater m'm about 350, greater than about 400, greater than about 456, o
greater than about 500 °C.

{6036} In some embodiments, a removing step can be carried out at g pressure of hydrogen of greater
than about 500, greater than about 750, or greater than about 1000 psi.

{6037} In some embodiments, a method as described heretn can further comprise refining the refine
composition, for example, catalytically cracking the composition.

{6038] iIn some embodiments, methods can further compyise distilling the refined composition to
rarmove hydrocarbons that are C4 hydrocarbous or smaller. The hvdrocarbons removed by the distilling
can be used to heat the method.

{0039} In an embodirment, a system is disclosed for prepariug a hydrocarbon composition for refining
that comprises: a metal-removing reactor comprising a metal-removing catalyst configured 1o remove
metal or metalloid atoms from an o1l composition: and a nonmetal-removing reactor comprising a
nonmetal-removing catalyst configured to remove at feast one of nitrogen or oxygen from the oil
corposition, wherein the nonmetal-removing reactor s in flurdic communication with the metal-
TEMIOVING Ieactor.

10840] A system can comprise a first metal-removing reactor in parallel with a second metal-removing
reactor, wherein the first metal-removing reactor 18 interchangeable with the second metal-removing
reactor. In some embodiments, a system further comprises: a third metal-removing reactor in paraliel
and terchangeable with the second metal-removing reacior and the first metal-removing reactor,
wherein when one of the metal-removing reactors is in operation, another metal-removing reactor is on
stand-by and comprises unused metal-removing calalyst, and the final metal-removing reactor is being
emptied and/or refilled with unused metal-removing catalyst

{60411 A metal-removing catalyst can, for oxanple, comprise a support of alumina, aluminosilicate,
aluminositic; and Co/Mo, Ni/Mo, or W/Mo.



[0042] In some embodiments, a system comprises a first nonmetal-removing reactor configured to
remove at least one of nitrogen or oxygen from an oil composition, wherein the first nonmetal-removing
reactor is in fluidic communication with a second nonmetal-removing reactor.

10043} A nonmetal-removing catalyst can, for example, comprise a support of alumina, aluminosilicate,
aluminosilic; and Co/Mo, Ni/Mo, or W/Mo.

[0044] In some embodiments, a system herein is in fluidic communication with an oil pipeline.

[6045] In some embodiments, a system herein can further comprise a distilling device in fluidic
communication with at least one reactor configured to remove hydrocarbons that are C4 hydrocarbons or

smaller from a hydrocarbon composition obtained from the system.

[0045a] In one aspect, there is provided a method for upgrading an oil composition obtained from a
biomass, comprising, removal of a heteroatom, a metal, or a metalloid from the oil composition, wherein
the biomass is obtained from a photosynthetic bacterium, a yeast, an alga, or a vascular plant wherein
the oil composition prior to upgrading comprises at least one of: 1) a phosphorus concentration of 0 % to
5% wiw; 1) a nitrogen concentration of 0 % to 10% w/w; iii) a sulfur concentration of 0 % to 5% w/w;
and iv) an oxygen concentration of 0 % to 20% w/w; and wherein the removal of the heteroatom, metal,
or metalioid is by a hydrodemetallization (HDM) reaction, and at least one of a hydrodenitrogenation
(HDN) reaction, a hydrodesulfurization (HDS) reaction, or a hydrodeoxygenation (HDO) reaction, and

by at least one catalyst.

[0645b] In another aspect, there is provided an upgraded oil composition made by the method as

defined above.

[0045¢] In another aspect, there is provided a method for preparing an upgraded oil composition
comprising: removing chlorophyll or chlorophyllide from an oil composition; and catalytically removing

metals or metalloids and oxygen from the oil composition to create the upgraded oil composition.

[6645d] In another aspect, there is provided an upgraded oil composition obtained from an algal
biomass, made by the process of:

i) removing a heteroatom, a metal, or a metalloid from an oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-60°C to -70°C.
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[0045e] In another aspect, there is provided an upgraded oil composition obtained from an algal
biomass, made by the process of:

i) removing a heteroatom, a metal, or a2 metalloid from an oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-50°Cto -75°C.

[6045f] In another aspect, there is provided an upgraded oil composition obtained from an algal
biomass, made by the process of:

i) removing a heteroatom, a metal, or a metalloid from an oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-67°C.

[0045g] In another aspect, there is provided a method for upgrading an oil composition obtained from
an algal biomass, comprising:

i) removing a heteroatom, a metal, or a metalloid from the oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-60°C to -70°C.

[0045h] In another aspect, there is provided a method for upgrading an oil composition obtained from
an algal biomass, comprising:

i) removing a heteroatom, a metal, or a metalloid from the oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-50°C to -75°C.

[6045i] In another aspect, there is provided a method for upgrading an oil composition obtained from
an algal biomass, comprising:

i) removing a heteroatom, a metal, or a metalloid from the oil composition to obtain the upgraded
oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-67°C.

[0045j] In another aspect, there 1s provided an upgraded oil composition made by the method as

defined above.

-1la-



BRIEF DESCRIPTION OF THE DRAWINGS
[0046] These and other features, embodiments, and advantages of the present disclosure will become
better understood with regard to the following description, appended claims and accompanying figures
where:
[6047] Figure 1 shows a comparison of certain components of an exemplary crude oil and an exemplary
algal oil.
[0048] Figure 2 shows an overview of the processes that can be involved in the production of a product
obtained from a biomass and/or oil composition.
{0049] Figure 3 shows an overview of the processes that can be involved in the production of a product
obtained from a biomass and/or oil composition, specifically possible fractions, possible upgrading
techniques, and possible products.
[0050] Figure 4 shows exemplary methods and systems as described herein comprising
hydrodemetallization (HDM), hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and
hydrodeoxygenation (HDO).
[0051] Figure 5 shows examples of terpenes that can be obtained from a biomass.
[0052] Figure 6 shows the isoprenoid pathway, and exemplary products of the pathway, for example,
fusiccoca-2,10(14)-diene.
[0053] Figure 7 shows the MEP pathway for the production of IPP and DMAPP.
[0654] Figure 8 shows an overview of terpene biosynthesis in photosynthetic eukaryotes.
[6055] Figure 9 shows a GC-FID chromatogram.
[0056] Figure 10 shows a GC-FID chromatogram.
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DETAILED DESCRIPTION
{08587} The tollowing detatled description is provided to axd those skilled m the art in practicing the
present disclosure. Even so, this detailed description should not be counstrued to unduly fimit the present
disclosure as modtfications and variations in the embodiments discussed herein can be made by those of
ordinary skilf in the art without departing from the spirit or scope of the present disclosure.

4, ﬂ 173

{00581 As used in this specification and the appended claims, the singular forms “a”, “an” and “the”

include plural reference unless the context clearly dictates otherwise.

{0059 Endogenous

6060} An endogenous nucleie acid, nucleotide, polypeptide, or profein as described herein is defined in

relationship to the host organism. An endogenous nucleic acid, mucicotide, polypeptide, or protein is

one that naturally occurs i the host organism,

{0061} Exogensus

[6062] An exogenous nuclete acid, nucleotide, polypeptide, or protein as described herein is defined

relationship to the host organism. An exogenous nucleic acid, nucleotide, polypeptide, or protein is one

that does not naturally occur in the host organism or 1s a different location in the host organism,

{3063} Disclosed herein are rosthods and systems for “upgrading” an ol composition obtained from a

biomass, so that the “upgraded” oil composition can be used in the existing petrolewrn infrastructure,

such as i refineries and pipelines. For example, the upgraded oif composition can be refined using

methods that are sinular or 1dentical o the processes of refining petroloum to ¢reate gasoline.

{00641 The biomass can be oblained from an organisiy, for example, an algae.

{3165] Biomass

[6066] An o1l composition, derived from a biomass, can COMPrise one Of more organic compounds

obtained {rom a biolpgical organism that was recently alive, for example, alive within the last 50 years.

Unlike fossil fuel-bascd crude oil, which originated frons plant life up to 600 millions years ago, oil
compositions derived from a biomass can be derived from living or recently Hving organisms. The ol

composition can comprise predominantly carbon and hydrogen, and may also comprise heteroatoms
such as oxygen, nilrogen, phosphorus, and suifur, The oil composition can comprise hydrocarbons

extracted from genetically modified biological organisms, such as algae and bacteria.

{9867} The oil composition can be “upgraded” and/or further refined, and then used in compositions that

are suitable as fuels (for example, gasoline, diesel fuel or jet fuel), fuel additives, petrochemicals, and

can alse be further processed into plastics, resins, {ibers, elastorners, lubricants, or gels, il

composilious can be chosen that are compatible with an existing infrastructure, for exaruple, a petroleum
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refining process. In addition, light or rearranged hydrocarbons that are obtained from the biomass can
Be further processed or distributed using the existing nfrastructure tor refining petroleum,

[OD68] In some embodiments, a biomass can comprise hydrocarbons in the form of terpenes,
isoprenods, lipids, alkyl esters, alkaloids, and/or pheny! propanoids. A terpene can refer to any
terpenoid or isoprenold that includes as well as pure hydrocarbons. In some embodiments, the terpenes
occur naturally 1o the biomass, for example, carotenoids in an algal biomass. In other ecmbodimens,
lerpenes can occur in a biomass that has been genctically modified 10 gencrate terpenes,

{0069] Biomass that comprises hydrocarbons, as those described herein, can be used as feedstocks in
refineries, Like a conventional feedsiock, an oif composition derived from biomass can be cracked or
altered. In some embodiments, an o1l composition derived from biomass is broken down into light
hydrocarbons (hydrocarbons having fewer carbons than the oil composition).

16878] Many types of hydrocarbons can occur naturally in a biowass. For example, hydrocarbons
include hipids and nitrogen-containing hydrocarbons. Lipids can include, for example, fatty acids, fatty
acid derivatives, and sterols. A fatty acid can comprise a long hydrocarbon chain terminated with g

3,

carboxylic acid (thereby comprising oxygen hetercatoms). The hydrocarbon chain can be cither
saturated or unsaturated and can range in length from abowt 12 to about 24 carbons {for example, C12-
{243 A fatty acid derivative includes esters of a fatty acid. For example, glycerides (for example,
vegetable o} are hipids possessing a glycerol (propan-1,2,3-riol} core structure with one or more fatty
acid groups, Additional {atty acid derivatives include alkyl esters, which are transesterificasion products
of vegetable oils. Methanol can be used 1o produce methyl esters of fatly acids, Alkaloids and phenyl
propanoids are nitrogen-containing hydrocarbons that can be obtained from a biomass, for example, an
algal biomagss,

10071 Biomass containing hydrocarbons can be derived from renewable biological sources, which
include naturally oceurring organisms and genetically modified organisms. Hydrocarbons are present in
many naturally occorring organisms {(eukaryotic or prokaryotic), which mclude, for example, plant
matier, fungi, algae, and bacteria. The biomass hydrocarbons described herein can be obtained from both
hving organisms and recently living organisms, The oil compesition can be exiracted from a whole or
partial bicmass. Sources of biomass include naturally occurring organisms as well as genetically
modified orgamisms. In cortain embodiments, such organisms are algae or bacteria,

{072} Algae represent a source for biomass that are suitable for biclogical hydrocarbon production
because algao rely on photosynthesis for energy production and can accunulate a high content of

isoprenoids (for example, marine algae Dunaliella salinag). Unlike crops, algae cuitivation does not take
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up arable land and does not require an irrigation systern, Morcover, algae are diverse microorganisms
that can be genetically manipulated to jucrease the biosyuthetic production of isoprenoids, The oil
composition can be extracted from a whole or partial biomass. Sources of biomass include naturally
occwrring algae as well as genetically modified algae.

[8673] Obtaining an oil composition fron a biomass can comprise solvent extraction of the oil
composition from the biomass. Gther methods of obtaining o1l from a biomass are known to one of skill
in the art. Examples of such roethods are pyrolysis of the biomass or solvent free expeller extraction
{cold-pressing).

18874] In some embodiments, the product (e.g. fuel prodoct) is collected by harvesting the organism.
The product may then be extracted from the organisni. In some instances, the product may be produced
without killing the organisms. Producing and/or expressing the product may not render the organism
unviable. In other instances, the product may be secreted into a growing environment.

{0075} The product-containing biomass can be harvested from its growth environment (¢.g. lake, pond,
photobioreactor, or partially closed biorcactor system, for example) using any suitable method. Non-
limiting examples of harvesting techriques are centrifugation or flocculation. Once harvested, the
product-containing biomass can be subjected to a drying process. Alternately, an extraction step may be
performed on wet biomass. The product-containing biomass can be dried using any suitable method.
Nouo-hmiting examples of drying methods include sunlight, votary dryers, flash drvers, vacaun dryers,
ovens, freeze dryers, hot air dryers. microwave dryers and supetheated stcam dryers. After the drying
process the product-containing biomass can be referved to as a dry or semi-dry biomass,

10076] Terpenes (tor example, diterpenes) can be produced from algas grown in harvesting ponds,
Depending on the type of algae, the ponds may contain frosh or brine water, The algae are harvested and
dried using technigues known to one of skill in the art. Terpenes can then be extracted from the dried
algae usmg an organic solvent. A low boiling-point solvent can be used. The solvent can be recycied
{for example, via distilation and condeunsation) when the terpene extract is concentrated. Exerplary
solvents inchide, but are not imited {0, hexane, carbon disulfide, carbon tetrachloride, chloroform,
mcthyltene chloride, petroleum ether, dicthyl ether, acetone, water, glycerol, alcohol, beptane,
methyipentane, wohuene, methylisobutylketone, and mixtures thereof. The algal biomass can also be
harvested and the terpenes extracied from g wet biomass,

{80771 An otl composition can be obtained several ways. For example, an organism may be harvested
and dried and then the oil exiracied from the lysed or destroyed cells. Alternatively, the cells can be
chemically tysed, or mechanical foree can be used 1o destroy the cell wall, Oil can be extracted from the
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organism, for example, an algae, using an organic solvent such as hexane. In addition, the oil can be
extracted from the organism by a supersonic shockwave resulting 1o cell rupture (for example, as
described in 118, Patent No. 7,111,975}, Other methods of extracting ot} fron: an organism can also be
used with the methods and systems described hercin, and such methods are known o one skilied in the
art,

{0078] The biomass composition can be a wet, a dry, or a semi-dry biomass composition. In order to
sxivact the oil from the hiomass, the biomass can be healed 1o 25°C 10 95°C, I6°C 10 60°C, 37°C o
95°C , 60°C to 250°C, or 80°C 10 280°C. Alternatively, in order 1o extract the ol from the biomass, the
biomass can be cooled to ess than § 1o -40°C or -5°C 10 -20°C,

10001} In some embodiments, the pH of the media in which the host organism is grown, from which the
biomass is obtained, can be controlled. The pH may be controlled nang the addition of various acids,
The acids vsed to control pH may include, for example, CO», nitric acid, phosphoric acid, or other acids,
The pH of the media may be controlled to remain within the range of aboul pH 7.5 {o about 8, about 8 to
about 8.5, about 8.5 to about 9, about § to about 9.5, about 9.5 1o about 10, about 18 fo about 1G.5, about
10.5 1o abowut 11, or about £ 1o about 11.5.

{79 In one embodument, an ot composition derived from a biomass, for example, an algal biomass,
comprises hydrocarbons and terpenes of chain length C10 and greater that naturally occur in the algae.
Different species of organdsms may generate ofl with different hydrocarbon mixtures. In some
embodiments, an o1l composition derived from algae is a mixture of oils from more than one species of
algae. In some embediments, an ol compesition derived from algae comprises an increased amount of
terpenes. in some enbodiments, the oil from algae comprises terpenes not paturally produced by the
1008G] In some embodiments, methods and systems discussed herein also comprise mixing the oif
composition with a fuel component prior to being “upgraded”. For example, a blend of algal oif and
crude petroleum can be provided in a process as deseribed herein and contacted with a catalytic
composition. In another example, a blend of algal oil and a refined fuel such as gasoline can be
contacied with a eatalyiic component. In another example, algal oil that has been prepared by a method
or system herein can be blended with 3 fuel component before conventional refining. Examples of fuel
conponents are fossil fuel, pelroleum, gasoline, diesel, jet fuel, and any combination thereof.

{30811 In another embodiment, crude ol from an organism, for example, an algas, can be refined betore
being “upgraded”. For example, the erude algal ot can be subjected to 2 RBD (refining bleaching
deodorizing) process, In another example, the crude algal oil can be fractionated into desired
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components by distillation, The crude algal oil can be fractionated into hydrocarbon components of
desired sizes, compaositions, or shapes,

{O082] An ol composition obtained from a biomass can be refined in a similar manper t0 how crude
petroleum oil is refined. For example, the refining process can include cracking (for exaraple, catalytic
cracking, thermal cracking, steam cracking and hydrocracking) as well as isomerization, alteration or
chenucal conversion.

{6083} In one embodiment, an organism, for example, an algae, 18 genetically modified prior to
extraction of the oil. For example, an exogenous nucleic acid encoding an enzyme can be introduced
nto the chloroplast or nuclens of the algae, and expression of the enzyme resulis in the mereased
production of, for example, a terpene or fatty acid. The terpene can be endogenous to the algae or
exogenous to the algae, In one embodiment, the algae are genetically medified to upregulate the
production of a terpene that naturatly occurs in the algae. in this example, the ¢il obtained from the algae
comprises a greater concentration of terpenes than an unmodificd algae. This oil 1s then capable of
being cracked under catalytic cracking conditions, as described herein, In another embodiment, the algae
are genetically modified to upregulate the production of a terpene or fatly acid that does not naturally
occur in the algae. For exanple, a gene encoding a modified enzyroe that generates a terpene through
the isoprenoid biosynthetic paihway can be inserted into the chloroplast or nucleus of the algae. In
addition, the organism can be genetically modified to produce a hydrocarbon that is useful in the
production of a fuel product. For example, the algae can be genctically modified to produce an increased
amount of a sesquiterpene, as compared fo an unmodified algae. Genetic modification of an organism to
generate a fatty acid, can include the introduction of a gene encoding an acetyl-CoA enzyme into the
Organisnl.

[0084] Methods

00851 Methods for upgrading an oil composition to create a refined or “upgraded” oil compostiion are
provided herem.

{3086] Methods and systems are provided herein to remove at least one, two or more, or essentiaily all
heteroatoms (for example, oxygen, nitrogen, phosphorous, sulfor, and metal} from an oil composition
derived from a biomass. In some embodiments, the resulting refined or “upgraded” oll composition can
be converted to fuel in an existing refinery infrastructure (for example, for processing fuels dertved from
fossil fuels). In some embodiments, the upgraded oil composition obtained from the methods or systems
described herein meet American Society for Testing and Materials (ASTM) fuel standards, for example,

environmentally standards,
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{0887} Other methods known to one of skill in the art can be used prior to, during {e.g. simultancously),
or after the upgrading of an ol composition, for example, the removal of heteroatoms and/or metals
and/or metalioids from an oil composition.

{10088] Upgrading melndes, for example, the removal of hetercatoms {e.g. 8, N, O, and P), removal of
metals or metalloids, saturation of double bonds and/or aromatics by addition of hydrogen,
isornerization of the carbon backbone {o introduce branches o the backbone, and/or reforming Lo make
aromatic compounds.

{0089%] Upgrading can also comprise, for example, cracking (e.g. thormal cracking, eatalytic cracking,
dehydrogenation, dehydrocyclization, and heavy ends), hydrogenation {e.g. hydrocracking and
hydrotreating}, isomerization, alkylation, and polymerization (for example, as described Speight, 1. G.
{1991} Refining Chemistry, In H. Heinemann (Ed.}, The Chemmstry and Technology of Petroleum (pp.
473-497 New York: Marcel Deldker Press).

{0090] The following metals and metalloids are exernplary elements that can be removed from an oil
composition using any of the methods and/or systems described herein: Boron (B); Calcium (Cay;
Chromium Cry; Copper {Cu); Iron (Fe); Lead {(Pb); Lithium {(Li}; Magnesium (Mg); Manganese (Mn};
Nickel {Ni}; Phosphorus (P); Potassium (K}, Silicon (81); Sodium (Na); Strontivim {81); and Zine {(£n).
{6091} Catalysts employing metals such as Ni/Mo, Co/Mo, and NI/W on alumina, silica-alumina and
silica supports can be promoted by additives such as phosphorus, Such catalysts are routinely used in the
refining industry for hydrotreating and hydrocracking. They are avatlable from catalyst suppliers such
as Axens {France), UOP (USA), Albamarie (USA), and Criterion (Netherlands).

{0092] Other conventional catalysts can be used to further upgrade oils {e.g. algal oils) that are the
products of HDM/HDS/HDN and/or HDO. These catalysts inclade catalytic eracking catalysts (FCC)
such as Y-type zeolites in a silica-alumina matrix, isomerization and hydroisomerization catalysts
consisting of supported noble metals (e.g. Pt and Pd) and naphtha reforming catalysts such as Pt
supported on alumina, Base oil lube stock catalysts comprising various zeolites, and supports such as
alumina. Noble metals can alse be used in the catalysts. These catalysts are also available from many
of the suppliers noted above and also companies such as Davison (USA) and Engelhard (USA).

10693] Exemplary conditions for HDM, HIDS, HDN and/or HDO are provided in the table below,

Temperature frony about 315 lo about 480 C (from about 600 to about 300F)

Total pressure and/or from about 100 to about 3000 psi

hydrogen partial pressure

Hydrogen fo oil ratio from about 100 1o about 2000 scf/Bbi (sef=standard cubic foet, Bbi=42
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Space velocity frowm about 1.5 to about B {space velocily is the ratio of the rsacior

charge rate in volumes per hour to the veactor volume)

»E.

{6094] In ancther embodiment, a method for “upgrading” or refining an o1l compostiion comprises
catalytically removing, for example, nitrogen from au oil composition 1o create a refined ot
composition, wherein the starting oil composition comprises greater than about 2.5% w/w nitrogen,
greater than about 8% w/w ogygen or greater than about 0.1% w/w phosphorus, In some embodiments,
a starting oil composition comprises greater than about 6.5% w/w nitrogen or chlorophyil/chlorophyilide
and greater than about 5% w/w oxygen. In some embodiments, oxygen content inn an otl composition can
be partially accounted for by a large amount of triglycerides or fatty acids. An oil composition, exiracted
or derived from a biomass, may also have a significant amount of phosphorous (for example, from
phospholipids} and other metals or metalloids, For example, an oil composition may comprise greater
than about 8. 1% w/w phosphorous and greater than about 6.5% nitrogen. In some embodiments, the oil
composition comprises greater than 0.5, greater thap 1, greater than 1.3, greater than 2, greater than 2.5,
greater than 3, greater than 3.5, greater than 4, greater than 4.5, or greater than § % w/w nitrogen. In
somie embodiments, the oil composition comprises greater than greater than 5, greater than 6, greater
than 7, greater than 8, greater than 9, greater than 10, greater than 11, or greater than 12 %6 w/w oxygen.
In some embodiments, the oif composition comprises greater than 0.1, greater than 0.2, greater than 0.5,
1, or greater than 2 % wiw phosphorous. As described herein, in some embodiments, the oil composition
has a different composition than crude petroleum. In one embodiment, thoe oil composiiion has a
different composition than sweet crude. in some embodiments, the oil composition derived from
biomass has a different composition than heavy and/or shale oil

{00951 In one embodiment, the oil composition is derived from algae. Figure I compares the content of
an exemplary algal oil and an exemplary crude ol from fossi! fuels. An oil composition derived from
aigae can coraprise significant levels (for example, 1% 1o greater than 40%) of a variety of other ctl ov
lipid components including, but not limited to, chilorophylis and/or chiorophyllides, isoprenoids and
carctenoids, and phospholipids. For example, as domonstrated 1o Figure 1, the algae oil has a nitrogen
content of greater than about §.5% up to 4% w/w. In addition, the aigae oil has a higher content of
oxygen as compared to crude ol (for example, 16-12% as compared 1o Ieoss than 0.1% w/w), Also, the
aigae oil has a higher phosphorous content as compared 1o erude oil (Figare 1), These exemplary
heteroatoms can be removed by the methods and systems described herein.
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[6096] Presentod below are exemplary ranges of various components of an algal oil composition

obtained from 34 slarting oif compositions,

Algae Ol - Starting Ol Composition
Carbon 70.74 - T8.5 Y% wiw
Hydrogen 8.53-12.1 % wiw
Nitrogen 0.0528 - 4.8 % w/w (0.676 — 61.44 % wiw)
Oxygen 681 - 15.64 Y wiw
Sulfur 344 9060 ppm (0.0344 — 0.9 % w/w}
Phosphorus | 6 - 8300 ppm (0.6006% - 0.83% w/w)

{6097} In another embodiment, a method for “upgrading” or refining an oil composition comprises
catalytically removing heteroatoms from an oil composition to create a refined oil composition, wherein
the starting o1l composition comprises greater than about 0.05% w/w nitrogen, greater than about 6%
w/w oxygen of greater than aboul §.03 96 wiw sulfur.

{6098} In other embodiments, the starting oil composition comprises greater than about 0.05% o about
3.0 % wiw nitrogen, greater than about 6% to about 16% w/w oxygen or greater than about 0.03 % to
about 1.0% wiw sulfur,

{6099} In other embodiments, the starting o1l composition comprises greater than about 0.01% to about
10.0 % wivw nitrogen, greater than about 3% to about 18% w/w oxygen or greater than about 0.61 % to
about 3.0% w/w sulfur,

160100} In apother embodiment, a wethod for “upgrading” or refining an oil compostiion
comprises catalytically removing heteroatorns from an 01l composition to create a refined oil
coraposition, wherein the starling oil coruposition comprises greater than about 8.65% w/w nitrogen,
greater than about 6% w/w oxygen or greater than about 0.0005 % w/w phosphorus,

HE In other embodiments, the starting otl composition comprises at least one of the
following four ranges: a phosphorus concentration of § % to 5% w/w; a nitrogen concentration of 8 % to
10% wiw; a sulfur concentration of 0 % to 5% w/w; or an oxygen concentration of § % to 20% w/w.
1601021 In some embodiments, an oif composition is derived from a biomass and contains a
larger amount of heteroatoms than a fossil fuel oil composition. For example, often an oil composition
extracted from a biomass containg biological molecules that contain heteroatoms such as chlorophyil,
fatty acids, or phospholipids that are not found in a fossit fuel composition. Also, oil compositions
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derived from fossi! fuels or biomass can comprise other metals or metalloid compounds. In another
embodiment, the oil composition comprises a higher percentage of nitrogen {w/w) than shale oil.
{8103} In one embodiment, a method is disclosed for preparing a refined oif composition
from an oil composition, comprising catalytically removing (1) metals or metalloids, (1) nitrogen, and/or
(111} oxygen from an oil composition to create a refined composition. In one example, the calalytic
remaoval of metals or metalioids comprises the absorption of the metals or metalloids onto the surface of

a catalyst.

§601041 Metal Removal
160165] In some embodiments, a method or system as described herein comprises two ot

three refining sieps in series. One step can be hydrodemetallization (HDM), in which metals (for
example, Mg and Na) and metalloids (for example, P} can be removed from an oil composition
{obtained from a biomass) by absorption onto a catalyst. Because the metal or metalloid hetercatoms are
absorbed onio a catalyst, ofien an HDM catalyst has a shorter lifetime than other reaction catalysts. In
some embodiments, the lifespan and cost-effectiveness of a catalyst can be optimized by selecting a

catalyst/support with a high surface area and pore volume, and by selecting an open pore structure to

capacity. Also, for example, a catalyst for hydrodemetallization can have high porosity and be able to
sequester high levels of metals and metalloids. A catalyst can be recyeled and reused iy any of the
methods and systems described herein.

[00106] The catalysts can comprise, for example, a support such as alumina {or
aluminosilicates or silics) and can also comprise two or more metal compounds such as Co/Mo, Ni/Mo,
and/or W/Mo. In addition, the support may be a silica, silica-alumina, or alumina suppori. Other
examples of catalysts include Ni/Mo o alumina promoted with phosphorus, Co/Mo on alumina, Ny/W
ou alumina. Exemplary manufactures of these products are Haldor Topsoe (Denmark). The supports
{e.g. ahwnma) can have different pore structures, The HDM catalyst can, for exarnple, have larger
macro and rmicro pores than an HDN or HDO catalyst.

[68167] The step(s) of removing a metal or metaltold can often require elevated
temperatures {for example, about 304 to about 5060°C) and a high pressures of hydrogen {for example,
greater than about 508 psi or greater than about 1000 psi). In some embodiments, s melal removing step
can be carricd out at a temperature of greater than 100, preater than 150, greater than 200, greater than
250, greater than 300, greater than 350, greater than 400, greater than 450, greater than 500, greater than

750, or greater than 1000 °C. In some embodiments, a metal rermoving step can be carried out at a
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pressure of hydrogen of greater than 100, greater than 300, greater than 500, greater than 750, greater
than 1006, greater than 1500, or greater thauw 2000 psi.

HEIIR In traditional petroleum refining processes, when heavy oil is hydrogenated, high
levels of metals can inhibit catalytic activity when performing hydredesulfunization (HDS).
Furthermore, heavy nietals such as nickel and vanadium in the heavy oil can deposit on the surfaces of
the catalyst particles resulting in a decrease of catalyst activity, If this happens, the catalyst must be
replaced with a fresh catalyst, HDS can remove not only sulfur, but sore small arounts of metal
heteroatoms (for example, as described in Figure 4.

1661689] Other methods of removing metal from an oil composition may be used in
combination with a method or system described herein. Other methods of removing metals incinde
regeneration of the catalyst, For example, the Demet Process removes motals such as nickel and
vanadiom from a spent catalyst. The nickel and vanadium are converted to chlorides which are ther
washed out of the catalyst. Another exemplary method of removing metals 1s metal passivation, wherein
materizals can be used as additives which can be impregnated in a catalyst or added to the oil
composition in the form of metal-organic conpounds. Such matenals can react with the metal
contaminants and passivate the costarminants by forming less harmful compounds thal remain on the
catalyst. For example, antimony and bismuth are effective in passivating nickel, and tin is offective in

passivating vanadiom.

{60118] Nitrogen Removal
{60111} Hydrogenolysis is a chemical reaction whereby a carbon-carbon or carbon-

heteroatom single bond is cleaved or undergoes lysis by hydrogesn. The hetercatom may vary, but
examples mnclude oxygen, mitrogen, or sulfur. A related reaction is hydrogenation, where hydrogen is
added to the molecule, without cleaving bonds. Usually hydrogenolysis is conducied catalytically using
hydrogen gas. In petroleum refineries, catalytic hydrogenolysis of feedstocks is conducted on a large
scale to remove sulfir from feedstocks, releasing gaseous hyvdrogen sulfide (H,8). The hydrogen sulfide
is subsequently recovered in an amine treater and finally converted to elemental suifur. Hydrogenolysia
can be accompanied by hydrogenation,

180112} Product stability can also be affected by the presence of nitrogen-containing
compounds in an o1l composition. A hydrogenolysis reaction can be used to reduce the nitrogen content
of a peiroleum stream; in this case the reaction is called hydrodenitrogenation (HDN). Many HIS units

for desulfurizing naphthas in petroleum refineries are actually simultancously denitrogenating. HDN can
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be used as a method of removing nitrogen from an o1l composition by creating ammonia or ammonium.
In some embodiments, ammonia products can be recycled as nutrients for biomass growth.

I} 13 HIN can often require elevated temperatures (for example, about 300 to about
S0G°C} and high pressures of hydrogen (for example, greater than about 500 psi or even greater than
about 1000 psi). In some embodiments, HDN can be carried out at a temperature of greater than 100,

realer than 150, greater than 200, greater than 250, greater than 308, greater than 350, greater than 400,
g g gt g

> €
greater than 450, greater than 500, greater than 750, or greater than 1000 °C. In some embodiments,
HDN can be carried out at a pressure of hydrogen of greater than 100, greater than 300, greater than 500,
greater thap 750, greater than 1000, groater than 1500, or greater than 2000 psi,

100114] The catalysts comprise, for example, a support such as alumina (or aluminosilicates
or silics} and can also comprise two or more melal compounds such as Co/Mo, NvMo, and/or W/Mo., In
addition, the support may be a silica, silica-alumina, or alumina support. Other examples of catalysis
include MNi/Mo on alumina promoted with phosphorus, Co/Mo on aluming, NYW on alumina.

Bxenmplary manufactares of these products are Haldor Topsoe (Denmark). The supports {e.g. alumnia)
can have different pore structures. The HDM catalyst can, for example, have larger macro and micro
pores than au HDN or HDO catalyst.

{30115} The presence of nitrogen in an oit composition can present many problems in that
the nitrogen can iterfere with the refining, the transportation, and/or the use of an o1l composition,
Exemplary deleterious effects brought about by the presence of nitrogen in an oil composition include,
but are not limited to, a decreased catalyst life during hydrogenation, reforming, hydrocracking and
catalviic cracking reactions, a decreased chemical stability of any resulting product, and a decreased
color stability of any resulting produc

{00116] Another issue with the presence of nifrogen in an oif composition 1s that i 8 not
desirable to transport nitrogen-containing oil through pipelines used for transporting petroleum products,
because of the possible contarmination of such petrolenm products with residual nitrogen-containing oil
in the pipeline. Generally, petroleum products transported in a pipeline do not contain a significant
ammount of nitrogen. Relatively high nitrogen content in an oil composition can pollute the pipelines
making them undesirable and uneconomical for transporting such low nitrogen-containing petroleum
products. In addition, high nitrogen content in an oil composition can cause clogging of pipelines due to
setf-polvmerization brought about by the reactivity of the nitrogen-containing compounds. In addition,
in some embodiments, due to the basicity of the nitrogen-containing compounds, s0me Corrosion can
occur, thus damaging 2 pipeline.

ol
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100117 In some embodiments, enzymes {(for example, chiorophyvilase) can be added to an

oil composition to break up vitrogen contatning compounds or molecules, Other enzymes that can be
used are, for example, a RCC reductase, a dechelatase, or a pheophorbide a oxygenase. Various
chlorophyllases have been purtfied, cloned, and recombinantly cxpressed from photosynthetic organisms
{(for example, as described in U.S. Patent No. 7,199,284} and any given one can be used in the systems
or methods as disclosed herein. Exemplary biomass degrading enzymes are described in International
Patent Application No. PCT/US2008/006879, filed May 36, 2008, Additional polypeptides and/or
pepiides, either recombinantly produced or produced and purified from natural sources, can have
esterase activity sirnilar to a chlorophyliase. These polypepiides and/or peptides can include catalytic
antibodies, enzvmes, and active sites of enzymes, Any chlorophyllase, chlase, or chlorophyll-
chlorophyilido hydrolyase or polypeptide having a similar activity {(e.g., chlorophyil-chiorophyihido
hydrolase 1 or chlase 1, or, chlorophyli-chlorophyilido hydrolase 2 or chlase 2 (e.g., NCBI P59677-1
and PS967E, respectively ) can be used in a method or a system as disclosed heremn, Any polypeptide
(e.g., enzyme or catalytic antibody) that catalyses the hivdrolysis of a chlorophyll or pheophytin ester
bond to yield chiorophyllide and a phytol or pheophorbide and a phytol can be used in a method or a
systern as disclosed herein. Any isolated, recombinant, synthetic, or chimenie {e.g. 2 cornbmation of
synthetic and recombinant} polypeptide {e.g., enzyme or catalytic antibody} can be used, e.g.. a
chlorophyllase, chiase, or chlorophyll-chiorophyllido hydrolyase, or polypeptide having a similar

activity can be nused in a systern or method as disclosed herein, {e.g., as described iy Marchler-Bauer

£
(2007} Nucleic Acids Res. 35:D237-40), Polypeptides and/or peptides having esterase {e.g.,
chiorophyitase ) activity can be used in the systems or methods as disciosed herein,

[60118] Hydrodenitrogenation can be used to remove the nitrogen in the form of ammonia
from an oil composition. (ther methods of removing nitrogen from an oil composition have been
developed and can be combined with any of the methods or systems described herein. Such developed
methods are known to one of skill in the art.

(001197 In one embodiment, a method for preparing a fuel frop an oif conposition
coraprises: removing chlovophyll or chlorophyllide from an oil composition, and catalytically removing
raetals or metalioids and/or oxygen from the oil composition to create a refined composition. The
biomass can be oblained from & groen plant and therefore contains chiorophyvil. Chlorophyl can be
vemoved from an oil composition by using a solvent(s}. Non-limiting examples of solvents and acids
that can be used for nitrogen extraction include water, organic acids, or inorganic acids, such as, ¢.g.,

acetic acid, formic acid, ¢itnic acid, phosphoric acid, succinic acid, nitric acid, suffuric acid, acetone,

23
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alcohols, glycerol, hexane, heptane, methylpentane, toluene, or methvlisobutyiketone, or any nixtures or
salt solutions thereof. The methods and systems described herein can reruove nitrogen and other
heteroatoms associated with chlorophyll.

(601281 Ovveen Removal

Onvgen can also be removed by a method or system: described heretn. An exemplary method of
removing oxygen is hydrodeoxygenation (HDO) which is the removal of oxygen by catalytic reaction
with hydrogen. The resuliimg product can be a mixture of H, O, CO, and/or CO;, This reaction can be,
for example, conducted with conventional fixed-bed bimetallic hydrotreating catalysts such as sulfided
nickel-molybdenum (NiMo) or cobalt-molybdenurm {CoMo) which are commonly used in refineries. In
the HDG reaction, oxygen is removed as water, olefinic double bonds are hydrogenated, and sulfur and
nitrogen compounds may be removed. Exemplary catalysts can contain a metal of the Group VIH and/or
VIA of the Periodic Table. The HDO catalyst can be a “supported” Pd, Pt, Ru, Rhy, Ni, Nidvo or CoMo

catalyst, for example, the support being activated carbon, alumina and/or silica.

061213 in some embodiments, any sulfur present can be removed through
hydrodenitrogenation or hydrodeoxygenation as H,S, and can then be collected in scrubbers.
{08127] HEB0 can often require elevated temperatures (for example, abowt 300 to about

S00°C) and high pressures of hydrogen (for example, greater than about 500 psi or ever greater than
about 1000 psid. In some embodiments, HDO can be carvied out at a tomperature of greates than 100,
greater than 150, greater than 200, greater than 230, greater than 300, greater than 350, greater than 400,
greaier than 450, greater than 500, greater than 750, or greater than 1000 °C. In some embodiments,
HIDBO can be carried out at a pressure of hydrogen of greater than 100, greater than 300, greater than 500,

greater than 730, greater than 1000, greater than 1500, or greater than 2000 psi.

e

G0123] {Other methods of removing oxygen from an oil composition include methods for
removing oxygen front chemical compositions. Exemplary methods of removing oxygen include, but are

not mited to, Barion-McCombie deoxvgenation and the Wolff-Kishner reduction.

{6124 Catalvtic Reforming
[00125] The upgraded oil composition can, for example, be further treated by catalytic

reforming. Catalviic reforming can be performed on an oil composition in combination with any one or
more of the other methods disclosed herein. Calalytic reforming is a chemical process used to convert
petroleun refinery naphthas, typically having low octane ratings, into high-octane liquid products called
reformates which are components of high-octane gasoline (also known as peirol}. Basically, the process
re-arranges ot re~structures the hyvdrocarbon molecules in the naphtha feedstocks as well as breaking

rR
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some of the molecules into simaller molecules, The overall effect 1s that the product reformate contains
hydrocarbons with more complex molecular shapes having higher octane values than the hydrocarbons
in the naphtha feedstock. In so doing, the process separates hydrogen atoms from the hydrocarbon
molecules and produces very significant amounts of byproduct hydrogen gas for use in a number of the
other processes involved in a modern petroleum refinery. Other byproducts are small amounts of
methane, cthane, propanc and butanes.
[001286] Various catalyst reforming process have been developed all of which ntilize a
platinum and/or rhenium catalyst. For example, Rheniforming: Developed by Chevron Qi Company;
Powerforming: Developed by Esso Ol Company, now koown as ExxonMobil; Magnaforming:
Developed by Englehard Catalyst Company and Atlantic Richfield Oil Company; Ultraforming:
Dieveloped by Standard Oil of Indiana, now a part of the British Petroleum Company; Houdriforming:
Developed by the Houdry Process Corporation; CCR Platforming: A Platforming version, designed for
continuous calalyst regeneration, developed by UOP; and Octanizing: A catalytic reforming version
developed by Axens, a subsidiary of tnstitut francais du petrole (IFP), desigred for continuous catalyst
regeneration,
001271 There are a good many chervical reactions that occur in the catalytic reforming
process, all of which occur in the presence of a catalyst and a high partial pressure of hydrogen.
Depending upon the type or version of catalytic reforming used as well as the desired reaction severily,
the reaction conditions range from temperatires of about 495 to 525 °C and from pressures of about 5 to
45 atm {OSHA Technical Manual, Section IV, Chapter 2, Petroleum Refining Processes).
{0128 The commonly used catalytic reforming catalysts contain noble metals such as
platinum and/or thenium, which are very susceptible {o poisoning by sulfur and nitrogen compounds.

Therefore, the naphtha feedstock to a catalytic reformer 1s always pre-processed in a
hydredesulfurization unit which removes both the sulfur and the nitrogen compounds. The four major

catalytic reforming reactions are described in, for example, Gary, JH. and Handwerk, G.E. (1984)
Petroleum Refining Technology and Economies (Znd Edition ed.) Marcel Dekker, Inc. I5BN (-8247-
7150-8.
{0&1293 The four major catalytic reforming reactions are:

1. The dehydrogenation of naphthenes to convert them into aromatics as exemplified in the conversion

methylcvelohexane (a naphthene) to toluene (an aromatic), as shown below:
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Methylcyciohexane — Toluens + 3 H;
Ho H
AN 7SN
H.C CH. HC CH
| | f H + 3H,
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2: The somerization of normal paraffins (o isoparaffing as exemplified in the conversion of normal

octane to 2,5-Dimethylhexane {an isoparaffin), as shown below

n-Octang —s 2 5-Dimethythexane

H H H H H H H H H CHy H H CH; H

[ A Y N N T A R B
H—C—0—C—C—C—C—C— C—H —f H— (IJ t{: ({3 r.;-—j:-—r,i‘—l-t
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3: The dehydrogenation and aromatization of paratfing to aromatics {commonly called

dehydrocyclization) as exemplified i the conversion of normal heptane to toluene, as shown below:

n-Heptane —s Toluene + 4 H,
H
H H H HH H H SN
[ R I R S N HC CH
HeC—C—C=CC—CmC—H —b | | + 4H,
| S N S T HC ~ C—CH; :
H HHHHHH Be
H

4: The hydrocracking of paraffine into smaller molecules as exemplified by the cracking of normal

heptane into isopentane and ethane, as shown below:

n-Hepiane + Hy; —= Iisopentane + Ethane

H H H H H H H TCPBT E; fia H
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[00138] The hydrocracking of paraffins is the only one of the above four major reforming

reactions that consumes hydrogen. The isomerization of normal parafling does not consame or produce
hydrogen. However, both the dehydrogenation of naphthenes and the dehydrocyclization of paraffing
produce hydrogen. The overall nel production of hydrogen in the catalytic reforming of petroloum
naphthas ranges from about 50 to 200 cubic meters of hydrogen gas {(at § °C and | atmm) per cubic meter
of liguid naphtha feedstock, In the United States customary umits, that 1s eguivalent to 300 to 1200 cubic
feet of hydrogen gas {(at 60 °F and | atm) per barrel of liquid napbtha feedstock (for example, as
described in U.S. Patent No. 5,011,805). In many petroloum refineries, the net hydrogen produced in
catalytic reforming supphes a significant part of the hydrogen used elsewhere i the refinery {for
example, in hydrodesuifurization processes). The hydrogen 1s also necessary in order to hydrogenolyze
any polymers that form on the catalyst.
(331311 The most commonly used type of catalytic reforming unit has three reactors, each
with a fixed bod of catalyst, and all of the catalyst is regenerated in situ doring routing catalyst
regeneration shuidowns which occur approximately once each & to 24 months. Such a unit is referred to
as a semi-rogenerative catalytic reformer {SRR).
{00132] Some catalvtic reforming units have an exira spare or swing reactor and each
reactor can be individually isolated so that any one reactor can be undergoing in situ regeneration while
the other reactors are in operation. When that reactor s regenerated, it replaces another reacior which, in
turn, s 1solated so that 1t can then be regenerated. Such units are referred to as cyclic catalytic reformers,
Cyclic catalyiic reformers serve o extend the period between reguired shutdowns,
{63133 Oue type of catalytic reformers are called continuous catalyst regeneration
reformers (CCR). Such units are characterized by continuous in-situ regeneration of part of the catalyst
in a special regenerator, and by continuous addition of the regenerated catalyst to the operating reactors,
Two exemplary versions of CCR are UOP's CCR Platformer process (UOP LLC, Deg Plaines 1L, USA)
and Axen's Octamzing process {Axens IFP Group Technologies, Rusil-Malmaison, France). Many of
the earlier catalytic reforming units are non-regenerative in that they did not perform i site catalyst
regeneralion. Instead, when needed, the aged catalyst was replaced by fresh catalyst and the aged
catalyst was shipped to catalyst manufacturer's to be either regenerated or to recover the platinum
conlent of the aged catalyst.
{0134] The process flow diagram below depicts a typical semi-regenerative catalytic

reforming unit,
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{00135] The lquid feed (at the bottom left in the diagram) is pumped up to the reaction

pressure {5 1o 45 atm) and is joined by a stream of hydrogen-rich recycle gas. The resulting Hguid-gas
mixture i3 preheated by flowing through a heat exchanger. The preheated food muxture is then totally
vaporized and heated to the reaction temperature {495 to 520 °C) before the vaporized reactants enter the
first reactor. As the vaporized reactants flow through the fixed bed of catalyst in the reactor, the major
reaction is the dehydrogenation of naphthenes o aromatics {as described earlior herem) which is highly
endothermic and resulis in a large temaperature decrease between the inlet and outiet of the reactor. To
maintain the required reaction temperature and the rate of reaction, the vaporized siream s reheated n
the second fired hester before it flows through the second reactor. The temperature again decreases
across the second reactor and the vaporized stream must again be reheated o the third fived heater

before it Hows through the third reactor. As the vaporized stream proceeds through the three reaclors,

the reaction rates decrease and the reactors therefore become larger. At the same time, the amount of
reheat reguired between the reactors becomes srualler. Usually, three reactors are all that is required to
provide the desired performance of the catalytic reforming unit.

[00136] Some installations use three separate fired heaters as shown in the schematic
diagram and some installations use a single fired heater with three separate heating coils. The hot
reaction products from the third reacior are partially cooled by flowing through the heat exchanger
where the feed to the first reactor is preheated and then flow through a water-cooled heat exchanger
before flowing through the pressure controller (PC) imto the gas separator,

{00137} Most of the hydrogen-rich gas from the gas separator vessel refurns o the suction of

the recycle hvdrogen gas compressor and the net production of hydrogen-rich gas from the reforming
IR
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reactions is exported for use in the other refinery processes that consume hydrogen (such as
hydradesulfurization units and/or a hydrocracker unit),
{0 138] The liguid froms the gas separator vessel is routed into a fractionating column
commonly called a stabilizer. The overhead offgas product from the stabilizer containg the byproduct
methane, ethane, propane and butane gases produced by the hydrocracking reactions as explained in the
above discussion of the reaction chemistry of a catalytic reformer, and it may also contain some small
mount of hvdrogen. That offigas is routed to the refinery's ceutral gas processing plant for removal and
recovery of propanc and butane. The residual gas afier such processing becomes part of the refinery's
fuel gas systew,
160139 The botioms product from the stabilizer is the high-octane liquid reformate that will
become a component of the refinery's product gasoline,
163140 Many catalytic reforming catalysts contain platinum or rhenium on a silica or silica~
alumina support base, and some contain both platinom and rhenivm, Fresh catalyst can be chlorided
{chiorinated} prior to use.
100141 The noble metals (platinum and rhenfum) are considered to be catalviic sites for the
dehydrogenation reactions and the chlorivated alumina provides the acid sites needed for isomerization,
cyclization and hydrocracking reactions {for example, as described m Gary, I.H. and Handwerk, G.E.
{1984} Petroleurs Refining Technology and Econories (2nd Edition ed.). Marcel Dekker, Tuc, ISBN 6-
§247-7150-8).
160142] The activity (1., offectiveness) of the catalyst in a semi-regenerative catalytic
reformer is reduced over time during operation by carbonaceous coke deposition and chloride loss. The
activity of the catalyst can be periodically regenerated or restored by in situy high temperature oxidation
of the coke followed by chiorination. As stated earlier herein, semi-regenerative catalytic reformers ars
regenerated about once per 6 to 24 months.
{00143] Normally, the catalyst can be regenerated perhaps 3 or 4 times before it must be
returned to the manufacturer for reclamation of the valuable platinum and/or rhenium content (for
example, as described i Gary, J.H. and Handwerk, G.E. (1984) Petroleur Refining Technology and

Economics (2und Edition ed.}. Marcel Dekker, Inc. ISBN 0-8247-7150-8).

{68144 Svsiems
{13145} Figures 2 and 3 show exemplary process{es) that a biomass or oil composition can

undergo to obtain a product, Figure 4 shows exemplary configurations of various reactions that can
accur in the methods and/or systems described herein, The oil composition can undergo any one or any
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combination of a HIDM reaction, a HDS reaction, a BDN reaction, or a HDO reaction. The reactions
can overlap, and/or can occur sequentially, and/or can occur simultancously. For exarsple, the HDM
reaction can occur prior fo the HDS, HIN, and HDO reactions. Another example is the HDM reaction
occurring first, then the HDS and HDN reaciions ocourring sirnulisneously, then the HDO reaction.
Additionally, all four reactions can occur simultaneously, The rates of the reactions can be controlled,
for example, by pressure and temperature. One of skill in the art would be able o adjnst these
parameters to oblain the desired reactions and products, The Green Products can be, for example, Hght
hydrocarbons, naphtha (gasoline), distillates (jet, dicsel}, gas oils, rosiduum, green distillates, green fuel
products, and/or any of the products described herein.
[00146] Each reactor comprises at least one catalyst. A reactor can comprise two or more
catalysts,
31471 In some embodunents, a system as described herein can contain a eatalyst placed in,
for example, a fixed bed reactor and/or a fluidized bed reactor, An oil composition to be treated can be
introduced mto the reactor and treated at a high temperature and pressure under the desired hydrogen
partial pressure to carry out removal of metal, oxygen, and/or nitrogen. The catalyst may be put into a
single reacior or plural reactors successively connected, In some embodiments, one or more other
hydrogenation/lrydrogenolysis catalysts may be packed into a single reactor. In addition, organometaliic
compounds and other metal components contained in ap oil composition often deposit on a catalyst in
the form of, for example, metal sulfides. In some embodiments, the metal or metalioid s romoved using
a method described berein before the romoval of nitrogen or oxygen.
{00 14K] in an embodiment, a system 1s described for preparing an oil composition for
refining that comprises: a metal-removing reactor comprising a metal-removing catglyst configured (o
remove metal or metalloid atoms from an oil composition; and a nonmetal-removing reactor comprising
a nonmetal-removing catalyst configured to remove at least one of nitrogen or oxygen from the oil
composition, wherein the nonmetal-removing reactor is 1 fluidic communicalion with the metal-
removing reactor. A metal-removing catalyst can be, for example, a catalyst onto which a metal or
metallod can be absorbed. A vonmetal-removing catalyst can be, for example, a catalyst that breaks the
bonds of 2 molecule containing a heteroatom, such as a nitrogen, oxygen, or sulfur atony.
100149] In an exemplary system, a system can comprise two parallel catalyst beds (for
example, one active online and the second packed with fresh catalyst) that can be switched or alternated
ceording to the activity of the catalyst. In another exemplary sysiem, a system can comprise three beds

fn which one is nline with the refining system and active, a second which 18 being filled with fresh
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catalyst, and a third which is being emptied and refillcd. The systems or methods herein can be modified
as would be apparent to one skilled in the art for different metal and metalloid levels in an oil
composition and/or otl composition flow rates through the system

[G0150] A svstem can further comprise a first melal-removing reactor i parallel with a
second metal-removing reactor, wherein the first metal-removing reactor i¢ interchangeable with the
second metal-removing reactor. For example, a systern can comprise a pluralily of reaclors in series cach
comprising a metal-removing reactor, With a system comprising two or more metal-removing reaciors
the catalyst in one of the two reactors can be serviced while the other reactor remains online, For
example, a catalyst can be rergoved and replaced without slowing the operation of the system as ¢
whole. Two or more metal-removing reactors can improve the cost-effectivencss of the systent.

H0151 In some embodiments, a system further comprises: a third metal-removing reactor
in paralie] and interchangeabie with the sccond metal-removing reactor and the first metal-removing
reactor, wherein when one of the metal-removing reactors is in operation, another metal-removing
reactor is on stand-by and comprises unused metal-removing catalyst, and the final metal-removing
reactor is being omptied and/or refilled with unused metal-removing catalyst.

j00152] In some embodiments, the metal-removing catalyst bas an open pore structure to
ensure maxinium access of the oil composition and the highest metal and metailoid storage capacity. A
metal-reroving catalyst comprises, for example, a support of alumina, aluminosihicate, and/or
aluminosilic, and Co/Mo, Wi/Mo, and/or W/Mo. Exemplary supports of a metal-removing (for example,
hydrodemetaliizing) catalyst for g oil composition described herein include, but are not imited to,
alumina, silica, silica-alumina, titania, magnesia and silica~-magnesia. Hydrodemetallization can be
carrted out in a fixed bed systern. A reactor of a system here can be either a single-slage or a mulistage
reactor.

1601531 in the process of removing heteroatoms from otf compositions, generally, the type
{(for example, active metal species and amount of carried wetals) of catalyst to be packed in the reactor
and the amount of packed catalyst can be determined based on a condition that the catalyst would
effectively function throughout the packed bed during the period of one cyele of continuous operation.
{00154] in some embodiments, a systens further comprises a second nonmetal-removing
reactor configored to remove at least one of nitrogen or oxygen from the oil composition, wherein the
second nonmetal-removing reactor 18 1o fluidic communication with the first nonmetal-removing reactor,
1001553 A nonmetal-removing catalyst can comprise, for example, a support of alumina,

aluminositicate, and/or aluminosilic, and Co/Meo, Nv/Mo, and/or W/Mo
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{001 56] A catalyst composition can be, for example, a hydrogenation catalyst comprising an

active component for hydrogenation supported on a cartier, A catalyst compostlion can also be, for
example, a hydrogenation catalyst composed of metals of Group Vib and/or Group VI of the Periodic
Table supported on a porous refractory oxide carrier, Examples of porous refractory oxides include
alumina, silica, magnesia, silica-magnesia, zirconia, silica-zirconda, titanta and silica-titania. In some
enthodiments, alumina or silica-alumina 18 vsed.

{0157 Awny conventional catalytically active ingredieni(s) for 1’1ydrogf:na1i<m can be used as
the active metal of a hydrogenation catalyst to be supported on the porous refractory oxide. For exanmple,
thete can be used at least one member selected from the group consisting of metals (for example,
chromium, molybdenum, and tungsten) of Group VIb of the Pertodic Table or the compounds of these
metals, and/or the metals (for example, won, cobalt, nickel, platinum) of Group VIT of the Periodic
Table or the compounds of these metals.

{60158} Catalysis described berein can be prepared by conventional methods, The alumina
carrier can be prepared by newtralizing an acidic aluminum salt such as aluminum sulfate or aluminum
nitrate with a base such as ammonta, or neutralizing ap aluminate such as sodium aluminate with an
acidic aluminum salt or an acid, washing the resulting gel and carrying ool conventional reatmenis such
as heating, aging, molding, drying and calcining.

{60159] Although the catalyst wmay be randomly packed in the hydrogenation apparatus, a
large colummar catalyst can, for example, be aligned with its end faces confronting the direction of flow
of the reaction fluid.

(B3160] in some embodiments, a system is in fluidic commanication with an oil pipeline. In
some embodiments, a system can {urther comprise a distilling device in fluidic convmunication with the
oil pipeline wherein the distilling device is configured to remove hydrocarbons that are €4 hydrocarbons
or smaller from the oil composition.

{08161] In some examples, the light hydrocarbons (for exawple, propane originating from
triglycerides {glycol} 1y a refined composition that are removed can be a separate product. In some
embodiments, the hight hyvdrocarbons can be used as a fuel to heat or process a system or method as
described herein, Exemplary light hydrocarbons include, but are not Himited to, methane, ethane,

propane, and butane.

{38621 311 Refining
88163 Tn some embodiments, a refined or “uperaded” composition can be simtlar (for
N 1124 f

example, have a low sulfur content and the same hydrocarbon constituents) to a sweet crude stream of a
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petroleum based fuel. When produced at commercial scale, it may be economically desirable to transport
the refined coruposition by pipeline rather than truck, rail or ship. The refined composttion can, for
example, be shipped by pipeline and further processed using current standard refining technologies or
future refining technologies, to create fucls and chemicals,

[80164] {Crude petroleum oil is fransported by pipeline and by traditional transportation,
such as trucks, As described herein, somoe biofuels can contain too high a conceniration of heteroatoms
to transport i 4 tradittonal crude petroleum o pipeline. A method or system as described herein can be
used to upgrade, for example, rernove heteroatoms from an oif composition derived/exiracted from a
biomass, allowing the fuel (o be ransported in a pipeline. A pipeline can be a pipeline designed for
biofuel or a traditional petroleum crude otl pipeline.

[00165] In some embodiments, a method as described herein can further comprise refining
the refined or “upgraded” composition, for example, catalytically cracking the refined composition.
[080166] The method(s} used to refine an o1l coruposition or an upgraded oil composition can
be chosen to optimize the types, shapes, and sizes of the hydrocarbon mixture desired in the resulting
fuel product. Typical refining processes in the fuel industry include, bug are not Himited to, distillation,
fractionation, extraction, solvent exiraction, by drotreatment, somenzation, dimerization 'aik}fi&tiom and
cracking. A cracking process typically refers to a process that breaks down hydrocarbons into smaller
hydrocarbons, for example, by scission of a carbon-carbon bond. Complex organic molecules such as
isoprenoids or heavy hydrocarbons can be cracked into simapler molecules (for example, light
hydrocarbons) by the breaking of a portion of the carbon-carbon bonds in the complex organic
motecules. Cracking s commonly performed using high temperatures, catalysts, or a combination
thereof, Examples of cracking methods tnclude, but are not limited to, thermal cracking, fluid catalyiic
cracking, thermofor catalytic cracking, catalytic cracking, steam cracking, and hydrocracking.

(801467} in some embodiments, a systerm of removing heoteroatoms from an oil composition
can be part of a fusl refining systew. lu other emboditaents, the system of removing heteroatoms is not
part of a fuel refining system. In another embodiment, a system of removing hetercatoms from an oil

corpposition 13 v communication with or delivers the oil composition to a refinery or other fuel refining

{B0168] Catalytic cracking processes can fnvolve scission of an organic molecule in the
presence of a catalyst, for exaniple, an acid catalyst such as a silica-alumina catalyst or a zeolite
Catalysts promote a heterolytic (asymmeiric) breakage of bonds yielding pairs of ions of epposite
charges, for example, a carbocation and a very unstable hydride anion. Carbon-localized free radicals
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and cations are both highly unstable and can undergo a process of chain rearrangement, for example a C-

~

C scission i the beta position, and/or an intra- or intevmclecular hydrogen transter or hydride transter
In these processes, the corvesponding reactive intermediates {for example, radicals and ions) are

permanently regenerated, and thus the reaction can proceed by a self-propagating chain mechanism. The

chain of reactions can then be eventually terminated by a radical or an ion recombination.

100169 In some embodiments, a method as disclosed herein can further comprise a catalytic
cracking process. For example, an oil composition derived from a biomass can have metal, phosphorous,
sulfir, nitrogen, and/or oxygen atoms completely or partially removed, and then be catalytically
cracked.

[06178] In some embodiments, the oil composition comprises ferpenes that can be cracked
into fuel components. Terpenes are a large and varied class of hydrocarbons, produced by a wide variety
of organisms, for example, photosynthetic organisms. The term terpene can be used to describe both
terpenoids or isoprenoids, Terpenes are the primary constituenis of the essential cils of many types of
plants and flowers. Essential oils are used widely as natural flavor additives for food, as fragrances in
perfumery, and in traditional and alternative medicines such as aromatherapy, Synthetic variations and
derivatives of natural terpenes also greatly expand the varisty of aromas used in perfurcery and flavors
used in food additives. Table 1 and Figure 5§ show exemplary terpenes that can be found in an oil
coraposition. Isomers of the compounds shown m Table 1 and Figure 5 can also be fonnd in an ot
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{00171 Hvdrocarbon Production

001721 Any of the products described herein can be obtained by transforming an organism with a
polynucieotide resulting in the production of the desired product. Some of the products are naturally
produced by an organism and their production can be manipulated by transforming an organism with a
polynuclectide resulting in the inereased or altered production of the product.

[66173] Host Cells or Host Oreanisms

I30174] Biomass gseful in the methods and systems described berein can be obtained from host cells or

host organisms.
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[B0175] A host cell can contain a polynucleotide encoding a polypeptide of the present disclosure, In
some embodiments, a host cell is part of a multicellular organisra. In other erabodiments, a host cell is
cultured as a unicellular organism.

[00176] Host organisms can inchude any suitable host, for example, 2 microorganism. Microorganisms
witich are use{ul for the methods described hersin include, for example, photosyuthetic bacteria (e.g.,
cyanobacieria), non-pholosynthetic bacteria {e.g., E. coli), yeast {e.g., Saccharomyces cerevisiae), and
algae (e, g., microalgae such as Chlamydomonas reinhardtii}.

{80377] Examples of host organisms that can be transformed with a polynucicotide of interest include
vascular and non-vascular organiams. The organism can be prokaroyiic or eukaroytic. The organtsm
can be unicellufar or nwilticeltular. A host organism 18 an organism comprising a host cell. In other
embodiments, the host organism 1s photosynthetic. A photosynthetic organism is one that naturally
rhotosynthesizes (e.g., an alga) or that is genetically engincered or otherwise modified to be
photosynthetic. In some instances, a photosynthetic organism may be bransformed with a construct or
vector of the disclosure which renders all or part of the photosynthetic apparatus inoperable.
{00178] By way of example, a non-vascular photosynthetic microalga species (for example, C.
reinhardtin, Nannochloropsis oceanja, N, salina, D. salina, H. pluvalis, 8, dimorphus, I, vividis, and D,
tertiolecta) can be genctically engineered to produce a terpene or terpencid. Production of a terpene or
terpenotd i those microalgae can be achieved by engineering the microalgae 1o express a protein or
enzyne in the algal chloroplast or nucleus.

{80179] The host cell can be prokaryotic. Examples of some prokaryotic organisms of the present
disclosure include, but are not limited fo, cyanobacteria (e.g., Synechococcus, Synechocysiis,
Adthrospira). Suitable prokaryotic cells include, but are not limited to, any of a variety of laboratory
strains of Hscherichia coli, Lactobactllus sp., Salmonella sp., and Shigella sp. (for example, as described
in Carrier et al, (1992} J. Immunol. 148:1176-1181; U.S. Pat. No, 6,447,784; and Sizemore et al. (1995)
Science 270:298-302), Examples of Salmonella strains which can be employed in the present disclosure
include, but are not iimited to, Salmonella typhi and S. typhinurnum, Suttable Shigella strains include,
but are not liatted fo, Shigella flexneri, Shigella sounet, and Shigella disenteriae, Typically, the
laboratory strain is one that is non-pathogenic. Non-limiting examples of other suitable bacteriz inchude,
but are not limited to, Pseudomonas pudita, Pseudornonas acruginosa, Psendomonas mevalonii,
Rhodobacter sphaeroides, Rhodobacter capsuiatus, Rhodospirithum rabrum, and Rhodococcus sp.
[80180] In some embodiments, the host organism 19 enkaryotic {¢.g. green algae, red algae, brown
algae), Suitable enkaryotic host cells include, but are not bmited 1o, yeast cells, insect cells, plant cells,

o
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tungal cells, and algal cells. Suitable eukaryotic host cells include, bt are not limuted to, Pichia pastoris,
Pichia finlandica, Pichia trehalophila, Pichia koclamae, Pichia membranasfaciens, Pichia opuntiae,
Pichia thermotolerans, Pichia salictaria, Pichia guercuum, Pichia pijpert, Pichia stiptis, Pichia
methanolica, Pichia sp., Saccharomyees cerevisiae, Saccharomyces sp., Hansenula polymorpha,
Kluyveromyces sp., Kluyveromyces lactis, Candida albicans, Aspergitius nidolans, Aspergillus niger,
Aspergitlus oryzae, Trichoderma reesei, Chrysosporium lucknowense, Fusarium sp,, Fusarium
gramineun, Fusanum venenatum, Neurospora crassa, and Chlamydomonas reinhardtitn, In other
embodiments, the host cell is a microalga (e.g., Chlamydomonas reinhardtii, Dunalietla salina,
Haematococous pluvialis, Nannochloropsis oceania, N, saling, Scenedesmus dimorphus, Chlorella spp.,
D, viridis, or I3, tertiolecta),

[00181] In some instances a host organism is vascular and photosynthetic. Examples of vascular plants
include, but are not limited to, anglosperms, gymnosperms, rhyniophytes, or other tracheophytes. A
further example of a vascular plant is from the genus lemna (e.g. duckweed).

{60182] In sowe instances a host organism {s non-vascular and photosynthetic. As used herein, the
terny “non-vascular photosyithetic organism,” refers Lo any macroscopic or microscopic organism,
inchuding, but not limailed to, algae, cyanobacteria and photosynthetic bacteria, which does not have a
vascular system such as that found in vascular plants. Examples of non-vascular photosynthetic
organisms include bryophtyes, such as marchantiophyies or anthocerotophyies, In some instances the
organisim is a cyancbacteria. In some instances, the organism s algae (e.g., macroalgae or microalgac).
The algae can be unicelinlar or multicellular algae. For example, the microalgae Chlamydomeonss
reinhardtit may be transformed with a vector, or a linearized portion thereo!, encoding one or more
proteins of inlerest (e.g.. an 1soprenocid syathasc).

[80183] Methods {or algal transformation are described in U.S. Provisional Patent Application N,
60/142,091. The methods of the present disclosure can be carried out using algae, for example, the
microalga, C. reinhardtil. The ase of microalgae to express a polypeptide or protem complex according
10 a method of the disclosure provides the advantage that large populations of the microalgae can be
grown, including commercially (Cyanotech Corp.; Kailua-Kona HI), thus allowing for prodoction and, if
desired, isolation of large amounts of a desired product.

{00184] The vectors of the present disclosure may be capable of stable or transient transformation of
multipie photosyuthetic organisms, including, but not limited to, photosynthetic bacteria (including
cyanobacteria), cyanophyta, prochlorophyis, rhodophyta, chlorophyta, heterokontophyta, tribophyta,
glaucophyta, chlorarachniophyies, euglenophyta, euglenoids, haplophyta, chrysophyia, crypiophyia,
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cryptomonads, dinophyta, dinoflagellata, pyrmnesiophyta, bacillariophyta, xanthophyta,
eustigmatophyta, raphidophyta, phacophyta, and phytoplankton. Other vectors of the present disclosure
are capable of stable or transient transformation of, for example, C. reinhardtii, N. oceania, N. salina, [,
salina, H. pluvalis, 8. dimorphus, D. viridis, or D, teriiclecia,
[60185] Examples of appropriate hosts, include but are not limited to: bacterial cells, such as B, coli,
froptomyces, Salmonella typhimurium; fungal cells, such as yeast; insoct cells, such as Drosophila 82
and Spodoptera SI9; animal cells, such ag CHO, COS or Bowes melanoma; adenoviruses; and plant
cells. The selection of an appropriate host is deemed to be within the scope of those skilled in the art.
[00186] Polynucleotides selected and jsolated as described herein are introduced into a suitable host
cell. A suitable host cell is anv cell which is capable of promoting recombination and/or reductive
reassorimont. The selected polynucleotides can be, for example, in a vector which includes appropriate
controt sequences, The host ¢ell can be, for example, a higher eukarvotic cell, such as a mammalian cell,
or a lower cukaryotic cell, such as a yeast cell, or the host cell can be a prokaryotic cell, such as a
pacterial cell. Inlroduction of a coustruct {vector} tnto the host cell can be effected by, for example,
calcium phosphate transfection, DEAE-Dexiran mediated transfection, or electroporation.
[03187] Recombinant polypeptides, including protein complexes, can be expressed in plants, allowing
for the production of crops of such plants and, therefore, the ability to conveniently produce large
amounts of a desired product. Accordingly, the methods of the disclosure can be practiced using any
plant, including, for example, microaiga and macroalgae, (such as marine algae and seaweeds), as well
as plants that grow m sail,
{HIIEB] The term “plant” js used broadly hersin to refer to a eukaryotic organism containing plastids,
such as chloroplasts, and inctudes any such organism at any stage of development, or to part of a plant,
including a plant cutting, a plant cell, a plant cell culture, a plant organ, a plant seed, and a plantlet, A
plant cell is the structural and physiological unit of the plant, comprising a protoplast and a cell wall, A
plant cell can be in the form of an isolated single cell or a cnltured cell, or can be pant of higher
organized unit, for example, & plant tissue, plant organ, or plant. Thus, a plant cell can be a protoplast, a
gamete producing cell, or a cell or collection of cells that can regencrate into a whole plant. As such, a
seed, which comprises raultiple plant cells and is capable of regenerating into a whole plant, is
considered plant cell for purposes of this disclosure, A plant tissue or plant organ can be a seed,
protoplast, callus, or any other groups of plant cells that is organized into a structural or functional unit.
Particularly useful paris of a plant include harvestable parts and parts useful for propagation of progeny
plants. A harvestable part of a plant can be any uselul part of a plant, for example, Jowers, pollen,
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seedlings, tubers, leaves, stems, fruit, seeds, and roots. A part of a plant useful for propagation inchides,
for example, seeds, fruils, cuttings, scedlings, tubers, and rootsiocks.

{BDIR9] A method of the disclosure can generate a plant containing genomic DNA (for example, a
nuclear and/or plastid genornic DNA) that is genetically modified to contain a stably integrated
polynuclectide {for example, as described in Hager and Bock, Appl. Microbiol. Biotechnol. 54:302-31¢,
2000). Accordingly, the present disclosure further provides a transgenic plant, e.g, C. reinhardtii, which
comprises one or wore chloroplasts containing a polynucleotide encoding one or more exogenous ot
endogenous polypeptides, including polypeptides that can allow for secretion of fuel products and/or
fuel product precursors {e.g., woprenoids, fatly acids, lipids, triglveerides). A photosynthetic organism
of the prosent disclosure comprises at least one host cell that 1s modified to generate, for example, a fuel
product or a fuel product precursor,

{11907 Some of the host organisms useful in the disclosed embodiments are, for example, are
extremophiles, such as hyperthermophiles, psychrophiles, psychrotrophs, halophiles, barophiles and
acidophiles. Some of the host organisms which may be used to practice the present disclosure are
halophilic (e.g., Dunahielia salina, D, viridis, or D, tertiolecta). For example, 2. salina can grow in
ocean waler and salt lakes {{for example, salinity frorn 30-380 parts per thousand) and high salinity
media {e.g., artificial seawater medium, seawater nutrient agar, brackish water mediumn, and scawater
medium), In some embodimends of the disclosure, a host cell c{.mmrising a vector of the present

disclosure can be grown in a liquid environment whick is, for example, 8.1,0.2,03,04,0.5,0.6,0.7,

0.8,09,1.0, 1.1, 12,13, 14,1.5,1.6,1.7, 1.8, 1.9,2.0,2.1,22,2.3,24,25,26,2.7,28,2.9,3.0,31,
2,33,34,35,36,3.7,3.8,3.5,4.0,4.1,4.2, 4.3 molar or higher concentrations of sodium chloride,

One of skill in the art will recognize that other salis (sodinm salts, calcium salls, potassiom salts, or
other salis) may also be present in the Hiquid environments.
{00191} Where a halophilic organism is utilized for the present disclosure, it may be transformed with
any of the vectors described herein. For example, D. salina may be transformed with a vector which s
capable of insertion into the chloropiast or nuclear genome and which containg nucleic acids which
encode an wopreneid producing enzyme {(e.g., FPP synthase, zingiberene synthase, squalene synthase).
Transformed halophitic organisms may then be grown in high-saline environments (e.g., salt lakes, salt
ponds, and high-saline media) lo produce the products {c.g., isoprenoids) of interest, Isclation of the
products may involve removing a transformed organism from a high-saline environment prior to

extracting the product from the organism, In mstances where the product is secrcted into the

-49-



WO 2010/124030 PCT/US2016/031952

EFS-WEB FILING ATTY DOCKET NGO, 0750WGH

surrounding environment, it may be necessary to desalinate the liguid environment prior to any further
processing of the product.

{08192] A host organism may be grown under conditions which permit photosynthesis, however, this is
not a requirement {e.g., a host organism may be grown in the absence of light), In some mstances, the
host organism may be genetically modified in such a way that photosynthetic capability is diminished
and/or destroyed (see examples below). In growth conditions where a host organism is not capable of
photosynthests {e.g., because of the absence of light and/or genelic modification), typically, the
organism will be provided with the necessary nutrients to support growih in the absence of
photosynthesis, For example, a culture medivm i {or on) which an organism is grown, may be
supplemented with any required nutrient, including an organic carbon source, nitrogen souice,
phosphorous source, vitaming, metals, lipids, nucleic acids, micronutrients, and/or an organism-specific
requirement. Organic carbon sources include any source of carbon which the host organism is able to
metabolize including, but not limited to, acetate, simple carbohydrates (e.g., glucose, sucrose, lactose),
compiex carbohydrates (e.g., starch, glycogen), proteins, and Jipids. One of skill in the art will
recognize that not all organisms will be able to sufficiently metabolize a particular putrient and that
mutrient miktures may need 1o be modified from one organism to another in order 1o provide the
appropriate nutrient mix.

f001593] A host organism may also be grown on land, e.g., landfills. In some cases, host organism{s)
are grown near cthanol production plants or other facilities or regions (¢.g., citics and highways)
genorating COZ. As soch, the methods horein contemplate business methods for selling carbon credits o
ethanol plants or other facilities or regions generating COZ while making fuels or fuel products by
growing onc or more of the modified organisms described herein near the ethanol production plant.
[06194] Further, the organisms may be grown in outdoor open water, such as ponds, the ocean, sea,
rivers, waterbeds, marsh water, shaliow pools, lakes, and reservoirs. When grown in water, the
organisms can be contajned in a halo like object comprising of lego-ike particles. The halo object
encircles the algace and allows it to retain nutrients from the water beneath while keeping it in open
sunlight.

{601958] 1o some instances, organisms can be grown in containers wherein each container comprises 1
or 2 or a plurality of orgamisims. The contaimers can be configured o float on water. For example, a
container can be filled by 2 combination of air and waler to make the container and the host organisim{s}

in it buoyant, A host organism that 1s adapted to grow in fresh water can thus be grown in salt water
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(i.e., the ocean} and vice versa, This mechanism allows for automatic death of the organism if there is
any damage 1o the container.

(001961 In some instances a plurality of containers can be contained within a halo-like structure as
descrived above., For example, up to 100, 1,000, 10,000, 100,000, or 1,000,000 containers can be
arranged in a meter-square of a halo-like structure, 1nr some embodiments, the product {e.g. fusl
molecule) is collected by harvesting the guid medivm. As some fuel melecules (e.g., monoterpenes)
are imumiscible in water, they would float 1o the surface of the Heuid medium and could be extracted
easily. In other instances, the fuel molecules can be exiracted from the liquid medium. In still other
matances, the fuel molecules are volatile. In soch nstances, impermeable barriers can cover or
otherwise surround the growth environment and can be extracted from the air within the barrier. For
some fuel molecules, the product may be extracted from both {he environment (e.g., hquid environment
and/or airy and from the intact host cells. Typically, the organism would be harvested at an appropriate
potnt and the product may then be extracted from the organism, In some instances, the product may be
produced without killing the organisms. Producing and/or expressing the product may not render the
organism unviable.

[GI97] The present disclosure further provides genetically modificd host cells, and will in some
embodiments comprise one or more further components, which components are selected based in part
on the intended use of the genetically modified host cell. Suttable components 1nclude, but are not
limited to, salts; buffers; stabilizers; protease-inhibiting agents; cell membrane- and/or cell wall-
preserving compounds, e.g., glycerol and dimethylsulfoxide; and nutritional media appropriato to the
cell.

{68198] For the production of an 1sopreneid or isoprenoid precursor compound, a host cell can be, for
example, one that produces, or has been genetically modified to produce, one or more enzymes in a
prenyl transferase pathway and/or a mevalonate pathway and/or an isopronoid biosynthetic pathway. In
some embodiments, the host cell 1 one that produces 4 subsirate of a prenyl transferase, isoprenoid
synthase or mevalonate pathway enzyme.

I06199] In some ewbodiments, a genetically modified host cell is a host ¢ell that comprises an
endogenous mevalonate pathway and/or isoprenocid biosynthetic pathway and/or prenyl transferase
pathway, In other embodiments, a genetically modified host cell 18 a host cell that does not normally
produce mevalopate or PP via 2 mevalonate pathway, or FPP, GPP or GGPP via a prenyl transferase
pathway, but has been genetically modified with one or more polynucleotides comprising nucleotide
sequences sncoding one or wore mevalonale pathway, woprenoid synthase pathway or prenyl
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transferase pathway enzymes (for examploe, as deseribed in U.S. Patent Publication No. Z004/00567¢,;
1.8, Patent Pubheation No, 2003/0148479; and Martin et al. {2003) Nat, Biotech, 21{7):796-802}.
[362001 A polynucleotides as described hierein s introduced into a suitable host cefl, The selected
polynucleotide can be, for example, mserted info a vector which includos appropriaie conirol sequences.
692621 To generate & gonetically modified host cell, a polynucleotide, or a polynucleoiide cloned into
a vector, s introdaced stably or transisntly into a host cell, using established technigues, including, but
not limited to, electroporation, calcium phosphate precipitation, DEAE-dextran mediated transfection,
and liposorne~-mediated transfection. For transformation, a polynucleotide of the present disclosure will
generally further include a selectable marker, e.g., any of several well-known selectable markers such as
neomycin resistance, ampiciilin resistance, tetracycline resistance, chloramphenicol resistance, and
kanamycin resistance,

{002031 A polynucleotide or recombimant nucleic acid molecule described herein, can be infroduced
into a plant cell {e.g., alga cell) using any method known in the art. A polynucleotide can be mntroduced
into a cell by a variety of methods, which are well known in the art and sclected, in part, based on the
particular host coll, For example, the polynucieotide can be introduced into a plant cell using a direct
gene transfer method such as electroporation or microprojectile mediated (biolistic) transformation using
a particle gun, or the “glass bead method,” or by pollen-mediated transformation, liposorue-mediated
transformation, transformation using wounded or enzyme-degraded immature embryos, or wounded or
enzyvme-degraded embryogenic callus (for example, as described m Poirykus, Asnn, Rev. Plant. Physiol.
Plant Mol. Biol, 42:205-225, 19911,

[80204] Microprojectile modiated transformation also can be used o introduce a polynuclootide into a
plant cell {for example, as described in Klein et al,, Nature 327:70-73, 1987). This method utilizes
microprojectiles such as geld or tungsten, which are coated with the desired polynucleotide by
precipitation with calcium chioride, spermidine or polyethylene glycol. The microprojeciile particles are
accelerated at high speed into a plant tissue using a device such as the Bf@LISTEC PD3-1000 particle gun
{BioRad; Hercules Calif}, Methods for the trans{ormation using biolistic methods are well known 1 the
art {for example, as deseribed in Christou, Trends in Plant Science 1:423-431, 1996}, Microprojectile
mediated transformation has been used, for example, 1o generate a variely of transgenie plant species,
inchuding cotlon, tobacco, corn, hybrid poplar and papaya. Important cereal crops such as wheat, oat,
harley, sorghum and rice alse have been fransformed using microprojectiie mediated delivery (for
example, as described in Duan et al., Nature Biotech. 14:494-498, 1996, and Shimamoto, Curr, Opin,
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Biotech. 5:158-162, 1994}, The transformation of most dicotyledonous planis is possible with the
methods described above, Transformation of monocotyledonous plants also can be transformed using,
for example, biolistic methods as described above, protoplast transformation, electroporation of partially
permeabilized cells, introduction of DNA using glass fibers, and the glass bead agitation methed.
[80265] In some embodiments, an alga is transformed with a nucleic acid which encodes a protein of
interest, for example, a pronyl transferase, an 1soprenoid synthase, or an enzyme capable of converting &
precursor nto a fuel product or a precursor of a fusl product {e.g., an isoprenoid or {atly acid). In one
erabodiment, a transformation may introduce a nucleic acid into a plastd of the host alga (e.g.,
chloroplast). In another embodiments a transformation may introduce a nucleic acid into the nuclear
genome of the host alga. In still another embodiment, a transformation may introduce nucleic acids into
both the nuclear genome and into a plastid. Transformed cells can be plated on selective media
following introduction of exogenous nucleic acids. This method may also comprise several steps for
screening. A screen of primary transformants can be conducted to determmine which clones have proper
insertion of the exogenous nucleic acids. Clones which show the proper integration may be propagated
and re-screened to ensure genstic stability, Such methodology ensures that the transformants contain the
genes of interest. In roany instances, such screening is performed by polymerase chain reaction {PCR);
however, any other appropriate technique known m the art may be utilized. Many different methods of
POR are known in the art {e.g., nested PCR, real ime PCR). For any given screen, one of skill 1o the art
will recognize that PCR components may be varied to achieve optimal screening results. For exampie,
magnesium conceniration may need o be adjusted upwards when PCR is performed on disrupted alga
cells to which EDTA (which chelates magnesium) is added 1o chelate toxic metals. Following the
screening for clones with the proper integration of exogenous nucleic acids, clones can be screened for
the presence of the encoded protein{s) and/or products. Protein expression screening can be performed
by Western blot analysis and/or enzyme activity assays. Transporter and/or product screening may be
performed by any method known in the art, for example ATP turnover assay, substrate transport assay,
HELC or gas chromatography.

[06266] The expression of the protein or enzyme can be accomplished by inserting a polynucieotide
sequence {gene) encoding the protein or enzyme into the chloroplast or nuclear genome of a microalgae,
The modified sirain of microalgae can be made homoplasmic to easure that the polynucleotide will be
stably maintained in the chioroplast genome of all descendents. A nvicroalga is homoplasmic for & gene
when the inserted gene is present in all copies of the chloroplast genome, for example. It is apparent to
one of skill in the art that a chloroplast may contain multiple copies of its genome, and therefore, the
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termy “homoplasmic” or “homoplasmy” refers to the state where all copies of a particular locus of
inferest are substantially identical. Plastid expression, in which genes are inserted by homologous
recombination into all of the several thousand copies of the circular plastid genome present in each plant
cell, takes advantage of the cnormous copy number advantage over nuclear-expressed genes (o pernut
expression levels that can readily exceed 10% or more of the total soluble plant protein. The process of
determining the plasmie state of an organism of the present disclosure involves screening iransformants
for the presence of exogenous nucleic acids and the absence of wild-type nucleic acids at a given locus
of interest.
1602671 Vectors
[06208] Construet, vector and plasmid are used interchangeably throughout the disclosure. In some
embodiments, & polynucleotide of the present disclosure 1s cloned or inserted into an expression vector
using cloning technigues know to one of skill in the art. Suitable expression vectors include, but are not
limited to, baculovirus vectors, bacteriophage vectors, plasmids, phagemids, cosmids, fosmids, bacterial
artificial chromosomes, viral vectors {e.g. viral veclors based on vaceinia virus, poliovirus, adenovirus,
adeno-associated virus, SV40, and herpes simplex virus), Pl-based artificial chromosomes, yeast
plasmids, yeast artificial chromosomes, and any other vectors specific for specific hosts of interest (such
as E. coli and yeast). Thus, for example, a polynucleotide encoding a prenyl {ransferase or isoprenoid
synthase can be inserted into any one of a variety of expression vectors for expressing the preoyl
transferase or isoprenoid synthase. Such vectors can include, for example, chromosomal,
nonchromosomal and synthetic DNA sequences,
{00289] Numerous suitable expression vectors are known 10 those of skill in the art. The following
vectors are provided by way of example; for bacterial host celis: pQE vectors ((Qiagen}, pBlueseript
plasmids, pINH vectors, lambda-Z AP vectors {Siratagene), pTre99a, pKRZ23-3, pDRS40, and pRIT2T
(Pharmacia); for eukaryotic host cells: pXT1, pSGS (Stratagene), pSVK3, pBPV, pMSG, pET21a-d(+)
vectors { Novagen), and pSVLESV40 (Pharmacia), However, any other plasmid or other vector may be
used so long as 1t is compatible with the host cell.
[80218] The oxpression vector, or a inearized portion thereof, can cncode one ot More eXOgenous or
endogenous nucleotide sequences. Examples of exogenous nucleotide sequences that can be transformed
o a host, for example, an algal host, include gones from bacteria, fungi, plants, photosynthetic bacteria
r other algae. Examples of other types of nucleotide sequences that can be transformed into a host, for
example, an algal host include, but are not limited to, transporter genes, isoprenoid producing gonces,
including genes which encode for proteins which produce isoprenoids with two phosphates (e.g., GPP
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synthase and/or FPP synthase), genes which encode for proteins which produce fatty acids, lipids or
triglycerides, endogenous promoters and 57 UTRs [rom the psbA, atpA, ovrbel. genes. In some
instances, an exogenous sequence is flanked by two homologous sequences.

602111 Homologous sequences are, for cxample, those that have at least 50%, at least 60%, at least
70%, at least 80%, at least 90%, at least 95%, at least 98%, or at least at least 99% sequence identity to a
reforence anuno acid sequence, {or example, the amino acid sequence found naturally in the host cell,
The first and second homologons sequences enable recombination of the exogenous or endogenous
sequence into the genome of the host organism. The first and second homologous sequences can be at
teast 100, at teast 200, at Jeast 300, at feast 400, at least 500, or at teasi 1500 nucleotides 1w length,
092121 The polynucieotide sequence may comprise nucleotide sequences that arc codon biased for
expression in the organism being transformed. The skilled artisan is well aware of the “codon-bias”
exhibited by a specific host cell in usage of nucleotide codons to specify a given amino acid. Without
being bound by theory, by using a host cell’s preferred codons, the rate of translation may be greater.
Therefore, when synthesizing a gene for improved expression in a host cell, it may be desirable to
design the gene such that its frequency of codon usage approaches the frequency of preferred codon
usage of the host cell. In some organisrus, codon bias diffors between the nuclear genome and organelie
genomes, thus, codon optinyization or biasing may be performed for the target genome (e.g., nuclear
codon biased or chloroplast codon blased). In some embodiments, codon biasing ocours before
mutagencs:s to generate g polypeptide. In other embodiments, codon biasing occurs after mutagenesis
to generate a polypepiide, In yet other embodiments, codon biasing occurs before mutagenesis as well
as after mutagenesis. Codon bias is described in detail above,

[60213] In somoe embodiments, a vector comprises a polynuclectide operably linked to one or more
control elements, such as a promoter and/or a tranacription ternyinator. A vector in some embodiments
provides for amplification of the copy number of a polynucieotide. A vector can be, for example, an
expression vector that provides for expression of a prenyl transferase, an isoprenoid synthase, ora
mevalonate synthesis enzyme 1n 2 host cell, ¢.g., a prokaryetic host cell or a sukaryotic host cell.
[06214] A polynucleotide or polynuelestides cau be contained in a veetor or vectors. For example,
where a second {or more) nucleic acid molecule is desired, the second nucleic acid molecule can be
contained i a vector, which can, but need not be, the same vector as that containing the first nucleic
acid molecule, The vector can be any vector useful for introdacing a polynucleotide into a genome and

can include a nucleotide sequence of genomic DNA (o.g., nuclear or plastid) that is sufficient to undergo
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homelogous recombination with genomic DNA, for example, 2 nucleotide sequence comprising about
430 o about 1500 or more substantially contiguous nucltectides of genomic DNA.
I39218] In some instances, such vectors include promoters. Promoters useful for the present disclosure
may come from any source {¢.g., viral, bactenial, fungal, protist, and animal). The promoters
contemplated herein can be specific to photosynthetic organisms, nos-vascular photosynthetic
organisms, and vascular photosynthetic organisms {e.g., algae, tlowering plants). In some instances, the
nucleic acids above are inseried nlo a vector that comprises a prowoter of a photosynthetic organim
e.g., algae. The promoter can be a constitutive promoter or an inducible promoter. A promoter typically
includes necessary nucleic acid sequences near the slart site of transeription, (e.g., 2 TATA element).
[06216] A “constitutive” promoter is a promoter that is active under most environmental and
developmental conditions. An “inducible” promoter is a promoter that is sctive under controliable
envirommental or developmental conditions. Examples of inducible promoters/regulatory elements
include, for example, a nitrate-inducible promoter (for example, as described in Bock et al, Plant Mol
Biol, 17:9 {1991)), or a light-inducible promoter, (for example, as described in Feinbaum et al, Mol Gen.
(ienet. 226:449 (1991); and Lam and Chua, Science 248:471 (1990)), or a heat responsive promoter {[(or
example, as doscribed in Muller et al,, Geoe 111: 165-73 (1992},
{0217 In many cmbodiments, a polyrucieotide of the prosent disclosure includes a nucleotide
sequence encoding a protein or enzyme of the present disclosure, where the nucleotide sequoence
encoding the polypeptide is operably linked to an inducible promoter. Inducible promoters are weil
known in the art, Suitable inducible promoters include, but are not limited to, the pL of bacteriophage A
Placo; Ptrp; Ptac (Ptrp-lac hybrid promotery; an isopropyl-beta--thiogalactopyranoside (JPTG)-
inducible promoter, ¢.g., a lacZ promoter; o tetracycline-inducible promoter: an arabinose mducible
promoter, e.g., PBAD (for example, as described in Guzman et al. (1995} 1. Bacteriol. 177:4121-41303;
a xviose-inducible promoter, e.g., Pxyl {for example, as described in Kin et al. (1996) Gene 181:71-76})
a GALT promoter; a tryptophan promoter; a lac promoter; an alechol-inducible promoter, e.g., &
methanol-inducible promoter, an cthanol-inducibie promoter; a raffinose-inducible promoter; and a heat-
inducible promoter, ¢.g., heat inducible lambda PL prowmoter aud a promoter conirolled by a heat-
sensitive repressor (e.g., C1857-repressed lambda-based expression vectors; for example, as described in
Hoffmann ot al. {1999) FEMS Microbiol Lett, 177(2):327-34).
{B0218] In many embodiments, a polynucleotide of the present disclosure includes a nucleotide
sequence encoding a protein or enzyme of the present disclosure, where the nucleotide sequence

encoding the polypeptide s operably linked 1o a coustitutive prowoter, Suitable constitufive promoters
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for use i prokaryotic cells are known in the art and include, but are not Iimited to, a sigma70 promoter,
and a consensus sigma’l promoter.

{30219] Suitable promoters for use in prokaryotic host cells include, but are not Hmited o, a
bacteriophage T7 RNA polymerase promoler; a trp promoter; a lac operon promoter; 2 hybrid promoter,
¢.g., a lac/lac hybrid promoter, a tac/ire hybrid promoter, a trp/lac promoter, 2 T7/lac promoter; a tre
promoter; a tac promoder; an araBAD promoter; in vivo regulated promoters, such as an 852G promoter
or & related promoter (for example, as described m U.S. Patent Publication No, 20046131637}, a pagC
promater (for example, as described in Pulkkinen and Miller, J. Bacteriol,, 1991 173(1}): 86-93; and
Alpuche-Aranda et al.,, PNAS, 1992; 88(21}: 10079-83), a nirB prowoter (for example, as described in
Harborne et al. {1992) Mol. Micro. 6:2805-2813; Dunstan et al. (1999) Infect, Immun. 67:5133-5141;
McKelvie et al, (2004) Vaccine 22:3243-3255; and Chatfield et al. (1992) Biotechnol, 10:888-892); a
sigma7f promoter, e.g., a consensus sigma?i promoter (for example, GenBank Accession Nos.
AXTOROEG, AXTO8961, and AXT98183); a stationary phase promater, ¢.2., a dps promoter, an spy
promoter; a promoter derived from the pathogenicity island SPI1-2 (for exaruple, as described in
WO96/17951); an actA promoter (for example, as described in Shetron-Rama ct al. (2002} Infect.
Tomun, 70:1087-1096); an rpsM promoter (Tor example, as described in Valdivia and Falkow (1996}
Mol Microbiol, 22:367-378}; a tet promﬁtér {for example, as described in Hillen, W, and Wissmann, A.
(1989} Inn Saenger, W, and Heinemann, U, (eds), Topics in Molecular and Structural Biology, Protein-
MNucleic Acid Interaction. Macmillan, London, UK, Vol, 10, pp. 143.162}; and an SP6 promoter (for
example, as described in Melton et al, (1984) Nucl, Acids Res. 12:7035-7056).

{82261 In yeast, a number of vectors containing constitutive or inducible promoters may be used. Fora
review of such vectors see, Current Protocoels in Molecular Biology, Vol 2, 1988, Ed. Ausubel, et al.,
Greene Publish. Assoc. & Wiley Interscience, Chi. 13; Grant, et al,, 1987, Expression and Secretion
Vectors for Yeast, in Methods in Enzymology, Eds. Wu & Grossman, 31987, Acad. Press, N.Y., Vol
153, pp. 316-544; Glover, 1986, DNA Cloning, Vol. I, IRL Press, Wash,, 1.C., Ch. 3; Bitter, 1987,
Heterologous Gene Expression in Yeast, Methods in Enzymology, Eds. Berger & Kimmel, Acad. Press,
MNY., Vol, 152, pp. 673-684: and The Molecular Biology of the Yeast Saccharomyces, 1982, Eds.
Strathern et al., Cold Spring Harbor Press, Vols, 1 and [L A constitutive yeast promoter such as ADH or
LEUZ or an inducible promoter such as GAL may be used {for example, as described in Cloning in
Yeast, Ch. 3, R. Rothstein In: DNA Cloning Vol 11, A Practical Approach, Ed. DM Glover, 1986, 1RL
Press, Wash., D.C.). Alternatively, voctors may be used which promote mtegration of foreign DNA

sequences into the yeast chromosome.
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[06221] Non-limiting examples of suitable eukaryotic promoters include CMV immediate early, HSV
thymidine kinase, early and late SV40, LTRs {rom retrovirgs, and mouse metallothionein-1, Selection of
the appropriate vector and promoter is well within the level of ordinary skill in the art. The expression
vector may also contain a ribosome binding site for translation initiation and a transcription lerminator.
The expression vector may also include appropriate sequences for amphifying expression.

{02221 A vector utilized in the practice of the disclosure also can contain one or more additional
nucleotide sequences that confer desirable characteristics on the vector, wicluding, for exarapie,
sequences such as cloning sites that facilitate manipulation of the vector, regulatory eloments that direct
replication of the vector or trausceription of nuclectide sequences contain therein, and sequences that
encode a selectable marker. As such, the vector can contain, for example, one or more cloning sites such
as a muliipic cloning sile, which can, but need not, be positioned such that a exogenous or endogenous
polynucleotide can be inserted into the vector and operatively linked to a desired element. The vector
also can contain a prokaryote origin of replication (ort}, for example, an E. coli ori or 4 cosmid ori, thus
atlowing passage of the vector into a prokaryote host cell, as well as into a plant chioroplast.

{802221 A regulatory element, as the term 1s used herein, broadly refers to a nucleotide sequence that
regulates the transeription or translation of a polynucleotide or the localization of a polypeptide o which
it is operatively linked. Exampies include, but are not limited to, an RBS, a promoter, enhancer,
franseription terminator, an initiation (start) codon, a splicing signal for introu excision and maintenance
of a corroct reading frame, a STOP codon, an amber or ochre codon, an IRES. Additionally, a celi
compartmentalization signal {1.¢., a sequence thai targets a polypeplide o the cytosol, nucleus,
chioroplast membrane or cell membrane}. In some aspects of the present disclosure, a cell
compartmentalization signal (e.g., a cell mmembrane targeling sequence) may be ligated to a gene and/or
transcript, such that transiation of the gene occurs iu the chloroplast. In other aspects, a cell
compartmentalization signal may be ligated to 8 gene such that, following translation of the gene, the
protein is fransported to the cell membrane.

§60224] A vector, or a linearized portion thereof, may include a nucleotide sequence encoding a
reporter polypeptide or other selectable marker. The term “reporter” or “selectable marker” refers to a
polynuclestide (or encoded polypeptide) that confers a detectable phenotype. A reporter generally
encodes a detectable polypeptide, for example, a green fluorescent protein or an enzyme such as
fuciferase, which, when contacted with an appropriate agent {(a particular wavelength of light or
lucifera, respectively) generates a signal that can be detected by eye or using appropriate
instrumentation {for example, as described in Giacomin, Plant Sei. 116:59-72, 1996, Scikantha, 1.
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Bacteriol. 178121, 1996; Gerdes, FEBS Lett, 389:44-47, 1896; and Jefferson, EMBO J, 6:39G1-3007,
1997, fl-glucuronidase). A selectable marker geunerally s a wolecule that, when present or expressed in a
cell, provides a selective advantage {or disadvaniage) to the cell containing the marker, for example, the
ability o grow in the presence of an agent that otherwise would kaill the cell,
IG02251 A selectable marker can provide a means to obtain, for example, prokaryotic cells or plant cells
or both that express the marker and, therefore, can be useful as a component of 2 vector of the
disclosure. One class of selectable markers are pative or modified genes which restore a biological or
physiclogical function to a host cell {e.g., restores photosynthetic capability or restores a metabolic
pathway}, Other exaraples of selectable markers wnctude, but are not limited to, those that confer
antimetabolite resistance, for example, dihydrofolate reductase, which confers resistance to methotrexate
(for example, as described in Reiss, Plant Physiol. (Life Sci. Adv.) 13:143-149, 1994); neomycin
phosphotrans{erase, which confers resistance to the aminoglycosides neomycin, kanamycin and
paromycin (for example, as described in Herrera-Estrella, EMBQO J, 2:987-995, 1983}, hygro, which
confers vesistance to hygromycin {for example, as described tn Marsh, Gene 32:481-485, 1984), upH,
which aliows cells to utilize indole in place of tryptophan; hisD, which allows celis to utilize histinol in
place of histidive (for example, as described in Hartman, Proc. Natl, Acad. Sci., USA 85:8047, 1988);
mannose-6-phosphate isomerase which allows cells to utilize mannose (for example, as described in
PCT Publication Application No. WO 94/20627); omithine decarboxylase, which confers resistance to
the omnithine decarboxylase inhibitor, 2-(difluoromethyl)-Dl-ornithine (DFMO; for example, as
deseribed in McConlogue, 1987, In: Current Communications in Molecular Biology, Cold Spring
Harbor Laboratory ed.}; and deaminase from Aspergitlus ferreus, which confers resistance to Blasticidin
S {for example, as described in Tamura, Bioscr. Biotechnol, Biochem, 59:2336-2338, 1993}, Addilional
seleclable markers include those that confer herbicide resistance, for example, phosphinothricin
acetyliransferase gene, which confers resistance to phosphinothricin (Yor exarnple, as described in White
et al., Nuclk Acids Res. 18:1062, 1990; and Spencer et al,, Theor. Appl. Genet. 79:625-631, 1990}, a
mutant EPSPV-synthase, which confers glyphosate resistanice (for example, as described in Hinchee et
al., BioTechuology 91:915-922, 1598}, a mutant acetolactate synthase, which confers fmidazolions or
sulfonylurea resistance (for example, as described in Lee et al,, EMBO J, 7:1241-1248, 1988}, a mutant
psbA, which confers resistance to atrazine {for example, as described in Smeda ot al, Plant Physiol.
33:911-917, 1993}, or a mutant protoporphyrinogen oxidase {for example, as described in 1.8, Pat. No.
5,767,373}, or other markers conferring resistance to an herbicide such as glufosinate. Sclectable
markers welude polynucieotides that confer dihydrofolate reductase (IDHFR) or neomyein resistance for
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eukaryotic celly; ampicillin resistance for prokaryotes such as E. coli; and bleomycin, gentantyein,
glyphosate, hygromyein, kanamycin, methotrexate, phleomyein, phosphivotricin, spectinomycin,
streptomyein, suffonamide and sulfonylurea resistance in planis {for example, as described in Maliga et
al., Methods in Plant Molecular Biology, Cold Spring Harbor Laboratory Press, 1995, page 39).

[60226] Reporter penes have beeu successfully used in chioroplasts of righer plants, and high levels of
recombinant protein expression have been reported. In addition, reporter genes have been used in the
chloroplast of C. reinhardtii. Reporier genes greatly enhance the ability o moniior gene expression in a
nuntber of biological organisms. In chioroplasts of higher plants, B-glucuronidase (uidA, for example, as
described in Staub and Maliga, EMBO 1. 12:601-606, 1993), neomycin phosphotransferase (nptll, for
example, as described in Carrer et al,, Mol Gen. Genet, 241:49-56, 1993), adenosyi-3-adenyltransf-
erase {aadA, for example, as described in Svab and Maliga, Proc. Natl Acad. Sci., USA 90:913-917,
1993}, and the Aeguorea victoria GFP {for example, as described in Sidorov et al,, Plant J. 19:209-216,
1999} have been used as reporter genes (for example, as described in Heifetz, Biochemie 82:655-666,
2000). Each of these genes has attributes that make them useful reporters of chloroplast gene expression,
such as ease of analysis, sensitivity, or the ability o examine expression in situ, Based upon these
studies, other exogenous proteins have been expressed in the chloroplasts of higher plavts such as
Baciltus thuringiensis Cry toxins, conferring resistance to insect herbivores (for example, as described in
Kota el al,, Proc, Natl, Acad. Sci., USA 96:1840-1845, 18993, or human somatotropin (for exampie, as
described in Stanb et al., MNat. Biotechnol. 18:333-338, 2000}, a potential biopharmaceutical. Several
reporter genes have been expressed in the chloroplast of the eukaryotic green alga, C, reinhardiii,
including sadA {for example, as described in Goldschmidi-Clermont, Nucl. Acids Res. 19:4083-408%
1991, and Zerges and Rochaix, Mol. Cell Biol, 14:5268-5277, 1994}, uidA (for example, as described in
Sakamoto et al., Proc, Natl. Acad. Sci., USA $(:477-501, 1993; and Ishikura et al., J. Blosel. Bioeng.
$7:307-314 1999), Renilla tuciferase (for example, as described in Minko et al., Mol. Gen. Genet.
262:421-4235, 1999} and the amine glycoside phosphotransferase from Acinectobacter baomanii, aphAd
{for example, as described in Bateman and Purton, Mol Gen. Genet 263:404-418, 2600).

[60227] In sowe fustances, the vectors of the present disclosure will contain eleruents such as an B, coli
or 8, cerevisiae origin of replication. Such features, combined with appropriate selectable markers,
allows for the vector to be “shuttled” between the target host cell and a bacterial and/or yeast cell, The
ability to passage a shuttle vector of the disclosure in a secondary host may allow for more convenient
manipulation of the features of the vector. For example, a reaction mixture containing the vector and
putative inserted polynucleotides of interest can be transformed mto prokaryote host cells such as B
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coli, amplified and collected using routine methods, and examined to identify veciors containing an
insert or construct of interest, If desired, the vector can be further manipulated, for example, hy
performing site directed mutagenesis of the inserted polynucleotide, then again amplifying and selecting
vectors having s mulated polynucicotide of mnterest. A shuttle vector then can be introduced into plant
cell chloroplasts, wherein a polypeptide of interest can be expressed and, if desired, isolated according o
a method of the disclosure,

{60228] Knowledge of the chloroplast or nuelear genome of the host orgamism, for example, C.
reinhardti, is useful in the construction of vectors for use in the disclosed embodiments. Chioroplast
vectors and methods {or selecting regions of a chloroplast genome for use as a vector are wetl known
(see, for example, Bock, J. Mol Biol. 312:425 438, 2001; Staub and Maliga, Plant Cell 4:39 45, 1992;
and Kavanagh et al,, Genetics 152:1111 1122, 1999, each of which 18 incorporated herein by reference).
The entire ¢ h}ompiast senome of C. reinhardtii ia available to the pubhu on the world wide web, at the
and "maps of the chloropiast genome™ hink; §. Manl, . W, Lilly, and 3. B, Stein, unpublished results;
rovised Jan, 28, 2002; to be published as GenBank Acc, No. AF396929; and Maul, J. E., et al. {2002)
The Plant Cell, Vol, 14 (2659-2679)). Geunerally, the nucleotide sequence of the chloroplast genomic

DM A that 1s selected for nse is not a portion of & gene, including a regulatory sequencs or codin
L o E & = B o

sequence. For example, the selected sequence 18 vot a gone that if disrupted, due to the homologous
recombination event, wonld produce a deleterious effect with rospect to the chloroplast. For example, a

deleterions effect on the rephication of the chioroplast genome or o a plant cell contaiming the
chloroplast. In this respect, the website containing the C. reinhardtii chloroplast genome sequence also
provides maps showing coding and non coding regions of the chloroplast genowe, thus facilitating
selection of a sequence useful for consirecting a vector {also described in Maul, 1. E,, et al. (2002) The
Plant Cell, Vol. 14 (2659-2679)). For cxample, the chloroplast vector, p322, is a clone extending from
the Eco (Eco R1} site at about position 143.1 kb 1o the Xho (Xho T} sile at about position 148.5 kb {see,
world wide web, at the URL "biology.duke.edu/chlamy genome/chioro hitml”, and clicking on "maps of

LI

the chloroplast genome” link, and "140 150 kb” link; also accessible divectly on world wide web at URL
"bictogy.duke.edw/chlam y/chloro/chloreldd htmi").

{80229 In addilion, the entire nuclear genome of . reinhardtii is described in Merchant, 8. 8., et al,,
Science (2007), 318(5848):245-250, thus facilitating one of skill in the art to select a sequence or

sequences useful for constructing a vector.
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{08238] For expression of the polypeptide in a host, an expression cassette or vector may be employed.
The expression vector will provide a franscriptional and translational mitiation region, which may be
inducible or constitutive, where the coding region is operably linked under the transcriptional conirol of
the transcriptional mitiation region, and a transcriptional and {ranslational termination region. These
control regions may be native ¢ the gene, or may be derived from an exogenous source, Expression
vectors generally have convenient resiriction sites localed near the promoter sequence to provide for the

insertion of nucleic acid sequences encoding exogenous or endogenocus proteins, A selectable marker

operative i the expression host may be present.
{60231] The description herein provides that host cells may be transformed with vectors. One of skill

in the art will recognize that such transformation includes transformation with circular or linearized
vectors, or linearized portions of a vecior. Thus, a host cell comprising a vecior may contain the entire
vector iy the cell (in either circular or linear form), or may contain a linsarized portion of a vector of the
present disclosure. In some instances 0.5 to 1.5 kb flanking nucleotide sequences of chloroplast genomic
DRNA may be used. In some instances 0.5 to b flanking nucleotide sequences of nuclear genomic
DNA may be used, or 2.0 to 5.0 kb may be used.

(602321 Cedon Optimization

(08233} One or more codons of an encoding polynuciestide can be “biased” or “optimized” to reflect
the codon usage of the host organisim, For example, one or more codons of an encoding polynuclestide
can be “hiased” or “optimized” to reflect chloroplast codon usage or nuclear codon usage. Most amino
acids are encoded by two or more different (degenerate) codons, and it is well recognized that various
organisms utilize certain codons in preference 1o others,
[00234] Such preforential codon usage, which is utilized in chloroplasts, 1§ referred to herein as
“chloroplast codon usage.” Table 2 (below) shows the chloroplast codon usage {or C. reinhardtii (see
U.S. Patent Application Pablication No.: 2004/0014 174, published January 22, 2004).

Table 2

Chloreplast Coden Usage in Chlamydoemonas reinhardefi

UOU 34.1% (348%%) | UCU 10.4 (198) UAU 23.7 (242) UGU 8.5 (879
UUC 14.2 (145) UCC 4.9 (50) UAC 10.4 (106) UGC 2.6 (27)
UUA 728 (742 UCA 20.4 (208) UAA 2.7 (28) UGA 0.1 (1)
UUG 5.6 (57 UCG 5.2 (533 TAG 0.7 (N UGG 13.7 (140

CUL 148 (1513

CCU14.9(152)

CAU 11.1(113)

CGU 25.5 (260}
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CUC 1.0 (10)

CCC 5.4 (55)

CAC 8.4 (26)

CGEC 5.1 (52)

CUA 6.8 (69) CCA 163 (197) CAA 348 (355) CGA 3R (39
CUG 7.2 (73 CCG3.00D CAG 5.4 {55) CGG 0.5 (5)
AUU 44.6 (455) ACU23.3(237) AAD 44.0 (449) AGU 169 (172)
AUC 9.7 (99) ACCT78(’) AAC 197 (201 AGC 6.7 (68)
AUA 8.3 (34) ACA 293 (299) AAA 61.5 (627 AGAS0(5D)

AUG 23.3 (238)

ACG 4.2 (43)

AAG 110112

AGG 1.5 (15)

GUU 27.5 (280}

GCU 30.6 (312)

GAU 23.8(243)

GGU 40.0 (408)

GUC 4.6 (47) GCC 111 (113) GAC11.6(118) GGC 8.7 (89)
GUA 264 (269) GCA 199 (203) GAA 403 (411) GGA 9.6 (98)
GUG 7.1 (72) GCG 4.3 (44) GAG 6.9 (70) GGG 4.3 (44)

{00238] * -Frequency of codou usage per 1,000 codons. ** - Number of times observed in 36
chloroplast coding sequences (10,193 codons}.
[00236] The term "hiased" or “oplimized”, when used in reference 10 a codon, means that the sequence

-

of a codon i a polvaucieotide has been changed such that the codon 18 one that is used p’rei rentially in,

for example, the chloropiasts of the organism {see Table 2}, or the nuclear genome of the organism (sec
Table 3). “Biased” or codon “optimized” can be used interchangeably throughout the specification.
166237] The chloroplast codon bias can, but need not, be selected based on a particular organism in
which a synthetic polynucieotide is to be expreased. The manipulation can be a change to a codon, for
example, by a method such as site directed mutagenesis, by a method such as PCR using a primer that 1s
mismatched for the nucleotide(s) to be changed such that the amplification prodact is biased to reflect
chioroplast codon usage, or can be the de nove synthesis of polynucleotide sequence such that the
change (biag) is wtroduced as a consequence of the synthesis procedure.
100238] {n addition to utilizing chloroplast codon bias as 2 means to provide efficient trapslation of a
polypeptide, it will be recognized that an alternative means for obtaining efficient fransiation ofa
polypeptide in a chloroplast is to re engineer the chloroplast genome {¢.g., a C. reinhardtii chloroplast
genome} for the expression of tRNAs not otherwise expressed in the chloroplast genome. Such an
engineered algae expressing one or more exogenous IRNA molecules provides the advantage that it
would obviate a requiremnent to modify every polynucleotide of interest that is to be introduced into and
expressed from a chloroplast genome; instead, algae such as C. reinhardtil that comprise a genetically
modified chloroplast genome can be provided and utilized for efficient translation of a polypeptide
according to any method of the disclosure, Correlations between (RNA abundance and codon usage in
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highly expressed genes is well known (for example, as described in Franklin et al,, Plant J. 30:733 744,
Z002; Dong et al,, 1. Mol Biol. 260:049 663, 1996; Dhuret, Trends Genet, 16:287 289, 2000; Goldman et
al., 1. Mol Biol 245:467 473, 1995; and Komar et. al, Biol, Chem, 379:1295 1306, 1998). In K. coli,
for example, re enginecring of strains to express underutilized IRNAs resulted in enhanced expression of
genes which utilize these codons (see Novy et al,, tn Novations 12:1 3, 2001). Utilizing endogenous
tRNA genes, site direcled mutagenesis can be used to make a synthetic IRNA gene, which can be
niroduced into chloroplasts to completment vare or unused tIRNA genes in a chioroplast genome, such as
a C. reinhardtii chloropliast genome.

[068239] Generally, the chloroplast codon bias selected for purposes of the preseut disclosure, including,
for example, in preparing a synthetic polvnucleotide as disclosed herein reflects chloroplast codon usage
of g plant chloroplast, and includes a codon bias that, with respect to the third position of a codon, is
skewed towards A/T, for example, where the third position has greater than about 66% AT bias, or

s biased lo reflect

bt s

greater than ahout 70% AT bias, In ene embodiment, the chloroplast codon usage
alga chloroplast codon usage, for example, C. reinhardtis, which has about 74.6% AT bias in the third
codon position.

{00240] Table 3 exemplifies codons that are preferentially used in algal nuclear genes, The nuclear
codon bias can, but need not, be selected based on a particular organism in which a synthetic
polynucleotide 18 to be expressed. The mantpulation can be a change to a codon, for example, by a
method such as site directed mutagenesis, by a method such as PCR using a primer that is mismatched
for the nucleotide{(s} to be changed such that the amplification product is biased to reflect nuclear codon
usage, or can be the de novo synthesis of polynueleotide sequence such that the change (bias) is
mmtroduced as a consequence of the synthesis procedure.

100241} in addition to wtilizing nuclear codon bias as a means to provide efficient transiation of a
polypeptide, it will be recognized that an alternative means for obtaining cfficient translation of a
polypeptide W a nucleus 18 to re engineer the nuclear genome {e.g., a €, reinhardtii suclear genome) for
the expression of tRINAs not otherwise exprossed in the nuclear genome. Such an engineered algae
expressig one or more exogenous IRMNA wolecules provides the advantage that it would obviate a
requirement to modify every polynucleotide of interest that is to be introduced mto and expressed from a
nuclear genome; instead, algac such as €. reinhardtii that comprise a genetically modified nuclear
genome can be provided and ntilized for efficient translation of a polypeptide according to any method
of the disclosure. Correlations botween tRNA asbundance and codon usage in highly expressed genes ig
well known (for example, as described in Franklin et al., Plant 1, 30:733 744, 2002; Dong et al., J. Mol,

85



WO 2010/124030 PCT/US2010/031952

EFS-WEB FILING ATTY DOCKET NO. DT50W0 1
Biol. 260:64%9 663, 1996; Duret, Trends Genet. 16:287 289, 2000; Goldman et. AL, J. Mol, Biol.
245:467 473, 1993; and Komar of. AL, Biol. Chem, 3791295 1306, 199%). In E. coli, for example, re
engineering of strains to express underutilized tRNAs resulted in enhanced expression of genes which
utilize these codons (see Novy et al,, in Novations 12:1 3, 2001}, Utilizing endogenous iRNA genes,
site directed mutagenesis can be used to make a synthetic tRNA gene, which can be introduced into the
nucleus to complement rare or unused tRNA genes in a nuclear genome, such as a C. reinhardtii nuclear
genouie.

{00242] Generally, the nuclear codon bias selecied for purposes of the present disclosure, including, for
example, in preparing a synthetic polynucleotide as disclosed herein, can reflect puclear codon usage of
an algal nucleus and includes a codon bias that results in the coding sequenc

60% G/C contend.

e confaining greater than

Table 3
fields: [triplet] [frequency: per thousand] ([number})

Coding GC 66.30% 1% letter GC 64.80% 2° letter GC 47.90% 3™ letter GC 86.21%

Nuclear Codon Usage tn Chlamydomonas reinhardii

[SIBIUIRIRVARL)

UCU 4.7 (1992

UAU 2.6 (1085)

UGU 1.4 (601

UUC 271 (0141

UCC 16.1 (6782)

UACZ22R(8579)

UGC 13.1 (5498;

UUA 0.6 (247) UCA 3.2 (1348) UAA 1.0 (441) UGA 0.5 (227)
TUG 4.6 (1673) UCG 16.1 (67633 UAG 0.4 (183) UGG 13.2 (5559)
CUU 4.4 (1869 CCU 81 (3416) CAU 2.2 (519) CGUA9 2071

CUC 13.0 (5480

CCC29.5 (12409

CGC 34.9 (14676)

CUA 2.6 (1086

CCA 5.1 (2124}

CGA 2.0 (8413

CUG 65.2 (27420

CCG 20.7(3684)

CAG36.3 (15283)

COG L2371

AUU 8.0 (336

ACU 5.2 (2171)

AAU 2.8 (1157

AGU 2.6 (1089)

AUC 26.6 (11200)

ACC 277 (11663)

AAC 285 (11977)

AGC 22.8 (95903

AUA 1.1 (443)

ACA41(1713)

AAA 2.4 (1028)

AGA Q.7 (287)

AUG 25.7 (16796)

AL 159 (6684)

AAG43.3(18212)

AGG 2.7 (1150)

GUU 5T (2138)

GCU 16.7 (7030)

GAU 6.7 (2805)

GGU 9.5 (3984)

GUC 154 (6496)

GUC 54.6 (22960)

GAC41.7(17519)

GGC 62.0 (26064)

GUA 2.0 (857) GOA 10.6 (4467) GAA28(1172) GGA 5.0 (2084)
GUG 46.5 (19358) | GCG 44.4 (18688) GAG 53.5 (22486) GGG 9.7 (4087)

-86-
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[00243] Percent Seguence Identity

602441 One example of an algorithm that is suitable for determining percent sequence identity or
sequence similarity between nucleic acid or polypeptide sequences is the BLAST algorithm, which is
deseribed, e.g., in Altschul et al,, J. Mol, Biol. 215:403-410 {(1990). Software for performing BLAST
analysis is publicly avaiiable through the National Center for Biotechnology Information. The BLAST
algorithm paramelers W, T, and X deternune the sensitivity and speed of the alignment, The BLASTN
program {for nucleotide sequences) uses as defaulis a word length (Wi of 11, an expectation {(E} of 10, a
cutoff of 100, M=5, N=-4, and a comparison of both strands. For anuino acid sequences, the BLASTP
program uses as defaulis a word length (W) of 3, an expectation (E£) of 10, and the BLOSUMG2 scoring
matrix (as described, for example, in Hentkoff & Henikoff (1989} Proc. MNatil. Acad. Sci. USA,
§9:10915). Inaddilion to calenlating percent sequence identity, the BLAST algorithm also can perform
a statistical analysis of the similarity between two sequences {for example, as described in Karlin &
Altschul, Proc. Nat'l. Acad. Sci. USA, 93:5873-5787 (19933}, One measure of similarity provided by
the BLLAST algorithm is the smallest sum probability (P(N)), which provides an indication of the
probability by which a match between two nuclestide or amino acid seguences would oceur by chance.
For example, a nucleic acid is considered similar 10 a reference sequence if the smallest sum probability
it & comparison of the test nucleic acid to the reference nucleic acid is Iess than about 0.1, less than
about (.01, or less than about §.001.
[602451 Pathwavs to be Modified

{00246] The expression vectors described herein can encode a polypeptide whose expression results in
the production of intermediates, precursors, and/or derivatives of proteins involved in the isoprenoid
pathway (for example, as described in Figure 6}, The expression vectors described herein can also
encode a polypeptide whose expression results in the production of a product or a derivative of a product
of the isoprenoid pathway.

{80247) Isoprenoid precursors are generated by one of two pathways; the mevalonaie pathway or the
methylerythritol phosphate (MEP) paihway (for example, as described 1n Figures 7 and 8). Both
pathways generate dimnethylallyl pyrophosphate (DMAPP) and 1sopentyl pyrophosphate (IPP}), the
common O3 precussor for isoprenoids, The DMAPP and IPP are condensed to form geranyl-diphosphate
(GPP), or other precursors, such as farnesyl-diphosphate (FPP) or geranylgeranyl-diphosphate (GGPP),
from which higher tsoprenoids are formed.

100248] An expression vector herein may encode pelypeptide(s) involved in the mevalonate pathway,

such as, for exarnple, thiclase, HMG-CoA synthase, HMG-CoA reductase, mevalonate kinase,
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phosphemevalonate kinase, and mevalonate-S-pyrophosphate decarboxylase, In other embodiments, the
polypeptide(s) is an enzyme(s} involved in the non-mevalonate pathway, such as DOXP synthase,
DOXP reductase, 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, 4-diphophocytidyl-2-Comethyi-
D-erythritol kinase, 2-C-methyl-D-erythritol 2,4, ~eyelediphosphate synthase, HMB-PP synthase, HMB-
PP reductase, or DOXP reducioisomerase.

1002491 In other embodiments, an expression veclor may comprise a nucleotide sequence encoding a
polypeptide involved in the tsoprencid pathway, such as, for example, a synthase-encodmg sequence.
The synthase may be a Ci0, C15, C20, C30, or C40 synthase.

1002501 Examples of enzymes invoived in the isoprenocid pathway and their sequences are described o
Table 4. A nucleotide sequence encoding any one or more of the below listed proteins, or any other

protein disclosed herein, can be used to transtorm a host cell or organism.

Table 4: Examnpies of Enzvmes Involved in the soprenoid Pathway

Enzyme Seurce NCEI protein 1D
Limonene M. spicata ZONH A
Cineole S officinalis AAC26016
- Pipene A. grandis AAKB3I564
Camphene A. grandis AABTOTYT
Sabinene S, officinalis AAC26018
Myreene A. grandis AARTIOR4
Abieladiens A. grandis (38710
Taxadienc 7. brevifolia AAKE3566
EPp G ogallus POBR3G
Amorphadiene 4. annua AAF61439
- Bisabolene A. grandis 081086
DBiapophytoene S, aureus
Diapophytoene desaturase S, avreus
GPPS-LSU M spicara AAFOETAS
j iPPS-8SU M spicara AAFO8792
APPS A. thaliana CACI6R4Y
GPPS C. reinhardiii EDPOSSIS
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HEnzyme Source NCBI protein 1D
PP E coli NP 414955
FPP A thaliana NP 199588
FPP A. thaliana NP 193452

FPP

™

- reinhordiii

EDPG3194

Limonene L. angustifolic ABB73644
Monoterpene S, lycopersicum AAXED064
Terpinolene (3. basilicum AAVG3T9Y
Myrcene Q. basilicum AAVE3T91
| Zingiberene (. basilicum AAVEITEE
Myrcene (. ilex CAC41012

Myrcens

My

. abies

AASATEH6

Myrcene, otmene

A thalicra

NP 179998

Myrcese, ocinene

[ thaliona

NP 567511

Sesquiterpene

AASERSTE

Sesguiterpene

| thaliana

NP 199276

Scsquiterpene

A
£ muvs; B73
A
A4

[ thaliona

NP 193664

Sesquiterpene

A. thaliana

NP 193066

Curcumens

P.ocabiin

AANBE310

Farnesene M. domestica AAXISTI?
Farnesene C. saivus AALIOGS95T

Farnesene

C. junos

AAKS4279

Farnesene

P abies

AASATEST

Bisabolens

i

P.ables

AASLTORY

Sesquiterpene

4. thaliana

NP 197784

Sesquiterpene

A thatiana

NP 175313

GPP Chimera

GPPS-LEUHS8SU fusion

(Geranylgeranyl reductase

A. thaliano

NP 177587

Geranylgerany reduciase

C reinhardiii

EDPO9986

FFP ATISW

. gatflus

-59.
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(602511 In addition to the enzymes in Table 4, additional exemplary terpene synthases include
hisobolene syathase, (-}-limonene synthase, abeitadiene aynthase, and taxadiene synthase.
(082521 The synthase may also be B-caryophyllene synthase, germacrene A synthase, 8-cpicedrol
synthase, valencens synthase, {(+)-0-cadinene synthase, germacrene C synthase, (E)-B-farnesene
synthase, cashene synthase, velispiradione synthase, S-epi-arsiolochene synthase, anstolchene synthase,
g-humulene, (B, Ey-a-farmesene synthase, (- )-B-pinene synthase, limonene cyclase, Hinalool synthase,
{(+}-borny! diphosphate synthase, levopimaradiene synthase, isopimaradiene synthase, (E}-v-bisabolene
synithase, copalyl pyrophosphate synthase, kaurene synthase, longifolene synthase, v-homulene synthase,
S-selinene synthase, B- phellandrene synthase, terpinolene synthase, (+)-3-carene synthase, syn-copalyl
diphosphale synthase, o-terpines! synthase, syn-pimara-7,15-diene synthase, ent-sandaaracopimaradiene
synthase, sterner-13-ene synthase, B-B-ocimene, S-linaloo! synthase, geraniol synthase, y-terpinens
synthase, linalool synthase, E-B-ocimene synthase, epi-cedrol synthase, o-zingiberene synthase,
guajadiene synthase, cascarilladiene synthase, cis-muuroladiene synthase, aphidicolan-16b-0l synthase,
elizabethatricne synthase, sandalol synthase, patchoulol synthase, zinzano! synthase, cedrol synthase,
scarcol synthase, copalol synthase, or manool syuthase,
{60253] Pathways utilized for methods described herein may mvolve enzymes present in the cytosol, in
a. plasiid {for example, chioroplast), or both. Exogenous nucleic acids encoding an enzyme of witerest
may be introduced info a host cell, such that the enzyme encoded is active in the cytosol or in a plastid,
or both. In some embodiments, 2 naturally occurring enzyme which is present in one intracetinla
compartment {for example, in the cytosol} may be expressed i a different intracellular locale {for
example, in the chloropiast), or in both the naturally occurmring and non-naturally occurring locales
following trasformation of the host cell.
{08254 To illustrate this concept, and by way of example, a non-vascuiar photosynthetic microalga
{Chiamydomonas rheinkardii} species can be genctically engineered fo produce an soprenoid, such as
limonene. Limonene is a monoterpene that is a pure hydrocarbon, only composed of hydrogen and
carbon atoms, Limonene (s not naturally produced in the species, Chlamydomonas rheinhardii.
Production of limonene in these microdigae can be achieved by enginecring the microalgae to express
the exogenous enzyme hmonene synthase in the chloroplast. Limor synthase can convert the torpene
precursor geranyl pyrophosphate into limonene, Unlike limonene, gerany! pyrophosphate is naturally
present 1o the chloroplast of microalgae, The expression of the monene synthase can be accomplished

by inserting the exogenous gene encodimg limonene synthase into the chloroplast genome of the

50
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microalgae. The modified stram of microalgae is then made homoplasmic to ensure that the limonene
gene will be stably maintained in the chlovoplast genome of all descendents, A microalgae 18
homopiasniic for a gene when the inserted gene is present in all copies of the chloroplast genome. 1t is
apparent to one of skill in the art that a chloroplast may contain multiple copies of iis genome, and
therefore, the term “homoplasmic” or “homoplasmy” refers to the state where all copies of a particular
Iocus of interest are substantially identical. Plastid expression, in which genes are inserted by
homologous recombination nto all of the several thousand copies of the circular plastid genome present
in each plant cell, takes advantage of the enormous copy number advantage over nuclear-expressed
genes to permit expression levels that can readily exceed 10% of the total solable plant protein,

100255] Preducts or Compounids

{80256] Provided herein are systems and methods for making g product using an oil composition
derived from a biomass. Examples of products include petrochemical products, precursors of
petrochemical products, fuel products, petroleum products, precursors of petroleum products, and all
other subsiances that may be useful in the petrochemical industry. The product may be used for
generating substances, or materials, useful in the petrochemical industry.
{002571 The products or fuel products may be used i a combustor such as a boiler, kiln, deyer or
furnace. Other cxamples of combustors are internal combustion engines such as vehicle engines or
generators, including gasoline engines, diesel engines, jet engines, and other types of cngines. In one
embodiment, a method herein comprises combusting a refined or “upgraded” composition. For example,
combusting 4 rofined composition can comprise inserting the refined composition inlo a cormbustion
engine, such as an automobile engine or a jet engine. Products described herein may also be used to
produce plastics, resins, fibers, elastomers, pharmaceuticals, neutracenticals, lubricans, and gels, for
exanplie.
[00258] Fuel products, comprising hydrocarbons, may be, for example, precursors or products
copventionally derived from crude oil, or petroleum, such as, but not limited to, Hguid petroleum gas,
naphtha (ligroin}, gasoline, kerosene, diesel, lubricating oil, heavy gas, coke, asphalt, tar, and waxes.
[0025%] In some embodiments, a product (such as a fuel producty contemplated herein comprises one or
more carbons derived from an inorganic carbon source. In some embodiments, at feast 10%, ai lsast
20%, at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, ai least 80%, at least 0%, at
east 95%, or at least 99% of the carbons of a product as described herein are derived from an inorganic

carbon source, Examples of Inorganic carbon sources include, but are not limited to, carbon dioxide,
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carbonate, bicarbonate, and carbonic acid. The product can be, for example, an organic molecule with
carbons frow an inorganic carbou source that were {ixed during photosynthesis,
[60260] Examples of products contemplated herein include hydrocarbon products and hydrocarbon
derivative produets. A hydrocarbon product 1s one that consisis of onby hydrogen ruolecules and carbon
molecules. A hydrocarbon derivative product is a hydrocarbon product with one or more heteroatoms,
wherein the hetercatom is any atom that is not hydrogen or carbon, Exampies of hetercatoms include,
but ars not Himited to, nitrogen, oxygen, sulfur, and phosphorus, Sorae products can be hydrocarbon-
rich, wherein, for example, at least 50%, at least 60%%, at least 70%, at least 80%, at least 90%, or at least
5% of the product by weight s made up of carbon and hydrogen.
{00261} One exemplary group of hydrocarbon products are isoprenoids. Isoprenoids (including
terpenoids) are derived from isoprene subunits, but are modified, for example, by the addition of
heteroatoms such as oxygen, by carbon skeleton rearrangement, and by alkylation. 1soprencids generally
hiave a number of carbon atoms which is evenly divisible by five, but this is not a roguirement as
“irregular” terpenoids are known to one of skill in the art. Carotenoids, such as carotenes and
xanthophylls, are examples of isoprenoids that are useful products. A steroid is an example of a
lerpenoid. Examples of isoprenoids include, but are not Himited to, hemiterpenes (CF), monoterpenes
(C10), sesquiterpenes {C15), diterpenes {C20), writerpenes (C30), tetraterpenes (C40), polyvierpencs (T,
wherein “n” is equal to or greater than 43), and their derivatives. Other examples of isoprenoids include,
but are not limited to, limonene, 1.8-cineole, g-pinene. camphene, (+}-sabinene, myrcens, abictadiene,
taxadiene, farmesyl pyrophosphate, fusicoccadiene, amorphadiene, (F)-a-bisabolene, zingiberene, or
diapophytoene, and their denvatives.
[66262] In somoe embodiments, the compound, for example, an isoprencid or isoprensid compound 19
produced in a genetically modified host cell at a {evel that i3 at least about 2-fold, at least about 5-foid, at

~

least about 10-fold, at least about 25-fold, at least about 50-told, at least about 100-fold, at least about
300-fold, at least about 1000-{old, at least sbout 2000-fold, al least aboul 3000-fold, at least about 4000-
fold, at least about 5000-1old, or at least about 10,000-fold, or more, higher than the level of the
ssoprencid or woprenoid precurser compound produced 1 an unmodified host cell that produces the
isoprenoid or isoprenoid precursor compound via the same biosynthetic pathway.

[09263] In some embodiments, the compound, for example, an isoprenoid compound is pure, e.g., at
least about 40% pure, at least about 50% pure, at least about 60% pure, at least about 70% pure, at least
about 80% pure, at least about 90% pure, al least about 95% pure, at least about 98%, or more than 98%

pure. "Pure” 1n the context of an isoprenoid compound refers o an isoprenoid compound that is free
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from other tsoprenoid compounds, portions of compounds, contaminants, and unwanted byproducts, for
example,

{60264] Useful products can also include isoprenoid precursors. lsoprenotd precursors are generated by
one of two pathways; the mevalonate pathway or the methylerythnitol phosphate (MEP) pathway. Both
pathways generate dimethylaliyl pyrophosphate (DMAPP) and 1sopentyl pvrophosphate (IFP), the
common O3 precursor {or isoprenoids, The DMAPP and IPP are condensed to form geranyl-diphosphate
{GPP), or other precarsors, such as farnesyl-diphosphate (FPP) or geranylgeranyl-diphosphate {GGPP),
from whicly higher isoprenoids are formed.

[00265] In some embodiments, the compound or product, for example, an isoprenocid compound will be
separated from other products which may bte present in the organic layer, Separation of the compound
ifrom other products thal may be present in the organic layer 1s readily achieved using, e.z., standard
chromatographic technigues,

{00266] Useful products mclude, but are not limited to, terpenes and terpenoids. An exemplary group
of terpenes are diterpenes {C20). Diterpenes are hydrocarbons that can be modified {e.g. oxidized,
methyl groups removed, or cyclized); the carbon skeleton of a diterpene can be rearranged, to form, for
cxample, terpenoids, such as fusicoccadione. Fusicoccadiene may also be formed, for example, directly
from the isoprene precursors, without being bound by the availability of diterpene or GGDP. Genetic
modification of organisme, such 4s algae, by the methods described berein, can lead to the production of
fusicoccadiene, for example, and other types of terpencs, such as limonene, for example. Genetic
modification can also lead to the production of modified terpenes, such as methy! squalene or
hydroxviated and/or conjugated terpenes such as paclifaxel.

160267] Other usclul products can be, for example, a product comprising & hydrocarbon obtained from
an organism expressing a diterpene synthase. Such exemplary products include ent-kaurene, casbene,
and fusicocaccadiene, and may also include fucel additives.

{00268] Useful products can also include small alkanes (for example, 1 to approximately 4 carbons}
such as methane, ethane, propane, or butane, which may be used for heating (such as in cooking} or
making plasiics. Products may also meclude molecules with a carbon backboune of approximately 5 to
approximately 9 carbon atoms, such as naphtha or ligroin, or their precursors. Other products may be
about § (o aboul 12 carbon atoms, or cycloalkanes used as gasoline or motor fuel. Molecules and
aromatics of approximately 16 to approximately 18 carbons, such as kerosene, or its precursors, may
also be useful as products. Other products melude lubricating oil, heavy gas o1l or fucl oil, or thew
precursors, and can contain alkanes, cycloalkanes, or aromatics of approximately 12 to approximately 70
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carbons. Products also include other residuals that can be derived from or found in crude 0il, such as
coke, asphalt, tar, and waxes, generally conlamning multipie rings with about 70 or more carbons, and
thejr precursors.

[0626%] The modified host organism described herein is useful in the production of a desired compound
or product, The present disclosure provides methods of producing, for example, an isoprenoid or
isoprenoid precursor compound in a host cell. One such method involves, culturing s modified host cell
in a suitable culture medium under conditions that promote the synthesis of a product, for example, an
isoprencid compound or 1soprencid precursar compounid, where the isoprencid compound is generated
by the expression of an enzyme of the present disclosure, wherein the enzyme uses a substrate present in
the host cell. In some embodiments, a method further comprises isolating the isoprenoid compound from
the cell and/or from the culture mediuny

{80276] The products produced may be naturally or non-naturally {as a result of the transfornation)
produced by a transformed host cell or organism(s), from which a biomass is obtained. The product may
aleo be a molecule not present in nature, For example, products naturally produced in algae may be
terpenes such as carotenoids {for example, beta-carotene). An example of a product not naturally
produced by algac is a non-native tevpene such as limonene.

{00271 Modified organisms can be grows, in some embodinents in the presence of CO», to produce
the polypeptide. In some emboediments, the products produced by the modified organism are isolated or
collected. Collected products, such as terpenes and terpenoids, may then be further modified, for
example, by refining and/or cracking to produce fuel molecules or components.

{32721 In some emboduments, a genetically modified host cell is cultured in a suitable mediom (2.2,
Luna-Bertoni broth, optionally supplemenied with one or more addilional agents, such as an mducer
(e.g., where the soprenoid synthase is under the control of an Inducible promoter); and the culture
medun is overlaid with an organic solvent, e.g. dodecane, forming an organic layer. The compound
produced by the genctically modified host pasiitions nfo the organic layer, from which it can then be
purified. In some embodiments, where a prenyl transferase, isoprenoid synthase or mevalonate
synthesis-encoding nucleotide sequence s operably linked to an inducible promoter, an inducer is added
10 the culture medium; and, after a suitable time, the isoprencid compound is isolated from the organic
layer overlaid on the coliure medium,

{002731 The various products may be further refined to a final product for an end user by a number of

processes. Refining can, for example, occur by fractional distillation. For example, a mixture of
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products, such as a mix of different hydrocarbons with various chain lengths may be separated into
various components by fractional distillation,

{60274] Refining may also include any one or more of the following steps, cracking, unifying, or
altering the product. Large products, such as large hydrocarbons {¢.g. = C10), may be broken down
into smaller fragments by eracking, Cracking may be performed by heal or high pressure, such as by
stean, visbreaking, or coking. Products may also be refined by visbreaking, for example by thermally
cracking large hydrocarbon molecules in the product by heating the product in a furnace. Refining may
also include coking, wherein a heavy, almost pure carbon residue is produced. Cracking may alse be
performed by catalytic raeans to evhance the rate of the cracking reaction by using catalysts such as, but
not limited to, zeolite, aluminum hydrosilicate, bauxite, or silica-alumina. Catalysis may be by fluid
catalytic cracking, whereby a hot catalyst, such as zoolite, 1s used to catalyze cracking reactions.
Catalysis may also be performed by bydrocracking, where lower termperatures are generally used in
comparison to fluid catalyiic cracking. Hydrocracking can occur in the presence of elevated partial
pressure of hydrogen gas. Producis miay be refined by catalytic cracking to generate diesel, gascline,
and/or kerosone.

{02781 The products may also be refined by combining them jn 2 unification step, for example by
using catalysts, such as platinum or a platinum-rhenium mux. The unification process can produce
hydrogen gas, a by-product, which may be used in eracking,

166276] The products may also be refined by altering, rearranging, or restructuring hydrocarbons into
smaller molecules. There are a number of chemical reactions that occur in catalytic reforming processes
which are known to one of ordinary skill in the arts. Catalytic reforming can be performed in the
presence ot a catalyst and & high partial pressure of hydrogen. One common process is alkylation, For
examipie, propylene and butylene are mixed with a catalyst such as hydrofluoric acid or suifuric acid,
and the resuliing products are high octane hydrocarbons, which can be used to reduce knocking n
gasohine biends,

{33277} The products may also be blended or combined inte mixtures to obtain an end product. For
example, the products may be blended to form gasoline of various grades, gaschne with or without
additives, iubricating oils of various weights and grades, kerosene of various grades, jet fuel, diesel fuel,
heating otl, and chemicals for making plastics and other polymers, Compositions of the products
described herein may be combined or blended with fuel products produced by other means known to one

skilled in the art.
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1082781 Some products produced from the host cells of the disclosure, especially after refining, will be
identical to existing petrochemicals, i.e. contain the same chewical structure, For instance, crude oil
contains the isoprenoid pristane, which is thought to be a breakdown product of phytol, whick is a
component of chlorophyll, Some of the products may not be the same ag existing petrochemicals.
However, although a molecule may not exist in conventional petrochemicals or refining, it way still be
useful in these industries. For example, a hydrocarbon could be produced that is in the boiling point
range of gasoline, and that could be used as gasoline or av additive, even though the hydrocarbon does
not normally occur in gasoline.

{60279] A product herein can be described by iis Carbon Isotope Distribution (C1D), AL the molecular
level, a CID is the statistical likelihood of a single carbon atom within a molecule to be one of the
natrally occurring carbon isotopes {for example, “C, “Ct or ”C}. Ad the bulk level of a product, a CID
may be the relative abundance of naturally occurring carbon isotopes (for example, 'C, PC,or "C)ina
cornpound containing al least one carbon atorn, It is noted that the CID of a fossil fuel may differ based
on its source, For example, with CID{fos}, the CID of carbon in a fossil {uel, such as petroleum, natural
pas, and coal is distinguishable from the CID{atm), the CID of carbon in current atmospheric carbon
dioxide. Additionally, the ClD{photo-aim) refers 1o the CID of a carbon-based compound made by
photosynthesis in recent lustory where the source of inorganic carbon was carbon dioxide in the
atmosphere, Also, CID{photo-fos) refers 1o the CID of a carbon based compound made by
photosynthesis in recent history where the source of substantially all of the inorganic carbon was carbon
dioxide produced by the burning of fossil fuels {for exarnple, coal, natural gas, and/or petroleum).
{002801 The exact distribulion is also a characteristic of 1) the type of photosynthetic organism that
produced the molecule, and 2) the source of inorganic carbon. These isotope distributions can be used to
define the composition of photosyntheticaliy-derived fuel products,

jo0281] Carbon isotopes are unevenly distributed among and within different compounds and the
isotopic distribution can reveal information about the physical, chemical, and metabolic processes
invelved in carbon wransformation. The overali abundance of *C relative to '°C in a photosynthetic
organism is often less than the overall abundance of C relative to C in atmospheric carbon dioxide,
indicating that carbor sotope discrimation occurs in the incorporation of carbon dioxide into
photosynthetic biomass.

(002821 A fuel product can be produced from a biomass, either before or after refining, and the product
can be identical to an existing petrochermical, Some of the fuel products may not be the same as existing
petrochemicals, In one embodiment, a fuel product 1s sirotlar to an existing petrochemical, except for the
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carbon isotope distribution. For example, it is believed that no fossil fuel petrochemicals have a §°C
distribution of tess than -32%, whereas fuel products as described herein can have a 3°C distribution of
less than ~32%, less than -35%, less than -40%, less than -45%, less thau -30%, less than -55%, or less
than -60%. In another embodiment, a fuel product or composition is similar but not the same 48 an
existing fossil fuel petrochemical and has a 8"C disuibution of less than -32%, less than -35%, less than
-4G%, less than ~45%, less than ~50%, less than -55%, or less than -66%
{00283] A fuel product can be a composition comprising, for example, hydrogen and carbon molecules,
wherein the hydrogen and carbon molecules are at least about 80% of the atomic weight of the
cormposition, and wherein the 870 distribution of the composition is less than about -32%. For some
fuel products described herein, the hydrogen and carbon molecules are at loast 90% of the atomic weight
of the composition. For example, a biodigsel or fatty acid methy! ester {which has less than 90%
tiydrogen and carbon malecules by weight) may not be part of the composition. In still other
compaositions, the hydregen and carhon molecnles are at Jeast 95 or at least 99% of the atomic weight of
the composition, In yet other compositions, the hydrogen and carbon molecules are 100% of the atomic
weight of the composition. in some embodiments, the composition is a liquid. o other embodiments, the
composition 18 a fuel additive or a fuel product.
1602841 Also described herein is a fuel product comprising a composition comprising: hydrogern and
carbon molecules, wherein the hydrogen and carbon molecules are at least 80% of the atomic weight of
the composition, and wherein the §°C distribution of the conposition is less than -32%; and a fuel
component. In some embodiments, the 8¢ distribution of the composition is less than about -35%, less
than about -40%, tess than about -45%, less than about -50%, {ess than about -35%, or less than about -
60%. In some embodiments, the fuel component of the composition is a blendimg fuel, for example, a
fossi! fuel, gasoling, digsel, ethanol, jet fuel, or any combination thereof. In still other embodiments, the
blending fuel has a §"'C distribution of greater than -32%. For some fuel products deseribed herein, the
fuel component is a fuel additive which may be MTBE, an anti-oxidant, an aniistatic agent, a corrosion
mhibitor, or any combination thereof, A fuel product as described herein may be a product generated by
bi&m’iir},g a fuel product as deseribed and 2 fuel component. In some embodiments, the fuel prodoet has a
B¢ distribution of greater than -32%. In other embodiments, the fuel product has a 8V C distribution of
less than -32%. For cxample, an oil composition extracted from an organism can be blended with a fucl
component prior io refining {for example, cracking} in order to generate a fuel product as deseribed
herein, A fuel component, can be a Tossi! fuel, or a mixng blend for generating a fuel product. For

examiple, a mixture for fuel blending may be a hydrocarbon mixture that is sutiable for blending with
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another hydrocarbon mixture to generate a fucl product. For exampie, a mixture of light alkanes may not
have a certain octane number Lo be suitable for a type of fuel, however, it can be blended with 2 high
octane mixture to generate a fuel product. In another example, a composition with a §°C distribution of
less than -32%. is blended with a hydrocarbon mixture for fuc! blending to create & fuel product, In some
embodiments, the composition or fuel component alone are not suitable as 8 fuel product, however,
when combined, they are useful as a fuel product. In other embodiments, either the composition or the
fuel component or both individually are suitable as a fuel product. In yet another embodiment, the fuel
componert is an existing petroleum product, such as gasoline or jet fuel. In other embodiments, the fuel
cormponent is dervived from a renewable resource, sach as bioethanel, biodiesel, and blogasoline,
{08285 Oil compositions derived from biomass can be used for producing high-octane hydrocarbon
products. Thus, one embodiment describes a method of forming a fuel product, comprising: obiaining an
upgraded oil composition, cracking the oil composition, and blending the resulting one or more light
hydrocarbons, having 4 (o 12 carbons and an Octane number of 80 or higher, with a hydrocarbon having
an Octane number of 80 or fess. The hydrocarbons having an Octane mumber of 80 or less are, for
example, fossil fuels derived from refining crude o1l
{00286] The biomass feedsiock can be modified or tagged such that the light hydrocarbon products can
be identified or traced back to their original feedstock. For example, carbon isotopes can be introduced
mto 8 bromass hydrocarbon in the course of its brosynthesis, The tagged hyvdrocarhon feedsiock can be
subjected to the refining processes described herein to produce a light hydrocarbon product tagged with
a carbon isotope, The isotopes allow for the identification of the tagged products, either alone or in
combination with other untagged products, such that the tagged products can be traced back to their
original biomass feedstocks.
[80287] The following examples are intended to provide illustrations of the application of the present
disclosure. The following examples are not intended to completely define or otherwise limit the scope
of the disclosure.

EXAMPLES
Example 1
I00288] Petroleum derived oils are processed in the refining industry into, for example, fuels,
chernicals, and mdustrial products. These processes are well established and include, for example,
distillation and catalytic upgrading in hydrotreating units as well as upgrading in thermal processing
anits such as cokers. The refining process is shown schematically in Figure 2 where meonung feed is
first separated by distillation and/or solveut treatment and those fractions are subject o further
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upgrading, including compositional changes effected in reactors used to catalytically hydrotreat (as
described in further details in Examples 2, 3 and 4) the fractions to make products sustable for blending
into fuels or for the manufacture of chemicals or industrial products.

D028 These known peiroleum refining processes are further detailed in Figure 3. The refinery
feedstocks are first distilled by boiling point into various feedstocks (as shown in the first block) which
then go on o processing in unifs shown in the middle block, Products from these units are then blended
nto a range of firushed products as shown i the third block.

({02901 Algac derived oils have been found (o be suitable feedstocks to the refining procosses.
This ts also described further in the following examples. Moreover, the algae derived {eedstocks
preduce materials that can be used, for example, for blending into fuels and in the manufacture of
chemicals and industrial products.

{0291} Exeniplary processes that can be mvolved in the production of a product obtained from a
hionags and/or o1l composition, specifically possible fractions, possible upgrading technigues, and
posaible products, are described, for example, in Robinson, P. R. (2006}, Petrolenm Processing
Overview. In Hsu, C. S, and Robinson, P. R, (Eds.), Practical Advances in Petroleum Processing (Vol.

Y{p. 18). Mew York: Springer Science + Business Media,

Example 2
062921 Figuve 4 Hlustrates an exemplary wethod and system as described herein. A crude algal

oil (oil composition), for example, an oil extracted from an algal hionass, is inserted mto the system.
The algal o1l 15 obtained by crushing the biomass comprising whole cells and acquiring the oil from the
alpal cells, The algal cells may, for example, contain 30% or greater by weight of lipids or oiis. The
algal o1l then enters the upgrading process which may begin, for example, with an HDM reactor,
wherein a catalyst bed within the HDM reactor reacis and/or absorbs any metal containing molecules
and/or metal ions onto the surface of the catalyst. The catalyst bed also reacts and/or absorbs metalloids,
for example, phosphorous. The oil composition then exats the HDM reactor with a reduced content of
metal or metalloid atoms in the composition, for example, less than 1% w/w of the composition. The
metal/metalloid atoms are discarded as waste or recycled as nutrients for growing more algal biomass.
[60293] The products of the demetallization reactor are then fed to a catalytic desulfurization unit.
The HDS reactor 18 maintained al a teroperature ranging from about 315 to about 488C and a hydrogen
partial pressure ranging from about 100 to about 3000 psi. The range of operating pressures and
temperatures aro exemplary of those omployed i the petroleurn refining industry and arc known to one
skilfed in the art. The catalyst in the reactor {acilitates the removal of sulfur from the chemical
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compounds in the algae oil by hydrogenation. The sulfur is removed as H,S which may further be
recovered as elemental sulfir uging technology well known by those in the petroleum refiving industry.
The product from the HDS has a reduced sulfur content, for example, less than 1% w/w of the
cornposition.

[60294] Continuing with the exampie in Figure 4, the algal oil compoasition then enfers a HDN
reactor. The HDN reactor comprises a catalyst bed thal when in contact with the o1l composition
removes nifrogen atoms or nitrogen-containing molecules from the composition. The HIXN reactor is

4

mainigined at a temperature ranging {rom about 315 to about 480C and a hydrogen partial pressure
ranging from about 100 to about 3000 psi. The range of operaling pressures and temperatures are
exemplary of those employed v the petroleum refining industry and are known to one skilled in the art.
The catalyst in the reactor facilitates the removal of nitrogen from the chernical compounds in the algae
oif by hydrogenation. The resulting refined composition from the HDN reactor is now ap algal oil
coroposition comprising less than 1% w/w melal/metalloids atoms and less than 1% w/w sulfur and
nitrogen atoms. The nitrogen 18 removed as ammoma. The amunonia can be discarded or reused, for
example, as a mutrient for growing algae. Often, as demonstrated n Figure 4, in parallel with the
nitrogen rewoval, other heteroatoms, for example, sulfur, pitrogen, and phosphorus, that muay not have
heen removed in the earlier HDM reactor in the oil composition, are also removed by hyvdrogenation,
thereby generating additional prodacts, such as hydrogen sulfide, water, carbon monoxide, carbon
dioxide, and lighter hydrocarbons (e.g. methane, ethane and butanes).

JOO295] Finally, the refined oil composition from the crude algal oil enters the HDO reactor. The
HDO reactor s similar to the HIDN reactor and comprises a catalytic composition that removes the
oxygen from the oil corposition. As described herein, oxygen can create probloms when iransporting or
combusting a refined oil composition, The catalyst in the HIO reactor and subsequent hydrogenation of
oxygen containing molecules and compounds generates side products such as water, carbon monoxide,
and carbon dioxide, as demonstraied in Figure 4. In addition, as before with the HDN reactor, sulfur
atoms in the oil composition not previousty removed can also be removed by hydrogenation, thereby
genevating hydrogen sulfide as a side product along with the other side products mentioned above.
{00296} After exiting the HDO reactor, a refined composition comprises, for example, light
hydrocarbons such as pentane and longer chain hydrocarbons that can be used for generating fuels such
as distillates (for example, jet fuel and diesel) or gasohine. These two types of hydrocarbons are
separated by distilation, Lube oil basestocks can also be generated. The refined composition is
dernonstrated as Green Products in Figure 4. As an option that is sometimes praciiced in the refining
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industry to increase the vields of gasoline at a refinery, the Green Produets can then be sent to catalytic
cracking units for farther conversion using a LY -72 catalyst, for exarmple, a Union Carbide Y-type
zeolite which is often used as a cracking catalyst. Y-type zeolites have a 3-dimensional pore network
with pore mouths of about 8.6 A that open info larger, nearly spherical cages of & free diameter of about
13 A. The products of the cataivtic cracking reactions can then be further refined into finished gasolines
and distillates. An alternative to further catalytically cracking the product is using the groen distillates
and naphiha directly in distillate and gasoline blending pools,

1302971 The upgrading methods can comprise the four steps described 1n Figure 4, In addition,
two or more of the steps can be combined into a single step. For example, step two (HDS)Y and step
three (HDON} can be combined into a single step. Various combinations of the four steps are well within

the knowledge of one of skill in the art.

Example 3
100298] HDM 1¢ the process wherein metals (e.g. Mg) and metaliowds {e.g. P} are romoved from

the oil composition and are reacted/absorbed onto the catalyst itself. The HIDM catalyst can have a
relatively short lifetime, The lifetime and cost-effectiveness of this catalyst can be optimized, for
example, by sclecting a catalyst/support with a very high surface area and pore volume and by selecting
an open pore structure o ensure maxinmm access of the otf composition and the highest metal and
metalioid storage capability. Two parallel catalyst beds (one active cu-line, the second packed with fresh
catalyst) can be used. One of the two catalysts can be switched out when the other catalyst is spent. In
addition, three catalyst beds can be used in a “merry-go-round” configuralion, in which one 1s in-line,
the second is filled with fresh catalyst, and the third is being emptied and refilled. The choice of
catalysis and configurations will be hased on, for example, the metal and metalloid lovels in the ot
composition, and/or the flow rate. These parameters are within the knowledge of one of skill in the art.
1802991 After HDM s largely complete then various combinations of HBDS, HDN and HDO can
proceed as shown i Figure 4 cither, for example, in sequential reaciors or simultaneously within the
same reactor.

{00360} The final upgraded oil compaosition of a pure hydrocarbon distillate stream 1s switable, for
example, for use or blending in distillate blending operations within a refinery, due to s reduced
heteroatoms content. The upgraded oil composition is similar or betier than that of a premivmn light,
sweet “crude” stream which can be shipped by pipeline and/or further processed using existing
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{60301} All four steps can have elevated temperatures {e.g. about 300 o about 300 dogrees ) and

high pressures of hydrogen {¢.g. wmiore than about 200 psi o more than about 1604 pa),

{0362 The catalyst for HDM shoufd have high porosity and/or be able to sequester high levels
of metals and/or metalloids. All three catalysts can, for example, comprise a support such as alumina (or
aluminosilicates or silica) and can also comprise two or more metal compounds such as Co/Mo, NvMo
and Co/W. Such catalysts are commonly used in petroleum refining and are readily availsble from
catalyst supphers.

Example 4

IB0343] (il from algae was obtained with the composition shown in Table 8 by ao extraction
process.  Also shown in Table 5 is the API Gravity and the H/C ratio (ratio of hydrogen atoms to
carbon atoms calculated from the ratio of H % and carbon % given in Table 5 adjusting for the atomic

weight of each to get to an atomic ratio). These terms are common descriptors of feedstocks and

rroducts in the refining industry

o

[

100364} Wotable is the high concentration of oxygen {greater than 10%) and the high
concentrations of phosphorus, sodium, and metals (Na, ¥, Ca). Also notable is the low APL of 19.5
{00305] The algae derived oi} was then subjected 1o an RBII treating processes similar to that
used in the food industry, The product of this process has the composition in the column labeled RBD
freaied oil, Notable is that there is improvement in N, P and Na,

1603061 The wreated oil was then subiected to hydrotreating as described in Examples 2 and 3.
Processes that involve HDM, HDN, and HDO were conducted.

{803071 The product had the composition that is given in the columiy labeled Diesel. The boiling
point range of this material was within the range of diesel obtained from conventional petroleur and
associated refining processes. Notable is the reduction of (¥ levels (from 12,66 % to less than .5 %), P
(1.59 ppm to less than | ppm) and metal levels (Na from 1.3 ppm to less than 3 ppm, K from 9.85 ppm
1o fess than 4 ppm, and Ca from 4.53 ppm to fess than 4 ppo) relative Lo the algae derived off and the
treated oif. Also notable is the increase in AP {reduction in specific gravity) and increase in H/C ratio.
This indicates the algal derived oil was catalytically upgraded by the HDM, HDN and HDO steps that
cecur in conventional hydrotreating operations emploved in petroleum refining and described in
Exaraples 2 and 3. In the refindng industry, these processes are known to add hydrogen to the product
in the course of catalytic and/or thermally removing metals, sulfur, nitrogen and oxygen, as described in

Examples 2 and 3.
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1603681 The diesel product from the catalytic hydrotreating steps is suitable, for example, for use

directly in diesel or as a diesel blendstock as is practiced in the refining industry,

Table§
Algae dernived oil RBD;;Q%Sd Digsel
Specific -
gravity G
&0°F - 0.937 0.9454 0.7837
ASTRIRSY-
gs
L 7798% 0 76.8%%  B4A4E%
H 11.73% 16.82% 14.83%
TN | D89% . <BA% <0.5%
O 12.29% 12.66% <0.5%
8 <D05% . <005%  01061%
P 30.6 ppm 1.59 ppm <I ppm
Ma 113 ppm - 337 ppm <3 ppm
K 9.85 ppm <3 ppm <4 ppm
Mg 10 <2ppm - <2ppm . <2 ppm.
Ca 4.53 ppm <4 ppm <4 ppm
AP 19.5 182 49.1
W/ ratio 1.8 T 2.1
{003698] Example 5
{00319 The entire pond-to-pump value chain at ptlot scale has been shown by producing jet fuel

with a refiniog partner. Algal biomass was grown and harvested and the algal ofl was extracted via a
solvent counter current process. The composition of this algae derived ofl is shown in Table 6. Notable
is the high concentration of sulfur, nitrogen, oxygen and metals {inchuding phosphorus) and low H/C

ratio and APL These properties make the algae derived oil unsuitable for direct use as a fuel.
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Table §

i Algae Uil
Specific
gravily &
&OF - 3.9756
ASTMDEST-
&85
£ 74.35%
H 10.83%
N 1.34%
G 12.33%
5 0.1853%
P 0.1900%
Na 0.0811%
W 0.1740%
My - 0.1070%
Ca 0.1890%
AP 135
CHIC vatie - | 1.7,
100311} This oil was refined using the Dynarmic Fuels Blo-Synfining™ process o produce on-

specification diesel and jet fuel (Hydrotreated Renewable Jet, HRJ). The processes used to upgrade the
algae oil ave those as desceribed in Examples 2 and 3. In addition, a hydroisomerization process was
used after the HDM, HDN, HDS and HDO steps 10 increase the vield and guality of material suitable for
yse in jet fuel. Hydroisomerization is a processing step known and commonly used in the refining

3

fndustry to upgrade petroleum derived hydrocarbons.

{00311 The product of the Bio-Synfining™ process was fractionated inio three cuts, as shown in
Table 7. Cq. naphtha, CoCys Jet fuel (HRJ), and Cyay diesel. The resulting crystal clear HRI conforms to
ali of the key specifications for both commersial and military applications. The freezing point of the
algal-derived HRJ, a particularly critical parameter, 18 ~67°C. This very low freezing point far exceeds
the specification’s freezing point of -47°C, potentially aliowing aircraft to fly at higher altitudes or
allowing move Cys: fraction o be incloded in the HRJ fraction resulting in higher yields of on-spec jet
fuel. This low freezing point also emphasizes the high efficiency of the hydroisomerization process, and
the high degree of isomerization achioved, Othor useful products can have a freezing point of, for

~

example, about -60°C to about -70°C, or about -30°C 1o about -75°C.
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100313] This pond-to-pump demonstration, conducted at both bench and pilot scale, confirms that

algal il exiracted from algal biomass is well-suited for conversion into diesel and jet fuel mesting or
surpassing all specifications,
Fable 7

HRJ Properties from Algal Gil and Conformance to Commercial (Jet A-1) and Military (1P-8)

Specilications are shown below,

{Gayholt
*Note: specification vange for HRJ Is 0.730-0.770 (AFRL}

{00314} Figure 9 shows the GC-FID trace of the partially hydrodeoxygenated algal oil. Peaks
eluting afier 24 minutes show the presence of residual, unconverted free farty acids. After optimization
of the HDC process, the residual unconverted free fatty acids are absent from the GC-FID
chromatogram (Figure 18). This matenial is a fully hydrodeoxygenated product that can be further
distifled to produce diesel and hydrotreated renewable jei (HRI) fuel products using standard refining
techniques. The characteristics of the HRJ product produced by distillation of the HDO treated material
are shown i the table above, along with specifications for ASTM Jet A-1 grade jet fuel and Military JP-
8 grade jet fuel. Inr all cases, the HRJ product meets or exceeds both A-{ and JP-8 fuel specifications.
Example 6

{00315] The catalytic hydrogenation processes described in Examples 2 and 3 are known to
produce materials thai can go into diesel and jef (distillate) fuels. These processes also naturally
produce lighter (lower boiling point) materials that are suitable for gasoline blending. These materials
are iypically called naphthas in the potroleum refining wndustry, These are the same products that are
relerred to 1n Figure 4 as Green Products. Algal derived oils fed to HDM, HDN, and HDO processes as
described in Example 4 were found to produce a material lower in boiling point than diesel and jet and

with a composition that is simmlar to that of petroleum derived naphiha.
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Table 8 shows a PIONA (paraffin, isoparaffin, olefin, naphthene and aromatics) analysis

of the napbtha-bike product from catalytically hydrotreating algae oil as described in Example 4.

Notable 1s that the composition of the material is made up of molecules containing from 3-12 carbon

atoms mcluding paraffing, isoparaffing, naphthenes and arorpatics. Olefins are reduced in content which

is consistent with the product baving come from catalytic hydrotreating processes as described in

Examples 2 10 8. The molecular composition of this material 18 similar to that of naphtha products

found in petroleunt refining. This material can then be

used to fesd processing units (naphtha reformers

and isomerization ynils) and/or o produce blendstocks suitable for gasoline blending.

100317}

Table 9 shows a detailed breakdown of the molecular composition of the naphtha-like

material produced from a catalviically hydrotreated algac o1l (Example 4). The data in Table 9 is

summarized in Table 8 and agan shows the wide range of molecular species present,

Tabie 8

Carbon Paraffin Isoparaifin | Olefin Maphthene | Aromatics | Sum
sumber
3 8.172 0.000 0.000 (1.000 0.000 0.172457
4 1.506 0.963 0.000 0.000 (.000 2.46849
5 4,584 4,956 0.000 0.600 0.000 9.540235
& 7.784 9.946 0.000 1055 0.000 18.78386
7 7.964 {2.870 0.000 £.389 0.108 22.33067
8 5.598 11.140 0.022 1.708 $.305 I8. 77338
9 3.248 10,745 (.255 1.708 $.331 16.28928
16 1.237 6.519 (.061 0.622 $.089 8.528329
it (.251 2172 3.006 0.046 0.000 2469399
12 (.062 0.581 0.000 8.000 0.000 0.643905
Sum 32.40734 5089282 {(1.338234 6.528193 .633412 100
Table &
Compeonent Name Wit%% GOxGC Carbon No, PIONA
loluene 0.108 7 2
Ethenzene 0.047 8 a
m-xylene 0.113 3 a
pexylene 0.078 8
o-xylene 0.057 8
i,4-diethyl-benzene 0.010 8
isopropyibenzene 0.002 9 a
propylbenzene 0.023 G a
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1.3-methylethylbenzene 0.097 9 a
I 4-methyicthylbenzene 0.030 9 a
1.3, 5-trimethylbenzene 0.037 9 a
I, 2-methylethylbenzene 0.025 9 a
1,2 4-trimethyibenzene 06113 9 a
1,2, 3-rimethyibenzene $.004 9 &
TE12 Adimethyibeozene 0.011 i{] a
IMeZisopropylbenzene (.006 10 a
IMe3propylbenzene 0.008 10 a
IMedpropylbenzene 0.023 10 a
n-butyl-benzene 0.026 1 a
methylprop-benzene {3.001 10 a
dimethyl-ethylbenzene 0.014 10 a
isobutans 0.963 4 1
Z-methylbotane 4,956 5 1
2. 2~dimethyl-butane (.125 & i
2, 3-dimethyl-butane 0.532 5 i
2-methylipentane 5.746 6 i
3-methyipentane 3.542 6 1
2,2-dimethyl-pentane 0.14% 7 i
2 4-dimethyl-pentane (3.438 7 1
3, 3-dirnethyi-pentane 0.122 7 i
2-methythexane 5.362 7 i
2,3-dimethyl-pentane 0.769 7 i
3-methylhexane 5315 7 3
3-ethylpentane §.714 7 j
2, 2-dimethyi-hexane (5.125 2 j
2. 5-dimethythexanc $.263 ] i
2 4-dimethyibexane 0.626 2 i
3,3-dimethyl-hexane 0.017 8 1
2,3 Atrimethylpentane 0.004 8 i
2,3-dimethythexane 0312 8 i
Zmethyilethyipentans 0025 8 i
2-methylheptane 4,874 8 i
4-methyiheptane 0,339 8 i
3, 4-dimethyi-hexane 0.172 8 i
3-methytheptane 4.382 8 i
2,2, 3-trimethyl-hexane (.042 9 i
2,3, 5trimethylthcxane .064 4 i
2.2, 5trimethythexans 3.096 9 i
2, 4-dimethyl-heptane 0.388 9 i
2,6-dimethyi-heptane 0.565 g 1

»
~d
ok
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3 3-dimethyibeptane 1.163 3 i
2.5-dimethyl-heptane 0.080 9 i
dimethyl-heptane 0.047 9 1
2,3-dimethylheptane 0.363 S i
3, 4-dimethytheptane 0.152 9 i
4methyloctane 0.875 9 1
2-methyloctane 3.892 9 1
J-ethyihoptane 2023 9 f
J-methyloctane 0.016 9 i
2,3 4~trimethyl-heptane 0.079 9 i
2,4, 6trimethytheptane £.054 10 ]
3.3, 5-tnmethyl-heptans .116 10 i
2.3, 6-trimethylheptane {5.352 10 i
4 4-dimethyl-octane £.148 10 i
2.5-dimethyl-octane 0.461 16 i
2,7-dimethyl-octane .288 10 1
2.5-dimethyl-octane 0.207 10 i
2,6-dimethyi-octane 0.427 10 i
JethyZmethylheptans (3,380 1 i
SethylZmethyihept 0.601 10 1
Smethvinonane (.554 10 1
dmethylnonans 1.133 10 i
2methyinonans (.508 10 i
3ethylCy 0.203 i) i
Imethylnonane 1.088 10 3
4 6dimethyi-C9 ($.240 ii i
2, 5dimethyl-nonans 0.242 11 3
2.6dimethyi-nonans 0.129 1 i

sthyiZmethyloctane 0.210 I3 i
dimethyl-C9 £.215 11 i
3,7dimethyl-nonanc 6.146 11 i
dimethyl-nonane 0.174 i1 i
Smethyldecane 0.214 il i
dmethyldecane 8.155 1§ 1
Zmethyidecans 0.206 i1 1
Jethynonane 0.043 11 i
3Imethyldecane {.198 11 i
4,6-dimethyi-C16 0.059 12 i
2,5~-dimethyi-C10 (5.067 i §
dimethyl-C16 .043 12 i
EthyimethylC9 (.045 12 i
dimethyl-C10 0.047 i2 i

23
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dimethy]-C10 0.031 12 1
dimethyl-Ci0 0.029 12 i
dimethyl-C10 0.023 172 i
SmethylC11 0.075 12 !
dmethylC11 0.035 12 i
2methylC11 0.072 12 1
ImethviCi 0.052 12 1
methyicyclopentane 0.791 6 I
cyclohexane £.263 6 1t
I, ldimethvleyclopentane 0.109 7 3]
Le3-dimethylcyciopentane 0.322 7 f
1.12dimethylcyclopentane 0.434 7 n
methylcyclohexane 0.236 7 i
Bieyclopentane £.293 7 n
1,1, 3rimethyloyclopentane £8.232 2 n
1.2 Atrimethyleyclopentiane 0.181 8 n
1.2, 3trimethyleyclopentane G6.075 8
[,c3-dimethyleyclohexane 0.214 8 1
-1 ,4~d1mem}gk;mEoimane 0.196 8 15}
i, 1-dimethyicyclobexans 06,071 & n
-1, 3-sthylmethycyclopeniane 0.107 g n
¢-1,3-ethylmethyeyclopentane 0.076 8 n
c-1,2-ethylmethycyelopentane 0.267 8 n
-1 2-dimethylecyelohexane 4.062 ) n
c-1,4-dimethyl-cyclohe ane 0,155 8 n
imethylethyleyclopen 1e 0.060 8 n
clBEt3Mecyclopentiane (.040 g i
propyleyelopentane 0.061 8 i
c-1,3.5-irimethyl-cyclohexane (.319 9 1
1§, 3trimethyleyelohexane {.060 G I
t-1,3-diethyleyelopentane 0.104 9 1
t-1,2-diethyleyelopentane 0.109 9 n
1.2, 4-trimethyleyclohexane 8.126 9 n
1,3, 5-trimethyl-cyclohexane 8,024 Q n
ZMepropyleyclopentane 0.009 9 n
1,1, 2-trimethyicyclobexane 0.034 g n
Imethyl2prop-cyclopentane 0,192 9 0
c-lethviZmethyleyclobexane 0.211 g t
t-lethyldmethyleyelobexane 8,074 9 3]
butyleyclopeniane 0.072 9 1
ethylmethylcyclohexane 0.092 9 1]
ethylmethylcyclohesane 0.030 9 i1
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I Me2propeyciopentane 0.009 5 n
isopropyleyclohexane 0.022 g n
ethvlmethycyclohexane 0.005 9 i
propyicyclohexane 6.107 G n
n-butyicyclopentane 0.078 9 0
2Meocthydrpentane 0.001 g 4
c-1EtZMecycloherane 6.029 S 8
IMebutyleyvelopentane 0.052 10 1
IMe3(2Mepricyp {0,190 10 i
tethyi2,3dimethyleycichexane 0.000 16 3
1123tetrMecyclohexane 0.016 10 i
1E2 4dimethyleyclohexane 0.001 i¢ 1
1123tetraMecvelohexans 0.012 10 1
lisopro3Meteyclohexane 0.038 i n
IMeldpropeyclohexane 0,041 10 5}
b.2-dimethyicyoctane 0.051 10 n
Poutyl3Mecypentane 0.081 10 B
Pbut2 Etcybuiane 0,042 10 n
bicvclodecane 0.037 10 T
iMeprop-cyciohexane 0,004 10 1l
hutylcyclohexane 6035 t n
pentyicyclopentane 0.024 10 I
IES3propeyelohexane 0.027 11 il
11335pentMecyciohexane 0.019 11 1
1. 4-octadiene 4.022 b 0
Z-nonens 0.104 g 0
émethylloctene 0.104 g C
3methyleyoctene 0.048 9 0
2.6dimethyldoctene (3.061 HY 0
propane 0.172 3 P
butane 1,506 4 D
pentane 4.584 5 14
hexane 7.784 6 5
heptane 7.964 7 P
octane 5.598 & P
nonane 3,249 9 i
decane 1.237 10 2
undecane ($.251 1§ P
dodecane .062 12 p
i68318] While cerlain cmbodiments have been shown and deseribed herein, it will be obvicus to

those skilled in the art that such embodiments are provided by way of exaninle only. Numerous
P " £

8O-
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variations, changes, and substitutions will now occur to those skilled in the art without departing from
the disclosure. 1t should be understood that various aliernatives 1o the embodimnents of the disclosure
described herein may be employed in practicing the disclosure. It is intended that the following claims
define the scope of the disclosure and thal methods and structures within the scope of these claims and

their equivalents be covered thereby.



CLAIMS
WHAT IS CLAIMED IS:

1. A method for upgrading an oil composition obtained from a biomass, comprising, removal of a
heteroatom, a metal, or a metalloid from the oil composition, wherein the biomass is obtained from a
photosynthetic bacterium, a yeast, an alga, or a vascular plant wherein the oil composition prior to
upgrading comprises at least one of: 1) a phosphorus concentration of 0 % to 5% w/w; ii) a nitrogen
concentration of 0 % to 10% w/w; iii) a sulfur concentration of 0 % to 5% w/w; and iv) an oxygen
concentration of 0 % to 20% w/w; and wherein the removal of the heteroatom, metal, or metalloid is
by a hydrodemetallization (HDM) reaction, and at least one of a hydrodenitrogenation (HDN)

reaction, a hydrodesulfurization (HDS) reaction, or a hydrodeoxygenation (HDO) reaction, and by at

least one catalyst.

2. The method of claim 1, wherein any two or more reactions can overlap, can occur sequentially, or

can occur simultaneously.

3. The method of claim 1 or claim 2, wherein the heteroatom is Phosphorus (P), Nitrogen (N),

Oxygen (O), or Sulfur (S).

4. The method of any one of claims 1 to 3, wherein the metal or metalloid is Boron (B), Calcium (Ca),
Chromium Cr), Copper (Cu), Iron (Fe), Lead (Pb), Lithium (Li), Magnesium (Mg), Manganese (Mn),
Nickel (Ni), Phosphorus (P), Potassium (K), Silicon (Si), Sodium (Na), Strontium (Sr), or Zinc (Zn).

5. The method of any one of claims 1 to 4, wherein the oil composition comprises at least one of:
1) a phosphorus concentration of 0.0006% to 0.83% w/w;
ii) a nitrogen concentration of 0.0528% to 4.8% w/w;
111) a sulfur concentration of 0.0344% to 0.9% w/w; and

iv}) an oxygen concentration of 6.81% to 15.64% w/w.

6. The method of claim 1, wherein the oil composition comprises, greater than about 0.05% to about
5.0 % w/w nitrogen, greater than about 6% to about 16% w/w oxygen, or greater than about 0.03 % to
about 1.0% w/w sulfur.

82



7. The method of claim 1, wherein the oil composition comprises, greater than about 0.01% to about
10.0 % w/w nitrogen, greater than about 3% to about 18% w/w oxygen, or greater than about 0.01 %
to about 3.0% w/w sulfur.

8. The method of claim 1, wherein the oil composition comprises, greater than about 0.05% w/w

nitrogen, greater than about 6% w/w oxygen, or greater than about 0.0005 % w/w phosphorus.

9. The method of any one of claims 1 to 8, wherein the removal of the heteroatom, metal, or metalloid

is by two or more catalysts.

10. The method of claim 9, wherein the catalyst is placed in at least one reactor.

11. The method of claim 10, wherein the catalyst is placed in two or more reactors.

12. The method of claim 10, wherein at least two different catalysts are placed in the reactor.

13. The method of claim 10, wherein the reactor is a fixed bed reactor or a fluidized bed reactor.

14. The method of claim 10, wherein the reactor is a single-stage reactor or a multistage reactor.

15. The method of claim 9, wherein the catalyst comprises metals such as Ni/Mo, Co/Mo, W/Mo, or
Ni/W.

16. The method of claim 9, wherein the catalyst is a catalytic cracking catalysts (FCC) on a silica-

alumina support.

17. The method of claim 9, wherein the catalyst comprises a noble metal.

18. The method of claim 9, wherein the catalyst is a naphtha reforming catalyst.

19. The method of claim 9, wherein the catalyst comprises zeolite.
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20. The method of claim 9, wherein the catalyst comprises Ni/Mo supported on alumina.

21. The method of claim 9, wherein the catalyst comprises Co/Mo supported on alumina.

22. The method of claim 9, wherein the catalyst comprises Pt supported on alumina.

23. The method of claim 9, wherein the catalyst comprises Ni/W supported on alumina.

24. The method of claim 9, wherein the catalyst is combined with a support.

25. The method of claim 24, wherein the support comprises alumina, silica, silica-alumina, zirconia,

or a noble metal.

26. The method of claim 9, wherein the catalyst comprises a metal of Group VIA, Group Vb, or
Group VIII of Periodic Table of Elements.

27. The method of claim 9, wherein the catalyst comprises a metal of Group VIb or Group VIII of

Periodic Table of Elements supported on a porous refractory oxide carrier.

28. The method of claim 27, wherein the porous refractory oxide carrier comprises alumina, silica,

magnesia, silica-alumina, silica-magnesia, zirconia, silica-zirconia, titania, or silica-titania.

29. The method of claim 9, wherein the catalyst is a “supported” Pd, Pt, Ru, Rh, Ni, NiMo or CoMo

catalyst, wherein the support is activated carbon, alumina, zirconia, or silica.

30. The method of any one of claims 1 to 29, wherein the HDS reaction and the HDN reaction are

combined in a single step.

31. The method of any one of claims 1 to 30, wherein removal of the metal or metalloid occurs prior to

removal of the heteroatom.
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The method of any one of claims 1 to 31, wherein chlorephyvll or chlorophyllide is also remove
fromn the ofl composition by a chlorophyllase, a RCC reduciase, a dechelatase, or a pheophorbide ¢
OxXygenase,

The method of any one of claims 1 to 32, wherein the removal is carried out at a temperature of
from aboul 315 to about 480 C (from about 600 to about 300F); a total pressure and/or hydrogen partial
pressure of from about 100 to about 3000 pei; a hydrogen to oil ratio of from about 104 1o about 2000
scf/Bbl; and a space velocity from about 1.5 {o about &

=

34, The method of any one of claims 1 to 33, wherein the upgraded oil composition is further refined by

catalytic reforming.

35, The method of claim 34, wherein the catalytie reforming is dehydrogenation of naphthenes to
convert the naphthenes into aromatics, isomerization of normal paraffins to isoparaffins,
dehvydrogenation and aromatization of paraffins to aromatics, or hydrocracking of paraffins into smaller

molecules.

36, The method of any one of claims 1 to 33, wherein the upgraded oil composition is further refined by
distilation, fractionation, extraction, solvent extraction. hydrotreatment, isomerization, dimerization.

atkvlation, or cracking.

37, The method of claim 36, wherein the cracking is thermal cracking, fluid catalytic cracking,

thermofor catalytic cracking, catalytic cracking, steam cracking, or hydrocracking.

38, The wethod of any one of claims 1 to 36, wherein the upgraded oil composition 1§ used to make
gasoline, diesel fuel, jet fuel, fuel additives, petrochenucals, plasties, resins, fibers, elastomers,

hubricanis, or gels.

39, The method of any one of claims 1 1o 38, wherein the upgraded oil composition is used in a

petroleum refinery,
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48. The method of any one of claims 1

o

38, whercin the upgraded oil composition isused in a

distillate hlendstock.

k]

The method of any one of claims 1 to 38, wherein the upgraded oil composition is in fluidic

commuynication with an il pipeline.

42, The method of any one of claims | to 38, wherein the upgraded oil composition is in fluidic

communication with a distiiling device,

43, The method of claim 42, wherein the distilling device is configured to remove hydrocarbons that are

C4 hydrocarbons or smaller from the oil composition.

44. The method of any one of claims | 1o 43, wherein the o1l composition is obtained from the bipmass

by solvent extraction.

45, The method of anv one of claims 1 to 43, wherein the biomass is a wet, a dry, or a semi-dry hiomass,

46, The method of any one of claims 1 10 45, wherein the biornass comprises hydrocarbons of chain

tength €14 and greater,

47. The method of any one of claims 1 to 46, wherein the photosynthetic bacterium is a meraber of

genera Synechocystis, genera Synechococcus, or genera Athrospira.

48. The method of any one of claims | to 46, wherein the photosynthetic bacterinm 1s a

cvanobactenu.

49. The method of any one of ¢laims 1 to 46, wherein the alga is a microalga.

50. The method of any one of claims 1 1o 46, wheroin the alga is C. rembardtii, D, salina, H. pluvalig, S

dimorphus, I viridis, D. tertiolecta, N. oculata, or N. salina.



51. The method of any one of claims 1 to 46, wherein the alga is a cyanophyta, a prochlorophyta, a
rhodophyta, a chlorophyta, a heterokontophyta, a tribophyta, a glaucophyta, a chlorarachniophyte, a
euglenophyta, a euglenoid, a haptophyta, a chrysophyta, a cryptophyta, a cryptomonad, a dinophyta, a
dinoflagellata, a pyrmnesiophyta, a bacillariophyta, a xanthophyta, a eustigmatophyta, a raphidophyta,
a phaeophyta, or a phytoplankton.

52. The method of any one of claims 1 to 46, wherein the photosynthetic bacterium, yeast, alga, or
vascular plant has been transformed with a nucleic acid sequence encoding a protein involved in the

isoprenoid pathway.

53. The method of claim 52, wherein the protein is a terpene synthase.

54. The method of claim 53, wherein the terpene synthase is a fusicoccadiene synthase, a kaurene
synthase, a casbene synthase, a taxadiene synthase, an abietadiene synthase, a homolog of any one of
the above, or a chimera or fusion comprising any one of the above.

55. An upgraded oil composition made by the method of any one of claims 1 to 54.

56. A method for preparing an upgraded oil composition comprising: removing chlorophyll or
chlorophyllide from an 0il composition; and catalytically removing metals or metalloids and oxygen
from the oil composition to create the upgraded oil composition.

57. The method of claim 56, wherein the oil composition is obtained from an algal biomass.

58. The method of claim 56, wherein the removing step is carried out at a temperature of greater than
about 250, greater than about 300, greater than about 350, greater than about 400, greater than about

450, or greater than about 500 °C.

59. The method of claim 56, wherein the removing step is carried out at a pressure of hydrogen of

greater than about 500, greater than about 750, or greater than about 1000 psi.

60. The method of any one of claim 56 to 59, further comprising refining the upgraded o1l

composition.

61. The method of claim 60, wherein the refining comprises catalytic cracking.
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62. The method of any one of claim 56 to 39, further comprising combusting the upgraded oil

composition.

63. The method of any one of claim 56 to 59, further comprising distilling the upgraded oil

composition to remove hydrocarbons that are C4 hydrocarbons or smaller.

64. The method of claim 63, wherein the hydrocarbons that are removed by the distilling are used to
heat the method.

65. An upgraded oil composition obtained from an algal biomass, made by the process of:
1} removing a heteroatom, a metal, or a metalloid from an oil composition to obtain the upgraded

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-60°C to -70°C.

66. An upgraded oil composition obtained from an algal biomass, made by the process of:
1) removing a heteroatom, a metal, or a2 metalloid from an oil composition to obtain the upgraded

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

67. Anupgraded oil composition obtained from an algal biomass, made by the process of:

1) removing a heteroatom, a metal, or a metalloid from an oil composition to obtain the upgraded .

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-67°C.
68. A method for upgrading an oil composition obtained from an algal biomass, comprising:
1) removing a heteroatom, a metal, or a metalloid from the oil composition to obtain the upgraded

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of

-60°C to -70°C.

69. A method for upgrading an oil composition obtained from an algal biomass, comprising:
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1) removing a heteroatom, a metal, or a metalloid from the oil composition to obtain the upgraded

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of
-50°C to -75°C.

70. A method for upgrading an oil composition obtained from an algal biomass, comprising:
1) removing a heteroatom, a metal, or a metalioid from the oil composition to obtain the upgraded

oil composition, wherein the upgraded oil composition is used to make a product with a freezing point of
-67°C.

71. Anupgraded oil composition made by the method of any one of claims 56 to 64 and 68 to 70.
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