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[0003] Algae have gained significant importance in recent years given their advantage in
solving several critical global issues such as the production of renewable fuels and animal
feedstock, reducing global climate change via carbon dioxide remediation, wastewater
treatment, and sustainability. Algae farming is also used for the production of food, feed,
nutraceuticals, chemicals, biofuels, pharmaceuticals, and other products that can be extracted
from algae.

[0004] Algae’s superiority as a biofuel feedstock arises from a number of factors such as
high per-acre productivity when compared to typical terrestrial oil crop plants, non-food based
feedstock resources, and its ability to be cultivated on otherwise non-productive, non-arable
land.

[0005] Several thousand species of algae have been screened and studied for lipid
production worldwide over the past several decades, of which about 300 species rich in lipid
production have been identified. The lipids produced by algae are similar in composition when
compared to other contemporary oil sources such as oil seeds, cereals, and nuts.

[0006] As the United States has already consumed over 80% of its proven oil reserves, it
currently imports more than 60% of its oil. It is anticipated that within 20 years the United
States will be importing in the range of 80-90% of its oil. Much of this imported oil is supplied
by nations in politically volatile regions of the world, a fact which poses a constant threat to a

stable oil supply for the United States. Although the United States can continue to increasingly
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[ 0006] As the United States has al ready consuned over 80% of its proven oil
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BRIEF SUMMARY OF THE INVENTION

[0010] In one aspect, a photobioreactor is disclosed which comprises a cavity defined by: a
substantially V-shaped base comprising: two base walls, the base walls meeting proximate to
an axis defining an interior angle, each base wall comprising: a sloped portion and a
substantially vertical portion, a proximal end and a distal end, and a length extending along the
axis and a width extending perpendicular to the axis; the cavity being further defined by: a
proximal side wall adjacent to the proximal end, and a distal side wall adjacent to the distal

end; and the photobioreactor system further comprising: at least one gas delivery system
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WO 2012/ 166883PCT/ US2012/ 040157 di sposed within the cavity and extending
parallel to the axis, and at |east one carbon dioxide delivery system

di sposed wDt2hiniets3e cavity and extending parallel to theCafisg012{/0@031] | n
anot her aspect, a photobioreactor is disclosed which conprises a cavity

defi ned, . by: contoured base defining nultiple tapering inner dinmensions
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sl oped [#8Fk]i on]n anotler estct alpbbbtdredctor ivdistlossal whpoh coropriseshenaindefinedf i r st

sl oped ,portion a th econd sl oped. portion neet proxipate. to first axis
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defining a second depth; the contoured base further comprising a proximal end and a distal end;

and a length extending along the axes and a width extending perpendicular to the axes; the
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[ 0019] Li ke nunerals indicate |like features in the Figures included herein.

[0020] Fig. 1 shows a perspective view schematic of an illustrative
enbodi mrerwoab1tee88¥- trough PBR systens di scl osed herei RCT[USO@2FI1§7 2
shows a bird's eye vi ew of an additional illustrative enbodi ment of the V-

trough PBR cI osed. . .[0022 3 sho nd- an vi. w of
the pr i bRt fé,va?ri Y&fpraﬁn}af Pﬁg el %dmse r%gkﬂ mabend fad v 8@? q:BR
syst em;wéjl iﬁé&ﬁ% thebRialend; %ﬁl&d@oreéct%%e%nﬁﬂﬂn%@t YdaS6rRfoat e i-pt al

de wal | an illustrative enbodi ment of the V-trough PBR systens
d| scl ossgstemahigrioned fvaﬁnzut]lchagylty@nd lestesdiag phakcharat least can off Heugsiradd angl the

enbodi nent of .t he thd aboma S|n V-t rough PBR
oyst enpeandA L At PR A PbIETRGE RS R dERARI M TN oxi el
si de Wadxten@fngdfardllel tbsdtﬂ@%! e FTROFESIBAS afd the REcovd lak RUGR nkiid SHiSthens
di scl osed herein. [0026]Fig. 7 shows an expl oded aspect ed view of an

i || ust reeuipvieingrsupely mgrit gas throhgh the gy e¢lyirPBRicsy Pradvsingibybbles bavipgr ei n,
wher e tcﬂfmétgr%tb%mféeﬁ agbétalsﬁl%r% 393 mm; and supplying carbon dioxide through the carbon

dioxide delivery system, producing bubbles having diameters between about 0.001 and about
500 microns.

[0016] The V-trough PBR systems disclosed herein concentrate settleable material at an
axis, and apply gas at the same point for mixing and keeping materials and algae in suspension.
This system of agitation also serves to bring algae to the surface, where light penetration may
be focused for increased productivity. The geometric shape of the V defines the axis where
solids would otherwise concentrate. These V-trough PBR systems are more efficient and
require less energy for mixing because the culture medium is concentrated along the axis at the
bottom of the V, creating a specific location where application of agitation is most efficient.
This allows the system to be run in a semi-continuous or continuous mode, which decreases
downtime, labor and energy that would otherwise be required to keep the system running

efficiently, and thus resulting in improved total annual productivity.
Glossary

[0017] As used herein, the term “productivity” refers to a standing biomass concentration
for a batch harvest, or the daily biomass generated per given volume for a semi-continuously or
continuously operated PBR. Productivity is a function of the amount of light, carbon dioxide,
and nutrients that the biomaterials receive.

[0018] As used herein, the term “light” generally refers to photosynthetically active
radiation (PAR), which can come in the form of unseparated wavelengths of light (such as
sunlight), or selected wavelengths of light. Light can be natural or supplied by other means,
such as light emitting diodes (LEDs) or micro-LEDs. In some embodiments, light is separated
into selected wavelengths by coatings, coverings or films on or incorporated in PBR covers,
tubing, or pipes. In some embodiments, light is applied in varying intensities and photoperiods,
such as in timed pattern or duty cycle caused by flashing the light source or passing the algae
culture past light transmissive and light blocking materials. A duty cycle is the time that an

organism spends in an active state as a fraction of the total time under consideration.
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[ 0027] Fig. 8 shows a perspective view schematic of an illustrative

enbodi nent of the V- trough PBR systens disclosed herein. [0028]Fig. 9
shows a cwerpi12afeesshe absor ption spectrum of chl orophyl | PaT/Use@20kHFY. 10
shows a chart of the absorption spectra of chlorophyll a and chlorophyll b.

[0030] Fig. 11 shows a persr : Vi Millustrative
enbodi ment of the V- trBRYGERISCRIETION 4 n. [0031]Fig. 12
shows a perspective view schematic of an illustrative enbodi nent of the V-

trough [BBR|SYST aEuehicsal ARGt IRESRurdid MNelrRBERERUET hékin 0032] I n one
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conprising: at ast one gas delivery
2012/ 166 883PCEidugbPBI 40 4dissdiscdibsspphsech. wi t hi n t he cavity and extendi ng

parallel to the axis, and at |east one carhgon djoxi de delivery system
di s poseleﬂialt hi Figk Rehesy i ¢ RVER LUt ﬁif@taL%ﬁ%W of i e e bqdeypaiofn

some enROdiMBNLPBI BROBASE MBI IScRYPri se a curved transition between the

[0024] Fig. 5 shows a flowchart of an illustrative embodiment of the method for growing a

biomass using the V-trough PBR systems disclosed herein.

[0025] Fig. 6 shows an end-on view of the proximal side wall of an illustrative embodiment
of the V-trough PBR systems disclosed herein.

[0026] Fig. 7 shows an exploded aspected view of an illustrative embodiment of the V-
trough PBR systems disclosed herein, where the system is disassembled.

[0027] Fig. 8 shows a perspective view schematic of an illustrative embodiment of the V-
trough PBR systems disclosed herein.

[0028] Fig. 9 shows a chart of the absorption spectrum of chlorophyll a.

[0029] Fig. 10 shows a chart of the absorption spectra of chlorophyll a and chlorophyll 5.
[0030] Fig. 11 shows a perspective view schematic of an illustrative embodiment of the V-
trough PBR systems disclosed herein.

[0031] Fig. 12 shows a perspective view schematic of an illustrative embodiment of the V-

trough PBR systems disclosed herein.

DETAILED DESCRIPTION

[0032] In one aspect, a photobioreactor is disclosed which comprises a cavity defined by: a
substantially V-shaped base comprising: two base walls, the base walls meeting proximate to
an axis defining an interior angle, each base wall comprising: a sloped portion and a
substantially vertical portion, a proximal end and a distal end, and a length extending along the
axis and a width extending perpendicular to the axis; the cavity being further defined by: a
proximal side wall adjacent to the proximal end, and a distal side wall adjacent to the distal

end; and the photobioreactor system further comprising: at least one gas delivery system
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sl oped portion and the substantially vertical portion. [0034]In sone
enbodi nents, the interior angle is between about 60 and about 140 degrees.
[ 0035] I n woabirewess3spect, a phot obi oreactor is di scl osedPemiushoicongEsi ses a
cavity defined by: a contoured base defining nultiple tapering inner

di mensi gns ich format |east two substantially Y-shaped features.jn

par al | 1§p°€¥$gwéglﬂttg%?aé’&y5‘§ &xeB ngiaﬁal. e Pristndabieekans a%r%n goridecal
por ti onjeliQerylsh SEmhi QPBE @Rﬁih't&é‘éavﬁy%ﬁ&Q%nﬁhgg%‘dllﬂ%tth&a&is.a third sl oped
portion; a fourth sloped portion; a second substantially vertical portion;
wher ei 0033 fi Issonsd apleailiponts, therbasedvallseospuionad cwived transpiam hapweanetbe
proxi mat e t.0 .firgthaxis d@ﬁ'nin a first interior angle; wherein the
first (%3830 PG %ﬂﬁm?ﬂ et %18?%$8d portion define a first

subst anpo|l y Y shaP@abddabm ahégéitirnggR if bétsketlgiiub 60 wheswiua 14¢e third
sl opedéi}éortl on and the fourth sloped portion neet proximte to a second

axi s defegrichrg a second interior angle; and wherein the third sl oped portion

and 't hjﬂ{]i%i r hh§ Jln%%eq a8 ne(rcj‘{, :%g)glﬁ?ﬁ)%loltr%a%toaf i$ &ﬁ&gge&s\glgig%g%#rﬁ‘?k ¥ cyx_fi &&ﬁgd

f eat ur ining a sec € contoure er conprising a
pr oxi medy: ercntatdd dash ddfimlingemdltipandp @idgangdridimxistoidiwtgctafopmat 1dast taxes and a
w dt h extendi ng perpendicular to the axes; the cavity further defined by a
pr oxi nestbsppitaliyay -shapef deadyres iparallsl. shosaniruredhse capgTising; &t subs@gatigly |

adj ace 3 i . ] i . ohi ctor
Fur ¢ ner o bBof Sl B poe e A e FOARTE R 1O AR R rotrR
wher ei rsldaped pbitfanha penohid eubsteamtiatiy ecrsicadtportsdng pédrapothicifost stapet! pprt@xi amdttiee t 0 a
third axis d figin .a third i.nterior ag%le'fand W@erein.thelfifth.slqﬁed
por t i orree YeRed PRI Bes PERKiRIEH? BTl R sl Tgmeys Iyt 8iopior angle:aheitihaped
feat ur e defldgild Mo fdrhe GeBANsIopQOAHibNISRHTE, BRPQBLARMIE, Vlsﬁ@e‘él%‘étﬁﬂér ed
base further conprises at |east one additional substantially V-shaped

f eat ur elefihp@3sfitsndeptneviendio tiertbind slopedportion gnd thetfewrittoslopatgpaetiamoieethe second

interior_angle are each.i endent | y. bet ween about, 60 and,ahoput 140

dogr e T ARt e SrEBE TR S %nd wpS It PER: S Lingran i Slped ong

i nt er i Qor@drRl tBE ourih&|sREPortloh REAE a@é’d@ﬁdis{md%ﬁi,all? Nestape® featuné 8éfidhg angl e
and the second interior angle are different. [0039]1n sone enbodi nents, the

first depamdspth; te donfosiredsbpss feier spmprising wapeamtlead gné aidistalivad s as t he
99D, ke SRRt 40N Ll SRR SRR el DTSR
f r om t Harthapichined by hers@aolnddeswils hdaddnatd e Yroxhapletdf aat ur distal 2 wall
2012/ 103N e distatendt 0 -7

[0036] In some embodiments, the photobioreactor further comprises a fifth sloped portion

and a sixth sloped portion, wherein the fifth portion and the sixth sloped portion meet

proximate to a third axis defining a third interior angle; and wherein the fifth sloped portion

and the sixth sloped portion define a third substantially V-shaped feature defining a third depth.

[0037] In some embodiments, the contoured base further comprises at least one additional

substantially V-shaped feature.

[0038] In some embodiments, the first interior angle and the second interior angle are each

independently between about 60 and about 140 degrees. In some embodiments, the first

interior angle and the second interior angle are the same. In some embodiments, the first

interior angle and the second interior angle are different.

[0039] In some embodiments, the first depth of the first substantially V-shaped feature is

the same as the depth of the second substantially V-shaped feature. In some embodiments, the

first depth of the first substantially V-shaped feature is different from the depth of the second

substantially V-shaped feature.



[0040] I n sone enbodi nents, the first interior angle, the second interior
angle and the third interior angle are each independently between about 60
and aboutw0401degssees. | n some enbodi nents, at |east tweCofUSRIR/0fG15Bt
interior angle, the second interior angle and the third interior angle are

t he sa nsrreenbodl nts east two of the first. int r|or angl e
t he seﬁﬁﬂﬁdl. nt alﬁaa %ﬁmﬁ Hiterepr; angler thgseopngiipterproang; teﬁﬂg

[0041] |1Hte§i9ﬂ§ng{f75m§@hﬁ?ﬂﬂﬂ SpenfibntlyBRSh cdn¥dolf 60 Qﬁi afHoﬁﬁM(ﬁd%%Yé%s Oin §0|i‘@e first

substanti al | haped feature, the second dept t he second
subst arﬂrmtmldiryemvs sh @p@dwb eé&therfersginterioh englhlthfdsasteml hlterfortahgletahd ﬂd: third

subst antj aII ed fe ture t Ieast
Tuoor Thisgor fnels SRRt Th NFe BrBoliduls Wiesstfrg STe M SH-FE

second WeddnRfiot Hes1SaePind tifkbmtcdt badlk Mro\Gifbaped feature and the thl rd
depth of the third substantially V-shaped feature are different. [0042]In

sone erfﬁ%‘&l]nenllssomm@n@}b@?@mﬁt aphytwg- Qtfhh?)@@t fi%m]@ Qf’élerfﬁ@tsubi’i@mlaﬂﬁt € to the
first sybstant{al A lﬁé K (féﬁél Eé %6%8 s{aﬁﬁal ; ?1\5“ Jilth}'e %&%F@Hﬁ% feature
I ca

nost pr ox rrate he seco ver i ne dept hs

gr eat erdepthedt thé thirdaabstaiifallgfVv tsllmpe@tfémarre au:btﬁé garhé. aknl s}bm‘é cpitdaterftgat leags. 1 n
further enbodi pents, the substantiall Xf V-shaPed feature nopst proximte to
o]

the fi rtee of dssfirshdsrah o the dirgtisubstanighy Voshaasdiieatsc. ditsacanrd denth 9f the seeondd
feat ur &, gQsis; alﬂgqx's%%& @k RBd ﬁfaeqﬁf?&jdéﬂfﬂ%%g%tthlﬁ% kbs ‘Eﬁ&lgf@' LsnROLd fe yedef' ne

interior ang l'er than at 1east one bstanti a
V-shapenieﬂrf&teuﬁes [ 0043] I n sone enbodl ments, the phot obi or eact or further

i G R I R R

[ 0044] Isnbamu«;%ﬁfyanﬁdmén akd'e @ﬁ&w@ﬂa% §agtpbd fldflb BlosCRERISEH BE | east
one carbon di oxide delivery system di sposed within the cavity and extendi ng

par al | ekcaml sabsthgidly vertabportibie défiiresdepthsigscaderdharne lestamdofake sthef 0045] I n
oo, STRLTE 1SR RP EREL LML OTRRARRLR A GBS0,
conpri sf§st prdi@in¥esd tRAISPRb I yRcaidhpatioh @a® theduPRirdtiadn Vofhd B@ fqahexi mal
side wall. [0047]1n sone enbodi nents, ?le phot obi oreactor furt conpri ses
a nutr |1’@(pﬁ;t Prayjimeteite the second substantially Vertlcal portion define interior angles srnaller than

at least one of the other substantially V-shaped features.

[0043] In some embodiments, the photobioreactor further comprises at least one gas

delivery system disposed within the cavity and extending parallel to at least one of the first axis

and the second axis.

[0044] In some embodiments, the photobioreactor further comprises at least one carbon

dioxide delivery system disposed within the cavity and extending parallel to at least one of the

first axis and the second axis.

[0045] In some embodiments, the photobioreactor further comprises a liner disposed within

the cavity.

[0046] In some embodiments, the photobioreactor further comprises a harvesting aperture

through at least a portion of the proximal side wall.

[0047] In some embodiments, the photobioreactor further comprises a nutrient injection

System.

[0048] In some embodiments, the gas delivery system comprises a line comprising a

plurality of disposed orifices along its length to provide congruent pressure for even gas

dispersion. In some embodiments, the gas delivery system comprises a line comprising a



system [0048]1n sone enbodi nents, the gas delivery systemconprises a |line
conprising a plurality of disposed orifices along its length to provide
congr uentwpnrensesss3f or even gas di spersion. I n sone enbedirmseaig/o4die gas
delivery systemconprises a line conprising a 8 - WO

2012/ 166883PCT/ US2012/ 040157 plurality of orifices .disposed.along its
| engt h,Pq‘t“ﬁgtYd)rf{oF’u%%@%‘%éEﬂ?ﬁ& ?@PE&S iﬁnﬁﬁ},ﬁ}e Qi’}f}oféﬁ%‘?faﬂmrl%ﬁgﬁéor@é@w about 1

mm and 3hant bawaBh ahRP4Hhand 96&utSTRRdI ments, the carbon dioxide delivery
system conprises a line conprising a plurality of orifices disposed al ong

its | er§04P] t hén somidf ¢rolelimomprths cargomdionjderdetverg ngsitom comnybasg et ween about

0.001 m crons and about. 1. | 005 n Sone odi nents, the orifices

compr i SETEPo e i BHE SrorishFY e hlone 38 et i s Rombiiiedh mgjct

aper t ur@mendi@iPRhking bear@RneBHAd MENhRrodshad RBettabher eact or further conprises
a slope fromthe proximal end to the distal end. [0052]In sone enbodi nents,

t he phd08¥lor ebttosre grabadiaentschppiifess campovent ledsd 0831 prriveatonameset nent s,
t he phqhﬁg&ﬁ{&ﬁ&gqﬁw%g&&ggr conpri ses a support structure,

[0051] In some embodiments, the photobioreactor further comprises a slope from the
proximal end to the distal end.

[0052] In some embodiments, the photobioreactor further comprises a cover.

[0053] In some embodiments, the photobioreactor further comprises a support structure,
wherein at least a portion of the base is disposed on top of the support structure.

[0054] In some embodiments, the photobioreactor further comprises a culture medium
comprising biomaterials disposed within the cavity.

[0055] In some embodiments, the cover further comprises a glazing material fabricated
from a material selected from the group consisting of polyethylene, lexan, polycarbonate, clear
vinyl, clear polyvinyl chloride, glass, or a combination thereof.

[0056] In some embodiments, the support structure comprises HDPE. In some
embodiments, the support structure comprises foam.

[0057] In some embodiments, the support structure is capable of disassembly and stacking.
[0058] In some embodiments, the photobioreactor further comprises foam insulation
disposed adjacent to at least a portion of the on a side opposite the cavity. In some
embodiments, the foam insulation comprises the support structure.

[0059] In some embodiments, the support structure is installed in the ground.

[0060] In some embodiments, the culture medium has a stable pH. In some embodiments,
the gas and carbon dioxide delivery systems are used in conjunction with pH buffers for
stabilizing the pH of the culture medium.

[0061] In some embodiments, the biomaterials are harvested from the culture medium via a
gravity line.

[0062] In some embodiments, a flow of gas exiting the gas delivery system provides for a
mixing rate of the culture medium. In some embodiments, the culture medium is driven from
the proximal end to the distal end. In some embodiments, the photobioreactor further
comprises a slope from the proximal end to the distal end, wherein the slope and the mixing

rate drive the culture medium in a direction from the proximal end to the distal end.
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wherein at |east a portion of the base is disposed on top of the support
structure. [0054]1In sone enbodi nents, the photobioreactor further conprises
a cul t ur ewoediumesssenpri si ng bi omat eri al s di sposed wi t hi RCThES2@120iG1§7

[ 0055] I n sone enbodi nents, the cover further conprises a glazi ng mat eri al

fabric froma materi sel ctedfromth consistin

pol yet ?[E)ﬁgﬂ ITososmt e%m@@a %Pléotowpr%wﬁ%ﬁwerc RIS 6UFW%H9Pf &APSY i de,
gl ass, findnEQRRINAL gﬂa&&& Qfstenh @&%@Hﬂg A RENRAH BB LSlturk AR dRHRPOT T
structure corrprl ses HDP In sone enbodi ments, the support structure

conpri 48864]oamn $0@1®656qﬂbcrdu$1@m§, aéhdaeﬁwmfttb@ gasrnbllswpwemsﬂuldwmg syscapabl e
of di sasa t%/ and E%‘ % g ,(1 enbodtl nents, the phot obi oreact or
further® 3%%’ 0§1e3§'StF8]§r?P?rﬁ P 55 ?}faé%%@a"%%}’%eéﬂt to at |east a portion

of the (9065} Si UEsRRPQEBSEMERS, H@Phdt¥biotdacDO AR IHRABGHHIRE b $etufn@rubRROTor
|nsulat|on conprises the sup Eort structure. [0059]1In sone enbodi nents, the

suppor tregtquigging hanvicstof! Haidback do the cehiey. ginoome. cnflegsuintn thoivsire ssediivent s,
th | t q ° )
o oxi el SER 0 ARG biZhE B tho U RRED o R ey e B 0T carOn

st abi | isziub@rd ﬂsehs}pbisealfomdﬁ@e e lchvitye TaBding mnbbaiﬂﬁeh}é thesrofin etkvoctt iedibsosed he

bi omaterjals are harvested fromthe culture nediumvia a gravity |ine.
within the cavity.

[0066] In some embodiments, at least one of the piping, tubing and channels are
transparent.

[0067] In some embodiments, light is applied to at least one of piping, tubing and channels.
In some embodiments, the light is applied to at least one side of the at least one of piping,
tubing and channels. In some embodiments, the light is applied to more than one side of the at
least one of piping, tubing and channels.

[0068] In some embodiments, the photobioreactor further comprises a light source directed
into the cavity. In some embodiments, the light source comprises LEDs or micro-LEDs.

In some embodiments, the light is provided by a light source selected from at least one of LEDs
and micro-LEDs. In some embodiments, the light source comprises light bars.

[0069] In some embodiments, the light is applied continuously. In some embodiments, the
light is applied non-continuously.

[0070] In some embodiments, the light comprises light having wavelengths in the range of
at least one of: about 600 nm to about 700 nm, about 650 nm to about 700 nm, about 620 nm to
about 650 nm and about 680 nm to about 700 nm. In some embodiments, the light comprises
light having wavelengths in the range of at least one of: about 400 nm to about 550 nm, about
450 nm to about 550 nm and about 400 nm to about 500 nm. In some embodiments, the light
comprises light having wavelengths of at least one of about 430 nm, about 453 nm, about 643
nm, about 662 nm, 680 nm and about 700 nm.

[0071] In some embodiments, at least one of carbon dioxide, air and ozone are introduced
into at least one of the piping, tubing and channels.

[0072] In some embodiments, the photobioreactor further comprises at least one of a
coating, covering or film which separates light into selected wavelengths. In some
embodiments, at least one of the coating, covering or film is incorporated into at least one of a

cover, tubing and piping.
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[0062] I n sone enbodi nents, a flow of gas exiting the gas delivery system

provides for a mxing rate of the culture nmedium In sone enbodi nents, the
cul ture rwoi2orviesssdri ven fromthe proxi mal end to the dipsraiS2@na4015n sone
enbodi nents, the photobi oreactor further conprises a slope fromthe

pr oxi ngl d to the distal end, wherejn the slope and the mxing rate drive
the cull0dAl el e aspedt pddt oA g hRNIPRRTHEleT I8 S5t AU stal end

VWO 2012/, B6R83RG M-SR Q04 mAl £i@9®%}1} J‘di%ﬁﬂﬁd@&?ﬁghglﬁ@frs% inkP&pable of

3|
phot obi oreactor further conprises at |east one of ui d punping system
and an tegig fatdedncadlppsednorf roHedrini witiclarvdicorasssimbded iatd aphdtlgorsaétby cempaskisum

punpi ng 901 Gt R s gt e YEehed B ramerTpldhe i AL PRRISTEMN i ng

pat t er edtHQHaddifafeasan aRRAFiAMB S intkhér MBRL eRhM8aRhRCohpFi§ilera SeyHar i ses a
return structure for recirculatrng harvested fluid back to the cavity. In

sone erfosidhanst assubstaetialbt verticad pertion s erosrd end ard adistabgrd, apde latstlpi pi ng,

t ubi ng nnel . . ' t I truct P i sposed
out si a& T haitaAAE R R TR IR Reneh BP0 B ot B0 02
Wi t hi n fulikercR¥ihéd/ by :[tROmGkImal StiByAITdBgo s Rcertto thegsbxianecaf, ahdeheplipalng,
tubi ng and channel s are transparent. [0067] 1 n sonme enbodi nents, light is
appl i edidcovalt dispasad adipscpito thadipgl endubi ng and channel's. In some

enmbodi rTﬁMAﬁ’ t ﬂ?sdnjleg ‘t()%cﬁm F,l th€ Pade Qv ah@%&i%a@ éé)t%@sia ltf%ﬁ]t 9focf<se.a5t one

of piping, tubing an annel’s. I'n sone enbodi nents, I's applied
to nor d00Tdn ohessndenloddimbets.ahe ke dsthoo nempfisgiapiecmnd ltngbimhgchawtlerchannel s.

[ 0068] I.n. sare, embodi ment, e phof.obi ofeact gr. fyrther comprises a I ght
[0076] In another aspect, a kit for assembling a photobioreactor is disclosed which
comprises a contoured base defining multiple tapering inner dimensions which form at least
two substantially V-shaped features in parallel; a proximal side wall; a distal side wall; and a
first liner capable of being folded, collapsed, or rolled up; which, when assembled into a
photobioreactor, comprises a cavity defined by: the contoured base, the contoured base
comprising: a first substantially vertical portion; a first sloped portion; a second sloped portion;
a third sloped portion; a fourth sloped portion; a second substantially vertical portion; wherein
the first sloped portion and the second sloped portion meet proximate to a first axis defining a
first interior angle; wherein the first sloped portion and the second sloped portion define a first
substantially V-shaped feature defining a first depth; wherein the third sloped portion and the
fourth sloped portion meet proximate to a second axis defining a second interior angle; and
wherein the third sloped portion and the fourth sloped portion define a second substantially V-
shaped feature defining a second depth; the contoured base further comprising a length
extending along the axes and a width extending perpendicular to the axes; the cavity further
defined by the proximal side wall, disposed adjacent to the proximal end; and the distal side
wall, disposed adjacent to the distal end.

[0077] In some embodiments, the kit further comprises: a fifth sloped portion; and a sixth
sloped portion; wherein the first fifth portion and the sixth sloped portion meet proximate to a
third axis defining a third interior angle; and wherein the fifth sloped portion and the sixth
sloped portion define a third substantially V-shaped feature defining a third depth.

[0078] In some embodiments, the contoured base further comprises at least one additional

substantially V-shaped feature.
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into the cavity. In sonme enbodi nents, the |ight source conprises LEDs or

m cro-LEDs. In sone enbodinents, the light is provided by a |ight source

sel ect ed wpanm2ate68seast one of LEDs and m cro-LEDs. | n sec@#/usabodimnts, the

| i ght source conprises |light bars. [0069] 1 n sone enbodi nents, the light is
| n.some enbodi ne

applie ti nuously. . nts, the light jis applied
non;coﬁpﬁﬂﬂous RSO OYTRAG R, 7 Brveraieand b f HALS st dem Ploght
havi ng 089@! engf find bREMERBARE Rft fdthd: %@rﬁtxi%% seéondalRHWHRAOwRE t 0 about
700 nm about 650 nmto about’ 700 nm about 620 nmto about 650 nm and

about 68¢nmhied, et kbgwartiadly cantains thesameovsadbbatc apdthe, sideheallsi ght conpri ses

| i ght i Ng vel engths.in t ange, of at |east on f; out . 400 to
wbout SRR, "B S S mber e B Hia B iontITRbel Pifet st 0w oo

nm | n G0k eekeshorettusiuré Relidds@ntblepnpri ses |ight having wavel engths of at
| east one of about 430 nm about 453 nm about 643 nm about 662 nm 680 nm

and abd0082i00 HmomO@Taqdimentartbe rbaad themeepnddinersede secyrrd tofone apdasber.

and abdls2 . i cas .
tubi ng 9BV na aRERR Bt Al ASEHERAITHCo Rbrls SR NG ShAEARER P, e

conpr i skseating @ didmaneulafre aedamt imngphabierch&tgr, dlic flidtdbisehabr eaisaioes |1 ght
into sel ected wavel engths. I n some enbodi nents, at |east one of the

coat i ngFaviEndeiedgYor sEasaRiply Vnthgperbbase samprtiae:divolbasstabnéicdtasg vellver ,
t ubi ng lﬁéébqiﬁ-g'tppc#ﬁ&ate 1§ h %g&%/eﬁ@iﬁg%ﬁ E’@gﬁ&%@%é%%@wwQ&%ggaﬁirhgﬂ 5 gnpr Cos

aspect or assenbling a photobioreactor is disclos
t wo bagertia 4rsl, a subptantxdllyatertsiatiportiah) 4 praxohid ead asd ddistwhbhd, and aderfgth st 11 ner

capabl e of being folded, coll.apsed, or rolled u i ch, ~when assenbl ed
nto a BHOCEEATbE ar wpd At a8 hdma etmeer i hiag e s he SRR | y

V- shap&gRaSRARAITRY: aShrBgimal fife %ﬁeadréi%ﬁt% tHe 1R RARE B hh@ 2 ARSI s wRfoXi mat e
to an axis defining an interior angle, each base wall conprising: a sl oped

por t i oradgasdntgo shehdistalnidathieyhowbidreastorpysteindnither compxiimal atderdt anedgea di st al

end, angd..a |length gxtendin | ong.the,axi s,.and a,wi.dth exten

e endiga R Fo S i Ottt 4 BN RP Ry eh O R S AP a5 0n6 e

pr oxi medartondBoviad hehv@gﬁ@@feﬁddi@pﬂs@@ Qthirl @e tatyPdndexbaaldingPiralRne thbexid] st al
j

side wall, disposed adjacent to the distal end. [0074]In sone enbodi nments,
t he bag@duig msthad durthes cempesing bupplyipap Lhsbreushrihop very system, producing

bubbles having diameters between about 1 and about 3 mm, and supplying carbon dioxide
through the carbon dioxide delivery system, producing bubbles having diameters between
about 0.001 and about 500 microns.

[0084] In another aspect, a method of producing a biomass is disclosed which comprises
dispensing a biomass culture medium in a photobioreactor, the photobioreactor comprising: a
cavity defined by: a contoured base defining multiple tapering inner dimensions which form at
least two substantially V-shaped features in parallel, the contoured base comprising: a first
substantially vertical portion; a first sloped portion; a second sloped portion; a third sloped
portion; a fourth sloped portion; a second substantially vertical portion; wherein the first sloped
portion and the second sloped portion meet proximate to a first axis defining a first interior
angle; wherein the first sloped portion and the second sloped portion define a first substantially
V-shaped feature defining a first depth; wherein the third sloped portion and the fourth sloped
portion meet proximate to a second axis defining a second interior angle; and wherein the third
sloped portion and the fourth sloped portion define a second substantially V-shaped feature
defining a second depth; the contoured base further comprising a proximal end and a distal end;
and a length extending along the axes and a width extending perpendicular to the axes; the

cavity further defined by a proximal side wall adjacent to the proximal end; and a distal side
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[0075] I n sone enbodi nents, the kit further conprises a second |iner which,
when assenbl ed, at l|least partially contains the base walls and the side
wal | s. [ OW0@pivi6essdt her aspect, a kit for assenbling a photushéiQoedst or is
di scl osed which conprises a contoured base defining multiple tapering inner

di h f b 1y V-sh d f
ol T arar e oriy Telien Gt RO TSEIPT Srhe’ ST s akd FSt et At
capabl eyatmhgifged tHRdne eallﬂyaaaa%séten%g ﬁ)eﬂahleﬂotapleamne fafﬂymgt Agsahhed

into a photobloreactor nprises a cavity defined by: the contoured base,
the corcoundedihase atdoaﬁp pncs camgon diokide sitehwb systeTh d&pbgcdweﬂnn tel capity tdbn; a

four t h PR B B SR OB 4TS RERRRIA I Jecrlupmishihe e REERBREELOT 2, e
first shapedi %ﬁf)plgﬂlg@rgis&mllgﬁ@l@%ds §élﬁilé@dsy@@:h{ ipediiul B’ﬁﬁﬁtbu%l%hmihg to a

first axis nlen first interior angle; wherein first sloped

portio rdlm@teltsrb@tvg@@@hqutsh Bdetboplot minsrand sepming caibps dioxidesthepwgh 819 Garbpns haped
featur edu]%‘é gél s{eﬁé cfh%%g bu%@@E E’%\Qnéﬁﬁme@é Qetéﬂeé)rp@%fui) Bob' QRd A0 t he
opé e I ning a second

fourth's Pon X1 T8 second” axiI's
|nter|dm0an@hﬁm and wherein the third sl oped portion and the fourth sl oped
portlon define_a second substantially V-sh%ped feature deflnlng a second

Y

dept h; [P conlrbwra%&démﬁw,tth%ﬁor&@%ﬁi paserfgrther| coppiincse & R MG RPBIG: t he
h
axes agﬂg V%;cgg%})géf)@rﬁﬁh é}amf{ﬂ%sfﬁﬂhﬁg egyna f 1R G2th si@%%gamowné rther

defi ne di s jacent to't roxi mal end;
and t hqardmﬁtaad togi thied waik Idpﬁning p@hledjlnad}oa(aegib wherthehdfifth aloped ;iortlbﬁ @@d tHen

sone enbadi it further conprises: flfth sl oped rtlon and a

ST b OPaR AL ertibh delfps b R AR -SERen Regbiet Mot e A RS T o1 aoed

porti ony@&h 1R IEdIRbE éa@ d%h@é?y rsﬁ'sté’fﬁ hssdlﬁiﬁsb&‘bv'i‘tﬁnﬁthé '8!1\?1@ dn'"dt&{e!nﬁf angl e, and
wherein the fifth sloped portion and the sixth sloped portion define a

third silmékeatmtéetalsg/om@hlamﬁmt daatthe sccded nib hlgitinettlhlrd ekigepd whef@O#8atn some
enbodi d base further at. | east. one additjona
Subst anFib i bl AR BERYER Sy e FE RRb IR i BT3B R PTHEL S T
sonme  enddeabiBRLoT thd St £ tRLSLEhPASCamNWe kIR Siigle wal | s conprise foam

bl ocks. | 0080] I n sone embodi ments, the kit further conprises a second |iner

whi ch, as beyasneembegimpriadhe genteyrad byscdurihericamprises at dessiunceddisiosal and

t he si me enbodi nents, the first and the second liners
are fo% %@h Vﬁ£9&§%h¥ ‘agolled up, and the support structure is

di sassqoB8Hd. In some embodiments, solids are substantially prevented from settling by flow of
gas exiting the gas delivery system.
[0088] In some embodiments, the method further comprises operating an ozone sensor and
control system such that ozone levels in the culture medium are maintained between about 0.5

and about 1 mg/mL.

Shape of the V-Trough

[0089] The V-shaped base of the V-trough PBR systems disclosed herein comprises an
inner dimension that tapers substantially to a V at the bottom. In some embodiments, the
bottom of the trough is a point (i.e. meeting of two flat elements). In further embodiments, the
bottom of the trough is rounded. This property results in reduced dead space as compared to a
flat-bottomed tank, allows for increased mixing rate of the culture medium, improved turnover
of the medium and biomass within the PBRs and overall high volume, high productivity PBR
systems. Absent this V-shaped base, the propensity of solids to settle at the bottom of the PBR

is increased.
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[0082] I n sone enbodi nents, the first and the second liners are secured to
one anot her. [0083]1n anot her aspect, a nethod of producing a biomass is
di scl osedwonieessapri ses di spensi ng a bi omass cul ture mediUSRVR2O4@S57

phot obi oreactor, the phot obi oreactor conpri si ng a cavity defined by: a

subst ant | ped e Co 5|n |1's, the base ll's

meet | nghbf‘h nﬁlﬁl@sr% ofmentgdns h%%ﬁg) &W}V)ﬁf 2 SpICH HGicE s ChRWERIR |

o oxt P éq%%é‘aﬁﬁg}%?l;% Fof iR Lo HRRLASDE AulopIE IR PP & and &
wi dt h émtamsumgarpléerlpén@hm@tlaboctlmenﬂsethamléﬁple Yesheped foptuses dedint et agre def i ned
by: a proxim t to xi mal. .end n di st.al side
i 1 " adrBten et JpaphESEotiriertngt BhT SPERE S Ly AR il s

conpr i siechiges @itfeie@aﬁﬁerwang@mﬂ%ﬂ dePTh a§ ¥oinparedtSpBsed-shhpdai fRathike i€l ty and
ext endi (riig%par allel to the axis, and at | east one carbon dioxide delivery

syst em R prsese Riytvaiyang the nttawrta}lgbm@né/ﬁf derdhsef thaVathaped featuresdn gha BBR and
t he nmet f A r

syst om™ Se et S isC SRR, AP, L SSRGS, oy
and suppinipulgted &sbariotd pxboes bhsm@ei b@chcarsbamgﬂlmm@q)adeins\(egy system
produci ng bubbl es havi ng di ameters between about 0.001 and about 500

m cr onscomnosmgboth hetonkd andyratieal mixing). myticat diskibytien.dighbavilabibiss of s

O s oaghafih&on OIRGI. S8 3ol SRROSHAN Rl AERDCHLhcE IRALUO 0 PR

phot obi or eact or hot obi oreactor ¢onprising: a cavity Ined by: a
cont oursgsteinase dekpbr andmy:fma latniapberet appde thag thaotker \dishagrd ifortsresienalilifigdhen at

| east t substantially V-shaped ur es |n aII t he to r d base
conpr | U 18 37 Lol B aNES B3 GeePEanutol ehai Teitwier SISASIBATOR 1 on:
a seco Qﬂldﬁleo@-%ﬂaﬁéﬁrfédtﬁ’f%s hé‘ldta*]idirﬁ'or%iqﬁ@ SulRRE tfé&ﬂlxn% WAMRER nildaRe thaPRr tion; a

second substantially vertical portion; wherein the first sloped portion and
t he se(ﬂdd@ﬂsﬂt@rb@.d’epmguwnnqm@d proximate to a first axis defining a first

interi gl e rein, the rst sl oped rtlo econd sl oped
por t1 ol PBEH e THEREDERRLNEE Ak b R 20ECHBRL T Bl Aot A8y PR T <t
dept h; anber£5°n Ik bemé BinbedislcpREMe RASIE i PBet@Bsh d0vat Bwnrdmbshtomd RP§dnmON meet
proxi mate to a second axis defi ni ng a second interior aa‘%pfi and wherein

t he t hiqmbosiragus tivoinglon bareeensboytdlr end shaw 40 pdnspma ¢ weenss, fecoste

subst a e base
fu rthe:1E :‘:’%Mﬁ?‘? éﬁ?oﬁﬁ?%g %}d(()agn?ﬁﬁg ?E%Q&ng? ﬁ%ﬁﬁ hg%R%I éls Bgﬁeng Oggl)%( endi ng
al ong tdné aa&xﬁslzeﬁdlrﬁsomecﬁrﬂibcelnhemsllthkga@% paedieuladoutt80° ahe abogd12t. e cavity
further defined by a proximal side wall adjacent to the proximal end; and a

di st al SeMgemMhpdimMs MeEetaipeTmIsy 6aoyt§901 s shent 1) o ﬁPglﬁéiePWéiSéPPst al
end; th hPE&fr@éD'g%ﬁ@h@[ocsﬁM Sehe PBﬁpreschngtgﬁﬁmdl @h rzf’aﬁ%aﬁ@%taﬂﬁ very
W n p e

system sposed the cavity and ext I ng to at ast one of
t he fi risématkrisl cancertiagosenddsisexi IB‘QdLE}l'ldltﬁt Ab dastingtendecrasdsothe dotabiademe

del i ver m di sposed wi t hij cavi and  ext endi allel to at
ot kP R er Re S Syrint Al st a Bl b gniist
CoNpri SjchgkaP PR Htha beASwAIRIaH gﬂeﬁ@eeﬂaalﬂélcbm&ﬂsa%&%% RIT} iV AGME b fthe

bubbl es havi ng di aneters between about 1 and about 3 nmm and supplying
car bon adglexdedesasdsr dugime erebedimisots, W ogitigel mlwnseqf;theslg@t: aalls prtoeiie range

bubbl es_hav diia IS b tvvee abpu ons. ..
Cooss 04 b KBTHERS « PR HERaR P leur BRAe P SRt e M SR Phipiiy,

sl oped JraQifférem;vodlifesa si xth sl oped portion; wherein the first fifth porti on
and the sixth sloped portion nmeet proximate to a third axis defining

third i[A0¥i or Skksgradls cwised apwatddfeornithe H-Sbmééwswrm@r@ﬁseéh@tomevomma<hf sI oped

t d
ot b BAEPAT L b bpban el o LEPMLA T BRI
CaVI t y sand feotpeid pivgn peat all beer ﬁm@mohea&theah@m@ﬁantt He sbine &hlbamm‘:cnts‘, ke second

axi s andthethlr axis; and erein the at | eas rbon di oxi de
del i versydesyaltseiriong vartsgly BBWaCE hi AT RRAIIgN tar iae @Qﬁév P RYC P%W‘l‘rg? at o at

| east %edngfe R 8orht ERboditichts, I {E%lc&%ﬂ Jafpiif tlﬁ@lgle%pﬁoﬁlme'qu?e%@%utiQOBG] I'n

sone enbodiments, the contoured base further conprises at [east one
addi t i cbaht Hlﬂbsmeanﬂm alrthy:r vinbbdipedtsf ‘éatswleevall[s @ﬂ&%]m thislowss Eorinddiweentabout

oas der{ 0a5UGRE T oBF RO Sbha ol e vkt e R TR men” "

conpri ses operating an ozone sensor and
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control system such that ozone levels in the culture nmedi umare naintained
bet ween about 0.5 and about 1 ng/nt. Shape of the V-Trough [0089] The

V- shaped wease12fé6¢88e V-t rough PBR systens di scl osed her @Ch/UseopoiEes an

i nner di nension that tapers substantially to a V at the bottom In sone

enbodi e botto f the trough is. a of two fl at
el emen{TEs i aﬁ&ewarvem%a?rﬁ%ﬁe odi 3&?@%@&5 V%ﬁlsglﬁg%t %aa#%sg CHBGHEN.
Thi's prtﬁmﬁé}yfohﬁ%ﬁg% LAl r&ﬁ‘l&’ﬁ@@hs@'&ﬁﬂ)lé Gfti8S. EPM&QO&d%n@ntE ltad cmtyt oned

tank, allows for i ncr eased m xing rate %? the culture medium i nproveéd
t ur noves asigtefermediinim and bi onass within the PBRs and overal |l high vol une,

Sor o2 et b R BT PR DR Rl PR SSaS Bl RgRars!
2012/ 160632R(el/0yIRO R0 67hd-618 Q]ldl/Br tddlinBRhpRIPOMidTeRhEen fild obage Of the

V-trough PBR system conprises nmultiple tapering inner dinensions, formng a
cont ourtsemiggels o heriplumep ef Biglyxstems ﬂ@ldeylgnectu@alwe@st@amateé@l&qumgm\ﬂ'tbl I n

sone e pior
angl e g RySERlPiy BIOB AL B Giok SRR TR M ERbH BRI VAL 0
f eat ur egg@taf b iartidh bf ticanturé of e |bwmaaﬂgilg$oﬂtadﬁ@mod épthasutsregonpared to

ot her V-shaped features in the PBR system varying the interior angles
and/ or HEpeHEcHRl naEnsjers RAPEY to dha ?Prl%‘é ¢, japd m{er pRpSHE paRMmetdie Wi seMsg,
Conce”te&ﬁ}dgﬂﬁent?@ﬁé Wtro?&htﬁﬂli‘%s%fm Isfb%t&ééhta%&t & 20 O{]nﬂ%blﬂ 1%%3% Sygtemis
mani pul ated for various “purposes or strategies, such as strategic i Xing
pat t er nfarthe. anbodonenps, itisd sygtebois loviorl0Zoatlahg.and vertical m xi ng) nut ri ent

distri ion, Light availabjlity cont a ti contr

crvodi A€ ¢ TSR @R R it 8 SARURCLTed Rethre SierahedPLE eeper
and defﬂu%eﬁoﬁﬁ@fo?é"@ﬂcl&ﬁﬂé ﬁletaﬁgl% of g ‘@Isﬁ%ed\éa%‘ AREHnf-BALAY SSthe SiBARINIGY the
culture to have volune harvestéd out of the deéper outer V-shaped features

whi | e tdné thadrdhengtiviadd ivadti-of Wap¥draught Gicesralipl fdr Bglyelepérsientfiomhtsriels) t ur e
for mxin u har vest,i is concl.uded.
L5001 Hifhetlnd sagetsied s B Vhime R AEPER ShlE ot b i f R 8
mor e t had c’peite d&he bidnR@iRiLiahRdt. MBI ¥-trdulB iangiRcl o Pat ot 34 and
about 140. ??useone eerrbodl ment s, fgftﬂhe anglre ?slbet V\%gn abougtmgtgeand about

140. | rprgmvéwﬁ@apwm whern the vahgeeofjasvasenl isigereasseu T hg surking asesdatvolpee | n

sone e t In some
enbodi ne qig tr})stm%%ﬁ IS%HCQH %e t\ﬁggn%oul%}é r‘%gat%%(ipg%%{o 1%%Qsorre

enbodi rmdsthsmrlilbelrangh@ uhﬁoutgﬁtth\eEBRamem vallQe@ind diffotitig 4Q6untdbelighngl e

depends on |.i ght geogr aphi c Iocatl on of the PBR the targeted

bi ol ogiCAENGIRE & PV Pfger EY% R RO IBatsa el lanmé%?ﬁéeﬁﬁfrea&r.défﬁal feoqy td g

product oyt rifs chfRa@fQ! € decreases, the total volume of the PBR

decreases, "assumning all other di mensi ons are hel d constant. The

subst ar[ﬂﬂ%ﬁ]l y Vbe tddoatiorpaliseitioale sblidshe tlhra&;’ermhlPﬁl%amtemstcﬁwdbseéheﬂehal ly to

conpensate .for .l 0SS vol une as the a ses nbodi nent s,
the verltpydss ap%glel?lami T e R U T M

combi najel (9A ik &&tfnlaeusr GN@RiRbntiMogs hide mleee&mttﬁg%eeesereaﬁﬁ?@%mﬁh@ af @
plurality of different volunmes. [0092] | s "'extend upward fromthe

V- shapédalb‘@zQ@lC@@OHﬁ@r@metSﬁéed e lids. Faﬁhﬁmbmu&eﬁee mm ﬁeeﬁnwénsadde bgal | s
extend, the,v ai.nin he sa

oot pr PP POUIENE: on i Bt SR ER L SRR LB % R "eorre
enbodi MeptSicd pPhebabilie oP@Irlivirgxd: eivcidRed ?I‘b@hétﬁ’l@m etl ferDABE tiefEpEH ment s,
t he side wall s extend upwards at an angle. In sone en‘g iments, the side
wal | s reérfﬁ@@gl AVIEPH ckness from between about 2 to about 10 |nches I n
further enbodi ments, the side walls range in thickness from between about 4
to abo some enbodi nents, the side walls are straight. In
furthe;&aﬁgblgkfenggy“,w‘ WO 2012/ 166883PCT/ US2012/ 040157 the side walls are
cur ved.[0096]s onEhe pixodtilivenyt systetnh @f gicdé-tnoagh EBRystvns kiagpkdedbrseinaanbe such

t hat the form no, dISC lrnlbjrleegas atlon In some

wal |, w
o ey ks abgionEintying e PR3 Slivery systems arc
placed strategically along or near the axis defined by the bottom of the V to keep solids in

suspension, and to provide improved mixing of the culture medium. Mixing rate of the culture
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[ 0093] The desired | ength and vol une of the V-trough PBR systens discl osed
herein is determ ned by the efficiency of heating and/or cooling capacity,
and ret enwDanzienss3of the bi omaterials. The vol unes of Phe/tsgeRewESAr €
designed to harvest biomaterials before growh and productivity drop off as
a functiop of cell lo ity and cell vigor, Cell. |ongevity and cell vigor
is a fURCHIBND efﬁf&mﬁ%ﬁl&wé?{f‘owst%ﬁvwwﬁg@ﬁl%eser iBGAPRRAHAE PER AR ne
CU'tPr%gﬁ%ﬂﬁiﬁ@ﬂﬁ?@ﬁ@hn@@&ﬁ&ﬁhﬁhé,@Bﬁhhﬁﬁqﬁﬂ%&ﬂﬁm§ﬂhk&l%on@&pmwﬁter

chem stry parameters. In sone enbodinents, the V-trough PBR systemis

bet weercoathmation Svifhetbt gandeliabiguty sttalofreistantlion girculate the ¢ultere madioni fenoms t he

t i 100,.f eet, | . ..] 0094].Th ] f the V-t . PBR t
o ot T oo it T S s TR o R P b of hEPRRIRECE RL° ang ) e
of the JMitshdP@dadRas enix bh@oftiFeRiEE BRTuBhrct&ish d@ead 4 Siratéé ntikiag Qu@sal |

| ength and width of the V-trough. Cenerally, for |ight-dependent
bi omat e¥itkin she Yrivagh PBR typtenstojmepeisad/ggnediey the commtierts af e PBRISy st em

decr eases;. . du i e ] Xi d.ex r i i.al S1.1.0
ont - g € obflol SR SAREH Y P ALEEBER IR AR ST SR,
occur s théepatdnectatobainee fricd deparilg disthe Ron@ageton dinte sddfuac eRae @dgln vol une
ratio of the V-trough is such that the bionmaterjals have a greater exposure
to |igHtiect@n, B%mﬁcg@m APLUES $1EEH 238 INRFioR RBRIGHC sivde PRI Of &ff Wiaction ecei ve

differi i o I d { an
11 um rReeE N Engh o GO G RRAALRG STIAMECT pIEd (36 LA e

ci r cul dliidmladeta6dfumped dlnid indlowo indet plhemidne oS pdmpksi filuid bhelow- tcombigled PBR
systens di sclosed herein provjdes .a significant advantage ove Xi sting
dovt cesvUEE P Eiprd Seyjed wiieahS BB irianer R BT enr unsarne SobefiRbovs or
sem - CQpt ARMAYPuMPBELn Mbie! tBarfacditclBorf Qi LSV QAUILE BN T R cAlftthe

mai nt enance costs to renove settled solids.” Further, because the system
does nanediemdrano s¢idingt dpparde pabodidicats) flyid ippumpadintimge theague doyctad tyxi st i ng

he bi i d babj | i f Vi Vi h
Gvei r odtSHnERIRED Rt o db STus PoROSRe s btefnBine i Wl hiPalln MBS cac
Del i veriy aéchi&lcdfhilolB96ycling sgRboidelhivesbya Sy REHEAB cieduit B @cWérdeRinghroRBBns Y8t ens

di scl osed herein can be used, inter alia, for efficient mxing of the

cul t ur somsdnihedineiss, desfleid cpipprigessyaiereds seme epbadiawnsy thatfbyd eampyseatheng or
near t i i t -.hot J i i . S i on,
and to rE HedtRin KE0aty; (7RISR bidfalech, SRS R Mgy BB, 2

cul t ur ao Wore3d He1H6808 B Hib SRR R/ DB4ddintaashtasiwithnhdBglaeprkildahg atgloytet he gas
delivery systemalone, or in conpination with ot her agitation nmeans. In
sone er%%‘i‘l%ﬁi’-sl,n 0119 GRRPATFRP-r{Re S3P0BMIISES U5 e THItBFEIodi RS Hhs &%t i on
wth the cdelohvery systemto mx and/or circulate the culture nmedium In
sonme enbodi ments, utilizing the gas delivery system a fluid punping
system[0097]a cOhbpmatdlioaryodystags tdasclosed heamscah pratiuge gasdiubbles iof garlyaigesizche

cul tur ium creates strategi c m Xi a n wthin the, V-trough PBR
SR B ik B 8 G S R A RV R SRR AT et
Cont r olriaf, 18Xl BIBHLIRL&URNA Bt efftci@PnditifE Wihild deHbiBH& ARGhY Bulhe

inportant so that these paranmeters can beé varied depending on the
concentmediionessfellicientlye dicapnd, Rager tobblgabavenicdeded onrfaggeascd qjnesrddote sapdet ur e

si ze, gas.jnjection. aperture.shape unber of gas injecti apertures
o1 acermpblst Satt i dBR N S aPRTT i DR e Ry S BRI T PRkt on
of pumegd dflabicefectnaBe PENS R syl Qthilt Istialed BifbbRWcaabeli@lizeal facmprnt  of
punped fluid outflow, conmbined with the V-shaped design drives the m xing

ef f i ci exibgicweas HefTusinstinim the pysécsire Inevomescimadimscnte.fubblowizs is sonpiatisedy ithe mor e
th i i : e Sy S f
cort GBS R BUSRRGoL1F L SR AR SRR CSKHERG, ot o

by al t entiéducog irtd ehcl sybtein, ambltho peifetatibh,quire, liflj e stiepotithgdirtiendraorifgk tseenat i ng
the inlet and outlet flowis achieved through cycling sol enoid val ves or a
Swi tc_hith@ugF Peih the gas i vFasuoesling e cultiis e W-sm%%'aﬁﬂ%ﬁ%,tﬁ% he fluid
Conpri SeEyLRRLES betdvébnsa%Ft_ FEEQ{) oUBD it i Bi&mbdeYi Fh s%%{@érhﬁo%li%m {18 FUbIVHI&

medi um Generally, for [ight-dependent biomaterials, a higher rate of

m Xi ng arsbetesen esbut d andeb@aSenihe deammtert arof arbussrgirenardly $orcromdimgthe wulure
contact wy.th th i ght .esulting | reater, productivity,. In some .
oobod: rerien. I Bripel O podiFR B R T A IS I BB i i om PR O oapicro

conprises ozone. [0097] The gas delivery systens disclosed herein can
produce gas bubbl es of varying size. |l e size affects several factors
rel evant to the V-trough PBR systens di sclosed herein. First, |arger
bubbl es result in nore efficient mxing, while smaller bubbles mx the
culture nediumless efficiently. Second, |arger bubbles have reduced

r o o o o o v o o o o o o



WO 2012/ 166883PCT/ US2012/ 040157 bubbles). In some enbodi nents, the bubbles
are less than about 1 mmin dianeter and are used primarily for gas

di f fusi orwOroe/tebss3cul ture medium In still further enbedirmsneigp4daine

bubbl es are between about 0.001 and about 500 microns in dianeter. In sone

enbodi ,. the gas delijvery sys operate gt a pressure between about 1
ahd abdubbE g8isomg B @@Wéﬁné%/ B Bles o 5% Thtn thanf B Bb e i Ebout 3
mmin Clis@dffﬁltiﬁlﬁrﬂy' f3r éé%%ffﬁﬁ@&ﬁit@ﬁ{é_toﬁituﬁe' thediSmaRRLie flirder BmbsthRlcRtsSihge of
about 1 to about 3 nMmto aid in mxing the nedium [0098]1n sone

enbodi rehbks ateHteedntaboat el and dbout HY ricrersuy digpredtrobn soreacmbedisystsens
disclosgd hq&§in i s mxed and/or circ§I€ted tHhed%ﬁst Iiverﬁ §¥SH§n1in a
st r at edlcEHi SN YPAPEER RPCIPTY 4 8 RECSEHB OGMRERL LU HRCARP Y S dF §RISTHt he
V-t r ougfubBRAIRIFPERASH @boRVISdndBoth SmhPmeHai&tLi I sbfeFhbRdinkhd, alr is
circulated in a strategic mxing pattern by a fluid punping system

conpr i sippbchit 4 adble staseoffabaitd touwhput Bmn Wasd ioREingicMediwR. t he punped

fluidi e Vp - I t - id in the
L oulooe I MO ndonl, bR ORI AL A0 HIRRITIESE) S
phot obidiscb@edl hereqyis heiREd lidée crgabtdddyahs ghsdativagthyataal/ial sohtegiclmixad; i N a
strategic mxing pattern by a conbinatjon of the gas deljvery systemand a
fluid PEHpinndn sgee embodimeaisnicsnivgimedivg in theeV yough RhetphigropFtontystayas

del i ver - the ' | ow f. j wgqgﬂ' : :

conbi na%{?%an&cl)? E?gegf;@?g%&ﬁxﬂi{%c‘?ﬁgﬁ%ﬁ%rd al?gg{ rgtr?ytfgh\/\lg} mé@%ﬁfﬁlﬁ%@ rpﬁlf]gjqrr%?: s and

| i qui d sybtasecofrposinzhat laaxti anetfhmdipasp tdt éeastogneahflowdorstiis pemped fluidamehe V-

enbodi nents, the bionmass is exposed to lLi.ght near the top of th
ol r oul At B s s Fi GOREmRRLO RS pHaY adDuh ORI Ko ul at es
out war de L@WRE gt%dfu%?instl’l@ m@@ﬁghﬂiﬂoi'ob‘{&&idt&gsbs@&rs td?s@fb%ec?ﬁer&ilﬂels Hﬁ’ii@e%l érf]Yﬁyo'rs :

whi ch in sonme enbodi ments provides for additional exposure to light. In
sone erdigdiatedrin g stretegicouixingrma ttrmdiyumearhianatraovas shalgasrictivery bastemwat] ladluadh d
back towards thf a>ii S whe%e 1 he p{hlocess 1[s Eeg}{e ted conti nuotusl ﬁ}?ofﬁ ”

seni - c AN ITHLBUSTY RO TREP CHUTERISHE §7° SRR 1S '@785&% PP At 6If 1€ f ound
i n U S.fldwhg Won\NofTufd, pdhipiil 6/ stetn, bk bmbinago® 6NERNING fIakd, \Wohd&htes 8n upward

i ncorporated herein by reference in its entirety. By creating strategic

m xi ng paxceanhel Bemassyadi gt Bhasy frandhe exis itevrily thgitemeinthe Restamt Foseghe ¢ he

benefi t - I Of¥ I - ' ' ; [ [

rr equersgy QiR 5 shaGef ¥ St BeTERL IR drPfe i Bl or BN ERRRUE M ougn
wher e |soghtenit®danaitd, alid mediom thwotiesynth@itivardaedwards she sabstamiailgasgichln t he
amount of biomass mai ntained jn suspensi on where re ljght, nutrients, and
gases AREIANAN FEDies W_&ha Vﬂll%@se%émwdwmg@vgd@g?qriaﬁgl_tleﬁalseefp?%%go of the
V- {1 0UGR NG SrdcRsddlifbihs, RULIAAORSdiVAARRES: @56 MEBalARE orldHAR] I 1
some enbodi nent's, the gas ‘delivery systemuses positive pressure to prevent
i nfiltrtatvhals thef axwg twdiereathd potchesris capeptod eotmuionsly ot kenigamtidedusizerkurtgst em | n

further, enbodi t.s, perforation, .pore, injecti i rture or

or i 11 CASTITON DT Bkt ek ah ety BV RIS 21T et Sl et o BB Hi s 7

i nfiltr@hicaft JTwhitl BGMoBSoratSdl GBrefshPfcRlr8ldasn ithaNiiRe . ) aehtidy stRlpght s | ess
t han about 30, 000 Dal tons. LOlOO] The ?as' delivery systens are rrage of any
sui t ablmeixing pattceisdoth hprzonte!le phduenredtysyithinahg ¥ straighi the bynefiistocthe conpri se
ceram G, staLnIesststeeI. ruerré gLass or gok%?thﬁgene %n sone

enbodi MBATES p HE QLTI VRPN AR HAEH T TRUECY PHAMPUBR ISP Shg t he
axi s ofcitchrtod-iftdgRetodasehe PaFfdugh atheek NdH: s Hallhile & pdBtosyRBERSactivity a6t i on
points, apertures or orifices along its length. In sone enbodi nents, the
gas delin¢essy is fhoramauabapbipRiess maigtdncdin syiPaesien WacreIners bight, ntsisaisnast s,
bubbl €5, 1.6, SPARARE. L LadDE TR INEAHE0F LARRLESFhS \RhuoTERRE RLE and
other raterial s havi ng the desired pertoration, pore, 1njec §on poi nt,
aper t urlggh@mueidntd, asd giszearcangigabld.n some enbodi ments, the gas delivery

system conpri ses a GravgefémTechﬂol ogies, G asgow, DE sintered netal filter
with a [90%lcr ofp s¥Rcerabodiments the ga ERYPYBIEMSYSSY BOSHE COAPIBIS tAIPERCBe i nt o

grow h ; i j : feradd p i njection
0 T of QB0 SUBASRAL B Dt bl S DB

s and/or slots. In sone

enbodi martodimé¢rtis pedbesionnmirennjsttainspoanteamrivendraxtifice sizecasdlgeted to prevenher
enbodi ments, the holes and/or slots are oriented at an angle to inprove

m xi ng of the nedium In sone enbodi ments, the holes and/or slots are
arranged uniformy along the gas delivery system In further enbodi nents,
the holes and/or slots are arranged rahdom y al ong the gas delivery system
In some enbodi ments, holes and/or slots are oriented both vertically and at
an angle. In sonme enbodinents, the line or lines conprise perforations,
pores, injection points, apertures or orifices strategically placed al ong

v o o o .. o o o o



i ne than other gases. In sone enbodi nents, ozone is delivered by the sane
line as ot her gases. In sone enbodi nents, ozone is applied constantly. In
further ewbadizersss, ozone is applied prophylactically, PCO/USR@&2OMi157
contam nation rates reaching detrinental levels in the culture. The anpunt

and timn of the one application for st r|I|zat cu e

det er mlﬂﬁ@raﬂw PE@O@ Riesrit ?&PTPF?HEu%%‘F%WO Aleg yiig @ﬂﬁﬁdh%ﬁw 5@5@% is
applie evel s between about 0.5 and about 1 /L for sterilizing viable
ppl i echatonk. my g
cultures without effecting the targeted bi omass. Carbon Di oxide Delivery

Syst em [pmm] TFHbe gay dndiveryi syxticnne acheinideoijang psitaie meferialse IVsemough PBR

systems herein are separated from.the .gas deliv st ens

S bon SEREdh g Py RuR SRRE T ik e R B 8k as

al gae, tﬁ}héﬁ?‘e IRKYAS eﬁ%o@mﬁéﬁfsbﬂl@ g%@ HEIGRry Jy3&ns ERapRch @mmeiurﬁﬁﬁgmangh oxi de
and gas delivery systens have t he advant age over, e.g., a single system

whi ch db¢ ﬁX/lé pEthe af- al@ﬁpedl pase prrfarpted c\h@d)eaﬁoratloby TI9&ISn ) ePHiPR PO tSo PRI ATgSor

m Xi ng C r Livery

oyet em s EBREMN RHAE T 3SR ALl s kTP BB R T3t VT

si ze. Apaﬁgmgwhm he rso@asmesdmfeatsbbﬁbtdd:me sieargadoibloeths niedivad fhecigh ssaniesal
factors relevant to the V-trough PBR systens disclosed herein. First,

car bon SRchnegad ra%ﬁ}de@h%rdﬂat%ﬁﬁ Pi“ﬂﬁ% @etd@ﬂﬁ%%%@rﬁmnt a@es%@@am PYAH, as with
ot her o Le smal | er
bubbl eg@gﬂﬁ@% gﬁcg:]g?&ure ge &u%n%fé%ébde ?ig[lg glrll%is é;ré, gl,t p\grgégcagr bon

di oxi de(}ﬂauhb]‘@hncbiames iGlesgeas &F Smuef@dqeetalrﬁiszrmﬁmt edcrbn pbar@z@rthduubbl es,
resultn&g in nore xchangF with the culture nediu nd no%e efficient

dol | veraeEd ihagaiPe arbap HoRRc igograv B TEdia W Tir MRS S| so af f oot
the pH ﬁ%{rfoh{ﬁ%n§ Yot&MnjdcioR Bgﬁtse FROAH CERIMoBifi BRI RS hoRs 'aﬁd/SPﬁBtrsC"hIl §shdy the

type of gas delivery system the pressure of the gas applied, the density
of the qawdbeémy thnhaledudean siats acohientsy sewieplank ﬁlttbeqmmtfoarrmnt@ the ipdese,
injectlo erture or orifice size. of the t h which, the SIS
| ¢ 0B S ePoe RS b GraingBHe PR rSid ocuiSar Rt 7 sPHs SubdigRs, o
bet weenhahels aﬂd/@%t@@@%aﬁgmmfbr@ll}aﬂﬁﬁgfhe dafl dsloney exhasli EfBer t he

bubbl es are bet ween about and about 3 mMmin dianeter, and are used

pri mar idmboddgpents, *hml@olewdéqﬂstqﬁ& arogEangas randprplyreiangrthe stsoltlivemisystomp dn

bubbl I

enbod nopFerPREneERp RS St o?y By IEAT virtichl M Bp BB Bidomd & D00
pri mar idnybodomerga shellidd ardines compidset eefocatlonblp@rdse thij¢tion boinsd, kpdrturesdrher

enbodi nmen t he bubbl es are between about. 0.001 and about 500 m crons in
di anet é}ﬂ%@ stgtegicablymlaged alapedhair lengthdn gehicyeroagisienRd SONERRRIPICHHE gas

del i ver %Qh RAGHL2 ssure

bet Weena\j{0 gﬂ%ggor]lr%@g\ﬁ%ut S&é psi fn%é%%&%?ﬁ%&ﬂ%t]%oﬁ%ﬁ%&o i eétaween about
1 and adommsanﬁmipmrejdiﬁﬁmdsrer In t{dﬁﬂfﬂﬁ]]lbddlmm thﬂbﬂtﬂ)rawtssporeanﬂrjomammmtsie is
applied at a %W%[%e size .of |less than about 1 mmfor efficient gas exchange

for enHRALINY GSyRI'REST &5 “ilJﬁCté%lrﬁ?r@nbodl ments, carbon di oxi de bubbl es

are prggegted iMsdoeetb&di@Bntk % siﬁgae §3dlém’efyas@/91%m 15%5%%95&1 vidhegspaiRace
area of ten 100 micron di ameter bubbles is 1,000 tinmes the surfacé area of

a bubblsgstae ilngome dinkpdimentsofhe Bystem cPhgrisessadingle élnaneréwp@de’ﬁth pdrforgimease

di | ved ' di d bubbl
iz T anbe Ly THTBRY T AL RsBinenS PG MR G b o VIR, oo

rate arsgistembtaiseloseczlesrem%aiptfg@nmqﬂ@gasc&m@f@tsw%m@ nhpione:eaérb&umlments the

di oxi de-consumi ng biomaterials in the syste I n these enbodi rrents car bon
di oxi deSypemsa@pIrisean araytqfilmes Berfqréteéva%mfoe%weémor% inggetipm POWES, syst em f or
maxi mumeh{ioCheAHces! by SHPCAIRATLIENS o A1l BG: SLARUMGRL OISR one
concent I'on I ncreases, e anoun i e require

benef i aemhingrtbistiph af Isast aport@msEdne bﬂﬂlﬁ%}dwam&ﬁﬁﬁigaﬂd: ity f thde-tamapbon

di oxi de_del i very syst rLB are di sposed adjacent to the gas delivery systens.
I'n fur tHRE seseudingnied et carbon di oxi de delivery systems are di sposed at
a dif i apes | ORAI-RembduiHOAE WHERAHL MR duiiv 08 1 AR adkiPKBRRydehi very
systens are disposed away fromthe axis to provide additional “m xing al ong
t he si disalmsiet Qere[tﬂib@t&]el 1mpmubdelntwd]srtmttds not hencthe bomads,duk Bl aehhibeithe

system US Sitive pressu
y Towih SHEdntaminants of pre(ia?ors In some embodiments, ozone is delivered by a separate
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prevent infiltration of water and ot her conponents into the carbon dioxide
delivery system In further enbodi nents, perforation, pore, injection
poi nt, apEotor2éeess3orifice size is selected to prevent iPafriusteas@n? of
nol ecul es, such as proteins, having nol ecul ar weights | ess than about

30, 000 Dal t ons 0109]. The c on. di oxi de del.ivery systens are made of any
sui t abl&© %De?thalgﬁseﬁ " $efme e@??ﬁ%l&}%n%onet%elaar%&aytﬁﬁ SHPUEIG G Bdr y system
conpri §88es thishife EHBOERENR! SRMCiNE PR Solarkife Y rRHRP @&b@&iﬁ%mts?@iofn@ hat ed
with pefforations, pores, injection points, apertures or orifices

di stri bwpked atIOthdacrttoglly,etngtd’venﬂ ongonRatEmetts REwhiog detrengpéed ledesls inghey system

0.t RSB e R BCER Lt o QR BnT B, FERk e et R °°

havi ng dehemiRgivyale BRftiinghi iQRucfRhe In kéth€6hbedineRisNézond REAfpUEE a0levas i fi ce
size range. In sone enbodi nents, the gas delivery system conprises a G aver

Technolbs§iess abant g end alpmt & img/b fersterilizang Yipble spltyyes without oficetingthgor e si ze

t hat '%a%?f%ﬁtbf 19 spargi ng carbon dioxide into growth nmedium In sone
enbodi ne he perforations, pores, injection points, apertures or
orifices conprise holes and/or slots. In some enbodlnents t he hol es and/ or
sl ot s aCerbonilEokidd DediverycSyskem | n further embodi nments, the hol es and/ or
slots ar Qrien dag T?%n a glg to i nprove m xing of t he madl um or_nor.e

of fi ci dffas 1 B2 bhe M5 7opgsRBR gy items disglosgsrein
emodi TR0tark RERAARS AN 00y UL s 2 £8h LRASRTS WolulrPl Rihek@ih bhe car bon

di oxi de del'ivery syste her enbodi nents, the holes and/or slots are
ar r angetanyanudford pedik.ongh ehdgearbdthudisaoxede aj@lrb(meso;ar@ Sitheseparaticnorfe

enbodi nent haol, e nd/ o | ot ented both vertica and ai. an
angl e, FICaliE e PRy Biet R b MRRERE Bl 5o SRR REMORER Dor s,
i nj ect | RIVERIHLEN dRRATL S REcPkir,yi P oISl GHiagheablive Ple&esblang t heir

l ength to achi eve consistent and congruent pressure along the |ine for even
gas d|§$9mﬁwbh In sonme enbodi ments, the carbon di oxide dellvery syst ens

conpr ' zﬁ 10: ]Cr OTROLSH 1'1 ]a{oy(isc%rdséhvi %s?lr:]ms dlsﬁ”%del} elf-ii c%n E;tg e arbdidiSxiqdr bon

di oxid lvery systemi1s pr ese eacC rou system n sone
enbodi rMebbks of hayBgSiRMAGOMH bthesgRssS| agben dibkide rbeblilemb aﬁfem tdvehnd| es

and/or slots. In further enbodi ments, the V-trough PBR systens di scl osed
her ei n fagASrElSEaIT thepy érogaluPBBssyaﬁméérssbﬁedjh%szmd@%ﬁarbﬁjl dioxidsrpubhies t he
cul tur n

conpri ?g@%ﬁfﬁt&'ﬁ}xt‘eggnﬁ% or% ceh ktgi‘?l'f %édﬁo% te@hgndﬁ? %stg grgor}% gl xgsﬁly[slﬁ%@trof t he
gas deldffiaeyt rﬁymtgemhllb snmmréaubbhsdiinﬁmtmltutd"tﬁechymtlam&ﬁmmtlys eecaml,ar ray of
lines p | n sone enbodi nent.s he carbon

di oxi de“”tfi‘%[ %téf%l %é@@ ﬂvﬁ@%ﬁ%ﬂvgié&rraﬁssleg sy gee e CORMATSIAP 1%fﬁ?fd%@hfeat | east a

por ti oneQfiti R Rérelolchdfod\@lth thedeitl rﬁgdlﬁlhedna%r& ¥fRfent Bal%r%spmgh PBR
systens disclosed herein. T0111] The ability to i ndependently change the

bubbl e ®witwa soﬁrCte hethgasltarednghuh o hdi criathe afiiett the pkfl oS ylst sypseni. nintsheeV- t r ough

PBR Ler I h f f d t h

bi oS B PORE o b el B At e S gl S B RSP Ll o
St abi | Ig?a@ﬁﬁplieglﬁé]déﬁs@ SFehOSRbeAOMR0 13RS iH thelRERAN akll %'p@ﬁ“oﬁiftlﬁﬁ?o ré,he pH
of the system To custom ze_and stabilize the pH of thew}/stem pH buffers

are usdd ecmpm@te apsrtus-pseraisic] SilZ@e)rféhfaﬂthMé V@,a@h the gheisusieeriuged iteBist ant and
benef i ¢l g Ihé) 1u11}1"’"c11§ s§hd er%&ﬁﬂfen%‘ e bu ee%f Ia!n?t'l out 19

whil e car 1 OXi de"is use cons an an ene I Ci a ow rate and

bubbl e cﬁarﬁetelt anpboictbotxdnid) theefubb il archetweensabopt }/Hﬂitgalﬁ)uﬁalhhﬂﬁh giamicae, t o
t he system wi thout the need to vary these paraneters to affect the pH
[0113] 13 Weém%fﬂrémxmﬁéh@o%m wediyms Induithes cbod prggts. Bsbubbles atfs

di scl 03ed than about 1 mm in diameter (i.e. micro bubbles). In some embodiments, the bubbles are
less than about 1 mm in diameter and are used primarily for gas diffusion into the culture
medium. In still further embodiments, the bubbles are between about 0.001 and about 500

microns in diameter for high efficiency gas exchange. In some embodiments, the gas delivery
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her ei n undergo phot osynt hesi s, consum ng carbon di oxi de and produci ng
oxygen as a byproduct, consequently affecting the pH of the system pH
stabilizew® 20ew68880 stabilize the pH of the system suclkrCrhsbomlogo1ef f ect s
on pH of changing car bon d| oxi de and oxygen concentratl ons are reduced or

el i m nated. Exenplary abili z rs | ncI CI ug1 car bonag gg}em um
dol oni t¥STAGS ORYR ot ﬁege Fivres bl 8%"1 e SRBtratc byBblgswr
hydroxnﬂﬁwagnggmjngﬁgﬁ{ygnng{&ggg%£166883PCT/U82012/040157 [0114] One
advant age of the V-trough PBR systens disclosed herein is that there are
mul ti pl[@10Mdt hol:tssqrm: @mlmdimbntts,nerhﬂﬂ béxitdhs a@plé@dama Hubblewdier lesathporabditioxi de
flowrate as f ow I e and bubb ize H
but 1 er o S Bt Sas ok Raneiokt PbaBde phapyh G s e Bafimits, Pitor | ow
rate tQigkiybeidladdé preodabd BAhOMCroR W G- rh@réthﬁngé OPRSkainBlel THRIsQMEBce
producti vi tfy wi thout the risk of a detrinental ange in pH, since control
of pH et tmz é@%meﬂrp@d@nwteé@ub@ewrh(}@l tirags thnémﬁ'c}qe@featqf@ bepbledwvingiakew se,
m Xi ng t i u flow
Fat e aribfept bt el SR LA GRS Y B EDLAC e O
detri mnhahncuﬂ@ng@dlnﬁbdphhaebdﬂﬁememdueésove Har vesting Aperture [0115]1n
sone enbodi nents, the V-trough PBR systens discl osed herejn further

conpri 481061 har {nesamegmbgstiments ccarhon ¢eﬁéw|apaheda4t|a rgfc agd hyble size grlatipgto

bi omas i I AR Ilﬁ&ﬂ erture is
| ocat ezhé Fir oug 10%%\f§gasbtong{bpor ti (:I)ﬁﬁ%&% gdég%lgp?tsh:aggé{wal . g,[ 116] I n sone
enbodi neertioslimdras, webbn nipxide acomiplirdhtd toythabibomst @chcentjatioh iiwthesfstem for

nutrients, trac eIe ts, pH.stabilizers and/or,_ .water into the. system by
the nutPEREM ] ﬁe@m @%émbae%%%éaﬂﬁéra&a}n&bﬁoewoemgaﬁ%nfém

har vesthOgmbentdF SHTBh diaas IJ@émeard%f boncRERl PaUsn alkd idcitkker enbodi ments,
harvesting is acconplished by a punping system In some enbodi ments, the
punpi nd08¥AHt emlif samdembasiompnts.sbs cepbnlp fiegide rdtebea”y pymrm areskiponet adjaventtar t her

o o s F R A s OB BB PR Hhe e RO Sioa G BT Rt five

bi omas sdigppravad differdht B€at\mt MRVeHe E’IBBO@M&h%fTIh% REAEERId® DAi¥ESly skl e
and/ or the bionmass which has had contam nation renoved by a protein skinmer

reci r culisnosed awat fiemdhg s  nravidpadditionad gyrinpRRNg\Re @de MaHdugh a return
struct In sone €

el pﬁgsd thz %‘?% nééf}s?lfis’oddg&ﬁﬁlg%,ﬁge Eeﬁrgoﬂ Slog{d% & 16&%%&8 uResy rﬁ%%fvg h&?e%gur%?o

Sh ruct Wrevenoinfiltras diiwaitdrgnd bther 6 l@mpcalnadtscmtoahaangdns dlokfdﬁ?d@ﬁﬁelr? ’Rbpackhmnt s,
the return structure co ri.ses a single pipe, tube or chapnel. In sone
enbodi rfEREY cnipd ety rpﬁr RHOBNN @ 11&98%%&%@ SRSTUTprerifice size it splgeted tand/ or
channel eve!tlplnzﬁq’tgﬁlo%ml%@és such R pFREHE, hadi %‘ﬁ?&lé’c{} r'v§e1%4t§ Res&AnqHéR! de the
cavity define y the PBR 1n sone enbodi nen e return structure is

di sposedd, (M]Ot[baltons he cavity defined by the PBR In sone enbodi nent s, the
return ctu i s.digposed within the cavify defined b Rand

o oxt Dbl B eahonARGRE SRy ary oV PEo vt S I et bR Tl Y0 Sore
embodi r%mo&m&h@ thSdabdh Sibkide Hb‘lﬁ&‘erj? TR bohpaRS aqme%ﬁm@%ﬁaleﬁg tHeaxisrot h of
the PBR In some enbodinents the return structure runs at |east a portion
of ci r dherVeshepetebast, Rm@rmlthwfmmgmme@e&amwmm/mamm of 0dfig}si n sone
enbodi r et structure rther ,conp es at least one p

cont s gnativyg! Hiek BoLRHT b FrEE e tm G (RIS Hehs e S aBiR or tne
at | easpa@ify MdPEn sbite SHBBAIRMABI bl sSare Eﬁlﬁ%@iﬁhtofthg RUdiunk GhéudhsstSaldCe
produces PAR In sone enbodi ments, the artificjal | i ghting source conprises
LEDs orstagl.apesnlemsand othergnetcrash bening Hieslosirgdepastoratiang pere, injeghien PNSour ce s
run co I e f t ce is
un nonPetR ohfier Jo® Rl SRS, G EACR By PRI ™,

appl i esGﬂawghrecaholaglm &Heigemnﬁﬁntewdynaylcﬁle:r with &DEcrenpoct sierthaxis t he

return structure conp an LED |ight source provi dj PAR di sposed on
the i nt¥apts t%ﬂ”’fﬂ%’ég ffrr ?Ih loxde jip grRViignedipmy Iippgme embwgms §s culture
medi u mﬁ’&fomtf&n% rb%rég' ;lé}ﬂoﬁ boed H}%&turésrbr%?l@i%ese {0013 an@/Bpél)ﬂsngn Efe to
the interior o ping stricture allows t I omass to engage I n

phot os )ﬁm‘tfmdtrnmtactha holtwandi’urlshats gt wrinted vewicalhe EBRtthﬂ(trmhmd&na:nt& g¢haliolthe PBR
in a con to continue at ade5|r rowth rate. .In sone

erbod MBS SEHEC Briph i G PR P ATty S ar Ch HEEHe bSBRoTE SFISHER Sonpr | ses
an LED light source providing PAR di sposed on the exterior of the piping
structure to apply PAR to the biomass i ture nediumwithin the PBR In
sonme enbodi nents, the PAR enmitted fromthe exterior of the pipe reaches

bi omass that is beyond the penetration depth of the anbient sunlight or

ot her Ilght source provi d| ng Ilght to the PBR and prormt es phot osynt hetic

o P o o - v o o



[0119] I n sone enbodi nents, the return structure conprises at | east one pipe
configured to include a device to introduce a gas into the biomss culture
medi um i rwohe12zte648@ast one pi pe. I n sone enbodi ments, tIRETHB01R2H4EET ect ed
fromthe group consi sting of air, carbon dioxide, and ozone In sone

enbodi . | east ope,.senso nitoring carbon d oncentration
and/ or ﬁ%lo SR eRPOHAN é H&eww{/e&fﬁ?}é@{ﬁaérang BeHEEnts, the
si ze Ofca%'htlﬁ&lgé Qéiiv‘é{%r Q&QFH e ARt AR dRhen, Mlé&n@lﬁfr@% g ‘aﬁhﬂ’ﬁ‘edbUbb' es
introduced into the at” I'east one pipe is detérm ned by feedback from at

| east oa@dmlmtnng\m@ odnbwmdnpmdcsiehmy systdnon Indsomd ehebaslomersnt hoddsi and/owiskobs n

vmththebo i,um and/ rthe f the,bi.omas

e umiRaER TR P ey SR o T st mneBBh@mshil o HRpL in et e ougr
PBR sy sicefdatidh§ PoRSEmHRE6R bHintsy dsdir@&esccﬁmflcé@suamge@auy%c@w ARAg ftmr fe
addition of water, nutrients, stabilizers, trace elenments, pH

2012/ 1668@3%7@82@@'2&1@4@1181116@% prBssurealeng the hiae dor yemans @mﬁg@mnhlssom o the
system on system
conpri seél!‘s%éi rla%)@%s’tn%ea%aﬁl}r{rogl, &1§P ]tdgﬁgln‘% 35% 5325363%% ‘%ﬂquéﬁn&gl ggnotlré di fﬁl% an inlet port
suppl i gd110] onén @fimd diebowknksts,of sifigle ciBb didﬁl(&%ﬁVﬁﬁb?dbﬂﬁEmp&setﬁ heedchlvet
port is supplied through at | east a portion of the proximal side wall. In

some emﬁm gystey elnrﬁefrn cathodimgnss, §1%Fp13’|5'ie€oc%1§15§? a§mg&¢ Ineggriprtes Wik

V- Tr ougfyedl aﬂd%??@tserm%’tﬂé‘?%%om% fasy. %oh%}?k’ﬁ %(t% gﬁscﬁ)séd“hér& gr ound,
the nutrient holding containers are at ground [ev gravity fteed into
t he V- toompgllse miuftigo seuresstod darpen tsoxwdeeioe inf tugiolito dwgd’ulmytsmwmms Ialbome

ground, nutrient hol di ng containers are pl aced,.abov vel of the
UL T oG e oS p g AT E AT FOTRRI QnS e BB R Io% he

nut ri enfygidRksRE dPaRY §1H@HT 1E QU Q&ﬁze? FRARS MAbmciRdHRINY U k&icaNt s, trace
el ements, water, pH stabilizers /or other conponents i'nto’the system
One ski dotrwdlwsmtt Etrelyanfthncspérﬁomﬂed anthliolds amld@$ elotsedhnoma @mbOdmnesltsn'éle
enbodi ment ﬁ 9.8 gro nutlrlent1 fl dded til([g t e stem ’i
det er mcﬁéd’nbdio’il eI9 VS%SSYS Eb%oé%QﬂSF%?ﬁ 6% 81?e SHome Qg ?thaepo %HP
l'i ght . JPenmli@il1BSHMIHhE lcevitySofahe VKIROWA HBR tasss &Kélbﬂe@dlefennt he art, “and
include, but are not limted to, nitrogen, phosphorus, potassi ur’g@O cal cium
t

magnesi [0M 11land Theipbility, topndapgndanily whengsribe Pubbl szewldthe Bacandrevhentdiotidos e
skille ]Fplg I copper,

iron cdqeolg?r&@%t&n% 1na%§§/e{r8ﬁ% y %eﬁ%}%ﬁngdﬁ gédn%er%ﬁgwlg g%}) %ﬁérfgcg%l el ement s

i ncl udeyrodustivay efmotbldmmtzeﬂ réphesdntsﬁ%ﬂsigﬂilﬁgm&dM‘ntag&Wﬂelﬂaﬁgﬁllg@?ﬁemh.n somne
enbodi msnt s, the nutrient injection systemfeeds froma source containing a
m xture wa} er, nutrients, pH stabilizers and/or trace el enents

cust om §t’ilﬂ izers particul ar bi omass being grown. In further enbodi nents,
the nutpient i Ajs@ecioRBd SB6vEEHs aﬁ&@&bBﬁﬁ{Bx'iH@ iRl Bic PPUSIGRS syRAM.arHi ng
multiple different m xtures.  This allows for the separation of elenents

whi ch mugﬂommbeamwbnlaleeh@pﬂw ithreexy stesa pHi biffeys are updly sitcaise pf pgetabilesys such

as chem cal tion coaq n, r eci ion..ln sone

rbod: MRS 265 Fvsbes pebfotipCiid GneBHa S PLCERbidie 88 cdrSERE ¢ ne
addi ti asFfigikn h@ﬁlxﬁ)ﬂ% ohh@earbbxquioséldenyageuana Sonspdilt Sh@bddekiZRl Howlridaad

el ements, and/or other conponents can be independently controlled to

i mpr ovebubhls sipedd pEvida myxiglun efEcisneayisIPPYOERDarbonssoEcedAtivivieAt 8Vithphie
nutrie Qv rce to the culture for m xotrophic
or hetgbobgggﬁlg%Qh%%ngggiggf %%%£ﬂ¥§%¥roph is a mcroorgani smthat can

use a noxi3)f did §epnicesthbeidmensshebioanesrys iankk vardgh PBRsyseenss disdleyedt roph is
an organl smthat cannot fix carbon and instead uses organic carbon for
gr owt h.herein yedrsse rbsanREIREYS, coguming cartoardipndsmgriedueny /e £f sugh PBR

Syst emﬁyﬁgﬁ | %ﬁ%@éﬁeﬁ]ﬂgbﬁg ! (%t%llé gHedﬁ“l?é S%tehheg(@'sﬁﬁﬁlz&]% S&Zv‘re’] é& E&ﬁ% 1&8 . source

during ght ava ns of t'he mXing cyc on
sour ce pdlof thg sydtemlsughthadat effe@ntn pHrdfichasing cdrben dibxidagnd yeygen In sone

enmbodi nents, the carbon source adde t he Jent | ction system al so
St abi | |PBEHHEOR TS et R A A S 1©3)ifp Fhponate,

magnesium, dolomite Ag, Baker’s Lime, limestone, magnesium carbonate, potassium

t es

hydroxide, sodium hydroxide.

221 -



[0123] I n sone enbodi nents, the nutrient injection system conprises an
aperture in at least a portion of the proximal side wall. In sone
enbodi merwe,20te683at ri ent i njecti on system conpri ses a PCmaSc@np1i1si ng
perforations, pores, injection points, apertures or orifices. In sone

enmbodi nents, the nytrient .injectio st em does, not . extend tq the distal
o' de a4} o Ograd ot ¥ P%W.S@Hp Fided P%rﬁmsl?glaéﬁieé‘?(‘l‘rénds | ess
than ahgutiphahdhédigo |c§Ht951Ph@1§Htolf'ﬁlecs%¥t'eﬁ1¥ incldi T@BLide WG BtctdAg nutri ent

injection systemextends |ess than about half the length of the cavity and
conpr i sebbrrsizzpentiog gad fiovaratt emdbubblpaire, iant pbfbuffees. prloxilheets ©F de ingedabg

har vest.i ng t hr oygh distally-1ocated harvesting aperture reduces th

ey alhap ey duthe it HowraEEhronte Aiaea® GHRE SR e RIS i  ng
har vestinpediRaredhctiOith ditestthO sk bf PESImRnAl ShenbBid pH) LeRt@drbasrygst i ng
aperture. Light Source [0124] Many bi omaterials used in the V-trough PBR
syst ensstahillizerod gy shseasarontglefrtee pHeH tha sysigrovi-isendisprviinsaaterd thieu!us)
product . F | i - . b i t i I ived is
B P unctetioneuh HEbefARERET At ARG, 8 LR B e R e bEFE 20

t he PBRystysitwithoud i riskxdfaglcafménisl chesticumptl dshdistubded abBR. syst em
Consequently, a smaller angle of the V-shaped base may result in a greater
exposure to |ight, due to decreased volune and increased m xi ng. However, a
| ar ger RMgiedHing APHEUKE shaped base may al so result in greater to exposure to

light dyerd)o i RESRASEHLRHNEASShEVERouc iR Litidn d¥i0ARIEheldin h{}&le}/e&ﬁ@?%h PBR

systemcreates a mxing of the nediumso that the biomaterials are ught

t o t he dhagistihg rpaytuosvfdn reth@va? 61 hlh os o pertierod thicrbeernassdfont He gavigs elmt doyne

di scl ose -trough PBR syste the light source is LED |ights, .In sone
crbod ramedimis te s<ge ebatfise e it ESaheriae Rbbin vt o
fluid fygm the V-trough is punped through a tube or nultiple tubes which
are irradiated by light bars. In sonme enbodi ments, the light bars are

posi ti dAttblon bheoned eebaskimenis, hagirstng isrpceqmplisbed byrpwi@matadtigjectigneof] | ght bars
are positione n re.t ne si f the bes.. In s nhodi nents, the
1 ont B e S0 TRER sl R BZe T uR e ksl red RS e BRE BRI &1 1
f ur t hersyetamaits i Helowh elnl sogietenibad Em&itd, hanistidghe atdopgsishdOd2dihliy some

enbodi nents, the |light source emts |light in the range of about 600 nmto

about 7onegR IpdudkmembepierAnte Aty estingds peegmplishadryer RHTRISS PY YR ImST]m?e
Cour co eufRRHEnE e RhiiRe SAUh (e Bifptifhs SORPITRRC FRMEAMIRAROT | e

enbodi nfertha, hatvestihg, glashiaguroneananation remghidl, aml/ériewasmpg i0h calduiou680 nm t o

about 700.nm _.In still further enbodi ments, the |ight source emts light in
the rar§EIEPMERGYE S nm t o about 550 nm In still further embodi nents,

the 1ighirAour aesdid érﬁbddiﬁ&fgsjtﬁe b%a%@k%&@@%ﬁ?@%@@%@ﬁﬁﬁ@ f&mt he range

of about 450 nmto about 550 nm In some enbodinents, the light source
em ts Ithghgh ihe hanesst apegercodndaiydlr bidd@sswhich habload cob@@ingtion[1©128¢d by sone

enbodi %%3‘561511’ skTirQr%ellr %e%ﬂgulgt%g fothe %Hi‘t&rg i1|1 hd R}- r%ﬁg ! Pﬂﬁrsgstterrrﬁﬂro%gﬁ a%tultnhe

structure. In some embodiments, the return structure is configured to recirculate the biomass

culture medium. In some embodiments, the return structure comprises piping, tubing, and/or
channels. In some embodiments, the return structure comprises a single pipe, tube or channel.
In some embodiments, the return structure comprises multiple pipes, tubes, and/or channels. In
some embodiments, the return structure is disposed outside the cavity defined by the PBR. In
some embodiments, the return structure is disposed within the cavity defined by the PBR. In
some embodiments, the return structure is disposed within the cavity defined by the PBR and
proximate to the center of a fluid flow pattern within the PBR. In some embodiments, the
return structure runs at least a portion of the length of the PBR. In some embodiments the

return structure runs at least a portion of circumference of the PBR.
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precedi ng ranges or wavel engths. In sone enbodi nents, the |ight source
emts light at about 680 nm and about 700 nm In sone enbodi nents, the

i ght souwoeoemictss3| i ght at about 430 nm and about 662 meT/USROROGIREY
enbodi ments, the light source emts light at about 453 nm and about 643 nm

[0129] | odi nent s,. t he ran es or wav t hs of ht emtted by
the i dﬁ!fﬁour cgb N 39T8C ?@L?@}P’@H“t %16;5 Py yelgre gﬁﬁlﬁgm@%ﬁ THONG APEhe
cul tur e HRGiEYo MRILAC TR BITREMI1ITR m%ssoumeal&sme 'I@lrgﬁﬁoﬁh@ aﬂ@és@%ﬁ‘@ﬁﬂpgsln
phycobi l'ins, phycobiliproteins, oroph a, chlorophyll b, or other

| i ght asbmremho)glmmtsemﬁ ze’sﬁcmhhgamg sembo@rorcbmssPAthhl mmmbmdlments thet ei n.

any. suraie TR AERay'e: Ca ey PEER RSB EE DR BRie T T Ay Rea O

t hi cknaghtiaaBodePRHn @dshttnm@usiyzsm %@@Hédd@rﬁéﬁt@ Rhe mma«; Hb@ingioarmtiefunal s,
growi ng nedium | ocation andggeographlc area for production. In some

enmbodi renteontipyusly. tlp semgh cpBrdiseatse the agifi@pldpbil soveecanplisphphtiase pl asti c

(o PSRRI T Do UG PURBLL oLSn Loy PhoBFRS (oo B YR one
et hyl eneufee ppylid¢ing PARedigpd¥od O Eic 1(15HBM>fthb lpqﬁ@grar&ﬁbe@b sy BARttbehpl asti c

liner is between about 5 to about. 60 mMmin thickness., In sone enbodi nents,
the | i rupmascaligismediyyivgthin hemiping sirucisodn pesAE smbedimenisyandying BAR to

conpl enﬁ ﬁltéﬁog'ogthel pﬁ%ﬁ% s{rhctﬁllératllg@rs t% ﬁéﬁ%ﬁ?ﬁ@teﬁg réeh? 8}1&&8%{& %0{1471 ible. 1In

sone e ment's iners are cap o | apsed, or
roIIedxﬂpbrbmnmogn)émﬂMMRmmthHHWhatheRBRsnamen&bomaﬂnnﬂtacdﬁsmeedashape

and hav e |I| to form t mol ded .shape, but .stil i ver al
R e TG 112 B Hhen & DipHE SGL et irromtsev EF B BBRY 0 osed
herein ﬁlﬂﬁér%hp%@&ipa[ﬂ E@l)ﬁ%ﬁf@du?c%%@&ﬁﬁ@ P@@@fsﬁgseh%nttﬂ@eﬂ%&' d?@he%lp ?e PBR.
I n some enbodi nent s, oam i nsul ati on provides structural suppor

furt herstrantbmjnomptysPARmﬂfe(immass@ultmelrmdupnwih@te‘élelmI Tatsoore eNthOGhn%tltsis in

e e PRS2 O Ao RO SRR B hle™' o

syste deegthS(Sﬂ tRS &ebidef RinNgidlo@ ook UghtoatdeYprGHPRQ NI flEﬁﬂtobMe PBR24nd poR@dtesOr
earth. 132] I n sone_enbodi nents, the V-trough PBR systens di scl osed herein
conpr i ShotasyRthptiercsivey Withisthe ﬁ?@r& i spgpetmawégmné&a tha Rip¢ FefRpriscand/ or whi ch
are tr / i ments,
the v: crauencBame ol el d SRl R SRR bR A0 S e SERER, She T

al I ow lihghibr dfthe ptper the @meﬁbedf tie ﬁrp@U@d’bdRBRnSmtIﬁpa Wolls3 3hlsoms @mbodiments,

enbodi nents, the V-trough PBR systens disclosed herein further conprise
this 51sngle LED light sou%ce prov1desy PAR to both the biomass within the pipe and blornrggs

within the PBR.

[0119] In some embodiments, the return structure comprises at least one pipe configured to
include a device to introduce a gas into the biomass culture medium in the at least one pipe. In
some embodiments, the gas is selected from the group consisting of air, carbon dioxide, and
ozone. In some embodiments, at least one sensor monitoring carbon dioxide concentration
and/or pH is disposed within the return structure. In some embodiments, the size of carbon
dioxide bubbles and rate of producing carbon dioxide bubbles introduced into the at least one
pipe is determined by feedback from at least one sensor which monitors the carbon dioxide
concentration within with the biomass culture medium and/or the pH of the biomass culture

medium.

Nutrient Injection System
[0120] In some embodiments, the V-trough PBR systems disclosed herein further comprise

injection pumps for the addition of water, nutrients, pH stabilizers, trace elements, pH
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a cover for the cavity. In some enbodi nents, the cover conprises a
greenhouse mani fold. In further enbodi nents, the greenhouse manifold
further cwoppieeesgdazi ng material. In some enbodi ments, PChaAISgd120i01G7
material is fabri cated from pol yet hyl ene, |exan, polycarbonate, clear

vinyl, clear vin chl oride, glass or ot her material .used for
coveri mpoyizs ﬁ% %%fﬁsfnfc?ﬁepna%mtﬁ Wﬁtﬁ’é‘rg strative i lgReirtiqns. fifose

ski || edyyifer hﬁee{oh syit&nsceﬁﬁmeégbap&dsmlﬁnp, LhghicRY @&pp‘lﬁn%ﬁuﬂrféﬁt‘é 4 dnhBlet

cavity. In further enbodiments, the cover is held to the cavity by gravity.
I'n sompoervpplierkott ene aftiee waleof the PRRAdN séma chbedintsngs, thetielet port issuppliadhat

T L O e A

pr esentsyppliddiBa ghsiteMow itd the &emﬁ@@dhﬂmﬁ&emﬁ&t@rnems whetdUie Vafrb @t sy stche
anmount of solar irradiance, relative and absolute hum dities, and anbi ent

t enper &t Ut @c gfoundethginptrient holding pentainersare atgrpurebloysl|and gegydtyfeeshintethe Val
fact |
O;E‘C X ﬁrest;rsou§pc &#Qdﬂqegemﬁ’é’c{lm@% rvr%hefgst%@% Er8%%hgs§r‘r§]%¥enﬁ1{§ Qg(ﬁve{ %f’i‘ﬁd a I?[{gﬁelﬁ h%l’c@ﬁeg neen

t he vol d@ﬁﬁu@ffs aatpeicedralss cwhd Reivel dffiies vomengdfoegsdvﬁmfeetdﬁ@ Ml&ha{ts t enper at ur e,
the air terrperature out si.de the covered s%/stem and the air tenpperature
i nsi de Ph&llcov bt winesgrabedimentrdhe pytrige inieetionsystsar praridseir MBS B al t eri ng

tar got 4 b S AR EEr e ST 0 TRt PR PP ETRIRRO AR cover

[ 0135] Isystsmnerendzdttidie titesart s Hemdoy e/nthchnfsp Itecﬂieslu% fInesrimbleenbelmednts, cecraugat ed

rigid panels, corru ateg '%iﬁrmltl anel.s, % yer flexible sheets
combi ndbHSHCHHIgaraded BheSr el dole ke b 1 e ippass£ORERAGRRAA Pon of
f1 exi blige apehQhind ihg'adalﬂ?!b?ezl'lélﬂ FREBPIaA) SabBRkriEAR aﬁekﬂé%Ctoftl%se SRYIRA il@e

gr eenhouse and/or growh, and/or a mxture of the above. In sone

enbodi reehesd thheledmt ere mmsrhlpnteéee, mtregemgpl@sphtyeas, p@taezlumg cataivay, nalgnesmdﬁor a
doubl e | gye z mat.eri al t.he space en the
doubl & PGS EGrRG-TREondrients iyt ABESAT CPS R U R R B D

means fut hﬂafolfrﬁhuﬂeawlbafdxp Boppeh ifARIRHROfbARME So, niolmdemﬁeadaeﬁmeen the
doubl e Iayer gl azi ng mat eri al conprises a chem cal constituent that is

mani pulEatcawlary drags elements ancleste, biferie aefl limigse. ﬁ@l,ém?@ﬁgeumh@d mangagesconn and
light tg, ﬂ{%se%b%ﬁhﬁ’&ft 19&@[&1&?%@ {uoﬁlhs‘%t% ViELds fh %%Lut@ ES’xﬂEmﬁlrg’OﬂiﬂE&% the
n r C rare

cover conprlses | rare e rare Sor |ve

t r ans mwdtem gutiieh gy plikabiliaad/aad/oatreademadth Ollﬂst(ﬁfnzédhe) the pegieilagbioatassranagi ng
heat V\D 2012/ 166883PCT/ US2012/ 040157 generated fromthermal stress. In

f ur t herPCBIRBaV e M “hﬁh%ml%%’élﬁméo‘g‘ﬁml@’é@t RERFEPR PG &sre EPMBUE ect i ve,

absor pts'oMFces E&ﬁélﬁ{)ﬁ?trﬁlﬂﬂﬁle fr%hﬁhﬁmﬂ@éj/ THIGE t1&9 kﬂ{%tée i n 6M8eh Q901 Ng

for mani pulation e wavel engt at ent e system The
sel ect ivnclomigheemougratagndeniret icadtiviity atepgsicid propertjcs) su;ch ras ehanaicalt he

targeted JOITB.SS nd ge hi.c. | ocation of th 0137] 1 n sone
o iRt e ey B P Bies e Th Alpe bl B h AL RE LB SToR iy ot her
ver si ony@tmds esniNKea duat thiChy heStENeMRatPot &ﬁ&qlq% Inheentsnpmeabﬁ{zrers

[0138] I n sone enbodi nents, the covered V-trough ﬁ/stems di scl osed

herein tmvelenmptsometziorctaquomppyertt@carmbmnéq:mndeﬁbeaoatrg @l topmpraviedhe

concentrations of nutrients, trace elenents and/or other conponents of the
syst emPproductivity o the Didhass.

[0122] In some embodiments, the nutrient injection provides a carbon source to the culture
for mixotrophic or heterotrophic culture growth. A mixotroph is a microorganism that can use
a mix of different sources of energy and carbon, while a heterotroph is an organism that cannot
fix carbon and instead uses organic carbon for growth. In some embodiments, adding a carbon
source to the V-trough PBR system with a mixotrophic culture enables the algae to use the light
source during the light available portions of the mixing cycle and the carbon source during the
light deficient portions of the mixing cycle. In some embodiments, the carbon source added by

the nutrient injection system also stabilizes the pH of the culture.
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[0139] I n sone enbodi nents, the cover conprises at | east one opening or
vent. [0140] I n sone enbodi nents, the covered V-trough PBR systens discl osed
her ei n prwoide/icsgssoved bi osecurity by isolating the bi ecaaS2@roOdUST i ONn
system from potential vectors of contam nation, such as those that can
occur fbggﬁthe exposure to the natural. el enents. In enbodi nents where the

cover ed VBB sy Ut ¥iG INBPGiRehp the nYFERISHISEIQT SISk CRBRRSTAAR APRTEIS Ui 198! dust
are prevemibngr tht 3m-SRLEE ANl "B YR GBIdhOHE ThARREEMTSRcRn Y8RES. O her

Features [0141] I n some enbodi ments, the V-trough PBR systens disclosed
her ei n domprisesra bongmipgesing prafovasnsmpresp ey tagioa points, sperbirendradifivent ky, sotrice

har vest | aperture i.s di.sposed through at | east ,.a porfi.on of the distal
oo weir oot themusE el ERERE walredot alf i of B8 S0Crdls el Ssed
her ei n @R diBMEY, tdd ARBedthSettid RSextdnds lesb @ RBod 1l ARE1ALthD thdcdvityt her
enbodi nents, the systens are off-level or sloped along their lengths to

i ncr eada cothediaaes Wherp o mBti¢m guettondestcmes tands thys than ebeyidial fahe lspgth of o

d . . . i M 3 7 . .
v SHEURTS LRSS BT P

syst emthiugh a dstd|gwosfitd harovgingfapert@aseluots tharaestal 0finewll o8 dentyriagettedent s,
t he sl ope  or Ievelin%:of the systemis nodified by grading of the |and on

whi ch tREiays et oF PEL bubteryduringdiaryeshigpmnsecdde e repbistherughperexipyiyur al

support Mu-chihhe {emsits. In some enbodinents, the offset of one
end of toﬁége systerﬁ? pt e other is between about 0.5 and about 6 inches. In

sone enbodi nents, a systemconprising a cavity |length of about 15 feet
conpr i dagheowfceset of about 0.5 inches. In further enbodi ments, a system

conpri si a cavity.length of .abgut.,10 f conpr i an, of fset of ahout 4
C o abodP T8I o Ry bia S e Bvrmue sy B ATl as itk oo e
enbodi B RtGY ahdro¥udd BEaBsiRBRBr&dRt. €roy 1haatRa8sht beditridl U thd@hoGRIPliLEE
tenperature and/ or pH sensors. [0144]1n sone enbodi nents, the V-trough PBR

syst emyeefissl iv e denatien ef thefsurfeerearceofipe imedivto pxnosedtorlighadwlvimg eff the RBRr i ent s,
PH st abilizer s nfld BHEE R OTRBSL BRNG By B L ROME  SITROG) TTEBE S

t hese control's are au I'n conjunction wt Sensor aS%.IC
pr oductthy Mthap&d Bt intilyzesiitaind diedte oxpogind 16 160stuand dedrbikddl dinnrcine

enbodi nents, the V-trough PBR systens disclosed herein further conprise
increased mixing. However, a larger angle of the V-shaped base may also result in greater to
exposure to light due to increased surface area. The fluid dynamics in the V-trough PBR
system creates a mixing of the medium so that the biomaterials are brought to the light for
growth.
[0125] In some embodiments of the presently disclosed V-trough PBR systems, the light
source is LED lights. In some embodiments, the LED lights are light bars.
[0126] In some embodiments, fluid from the V-trough is pumped through a tube or
multiple tubes which are irradiated by light bars. In some embodiments, the light bars are
positioned on one side of the tubes. In further embodiments, the light bars are positioned on
more than one side of the tubes. In some embodiments, the light bars are positioned in pairs on
opposite side of the tubes. In still further embodiments, the light bars surround the tubes.
[0127] In some embodiments, the light source emits light in the range of about 600 nm to
about 700 nm. In some embodiments, the light source emits light in the range of about 650 nm
to about 700 nm. In some embodiments, the light source emits light in the range of about 620
nm to about 650 nm. In further embodiments, the light source emits light in the range of about
680 nm to about 700 nm. In still further embodiments, the light source emits light in the range

of about 400 nm to about 550 nm. In still further embodiments, the light source emits light in
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cooling and/or heating neans. In sone enbodi nents, the cooling and/or
heating nmeans conprise at | east one heat exchanger. In further enbodi nents,
t he cool iwQ 2arediéess3heat i ng means conpri se pan and fan evaparsatizwe16vol i ng
systens. Such systens are known to those of skill in the art, and are
described in Buckli et al_ ., Fan and Pad G eenhouse Evaporative Cogoling
Syst oo (375 o1 gou30 n@ég@bmafﬁ%ﬁ@m- n sQmq CEPGABREEA oG goures gmitig.

Ext ensi;gmeS8hVe of 4688t 4008 m kesbu@Bsey Agric. Sci. Crcular 1135, Dec. 1993,
avai lable at http://edis.ifas.ufl.edu/ ae069 or

http:/ /10828, i f &ssanfef edogdoaifhis, the 1 g/ sOERE SOWLS pight owehinshie thenjone of ther at ed

herein by reference in its entirety. Ln.so odinents, the cool.in

and or MESERGPRESRE “EsnipeEe BoBit s By PGt SRk Spati FeR a0 he ai v
sur r ourng$iongn bitPalioyis Y60 Bm. 1M sGREBmMBSRRALhITEME $Sighhiuetctdndts\ight SUBBuPBR Sy st ens
di scl osed herein are in an enclosed structure, such as a greenhouse or the
cover edingabpi iR nEBRnSysherpnbpdgneds sl heht spwrce pits Helht at 680Ut 4§3 ns1 a¢hi eved
by natqiﬁhxgglﬂgchanical ventilation of the structure. In some enbodi nents,
use of e precedi ng heating and/or cooling neans inproves and reduces the
oper at i[on2zd] cost sondf emBidithants) thgrdniges drenpetaigths@f tight disittediby thedigiedbutoa i n
the systens disclosed herein. In sone enbodi nents, the cooling and/or

heat i ngteriddpEcdde ppiticaler FRIBPNSYISIYRCBYS thheyivre psdian. ng spaesmbardansits. &
retain A Kk : 1at.d 3 f J he V
coolinéggﬁﬁy%?§%gé?ﬁﬁghﬁ%%ﬂgﬁ%g%%gﬂ%Q%g@g?%%%%%Fﬁ%g§%¥%gpgﬁgﬁﬁgﬁigb i ng,
subt er ramzrdighhdsbrimge @mobcoles.cimalonregmigasnints, nke sarotanesid ¢olutkin.i oner s, wast e
heati ng and/or cooling fromindustrial sources, and/or a conbination of the
foregobgg IT sone enbodi ments, a conbination of foam structural insulation
and coV¥rlS i Smterials is utilized for maintaining diurnal tenperature

fluctughisn). [ PREGTrsushOMER PRl aBAbSed HehSn Yarl bOMER: FBR 28y stielPk di scl osed

herein are stand-alone units. In further enbodi ments, the Systens are dug

i nto tHeatgrdered anp pprrdpeaic Stiekgicks. tMatgrials iang thockagss eadeneridoon thedestesidnt ai ni ng
opti mum consj nt, .t e ratures r ired for desired productijvity of
the. bi wRLGORHBHR S RERENEAb Rl B RER A R BB RS2 i o osea
her ei n grodidieh. togptd Sebalimeds,thé Vrtrdigh VSR syigen disdbediRtsn cdriipisRime

enbodi nments, the drain is gpposite controls s

uch WO
2012/ 166888 piarsUsr sope oubadmeptigthe plastiatiner is RighdeasitysnolypthdengiHBr s and

bi omas r e e eh.1 1.5 f i: In some
enbodi ﬁgﬁtagnﬁgﬁ@%ﬁt gsl(l%]ﬁl\i (slj%t)?lé)t e1 pr lxélhrlr%rfdevsgﬁll%?’dov{% ﬁyelaief{%&@g%{e?% s are on
t he di shadomal(EPDM). flusdrhe embodiodntyethe plastib &éineriabetwiesn abouit heo dbatt @D nwal |
while the controls are gqn the proximal wall. [0148]In so nbodi nent s,

ai rl i f in{ueissY olgyoms e&@ﬁ@&lm@tgahl?pl%% uf SFIH{'HE& %B@r%r egﬁ@&gﬁg@e Cvia the

gas andiedl ROBodpRMIPReMe I VEI Yurs EABBdimeRts| thE 1ER AHOdbIREME Somdi r i ft
technol ogy is used to punp water into or out of the systemvia a separate

syst emenhodgoens, endbloatirpaatcgpabdd of ding foddsdnadlagyed, sr wdled up.olmiomeand/ or
circulate the culture nediumw.thin the V-trough PBR.systemvi,a a flujd
purp! n RSB AL Rt CY IR d G P fid e artionty 4 T Faolfbay i s
a procenspd)sedstiNexdtiesitdun&ibigry. movi ng water via air. The concept behind
the process is to inject air into water at a point in a pipe and/or vessel

wher e tIAE3Yuoy hgoynadmbetempiibbhe Vi-ireuah RBR sygdgrey disgoseddiceas furhgr egrapriscThe
rate of i S- I ne ecalr ow inhio the,. e the. densjity of
theai ro8 T EERE R R Rtld e Rl WM BRGNS e dFrS AT 2 Oy
t he vesselvideAitfucturdltsuppomi InGuedt catbotdiinents fiey Bymahiulaldirovdae iaadamn cal
when conpared to_ conventional neans of punping such as by centrifuga

punps. Woenoys i e maidpiRes REARIENUR Rad m%%%ewtg%tr%ree ifeicdesiged her ein
br eaks | : i.e i:cl.ent i_ppi | i mtents,

t he sysljt:li g%flgﬂggfglrg% E%@ggygfglrﬁhtg i%@é:déﬁle@g’ tﬂgm {\i/)@!rlég%}]?t)% Q%s?é}?%g@&g%? up, and
r et r of ilet@n awi stiactued ysspportaddiypoaehwood) or cacthe enbodi nents, the V-trough
PBR sys di scl osed herein c i se ructural support, and.a first

i ner d?’igﬁsedflbwneeoﬁaﬂmﬂﬁ@ﬁ@&stﬁ%m%%@% SEUTT i1 ADGFRY PEBRMhe cavi ty
of the JYRLRM at!lfasb PR IGTRALHIRAL S lighD@ndMPRAIh 3¢ FMGIMESR: 118 @@ | n some
enbodi nents, the support” structure conprises stackabl e pieces which can be
broken down to facilitate shipnment. In some enbodi nents, the support
structure conprises foam bl ocks. In further enbodi nents, the systemfurther
conprises a second liner which at |east partially contains the support
structure. In sone enbodi nents, the se¥ond |iner hel ps maintain the shape
of the support structure. In some enbodi nents, the first and second liners
are secured to one another. In sonme enbodi ments, the liners are secured by
friction. In further enbodi nents, the liners are secured by mechanica
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WD 2012/ 166883PCT/ US2012/ 040157 contained wthin the unrolled, uncollapsed
or unfol ded second liner to help maintain its shape, and the first |iner
pl aced orwohe12¢wepgsert to formthe cavity. [0150] I n sonePerhsdimpmilis? t he
V-trough PBR systens disclosed herein further conprise light reflecting

means which.increase the unt of |.ight directed into the system [0151]1In
Come eI thg ﬁ:etwg@ﬁigwsm Jév»‘gq% A N A

conpri sgoQf @t tyedtéMes. I1n some embodi ments, the gravity lines are used for
harvesting bi omass or introducing water, nutrients, trace el enents and/or
pH stabilizers without the use of a punp. In the foregoing enbodi nents,

bi omas Cevened¥-FegughRBR System or water, nutrients, trace el enents pH

st abi | i[é)i;‘&jaf‘“ﬂ{ Eoﬁxee}?éenquir%o%qﬁg}%é L}@%ﬁ?sis{t‘%{nﬁ)&%‘g@lg%gg%eﬁn Eu[h ef ‘c‘o'%ﬁrﬁsee

medi um yi'ng evation of |t grav i urd source

Wi th res@eet fol ehel daRit’BR Sysd @ibodtaaheeovoe 8eapriand grarnhb@e nslo®dTBIn
[ 0152] Sone enbodi nents of the V-t rouqh PBR systens disclosed herein further

conpr i derthersaphodimeyiy thogreemouss mawifald Sirthen comprise ¢lezing matpsigl-f Nispme

diti 1 i \/- . . t t h
ST e e B HE LA S 5y p Bl R 05, BURRRBAG, Bl oo
noni t ondnylhdcagotivinydreBloride tdiess BBRh s ythtemm@ndl ot foraoscrvay grotishoasrsponent s

of the PBR syst via conputer, data | ogger. progranmable |ogjc control,
any ot H& /OWH%WE&?‘T@ st Wigh prsrinewnita ghoan skillghin B agy &y gme ?}Pt%gylents,

conbi nghé edyek REIEQLd tolthe g&gﬁ?. GRAHTBRAbSdinthR, BERSOL idRdd GO RlitPYpt ens

di scl osed herein conpris | east one sensor and/or at |east one€ control.
[ 0153] IgrawtymEnenino dimpedinsnts, He meeasio madndf e dakibll matgstlesncbdhadgas ewlatiahat a

| oggi ng_system that, i.s,eqyi pped with sensors and controls which nonitor and
contr o3 e e TS RRET b S O EPURSO SRS osed her el n. I n
some  enesy|mentSsomd@nblRtiRcht9aaE BEcP VSR8 ARILERS pRsMR i dRaYstbMSYH unent s,
Campbell Scientific, and/or Allen-Bradley product, or a conbination of the

f or egoithepe cpdogiunants, shoresr eatbodiaffeets hegimaungofsolarauahamBRobafye and abliodwit osed
her ein,, the..sensor i | 0s her-ei n . ri.s epper.at ur e, rhbon di oxi de,
beone. T giRE A8 i fop ErftREf S B TRE bafent PBRGAIN, Say SRR 80

chl or opbydrhl factophitealling, B&t ndt linfiteditd Yaco@fphi¢dbcation shd yledatidh@t tied §6tchd. cal
conductivity sensors, or any conbination of the foregoing. In sone .

enbodi neEKtat valpae setsndepepding pi g reRHpIBIN besyrahihe vpRIMeafgianass within

Nat i on I : r Qe i i on
of t hea[ %Jr:ge%g&n%s{%ﬁ thseggnéej[élgtrﬁ%l i %ﬁ’ttgé ngea:i- :n?urlrlg %‘ngsg& %(e: Ig&?err gdmg{aﬁégl %g&nsor S
i s analthz eid tdmypcsarfiteviaside thplcoacted systerh.h&helait soluaggean be guangputated by altaonge

enbodi nents,, real -time feedback fromthe nsors i.§ processed and contr ol
syst engﬁaﬁgg%mef& ¢ Ry R iamg st %@ttﬁ%maﬁgegn%ﬁia Oéﬁwﬁr@a&ea%&%n@éfo Porth in

the sofd¥@hSortyQQ Rithg R ARty WPR0dALA 66883PCT/ US2012/ 040157

[0135] In some embodiments, the cover comprises a flexible sheet, corrugated rigid panels,
corrugated rigid multi-panels, multi-layer flexible sheets, a combination of corrugated rigid
sheets and flexible films, a combination of flexible and/or rigid glazing materials that can be
used for covering greenhouse and/or growth, and/or a mixture of the above. In some
embodiments, the cover comprises a single layer glazing material and/or a double layer glazing
material. In some embodiments, the space between the double layer glazing material
comprises air or water which serves as a means of thermal insulation. In some embodiments,
the space between the double layer glazing material comprises a chemical constituent that is
manipulated via electrical or chemical means to change the insulation and light transmission
properties of the cover.

[0136] In some embodiments, the cover comprises infrared reflective, infrared absorptive,

infrared transmitting materials, and/or a combination of the foregoing for managing heat
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enbodi ments, environnmental set points are determned with reference for
favorabl e grow ng conditions of the targeted biomass. |In sone enbodi nents,
t he senorweystxwssssare w rel ess systens, reduci ng the needTfuseonzion@s? and
other materials. [0155]In sonme enbodi nents, the sensor and control system
isrunin a cgn i nuous, or s contingous de. In further gﬁg%?o i ments,

t m -
the serfSBFrateddrarpHcrgp! Lipsy ﬁmfwghqrﬁﬁlbp IS §1C CONBF SRERMTISST We ed

par anet@fe3tivé fAkoiwR! SslehRvEl RaRmikiak hiuitdrRIRHAYIrd& othbReRish iof HRl foRBYinkepTeNnt
for the selected bionmass. In sone enbodi nents, the sensor and control
syst emmanpulatien ofitbe anwvelengthf of lighhthadedesthangitery. Bho sissioo oh dentovatingn i n

th t .10 i th ducti vit f th t 156] |
emboal ABfEds! b HERAE sbouP LB B R P mhan R o dRGEPBLRE o
hum di tyystgmd the controls disclosed herein adjust these properties using

cooling and/or heating neans. In some enbodi nents, the sensors disclosed
her ei n |AbHilt or I ypeng emprsdiments.che fovch eomprisastlee yhane ahe ed. AHeaneoerang| s

0 1O NS SR R D 0 SCGRBL LR gystom o o el

V-troudb13BR sysiodm émbaidvmertethe theraevisarugh MBRCQ&at digl@kd hameii hae t he
carbon di oxi de and. di ssolved oxygen in the air space to determ ne the

amount 1BYrQy&6 cepability do peintaip derapaptars PHoambjanseBHenepBHTishinTRCe t he
sensor j ' ' of the culture nediumand the
cont ro%é%%%@%ﬁﬁ%&gﬁlﬁ@nﬁ%%ﬁ%ﬁ or adjust desired pH threshol ds of
t he culPi3Y nedi somd enbddiecntarthet@dtr bompass at leastoaneperthgdi vant s, t he
cont rol [ sclosed herein maintain or, adjus sired pH threshol ds b
ctabi | 1DHI° or PR SRS ghe srverel i e FER ROy otag ASeihgoghe
Mai Nt aiiRiphed LRRERINRAbLY %laﬁi‘ngttﬂ?@b%hﬁw pBl Gty R dEn oA 8BS @nd

carbon dioxide introduced info the system the addition of pH stabilizers,
and/ or conherndtmat such as drosa thad pdsi eratii Gamghe erwsihnsrte ol nagural Aarsgits.nlnsome

enbodi nent t he senspors dis ed herein monitor chlorophyll a and/qr
oot AR R o IR ST PR PG R R mBaiohel o
bi onas Sasidﬂsttda@p@ysﬁtﬂig\ fréeh epteaRB el syaeﬁlrtﬁromguagatdr&m w’h&. phot o- harvesti ng
pi gnents in al gae and cyanobacteria. |If cyanobacteria is not the biomass

that is tar %et ed for production, then the phycobilin concentration can be
used t Other &eptures ¢ he anount of cyanobacteria contamination within the

system 60] i 3 ki i i tar the
R L S SO
adj ust adrarvating aparturd) elnhameesibodahentd, ohclarpsnsghperfune istdigoastbthrdughfat | i ght

that is entering the stem In some enbodi ments, light WO
2012/ 1 %égpﬁw%gﬁgfﬁ%ab%waﬂ-

[0142] In some embodiments, the V-trough PBR systems disclosed herein are level along
their lengths, i.e. having a slope of 0. In further embodiments, the systems are off-level or
sloped along their lengths to increase the ease of harvesting the desired product at the low end,
to drive biomass from one end to a harvesting end, to assure mixing and turnover within the
system, to skim the top of the culture out of the system, or to allow spill over for case of
harvesting. In some embodiments, the slope or leveling of the system is modified by grading
of the land on which the system sits, or by modifying the dimensions of the structural support
on which the system sits. In some embodiments, the offset of one end of the system to the
other is between about 0.5 and about 6 inches. In some embodiments, a system comprising a
cavity length of about 15 feet comprises an offset of about 0.5 inches. In further embodiments,
a system comprising a cavity length of about 10 feet comprises an offset of about 4 to about 6

inches.
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sensors and controls enable the operation of the PBR systemat a desired
productivity as determned by the light level. [0161]1n sone enbodi nents,

t he sensowe 2di2ibsssed herein conpri se one or nore turbi @CTUSSERHANST

chl orophyl| a sensors and/ or optlcal density sensors. In these enbodi nents,

the for ensors are uti ual | r in conjunction with one
anot herl P8 Inea bty Gty e Yaeai et Sheored TERuN LyBeERmpis ome
enbodlqga%&nuﬁ@guﬁgqﬁ{gggoglsclosed herein utlllze the real -ti me bi onass

concentration neasurenents determ ned by the sensors disclosed herein to
cont r ol[014d hahvsssie erabaslimpntsrthe Nt-troughdtiR oysterag @sclcmdtlamnm ﬁtrth@n corapmse or a

conblnatl e foregoing.. .| n.these e s di scl osed
hor i n ohiDIs3R 8 et e Bhi TS R CE Sy bdip SRfig TR iene

pr oductdnyiddyménis, ke %M&%&@hrelaﬂt&m&i Rrdeafinb®st with @é@@isrsuda{haﬁa@duawl ity
sensors neasure the salt content of the water, and the controls disclosed
her ei n ipppiitnized ged helil rqughhdcdnstent.| i zer salts in the systemto adjust to the
desire cen 0 I ein
st o 1 o & uodl RS FaRAIR st O RN B it BRI
COndUCtdobshﬁg/aﬂfE@Sheﬁ&m@ﬁieSnsﬁﬁdeoﬂny emfbedlmssoﬂ& ddoBad asks Heetigd mcardsn t hese
enbodi nents, a desired or target electrical conductivity level is

det er miQBWrisR PR @ng heat ﬁécmagﬁethéﬁl%%ﬁ@?@dlwmsp‘ihéde‘élﬂl}&%ld/q@%@]g n some
enbodi t um
by ¢ he s comPHRRE R O B S e i o T, e
t ur bi diskill mrthle eft| amdaphydstribedcioBueklin, aatt ahrFanmﬁdri@naS@seteelmusb lEvspmmtzve

enbodi nents, contani nati iS nmonitore ne p i n. sensors,
where T iSRS Uitordde erhgr s iblbistiased End o F b HESEbsNisgnt < ¢ he
controlsrdi f&l. Qﬁﬁgod‘ﬁ{deAQn@@lél El&ﬁﬁ?@%i’@écoﬂ)%r galineMs the PBR systemto
mai ntai n desired productivity by killing, inhibiting or reducing the

concenthtigpt/{cdrs. ifds. 1{5bft®r‘ﬁt60é9 Otlnitlft dedindag wfl. edlalvdfﬁlﬁsll’di/ﬂF@@@G P(&cwhmhoms S
product.i vi t l,n so e i nent s S i,ed to the ste

b evendnshiais haRRORy SR TIb b0 d afe Syt dideTig 4 lbr ©

prophyl @@ﬁﬁ%ﬁﬂehﬂé ,cobfprifé eyl t@amtarmmagpr@ybdrtatced theai¢ baﬂa@mﬁ{grthagygtahs

| evels in the culture. The anmount and tim ng of the ozone appllcatlon for
steril ilpapme ﬁﬁk’@DdltﬂFPéltSc‘MthG the Y-droyeh BBR sysgmblisclscd bereararn anin ¢nelajeést i on.
In sone di S, S about
1 gy L PPREE S S0 & BORR Pl BPR B SR Es RRR ho g sl

bi onmas scoolifig S%BIGQWWHMI 85 mbétﬁnﬁ:ah@ammlaamd ofdretstmbtusa/ slihggmeonpri ses an
ozone sensor and control for, ozone appllcatlon wherein ozope is adjusted

and rra.qﬁrﬂba HBEN hiteh P htha Ppicediag ap#inged %ﬁ@@l&gdﬂﬁarnév@ﬁfovewda@w.% rates

fromr Qal Bk PR3} Iﬁ‘élg n%‘fﬁ’ét% Rrafte o?%ﬂetc‘d[tﬁr Ihiﬂlé[ﬂrﬁ?ﬂ%rg? nt S, o0zone
is adju nmai nt al ne etmee about O. out culture.

I n son&hﬂmbbdhm@ntdnsommmeﬁmﬂﬁhﬁ@ﬂﬂkk@ﬁﬁﬁ@EMﬂ%iEﬁﬁmQﬁﬁémmﬁmqksvébanmetmeen

about 0.5 and out 1 fici t to ki revent t owt h of
Cont an SIS gt SoyerinE ot whoh st drr b W blreBboRbRERR oMopEhe
[0163] '@ﬂ%oﬁirﬁéﬁtﬁhé h%omg Amrd%mr%%ea{seco%ws& B&othdthlal RREGE %H&Vb%oo‘-ffﬂ ar
radi ati on can be used by splittin he full "spectruminto sel ected

non- selselbteérdnm\k@wertgg@ éor@bOhwlgm bmmerS{man]dFtnglerﬂwgﬁomatm anldlomgwlatg ve
enbodi nent . o ough PBR scl osed herein

subst anthi s Eralech BBl Rop R R T R e S HEPEOEEEn G 1 51 oped
por t i onsmb3utidndf SeHasitanhiral 1hyu1mfntanq@ovamgm@teﬁa@fﬂ@auhz@d@@@rﬁahtaﬁn wal |
130 and distal side wall 160 define cavity 145. Fig. 1 also shows sloped
por t i orffurpgEempeighse flugirition1 25 meeting proximate to axis 190, al ong which

del
anl o J0LRIY, SHESSER Sfodsiil, HE L CRo RN Qo 4RGSR T RE AR
di sposamhitp. almfdrthbr ¢rob@dtinsntd Ihe aystbngasc deg inte the gysideior a.d’c(kd Sdeglty hngtill

further. shows carbon dioxide delivery systens 150 conpri sing car n. d|0X|de
t er mi ndM@raved RgasiegHomPeiRfaging gpf&@uwﬁ congstent {gmperatugrs| pqrey ey <esird 170

Conprl%ﬁ?@uggﬁygﬁhk%ﬁﬁﬂm;erﬁlna| 110 al so through proxinal side wall 130.

Fi g. so shows that the systemfurther conprises apertures 180 through
proxi md0147]de WwasdmcelShoduniuth, thwmy -heughRBR aysten dlsclaselddteraueﬁtrthenpmpmsyn
system [016 hows an roill stratlv odi ment . of th rough
PR oy St R Bt B B BRSO BRI B iy SR ETOR OBy E P PADS Pede
fromnutrient solutions 200 and 210, as mell as pH stabilizer 220 to inject
t hese conponents through proxi mal sidéﬂMall 130. Fig. 2 shows that the
system further conprises gas delivery system 170, carbon di oxi de delivery

systens 150, sensors 230 (distributed at three different positions al ong
base mall 125) and a harvestlng aperture 240 trough distal side wall 160,

N R . o, o o v R ~ N



[0166] Fig. 3 shows another illustrative enbodi nent of the V-trough PBR
systens di sclosed herein, |ooking end on at proxinmal side wall 130, where
sl oped powoOi2ores16d$85 and substantially vertical portionsPCaQISed12loass7 wal | s
125, proxi mal side wal | 130 and the distal side wall (not pictured) define

cavity Fi 3 .al so_sho sl o ortion 35 of base wall.s_ 125, which
define t %&aémaeﬁgr HE S fé@stal\@@m al%g‘gl bateere aﬁ@%irte thistys e 386 iEfogecdPw) so
shows oMl A% is8c ARbbYBINtS HRIELHR idoPiheSePakal \%Qu fwinm wasodelld M%roﬁ
system 170, and nutrient injecfion apertures 180 through proxi nmal side wal l

130. Fuhe Hisr] willg In Birdlkoembadimontst the draue tsumeth@dBtal @il 67h s the cantsdlowrs on
anot herthl | lustrative enbodi nent of the V-trough PBR systens disclosed
her ei n,"f BOXI™ agl a#d on at distal side wall 160, where sloped portions 135

and sut{el ti ald YonvesrhbsncRO) difl @S chbb S is b?&l&og@ lpSwat&Sntot dr®uPb Ok MRl
side wall (not pictured) and distal side wall define cavity 145. Fig. 4

f ur t hersysthmga dleage anpeprbopdioxiiggelyery agwerym| Insfuntbe caaodinends. iaktiEr i or angl e
195, aqgcl%:ogo%yng%]@ﬁ tgﬁﬁ%g%at nt%'%?r Ex%rfgch%%gs_tetrﬁ'v%%%pgla?e Shtedi 4 s¥L! 160

Furt her OoWs"'su struc

2012/ 1 chddradits )a2 (26 MAOLYY if Gsb68Y friiganBorsdinutatatht lcokgaiddiwh v&aﬂmn the
illustrative enbodi nent. of  the nethod for grow ng a biomass. using t

V- t r oug¥rtiopgh E?&%{ﬁt@nwgé|ﬂ&§bwrﬂ@rlémt%eﬁélkﬁow praleseiskillggd %@ﬁ@@dalﬂrﬁto a
PBR 50 r del yer rbon
i oxi dacs 2BRayS; HRRELGR] AadBhlntt REOE ulERadf; JEE e Ram) 8L T s
del i vermdcdé@ﬁ th GIIJGdJIaO‘HBJQSNéQ@KBMah),OIIHﬂIﬂa pip(e abdzbnnsssehxshdnathcdmby@c&zw theFl ui d
may al so upplied fo xi afIU| unpi n no sho
[0166] Pl e ien e Seaireiudt. i G5l A CEniald hmie B hogh 1o He

LT ust rakley eneatndy B'thte affortgl@usbdt fh@ldlgﬂsﬁraﬁtﬁé’&lﬁ@%ng't&cdl%@tgr Blesﬁfé dF whi ch
illustrates the circulation pattern 6 on one side of the system

(ci r cultht vemelpatit bt puopirtghende meore sneiey nBicieh enhyconpingcal &hshovwpaad tbubbl es
610 as the%ﬁg}] cont |butor t mgc g‘lfl wi th carbon di oxi de bubbl es
600 addChTINGPFYEEROF PRI iR O ol mufiotan |y, [0170] Fig. 7 shows
an expliodey] aspesin@debRMneihtsahe M- ﬂrd)l?hrB‘BR v t@nP@dtoRaAthetdin bR@kdowd ough

PBR systens di scl osed herein, where sassenbl ed system conpri ses a nol ded
li ner 700 siedli measy ferafiieignt shmppingnila somg embadnynqntﬁr thesyetaty iy a Wrakeypyyssenral

an 111 aatt B o Rlioal e, dhp A0G AR BRI Bn iman e o7

wher e puitpd&iéhts, she Grtdugh PBR i}@temsrdiscﬁoded Quieth c(cﬁn]@s;e aGttutturad un@d)wm)d drom
V-shaped cavity 145, to outlets 821 and 822. In one enbodi msnt np 810
pul |'s afd it lipst dispeied on te%aﬁj th strueguiahsupgH Ydiieh sespptsiephisgaginof félﬁrsmﬁaﬂ t ubes

820 to 1gnEmetk n%r?nd&fts Bitsuf oﬁ~t§c?1§cu?r@‘i’s Ram. ‘iﬂgoﬁégﬁlbb&‘ihfén%é ﬁl'%%ﬁ rfavity
i me

145. In other e nts, is configured to punp a | Id from
i nl et &Rictuce mmprﬁsbs 82&abbrp1wesevhwcé1r®a be hackenidotvo toéiamlhtytekhﬁ)mdnn Bt sohie

further odi 810 i s con a I| d fro one or
o 6 oremmagnetts 2hS e B B e BB Po i N Ber USRS Tt o eavt ¢y
145. Li sgktremt}aﬂﬁe&%ﬁlp%@sk eﬁé’e%o@dmﬁerlmm atq&as§§élﬁsﬂ>egbﬂeﬁﬁﬁih% REpRBR dtRicturé.adi at e

the liquid as it passes through tubes 820 depi ct ed enbodi ment, two
set s oflnispeghtenbadnedss] thersdc@@dingr belppmping@e thaothapppobE sepporicemcute. tlwbes

820. some embodiments, the first and second liners are secured to one another. In some

embodiments, the liners are secured by friction. In further embodiments, the liners are secured
by mechanical means. In still further embodiments, the liners are secured by chemical means.
In some embodiments, the liners are secured by clamps or adhesives. In some embodiments,
the liners are secured by heating. In some embodiments, the support structure is broken down
and stacked, and the first and/or second liners are folded, collapsed, or rolled up to facilitate
shipment. The ability to break down and fold, collapse or roll up the separate components of
the V-trough PBR systems disclosed herein facilitates more efficient shipment by conventional

means, where the structural support can be assembled onsite, either by itself or at least partially
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[0172] Fig. 9 shows a chart of the absorption spectrum of chlorophyll a,
where the approxi mate absorbance nmaxi ma are at about 430 nm and about 662
nm [ 0173WBi2g12/16688shows a chart of the absorption spect PaTafS2abioarisphyl | a
and chl orophyl| b, where the approxi nate absorbance maxi ma of chlorophyll a

are at about 430 .nm and about 662 nm apd the approxi e absarbance nmaxi ma
of chl GPBEMAAI™ENRME Wrolldopco: s o aa%ﬁj%&a‘fonéﬂwehmnﬁ%mmtw&? sHashows
an il 1 ushrid fideliRretedBRthQuph&ie ook hQhg8,ABR systems discl osed herein,
where base 100 (conprising two base walls 125 with a nultitude of sl oped
porti orl€130J00 Hefdnm ergbadimonts.che ¥etrdrbe’ B syntdros gibdossdistam urtiict yorvprsteaped

features, 11 l.n parall.el. and 2012/ 166833RPCT/ 12/ 040157

subst artatarar eyl BREE v ich Ftfne P arotpr QR B SIS0 di stal si de

wal | 16018gf i nen gavd dnfbodiPentk] tBe V1dohSTB IS BREmSHi0RBsdRREdh Aitthel d8p@e base

wal | s 125 neeting proximate to axes 1110, i ch sl oped portions further

def i ne drinibrlings. Angfinescrbadimenih; thi grayity Hactapusedeigr savedingdmemaseral | equal

to 60 .. 75] Fi - ' i Hodi 0 e V- PBR

9o BORETRELer, B R S LBl GO0 THRD S SN A 9D

w t h a theldredaigiecrabodimepsbipmeass cande habRstdé fion, bgwatee,attitrddhits thabasdemeorits

mul tiple substantially V-shaped features 1230 .in parallel and substantially

ver t i cdiH pabilizesand/apgthergoguionants sale pgrfucedantodpeeulfure Mediviaby varsedef i ne

cavity .4 | Q- I [ f l1's 125

neetinéﬁ%?%§¥%%fg%%ggg§1sﬁgg%%yauﬁﬁgﬁng%%%ggﬂ%B%%?%H%I?%??ﬁgﬁﬁdefine

I nterior angles 1220, which in the depicted enbodinent are all equal to 80
EQUI \Avitiehih®ed 5did6} ahd €@ndkal Systedmisn t he art will recogni ze, or be able to

o the 0bsai T SSuigaip i by b THEIREN Rl o &Gt SR on <
ar e i nteRded ah@ cBRrARGANRISSAintdnihH end HOREYAE chREtib® @i et VLtAduh -

[0177]What is clainmed is: o '
PBR system. Such systems are known by those skilled in the art. In some embodiments, the

sensor and control system monitors the conditions in the PBR system and controls various
components of the PBR system via computer, data logger, programmable logic control, any
other type of real time monitoring and control system, or any combination thereof. In some
embodiments, the sensor and control systems disclosed herein comprise at least one sensor
and/or at least one control.

[0153] In some embodiments, the sensor and control system comprises a data logging
system that is equipped with sensors and controls which monitor and control various aspects of
the V-trough PBR systems disclosed herein. In some embodiments, the data logging system
comprises a National Instruments, Campbell Scientific, and/or Allen-Bradley product, or a
combination of the foregoing.

[0154] In some embodiments of the V-trough PBR systems disclosed herein, the sensors
disclosed herein comprise temperature, carbon dioxide, ozone, dissolved oxygen, light, relative
humidity, air speed, pH, chlorophyll a, phycobilins, turbidity, optical density and/or electrical
conductivity sensors, or any combination of the foregoing. In some embodiments, the sensors
comprise Campbell Scientific, Honeywell, YSI, National Instruments, and/or Hanna
Instruments products, or a combination of the foregoing. In some embodiments, real-time
feedback from the sensors is analyzed by software uploaded to the data logger equipment. In
some embodiments, real-time feedback from the sensors is processed and control systems are

adjusted according to set points and applications set forth in the software program. In some
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WO 2012/ 166883PCT/ US2012/ 040157 CLAI M5 1A phot obi oreactor, conprising: a)a
cavity defined by: i)a substantially V-shaped base conprising two base
wal | s, sawo 2beswessal | s nmeeting proximate to an axi s def iPoirfus2@n/0u015®r i Or
angl e, each base wall conprising: 1) a sloped portion and a substantially

vertical portion; 2) a proximal end and a distal .end;, and 3 | engt h
ext endiW@]&QP%%?@&Y%O%‘&Q%W%HW& ey d’i’lﬁbreﬁ%Flﬂf@rng gﬁ?%kfet%og & axis;
1) a prayxiit@hs 5f @e wedibd BUEASENh sbeSAIPIRION, BRI seRBbysRAN abd Wirdledd St al

side wall adjacent to said distal end; b)at |east one’gas delivery system
di sposeqstainsrcduaed themaed foy vared apd pthwedimatgriphr al | el to said axis; and c)at

| east O[H ?Séiar b?nnso%ileoé(r}l‘tgoedir%grlltis,vtﬁé Xenssgrsgnedngogl{rglps%%t%gl 1%“1‘1519 {.nna cso%itiguguasvoirtsgmﬁnd
continuous mode. In further embodiments, the sensor and control system is run to adjust and
maintain selected parameters within predetermined limits to provide a beneficial environment
for the selected biomass. In some embodiments, the sensor and control system controls the
amount of light and standing biomass concentration in the system to improve the productivity
of the system.
[0156] In some embodiments, the sensors disclosed herein monitor air temperature and
humidity and the controls disclosed herein adjust these properties using cooling and/or heating
means. In some embodiments, the sensors disclosed herein monitor the temperature of the
culture medium and the controls disclosed herein control the heating and/or cooling system to
maintain and/or control the temperature.
[0157] In some embodiments where the V-trough PBR system is covered, the sensors
disclosed herein monitor the carbon dioxide and dissolved oxygen in the air space to determine
the amount of gas that leaves the system.
[0158] In some embodiments, the sensors disclosed herein monitor the pH of the culture
medium and the controls disclosed herein maintain and/or adjust desired pH thresholds of the
culture medium for the targeted biomass. In some embodiments, the controls disclosed herein
maintain or adjust desired pH thresholds by stabilizing or adjusting the pH of the culture
medium by adjusting or maintaining a combination of the flow rate and bubble size of gas and
carbon dioxide introduced into the system, the addition of pH stabilizers, and/or other factors,
or a combination of the foregoing.
[0159] In some embodiments, the sensors disclosed herein monitor chlorophyll a and/or
phycobilin concentration in the culture medium to determine the amount of biomass in the
system. Chlorophyll @ and phycobilins are photo-harvesting pigments in algae and
cyanobacteria. If cyanobacteria is not the biomass that is targeted for production, then the
phycobilin concentration can be used to determine the amount of cyanobacteria contamination
within the system.
[0160] In some embodiments, the sensors disclosed herein monitor the amount of light
entering the PBR system, and the controls disclosed herein adjust or maintain the harvest rate

to compensate for the amount of light that is entering the system. In some embodiments, light
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extending parallel to said axis. 2. The photobi oreactor of claim1, wherein
said base walls conprise a curved transition between said sloped portion

and sai d wohst2amwsssal |y vertical portion. 3. The phot obi eceastar/oefisTt! ai m 1,
wherein said interior angle is between about 60 and about 140 degrees. 4. A

phot obi or eact o Si a)a. cavi ty fined b t Qur ed base
defi ni RGNS %I}%q%ltrp ;?@P‘?lﬁ@% EFiogioh sk §Y§}iﬂfl@hz fiﬁﬁl%agfo USHYLY #p0

subst anfct@nlintd\G qﬁ@ggqlg@tures in parallel, the contoured base conprising:
1) a first substantla y vertical portion; 2) a first sloped portion; WO

2012/ 140884 PCTIUSPEAIN BT e sersers sling lastd perdinpontpirsn onatr motettirbaditl oped

Bg” : gn enso)rs chfc %Jprhtyﬂ assleo o%j atp(f%rt olp%rgéll (Pe}lsi?y sse%(s:oorg.dlnst'ﬁte)sseteantg | E1ar!n|er}4cs the rtical
foregoing sensors are utilized individually or in conjunction with one another to measure real-
time biomass concentrations in the system. In some embodiments, the controls disclosed
herein utilize the real-time biomass concentration measurements determined by the sensors
disclosed herein to control the harvest rate, nutrient injection rate, contamination rate, or a
combination of the foregoing. In these embodiments, the controls disclosed herein initiate
nutrient injection and/or harvesting depending on the productivity in the system. In some
embodiments, electrical conductivity sensors measure the salt content of the water, and the
controls disclosed herein provide salinity and fertilizer salts in the system to adjust to the
desired concentration. In some embodiments, the controls disclosed herein maintain or adjust
the nutrient injection rate based on electrical conductivity measurements made by the sensors
disclosed herein. In these embodiments, a desired or target electrical conductivity level is
determined relative to the targeted biomass for production.
[0162] In some embodiments, sensors disclosed herein measure contamination of the
medium by the productivity rate of the PBR system and the difference between the turbidity
and chlorophyll a concentration in the system. In some embodiments, contamination is
monitored by one or more phycobilin sensors, where the targeted biomass is not a
cyanobacteria. In some embodiments, the controls disclosed herein apply contamination
treatments the PBR system to maintain desired productivity by killing, inhibiting or reducing
the concentration of potential contaminants that inhibit or effect biomass productivity. In some
embodiments, ozone is applied to the system to prevent contamination. In further
embodiments, ozone is applied prophylactically, to prevent contamination rates reaching
detrimental levels in the culture. The amount and timing of the ozone application for
sterilization of the culture is determined by the contaminant in question. In some
embodiments, ozone is applied at levels between about 0.5 and about 1 mg/L for sterilizing
viable cultures without effecting the targeted biomass. In some embodiments, the sensor and
control system comprises an ozone sensor and control for ozone application, wherein ozone is
adjusted and maintained within a predetermined range to prevent contamination rates from
reaching detrimental levels in the culture. In some embodiments, ozone is adjusted and

maintained between about 0.5 and about 1 mg/L of culture. In some embodiments, ozone
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wherein said first sloped portion and said second sl oped portion neet
proximate to a first axis defining a first interior angle; wherein said
first sl omedoporsssson and sai d second sl oped portion def PO®/US2012/080157
substantial ly V-shaped feature defining a first depth wherein said third
sloped ortlon an fﬁ@ﬁth sl oped portio grOX|nate to a.second

axis dé q%ft‘?f‘gjwse% Py Mg axe S %@qg ventdrs g@vdt 8hed

por t i onanchigadtd bEPMlI ﬁbtqﬂaﬁﬁ%n@@éﬁdlmcﬁ%ﬁ N&ﬁn@ehﬁﬁﬁﬁé"@ substantially
V-shaped featuré defining a second depth; 7) a proxinal end and a di stal

end; arl@16d] a ITea th‘ur@xhzérfdhlm dathomyra@ah@v thedsll apattrammidbhr eadigodi cag be

per pendi cul ar .t Xe r OXi dj t,0 .sai d

D ot et ke eptfing ety A5G ruiibecEe B R nafps el s BERART B oS g

5. The goesAbi OFRAGREWSAN ﬁlu@ﬂriﬂs@erﬁﬁéﬁhﬂ&ft o€ EH¥PV it I PBR) systeis [disdlostpped
portion; and 2) a sixth sloped portion;, wherein sard fifth portion and said

si xth dlcspavimse substantielst V[:ﬁhémdn@ts@ 190, (cemppising twe |b§SQj‘§111|15nl2r$gW1éh slapedd
0 1 g8 AR MASEAT, AL, L Sh RS PRI DR A1 140 o o
dept h. V@alﬂ' tﬂ) fivic @bvioy BARC AL, Dils@ghow@rseomﬁ pottiingd 38 obbass aialls (lQSlTn%t‘lﬁgi base
S omaLe fo axsk 190, 216 whith gas delivary Systers 170 lice, which Bas walls et o "
define interior angle 195. Fig. 1 further shows two carbon dioxide delivery systems 150
disposed parallel to axis 190 and gas delivery system 170. Fig. 1 still further shows carbon
dioxide delivery systems 150 comprising carbon dioxide terminals 120 through proximal side
wall 130, and gas delivery system 170 comprising gas delivery terminal 110 also through
proximal side wall 130. Fig. 1 also shows that the system further comprises apertures 180
through proximal side wall 130, which may be apertures for a nutrient injection system.
[0165] Fig. 2 shows another illustrative embodiment of the V-trough PBR systems
disclosed herein, where nutrient injection system 260 feeds from nutrient solutions 200 and
210, as well as pH stabilizer 220 to inject these components through proximal side wall 130.
Fig. 2 shows that the system further comprises gas delivery system 170, carbon dioxide
delivery systems 150, sensors 230 (distributed at three different positions along base wall 125),
and a harvesting aperture 240 trough distal side wall 160, feeding to harvesting receptacle 250.
[0166] Fig. 3 shows another illustrative embodiment of the V-trough PBR systems
disclosed herein, looking end on at proximal side wall 130, where sloped portions 135 and
substantially vertical portions 140 of base walls 125, proximal side wall 130 and the distal side
wall (not pictured) define cavity 145. Fig. 3 also shows sloped portions 135 of base walls 125,
which define interior angle 195, cover 300, and culture medium 310. Fig. 3 also shows carbon
dioxide delivery systems 150, separated from gas delivery system 170, and nutrient injection
apertures 180 through proximal side wall 130. Further, Fig. 3 shows support structure 320.
[0167] Fig. 4 shows another illustrative embodiment of the V-trough PBR systems
disclosed herein, looking end on at distal side wall 160, where sloped portions 135 and
substantially vertical portions 140 of base walls 125, the proximal side wall (not pictured) and
distal side wall 160 define cavity 145. Fig. 4 further shows sloped portions 135 of base walls
125 defining interior angle 195, and also shows harvesting aperture 240 through distal side wall
160. Further, Fig. 4 shows support structure 320
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WD 2012/ 166883PCT/ US2012/ 040157 7. The phot obi oreactor of claim4, wherein
said first interior angle and said second interior angle are each

i ndependewol2g12ft888@en about 60 and about 140 degrees. 8PCThiS2012/040157

phot obi oreactor of any one of clains 4 or 7, wherein said first interior

of Ty 86810t Eies aBous DASHeRi Sl th Huliist FHPoimGn aF e Mg lo° die Sard
second ighesiiQi IR0V erdih I LRGN disdied TRRIPHALN Qo RRGLIOiBnsaliioRe Of

clainms 4 or 7- erein said first depth of said first substantially

V- shapdtBR 808, wae is sipplicsl foamsxiag 51 heiasegondlidapsystoh, @dia devdad supplicd

substand,.al |y V-shaped.feature. 11. Th hot qbi or tor..of any one o

ol o e 20proeta SRS iy B i Msrene el S8 PO St oSSR R S Ry

V- shapefe bRata§ B habvedicl 580 eRtuid Maialsb®e sesRRd feheRixinO¥ia aaidd ?ﬁﬁ@ﬂﬂ _

substanti al Iel V-shaped feature. 12. The photobioreactor of claims, wherein
Re

sai d fisystemi(Releshow).angl e, sai d second interior angle and said third

interi gl erar [ nde : t :

dogr cea 87 THL 8BREEw ARERFOIRTNY o BRIIEAR AP o AR Ui ddhen: .,

| east tofohoV-tEaigH PBR sistanibt disdlesed dagirewhiRAiiltussare it diruktibopaddrgle20 and sai d
third interjor. angle are the sane. 14. The phot obi oreactor of any one of

cl ai ms Weardeps thesysicet (siraelatinpaticrmen Bre odhr dideinosshovy e Figop skt 82s sai d
second yyBbRE 696 a S8l A bniRl il b ket §lcp ol Fodieriridipgnt - 15, The
phot obi oreactor of any one of clains 5 of 12-14, erein at |least two of
sai d fiadditiodelhyt tonodfibigaigdbitilestsignificshent i al | y V- shaped feature, said second

dept h id second substantjally V-shaped feature and said third depth of
aard PH I unEanehany o wiesdenteetea g ohre e G boihénpil e’y

phot obi Ry BAPHN s\_fcnfMs MW8d Abref], WHIR HsRberlifed fystaMBsRhikcdt hala&t lifapo of
said first depth of said first substantially V-shaped feature, said second

dept h of00skiidingeevitd 143 vdtienis ireddly onass¢raple dvifheproximel aidd vedli 10t distalisidept h of

said thir bst.anti al | y,/- shaped feature are different. 17. The
phot obi‘%arlg]a@f%ﬂ%bd?‘?egﬁbs x%?e of claims 5-6 or 12-16, wherein the

substanpial]l y VigsBapeds heatustr@iveReibod it BRI V-erosgh BBRI gystems dbstosed i al |y
vertical portion and the substantially V-shaped feature nost proximte to

sai d sdeonn whgse punp 840 iycondigwicd 4 pumpa gl (¢a638EMCTNeSRD) fomsdshaped
cavity 145, to outlets 821 and 822. In one embodiment, pump 810 pulls a liquid out of cavity

145 through suction piping 840, through tubes 820 to one or more of outlets 821 and 822 and
back into V-shaped cavity 145. In other embodiments, pump 810 is configured to pump a
liquid from inlet 821 to outlet 822, or vice versa, back into cavity 145. In still further
embodiments, pump 810 is configured to pump a liquid from one or more of inlets 821 and 822
through suction piping 840 and back into cavity 145. Light bars 830 and 831 emit light at
selected wavelengths to irradiate the liquid as it passes through tubes 820. In the depicted
embodiment, two sets of light bars 831 and 832 are in place, on opposite sides of tubes 820.
[0172] Fig. 9 shows a chart of the absorption spectrum of chlorophyll a, where the
approximate absorbance maxima are at about 430 nm and about 662 nm.

[0173] Fig. 10 shows a chart of the absorption spectra of chlorophyll @ and chlorophyll b,
where the approximate absorbance maxima of chlorophyll a are at about 430 nm and about 662
nm, and the approximate absorbance maxima of chlorophyll » are at about 453 nm and about
642 nm.

[0174] Fig. 11 shows an illustrative embodiment of the V-trough PBR systems disclosed
herein, where base 100 (comprising two base walls 125 with a multitude of sloped portions

1100 defining a contoured base of multiple substantially V-shaped features 1130 in parallel and
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portion define depths greater than at | east one of the other substantially
V-shaped features. 18. The photobi oreactor of any one of clains 5-6 or
12-17, whwoebry/tshes3subst antial |y V-shaped feature nost pPCOAIS@ERA4G167 sai d
first substantially vertical portion and the substantially V-shaped feature

nost pro |nat to sa [of6) subst ant.i al | rt.ical. fine.
interi o@ﬂlﬁ w! mﬂl?li‘?aﬁ%&tprP’él signerali B dsafyed™ ‘5:63@ Qﬁtf neavify

V- shapegysf @?g Un &fso siigws Zﬁ'&ﬁe@ﬁk%@&! prmﬁtbgge W12 rﬁ&%ngf réHiRhi%Ro 438
further conpri sing: | east” one gas delivery system |sposed wthin said
cavi ty Hddd, \ekmbﬁbpﬁgpmpas fusther defare intenst anghes 1820.sehich fn the depigicd and sai d

second axis. 20. T hot obj oreactor of claim4-19, further conprising: at
| east 6%%‘%@?%8ﬁﬁﬁgg%ﬁ@g% i'very system di sposed within said cavity and

ext endijpg7far aklgeh 2 k8o ar #lastatRe %nﬁfbdﬁl@én@ of!h%SJ tr@ﬁglﬁPBR@ys&@m@i deeleshrd axis.
21. The phot obi oreactor of any preced |ng claim further conprising a |liner
$

di sposdureintinhaic batied 08 dcareyrisimptwotiise plabs bF wite acnwfituge ohnppest paEERNg
| t
oA o0 R S TB LAY DARERI DL ARIAY ol R Ua 2t o PR Pl L0

f ur t hersubanmfallgivegical pmtlmmmo) Jprbgiadal eide syHt1I80) didédl siddhr@alp hetn abfirey @&y or of
any one of clains 1-3 or 19-23, wherein_said gas delivery system conprises

a 1ine ¥Snpig-dil W&Oéhgwaﬁlapﬂ porgpnyy} 2094 bascovlis lc?ésrn%ﬂt@a@ml@aﬁeéﬁ@w to
provid r obi or eact or
o “any a0 S Ron B R S B o R R i DR

conpr i seshodith¢mercadhguakio) @ plurality of orlflces di sposed along its

| ength, said orifices conprising a najor dinmension rangi ng between about 1
mm and about 5 mm 26. The phot ol HQUEHAL®NTS any one of clains 1-3 or
20-23, wherein said carbon dioxide delivery systen1conprises a line

conprising a plura |t Qf orifices disposed ong its . length, said orifices
conpr i 4%86 F%@ S&} AR thsrart W iCARB s %%a%&ﬁw@f%wsmgémﬁgr%@ about

1 mm rmn?eo eﬁ@l@%gg%%%gé%é VQI%étZ t&the s ﬁ@ﬁﬁp Qﬁ’ﬁo?@ih&hﬁ%ﬁ&fbe@f any one

of clains 24 wherei’'n sa Ifices conprise at |east one of
perf or apﬁmﬁsa,llyﬁmeas Siclj epitivabentpor mtspdedrto &p endompmssed in the scope of the

following claims.

[0177] What is claimed is:
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28. The phot obi oreactor of any preceding claim further conprising a slope
fromsaid proximal end to said distal end. 29. The photobi oreactor of any
pr ecedi ngwol2aiame6$8ar t her conprising a cover. 30. The pheCohiserieasildsT of any
preceding claim further conprising a support structure, wherein at |east a
portion of said base is disposed On§ﬁ§§ﬂﬁé said support structure. 31. The
phot obi oreact or of any preceding cl rther conprising a culture nedi um
conprising biomaterials disposed within said cavity. 32. The

phot obi oreactor of claim?29, said cover further conprising a glazing
material fabricated froma nmaterial selected fromthe group consisting of
pol yet hyl eney ph&yBRrcaBRk YoripeRMat €, clear vinyl, clear polyvinyl chloride,
gl ass, or a conbination thereof. 33. The photobi oreactor of claim 30,
wherei n sai d\suppot.t.: conpri ses HDPE. 34. The phot obi oreact or of

cl ai m 30, m%lreiﬁlégpghéﬁ%%géf structure conprises foam 35. The

phot obi oreact or of claim.30,.. rein i.d support structure is .capable of

fi sassenbly and st ackirgaarifier ShiiaBs: SYBRGIa St Hidy \FuiRRngH &
conprising foam i nsul ahécding Prsipardo afpris@Biining adtintte@Sdngk, pahtbasawell sai d
on a side opposite said cavity. 37. The photobi oreactor of claim 30,
wherein said support sOPEBUEe is installed in the ground. 38. The

phot obi oreactor of claim 31, wherein said culture nmediumhas a stable pH
39. The phot obi oreact o of ailepah@itiondrasiuhstariiallybicoreat portiah's ar e
harvested fromsaid culture nediumvia a gravity |line. 40. The

phot obi or eact or of cl &)m 31 prokierabend and 4 dstabéndgasd exi ti ng sai d gas
delivery systemprovides for a mxing rate of said culture nmedium 41. The
phot obi oreact or of cl @)m 31 lendtRieeicndiB@iatbng shiduwixe aimeldi width sxtelidingen from
said proximal end to said distal end. 42. The phot obi oreactor of claim 31,
wherein said gas and car borPSEHLicHBT {33y systems are used in

conjunction with pH buffers for stabilizing the pH of said culture nmedi um
i1) a proximal side wall adjacent to said proximal end; and

1i1) a distal side wall adjacent to said distal end;

b) at least one gas delivery system disposed within said cavity and extending

parallel to said axis; and

c) at least one carbon dioxide delivery system disposed within said cavity and

extending parallel to said axis.

2. The photobioreactor of claim 1, wherein said base walls comprise a curved transition

between said sloped portion and said substantially vertical portion.

3. The photobioreactor of claim 1, wherein said interior angle is between about 60 and

about 140 degrees.
4. A photobioreactor, comprising:
a) a cavity defined by:

1) a contoured base defining multiple tapering inner dimensions which
form at least two substantially V-shaped features in parallel, the

contoured base comprising;:
1) a first substantially vertical portion;

2) a first sloped portion;
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WO 2012/ 166883PCT/ US2012/ 040157 43. The phot obi oreactor of claim 36,
wherein said foaminsul ation conprises said support structure. 44. The

phot obi orwacbwicess3cl ai m 40, further conprising a sl opePCrarse&iaiogo1pr oxi nal
end to said distal end, wherein said slope and said mxing rate drive said
culture nediumin a direction fr said proximal end to said distal end.

45. The phot obi or eact of of %ﬁ%ﬁ?ﬁggmﬁaﬁ9 s 31, 38-42 or 44, further
conprising at |east one of a fluid punping systemand an agitation system
for mixing and/ or cirdﬂlatﬁﬁ@“@ékﬂega?ﬁﬁpe medi um 46. The phot obi or eact or
of claim45, wherein at least two of said gas delivery system fluid
punpi ng system and agi¥at i onfositbslopsd ppréipat e to create a strategic mxing
pattern. 47. The phot obi oreactor of any preceding claim further conprising
a return structure for6)reciasubmat substahtzallyesiten! péntibd, back to the cavity.

48. The phot obi oreactor of claim47, wherein the return structure conprises
at | east one of piping, tubiigeciangiddharigled podfbn ahisaidetldistopedpbaionof any
one of clainms 47-48, wherein the return structure is disposed outside the
cavity. 50. The phot obi or edB$bPIBMalKO 8BSt GrIsAcHNing A sYBIerighaRade:n t he
return structure is disposed wthin the cavity. 51. The phot obi oreactor of
any one of clains 48-50, whiekesein said firgizdaped merton and saidispeang, slapgdipagioand
channel s are transparent. 5 i r i rein
light is applied to at |eas%ﬁa%g%@%ﬁ%@ﬁ%ﬁ%%ﬁg@ﬁ%H%?%fﬁ% afis™ The
phot obi oreact or of clai m5Zicpihierein the light is applied to at |east one
side of the at |east one of piping, tubing and channels. 54. The

phot obi oreactor of clai m52whé_«t\$l_ﬁrs§iidﬂhf&dﬂ_§lobéc%ﬁrtib§aﬁp@hdﬁﬁrth%ld_?@ﬂ@oﬁti&ﬁn one
side of the at |east one of piping, tubing and channels. 55. The

phot obi or eact or of cl ai m 52ncajferxenatetipe sedogh exisslefriogiageepngyintgripr gile;
source selected from at Ie%%h one of LEDs and m cro- LEDs.

wherein said third sloped portion and said fourth sloped portion

define a second substantially V-shaped feature defining a second

depth;
7) a proximal end and a distal end; and
8) a length extending along said axes and a width extending

perpendicular to said axes;
i1) a proximal side wall adjacent to said proximal end; and
1i1) a distal side wall adjacent to said distal end.
5. The photobioreactor of claim 4, further comprising;:
1) a fifth sloped portion; and
2) a sixth sloped portion;

wherein said fifth portion and said sixth sloped portion meet proximate to a third

axis defining a third interior angle; and

wherein said fifth sloped portion and said sixth sloped portion define a third
substantially V-shaped feature defining a third depth.

6. The photobioreactor of any one of claims 4-5, said contoured base further comprising at

least one additional substantially V-shaped feature.
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56. The phot obi oreactor of claimb55, wherein the |ight source conprises
light bars. WD 2012/ 166883PCT/ US2012/ 040157 57. The phot obi oreact or of any
one of clwDrER125@688, wherein the light is applied conti raDaske2/085857 The
phot obi oreactor of any one of clains 52-56, wherein the light is applied

non- cong i nuqQysl 9 The phot obj or eact or. an recedi | ai m, .further
conpri 2% ng %’ﬁ{ it Og faé%‘t e&’hPWEIbS?’é%ﬁ t%}&%ﬁ?‘gfngléc@ng%‘ﬁ second interior
phot obi or eackQfe RE eé‘c‘h%di@p‘él‘%’den‘ﬁ'?%"eﬁizé%nfaﬂ@uﬂ6091% aﬁ&&{rl% deQrERS. i ses LEDs or

m cro- LEDs 61. The phot obi oreactor of any one of clains 51-60, wherein the

| T ght qonpriges, o%%re%%d%%n&%%hf&%% ' LR eﬁf’f‘E‘aﬁg 68§t iAbridrSa gfe agug,e of :

about 600 nm't out nm t'o about nm abo O nmto
about 650 nrmaimdcmtnhutenﬁBﬁhgimﬂeahamm 700 nm 62. The phot obi oreact or of
any one of clainms 51-61, wherein the Iight conprises |ight having

wavel engt hs THe phb&bictbaeor@f ady oh€abélaiainet &7, vakedih s49Girdd Mt Goraddgltand50 nm
about 450 nmto about 550 nm and about 400 nmto about 500 nm 63. The

phot obi or eactiskscepnddipieriohangd¢ awe| dffergnt51- 62, wherein the light conprises

| i ght having wavel engths of at |east one of about 430 nm about 453 nm
about 643 nr¥hegthotsbidexternt a6BOnned daichsabeut-9.70ereimsai@4irstrispth of said first

phot obi oreact wher st _one of carbon
i ox de. o ruarg RS BREa Mo s B AR ot Rt el dPrBlns SEA%sr8 51 pi ng.
tubi ng and cipamelasly BShapthecapkier obi or eact or of any preceding claim
further conprising at |east one of a coating, covering or filmwhich

separ ates | MBitpHoRbrsRhsdrasly WAYSH QRsieor 50, wTkeinRBRIAY RbRAGAI Bk ol ai m

65, wherein at | east one of e coating, covering o I'mis incorporated
into at | easubgawiadly Vaskaped featuralnd di@fe@ndfrpmﬁh@ge.coaddepﬁ\h f said sgcondsenbl i ng a

phot obi or eag uBstantla?lnRF-sﬁap%g featu aI%. two base walls;

12.  The photobioreactor of claim 5, wherein said first interior angle, said second interior
angle and said third interior angle are each independently between about 60 and about

140 degrees.

13. The photobioreactor of any one of claims 5 or 12, wherein at least two of said first

interior angle, said second interior angle and said third interior angle are the same.

14. The photobioreactor of any one of claims 5 or 12, wherein at least two of said first

interior angle, said second interior angle and said third interior angle are different.

15. The photobioreactor of any one of claims 5 or 12-14, wherein at least two of said first
depth of said first substantially V-shaped feature, said second depth of said second
substantially V-shaped feature and said third depth of said third substantially V-shaped

feature are the same.

16. The photobioreactor of any one of claims 5 or 12-14, wherein at least two of said first
depth of said first substantially V-shaped feature, said second depth of said second
substantially V-shaped feature and said third depth of said third substantially V-shaped

feature are different.

17. The photobioreactor of any one of claims 5-6 or 12-16, wherein the substantially V-
shaped feature most proximate to said first substantially vertical portion and the

substantially V-shaped feature most proximate to said second substantially vertical
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b) a proximal side wall; c) a distal side wall; and d) a first |iner
capabl e of being fol ded, collapsed, or rolled up; which, when assenbl ed

i nto a phwoabixmwessdt or, conprises a cavity defined by: PODUS2012/040157

2012/ 166883PCT/ US2012/ 040157 i)a substantially V-shaped base conpri sing
said base walls, | d base walls neeting praoximate to an. axis defining an
interior andlosionedeiincilan S%ﬂareré@ﬁﬁieew@? O%leaPtE?réB a%ﬂvi\%ﬁha@ﬁ@ a
subst anti al lfyMggtical portion; 2) a proximal end and a distal end; and 3)
a length extending along said axis and a wi dth extending perpendicular to

d s: i : . : T y . . oxi mal
ond: ant ] 1) EGRERPA TR 4B HF; PR RS2 2Eh AR he LSRN
68. The kit shipalfadtoreGriost phedimite te aiid fibgsebstaitialy andicslgpattici ael thal | s

conprise foam bl ocks. ~69. e kit of any one of clai 67-68, further
conpri sing &% %%W@YIY'HI&PGJAE??@H? %_&anéé%f’éﬁfﬂ il S50 8 wlbstenpialbt yeafiga)
contai ns sai g fasgieliherientefRisthafbdBaVa 1kt ofOof the Biter EitstaRBSBTOLI NG @

phot obi oreactor, conpri sing:
shaped features.

19.  The photobioreactor of any one of claims 4-18, further comprising:

at least one gas delivery system disposed within said cavity and extending parallel to at

least one of said first axis and said second axis.
20. The photobioreactor of claim 4-19, further comprising;:

at least one carbon dioxide delivery system disposed within said cavity and extending

parallel to at least one of said first axis and said second axis.

21.  The photobioreactor of any preceding claim, further comprising a liner disposed within

said cavity.

22.  The photobioreactor of any preceding claim, further comprising a harvesting aperture

through at least a portion of said proximal side wall.

23.  The photobioreactor of any preceding claim, further comprising a nutrient injection
System.
24.  The photobioreactor of any one of claims 1-3 or 19-23, wherein said gas delivery

system comprises a line comprising a plurality of disposed orifices along its length to

provide congruent pressure for even gas dispersion.

25.  The photobioreactor of any one of claims 1-3 or 19-24, wherein said gas delivery
system comprises a line comprising a plurality of orifices disposed along its length, said

orifices comprising a major dimension ranging between about 1 mm and about 5 mm.

26.  The photobioreactor of any one of claims 1-3 or 20-23, wherein said carbon dioxide
delivery system comprises a line comprising a plurality of orifices disposed along its
length, said orifices comprising a major dimension ranging between about 0.001

microns and about 1 mm.
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a) a contoured base defining nmultiple tapering inner dinmensions which form
at least two substantially V-shaped features in parallel; b) a

proxi mal WwWode12umbis3 c) a distal side wall; and dpca/useeigi4disner
capabl e of being folded, collapsed, or rolled up; which, when assenbl ed

into a phot qhi oreactor, conprises cavity defined hy: i)said contoured
base, sdid 3@1&&9&%0@60%%& @éﬁqspflgpﬁﬁaw)%az@q YISEeIR ﬁﬁdéf)&ﬁewgﬂow%?&lﬁ%y
portion; 2)@efohv?§ﬁfor%h&p§ oRQihjcBfbn Rind, FepeRces! oped portion; 4) a third
sl oped portion; 5) a fourth sloped portion; 6) a second substantially
vertic PO Q¢ M ' ' I LS L.on: ' d sl oped
porti o(r?gr'neetjtﬂpe ono\r%é%t% "3% ?P ];sétCECZ%(l% giaﬁﬁﬁp%&ﬁ?}sﬁg s?%%egf}@gr%&ﬁgngl e; WO
2012/ 16688 3RcdtibER &dRloG4lilbstakdner ei N said first sl oped portion and said
second sl oped portion define a first substantially V-shaped feature

defini my. a fTHehotddrBictoigmagl Prezadidg blairﬁ,oru&hamfpmfﬂgi Qgdvand said fourth

sl oped portion neet proximate to a second axis defining a second interior

angl e; 3Nd  The photobioreactor of any preceding claim, further comprising a support structure,

wherein at least a portion of said base is disposed on top of said support structure.

31.  The photobioreactor of any preceding claim, further comprising a culture medium

comprising biomaterials disposed within said cavity.

32.  The photobioreactor of claim 29, said cover further comprising a glazing material
fabricated from a material selected from the group consisting of polyethylene, lexan,

polycarbonate, clear vinyl, clear polyvinyl chloride, glass, or a combination thereof.
33.  The photobioreactor of claim 30, wherein said support structure comprises HDPE.
34.  The photobioreactor of claim 30, wherein said support structure comprises foam.

35.  The photobioreactor of claim 30, wherein said support structure is capable of

disassembly and stacking.

36.  The photobioreactor of claim 30, further comprising foam insulation disposed adjacent

to at least a portion of said on a side opposite said cavity.

37.  The photobioreactor of claim 30, wherein said support structure is installed in the
ground.

38.  The photobioreactor of claim 31, wherein said culture medium has a stable pH.

39.  The photobioreactor of claim 31, wherein said biomaterials are harvested from said

culture medium via a gravity line.

40.  The photobioreactor of claim 31, wherein a flow of gas exiting said gas delivery system

provides for a mixing rate of said culture medium.

41. The photobioreactor of claim 31, wherein said culture medium is driven from said

proximal end to said distal end.

42.  The photobioreactor of claim 31, wherein said gas and carbon dioxide delivery systems

are used in conjunction with pH buffers for stabilizing the pH of said culture medium.
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wherein said third sloped portion and said fourth sloped portion define a
second substantially V-shaped feature defining a second depth; 7)a length
ext endi ngwal2oregiesssdd axes and a wi dt h ext endi ng per pendiPCultseo04@87 d axes;
ii1) said proxinmal side wall, disposed adjacent to said proximl end; and

iii) sajd distal side wall t to said distal 71. The
kit of ©rai rﬁv@howws%orﬁlgﬂ BFe BLReriny %tfoncww%%wg $4PPYIts £ ¢ h
sl oped porti@ictygnd 2) a sixth sloped portion; wherein said first fifth
portion and said sixth sloped portion neet proximate to a third axis

defi ni at L er i a - } pn and
sai d sicn ol sgRgldEbldt: FTRIEA0RANPESENRIAE fobd bR BLREGRPEA &7
defining a tsla1drdjstdleq:mtdhwhé’r2inTs‘m&1 sklope afd saidannmﬂgj;atamlre»reesia'rd qdtuck medittmuined base
further conpr.ises | east one. ad |t|o ubstantially V-shaped feature.
73. The kit d%ﬁ W@‘B Pyt © “ﬂ&ﬁ%f dn said contoured base and said

si de malls conprlse f oam bl ocks. 74 The kit of any one of clains 70-73,
f ur t her43e onprhiesThatpbipreacésind any Aae ofpisns, 3 &2 or 44, further comprising at least

one of a fluid pumping system and an agitation system for mixing and/or circulating

said culture medium.

46.  The photobioreactor of claim 45, wherein at least two of said gas delivery system, fluid

pumping system and agitation systems operate to create a strategic mixing pattern.

47.  The photobioreactor of any preceding claim, further comprising a return structure for

recirculating harvested fluid back to the cavity.

48.  The photobioreactor of claim 47, wherein the return structure comprises at least one of

piping, tubing and channels.

49. The photobioreactor of any one of claims 47-48, wherein the return structure is

disposed outside the cavity.

50.  The photobioreactor of any one of claims 47-48, wherein the return structure is

disposed within the cavity.

51.  The photobioreactor of any one of claims 48-50, wherein at least one of the piping,

tubing and channels are transparent.

52.  The photobioreactor of claim 51, wherein light is applied to at least one of piping,

tubing and channels.

53.  The photobioreactor of claim 52, wherein the light is applied to at least one side of the

at least one of piping, tubing and channels.

54.  The photobioreactor of claim 52, wherein the light is applied to more than one side of

the at least one of piping, tubing and channels.

55.  The photobioreactor of claim 52, wherein the light is provided by a light source selected

from at least one of LEDs and micro-LEDs.

56.  The photobioreactor of claim 55, wherein the light source comprises light bars.
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assenbl ed, at |east partially contains said contoured base and sai d side
walls. 75.The kit of any one of clains 69 or 74, wherein said first and

sai d secowm0 2imesss3are fol ded, coll apsed, or rolled up, PamaSs@M4EIPpPOrt
structure is disassenbled. 76.The kit of any one of clains 69 or 74-75,
wherein said first and said second_liner e secured. to. one apother. WO
2012/ 168883 /nbgmoz?mwgﬁnww%ﬁlﬁ&ﬁo? ,afhaaﬁa%rh’?glgét Bi%BRESS conpri si ng:
a) di spensi ngoatiRiRRESS cul ture nmediumin a photobioreactor, the

phot obi oreactor conprising: i)a cavity defined by: 1l)a substantially

V- shap ba b t M9, D85 hihgs 5058 L8] i f;d R oxi mat e
to an ?%i' S ci’gr}ei(‘ﬁ%% Ogrb]&?or{toer i ? gﬂg\?ell,nﬁesacﬁd’gvgs% gawa}i@ﬁ gltl:l o}?pra‘??séf({]nlgo: A a
sl oped porticontimmaisly. substantially vertical portion;
59.  The photobioreactor of any preceding claim, further comprising a light source directed
into said cavity.
60.  The photobioreactor of claim 59, wherein the light source comprises LEDs or micro-

LEDs

61.  The photobioreactor of any one of claims 51-60, wherein the light comprises light
having wavelengths in the range of at least one of: about 600 nm to about 700 nm,
about 650 nm to about 700 nm, about 620 nm to about 650 nm and about 680 nm to
about 700 nm.

62.  The photobioreactor of any one of claims 51-61, wherein the light comprises light
having wavelengths in the range of at least one of: about 400 nm to about 550 nm,

about 450 nm to about 550 nm and about 400 nm to about 500 nm.

63.  The photobioreactor of any one of claims 51-62, wherein the light comprises light
having wavelengths of at least one of about 430 nm, about 453 nm, about 643 nm,

about 662 nm, 680 nm and about 700 nm.

64.  The photobioreactor of any one of claims 48-52, wherein at least one of carbon dioxide,

air and ozone are introduced into at least one of the piping, tubing and channels.

65.  The photobioreactor of any preceding claim, further comprising at least one of a

coating, covering or film which separates light into selected wavelengths.

66.  The photobioreactor of claim 65, wherein at least one of the coating, covering or film is

incorporated into at least one of a cover, tubing and piping.

67. A kit for assembling a photobioreactor, comprising:
a) two base walls;
b) a proximal side wall;
c) a distal side wall; and

d) a first liner capable of being folded, collapsed, or rolled up;

which, when assembled into a photobioreactor, comprises a cavity defined by:
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B) a proximal end and a distal end; and C) a |length extending al ong said
axis and a wi dth extending perpendicular to said axis; 2)a proxinmal side
wal | adj awenvizieessai d proxi mal end; 3)a distal side wal lPCadjSacie/nu015D sai d

distal end; ii)at |east one gas delivery syst em di sposed within said cavity
and extendlng par.al | el t sal nd iii | east. one carbo dioxide
delivery system d?spoﬁﬁﬁl SRt W%éﬁ%?egé’ﬁet%? H"H@xsla l?ﬂsﬁéj’ag%rrsélldl ®to said

axi s; b)supplying a gagafshhQugb %lﬂaﬁ% aﬂ@h‘sﬂ@ﬁﬂmé)iﬁtnﬁ@ﬂlorpa'hgféugdcﬂg)awbbl es
havi ng di aneters between about f and about 3 nm and c)supplying carbon

di oxi de t hrough sai d owmlbomptistng:de del i very system produci ng bubbl es
havi ng di aneters between about 0.001 and about 500 m crons. 78. A nethod of
produci ng a bi omass canpri s shgpedgodimpearns subystantivllyrastscat pbrtion;e medi umin a
phot obi oreactor, the photobi oreactor conprising:

2) a proximal end and a distal end; and

3) a length extending along said axis and a width extending

perpendicular to said axis;
i1) said proximal side wall, disposed adjacent to said proximal end; and
i) said distal side wall, disposed adjacent to said distal end.
68.  The kit of claim 67, wherein said base walls and said side walls comprise foam blocks.

69.  The kit of any one of claims 67-68, further comprising a second liner which, when

assembled, at least partially contains said base walls and said side walls.
70. A kit for assembling a photobioreactor, comprising:

a) a contoured base defining multiple tapering inner dimensions which form at

least two substantially V-shaped features in parallel;
b) a proximal side wall;
c) a distal side wall; and
d) a first liner capable of being folded, collapsed, or rolled up;
which, when assembled into a photobioreactor, comprises a cavity defined by:
1) said contoured base, said contoured base comprising:
1) a first substantially vertical portion;
2) a first sloped portion;
3) a second sloped portion;
4) a third sloped portion;
5) a fourth sloped portion;
6) a second substantially vertical portion;

wherein said first sloped portion and said second sloped portion

meet proximate to a first axis defining a first interior angle;

_44 -



I)a cavity defined by: 1)a contoured base defining nultiple tapering inner
di mensi ons which format |east two substantially V-shaped features in

par al | el ,wohel1xwmseur ed base conprising: WD 2012/ 166883PTNISRIB201M5040157

A) a first substantially vertical portion; B) a first sloped portion; C a

second sl oped portion; D) a third sloped pqrtion; E) a fourth sl oped
portion; F) a second ;ubstdW%?QPﬁ?nggﬁﬂﬁﬁﬁpBﬁFpﬁﬁﬁﬁaQHE?EWﬁﬂgﬁﬂBOﬁFWst

sl oped portion and said SGQRHﬁe§Eﬁ§%ﬁb£ﬁﬁkﬂ9ﬂhﬂﬁﬁEdR%H%éﬁ&&ﬁnﬁ@ﬁ%uf'FSt
axis defining a first interior angle; wherein said first sloped portion and
said second sl oped portion dtefhine a first substantially V-shaped feature

defining a first depth; wherein said third sloped portion and said fourth
sl oped portion neet proxi natlertio saidskicdsidpakpatiokebndsaid)foarthastopad pornioar i or

angl e; and wherein said third sl oped portion _ and s?id fourth sl oped portion
define a second subst ant i alMSFt YIRHAREAC f SSHONA SXGECTIANS G SSCUWIBITHOBU
and

wherein said third sloped portion and said fourth sloped portion
define a second substantially V-shaped feature defining a second

depth;

7) a length extending along said axes and a width extending

perpendicular to said axes;
i1) said proximal side wall, disposed adjacent to said proximal end; and
i) said distal side wall, disposed adjacent to said distal end.
71.  The kit of claim 70, wherein said contoured base further comprises:
1) a fifth sloped portion; and
2) a sixth sloped portion;

wherein said first fifth portion and said sixth sloped portion meet proximate to a

third axis defining a third interior angle; and

wherein said fifth sloped portion and said sixth sloped portion define a third
substantially V-shaped feature defining a third depth.

72.  The kit of claim 71, wherein said contoured base further comprises at least one

additional substantially V-shaped feature.

73.  The kit of any one of claims 70-72, wherein said contoured base and said side walls

comprise foam blocks.

74.  The kit of any one of claims 70-73, further comprising a second liner which, when

assembled, at least partially contains said contoured base and said side walls.

75. The kit of any one of claims 69 or 74, wherein said first and said second liners are

folded, collapsed, or rolled up, and said support structure is disassembled.

76. The kit of any one of claims 69 or 74-75, wherein said first and said second liners are
secured to one another.
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G a proximal

sai d di stal

e

cavity,ﬁpd %§
i s

second is;

end and a distal end; and H) a length extending al ong said

axes and a wi dth extendi ng perpendicular to said axes; 2) a proximl side
wal | adj awennirwessai d proxi mal end; and 3) a distal sideCraiskolasp@Esent to
ii) at |east one gas delivery system di sposed within said

nd;
i

tending parallel to at | east one of said first axis and said
had qgf)pr

UCINgARIOBAY ORMBSHEdi oxi de del i very system di sposed

within said cavity and extending parallel to at | east one of said first

Hensng 3 bigmass splye medamyisa phateRigisagtar dhqrhotelipicydes

axi s and said
system producin
and WD 2012/ 166
sai d carbon di oxi.de deIiv§r%?§ st.em produci ng bubbl es having di aneters

bet ween about 0.301 and®abdu
wherein said contoure
and 2) a sixth sl oped

78.

b)

se

58

ii)

iii)

hl es having di aneters between about 1 and about 3 mm
52012/ 040157 c)suppl yi ng carbon di oxi de t hrough

Yicrons. 79. The met hod of claim78,

base, {yrt her GOMPLI 651, A iddd 1) hORSH, Ragt on

base walls meeting proximate to an axis defining an interior

angle, each base wall comprising:
A) a sloped portion and a substantially vertical portion;
B) a proximal end and a distal end; and

0) a length extending along said axis and a width extending

perpendicular to said axis;
2) a proximal side wall adjacent to said proximal end;
3) a distal side wall adjacent to said distal end;

at least one gas delivery system disposed within said cavity and

extending parallel to said axis; and

at least one carbon dioxide delivery system disposed within said cavity

and extending parallel to said axis;

supplying a gas through said gas delivery system, producing bubbles having

diameters between about 1 and about 3 mm; and

supplying carbon dioxide through said carbon dioxide delivery system,

producing bubbles having diameters between about 0.001 and about 500

microns.

A method of producing a biomass comprising:

a)

dispensing a biomass culture medium in a photobioreactor, the photobioreactor

comprising:
1) a cavity defined by:
1) a contoured base defining multiple tapering inner dimensions

which form at least two substantially V-shaped features in

parallel, the contoured base comprising:
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wherein said first fifth portion and said sixth sloped portion neet
proximate to a third axis defining a third interior angle; wherein said
fifth sl opedoorssgsdn and sai d sixth sl oped portion defi meTaskénziodo157
substantially V-shaped feature defining a third depth; wherein said at

| east one gas delivery systemis disposed.wjthin ?aid.cavity and extendi ng
parallel to at |east one offkai o it Sté&‘ila\gl,y‘éeétilcii‘ BRUSAd axis and said
third axis; and wherein said at | east one carbon di oxide delivery systemis
di sposed within said cavityBand &kseHeRsdgosieml | el to at | east one of said
first axis, said second axis and said third axis. 80.The nethod of claim
79, wherein said contoured ®ase &grotietlopsdmertiees at | east one additiona
substantially V-shaped feature. 81. The nethod any one of clainms 77-80,
wherein solids are substantldal | ya thirdslpeédortioom settling by flow of gas
exiting said gas delivery system 82.The nethod of any one of clains 77-81,
further conprising operati g an ©onkskeespsrtiand control system such that
ozone levels in said culture nmedium are nai ntai ned between about 0.5 and

about 1 ng/ni. F) a second substantially vertical portion;
wherein said first sloped portion and said second sloped
portion meet proximate to a first axis defining a first

interior angle;

wherein said first sloped portion and said second sloped
portion define a first substantially V-shaped feature
defining a first depth;

wherein said third sloped portion and said fourth sloped
portion meet proximate to a second axis defining a second

interior angle; and

wherein said third sloped portion and said fourth sloped

portion define a second substantially V-shaped feature

defining a second depth;
G) a proximal end and a distal end; and
H) a length extending along said axes and a width extending

perpendicular to said axes;

2) a proximal side wall adjacent to said proximal end; and
3) a distal side wall adjacent to said distal end;
i1) at least one gas delivery system disposed within said cavity and

extending parallel to at least one of said first axis and said second axis; and

1i1) at least one carbon dioxide delivery system disposed within said cavity

and extending parallel to at least one of said first axis and said second axis;

b) supplying a gas through said gas delivery system, producing bubbles having

diameters between about 1 and about 3 mm; and
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c) supplying carbon dioxide through said carbon dioxide delivery system,
producing bubbles having diameters between about 0.001 and about 500

microns.
79.  The method of claim 78, wherein said contoured base further comprises:
1) a fifth sloped portion; and
2) a sixth sloped portion;

wherein said first fifth portion and said sixth sloped portion meet proximate to a

third axis defining a third interior angle;

wherein said fifth sloped portion and said sixth sloped portion define a third
substantially V-shaped feature defining a third depth;

wherein said at least one gas delivery system is disposed within said cavity and
extending parallel to at least one of said first axis, said second axis and said third

axis; and

wherein said at least one carbon dioxide delivery system is disposed within said
cavity and extending parallel to at least one of said first axis, said second axis

and said third axis.

80.  The method of claim 79, wherein said contoured base further comprises at least one

additional substantially V-shaped feature.

81.  The method any one of claims 77-80, wherein solids are substantially prevented from

settling by flow of gas exiting said gas delivery system.

82. The method of any one of claims 77-81, further comprising operating an ozone sensor
and control system such that ozone levels in said culture medium are maintained

between about 0.5 and about 1 mg/mL.
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