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Phot obi oreactor and uses therefor Cross Reference This
application clains priority to U S. Provisional Patent
w@\ppviogsasé on Nos. 60/ 775,1 74 filed February 28CT/RSDE7/004351

and 60/799,930 filed May 12, 2006, both of which are

i ncorporated by reference herein in their entirety.

Background of the Invention M croal gae and

cyanobacteria (for short, algae) are mcro-plants and

require nostly sinple mneral nutrients for growth and

reproduction. By utilizing photgon energy, such as

sunl i ght and aﬁ/hqti(’&lareﬂ‘lqrrﬂﬂdtﬂﬁﬂﬁ haill”gﬁ@l‘convert

t hrough phot osynt hesi s, water and carbon dioxide into

hi gh-val ue organic conpounds (e.g., pignents,
Croser:dfaieﬁse fatty acids, carbohydrates, and secondary

bolites). Al.gae exhl bi rawt h t ent .an
applicalighicleitis myul B Uih ERovp ol Posp heplisebandlos
60/71)3 114 8ied Febhizze 4] 2606 dnd 69/79EoF0ildd Mahy mn@bowt)bthe&twmch are
utilization. Wth over 40, 000 identified species,
incorgprpied bbéfﬁf%@@?ﬁ hegeipdipythejr Rl group of organi sns.
They naturally produce nany novel, as yet largely
unt apged cl asses of bioproducts. GI obal Iy, annual
Backgxpund of thd I;m@ntiem ved products (pharmaceutical s,

AL ST, TR AT Wi mostsy
simpieakmrmg;aladmmfader gfowﬂhea.ridatepsidubtlekah rumllnghg photon energy, such as
sunllgﬁ) %uar? hﬁ% éﬂur cr\:[-atr]%%,e agzt%congfz X neer éﬁg}te.@/né}éeshsn water and carbon

i‘ona none
dioxidzc eitberhig}gmiae empgms& ampahids | ée. é Or planashtic t ipesteink, fatty acids,

| nan ns and.ot.her. bi ol pgi.cal | ctive,
carb Qi der SE R RSO LR el e ST GA e PpiegHal an order of
magritiet greitbe tlady Ihigh)ér tppaﬂtaruedmsettm eq Bxkkddréinhly 8fdient light and
as clgabon di oxi de, nitrogen, and phosphorous) fromthe
nutrighf Yilizad®thg envi ronment and convert theminto organic
COWRAURMEr HYONDASIdRHFlell §SecilsOlahel 'Peﬁrgfen@ei lver@! #3&se group of
have been pr oposed and tested in natural
organigigh.n dbeE dnayslynprodicec menE BOYFLr @8y ¥ete lmskye untapped classes of
bxopr'aﬁﬁétkentﬁoﬂca[l?m ‘Qﬁﬁﬁeﬁwastafés agyd &gﬁé’a@ndécpx AfndchsC hf;f aHfiaceuticals,
gases emtted fromfossi|l fuel-fired generato
nutrageidicglse agroghmg,, bw@gu deqtl, and anbyalg‘p@ﬂumre@stlmh@d to be $2 billion

in 2@3?5‘3@%1 g ada g?t@ (Suglﬁp.lg)sl’llég qﬁolgﬁﬁgfs B%%(gy, metabolic

engirgetingend ﬁumnneakmte)n,e rasganad, afgee @aradchve jay es exmih‘:nt gene-expression

v ALt 4 86 AR BLL S Sl g b o
humanahdtrngrinaladalkb qndanilmtﬁm and for environnental

IR RY G L P SRR Weoge,
phosplﬁ:trellismﬁ‘iﬁﬁl tlh;'ysdrfbﬁnndfrfgl envirofineAdhdcamive fthem inté@rgsatic @mpounds

trial-scale cultyre vessels, or so-cal
such as pro%ems stored in tleme ceLill, alIlgae have %een proposed and testeg in natural and

engineered systems to remove and recycle waste nutrients from wastewater and carbon

dioxide-rich flue gases emitted from fossil fuel-fired power generators. The algal biomass
produced as a by-product of the bioremediation process can then be used as feedstock for
production of biofuels (such as biodiesel, ethanol, or methane), animal feed additives, and

organic fertilizer.
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phot obi oreactors (for short, reactors), in which al ga

grow and proliferate. Industrial photobioreactors
w@eoreviify are commonly designed as open racewegBEUS100E004351

shal | ow ponds (water level ca. 15 to 30 cm hi gh) each

covering an area of 1000 to 5000 nR2 constructed as a

| oop in which the culture is circulated by a

paddl e-wheel (R chnond, 1986). This production node

h%lthmmpanatageoﬁﬂgémeﬁon genestabld biefuelsoffute lighid and gaseous

on a nance, t. _has

forme R A s SR B PP RNl bl B diaboR s snignifpally and
env1r6ﬁ1@éhll€1ny‘ébﬁ1)d @toradngie|vighi o falid 1 o QFﬁce(tBk@ NBAGmiASPBy the

Tr edi cj 1991). .The Qveral | | ow productivit ¥
efficiepey ?PSF'S%E%WCSFSSO fdndnstmalrcylercyirrevasgrlf, asfso-called
photab%mséta;sttf@r HBH Febtodd) SintWkich AL hf&mn@g{]dﬂff A, el |

poor m Xi ng. The open raceways In %e al gal

chntiu-?t@al Bhajplinreagtors euentlyl areatosemerlypdnsigniol @sfapen raceways, i.e.

shau&}é g‘bH&?S\?&’t@f RIVEN&. 11310 Wol dn %grgcﬁfa@ﬁ cﬂ%&{ngf’%g%%%ﬁoﬁﬂ % 5000 m?

ten-causi ng culture ure or

constmog&rd 49 z loop id vdvidathescudtire h@lmpmdlacem;cﬁeml (Richmond, 1986).
This %&Em%l?grﬁélgg g’?&s{, %rré;% %#t ?gr g%sbear %Mt? eg%ssmo"PIe in construction and
maineoane, Newts it hasvhiaty tdlsnchzahiagese wisichn redate byo @hé hRactoss controlling

poa BT i R b G55 SRR S0 h . oe vt v

prodlmh&it?tdfaheapém txehaye id@eNmainpaes ese Rl daveberade control and the
I i nce the\g1 neerin vvorﬁ,% of Tamya et al 1953) and
ong Bghipagh, gy Well axRsr € 9PSF AR et By whichy Ba ales} uliure is open

to th@ bl geNnsy %sb&nﬁﬂ%ﬂ@ﬂhﬁﬂ&re%od@ﬁhiﬁﬁbn'vﬁtﬁ erﬁbm@ﬁﬁﬁ:r&;rgamsms and
gl ass or pl astl c wth a gas exchange vessel where CO

d“StSaﬁgeﬂ Wrausiag sulire faiders doma prshes: enidifesicaidicantc deapvhagks 1pf the open
racevuta% Havd protfiptelant H@bagpm@ﬁdof’\élggbdr Shstentull;; E_)Fﬁ)&ggﬁréfﬁ%rs made of

cul ture between the vessel and tubi'ng per
transpaseRs tubgslior eamiaigbisuimowhicho 8®) celturgnisainixdd; by e(lmer ta pump or air
bubblihg (181886 a C*r?é%ﬁ 1993).
" e%:guse of %?ngﬁt ﬁjr%viélrrcel%]?&%nldlaiog ?04&“ ture
t ehpaymiten of tubiar photobigreactonsihave pérnt p@pos&damtcbdewed@ed since the
. e ap| | gal Lvit
pioncfind WAL ToBHAE of A 701953 08 ol IS (RIS Theo! Slar receptor
biorezimmerarstgencragycmrp@ntin@ D lhleﬁmi dt dotmgdmaderof glass or plas’uc with a gas
nt.rol I abl ot her . hand

ur andi tion
exchiig e Ty 10 iior BBt o B PRSPty ffiieeted to the two
ends osi\hhd: rthknhgl aﬁdlcvhltleﬂ‘acucﬁla‘tﬁm of ti&d bultirglbdt@ten the vessel and tubing

ot RO 5 0 P S 25, R84 5L 985 o

et al. cma&,:rmcmbum)t S sm)amdawyetckf thettefasrov@aeRtviM lighephth, culture
where the exchan ﬁ xcess anounts of di ssol ved
tempegYERn Rt (TR EE HBRY PEROITERRIPTS BPYyQRIYC #Iqreaseneuisidegrbly algal
biomAs3Hrédideiv: hgnﬁuﬂélém%ab&eﬁ%% MoRhQcery "(‘)tt'l&Sﬁm%rciﬁl-'intere_st to grow and
consune, rou cel |l ul ar reaé)l ration, | mass which
pro lfﬁ@\tf‘eumeé\ﬂlfepryﬁﬁlé@%e aWgiraicpadisigonder | i ght As a
r &3pkhe ofhel WA fhe'
3 b YL RSB b BSbRBH SHORRERS ovn it
problems, Higst of Bt biler phetobiosedstare havea pignifirantidarlyzone or Y dark volume’
(usuaflG CLERLRRE bF ltdqfs% H; g;h? St PENRLE nv&%& gssociated with a degas

concentrations o ar oxygen evo
reservoir/tank where the exchange of excess amounts of dissolved oxygen with carbon

dioxide occur. Algal cells entering the dark zone cannot perform photosynthems, but

consume, through cellular respiration, cell mass which have previously been assimilated
2
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phot osynt hesi s, which in turn inhibits photosynthesis
and t hus bi omass production potential. Thirdly,
wore@hass1so punps that are conmonly enpl oyed by Ppaibyuszn7/o04351

phot obi oreactors to facilitate culture m xing and
circulation within long tubes can cause serious cell
damage. For exanple, sone 15% of the damage to cells
has been reported to be associated with operation of

undet liphfl dvs-a ygseltba tutedat mwastof Shll londy eostaih.bida8) yieldiof 85-90% of the

tneorfich PUIRA 4 350Y, bk PAREE Rt RSl el to acoumulae
in theni cultake) edispehsion diigle s cadcentratidtisarofp hadledilar ea64esk - evolved from

ooy S o B S B0 S B iompotemi

Thlrcﬁfeﬁieeﬁaxﬁé Gudkiise tHa® F&ITdOmBohly empléRed Ay k@u@.{lﬁxa%hgfobloreactors to
t he hi gh capl tal and nmai ntenance costs

facilifpte gilture srixinetandcinsulation yrighin bong whes eanscavse seriousiaelldlamage. For
examgnee 56mé HB%” Sﬁ\'?%ﬁxagg lhy célf’sr hdREH L o%dqgjﬁ)% %.L,Ac%ﬂ:ed with operation

uant it al ue“specralty products
of tubular-type rb191@a¢tgrs (Sblea st al. dO8ERtGudin fand (flmm:rmm (6991 addo observed

o A5 08) BAOARD A Y 5 Dok s B 0 o e
scale Faalbntardphdﬁ)blemcmm.d [Reuxto (st9&@) hydwodyhamich etressefcrda&dl by various

by. Tredici et al,. 91, ,1997). and Hu et al 1996, .
mechfigll BB ity Fimted pymeet ot el Sprdie b k9 Sarvive in a cubular
bioreactuANAdgRs tiny eliigh heapitdiuland t m}ﬁ‘ntsuﬁice%osté) as¥dciaté kwith tubular

ate_design and t

one" is assQcl.a wth the fla he
phoh8diEesbS V8 T FdHPRA CoalirAeR Ry B rrAej oncafsgoall quantity, high-
valuelpesititpgrqduetsosynt heti c productivity; 2) aeration that
f ilitates culture m xjng and turhul ence exerts

YRS HAF nlap et gepers ehPWevrac Altsation hase forusednon flat plate-type
photdb)’&éétﬁ&ﬁaﬂhié thps Gﬁréébﬁﬁ‘tv%i t‘?ﬁét ééé'ané@B#' '%ﬂmsoﬁ)anti@éawl(w%) and

| evel s _of oxy ‘gen are not buil | ate-t

by Rayas darieea aad Repx (h284). %rrﬁoﬁmheemﬁmd uyeTrgﬁtos et al. é199131997) and
Hu ef 8. 40d6€¢b98a,8)) Fidt ﬁﬁat@ lt%}eedés?é}htéggﬁ aé’@'{}elbgd@a% &%E over the tubular-

varil ous 0r|entat|osan es al ne
type suskampsil 1) avopisotk zonel is gbsociaterbwith the rﬂatrgh@wtiemgm ayé e reactors are

illum tefcf" i foélr %E{HPEQ)&E‘ O[SCQO%YIH% E}ﬁ{o't&ﬁy?{}}%% | pato etlévggt, G gaeration that

npar ed reac
facilitalmfuculelrc anixiinge pad| tyrHuMe oBEits alllttla ridarmatcn thyahrels because of the

. wever a at e
mmxrﬁ\glgxc Srodyuamic gorgg ﬁf dt B}é a})i:'51 ugE) g gﬁ fﬁ%l%a;ﬁlgtog Oxygen are not
built ip én flatiphafe-typk tsystedn lmcailmertgi Mﬂrtﬁhﬁn;rémorﬂ#eaghtk Xp@ 3 to 10 feet); 4)
l. 1eve There
ﬂa’c-pij g% 5%&%5 ﬁg(’;i’ mnfﬁg B@%?]usu%ré%f‘t%\téorﬁe or; %lﬁecic 1E§ élmed at maximal
exposﬁh@&/lt@ e;sl@m’heﬁ@/ girahghout ttHe Glear td tfm&lﬁbr%ﬁlﬁaﬁcé Photolsithetic biomass

yicta S S OUA N LS 00, S e vt Dty s

capltaTIdEthMM(bgksone aspect, the present invention
pr.ovi des photob| oreactors, conprising: (a) a container

ad¥pverers applisation eibflay Rlrie-tyee mscioss has encpupisprsh# mpjor engineering
obsta%lﬁ,re $%I,?<g'i?ﬁeﬁﬁ@0 Bf SSARRIY the YHE PRINYAL deBRR! tPRCchmercial level.

Therefore, flat plate reactors have only been used as bench-top culture devices and as small

outdoor culture units for study of algal growth physiology, and have never been applied to

industrial cultivation of algae.
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and second sidewalls is transparent; (ii) opposing
first and second endwalls; (iii) a container bottom
w@pa7098150 a cont ai ner cover, wherein the firstPemus2007/004351

second sidewal ls conprise a plurality of separate

sections, and wherein the separate sections are in

fluid communi cation; (b) support struts for connecting

the plurality of separate sections of the first and
SUMNRARYOIOF THEIANYENKIONt | east one inlet port in fluid

cqQnmuni cat | with . the container; at | east one, .
o JF PHF =5 W B heambesfi mredrpA iRt eas oS cnBibrising
afayaer ah contaings héaptédforhelding aat)eompkisiig Wi th the ,
cont ai ner; and g te erg%yr.g contraol system
connect®d’ t c°RAY: “Z,gof?fts%\ cauy sidewalls, yyrhereip at least one of the first
and sécRRRRIRWAIS iPfraddphietit;M thin the container. Li one
preferred enbodi nent, the photobioreactor further

conpri 483 onePrresingdfitst gk seperd erdwrllst ed to the first
and seqand sj deyginkShotafinamdt © forma barrier and to

partially separate the container into nultiple
conpar t(dnt sa coxaigaoedrer. enbodi ment, the invention

provid t.obi . LS . [
or e prap R ARl sGorfiikilte SRR S fikalifPoeparate
sectionm\eadtwipnreinthe sepanate lsectons e indiwid ebmmantication;

phgt obi or eact or e influidc i cation. Individual

ik obi SPEaTeBisdbhedhebitt (siPIRY bR frefid iR first and
secondnitiemaisf | ui d from i ndi vi dual phot obi or eact or

cont ai ners can be harvesied through outlet ports,

chec iAot BIhPOR Ay CoRABPLON HER SR CoFBine

SY8} eMat ldhsBoreoRld paRRL fluid ¢dILmMRHRARGH Withi@hitdifd,

pr.aovi des a phot obi oreact.Qr panel, unit, conprising: (a)

a (Bont ArfEFARaRSER Iouid sPEmpRPiFatiandith Hfqnisipgy; and

g QQOSI rwtempresémﬁlr&nﬁap%&n_%b&ﬁie@{eld&o I ARPAS! fad tbcBhtrol

nd second endwal I s, wherein the contai ner define an
tempgraueg eiofluid yvighip thpeentaigerand a bpt t om openi ng, wherein

aly, bl fOREs Shbbfigndnt 'Rl Fﬁ%}gpﬁ?&%m rﬁhﬂ%ﬁﬁée? one or more

transpar ent, and ereln Irst a secon
baffles icornestddstoghe figstlaod setdnd|sideviallat so s farm epbacdgr anddo partially

| . ' e panel body; and (c) a
Separ{)tgg% %\zglga[lfl%]lj;? t(% ?&Bétﬁg% géérrﬂg?ﬁ&eltﬁtg't t om openi ng of the
pdm ehothedgmbedinent, it mvehtisrprovales phptabictesdier inottlesncomprising
f her ¢ [ or e channel s, .t o .provide .
two of e BhosdBlon GRS bR e RpeliB IEMSRNTLE iR B egiRainers of
cach plnitdbioteactar preeiheftuié dommioddaniont Individugl phoaibiaeeeot eontainers can
uni

iso B30 My P B0 R BBl S B b erssgn e
harveftBdthrotigh owdletpods comgitédSt®S common harvesting/draining manifold system.

In a second aspect, the present invention provides a photobioreactor panel unit,
comprising:

(@) a container adapted for holding fluid, comprising opposing first and second
sidewalls and opposing first and second endwalls, wherein the container define an interior, a
top opening and a bottom opening, wherein at least one of the first and second sidewalls is
transparent, and wherein the first and second sidewalls are substantially flat;

(b) a top cap that fits over the top opening of the panel body; and

© a base cap that fits under the bottom opening of the panel body;

4
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a plurality of conpartnents. |In another enbodi nent,
the invention provi des phot obi oreact or nodul es,
W@ ooopioysEsNg two or nore phot obi oreactor panel PRET/US2001/004351
the second aspect of the invention, wherein the
cont ai ner of each photobi oreactor is in fluid
communi cation with all other containers in the
phot obi oreactor nodule. In a third aspect, the present
i RWW tooth jpf tha WBQ:HBﬁ@ d?sbdttmn nm(ﬁmmeté bemprise one;c or rﬁore channels,
tobLoreactors of the fiyst, or secon ect of the
to prgwaggﬁf%ﬁon%Sﬁ%‘” ?ﬁ‘a’%%ef\%‘f’%e 8’?‘8& or eact or
of Inf diprefferkad erﬁbodiﬁibﬁf] dhepirebiotfacton 9ahé1\4ﬁﬁlt fubtef EMprises one or
rts In a fourth aspect, the present
more; tf??ﬁ?ﬁ Eﬁﬁpg £ nﬁléq firsyand ﬁcogflggﬂev\@llé svstorthat the interior comprises
a plufditP of ebmPartinBfidbat i ng al gae in a growth medi umin a

phot obi oreactor of the first or second aspect of the
| oty emhiedingpio dierigverntionairgeides Dh(htpglmeactqn modules, comprising

oo G RRIAERIST R PR R 3 herin

contagngysfieprelm photohiorenastdrdsl inc Bwidrdosesunisatiat wrtg alil(mheﬂ'g:lonailners in the
PhOt&Jnsgl%g&Brc'n‘[rd%ﬁﬁt he harvested algal cells. In a further
enbodr ment,

e nethods for grow ng al gae conprise
i nNinubttitdragpedtethal pyesent imveitiorppresiies enedhod ﬁ)l:l trfakﬂigtthe

fo T LT N S —

photalﬁ&nfeaétbﬁ 85 theditst Grleboridaspettifithevaivehtion R8T SheRWathponent parts.
te i ndustri al wastewate donestjc
M@’rasps%?’ﬁrnf?ﬁ&%ﬂv HanRFRMtdes methedsdogalgakerowth,

compiiﬁﬁg RdubdtBip NENEI OG0 kRhREfum D48 pﬁbﬂéﬁuﬂ@a%t&rﬂﬁﬁé ﬁfk‘i or second
| fuel fired power plants. BRI EF DESCRI P

f
aspectiol TIoREPRATNGE FRBRNE o ATGreds SRPF Wg@&ﬁ-ﬂdrmbodlment the
meth6@ Nﬁ@ﬂ%@hip@ﬁe@ﬁaﬁz@s%n&%@&@él Céﬁse?fl 2 Fﬁ:ﬂted embodiment, the

materials can gl ass, rigid ast
methpd cempriges lyelaﬂaa higlegical Mucatfrym the hprodey’red laigabpoel)s. In a further

embo,gg?lb'ﬁte the m@th'bg?g(%rgg tHHgL ¥\‘H n(ﬂige 15{:1.2%%8@ rrgFé]}nsthF presence
ofa mntgguw.sg cted fg)m glheegmeacommmg of wastéwatet fromatonaetrated
ammélifg@&ﬂé ggxsatﬁ% }ll%g %&:F&i? QIateli gr‘i’c{e?group% g@%rbe wﬁm‘ t1gdustr1r:11

con ion O he T®ac
wastayeserh domestic wsstngratelr,asmtammmbd tg,mmrdvtmhwahtemes/kmmed from

onsi sts. of t d and
powep §R5rBlork 3 RIS Siosing H9rS R LY S0 el Blaots.
confl guration of the react or consisting of nmultiple
' [ jon in individual units
Bm]#]g?ﬁ;t{”gbgt&a%&lg "“mﬂgiﬂ% Sind base- cap.
Fi gurﬁ tl[ u ct UAﬁSexeiﬁlpwty @e&net@émﬁ B&rafibn 9if 'EKH RaéBARLIRAr tMsharent
us |en ‘%@F‘%’ﬂ path (Pl , P2, P3, an
matergils Cont B 8B5S or i ae/ Beeible Plafki (& ool saghenzses eV G actylic
polyeti8a&dd)r s.

Figure 2. A reactor unit with multiple compartments partially separated by baffles.

Figure 3. Examples of configuration of single reactor unit with a linear and serpentine-
shape are presented.

Figure 4. Another geometric configuration of the reactor. reactor units can be made
using plastic extrusion technology. A reactor unit consists of three parts: body panel, and

top- and base-caps.
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Figure 7. Exanples of reactor nodules with various

| engths of light paths of reactors. Figure 8. Aeration
waymremmisiPure CO2 or Cg2-rich flue gas can be PCEOS®A7/004351

with air at a certain ratio to facilitate culture

m xi ng whil e providing carbon source for al gal

photosynthesis. Figure 9. Evaporative cooling option.

The reactor can be maintained at optiml culture
FigureAper at zﬁn@bemﬁoumgnc henfigimation of thehestdrampeisthg bE miudtiple reactor

rat re ran ev rative
it it WSROI iy RG Mt 5 ieriad i-6v@ Rppp: and base-cap
structpteson An opti mal culture terrperature can be al so
mai.nt ai ned in the.reactor nternal tenperature
Fis i o1 Syate ORHRER edttarilpi Gith Nea vilansthy 6¢fightrash (1, P2, P3,
and UM)tréprescht WiiferbntIBigthobf GohthanR! dfredctors] F CUl ating to
ect culture tenperature, Waste heat from power

F‘g‘ﬁ%rﬁer at drXaginles efgeastanmodules gvith various dengthieof lighd paths of reactors.
Figué 893S CR& alisn k’}%‘?\gntlslxrg@@zt & %9 Yich lﬂu% §L"ﬁ E‘Rlﬁ[)ggpen%ed with air at a

during the w nt'er season,
certain iy @t faeititate culawe mailsing wmlgnroevndlmg caﬁrbon Isputce fobaigaid
photgp}rhﬁgyig ng systemis integrated into reactor units

and/ or nodul es to nonitor and regul ate cul ture pH,
Figurefper athvaporali@e ?é’ﬂﬂng%O}btmm The remxtbr@aaﬂbd rﬁﬁﬂ';ameid at optimal culture

t arate nent of a

temgRRERN G B E et AT Halietity 5 E AR o houna Semperature
rangclbs{@lvamtatlmmcﬂeigect ed reactor unlts in a reactor

Ie f.or |ine nonitaQrin | gal, cell density
Fi ‘g““" Ot hadterRl fSmperatirs poniel 8888“1 eptimpbsulgirg gmperature can be

also hmlmtaﬁiadlﬂlgtheﬁb@libﬁb}l&l it&i@hai ﬁﬁiﬁe@ﬁu&fcoﬁt&?%&é}ﬁ Metal tubing is
ve to sun'.s radi ation. gure 13: Reactor units

1nseré?fjd1]t16q reagtor ugits, in which- wagn %golge\yatglpls sirculating gereffect culture
templefit@le. Wdsteleall HohEPGREr dDURIS: burRink Mgl Pééi(tlde%’lj ﬁéae-denved biogas

case, the_ reactor units are set-up in a ste
can hejusg ko maintain ultyre temmesatate duriighe avintef S@ﬁom,mﬂ'odlenever a higher

" tempefA&leqs dedf@dfd Or sections in solid lines represent a

single unit. Sections with dash-lines indicate
Figupotlent i # campwprsbaned shoniteding] systain nsemegmemm reélaGtoR Mitits and/or

ctor \
moa@gﬁ t]cge%tg gi in cag%lg%eéﬂé&ggéﬁg gec REXHUSs JNtéfi’l /? g)r“eq?‘fe&ma“d Oz and CO;
concentetidnar fean int@mtepiammpmehsoﬂabgai ammg kys@th; Gyaidal-density
[ ure. 15. A
sensolS ate” inpSied fhifsclHiafies teaclon biles i Yeéc%b gw%a% ogglingamonitoring of
algalrmlltdehsnt)candmat &) tas, willbs ieedholcdhtdgl 841 tharkdstihgl ti al
I tation-to t field environment; and c)
Flgm% | al 9%3 rgll%’}l?f? ]é‘??ﬁg’élrelgﬂﬁem gkﬂneﬂuct i on
Flgumtléﬁges Rehlochiigsethd/@ashiddr iﬂoﬂhlek LaPbO¥dt @ =3 WeIsame level or at
diffe k& otht he ogueln rac’etga pol i sh wast ewat er
&8 ‘&/ SRR U R Fasp §eaPFQ5ﬁ%“t“ﬁ @metep—mse)fashwn
FlgulemhanceSEh@mﬁ:&h@g@ﬂi@ﬂdrﬁﬁdo&ﬁ@aé%) Reﬁgllég geéiﬁJnE glll @lid lines
cumyl f deS|rabIe products (such al ue

tion
r eprefﬁ‘lj ﬁeﬁ'\‘%gi © upit,RegEPpt Withage-dings indigatgptontial @mnsnmqf mdlvxdual
reactor unit to any desired length. Individual reactor units can be connected in cascade and
direction of culture flow from larger light-path units to narrower light-path units, or visa

versa.
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Figure 16. Exanples of reactor top covers. It is
preferred to be transparent materials, such as gl ass
w@erooghesrso pl astic. Figure 17. Top- (A) and si decTwUS2487/004351

(B) of end-strut. The end-strut can be made of, for

exanpl e, stainless steel or plastic sheet. Figure 18.

Top- (A) and side-views (B) of corner-struts. The
corner-struts can be nade of, for exanple, netal or

Figurei Igh- st Aelarid epeagiond- ~qlesed Teaiter sytemst &VHif open ponds serve multi-

funct?tﬁﬂfdf)% %és?@ﬁolﬁ nﬁé}%ogﬁoﬁ)p tru S g&%t@}éﬁ e %gldrrg)%?romnent and

c) mLﬁlaUmWalehtsreHmVabmdﬁiodiaB@p\folductﬁam §tb@ssﬂ{ctﬂl§searre£&oxawﬂl 1) provide
netal or plastic sheet

seed pyluite o Piefortnacaye 1 Plgh Wit water to oraplsinipoymeysgmuitients from
the vxfawaﬁtatdimm) hbaiR bZ&naéEQﬁodL(aﬁbnaHI% 8 qlﬁddéb ulﬁ?’%\ é?J;nulatlon of

fflem) ting strut. The baffle can
desirahle prpductsfspeh as Bighwalucqrigmens. 'smlﬂé/ng:}t PFO#hastor QOIylse@ﬂlandes)
Fi IEII%WG BlampRR of 8MtotitiPe eyt
guv\,here themlngngtoh of .‘g‘ﬁ‘f a%NE % 5%ﬁ§%&géb§§§}x ér edentﬁaetenals,.
such as glasper elesrlestisr s can be rrade of , for exarrpl e, a

R %) ST i L) Bin Lt L 450 e o o

exarnm,tstaudeml@rpfaen@sheet engths of |i ght path, as

i redy, r Phot Qfeact or S and/ or
Flgulgﬁgt obi oF %fbb and %d 1ews@§>] %%0138‘? tH% gt D& GENErafits can be made -
of, for exmhpbnn'tetvd oghrg]mstren&&mlﬁaldjmsges‘h&rrs are set for
Fi gqu y 8 i um aI nd har¥e5t| ng and/ or
BYH Al ni ng glg %ﬂ’s “PB?% ‘i”éfﬁf‘?’é © Gide Ofrion grample, metal,

plasuaaﬁwaheaatmlmallﬁahrw&wu@bﬂmt&h% Istrifs 2998 %hin st of, for
I nyenti es a phot obi oreactor

examBleC 3R Rl e

il aljo plaspig shegt & 1atieF cagathesirat enlyseres agupperting function.

Figure Q0pr i sTéw ((Al))anﬂ F%Rﬁ:&hﬁ@s By 8t bANE-REERRE sSut SMR a?ﬂ an be made
wher ei n at e}st one of the first and s€cond si Fs

of, foy Exal‘?%lﬁs’ﬁ‘ﬁfaé ass¢ oy l)‘%ﬁﬁé%ﬂhg"?ﬁ“ﬂﬁe%n d second

Figurendwal |'Bop-(aaH stdeCoighvdio %ac&ﬁ‘tsg&m Ak We)1 ﬁlgtﬁ%li]'tl %hp é&th
cover,wherein the first and secong é I'Ts

changgs g5 desired; FheZ-shape connectass carbe madﬁ Qf vﬁ)eexamplbh a plastic sheet

(such%8 PV & ket Qﬁb%t fuEhLf stfalrﬂéég ge%?)wsﬂclg L0 n%qa%@s a single reactor

support _struts for connect Ur a
unit ta baye difierend derigthrsofdight pathf ag Setsnadd secon d si dewal I S;

at in flud co cati
F 1guré QQ Tt hllekfb?%?%agtgk ﬂh?& 3:9(9# l};"é%‘flo‘é?ﬁ‘ét% eS;f&Plbe Sgt up at the
same ielvgl on dmmunnd‘,d\/lamnﬁommysttems ateadet €r; supply dﬂ’graﬁ'ﬂﬁﬁie@ﬁun/algae and

harve R B bekbfoF ATIRAMMGRS k9 Mt LG SORGaL ner and

DESCRIPTION OF THE INVENTION
In a first aspect, the present invention provides a photobioreactor comprising:
() a container adapted for holding fluid, comprising
(D) opposing first and second sidewalls, wherein at least one of the first
and second sidewalls is transparent;
(i1) opposing first and second endwalls;
W) a container bottom; and

(vi) a container cover,
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(f) a tenperature control system connected to the
container so as to control tenperature of fluid within
w0 b@7oes1s@i ner. The phot obi oreactor of this fiP&L/US2007/004351

aspect of the invention can be expanded as desired
t hrough the use of the sidewall sections and struts,
to produce an industrially useful flat panel
phot obi oreactor, as described in nore detail bel ow,
ful fillimhgrein gred'a‘st arglegtcomd sidewalls corfiprise a plurality of separate
t].Kg)ﬂl’%ot chi reactors of. the. $resent i.nvention, and
sectiGRi R RS HLESERE SEUPI #E 40 Pl ety inioation;
ph®Y obi Qupaetstrts for tenekRsing iedplucality o sépardti 8kctions of the first and
erfor ce of mass cultivation of algae, particularly
seco ggﬂ’ar radi ati on, for commercial production of,
f O(rc) exagpksst oh8 nﬁ&ﬁmrenbn@iat&hﬁnﬁnaatw\sefmu% &ﬁnﬁﬁ&ed
products, as well as for biorenediation of, for
x@apl eat lggsi pae ppddetrperbm flyid @Qmwcat@grw@m cemtainer;and
St G QErboi syshsin Y3 ?l%cb&%rﬁfnﬁmc%ﬁ@n W?ﬂnh e c{)‘n&rfék Gind
co nication wi'th" neans connect i on at permt’s
t ) pass tayepeshtutg @pmrbé Swtelga@esectted toetba cohtinaespiastb control
C rawi ng of an exenplary
tempg%gﬁg%?glﬁawﬁgrﬁl@ AR ?I rst aspect of the invention
' is shown in Fig. 1. At least one of the first and

sepRBhstbBisYakio? ofthib ﬁ?st(é@ﬁéc@ bffHe 1h§eﬁtfoﬁ%ﬂ%’e%an&€a as desired
enbodi nents where only one of the sidewalls is

thrm\ghéh%p%@r efrthe sidgwell jsectians anil giks) to preducesn indpsicielly wseful flat
paneggk}{bém&bau%}? agl?ﬁg&%e‘arlﬁ?xg&@r ef 8\9 fupn@ gx ret' 84 fh the art.

oor s ranspar ent s the con er can
beThepkotobiorgaptars afithepressnt myeetmra langd nuidmm@mmmmplurahty of
such %h&okﬁ)‘;eéc rs, gag 1%53&10%&? :P%is’f’ogjr:: St ' tl%n of
rrals 1 nc U

algaet partﬂé\rﬁ;lypmiqgmﬂahcradnh’apn dor ycbmmemal moﬂtycﬁidmycbfefc& example

- | t.a
R e VR SR, B S R B S o
example, W&tesﬁédms?af indaatial, agﬁéudhlre,, ar@r dodsdsyie ogiene) ,

fi ainle concrete,. and plastic
‘g g dglgﬁgﬂn %ﬁ ﬁ’é’p@‘l“gﬁpng’i‘%ﬁ\?élqnsw'é%nnﬁén%% gennggtion that
permttbﬂl hdexe! dIf lfq%fdsﬂ:ﬁ 2AVEYbtieEn tHRGeSitia JMASHbrERR.

phot ioreactor is_used for algal growth outdoors. As

dehuR#iGdraping elahermRlrm Rhojobipgeasier phiisfirsispect of the

mve,{dy,gs,ssﬁmnﬁipl@v\@l |'s conprise at |east two separate
sections. The transparent sidewall that will face the

s uftt feastrangrof itereliest pnd secong sideslly oﬁ therepiniaigergs transparent. In
embofinbARRsherd Bl ©nk e th@ﬁ@gwﬁ'lsdﬁvé@a!ng ar m{h%pxsctﬁg sREwall that will

transparent of non-transparent) e a sin
face hesun ovhea|thnphathbioresstarlis sedifor a}ﬂabgmmtb paedwm Tr@nsparent

I
ide 19 SARECGRATE S5 LI B oy BB Yol g, o e
to, glass ermwtﬂcmjmes pRiastic' sidénvalls cinftecmadsofmaternials iecladigl but not
hmxtec?g)g gg{dl %t %y%gfhfﬁgt%t Q%% 15 hoghl,?? ei]{;;l%lgel: g&?%@ agpdarent SidEwalls can be
madeacpfpang)surtable Inyatﬁlan inlclmht@bm rai tinditedae pldstie {(aich; as PVC,
bet ters .apnd 30 centineters,.

poly (RIS ArdiBn P OLERe s O r Bt BSs Sl spnereis and plastic

liners Such non-transparent sidewalls can be used as the sidewall facing away from the sun

when the photobioreactor is used for algal growth outdoors.
As used herein, the term “plurality’” means two or more; thus, the sidewalls comprise
at least two separate sections. The transparent sidewall that will face the sun (“front
8
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centineters, even nore preferably between 1 centineter
and 15 centineters, and nost preferably between 2
w@eonwissaser s and 10 centineters. The nost opt i »el/Ub10g11004351
path for a given application will depend, at least in
part, on factors including the specific alga
species/strains to be grown and/or specific desired
product/s to be produced. The hei ght of reactor
s1dewa]xh”é\mltrlmlsema phaality dfisectichsf while the ‘batle eide@/hllﬂpwmch can be
de endi n n_the type and .t hj ckness of si
4G P e BBasraten SOt el GOt P ape Birlehgdyof the
photebﬁ@iﬁlﬂcﬁ)r dtheantHlgh@mprie Spl lof sk@iorishi cker the wal |
and the higher the material cost.

&grlal ui red, € . o3 .
Al t Wsﬁ\ftwm the inshsidesiefvdie tyosidewabls inthecilight path,” which

affeci9fistainable Al SARSAr A PhoRbyRBRA! SirRjenl f MRl l+10mass productivity.
sections are required to neet_ a given total volune

The }iglfi patle geimbe betwegd appriosimatgly § millioesterd andu #f sentimeteos; preferably
betwdBh $06 ﬁﬁ'ﬁlrﬁé(teéy&ﬁ%@ ‘%tltli’ﬂ%ll&é rH@rreéﬁef g#) Eé sys{l tSﬁ 'millimeters and 20

aeration systens, erature ¢o
centipsi¢rd, wnme@mu nrefdrabsobetmlen éa:chtlmthr*andi l]élcentlmeters and most
pref%glplkq b%%%e%rb cérﬁgxéérlgljs %B& 1 é:lé{;rgl tsersc eﬁ@e; gxr?é ng’é%ﬁ]‘%ii path for a
given applévatiod iwild rdepextd; at blaﬁt&M@laitSom fatt@s (iimﬂﬁdhﬁg #ieespecific algal
flat: this. odi gent erre

Spe"%?gﬁta""f‘%ft%ﬁs Bl Bt i Bl BBl o7

CoMMhe dkight of manwt kidewalldhCartiadgy@ohs2 &6t 168 d¥&t ok Snork depending on

other odi ment artlcu ar | where the sidewalls
t%g?ﬁ&?m Fieidgullmtstigls e R peonomys cppsideraiens. For example,
the h\iﬁhdﬁ ltheagi@eWwAIRRRE tHEck e YhePWhR nitddrial trédilied, Hk?th%'tﬁ'?‘l@ lthS material
rut

haye some. curvature inposed by I ndivi dua
cost. T erBAbYaE: BT IBRalls e phaated) ok, & inerrased number of

araft §BEW AN sEROnS BRGRqhited o '
°P aun dr eds (S) mgt ers. Dlue f%{)]thgae éofgg} gﬂafde@%ﬁ% éésq%(l)r meﬂg’ in addition,

an mﬁwémurph@t@qumetc@mpl%@sm efiinl¢tportanowtet pbrtampratlon

syste'nr%ngﬁ eégeéi éxngvxfoﬁﬁ?bé; 8{}% Sso gc?v%ch 111 1v1dual

bac can e same or- sit
applipafiorg >tlam#y¢leht afithe ﬁlldgwall ¢ optvmized deom bethsdnlggfebhyg and economic
]aniﬁﬁL&ﬁr than the back sidewall in enbodi nents where

t he ot obi oreactor is designed to incline to a

celn menemb@:limenb\ﬂw sldé¢wallssamil dridovallsard stbsiangaldphar: this

e G 5 B e B BRIES: i pconert

constttidtithe sidewalleand emiverlisalls oftfep Binboairhag pit'ti&l\l‘ﬁrb} whé¥elthe

s G AR R SESE e R M L Bppore

exterﬁfﬂf Stﬂjtﬁ mlﬁ:Q/de\OﬁllﬁXlaﬁﬂhfe sdnfie ur&tude WRFISRE by iRk Rial struts.
of plastic my provide an

devval | s mad
s AR W@Pt@%@s %F%@é%e% et thedavenwnsiangenge in length from one

meteffﬁi l‘ﬁiﬂcﬁéds"ﬁ)&nét@f&u %el”l@%e H&ﬁ% faf S OF thid g‘?% Htsﬂﬁﬂéﬁngbactor, the
Vﬁg t he surroundlngs Al ternatively, glas as ‘a higher
sidewpllgicap bgofpay lemgth-ci ency, and thus the use of gl ass

S h’Pﬁé Reighitsldfend fa@@ bt ?élﬁéwgﬁ%d %hﬁg Hvﬁl Wil {)e e AWe or slightly

the reactor to ISSI € access so
differept.i E‘P'éfmampl?»ﬁb%ﬁammld@wlbcm bresiightlyrshogei @ubn |tlrc lack sidewall in

embolhBEls vl BleSHoRHiGRactor is designed to incline to a certain angle toward the

“sun (for maximizing solar energy harvesting for algal photosynthesis; see below).

The front sidewall can be made of the same or different clear materials from the back

sidewall, with optimization based on cost-saving, maximum light penetration capacity, and
9
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I n another exanple, if one clear material is nore

transparent and/or able to maintain high transparency
wo oovgeesisthan anot her type of material, but theP¢CHUSB®N7/004351

is | ess expensive, then the higher quality materi al

may be used for front sidewall whereas the cheaper

material nmay be used for the back sidewall. Further

cost reduction can be obtained by using back sidewalls
heatimgass tranefenefificiensysPerr exaimpde)dn arceldwesthersienipr, eytorGRfswalls made

[ terial h te, |
of pBRE By BV arf b G AV Bl baaicR hiotes 3 i RES o agprial may
redugn heatoss fam leultiieesuspignsiain tdehé ﬂlﬁ'ﬁblﬁﬂﬂ%_@. Aﬂﬁ%ativgly, glass has a
it L S R0 B Bt BT S ot b

side@Alls @il] alfdw tHdRactbbth did6iBate 206sss b1aMRESR SERAY i
tions. . In these vari ogs. errbO(sJIi ments, the ffi;’lgfré]{nlythanaplasnc

., S€E
sidewpl) atrfal én WagmsF Flamat reglong, 5, 10, 25, 50, 75, 100,
156h arfifer SX8fp1Qif SR QeSRAHALES E'tl%ﬂ?p%@ﬁtl a%d}o(hggﬁle to maintain

. . back sidewall "can conprise a single section, or
high4ragsparengyrlpagertharganctherslypa of mageriak (bhut i, lat&ois ldss@xpensive, then

r L.QNnsS. There i 0 upper .
e e Oy BB G20 c PEFL LS G MR8t may
be useddar thedark sigews!laburtingycost redsdtiout candiembisined by Risidg back

. i h a t struyts i
side AT Eh! &8 o5 BATRA nnd B AREESR ool RS anclariighssistipneth
matepifil, sacht anemicodtetsinkess sttelapldbiid 1i6@s pided b eM@dpSof ahN@rth bank

“ t gl ner ttom be nade of any material that can
( bel?‘@?rﬁ gggléeéﬁk)sq\ﬁp?’ﬁl@?fré}’%glmal I's to define an interior
spdo @adbus preferridtchtiRlimehi] the Histholddeddll Si8ERAIY &prise 2, 3, 4, 5,
10 zﬁlﬂ?@?scwéé ulr@ é@%b grown in the photobioreactor. éﬁcsh
’ rPal 905 0 OLMerhParatfpaclgns. olnethasy warious embodiments,

the fitoint side@hid88n cthpfikd 7, Zhes! 10025050515, 408! 15, 20B! &75 or more
There i s no requirenent that the contalner

steel .. ; i
sepagis T iPEEY aiehck sidevallass sgmprise majngbe sectiansparaandso comprise
2, 3, hips amnsf su, r76d1 @ITAGYI HFH 500! &emggrge?h%ge{ ?,]e%g%)}lé) h'?é’x'e?c’. is no upper

. .made of the same materials as one 0O
limit on {hgarmbergfpeprrata reatipnsthatitra bensediocdoeg s appbsiate struts are

C j alner ven i r bor.nedusts/ )
v BIRGRE S RSOA AL Al SYHBON OB PER oo i,
wherging\pg ig thgamber o pentinni ofi the Tirst amiporcsetomd sidedall 9f

al - ' Lal.s, ~and i ferred to be |
B ARl PR P of Bl AR B i
sideveatla g HefindRaryimterickGpadenothanshtajies tieu cahelahod BN an algal culture

i e of the sane materials . as the aqne or
to be gk AP nORt SuE BTN TEAR e B e ot daiged to concrete
tile, ghassf @rthidshebdf flaeict asidinleseited! ThBreR HoGel@irddignt th‘alu the
e

[ n_qr .has curvature.. A cover with a tilted an
contal¥ b6 05 e 3RRp R Al e bR ot AiieBed embodimment,
the caintaiper batton rmudd SOhE saingahat&@dls 8s 8 b Both ¥ Sie §Hé\fv§1?seand/or
or

endwf the cover. Potential build up of water drops and
B ng algal cells on the inner surface of the cover

WTHe photitierehétohals® @B&Pﬁ@éd' Horltiher ttogeb ?#\Ieﬂ{ ?n'bc;mg-
dustsSQVer . i;S t hus preferably designed such at 1t 1's easy
ustsquycrobigl preanisng Hewm entering,ths|caltures and fypreventewatenevaporation. The

top canttehaddl6f A6 ordNadiRGH8rials, and is preferred to be transparent to allow light

penetration. (See, for example, Figure 16) In a most preferred embodiment, the top is made

of the same materials as the one or both of the sidewalls and/or endwalls. It is also preferred

that the top be set at an angle to the horizon or has curvature. A cover with a tilted angle or
10



10

15

20

25

30

In this first aspect of the invention, support struts
are used to provide a franework to connect the
WG epangtiso secti ons of the first and/ or second PCT/US2007/004351
sidewal | s. The struts can be of any material suitable
for this purpose, including but not [imted to netal
and high strength plastic, concrete, or ceramc. As
di scussed above, the struts can serve a support
curveUUsPsﬁﬁaé Al pARENEAAmRIMONGE wler dropé a6t c2viehdu@hlgal cells on the
idewal | s to join. Struts nay al so defln the length

inner sprinemof e CPV@‘h Poisatipl tuildinof watsr deops oREraspingalgal cells on the

inner'sGAGLOSF UBIchvéSwill redlitd @t pRhetbRIRERId me c8R@REIhe kver is thus
general, the struts providé support and surface area

prefefably désignedl Sush thatjitis sanr torremiexe and resetiogmaklel cleanimgieireactor
. The inner structure forned by
]nnagﬁggmagggé%%ﬁn one anot her and by the front and back
si Idethalﬂrst mpeaidsthanmengd)re suppast stouts sppamsedito ptdnade a framework to

com@f A e S A e 15 BIRRL s can e o any
mateR&ll ivabiStibtitiss pirposd) ummdmg betmst limit¢dionmsiatl mmhhigh strength

pas S5 B2 e A BB R e 5085 unrion,and

also $roR{dedHé MlifAie. ar&OfR sideiWalls tdyn.Bifids ﬁfa@\au%&ie‘ﬂrﬁme length of
structures for baffles tQ fix on them ( belm@

reacter kight@athntderti sef configyation phieApior it ﬁ-‘r‘ ingar Yy, grpentine shape).

In geROQI QhE &E&@%&Wldé‘ SigportentWusfasdtred |f§1051@@vétl§set6 j&id or to have the
provi de support for endwalls in either |inear or

sidewallsfhonded entoghe syul Ihe dmer stactis forred by silepalls jpip one another
and ﬂ?otgg L pg% gutzd én AJ flT\ﬁﬁflfsm%ﬁéé’ a giﬁ&leqh‘c&ﬁ‘)? sﬁz{cesiflrtﬁg Sor#iREk, which can

or corners. a preferred
be brekdrothtereompattinents dimough thet ysgtof bafféBSL desgribed morefullyl balew.

th r r

g5 LRSS AR5, SNl ih na
a singlaghhetobiaieagtbremiatd hax{emnydmgth bn cenfrgueatanr. eS@me struts may also

prov G TRt AP Lot e

comﬁﬂﬁﬂi@tﬁﬁv&hﬂl a smb&rphmtohiaeagnr oifiit | Stngs tar alpo by lusbd’l@ provide
o connect th

suppSR 861 widsvadfs Th iheh IR o apresproB egnimbiefh of SRl & Smers (see

Figukré&cl 7-@8 &k dxeimplary depi”&lbﬁﬂof stiut§ ddedlio@Suppdrt Endv0illsos gorners.)
provides the surface ea for the edges of two

si Hetateferedepho B Fopert sifyfs aff doFated sterpplfg the container
and M€ LR HUBRREVIAE PRJrNR V1A B Wntalhéasidi 204 tol protide $he surface for
enbodi ment, it is preferred that the surface of the
individyal sidewallfinioitand flat, and al so conpatible with the
UYREa Qfeftg}?&ijérﬂgoé’lﬁﬁm 16 DEveA ubiheP W) STQRidevrdlls! 8@ ruthber of struts
gl ue, “silicone, oxy, etc¢) used to join the sidewall
lndwhngﬁn¢§WQ$ﬂ&Fk¢é rut. See for exanple, Figure 19.(2)
Th § 'ﬁﬁﬁnﬁk
ur ot o BRSOl Tk A bV A E RO AT to comnect he
plurafity b fissiparatio veotions of the firsihmgédr Sep@ndmde\bi@ﬂﬁal wleﬁms but yot limited
to the strut, but to a thin sheet of plastic or netal
(e.g., a strip of thin plastic or stainless steel
sh@ét offhekeusprmndy pevidestheswsfacatarea fon ther edggs bhbe) sidewalls to

be bc%r{%l%gréé ?tdplkftee{l\s/\(l)e onprtoglede we1gehv)(aslui)gots’il %%ntl Bxee Sdethr dlécﬂon In this

embodiment, it is preferred that the surface of the strut is smooth and flat, and also

to:

compatible with the type of bonding agent (including but not limited to glue, silicone, epoxy,

etc) used to join the sidewall material to the strut. See, for example, Figure 19.
11
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is not directly contacted and bonded to the sidewalls,
the nature of the strut material and/or quality of the
w0 poverossr f ace of the strut becones | ess critiPel/US2007/004351
Al so, in case a sidewall needs to be replaced, it can
be easily renmoved fromthe strut structure. The
sidewal | s bonded to a high quality, thin plastic, or
stainl ess steel strip ensures better sealing at t he
4 aéél?éwal [The skt segveseasi s?ppors@ed also mr‘lwdeml Slmrga%legmiéaefol %he edges of
181 ] u
two SRt lact Ik B2 BB IS b hongB girceli e e but o a
thin shegt of plastid or maetd!l (enmea stsiprdfabin pilé.stich:e sfﬁiﬂil@&s fReeli ABRTof the same

f a_thi.n last| or me tr| revent or
size Stk 366 Ry WHEkeP el e aR LAk siSenAl asch Bf st Sisde the strut
is not dixexgbsconrtesd zﬁidltlﬂimléd €O tHi dideWislls, El@rnahﬂf@ o?ﬁ?s ?ﬂ‘ial and/or
e

ahi)P asket \é\/lﬁj %ltg be pl aced_between t
qu theipver shrtaces & Stret basgmes hgss setcas Aﬂfwe in mtacmdewall needs
to beTBplaban et @b &%&Ilﬁ&lﬁ&%tﬁ&ﬁ% daRefdenes r}glé Fflsooonded toa

materials used in sidewall construction a rut
high qualitynthin plaghic of seénlossisined stritrmsures bt sekling at ﬂlne sitfetwall joining

regiof Igeeb@r@%@ feOF kLf9ze the type of bonding agent
herein. Non-limting exanples

ased on t he teac
of Gduch Angaskietrgnia g‘em%ée iatsirial) enclbdmg aubbearpplabtidyior adalogous

Silico
matc—:lﬁEQ)I’S%ﬂEr{zg'lr'1 Bé’{)‘lﬁ ﬁ%:ggre% H’%ﬁl alfl ﬁ{ ém%rrs[ 59&’ W?ﬁ mner surface
ofa tbutplastgsqngnstaf gripso prﬂveaumpradﬁce:)thehiil@—cﬁﬁﬂ‘dc’ﬂioﬁ%xpansmn dueto -
be .| nIed based on the teachin

tempﬁr% E%ﬂ ﬁ%rtoo tdo ‘8‘|°§S ISR RS $AmG rasons th Poﬁ%skefgw’n also be
placeidrheetfeqnﬂle edge of ﬂhbdldewﬂiwmﬂ%fsd: o4 ¥ tiditoinh BageQdtttAé ReGtor.

f i tro Ci fluid, clu but not limted to

coPhed PeE S HPbie aptinused d5nshes ORLne tar of maseialnssed n sidewall
constamﬂlonlahdltbenimﬁ@ebﬁghoihsdlsétﬁﬁéa iﬂiﬁ/ec ahbad @Fé'klll lnﬁ‘gﬁ art w111 be able to

referred nbodl ment, the inlet port is |locate an
optinfizgihety et bondingageab based sathe teaghisge hetsity Neafhmxneg examples of

such b&Rdifg apdifts FRNIR! P& are IH?I"H?MS@&) \?\gf Pﬂse%lﬁé éréﬁg%es rlsilicone.

parts | ocated at or near end
c Ut MYl be gpparer to ghegs 0f§&§b@rtb¢ @ﬁsthat\manyrdthasmeh/ateagns for strut

suppd¥ of helchbh@&iHer §5Utf6'hb Qaﬁld p%rﬁ&fte& cﬂa?é({ o ectzé1 nca{il 3 gberem

enter the reactor throug E R T R
ofﬁ%@@?‘@oﬂe@@aﬁs@n&m ot leasiaznetlhlet powd waflbid aorhmmfceﬁéxemﬂl the

t: hest, nutri
contaigloeﬁ C‘ﬁgg %r{?%uglﬁﬁgislﬁ% 1nblﬂflﬁ% il lnE)P lexggtag {%8ulpgﬁ&eide fum, algal
suspepginns rwatg{w@ﬁew@eatand metrieat selntiond, nttb ghd €61thi@er. In a preferred

embogﬂngérgrtﬂg t1nlg Fsrlgcaﬁg&m ent r &a?lg?fgtg ét}opiorllee rrO\I%eQerably near

ochem ca conpos
the topyod thpd enntainen Taede-aandie cﬂEd:lr lﬂﬂibrﬁﬁt)’leﬁ;ﬁdrfﬁlb@it@d aner near the endwall

rowmh rate and omass productivit
o delfE e 258, B S o et soliions,
lefeﬂant)snlmhdms&iaﬁ adgocente thel Faictor @Rreth alsinle Qfletn?Hé bﬁ}pose of inlet/s

ids n n fatt aci ds, and/or secondar
tocateg gl of BtarithE Endi| 1 p Srate,f Rt Edisnt iuhitheng bishesmutrient

conceffratidn & masIhe Inlehatsd ﬂﬂe'l@%st%oﬁ@éiﬁﬂaﬂkiﬂ?ss ﬁgé Hr' &t of the reactor.
gh bi omass production no a R 71

. Diff ae froma hj
! erSEE’ﬂI’ﬂ'UF%tt‘ioaﬁe’Bl’at@ﬁééffﬁﬂéh@ wm@nérbmmnmaempmaon of algal

cells. Q‘Hﬂeﬁhmﬁle AhtridR@fick erdflﬁﬁ tﬂlﬁul&t%eanh %ﬁ.ﬁt a yl“gn {&Lowth rate and

biomEnsure harvesting al gal
lomass PrdUCH Ry, AdiesRA MRS ldénlﬁtﬁd/medlnnt ey smlnlulate biosynthesis and

cellular accumulation of neutral lipids, long chain fatty acids, and/or secondary carotenoids.

A nutrient gradient created in a reactor of this design thus allows a continuous shifting of
12
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Alternatively, nmultiple inlets ports may be | ocated at
certain distance apart fromone another to ensure
wmedoroegsiso and/ or al gal cell concentrations to PET/DB2087/004351

or | ess honobgenous throughout the reactor unit. In
this case, the cells grown in a given reactor unit or
nodul e wi Il have identical, desirable physiol ogical
status for specific applications. In the case of a

alga¢ froema hi@ﬂm’bmass.lpﬂoﬂuctmnﬂ hogd ® a higﬁtacﬂﬁmtl&tlﬁli)bf Becific desired

| ocat | on he reactor, | engt when i red
prodyPGBGE FpeCfioh AonnGaing, oy i b Rt Dk o evesiine algal
cellssf thPhighestednicdt ofd&hiné@ BothpBund/BRrodilcet iPlelde) can be

Ioc ted at _any height relative to the sidewalls or

teznatingbi mm?lt)h%nlétsm%esaa%%mw af aertain gistance apart from one
amotﬁérr 18RA8Ee nittaR aAder algdl & édﬂfc@n&éﬁﬁﬁ RS bOhdrb Smsg Bgmogenous

one reactor unit to néxt one at the downstream sit
throyghout therrecter weit.tlp this gese; He dels grovwoin 4 s§venetaactqmmxt @pnodule

will ggvet 1AEnRlR t(ﬂz@i ?51% ﬁ)ﬁ/ﬁf)log-@f s H@ttgpépoer g?ccép%ﬁﬁat%ns %%he case of a

aspect ntion conprise a
lineag w¢dcgor Lpnt, miltiplelinletipatamray be ddacnl albhgn tlterreacr:toxnlbﬁgﬂhe when desired

. ing, fLuid omthe nt aj ner, incl udi al
o diglspt PR B et PR FuBBhRly Yo e P e § fen use
enfibd iimenport(s heanoht lloeate@ at anyi Belghm-ataade & thersidieRoBidrétruts. When

endwal | , of hot obi oreagtor fr e inlet port.
I8 B ok e B T g i Fes b bl Gt usgatiph flows from
one rRACWS unit té Rextuserat tHeovasteRnite] i idhSrleR@rddnie hﬁV@fheflh&Wport(s)

nmeans of harvesting and culture |evel
nearglben'toﬂ’dﬁjtﬁ?ag"tﬁﬁ'ﬁ?f’wﬁort is preferably placed near the
t Orhe phbldidBAUOR P HAREikRlasPict Bhﬁeﬁ%éﬂtioﬁrboﬂlﬁfs@ afiltast one outlet
| deal culture | evel can be nmaintained

port uh{luig Gespnunications with dhepqriainery fWar@mowm fémdlfmm ther container,
mclddﬁ?ga&lgﬁll @ltuPé SL\'&?@ﬁsi&ﬁefof ﬁﬁrv@ﬁ 2l o éﬁ%eti %Botdﬂﬁent the outlet

i nl'et "port) ernati ve arvesting 1Is
port @dﬁ??té‘li Fl‘é%p blyposﬁe pn@wdhpféle photadliencadtdr fram/the nElelf poredPlacement

t A r ed near
of th? Hh{lgt[ o};(oorI ﬂ%ﬁ&hﬁ% %e g%lg?% f:d§ (?fhtBE L& Ei;gar Hleusmg the over-
flow pgincigtle por meags dEbaryestingsmd h:uithmtlewsl coatrok $heb@.ith:t fpoft is preferably
plac%%é? Z%é t:%g /og?lge %cgglﬁlgaeagtga rop ?% epc{s\ét\goen E%‘rﬁ é'lglfctiela?tculture level can be
mam[txhnd:cb blmhmhbxrd,xmms &papmferrémtol leivenBabutist pait IbbRed at or near the

far era:?walg gz;gvéay thatgqog)p‘ﬁgec e 6% g&g;versﬁeu?g {?%Qnﬁe{le% by, for

examp‘le td sménoﬁd)vhll&\i&nédﬂﬁed) vtil&! thah tike O@ldtiport! 1§bréf%ﬁiy| PlBced near the

o e S e e srves b

for hawdstig abRhtat amua}eemﬁeh@&sﬁ& PRk ()IiFhRAGEALDREN tHY top of the
uced if all the outlet ports are

terials nmay be re
Photqg%e%?@%@naﬂ quﬁ@t%ﬂ% Per of i thedbpttoun efitheendwallisrpecessary for

reactBPiailgd. Pi pi ng system (Fig 22). The phot obi oreactors
of this first aspect of the invention also conprise an

acFer a gngleyphoihiongagtpyjitgmay netibd eritidabtp haverthe hutlet at a particular
I3 a |
locatf&%ﬂdt% to the EhdIRAIE ﬁg%rﬁré %Jg%g‘g&gﬁﬁfe ﬁ%?o%@%g&o}ﬁagg %o be arranged

%stem or (a) intro e su
in parallebas pan sRpital/maintgndrisy qontsm@@nmngfgommmngmms may be

reduJeQ lﬁgﬁarféo&wtwﬁgm@léw& at S In AN RELHY co%fﬁeétza‘t&a“cga on

mamfold p1p1ng system (Fig 22).

The photobioreactors of this first aspect of the invention also comprise an aeration

system in fluid communication with the container. The aeration system comprises any
13
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for exanple, air tubing nmade of flexible, or rigid
pl astic (such as silicon or PVC tubing), or netal
W@ 3ch9Eso st ai nl ess steel ). For exanpl e, aer at PORUSANT/004351
be provided by conpressed air 5 passing though
perforated tubing running along the container bottom
(Flg 8). In case that reactor sidewalls are quite
gh (for exanple, 6 feet or higher), a second
Smt?é’é‘? sitstesn foy G@élrﬁmﬂubélgl aﬂaﬂmdud;lemdefsuppbwatmdhe cohaldev@and (b)

of t.he ctor tq enhance
mtrobi%[:*ﬁ‘%ﬁ:gn{rd}gssiég Bir3h l%gggtt C%J?C Ie éxxﬂg d Egﬁ%fu& PereBpnéisjéqt%{mr?,ay comprise,
for dxenmmr(tuhmg adengf fhextible, ter{]rtragxd Ipwsab ﬁl&ﬁta@ Eﬂ%ﬁ ro@@’l\zc tubing), or
e i e ) P BB e e g PO e
passdig(thbﬁigh parforatdibindetnnih Blon@RE 88maMerbbttéth ( ﬁlfo §) I? case that

er cent age eferabl fromO0.1%up to
reactebsb et’“&“S Wlﬂ@%}g]ﬂ g%ﬁ eg%pl@e ffest on ih@-qer) a second aeration line may be

introd0edd) Forda@518 - hahf‘w&yoﬁ@mfé@ﬁ ) tog raﬂg 'E'o&gf;rnor g? rdelofr to enhance

exanple, _in the form of acetic ucose)
cultyre pigmes Halas ofseraingliameter tprefecatdy beme@nmemmmm) set certain

dlstaﬁb'@ﬁﬁéfera%lg 3p O5¢ ﬁﬁg?/ lgéj%ﬁg 0y alg‘ﬁ) {h|c %Hﬁl{lg a)r?vdge air bubbles to

di oxi de can be use
effeqt guliurerthiying; Cagbon d®xidesed bgrbdﬁ:mied@qﬂﬁedmpﬂ&sieldlﬁr gaS&Ftain

percfifidd GhefelaBI BOHFD 10E 0F M s R ek ot ovies o algal

photosygthosk. I‘ES@“@ dﬁb,&rgﬂrﬁc e?ﬁbﬁ‘(ffﬁ(g)(amﬁ&g &k% e f8AS of acchc acid and/or
e ne o al ne rom anaer obi C

eucief 987 bt o axieB 0 st fFE cicn Pef G upPOB AR gEowth. Any

sultabbssodumsofa:ratﬂdw dibx@decan be nsd, @ndﬂh(ﬁﬁ§ buPRotQfmited to industrial grade,

| fuel fuel
food ﬁr&}]&& g@zergliaﬂgggasga u' d%{ %ét?lé%ogfe;?legeggr%qgls gurlfl?ngscoal biomass

(inclyding alfiab bRatdse aid/ok bidhash réstducd RéeS RIPANMIASHS QE&S 9}6 extracted),
vention can be |inear or serpentine inh

nat“rgg%as F’l?rgaé {&BpFliang, gigthang obfained ﬁm%¢r®Mé¢mfemenmtlon of
algaltthdrads drﬁloﬁﬁﬁﬁ%ElduE%dm}%&ﬁ'aﬂﬁ%ﬁfc 1g<I.slt‘iroBI?)?rvvasl%e(\eafatergr and

| east one dral nage out

t
hq““i?ﬂ?é’d |f\?|§fﬂr%l%fuelﬁe{m§gbnmlga@basesl biodiesedtl i n an endwal |
{Jﬁ&oBﬁ?edcmrghf g%rﬁré Qﬂdseggﬁ]ash:ggts o?'tth oirxq?lgrfbtwtr}ll%dlebe linear or

di scuss ove an over
Sel‘pepgnﬁgb%hapg;sqqafqr@ggmpg:’, Figuem3. t he drai nage has a

S t the bottaqm of

PR S80I B M R T BloAPuP IRl comprise
least qne fraimagierawtiet nlar yprefarrpdi enshvatiment\a di@ihhge ot ilohted in an
endwiff Bpokfliing iEALARGI WL B bBEOM SRR Shaill s discussetd above,

whenchrmwmgbmmddeusummbbmpésﬂ‘x@ ftedl, theQlrainBSd BXCELsephi¥e Port,
e ports may

h tor unit, dralna be
pre AP BAL o B B RT tiaki £ Bee Rl o e it
mlmmmhcmhlerggn’lteqofrembmsthh&Iﬂy,QB&@ Gill He'"bﬁmﬁél@tcﬁ&ﬂﬁée éd{[ett ?81[ reactor
baffl es connected to th

s one or
unit. %ﬂ{& M Crefonamt §? extgnded legethompltiplp alraflme camts way be
prefeped.t Fad ilnytaﬁeéz&'bﬂi @erb&ﬁu@%ﬁ%é‘&'&cﬂop bR % gé gorts may be located

rt Baffl es are especially prefe
m”ndéﬁ%@g Hgﬁ?gs%ﬁ@fe the sidewalls are Iong (for exanple,
1Qn b@u&h&oﬁnﬁﬁhﬁfeﬁt J)iotﬂ&)ﬁrrsf)ﬁ%%t' e %nﬁﬁé}riﬁf’tﬁ?r &mpg}sgs one or

tainer into nmultiple conp I'es
more g €§ §eRnasliechto the first and second 51dewalls so as to form a barrier and to

partially separate the container into multiple compartments. Baffles are especially preferred.

in embodiments where the sidewalls are long (for example, 10 to 1,000 meters long) to
14 '
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that they all ow the upper portion of individual

conpartnents to open to one another. Wile the baffle
w@an7oes1ed any hei ght desired by a user, it i SPCT/US2007/004351

preferred that the baffle height is between 60% and

90% and nore preferably between 70% and 80% of the

hei ght of the sidewalls. Wen such baffles are used,

cul ture suspension in individual conpartnents can flow

partfallmmparetedha‘pamthrmen intb enutipleltempatthidnes. g}he Qﬁglé(scﬁi\@ Hesigned such
I sol ate Fi-g

that 355 8 (e L B ron M B FraHAGR F @BRglogne another. While

the pflt icanibaof eipghi@¥iretl kah&&em
ﬁ@ﬁh e - stil Ils?gélfgfr@nggt]éag?é g%ﬂe height is

cont ments w
betzana0vh S0 8nd Mors pesterabli tetwesn TASoad S0 ofithe height of the

I t;
sndegﬁgﬁglw%%éﬁﬁlgﬁfﬁ%{ %\%}t drsléw |CE§F&[}|un%Er%l&piﬂ pﬁlﬂ?c{ua% gompartments can

ﬂo“gfrgglsonegogpmr@g@t & @@qth@n, altloughribie taveirgpapts ad nmchvﬁllueb:tompartments

ne or both
?Ie 1§<|5‘13 ewa g;‘b%ngﬁ P Hg:;n gé F sh ucgeg%nbg%ag elg °F581°05 prticular compartment
is brokeny chmre@t efSthesbhtaink eotipartineassvidif stil sold afidsk of dRnaNdse

1 he type and nechanical strength of materials, and
SUSP%HSIE'ET of the baffle. For a strut where a baffle is

j oiTie d)l,alfﬂm;mrslter nide gﬁim)dlﬁﬁteﬁlt@% sumib)ef foh Qn@ﬂixsﬁﬁ?a E@ﬁtamer
ut, al so.the surface on which
suppgrtfrfgwa] gﬁlzgrﬂ%*nlgxgihd%Wt aptlimitad to glass, SEHRlessetierd p(lﬁte, and rigid
plastidighdeaflf Igenéral) tllilfnjafﬁrﬁlﬁils‘eﬂ foiéheSdrBith §idaWailt Snd/bLatEwalls can be
dztegg %S%r& i ndi i{] _(f*lﬂ conpartments_at the | ower
usedeL of B0 Ay WeHe L hip Bérknsetof the bafladensndnem the type and
mecha.ﬂldial s@eBth BF Rt s, ahdi HREHHY b ba@ﬁmr a'g%ﬂltt SvHefe a baffle is
ni cate and mx. I n one enbodi nment

Jom% PEYidesnat oaly thiesarfpee fos sidenallsto mm,rbsa rlsottbe surface on
whldhoché Bmﬂ%fls bRmRa Hogh My vﬁ; an fl1°‘9 r({f;}.{lg Egﬁ% cap be joined to the

needed (See Figure 20)
Stmttff?@’%@rﬁS%tF geparation @fumdlvaduaé sompartonents ad the lower section, leaving the

I e upper, section, but
urpe B len SO LM DR ol G WERG S5 e
commpny:atemduppre in pog meodlmetmdl a/sodiﬁ:muhd-eomﬂalédﬂﬁélsabﬁated at or near

r e nder normal conditjan he s | enoj d
the HoBbT 610 Bafiter ol e ot | Rlost 38 pecdsSitRe Fikirs 25 AWhen the valve
is opcn,c;ébﬂig: cbmpafmmnpi \GHhi\Mlﬂ&aétBr aei¢ hﬂzﬁiﬁter%ﬁﬂé(ﬁed .6t éhly via the upper
si de s brok or as ot herw se

i,ner
sectléég,rgu?ﬂg B%/h aggée?%elnbl?g enythe Vﬁ.EVﬁ 1[5 clasgd, ﬁ:ﬁll}é prgr parts of
individuah cp:lnpmmimeﬁfs&\ae Irﬁér—@cﬁﬁﬁétéd.n@ndl& rlobingl drnd¥tioRs BRGb1Nbid valve
ar phot obioreactor "unit is

on B ST B G oL kel Wi socin oo,

(e.g.,aoatdindr 16akiBi, %Iicfewiillitbi\&@&b éﬂaeratﬁé}ans‘é%fsf}@& b& Q?&&,Eéﬁt%r
10, conp artlr:re in the container. The o)

b redqns I%ngﬁ gf e QPOWhmﬁeqc#macserdsmmm firsbaspect of the

inverfiiony & Singfllihead %hbfdﬂbﬁ)réé&b‘i&eﬁﬁi @ﬁ%o'n'i‘etérls loﬁ% SRS %%es are inserted
nmpartments are mxed on the top € purpose ‘ot

eq“aﬁlﬁ apPh 0 metery distanee) fremiome an@téex tsxcrgamatl 0j ®nmaqumemmmme
contdu@eSST@é hdibR @Fﬁ)b g rrfddli %lﬁ%ﬂ%tcsﬁ§§erotﬂ§n P& %?.ﬁ%gwgﬂ% oF, struts, cell

I's broken due ever reasons
cultugs suspgnsigns in gBtindiyidual sompartmerss ard mixedam theeoppark.€The purpose of

the bm%tzﬁ?@f? @k QQ&:’C%N I%J‘Et f13 gPevenpl%rsé LP %eoefntugeuc&lgne in case one piece

above t el ght
of sidewall is broken due to whatever reasons. The amount of culture lost in this case is only

from the broken compartment along with a small portion of culture above the height of the

baffle structure. It is suggested that an appropriate distance between individual baffles would
15
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baffl e structure. It is suggested that an appropriate

di stance between individual baffles woul dbe 10 to 50
woredoe0ss15d n ot her words, the reactor conpart meP€T/US2007/004351

created between two baffles should provide an inner

space of 5,000 to 100,000 liters. In another

enbodi nent, the invention provides photobi oreactor

nodul es, conprising two or nore phot obi oreactors of
be 1Pe 5¢ m@@rsa@pﬂéhﬂ wérds hibeirenctartdonpartntent eieateid ietween two baffles

I are in fluid
Sho‘ﬁgﬁn(ﬁ}ﬁ@eg llngl%r §;{}§e Egtda@ égﬁﬁ@éﬁlﬁ “I*he i ndi vi dual
phdt ehotherambatiment tizs hﬁeﬁtldfﬁp!rolvmed ph&wbidreatitér modules, comprising
communi Inlet supplyin

two grmore pl (ﬁg O{Fﬁ]c{oéﬁ eﬁhﬁgjlré%&?ﬁe‘#f “r}f Rt ybivhestinthy containers of

the phortdtabea¢tsrsi aie irhAuidnebthBunichgon. nﬁMhQQenhEbcﬁﬂthfj the individual
htﬁ:@ muni cati op when set_in parallel the fluid from
PhOPIGTRACHRT SonigisrHmay ik dited fiuid sommpmication at the intat\(ies am thlet

supp‘l)kihg d@lturewhd BmPerct & &R '&?%eeﬂl&&lare‘img%l iners in the module; they

harvesti ng/ drai ni ng mani f systenm a co
may bgdp dlyid cipmpnicatiepwhenisetinpeallel dfe fluid |ftbm 1nd1v1dua1

phot6 8RRt @bh@thel ?@Eé@ﬁ?éqhe{rbgstédq&!rcﬁ%% (%Jtlep 2|r1§1re% 2{8 'a common

containers.. The two or nore I OF
harvg%mg(cbam;g mam@ltih'ersfsm oofnhaimaftfoarth%of Iog via pad6thed M@ans of

fluid! J&Yxﬁﬂﬁl’llﬁ&’tuﬁ'{ HetwBLP mqualvﬁcg.%aggﬁ é@gé:atg o&éb%?rtéegg gf t he

Conpr SN WO Or nore
i ntbatwonr m‘t‘:lnephwmbmrearaure iph aicdaicomen bhes theRde&T different light

al so.hav e sa r different, |ight

path Fhé BV B S pRRy %&tﬂigiog’éorgﬁcts&gﬁﬂﬁ@ BPBNAR Ve GF Fore
photolaandaott)r eladsiesrofithe ilviestion. I’lelhé/tvﬁiil@xl mbRASHAGbIBRAM o7 $nodules in a
clust¥s ?_‘é [1 he | ength of%th path, I'n_this case,

ALY "%fheaﬁ%&éﬁ orj I@é‘?ﬁ Figuge plillesdraigs antexample of a
partlaﬂdr @hctéaclsten i Whﬂ:ﬂiahdifvﬁﬁﬁl Rlacttp %(ﬁles a.rif_Sn {hg? G of the light

hg &Ecasc din .mJItlpIe react or cluster %

patii.dn 4 g ok algglsuspension Cﬁﬁé‘ﬂ@dﬂmﬁa@db@ end efeach individual

react SPdLRSoSA thch ahd 8f 8 aéscﬁ&'lln% Iulglrﬁggpg? Be{al:é&\gcgﬁw @fg 13 shows an

ra yfromtheto hot o
aﬂ‘g’% %)’Efjﬁ’i‘@é?é Pb?to@wr?#?éoqsé‘ﬂie%‘tpwlév ¢ thanhlgal culture can flow down by
s RN TP or RS o R A aflor B HRNELES' DRASR1

can al so be set up at eve
photeliareactars. mediles darreof o tloisiers tharsbb Dan alss bb sett u;i #1ahs sdifie level.

Fig. 3 %Vée&ase %&F@Mﬁd%l?@ﬁt toblllcl;]re%ctorl 1S§ se QES ga{xhg Fe el. Or

he first aspect o nven
p hotphbtabiareastor unit’ is andésvibed for thaﬁﬁt aspedt 6f ﬂ’feﬁfﬁlentmn ie:a

singl+ Fﬂ&hgﬁ)régctclr' ﬂllgltx Bgvg]th? Sgl g tds fgl entglgﬁgtlh 9 1gﬁtn%'«§h alomg its

ar or serpen
lengtb,rarldlclanlhallmeamd)mespeaitlnemleslmpd add tdwally @tﬂﬁsane cﬁ\ﬁh‘i’tﬂﬁﬁ% inlets at
O%etrlele outletslo ate t t he opposite side_ of

one eﬁ 8" PHsEpgpr agd on ﬁloﬁﬂ? tplg o Ftsal?lc he opposiesidarpfithe reactor.

See Figintecdiefon adliek i pRIVS desightto Rakibvé B darRbalL t%ﬁﬁﬁtam
hoto-rghoe '(ghotobl or eact or nodul e" conprl ses multiple
P KBt or eact or units arranged i'n parallel. Wen the

r et “‘Phottibidréadié€mbuid” |ch1%ﬁEes(%ﬁﬁftipgélﬁl‘%tbﬂigrea@{clr unft§ arranged in
i P@fe @’% all individual reactor units face on
paraligt YR1 i Teafter WS aseiin eligeasicopEgemtion, all the mlatSeofahl individual
reactoXNPDS ifAR dHeldeLlion. wﬂléreisecﬁﬁfe% oi“r@bétéxl‘ l%il% #ale &n OPPostlte direction.

If serpentine conflguratlon al he 1 n s ‘and ou
reaﬁtﬁg,gﬁxés tlﬁé,se@pn@%conﬁguratlon, all the inlets and outlets may be either at the

same or in an opposite direction. In a preferred embodiment, algal cells of the same

physiological or nutrient status are maintained within a reactor module.
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same or in an opposite direction. In a preferred
enbodi nent, algal cells of the sanme physi ol ogi cal or
wWOaores1so st at us are mai ntai ned within a reactPCT/US2007/004351

nodul e. A "phot obi oreactor cluster”™ conprises nmultiple

react or nodul es. |ndividual nodul es may have the sane

or different lengths of the |ight path. Preferably, a

culture flows fromreactor nodul es having the |argest

r edefRlrotobigreacionchisten’ d¢®nphsqgha@tlpMactenmoaoad ROl modules
may Ha¢é B dafhd &%h@fepp‘fé%g‘{h%%f%e fi aﬁbﬁj % p%::,fgllttu?e flows from

react or nodul es narr owe

reacm tquulﬁ:s h&ymgﬂhe dargesmbdudmlcg}m puthTdned/crangest hafief load growth
V|d tor dependi ng on

| bl
mediy 9 10 Pt P Fen e 6 i rentbles i theamowest Light

path fand ellufrlieht ﬁéplétb@tg&owﬁpﬁle@mﬂﬂmlﬁ coﬁnécﬁﬁﬁtdiﬁmﬁ Hﬁlﬁ?feacwr modules is

&fnﬁ i sing reactor units/nodules of |arge
flexible, deprndifeen spesific alpalspeeige sirain apg/or peocmcgnn oﬁbmlﬁc products.

dgdcalyxgﬂbld JeRé1F BIuBRr @6mbﬂ§lﬁ chRkd} &%ﬁﬁ%&ﬁ@% xS g%% hq%% b¥th will be

fromcertain yanobact eria an
preferesg fog groductonak theihigh palve pby¢abiliprotaison lahgichping®lpndaturated

fatty%@ﬂ%riij&ﬁ%eﬁéﬁl ﬁﬂgdag&nata?ﬁ nrli%%.%tlg e. fil 8 o er éﬁ{@%ixﬁﬁg%ﬂoductmn

nPrl ses react or no S 3
of neupral Hpids and S¢¢desryfqamten@ds,tthc r&mwnlchst@fpréiafwey tor®iPtises multiple

reacﬁﬁmgie% a&ﬁﬁ?&? % %ltﬁe ?lfuf.rﬁﬁg r o %\}? dgg&lges o} Eu‘ge light

second aspec e piese
Pathwmctle@tttpomdotesrof pmeWenJlﬁ\ght,patIQn'prl Si ng (a) a

co ada for halding flui r|S|n

B S e L SR A n AL ——
comlaming;econd endvval | s, wherein the contai ner define an

' a bottom openi ng, wherein

L bR RS PP Dol oo ngh hd second

s1deWatlE%ﬁ&f;@B§mg&'ﬂ§k aMdeEedHd érfc‘l@vaﬁl'srﬁhel"éﬁfjthé Q6RAther deﬁn an interior, a
dewal I 's are substantially flat; (b) a top cap t A

top opfnpgg 30d a hottem PREDH}Ee fwh‘q:gelgﬁt {qqg.t orgradlthe)Beby andisetofnd)sidewalls is
transP@&ft, AR wWheddin khd frst! &Qﬁﬁec&ﬁ@ ﬁﬁg%ﬁm%%ﬂétgg?eﬁ{g %% st om

panel body; one or eto
ca®f ur ?H@? capothpt fits@verithedop npereng bﬁtheqiasf:l balypandi de

f'(!é?d CORARELIR! s Bn3GARE B ANGLBRLOTGACE OF pane!

uni The pho I oreact or pane
aspeecer heth pfitheitop em alnﬂlthesboatom ceyl farther dorhpride di@iorlifore channels,

Ils to f
o BB B A T, g e o
AsThaplptobipreactv |pdmd uho:trofsthlalsecdiﬂ #@3pedtlofthedin@bntidiPR a single unit

191 rCJ d thus fulfills a
that cgﬁ%eg:%rnlég é&i &)% gr V1I:;1t e Fﬁangxeﬁtg&gw aauHssd; photebigreactor module,
as de$dmbsd$elmmdAaspdt;tlt prbhﬁleﬁ ot sehleaip, of e pRASIEp L igPfda comrnermal
leveltan% th é)ﬂﬁﬁﬁ ar e aﬁ and the phot Ogl or eact or panel
idimies 22 §L5ahge epﬁ{ indhe eyt r usi on t echnol ogy, where
t He apprafiried ensboditaBRbaRE/sedordl APeet! (he QUGHRr the b%% cap, and the

cr eat Ion jects with a fixed cross-section.
top o&fL18 pstCoh Bl Dhofomtscactar pask b is,made e bhaticeprsion

technﬁlogmiﬁ'ﬁél%l thé Pl&ﬂ@x%&he@éﬁ&%&ﬁ%@%t@ﬁ 10t BHBHSIohS objects

. g% ce indefinitely long materias
with a fixed cross-section. Hollow sections can be formed, for example, by placing a pin or

mandrel in the die. Extrusion may be continuous to produce indefinitely long materias, or
semi-continuous, to repeatedly produce multiple shorter pieces.
The advantage of plastic extrusion technology is to enable mass production of

standard reactor units at considerably reduced price. The standard sizes of reactor units will
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sem -conti nuous, to repeatedly produce nultiple
shorter pieces. The advantage of plastic extrusion

wo ewhnoediopy is to enabl e mass production of stRCTESTH07/004351
reactor units at considerably reduced price. The
standard sizes of reactor units willalso enable
sinple, quick assenbling of reactor units into nodul es
or arrays. This nmethod will also increase the height

also gpahlp sivplg cquiek agsembling af kgactor ubils into 20odiéssdrcariays. This method

. ' [ nunber of . reactor unjts
will 2 rcade B FouhE CHAI Wkl ol pRIeRR a0 020 Bieterpin feight, thercby

redugingshe nwmibsecmdctsr dmitedrdsthod rdditmgsapad/msRRAIn® costs.
d.,var enbodi prents thereof, are

the,invention, a | O

o1 P S Segenid Sidewalls ptdhis feand Goppaiiof Aapimventaa, end various
embodiuents thereoT,i@e bidfilaap tost destyided | i

th anel rk()) d et o pr eventS _aier bor nt(ielgglse?g?t %%E&otggggnvemmn.

or 35 (E2R gfﬁ%@hfl&w greHae ofi thepanel podstorpreveatt eirborne-

dust#qobial bfianishe BARLnd ' AghAkisd ;
t hr ough alﬁggaz:\lll phot os;l/1 ﬁétr{x]lgg{? gcﬁgsr;rg Sg%ggﬁf{e}%%%ap biALi8H, release air

and §X¢a$S/%HREP Bgnsreted thirueh alaahphotosyidhdpjs, sndeo cintect individual panels
o sfie 5y§dd. oW +| ' ctual cqnpri ses

oMl tipl e at ?13’5 glﬁgrt'%% e b i Shepof it £33 dorflBdormpitses

multiple individualdap cepsjobmwgdo ane agebey dothdashanhdp dap€ NreCRBigned such

th ' - riqdded lLengih. as. desired.

by 98 TR A 5
susp¢riszanspamedividuat Satepamehnitsand riixandilRORCoRAPAIe] tPanother (F ig.

' 5),...Ih ottom ca [ts under the bottom
5). THEHoEn (38 s ohlier R Bl SHFpeshezasel bogy. eyprevide haeesity to
the ppagl dlod p Golyhd1dinghfolid) g thisihd capatsllity tdSchdosGal lp'h%)%bioreactor.
toEr§I$r £ a aﬂ alt%glﬁghot bi oreactor. Enbodi nents of
t he 8% melps ahiedop e ft“{do‘g‘P dapomy @parepimitar te thase described above
for theteoatdibedbotonyand @p. t he contai ner bottom and top. In
second, aspect, one or both of the top cap and the

this
bof(Bif € g%nc} PP P BMPRth ©F thafep sap and hebrttome bap further comprise
one op Mkt SRarield, do RAAECH i r Lohioneast or o .
© anel unit, t Qﬁal Ilowﬂiclzlglrbto h‘?%éls?ﬁ‘gggnsgf’%ﬁ%ﬂ’g‘ o?(f%c\ﬁe]a ?t%?anel unit,
to allgycultyeq sHsaefsiopiciew fionaant ndividual panglrtefapothed In a preferred

emboAtRest fiRNMne drifor@tBa el BE Sar&esténgg%ﬁhé i 5 %ppf esent in

the top cap. In a preferre ne this second

adpaédirefered anthasiiment afdhissecmsl aspectpthe lintesiobedrhplises one or more
baffl ek NN 6L ' nd second sidewalls, so

that t h[{eég'iJ nt eﬁ?g{}' %%ﬁ%‘rrdu %génﬁs‘ F‘G%Z?’ P ;‘}h%ghe Interior comprises a
pluraligy i ommanments HEhaldistanccbetvetnbafileb 2hf be yasable Bsed on a user’s

. Lahl . a, useky S speci.fi.c needs, as shown in
soeciBEELER! & S50 e DTS BREE DB T e W ihce s
for thel Sisstraspexd ofibleviavémtiont he first aspect of the invention.

I referred.enbodi nent, the base cap further
c PR B bR LRI thehess bom s Sempabeseh segmiion system,

as distlosed abte fas fledirsDAspbito fithy BREAGSh. I ﬁre?érf‘écdeér{;ﬁgg ent, the
nment r | ON SySt emconprises alr-ou 1ne >

.embodi the a
aeration gy Sﬁ icﬂggﬁr’cs.‘é%al& YREfetrRing dnsernd gloneribe bagemedghe base cap to
providur aevattten @esffict G@luire nkfiRGind b it %mfﬂoﬁ'cﬁ‘&dgé‘ SugifY \dEition
syste carb nfﬁgl‘?)(l de upplfy. eration systenms an _
¥ "&%‘ 5@? ALy _é'ieeaség_s‘ﬂ'é?érabbﬁ@l farithe Eirdt@spdach of the invention.
f i adotheP@eterRid dnSodiR¥RNbhOSr both of the top cap and bottom cap further

comprise an inlet port in fluid communication with the interior, for introducing fluid,

including but not limited to culture medium, algal suspensions, and nutrient solutions, into

the interior of the photobioreactor panel unit. In a preferred embodiment, the inlet port is
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I n anot her preferred enbodi nent, one or both of the
top cap and bottom cap further conprise an inlet port
WO p0of7joes1680 communi cation with the interior, forPCT/US2007/004351
introducing fluid, including but not limted to
cul ture nedium al gal suspensions, and nutrient
solutions, into the interior of the photobioreactor
panel unit. In a preferred enbodinent, the inlet port
100a§e\§| ingha d-:;f cap. ﬂmﬁ; bpundestood thu't,lv{rhdrle nuﬂt_i?lé%f@ﬂ?:ﬁéx’eéétor panel units
£ th reactor panel, units of this
© se%%ﬁ% as‘%le:{g %é:fge %:cg%iﬁg}é é)&!y ??ngtucgﬁwt BPR 15i5gHiredh aad thus not all

indiyigual units meeflitor @minprasecsuth @ Horto tHdkdvelr NiyVa MBS tHE kit dBvidual units
However . any or all of

to_conprise.such a port. .. .
may?ﬁ%‘%‘ﬁ%%?'ﬁ%a‘?“ﬁ Jle pﬂ’ﬁ@%ﬁﬁﬁ“@?@ embqdimentsheneof arglagdescribed
abovedot thedist fspedtofiteelirvehest. ment s thereof are as

descri bed abtove for the first aspect of the invention.

. {hangisrsetenied embadimentind dhisserondraspedtsonseardruth of the top cap
and BRRRE bap AitthePboRptibe IQ@‘ lehdi®nt QQtl&q:fﬁr?iQxdﬂ\B?tc?)ﬁm?fxﬁgﬁion with the

. further conprise at |east one outlet por

interiQsnier Aeraaring Alupgl fiem the containerdnclufling algatwviltage Suspémsions for

harvédtR@ The ' i i . qul ture i
Yeus g]e nsi g?éf@%rgéri ¢ _ o 93@%‘}5‘3‘& %?H@Ja&) g{r les:‘i 8?%‘%%1%% SR Fgh L will be

underyieodihet, athepomultiple photebémtectort fapel wifitCafithis! secatid AspB& are

r tiple.phatobi oreact or .panel .
conntIeR, AUy bAE bucl A% Bolfh HealinBalisil onk 8o I bodbvidihl nits need o
compyfsg syelrh pprtl dovporet, aégf dredlttiﬂtbt_dind&iﬁduilhﬂﬁtsﬁﬂiy &rhprise an inlet

i ni t.s need, to conpri se.such a port.
port. let bGH st s o fme R bg o e daperbedhapove for the firs
aspeg@fjphe ipeemtion.nl et port. Qutlet ports and preferred
enElod' nts Bh r eof ?re ﬁs descri bed above for the
fi 1t AREERPBFIE O HYR HESt 8fpect At least pnervithe trportiprasdbottom
cap fofthérftomprise at lcasingiftdraidbgd Saddt. B8 pPeretrBE el®Bafitht angrainage
ap f%rther conprise at |east one drai nage ~

ot.tom
outle ﬁtlf"éqte.c{:’lnﬁhﬁ pHemsape Braipegsdrarisiand prefgresid eajwdoueite thereof are as
descritsed| abo0é &5t thé fitfAsh bPMeGAPentidnd! Nage ports and
preferred enbodi ments thereof are as described above
f othe fodopingembedimantsappinto ¢itheent both. of Ehe fittlahdweavmd aspects of
the irR@RGGH, B2 ARRL | B0 b Qlvbhg d i ISt and
.. second aspects o%/er%lﬁ%ﬁlh{ne\gg ﬁ%ﬁ‘%%enb%ﬁ’ee p E‘?et ﬁ@? andSecond
S‘de“@ﬂggétlieﬁtd}ffﬁﬁet Wicationsdie tb@phm?biotdra_etofri m_estdiﬁdgdsé‘cﬁdbw@, the
distard t Len ocagtions. 1n the )
st bR i Bief Fack orihd B B4 so 3ROV Gpttiiptes the ight path of
the Phniobiereactone In ﬂﬁgembadia:a#t, t}:@ phcftbbfbﬁ]a&tt;i' c?ﬁ‘h@.ﬂé’ an equal length of
i es the. |i ath o e
exthelglhg? g‘ﬁ#%?oe\g g%gx? bgt?%%, %rmagy ipﬁ&ﬂl?n$ H@ horizontal axis, i.e., having a

long Iighstpethi aronaendy arcbgrathaally reducifig dle leBpmtdt lﬁ%ltt ﬁhﬂl{lﬁﬁile moving
pa

r- narro I gh ths, or vary 1n lig t .
t‘fwa‘Ja‘? U HeRa e S Aol it An HAIe 063 Pheigbidregstor with
differpattdistances betvesen, the fist Ghd @ectndysidec@aitd (8: diferdn ﬂgflgk?a‘?lfls) is shown
in Fig Eght path while noving towards the opposite en
& Re phot obi oreact or. An exanpl e of a phot obi oreact or

WiSubh etarfidtte Gight ghiths aCeSudal M%Qaﬂg?ﬁ:é yiﬁlsépegﬁi‘é afigag SBins to be

side walls,(ie: different light p I S shown
culturgd gnd/gr S@ﬁ_&:‘# g%ﬁrlas’& c@drprgductis4e gs highvakiewamdendids, total lipids,
and pRXEINF)|t6 be Wrdduce@AE HftftertGkiond Cﬂhﬂ?ﬂlte%h%?obioreactor, as discussed
above and as is known in the art (Hu et al., Biotechnology and Bioengineering 51: 51-60

(1996); Hu et al., European Journal of Phycology 33: 165-171 (1998). In one non-limiting

example, a photobioreactor has a light path of 100 mm at one end and a light path of 20 cm
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cul tured and/ or specific desirable end-product/s
(e.g., high-value carotenoids, total |ipids, and
wEe@re9s1s) to be produced at different |ocati oPGT/vB1007/604351
t he photobi oreactor, as discussed above and as is
known in the art (Hu et al., Biotechnol ogy and
Bi eengi neering 51: 51-60 (1996); Hu et al., European
Jour nal of Phycol ogy 33: 165-171 (1998). In one
at therothel end;tanygypecafdsirabla vatiatiadb car baemploybdsasawill ghpparent to

. ath.oft 100 at o end .and, a |ight path of 20 cmat
thos‘ft)ﬂésq%ﬁﬁ%gheeaﬁgggsgaﬁn%@ag#m%g??%l e variation can be
e 9Y@ther 2mboldirhe & f @RPAFEBE sdcond Agset, dhe pldtbbiokdactdiFurther
art based on the teachi ngs herei In a further

comprigss & tRRREragire CARIe) systemy Af%’e%'&ﬁgfeatglﬁeaapn? fentrol system can be
usedP meﬁg taPprdadh lmié taggrlmdo%? eRterAIREh AR e control (Fig. 9).

control system Any su e tenperature control
Wateryofacqeriebmtemperaiug. framn acandbaerel ongoyidoatheireactorecan flow down
agaix% e é‘ﬁ%r'ngps&facg He?ﬁf%%utstigypa%é %F WhE of B0 ¢Fthd Elhgwal? 'to maintain a
ter of a certain tenperature fromnear the top o
desirahle iptetmal d¢mpéretire kesthior algal gtovihdowpeafaceltulat metabolism. In some
external fac o4l Si fac or.. bot h
e A Gt 3 5 B s e vt
pipes earplee plavedat @vehr thebottbgadf synefating idesyfahe fdactor. A series of water-

spray fdicin tPOTAG: ¢ REMannEG B oEY BRLck PO Bonbphieh gpersel water can
be spfay&l ovitblic firPRRimparface pf eedadbr. Oh aiefericd@nitidimbnt, the

of, sun-facing.side of the reactor. A serie f )
Phot%'eé‘?agmravﬂh@%wpe af (PP CORTO} SYSUTD YIS gt cgmprise a water
tray bileridtR thdbdae cap bPEIMINENbAIMAORAIB@UBE c66ihgdRater. In a further

sprayed onto the sun-facing surface of the reactor. In

prefesrad @nkediggnt darortiteraal tempsEAtMIS ROBBP b YSEER 6PMPTIEes & Pips that
colldc¥Fatl frbRIPRIBIVAIS tHeQMiELlray NsEER MY r8rubhY the Sater to the reservoir,
conprise a water tray underneath the base cap or
whergdhe avatestempenabie campbe eithardncreared oo desnggsedaas aecessarysfor water
recyélﬂ{ ‘her preferred enmbodi ment, the external tenperature
cormrol system conprises a pipe that collects water
f r dm dtersdivevenperatire cortt @ sy steaycaugirses iaetnal tengiepatng: control, in
. wat er -t he .r rvaolr . wher.e the water .
whicp 5, Bisrer ol R B bince AREA Sl B Binoral g pigher heat
transfi@ceffisienyy fhan plastieror gisy)s breferabBnruahingraiodgd the bottom of the

potb R G S BuER YO PR eC e Bl Rzt GF B ate o fapifein te

culture bemgeramirdatea dairableteded (Figl10)i n general have hi gher

heat transfer efficiency tha | asti.c or gl ass),
or 1 BB UG G PETEBE DU Y SeeEobises a temperature
contRINRH @Rpresded air sbivcoUThe whiteR suspaReionliy bérafe@onitiaiciberature-

water is cir uJatngtg,to majntain the culture .
contiolled cPmPFssed piralndhisigmpgdimerly a terppgrgture gyntrql glegnent is embedded
into tHe/ diPESntSINBORI WEH or 48 cORIPRAEE MF.ETHYoliBL efATrR Ehn be a

.conprises a tenperature controlled con‘{)ressed air
refriggration unitian gppiatize sorliguanib or equiyalegtsahergpf. The heating element

can 6@&9@5&&%9&9 By 4iRbleSsto QPSS Fﬁk ban hmiiéwéstﬁggag generated from

enbodi nent, a tenperature control elenent 1s e
powgnrgemerdiersai r container to warm or cool conpressed air.

The, Gﬁéds%rtﬁgremdi&gﬂtts T the ﬁ?sft 511(9 Féc %lh %?%e%ﬂ! 5@ th@fi]l}]vention, the
.evaporative cooling unit, or equivalents ereof. e
photh‘e’are‘;ang)rehghmqomprises systems and sensors for control of culture pH, NO3/PO,*
levels, and O3 and CO; concentrations. For example, a monitoring system can be acquired
from Aquatic Eco-System, Inc. (Apopka, FL 32703).
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can be a commercially available product, or a unit

that can utilize waste heat generated from power
w@enangtior s. I n various further enbodi nents of PET©ES2007/004351

first and second aspects of the invention, the

phot obi oreactor further conprises systens and sensors

for control of culture pH, NChTPO 3 l|levels, and Q2 and

CQ2 concentrations. For exanple, a nonitoring system

g a queoszmgms& mﬁ?dl Eﬁdﬁrﬂﬂﬁﬁd 'Séhsl&‘ﬁ@aﬁ%b‘étiﬂfﬂeﬂa&ﬁed (1689 Bk Automatic

. y.,,0 es contiro SYyS s an Sensors can . .
contd Y5 H*O&gf%g- B BiteotRek FROQEMERb R coypusen based monitoring
systéfﬁﬁ@ﬁﬂ@ér@ﬁﬂ-inﬂoﬁhé pﬁbt%i:ﬁi’réé%@br%‘f@ﬂ&!rﬂ&m €s @wreof, dtoinr11<t)noitor and regulate

comput-er - based noni toring systemis Integrate

cultyrg P, femperaBreR O FPQs dewelsBrandSOp senessftratipns. ot integrated

PQ- 3 . .
comPR SR Sl 850, SAMEUBY Eon R B pcrcdin
seleetedpbeiehioredcten ynits ihamedié fiy eyknemonipting af algehsilk density, which
in nF USR8 SEALGR Bl AENE Gl B0 135 ©Ct e

p 'n a f

ot obi or eact or uni r on-line
modn eduither evhbadigaht aftht fidenad sycondhispécts Bf theriivatition, the

o i S 4 BT i o s &

diredtirelationstip betweehl3olapeatghiand 9ﬂ§d1mivft¥1l id BS¥erve@MRiel Sferdhe amount
to.effec .hgg%inatLon of the photobi oreactor. A

of sqlf cligrey thaks b SRR the gpagtorid ppgle aqeprding to season, the
highpf 0@\ebdudtivityl shstalieliy 8 culliiee. MTENRAclol 1MW Lk Pl a significant

soI%L energy that is admtted by varying-the reactor
cffeqtionithe apimalperiafiondensity ead Hins antbe profustivity ef cell mass, due to its

effedloRAHE hinduhY o FdbtidhaBRHoh 'ﬂnf)itﬁ ufg%r# #H'e%uer@eeo%ﬁ‘a@%% or,
tilt angle exerts a significant effect on the opti nal
poBar aeren ssavial iempedatiey bioorass peoductivity dependy onfthe amount of
; : [ sol.ar .
solaSa SRS am U e 114 864 BN B, one-sied
photgbigraastersthgsptiatal tidtrmuetefon mexiraloyems-soyrdoghec gy vollegtion is a tilt

R T T K p—

becogies nsore esiprificans bhohighert the geddrapliptiatiale sinké tiRnglatabilty of sunlight

. il . year.-round ener ollection is a tjlt angle
is mE b AR SEHEr 115 Supn el ferlsfet lopie 3P rowpmmer and
largenfanpgles tiothieovieinity @f 60 ireWiratd 1@Bulb 8CABRENAIYr6ductivities for these

Si lfiﬁsnt t he hi gher the geographic |atitude since
seasgiiedFig, 42 api | ty of sunlight is nore limted than it

| S AChedBAE irf SriéhiatigOMl Mhing PMRkdrs ki ViriARUNBRs W tHlsuhDoth daily and
thr %ﬁ.ln sumer and | rger_ﬁgfles in the vicinity of 60

oehofk e eiear 540 rean e maximal Pyseial apsopiatrdwithdhe bigdagical

conveRATOeBsdidr dhergdy? Studyikehleffeci & BE fRYhaldyWF (ﬁﬁl‘g%itzﬁlg the tilt angle

tilting reactors at various angles to the su )
on oyerall pnaal proedustiyity shows thay raquent adivstreens fonidieppkimab reactor angle
throupBb8ithk Jear s RPrdsal 86 md HiPhdsDHy 'aggé,a S Sh QR i
. lg%Iqr eﬁgrqy. Sfud Ing t%%se§¥§%§ 0 tﬁ%o re&ﬁ%h% 8?uwlbmmﬁh
in origgigting And dilting phetobiogeagtass ahvaricas apprapmiateadngles to the sun on a

JHaPEAGL: W th i t . adj . t _far the
seas opt i mal u\rge a)gto_g/? g_%tcgﬁtgﬂ{%ug %ﬁtb@ﬁé& car rb\l%ln Iq% ¥ iéls? Gple. Froma
practiqal 5@,@(}”19‘; @dlus_tjngﬂwl tilt amgle &vicp agetac tiould gignificantly enhance overall
prodt?cqmt lIﬂis i?%gﬁfcluiarly true for production sites located at higher latitudes.

Any means for effecting inclination of the photobioreactor can be used, such as those

disclosed in Hu et al. Journal of Fermentation and Biotechnology 85:230-236 (1998). In

another embodiment, the photobioreactors of the invention can be placed on a berm, such as
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in orientating and tilting photobioreactors at various
appropriate angles to the sun on a seasonal basis: up

wao 200409818mhancenment i n annual bi omass yiel d caPCDES2007/004351
achi evable. From a practical standpoint, adjusting the
tilt angle twice a year would significantly enhance
overall productivity. This is particularly true for
production sites | ocated at higher |atitudes. Any

" a monmhnsbinhofesfafthcﬂiangs raised anditsized tooprovite thé apmbbﬁate&inéldﬂation of

uch s t hose ,di sc ed i u. et al. .
the piSRpREARE TeaRiE f B IR 4 EEPEE Rt Qb Sisvel acing ghe berm
does ndORB)k.to be tﬁnqtdiemt dnttleid iefidotimdriethp bet hBr A86 5&ié tdinsulate and
the jnyent] | aced on ber such asa nound
help {9 mpigtain 6?“3333? P\?l]mf’ ﬁ%‘gp?rét‘ﬂreaﬁ @ége BRRIOBIOFEAt9Te provi de
t o APRES PArRLE gleagﬂabﬁﬁtlhmdesf tﬁm&mb%bw@ﬁfma be placed in a

relative to the sun. his émbodi ment, the sid
south-fasingpricntatinay thrersive mlrwanéoltas rasiiatiqny ﬁg)mvemfor ocfrtam
geogfaﬁgrcc 1%?1%&19& {Bh as IFe1P Vet Qt- Bt &oﬂ)ﬁ?éélzfgrse can receive

to maintain Suita e cul ture tenperatures
morqmpmndbnog saowar marghsthaneyen thengestaiptigedlyrti s south—facmg
(o e t e
reactéx%u #ﬂ%ggﬁx% I]&O?ﬁ?(g%t ilt%n %%%PJS%I]@!\;;@[ gl (?o%ﬂ%u%P% ofr}eéictors to be
identifadl for aon gedgmﬁue ﬂatltﬁdnf peﬂnitamgm'@erelgtmp benefitabf tastleest
, vertical east/west-facing

°ne“§>%‘6’f’§8| 8ra§sae(§1°.’e rs can receive nore sol ar input during
S Uhnaitaiéth Beditdeats, ehegphotdtordactbrsagaii beadseyl for indedk algal cultures.

out h-f aci. reactors ste se of o equat i
I gt st SRR B e At 2ot e aHia <Pyt light is
ﬂuorésﬁ:@ﬁ&d fub&d(FHigr 14 hedidg ﬂﬂﬁi’éﬁ‘ce'b@twédiﬁﬁdo&&dﬂﬂ dutiéner refiktors of this
rel ative ben flts of east-west orientation_.to be

desiggds yroe of t&?ﬁ’@?ﬁ{%ﬁﬁ{?&#ﬁ%ﬁ? ¥es gpbeidERttslor eact or s

Cah PRireLembodinkddARE pRbBBlorédttdryraRe fitA ahfliof &8 aspect of the
artificial illumnation can be provided, and one

invergipn Gag beawed superebipptipn yith ancoren popd srdpmdFig 3. Vinilg the open
pond i1 S-Ep\% lﬁﬂitﬂﬁﬂicﬁggey &% @%t SRiin Lo o?ﬂﬂtlglh%gﬁ%ﬁlaptatxon to the

reactors of this nlsteso
field epwicoroment; arshednitisd nuawnbeemcd@h and biomasp pa)dugtwh etages, the closed

photcﬁﬁpr%g JHFerf’thé ﬂﬁ'feﬂﬁﬁﬁ Rl BL ﬁ?e '3 ) gxfoygc{e%es&é% ﬁ%u#%ntg /tl?cr open raceway;

second aspect e I nvention'c
ii) podishiwastwatar tmbmpmelapemop@ndtmymfmm(tﬁz wasté®pter)\ihi) kshance

. e . pon i
bxom%gﬁ ‘%f?g‘gcqb"g‘h : d g\%) 11|1cri] 1 ﬁuﬂf act. unéu %‘% 3 ensﬂ%igla dﬁ% Sblch as
high-ealuerpdgrments,; ligidelond) pllOtEllﬂlS afr polytsadchmﬁdafse.rmv al and

bi oduc 0 t he,cl os hotobloreac ors
ot THRRRoROBRAEl: SR e BT Bt adrORs SomRr P DR A el S8 b8 ade as
compiletk tindieidual fehetofp@mbadgieshereafiin) a poinusdtrisd SRy sHijfped to a

et el trients framthe wastewater: iil
react G Ton e e st ulop B Srtaon. o Henee B fHiphsd ds separate
parts a6 Eisapplithtish sife fde atseatvleaid Opkisficn, (0F ¢&h ba Sndtie@i- e néar or
| ipids/oiJ, proteins, or polysaccharides).

nments,
W‘thlgﬁg WS?BBPB‘F"@&‘@P&PteOf the first or second aspect of
t MEniN e HIRaspadt, BR (TBsat BN eh@EPhRNVRIds HiktHbE Y making the

reactors or modul es thereof in a manufacturi ng site
photofrierearipsddhe §rst o serandraspgsy of thetinpentian gomppising assembling the

photdm&reaétb%f BB BRDbrARESRT APBet FRRe PR ARSE BRI BRERNES: parts.

separate
Such component parts will be apparent to those of skill in the art, based on the discussion

above of the first and second aspects of the invention.
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parts to the application site for assenbly and
operation, or can be nmade on-site near or within the
WO e@chesisappl i cation site. Thus, in a third aspenus200Ti@4351
present invention provides nethods for meking the
phot obi oreactors of the first or second aspect of the
i nvention, conprising assenbling the photobi oreactor
of the first or second aspect of the invention from
t hin a ficsh embpdimtenpahe suetiBut éormpriges assemifmptasphwtbbiokactor by

asserfPRk € ot ot or Rl DRt Sikngrt PR, offersiine container

compri¥es:i nvention.In a first enbodi ment, the nethod

conpri ses assepbling a phot obi reactor assenbling a
coti? ai nepp%&sﬁpﬁgaaa Fecafl didsyails, o fes e of the first and.

secorﬁin&é&ﬂlé"ﬂﬂ@faﬁbﬁhr&ﬁte contai ner conprises: (a) opposing
first and second sidewal |l s, wherein at |east one of

th@’)fl r SPPasiRE first arndhareonl gadwmnllss | s transparent ; (b)
SI ngcgfa&% godomeg@d endwal I's; (c) a container

om an a cohtal ner cover, wherein the first
an@)secendntslmemvdrs conprise a pI urality of separ ate

f Fﬁrﬁ%{%ﬂis‘the%gt O%’.)rﬂl glg&mﬂﬁo&@fﬁ?%epq&a? §$?§1 S uatt% sections, and

comuni ca e ‘suppor
wheranﬂhasqmnaile eelcttocns ammeﬁlmdtcbarumlmcaaiunt gndf separate

sec:lons of the first and s [1s. |.n .

o IR SRR PSS B BT B 40 Go R Dy of separate sctions
oftheﬁbsndndEéﬁqndtsttEw@lmm Obl or eact or further conpri ses at

| east on |nlt£F f|UId nlc%ti,on vvit‘]h Lhe,

cort Serdlary gre B’g@ ma?ﬂtf gf §st pmbodlimpent, the photobioreactor
ﬁmhexomwmséaht REstWnkinePpédiim Ahid cmmBehidhtiGHwiNThe BdbitRiner; at least

fluid compuni cation with the container; and a

one qutlgheerh i Fid ompRpicaan With CORTHRSAN 3e5ationssystam in Auid

commifniestidPwiA Qﬁé’ éﬂntilﬁ@ip %@E%rﬁp&%ﬁfr& H&)IQI‘(WISS’REHI égﬁected to the
contai ner. The nethods can further nprise a

contaimaree a8 sentral ierspepturp of Phis wﬁhmrtbaeomasleasi‘u@ mﬂncwman further
com#Re%Adix c}tﬂeﬁ nltopli i u?ﬁ\% %t@fﬁ%ﬁhﬁ?ﬂé e%&rxf;etl?%bogﬁ in the first

I nvent | I'n a resen I nven
and speand mbodmthtsdﬁthe)mvah@@e growth, particularly
m croal gae, conprising culturing algae in the
photobi oreactor of the first or second aspects of the
i nne@at fomth iaspdache thpr gseseot indfentionr pm\mdesonred&sisaﬁd algae growth,

partic 1} it S Botpiile. bl 7 4 B bhloniatgictor of e st or
secort] agreats ofuthel nemidmringhe Wréseaos ofemtr@diiﬂcsbuﬂi&s d8d light, preferably
suny VAPRRITEERFRTH B SRR o SR gty spe s
nutrighe ttos gravihsingl reprbductiond Byaﬁbki)ﬂngl;ﬂmtcdﬁ ehéﬁg? such as sunlight and
amﬁﬁpg{]g\rlx}a}lggt?qrgr %a?glaf%pggn %g@é}%ﬁ esxs wate? and carbon dioxide into
high-value organic compounds (e.g., pigments, protems, fatty acids, and secondary
metabolites). Accompanied by photosynthesis, nitrogen and phos-phorous in wastewater are
also taken up and assimilated in algal cells. Algae exhibit a growth potential an order of
magnitude greater than higher plants because of their extraordinarily efficient light and
nutrient utilization.

Nutrient sources for such algal growth include, but are not limited to, standard algal
culture media, animal wastewater, wastewater from concentrated animal feeding operations,

nutrient contaminated groundwater and/or agriculture runoff water can be used as growth
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nmet abol i tes). Acconpani ed by photosynthesis, nitrogen
and phosphorous in wastewater are al so taken up and
was®irnvdisai ed in al gal cells. Algae exhibit a gpomk2007/004351
potential an order of magnitude greater than higher
pl ants because of their extraordinarily efficient
light and nutrient utilization. Nutrient sources for
such algal growh include, but are not limted to,
media pfier balaigng Wit cenin chediiesls,dntlodingVias neHineted to phosphate and

ter.fromconcentrated animal feedin . ) .

o Rl SR L e PR g el shominalsofncluding but
not lagited td titwaee andysHdsphae,dhdednialofasiosted GotHeoM WABLWIM: and

aft er (ﬁgrltoangi ng wWith certain chemicals, including but’
contaminate HRIY BRI M]aqsewaasﬁ@ g@qea@gu@q:cgﬁ@m Rower generators that burn
algal GIORIagE Eudftfhes after@esived Brodiitlstire SRIKRE Wd Rc6GL! e pas emissions

che f’g@% 4nc| udi ng but not limted to nitrate and
ﬁOmpfgagl) red pIiEt Riants, dadytwase sater entainingchigh somseatrations of
amn@ﬂ?h&rﬁ{}étﬁﬁb' Aak:€ dve S waste gases

emtted from pb%g?ﬁ&g%gﬂeratlg?}smﬁ%yﬁlbdﬂsﬁ al gal bi onmass

r edisdlizeyssedabovedbe nedofrifigrant sutrieat eoniceatrhtiehsauttbet the growth and

. . ). 11SSi framfossil . fuel fired |

ios AR o ARSI SRS A RS Shalnd Sy i
and syistaie athight gromeh odte andrbivingasa peodaleais Al Bere @y Mﬂﬁéﬂme@leted medium

. i ' | evel.s.. As di scussed. above, .t use of
may QiDL Lekt Befts B e R R et iy ong phain faty
acidsaaud/or sedvadhnyalaratengids iA homienf galdgmk cfaltddsn aﬁﬂlg)tobioreactor of the

anpl nutrient-rich nediummay stinmulate an
first & 8FBRF nspils 11 ieRtoies AlamB i oRRUS I BISIE of elgae from a high
biomabepredactivi modato & BiphalceEmiRHoHBrIBYcift Hgyfeﬁt}'ﬁod ct mode.
bll&s%grtclgem and cel | ul ar accumnul ati on of ne tra‘]l
[ ,

cEhAfimephior fise & the methedoef thisdontthmgpect of the
invertRng LR Holshioabldty daAE ﬁgit%q'ssél}nd%gﬁog%ﬂe bstdthnd are placed on a

phot obi oreactor of the first or sec aspects o

+ bermy; oot er banksicagthebhat israised and sized ypoivids the@ppropriate

inclirfatioMof thd ShotBb BB Ror REIGFUST] @B ng s régxia Ui gg‘f"ei‘t}{lg&(’f solar

. accunu] ation of specific desired product no
radiatipnyfas discyswadimbeveent for use in the methods of this
fourth aspect of the invention, the photobioreactors
of the first or second aspect are used and are placed
onThis feurth aspectfustbernconprints aethadikfos haasting albaells From culture

' . j ; ovi de the appropri at

sope A A BB LB AR SRE L s s
(e.g., t:gmtri{fngatiumndiswlved;aih' illilg_ta’nfofnsﬁ ?hﬁnibﬁlﬂieﬂ’ilitx?ﬂortl)h Industrial preparative
cenﬁlﬁﬁ%lroﬁég\géﬁg*jﬁgg \g/aeqE b5 uslﬁz AQ ar Klva g lg:%ils grgm gli][ph@mbioreactors.
Thesccmisthode can dp @8 @prodideitERSdlvemhIg drathRtd Rh@ £A6h8 thain

t&_fat tdhiie I nvention, usi nR%é,var_! ous approaches (e.g., )
unsatati A SS9S o T ATl reidsy Rwgobiliprateins thlenephwll, andmedysaecharides. A
dissolived airafldtaion metHddShf hahedd; AldeME ORI FdabligQ n gIsrog)r% used.

e al. kinds can be used to harvest algal cel
(Hoff g Fiirogpieatatalor oH9 1 Hilsse SpanepRead fotisee TXeT7A03-1602;

SAMEOTeofgy, Y. 160 A8 AREAL PPBa2 Y68 Thalidda, 362! 14150) Such

hl isat ur ?*tled fatt y acids, carofenoi
met %ﬂv&aﬂiq Fhovwtieldn agreense pihprd treatménpof wssiestieani @esh adwaste
nutriefltseA ¥OY) idichub1b@ Wi rvesting al .

cells f r%rﬁ a ?%ac?@?’ a@% IBS(?IE%QB%%%%%H' AhéiBrdhe Hiration can also
be used to harvest algal cells. (e.g., US Membranes Corp.)

The methods of this fourth aspect of the invention can be used for a vériety of

purposes, including but not limited to production of algae-derived products
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(Hof fl and Environnental, Inc. 10391 Silver Springs
Road, Conroe TX 77303-1602; SAMCO Technol ogi es, Inc.
was®7vedies Avenue, PO Box 906, Tonawanda, NY. B@W/B82007/004351
Such nethod is particularly useful in a process where
treatnment of wastestream (such as waste nutrients and
CO) is coupled with al gal biomass production. A
menbrane filtration can also be used to harvest algal
(phanf Mdesﬁca(lsg .rgltracbjfﬁiddhh yageovhsmisalsy) h)un'ﬁglefonﬂ,t gﬁ?ﬁniﬂ’fal tf0déd); production
ouf t spect of the invention.can be. use or a_ .
of regRAPIEyF BYotgs SRS et e Fstdipg e aof Ymited to removal
and Iﬁb{aﬂ“@tdfﬁmsﬁf natrig: ﬂﬁ-ﬁiﬁhh I%ﬁﬁmﬁ%ﬂh tffa(‘lﬁﬂf Wdiﬁﬁf&éﬂiélf?ﬂhé gases emitted
nutraceutical s, agrochem cal s, human food, .and ani na
fromffléégﬂ]? @eE%ngngg%praﬁtgébm Wgﬁpctb}noqfé]lg@l;blomass for use as feedstock
and E5W pFCUIUOROA 2df bRITREE AlsLe as' BIdHAEN Gethatol Nt dbilahf animal feed
to renmoval and recycling of waste nutrients from
additjizest gyireanig fertdigetson di oxi de-rich flue gases enitted
froRode08sidkilf Ual nfd afidal i t Q68Gard" i
SOPE By o aRo SEhBENELE' Mhidard ey culiys methods in

production o
photebjerepetorhuct iSsa, oforbiewdtplel sGitelsoh et 4i,odippdiell, and Environmental

Micr§§%gc%9JC 620" 1 SRLDEAC) 1088}, "Bl LEE RAAMhY 29048 foumal of Applied

111 zers. e of 'S
Phycblogiyl ¢ ar39W396; Hwetal. d(189§aTowmbt of Fenpédiatilan aiid Biotechnology 85:

230- B8R0 P EEABI6T PiotEeinelfion faf Bin Syt 311 shipG gt et al. 1996
Jourr(al 966 )Phythilognd 3R cJos6rh761994) et) aliy abos) MmedeMicrobiology and

. Phycol ogy.. 6. 1-396; Hy. et ., _(1998) Journal of
BioeBbRBRT aF1 B3-SR Bttt (b0 ubspemn Joutnab ot hveplogy 33: 165-171;
and HuLQ YedusBidlt SAI3N016%) \of antdr&HIBENEIINRRES B8d Skco %rob“cts — major
. ., et al., (1996) Journal of Phycol ogy 32: 1066-1073; Hu
'"duséﬁ’agfﬂﬁmefidgs’yomm iCerfrafina) gPisr sy PandoBRd e brindickapnd A. (ed.)

HandbBok ©F miflgdiituttind IbioteHidiIsHy & ORAAN :
Phycol E}g% 33g: 165- 171;l and Héu;é,y I ndglg?ri aw(%’é?{l%cr%(well Science

Ltd., §¥Xfpgde el gal cel | - mass and secondary products - naj or
i ndustrial species: Arthrospira (Spirulin) platensis.
Pp. 264-272. In: Richnmond A (ed.) Handbook of
m croal gal culture: biotechnol ogy and applied

Phycol ogy, Bl ackwel | i ance Lt Q. ford, UK
Ref erences Cited Chau%?erﬁnc(ai%?&)éi ot echnol ogy of
. algal biomass production: a review of systens for
out dqor: culture. J pl. Phycol 5: 593-604
Cha‘@n%{ﬁﬁ% it S%S,SBI?W@B%?FPSY ofalgghbiomass productiqmyggevisewef sygtems for
ouUfllodr hiébyélﬂfur@.fBOAﬁfli BRABEE %03 454 continuous cul ture of
Por phyridi um cruentumfrom | aboratory to, pilot plant,

Chawnt 9 Thopgnien . and, Ghudin €5 (A88)|Scsking up\a tubudarghotobioreactor for
cEMRIBAS 1tWe M PYAthyHdifh dridd @8k dn (166 -
Bi ot echnol ogy, El_fs;Beh\yiHe} Aprgﬁ% é%ﬂgfé&gnlce‘?m%ogxﬁlgg@lm plant, pp. 199
208 hwStadlerpl AMgrildgoy, VardusSMS, ghammanosl WeMeotvan Hj Ghristiaen D
SAHEH 1 Bt drb S T E i WedirldnabfiC- - New
(Yor)k, % 22%1_ Zg%{.y RALTE Qstp'phw gél%nce, London.

Comwell, D.A. (1990). Air Stripping and Aeration, in Water Quality and Treatment,
McGraw Hill Inc., New York, pg. 229-268.

Fernandez, F.G., Camacho, F.G., Perez, J.A., Sevilla, J.M., Grima » E.M. (1998). Modeling
of biomass productivity in tubular photobioreactors for microalgal cultures: effects of

diluation rate, tube diameter, and solar irradiance, Biotech. And Bioeng., 58:6:605-616.
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Fernandez, F. G, Camacho, F. G, Perez, J.A , Sevilla,
JJM, Gim EM (1998). Modeling of bionmass
w@e@doesiswi ty in tubul ar phot obi oreactors for PCT/US2007/004351

m croal gal cultures: effects of diluation rate, tube

di anmeter, and solar irradi ance, Biotech. And Bioeng.,

58: 6: 605-616.Gtelson A, Hu Q and R chnond A (1996)
Photi c vol une in photobi oreactors supporting ultrahigh

Gitelﬁkﬁpm AT @ ahdrBichimead L. ([1996}0Rhmﬂauﬂumledpiph5mbmdeh¢tars supporting

nglqélla@glfl%g%lg nd t":[-@qglapggn%nt all't %% ;3 pi ol othszs Apphed and

Eiqbﬁsmlnbﬁtm Mléﬂasldwgy 6Z:aisi7emsgB. ni croal gae nass

production in closed hotoblorea i oresource,
Guduré}j BAS Chagmont W5 (1P91) F‘H frgerlyy t% g Hglg(n 0 fggxzﬂalgae mass

Pga %imoéeh%heaag%éaéteﬁ @?d?@&&zb‘c@ﬁ"ediﬁz@ﬁ BgY $45-151.

na grown outdoors In a g ass colunn

Hu cpmdomm@t 8+ (19890 Guiimizingsds PeRplasiycdensify of Isochrysis galbana
g % %%Fdoo@ﬁn 145 'égﬂpmlp I?h]eose(glegéwp Neudral bf ied Pghycology 6:

T RaleoSr eht &1 on o reactors for grow
3pha96aut ot r ophi c mcroorganlsrrs out doors. Journal of

Hu @J?me n aﬂ_lon ﬁgg; Erlrg"ﬁ gﬁ%bg%y gggnﬁiﬁf §01|1 r'?gle%]é aed reactors for

gmidﬂgaﬂ)hpmumhbphxeamloroo@@rﬁﬂ)s fartdears.ddowrnghsef Fermentation and

CuI oaut ot rophs. Bi ot echnol ogy and
F?%OS%M 60. HUu Q, Guterman H. and

Hu @l C(Blﬁf@ﬂﬂaxP\H (ahA9RIThnf¥nds A0 |(D9;96®;1|A (fhtarlﬂﬂireﬂl mbilelar photobioreactor
irulina platensis cul tured at Itr I
(EﬁY{E? { Faro, Sudaranas: SGIIC0g BTG  Bioteghnology and
Nn. 5|1W§§.Q§9i L, Kawachi M and M yachi S.
19 8b) Ultrahi cel | density c yre of mari ne, N
Hu elallwga @ﬁﬁ%il@h@eeﬂrm 9?%%?%)’%1%10&1% a%‘”ﬂ?*ﬁf‘éucs of Spirulina
p%%qphﬂﬁﬁé&hp&maﬁigﬁ ceRecMifie® bjo%eaméfaﬁsicolog 32 1066-1073.

Bi ot echnol o 55-662. Hu Q, chnond
Hu Q. I@g@s& bdKerpelit M. @fld|M§ﬁf>hlq Pt @ﬁ?ﬁb)yUltralngh cell density
cgltg& ? okt G EIRBYChYc R lz?tUthm r2h&t gfate photobloreactor
pirullna nsi s anobacteri a). European Jour nal
Aﬂpliéﬁﬁdtﬂr‘dgylogs and gHotehnolpgy 49: >2.| ndustri al

Hu (g 7 3% ' ald 19'1 hmoﬁa %l 94)8 %Jmﬁﬁé& eﬁ'%?s offi Hﬁjﬁﬁéﬁsity, light-path and

s-rmjor |ndus rla speci es: thro pira
caBpter dérisita )onphupetnsike of Bpirultea pliténsisl (Cyarpbintenia). Buropean Journal

m croal gal culture: biotechnol ogy
gﬁ’glyé%lggygg %y'g?: V'ogy, Blackwel | Science Ltd., Oxford,
Hu QROoMWEshistrial prodddtio@.qf riieraahgal Mellanaissl‘dn;daaehbnc&ry products — major
.(1988) Eff.ect extr | y. high-
st shesion, AL ag reriedl PITR. R Eibedd B Kifiond A )
HandBodk iFhnfigroRlgal @uitant bigteehiolapy aandChbplﬁat Rhyaotogy, Blackwell
I [tto e .a i ntol erant green Al ga Stichococcus
Sgieare LEA projéﬁﬁa of Photochemni stry and Phot obi ol ogy
TwasBki Bi, hwoQy K4 N18&4d LBPachi S. (1988) Effect of extremely high-CO2 stress on
energy distribution between photosystem I and photosystem II in a ‘High-CO2° tolerant
green alga, Chlorococcum littorale and the intolerant green Alga Stichococcus bacillaris.
Journal of Photochemistry and Photobiology B: Biology 44/3: 184-190.
Lee Y.K. (1986) Enclosed bioreactor for the mass cultivation of photosynthetic
microorganism: the future trend. Trends Biotechnol. 4: 186-189.
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Lee Y. K. (1986) Encl osed bioreactor for the mass
cultivation of photosynthetic m croorganism the
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cont ai ner cover, wherein the first and second
sidewal I s conprise a plurality of separate sections,
and wherein the separate sections are in fluid
comuni cation; (b) support struts for connecting the
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outlet port in fluid conmunication with the container;
(e) an aeration systemin fluid comunication with the
container; and (f) a tenperature control system
connected to the container so as to .contro
tenperature of fluid within the container. 2. The
phot obi oreactor of claim1l1l, wherein the first and
second sidewalls conprise at |east 5 separate
sections. 3. The photobioreactor of claiml ,wherein
the first and second sidewalls conprise at |east 50
separate sections. 4. The photobioreactor of claim1,
wherei n the nunber of support struts is equal to (n
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a distance in the container between the two sidewalls
is between 100 mllineters and 30 centineters. 6. The
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drai nage outlet in fluid
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conmuni cation with the container. 7. The
phot obi oreactor of claim1, further conprising one or
woreroeg/ofsfd | es connected to the first and seconPCT/US2007/004351
sidewalls, so as to forma barrier and to partially
separate the container into nmultiple conpartments. 8.
A phot obi oreact or nodul e, conprising two or nore
phot obi oreactors of claim1l, wherein the containers of
We adaieh phot obi oreactor are in fluid communication. 9. A
phqt obi qr.eact or panel. unit, conprising:(a) a container
L. ad%&?@&oq?%rreaﬁfﬂ 8‘?’%“?‘%? d, conprising opposing first
angh) s ec aébntdiAeiilabeda S hSIBRASHINE, Edhstisiagd second
endwal I s, wherein the container define an interior, a
top opefdng &RROHNgSrstend sprandrridewallsy wherein af leasttone pé the first
and Rbotd'§alwaii isdRdssreQNd sidewal Is is transparent, and
wherein the first and second sidewal|s are
subst anfibdal | prppsing figsjand seegmdsmdwallst fits over the
top opepi;Rg qf ; and (c) a base cap that
fits ung%p t%é"’b{c}t?‘t‘%%%?ﬁgﬁgﬁ% of the panel body; one
or bot h(afi) t heontymarapvand t he bottom cap further

conpris n [ e channel s, to provide fl ui
connect :%Vc})1 %re?% a’&f fgrg‘p?ﬁ(g?eé; oﬂﬁ osg%eayag\sggg}p © Bﬂlé'iaﬁ%‘?q separate
sectidik, aildhevhpledi e sepamed sctipagak ibl fiuid SmelaidaiSn; wher ei n
ong.or ‘both of the top c d the bottom cap further
CoffBr 1 s SRHE P SOBREHIEIES PRBASY G4 PGRATE Gpeitons of the first and
secodsidewhll9n to a separate photobi oreactor panel unit.
The phot obi oreactor panel unit.  of claim9, further

11
c _o@?ﬁ ri sPhigagoae Shletpore lfbgﬂdl QesTBRRIEFATYithdhereqrraingis
figdt andlesRoabdulbosnaid ﬁuid%@n{rﬁﬁ'ﬁcitﬂﬁnléé/ﬂﬁ Eﬁé &ntainer;

co(n}jt)prises a plurality of conpartnents. ]
ph&? obi 8R agrétien syibermiie fluibegmmuniegtionavidy thageetainer; and

Ph@j obi Q&GRS AHurd 8GR0l WPk Rhn&lidd 1B ﬂ'xg'cp}‘i‘%l?ﬁdéisg a B control

contai ner of each photobioreactor is in
tempezsitiraoif dlatd withig ths cantaingrher containers in the

p ' e, ; ' agt o dule .
2. DEPhORAGHBly TS| PrTIPRL I5) LG, TR Ui
least $4epathte sehtddrsbi or eact or nodul e of claim 12, wherein at

I . hot obj or,eactors..c i ses ,an, i nl.et .
3 ool pRiByGlegbRS ob oDt SRRGh B GREARA bR s lIR gomprise at
least Acepdraterseatdmsr . 15. The phot obi or eact or nodul e of

claimJd2, . wherein_.af .l east one of the ot obi oreactors
4. ¢ T bonifiSet Bettamt et g tm e be R AR i bl to (o
+1), WEereimbfz &y the huafbet bﬁﬁ@dmfdh ?&b&f(ﬁﬁﬁé\ﬁﬂls.éGi Thfe

p obi or eact or or ot obi oreact or nodul e of any one
5. br 1of ahatobioresriongrdlaipn T wheriinca disianon i e miemer prvien the two
sidevaild i§ B&wieen 300 @i@lirthStedAdndesd) @ntiflietdrgr ent | ocations in
6. . thﬁ%&;ﬁobl oreactor. 17. The phot obi oreactor or

Perigraastor whalaim lofurthsy comprismed driainage ovtet in fluid
comrhttibRedn with the container.

7. The photobioreactor of claim 1, fiirther comprising one or more baffles connected to
the first and second sidewalls, so as to form a barrier and to partially separate the container
into multiple compartments.

8. A photobioreactor module, comprising two or more photobioreactors of claim 1,
wherein the containers of each photobioreactor are in fluid communication.

9. A photobioreactor panel unit, comprising:
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conprising a tenperature control system 18. The

phot obi or eact or or phot obi oreactor nodul e of any one
w@boochgsins 1-17, further conprising a pH cont rpCT/US2007/004351

system 19. The phot obi oreactor or phot obi oreact or

nodul e of any one of clains 1-18, further conprising a

NOB7PO4 3 | evel control system 20. The

phot obi oreact or or phot obi oreact or nodul e of any one

of (@I ai psottairgr aflaptedfor hrxbdipg ifhﬁd;g:ompr@igmpﬂosingrﬁrsmnd second

. t _ | hot b|or act or o
UN TR T T P—
top oﬁéhing\aatl admittormbpesiisd, @Vheréiﬂ at [dast gfeadfahe ﬁ['s& aad eécaid sidewalls is

wansPinf R b oo BaFiARRUF ey RBRERRAI RS e

phgi)obl @rt@ﬁééMaﬂﬁtsRJiz@i f1ei t6p ©pEdiAL otk pMePbod in@ne
of clains 1-22, further conprising a nmeans to "effect
i i natibase e thatlits Nodeiths betiemarpening of the panel body;

Phekeby B8R %?Hfértoﬁ cap BRE BR EHtﬁ)ﬂ? E%{)ﬁﬂ@)@f‘ L@rn?xfls@@r)/e &Nfore channels,

of clains 1-23, wherein the | oreacto
to prpvige Shideennesidon ieprisaparate ph¢tnb@reacm? pampleunit.

10. ph‘?ﬁ?gk%ﬁﬁﬁéa [orib%g@lhﬂﬁp c%lﬁﬂ%t 0{1) erdBUHeS orQIot}? ¥ t138p cap and the

rein t I Or eact or
bottogth cap Birthee aompriseouudrenps d’lan.misLttD rpeovi@é fluiheonnection to a separate

phot%lglfﬁggqo%g%ﬁ%g{t or phot obi oreactor nodul e of any one

operatively connected to an open pond
11. bi The ahd)toblosge&tc& mpand Aimitofiatiinng, fuethendghaerigin®vhd or more baffles

ex PGB ISHPH 1508 838 0 3, LSBT, puriy o

conuaxmmaﬁmg the algae to light. 28. The nethod of claim
further ri.sing harvesting algal_ cells. 29. The
2. RO OIeR S oAy ChREFIAG G1Yp OF S1NG PhSGPiaT#as3oE panel units of
clambl @ lvoigireial thp EOetbiptSof &M iﬂﬁﬁ)ﬂi@'éé{&&t Rdn @iuﬂfboxﬁﬁldn%auon with all
30. The pethod of .claim wherein the bi ol ogi cal
other foptpingrs inythe Rhefabiergactor medulée gr oup consisting of

13. | O'I‘Ele gmb&o%ﬂzéﬁ)tr Wudof @hiny IQCﬁlgtﬁer @ ergsggg h.grﬁelgtlon system.

¥h iliproteins, chlorophyll’ and
FReqtosmadule ef ¢lgim \m,ewavmlrt Mée@t ga¢ of thelphotobioreactors
Gomﬁg@‘ﬁg%ﬁgaiﬁﬁpﬂqggﬁ%?@%ﬁ%eggﬁl \Jvﬁh t&ﬁgge\g{ég bf Jthe pho?obmreactor

15.  polypphntpbierqacied nuidsild ebehainh é2,a\|vga’elmlléast oﬁéZof theghotobioreactors
eI R T
16. nulhs pindtolsiorsacer se bhmbbnbréacmn rhbdulg b ey 6ansf Shinig1-a6, wherein
the d@ﬂain@@be%%g %V\éaﬁles[ and second sidewalls varies at different locations in the
photobioreactor.

17. The photobioreactor or photobioreactor module of any one of claims 1-16, further
comprising a temperature control system.

18. The photobioreactor or photobioreactor module of any one of claims 1-17, further
comprising a pH control system.

19. The photobioreactor or photobioreactor module of any one of claims 1-18, further
comprising a NO3 /PO, level control system.

20. The photobioreactor or photobioreactor module of any one of claims 1-19, further

comprising an O; level control system.
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wast ewat er from concentrated ani mal feeding

operations, agriculture runoff water, underground
w@alo7nesidat er, i ndustrial wastewater, donesti cPCT/US2007/004351

wast ewat er, contaninated groundwater, waste gases

emtted frompower generators, and flue gas em ssions

fromfossil fuel fired power plants.

21. The photobioreactor or photobioreactor module of any one of claims 1-20, further
comprising a CO; level control system.

22.  The photobioreactor or photobioreactor module of any one of claims 1-20, further
comprising an optical density sensor. '

23. The photobioreactor or photobioreactor module of any one of claims 1-22, further
comprising a means to effect inclination of the photobioreactor.

24. The photobioreactor or photobioreactor module of any one of claims 1-23, wherein
the photobioreactor or photobioreactor module is linear.

25. The photobioreactor or photobioreactor module of any one of claims 1-23, wherein
the photobioreactor or pho’.tobioreactor module is serpentine.

26. The photobioreactor or photobioreactor module of any one of claims 1-25,
operatively connected to an open pond bioreactor system.

27. A method for algae growth, comprising incubating algae in a growth medium in a
photobioreactor of any one of claims 1-25, and exposing the algae to light.

28. The method of claim 27, further comprising harvesting algal cells.

29, The method of claim 28, further comprising isolating biological products from the
harvested algal cells.

30. The method of claim 29, wherein the biological products are selected from the group
éonsisting of long chain unsaturated fatty acids, carotenoids, phycobiliproteins, chlorophyll,
and polysaccharides.

31. The method of claim 28, wherein the algal cells comprise recombinant algal cells,
and wherein the method further comprises isolating recombinant polypeptide products from
the algal cells.

32. The method of claim 27, wherein the method further comprising incubating the algae
in the presence of a nutrient source selected from the group consisting of animal wastewater,
wastewater from concentrated animal feeding operations, agriculture runoff water,
undergrmind saline water, industrial wastewater, domestic wastewater, contaminated
grodeater, waste gases emitted from power generators, and flue gas emissions from fossil

fuel fired power plants.
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