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that growth of the microalgae is as uniform as possible. A vertically-oriented gasser tube is provided. Gas is injected into this gasser

o tube along with the liquid nutrient medium. A bubble-size limiter is employed in the gas injector. The flow rates are configured so

W

that the liquid nutrient medium and injected gas remain within the vertical gasser tube for 30 seconds or more.



WO 2016/201403 A1 |IWAT 00T 0 000 0 O

TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, Published:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

DK. EE. ES. FL FR. GB. GR. HR. HU. IE. IS. IT. LT. with international search report (Art. 21(3))
LU: LVZ Mé, NiK, MT, i\IL, I,\IO, iDL, I;T, f{O,, RSZ SEZ —  with information concerning one or more priority claims
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, considered void (Rule 26bis.2(d))

GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))



WO 2016/201403 PCT/US2016/037154

TITLE OF THE INVENTION:
ENHANCED PHOTORIREACTOR SYSTEM

CROSS-REFERENCES TO RELATED APPLICATIONS

Thia non-provisional patent application & a continvation-in-part of prior U.8.

e

apphication serial number 13271622, which itself clabms the besefit, pursuant to 37 CFER,

seetion 1.33c), of an sarlier-filed provisional patent application. The eartier application was

asstgned serial number 61392053, 1t listed the same inventar,

STATEMENT BEGARDING FEDERALLY SPONSORED RESFARCH OR
DEVELOPMENT

Mot Applicable

MICROFICHE APPENDHX

Not Appleable smember



P

B

Lot

¢

WO 2016/201403 PCT/US2016/037154

DESCRIPTION
Title of the Invention: Enhanced Photobioreactor Systemn
i Technieal Field,
This mvention relates o the field of rengwable encrgy.  More specifically, the

S invention comprises a spacs-efficient photo-bioreastor and methods for controlling the

The continued we of petrolenmederived fuels s now widely seen as unsustainable.

However, much of the existing transporiation structure i dependent upon the combustion of

16 lupdd fuels. Changing to a completely different energy source — such as battery power — is at
present unrealistically expensive and nefficient.

L the other hand, presently available biofuels wan be substitsted for pevoleum-

derived fuels withowt the need for extensively modifying existing internal combustion
engines. One promising allernative fuel is blodiesel, which can be substituted for petroleam
& diesel in mawy modern engines {atbe with a slight reduction in specific energy).

(il crops can be used 1o voake blodiesel, These are attractive, as the total oyele of
production through consumption can be made carbonenewtral.  Unfortunately, though, off

crops avg nol very space-efficient. It s estimated that 1 249% of the swal xropiand in the

Linited Sates was devoted 1o a high~vislding ofl crop such as palm oif, this would stiff only

2 meet sbout half of the demand for transporiation fusls
Microalgae-basad bio-fuels hold the promisy of much greater space sffistency, Like
plants, micvoalgae we sunlight w produce olfs. They do it much more sffictently thun crop

piams, though, Microalgae-based bindicse! iz still v a developmental state in terms of cost

sthiciency. However, ¥ is clear that bodiesel can be made from microaless, In order o

3 ke such g process sconomically efficient, it is important 10 use a5 many of the producis
produced as possible.

i 3s known to cullivate algae i n sevies of ponds, While this method does work, it iy

not space effjcient. In fact, using the open-pond method, more surface area is needed 1o grow

a given mass of binfuel than would be needed for conventional v rops vielding the same

¢ awount of biofuel In order to realize the potential of microalgas-based fuels, then, it is far

preferable to provide a move space-sfficient svstem,
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Further, privr art photo-hloreactors typically reguire concentrated carbon dioxide as a
feed material for the photosynibesis.  Concentrated carbon dioxide must be coflected,
transported, and stored. Even if an on-site source is available, it muost still be s segregated from
the surrounding alr. It would be preferable to provide & photo-hiorcactor that can sun on
ordinary ait.  Such a reactor would still be useful in removing carbon dioxide from the
atrnoaphere, but would eliminate the need to separately collect and store the carbon dloxide.

T TR 3 CONPUEN G ; < ek % en bl R N T T,
Phe present invention s able to rar on ordinary air. The present favention is also quite space

efficient. These and other advantages will be explained in the following description

SUMMARY OF INVENTION

The presest Invention comprises & space efficient photo-bloreactor system.  The
bioreactor gronws microalgae in a il anay of transparest Hooded tubes, A nutrient media is
clreulated through the tehes. The array §s configared to maximize the amount of sunlight
falling vpon cack tube 50 that growth of the microalpae s as uriform as 5 possibly,

fo the preferred erpbodiveents a vertial support structure is provided for the army of

tubes. A reservolr is located on the fop of this structure. Flow from the reservolr branches

’1?

into maltiple, independent flow paths. Bach independent flow path incloades a serpentin

f2H

array of tf’ar;&;par{m tubes. A liquid pamp or pumps collects the flow from the flow paths,

.;

pressurizes i and pumps it back to the reservirie, A vertically-oriented gassing g tnhe carries
the flow from the pump buck up fo the reservair. Al or other £~ coptaining gas; 8
mjented near the bottom of the gassing twehe, The size of the gas bubbles is controlled by
injecting drough appropriate swetering openings. The gas diffuses th rough the Bguid mediom
as the mixture rises In the gasser tube,

Microalgas are barvested from the ;‘.%:f}(\.{(fj*f?i{?f‘s‘;?’%it?{)‘}”ai vrocessed for varions suttable
uses, One use Is the manuficturing of biodigsel, Th mi&:r@z&igas 12 filterod and drisd, Lipids

are then extracted from the microalgae, These lipids are made fnto Bodissel throtugh a trans-

esterification process. The §§p?sd:s may be used 1o make other products as well,

P

3

omg of the blodiese! can be nsed 1o run a diesal o

e
el

wmechanioal power to the bioreactor, Exhaust gas emitted § by the diese

fed back into the bloreactor. Carbos dloxide from other o greenhous

alzo fod into the bioresotor,
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65 BRIEF DESCRIPTION OF DRAWINGS
FIG. tis 2 schematie view, showing the operation of the photp-bioreactar and other
refated processes

FIG, 2 0s an elevation view showing the arrangement of the blorsactor tubes

FHOL 3 is a perspsetive view, showing a typical girculation path for the bioreactor

:
T tubes.
FIG. 4 s an exploded perspective view, showing a typleal gassing/degassing system.
FIG, 34 1 g side elevation view, Shewing an sxemplary photo-bioreactor.
FIGL 3B s a perspoctive view, showing the phato-bloresctor of FIG, SA.
FIG. 84 s a front elevation view, showing the pholo-bioreactor of FIG. 54
78 FiG, 6B is a front elevation view, shoswing the phato-bloreactor of FIG. A
PG 7 ds a detailed perspeative view, showing a mesh that can be used in the aly
injector to Himit bubble size.
SNCE NUMERALS IN THE DRAWINGS
80 B energy harvesting system 12 water 1ank

b4 nutrients {6 nutrient tank

8 photo-bioreactor 20 harvesting undt

22 filtering unit 24 drving uni

26 ipids extraction unit 28 trans-esterification unit
g3 38 biodiesed 32 englag

34 carbon dioxide fnput 36 ocuium fnput

38 support frame 40 rack

42 bioreastor tuhs 43 surdight

44 efbow 6 ' system
3 4¥ Rousing 50 cavbon dioxide tnlst

32 axvgen outlet 34 aluminum helix

56 caolant inlet 5% coolant outlet

64 inlet 52 oyl
64 inlet mantfold HH putlet manifold

X £3 FEARETVOLY 70 Hopdd pump
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5
72 gasser tube 74 gas tgector
76 Q& insetor pamnp 78 gas indet
§0 ube column 82 tube colunm
84 fbe row 86 neah
LGG 88 pump intabe Hine Q6 pump discharge Hoe
a3 raservolr outlet hing

DESCRIPTION OF EMBODIMENTS
FIG, §oshows a schematio view of a comprehensive energy harvesting system 10
IS based on one oy more photo-blorsactors 18, The photo-biorsattors are preforably made as
vertical strwetures having a velatively small “footprist™ compargd o the volume of gl
media they contain,
Mutrients bdoare mixed with water fross water tank 12 {or other suitable water souroed
to wreate a nutrient wadhan which i preferably stored i nutrient tank 16, Insoulum input 36
110 s fed into g porton of the autrlent medivny and this mixwure is then fed into the photo-
Bloreactors.
Sudight falling on the photo-blorsactors camuses microalgas 1o grow nside. Thiv is
eventually harvested in harvesting uait 20, The product of the harvesting unit is then fod

through fltering unit 22, where the microalgae is removed and residual nutrient medinm is

113 sent back to the photo-bloreactors,
The microsigae 1a then fod from fllering uolt 22 to deving unit 24, where it is dried.

¥

The dried mizroalgae is then fad through lipids extraction unit 26, The extracted lipids are
{3

then sent {0 trans-esterification wnit 28, which converts the lipids to Blodiesel 30 using
processes will known o those skilled in the ant. The “waste™ produsts from the fipids
1200 extraction enit are preferably fed back o the Borsactors,

The biodiesel thus produced can be transporied snd used as a substitute for

conventional fucls. & portion of the blodisse! produced can also be used 10 run an on-site
diesel generdtor, The generator can then provide power for the energy harvesting system 10,

v

The system preferably re-uses the products of sach stage in the process. For sxample.

oo
o]
Lo /3

tha carbon dioxide produced by the on-site generator is ;tsreﬁtmhiy fed buack into the
bioreactors. Muore carbon dioxide will Hikely be needed for this embodiment ~ and this is

£

furnished via carbon disvide hnput 34,
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&
FIG. 2 shows a partial sectional slevation view through one of the phot-bioreadiors,

Az wenttoned previcusly, cach photo-bioregetor preferably has a small fostprint in
cwmparison to the volume H containy, Support frame 338 supports a npomwber of layered racks
4. Hach rack 40 supports a number of biomsactor fsbas 42, The tubes are relatively thin-
watled transparent structures ovienied perpendicularly to the view in FG. 20 They gre spaced
{both hovizontally and verntically) so that sunlight 43 can pass into the bloreactor and fall on
each of the tubes.
The Haguid nutrient medium flows through the tubes, The tabes are joined together 50
that an elongated Sow path iz oreated, FIGL 3 shows onie approach 1o joining the tubes in one
vack 44 Rach tubs has an inlet end and s ontlet end. The terors “indet end” and “outiet snd®

are arbitrary terms depending on the flow dircction through o particular tube. Twe adiacent

tubes way be joined by installing an elbow 44 between the outlet end of one tube and the inlet
end of the adiacent tubg, Using several such elbows a serpentine tlow path can be created as
s PG Y {BEibows are also provided at the opposiie ends of the tubes. These are not showa.
Yertically oriented elbows may also be provided to join tubes on different racks 44

It is therefore possibie 1o oreate a single seypentine flow path through the entire set of
tebes 1 a bioreactor, Of courss, & may also be desivable o Sreate bwo, three, or meny more
sdividual flow paths in g single bioreactor,  Many differest flow paths may be oreated,

depending upon how the tubes are sected. It is also possilde o use valves o wreate

p"»

changeable flow paths, A pump © generally used G circulate the nutrient medivm,

Since the miorcalgas growth depends oo photosyathesis, carbon dioxide musst be
addad to the circulating madham. 1may alzo be desirable 1o remove the axyvgen produced by
the photosynthesis. FIG. 4 shows a simplified depiction of a device which can provide beth

of these fimetions. Gassing/degassing system 46 has housing 48, Two Moreactor fubes 42

&

gee connecled 1o housing 48, inlet flow Is provided through infet 60, Outler How 15 providad
shrough outlet 82, Thuys, the interior of hoaing 48 s part of a flow path within the
hioreactor,

Carbon dioxide infet 30 introduces carbon diexide. Oxygen outlet 32 allows the
sscape and collection of oxyeen. Tt may alse be desirable to maintain the circelating mediam

at a paritcniar tempersture. Thuy, a beat exchange devige 1s also provided. Alasoinosm heli

b

54 is a hollow wube. Coolant inlet 36 provides et cooling How Gwough the aluminum hefix
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Coolant outlet carries away the coolant flow, The coolans used can be water which s conled
160 by aseparate chifler. Other coolants may of course bs used as well,

Severad gassing/degassing systoms 46 can be installed gt suitable loeations within the

How path of the bloreactor, Returning to FIG. 3, the reader will recall that stiuple elbows 44
may be used to divect the flow from one bioresctor tube 42 to another, Turning now 1o FIG.

4, those skilled in the art will realize that a gassing/degassing sysiem 46 can be substituted for

165 any of the sibows (with suitable adjustnent being made for the distancs between julet 80 and

The bloreactor is largely & collection of simple components — such as a vertical rack

vith mualtiple horizontal tubes In aw appropriately spaced Jocation. The connections between

Y

many of the tubes will be made sith elbows 44, The connection between other adjacent

28

170 tubex will be made using a gassing/degassing system 46, The “coutrol and monitoring’
component s preferably part of gassing/degassing system 46, It is preferable to incorporate
mimerous components i bousing 48, For example, the hoasing can contain and/or mount:

{1} carbon dioxide injecting svstemns;

{2}y oxygen removal svstems;

oo
w3
p2)
.
s
o

carhony dioxide sensorss
{4} OXYLOn SEASOTS;

pH sensors,

s,
1. ALy

it

iy

{6y Lwrbidity sensors;

{7y flow sensors; and

1848 {8} IENIPeTAtULS SERSOLS,
As sxplained previcusly, the housing may alse contain a heat exchanger capable of
saintaining o desired temperature for the circulating medium,  This would {ypically be a

liquidsto-liquid beat exchanger. However — i some ambient envirosments — it may be

"z

possible to use a ligquid-to-aly sxchanger.  The systoms for adding carbon dioxide and

185 re;mving axygen are well knwwn inthe art and seilf thus not be deseribest in detail, The same

“the vartous sensors disciosed,

oo
pect
S
R
-
Lo
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Space efficiency is a significant goal for the invensive photo-bioreactor. FIGs, 54 ~

68 show a preferred embodiment thay mintmizes the amount of ground surfice area required.

FIG, 34 shows how the components of phui{;»bim‘m tor 18 are generally suppavted by frame

190 38 The autrient mediom §s collected in reservols 68 near the top of the msembly. The
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cireulating medium Sows out from the reservolr through reservoir outlet Hne 92 into inlet

manifold 64, The inlet manitold feeds ¢ hquzd inte puttiple, independent Sow paths.
fy the embodiment shown, cach Independent Hlow path comprises a serpenting pathi o

bioreactor tubes 43 connected by sibows 44, Bach ssrpentine flow path creates oue vertical

.

column” within the assembly.  In this oxample there ane fourtesy such columus. Fach

cotum fs fed cirowlating Hguid by ndet manifold 64, Cutlet manifold 65 collects the Hauid as

it exits cach colwmn, From the outlet manifold the tiguid is fed 1o Houid pump 70, The Houid

3
five
e
i
i

Resd
=5
oy
i
o
901
5
b
€%
g
ey

LAY

he collected Hauid medimm and feeds it up through gasser wube 72 and

tack {0 reservolr 68,

Gag injector pump 76 takes in o desired gas through gas indet 78, It pressurizes this
gas beyend the pressure within the lower portion of gasser tube 72 and injects the gas into the

Hquid medium through gas injector 74, In the preferred embodiments the injected zas s
simply ambient air. Thus, gas infet 78 is configured to suek in ambient air ~ possibly using
an appropriate filter to exclude dust and other particles.

The mixture of Haguad medium and Infected gas travels upward together within gasser
tabe T2 The gas and liquid remain in contact throughout this period. At the top of the gasser
tube the contonts emply into reservoir 68 and the clroulation loop beging again,

FIG. 3B shows a perspective view of the same assembly, The reader should bear in
roind that the depictions of the componenty are somewhat simplified. For example, the Hauid
apd gas pumps are represented in 8 symbolic forre, In addition, the bioreactor tubes and

sibows are not necessarity drawn 1o the exact scale of 2 working anit.

FIG, 6A shovws a front elevation view of the same assembbe.  In this view the user

@

may easily pereeive how the arrdy of bioreasior tubes is arvanged o vertisal columys and
horizostal rows. I this embodiment there are fourtesn vertical columns 80 of hioreactor

nbes. There are thivty-nine bortzontal rows 82 of twbes in each vertical columm {Other

o)

emnbodiments may include fifty or wore vows in sach vestical colusm),  FBach colums

sepresents an independent flow path.  Bach column iy fed liguid medium through inlet

manifold 64, The liguid medium then flows through the column’s serpentine path until it

o

reaches outlet manifold 66, In outlet manifuld 66 the independent flow paths are reunited.

Pumyp intake {ine 88 s the Hguid from the oatlet manifodd o Hould pump 70, OF

1
P

\

.
cousse, gach cohumn could have its own, separate return line to the Nauid pusep. The use of

ndet manitold 64 and outlet manifold 66 represents only one way among manty i oreate the
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&
desired flow paths. I addition, the tnlet and outlet manifolds waould typically inchude valves
altowing each colomn to be taken out of the circulation loop Ffor harvestis 1g of the biomass,
cleaning, or some other purpose. These valves have not been shown for purposes of visual
slavity. FIG. 68 provides a perspective visw of the opposite end of the assermbl iy {oppoaiie 1o

the end shown in FIG. 84)

Returning 0 FIG. 84, some additiona! features of the nvention will be euplained

before tuming to a discussion of dimensions for some of the proferred embodiments, A
significant festure of the invention s Hs abillty to promote the dissobving of gas into the
circulating liguid by enhancing the gaviiouid imerface. The injected gas is preferably ajr
from the surrounding atmosphere. The percentage of carbon dicxdde in this air will typically
be around 0.04% by volune. The photo-bioreastor relies in part o earbon disxide and it is
therefine fmpontant 1o dissolve the available carbon dioxide into the water as aificiently as
possible,

In prior at systems gaseous, concentrated carbon dioxide is injected into 2 s Higuid
volume and allowed 1o “bubble through” The gas bubbles paturally rise and a free gas

vohune tends o acoimnulate @ the top of asy contalimment vessel used. This fact means that a
aignificant volinne of gas is suvrounded o ni;\ by other gas and has no opportunity to contact
the Houid, The present invention reduces this probien and increases the rate at which the 248
diszobves inw the liguid,

Looking again ot FIG. 3A, those skilled in the art will realive that the maximusm
prossure within the ciroulating system occurs at purap discharge line 90, The gas is wjected
very nsar this point of maximum pressure (Note lovation of gas injostor 743, Further, the

fe size of the injected gas is controfled by using a suitable mesh or arvay of orifices.
G 7 shows the use of an exemplary mesh &6 across the injection opening.  With
appropriate Injection pressure, this mesh produces small bubbles in the wange of 9.3 mm 1o

x
%
Ty

L8, A smaller bubble oreates @ lavger ratio of bubble surface arca to bubble volume.

Thiz larger ratio enhances the solution rate

Returning now 1o FIG. SA, the reader will also observe how the gas bubbles are
introduced at the bottom of & tall vertical column {gasser tube 7%, This column may have a
height of 15 meters or more. The gas bubbles flow upward with the assendin ng Hquid, This
maxinizes the contact time between the gas and the liguid and prevents the formation of a

farge gas volome {though some aggregation of the bubbles will cesurl, Those skilled in the
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i

.
h

bubble ascent rate 8 a strong function of bubble size, and that smalle:

35
L
L)

art will know that the

~

bubbles ascend mors slowly, The use of an hjectsr that Hinlts bubble size therefors ncreases

the mnownt of ime that the gas bubbles remain in gasser tube 72 {in addition to improviag the
surfave area to volams ratio for cach bubble)

The flow rate of the mixture within the gasser whe is 2 fonction of the volumetrie

260 How of fiquid pump 70 and the crossesectional sres of the gasser tuba. A larger gagser tube
produces a stower flow rate. Once the contents of the gasser tube reach the top they How int
reservair 68, At this point any gas rervaining will tend to migrate o the surface. Thus, # is
prefurable o design the componsnis so that substamtially all the injected gas is dissolved
before the mixture reaches the reservadr, This may be done by maiching the lauid flow rate

265 in the gasser tube fairly closely o the bubble sscent rate, although somse difference i the two
velocities is desirable to promote turbalent fow,

OF vourse, i order to maxindze the dissolution of the gas in the Hquid, an excess
araount of gas s preferable. Excess gas prosents no problem for the preferred smbodiments
of the wvenition since they are infecting atmospheric air. Ary excess gas may be vented back

276 1o the surrounding atmospher

The reader’s understanding mway benefit from some detailed explanation of the

dirmensions used in some of the preferred embodiments, In cremting such @ systers, ong may

consider the following things, among others:

i The diareter of the biorsactor tubss;
273 2 The overall length of each flow patly
3 The spacing of the bloreactor tobes {n opder © ensure adequate sunlight
LXPOsHre )
4. The How rate within cach flow path;
i The dimemaions of the gasser wibe;
280 6. The flow rate within the gasser tube;
7. The injection of the gas; and
5. The oversll “Tootpring™ of the comy
A pilot scale pheto-bloreactor has been developed and it dimensions are ;m‘ovided,
The reader should bear tn mind that both s
283 pilot seale embodiment uses 3710 total met

N

UY radiation protection.  As shown in FIGs. SA « 6B, the wbes are arranged o vertioad
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cojurmns and horizontal rows. The tubes i vach column arg joined togsther by the elbows to

p
,-+

create a serpeutine flow path Iving in &

cal plane. In 8 preferred embodiment, sach

¥

ndependent flow path 1s 265 meters jong nal support frame 38 includes sumerous

2904 cross pleces that support the tubes along thelr lengh (Most of these are not showy for

purposes of visual clarity)

A preferred embodiment includes 14 vertical colmns with 33 tubes in each column,

o

Each of these tubes has an internal diameter of § om. The straight vertical portion of gasser

S
H

tubg T2 0s & - 16 meters long. 1 has an intemal dlameter of 10 om. Bach of the sransparent

395 tabes bas & eross-sectional area of 1.6 square contimeters. Since there are 14 separate flow
paths in this exemplary photo-blorgactor the combined cross-sectionmal arsa for all the tuhes s
275 square centimeters.  The crossesectional arpa fn the gasser wwbe s 785 square
centimeters, Thus, the fow in each transparent tube is considerably stower than the flow in
the gasser tube,

3060 The entire assembly of FIGS, 5 - 6 ocouples & compact volume, 1t is approximatefy §

m tong by 2 m wide by 10 m bigh, Desplie its compact size, the lnventive photo-bioreactor is
cupable of coltivating approximately 1,000 L of micrcalgae medium while using only 19

seusre meters of total surlace area.

]

The components are depicted in somewhat-simplificd form. The pomyp, fiv example,

by

1.
1

305 15 not shown i detatl. This component is preferably a diaphragny wdt rather than a

A8
contrifugal one, as centrifugal pumps tends o harm the growing microalgae.  In addition.
mamercys conventional components have not been depicted, For instance, & {s desirable io

nelude drain valves that sllows the medium 0 be removed from the photo-bicrsactor for

o

filterdng, drying, and fuvther processing. Such valves may he located in the vicknity of outlet

%
on]

narntold 66, but they have not been Husteated. s explained in the following, it may also be
necessary o inclade gas collection and removal chambers,

I

The inventive az:.semb{y maxiizes the contact area and contact duration betwesn the

mfected gas and the Hguid medhum, This feature Inersases the solution rate of the gas into the
liquid medbom and represents a signiffcant advantage. A comparison of the inventive system
I o the prior mt will serve to Hostrate this advantage.

-

The prior art approach I8 to inject carbon dioxide into horfzontal, tnbular manifnids ar

farge Hguid holding tanks, In the case of o horizontal manifold, the lnjected gas tends to
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aggrogate quickly nde & layer at the top of the sanifold, Ia the case of a holding tank the gas

tends 1o bubble quiskly theough the Rguid and then aggregate at the top or sscape aliogether,

320 A typical holding ank is about 1.5 meters deep. See, for example, the tanks 121-129
at Figare 12 of LS. Publiestion Wo. 20104138579, If gas bubbles sre injected
conventionally they tend o create an initial hubble size of about .75 om or more. The

hubble sscent rate for the smalier bubbles in this range i approximated by the expression:
i {'33‘2 ) L . .
# ;sh} &dv, where d is the bubbie diameter, g i gravitational accelermtiovand v is

325 the dinematio viscosity of water,  Using this expression, a gas bubble having a dismeter of
0.75 om ol ascend at a rate of about 1,1 m/s. Sach a bubble will pass through a 1.5 mater
desp tank i only 1.4 seconds.

The verticaliv-oriented gasser fube in the present invention produces o very different
resudt. Liguld pump 70 & configured to pmdm@ a tlow rate of about 3.5 vuble meters pe

330 howrs The gasser tube has by internal diameter of 1 om in this example, producing a cross
sectional arga of GOUTES square meters. Pumplng 3.5 cuble meters per howr into this tube
produces a modest Hnear flow rate of only 8,124 mvs.

An exemnplary embodiment uses 8 gasser tube that s 16 meters high. This fact means
that it takes 129 seconds {over two minutes) for the Houid Howing st 8,124 nv's 1o Sow from

335 the bottom of the gasser tbe to the fop

5

{3 vourse, gas s also being injevted into the gasser wbe, Ratwrning to FIG, S, the

reader will recall that gas injector pump 76 injecis & gas near the bottom of the gasser tube.

Dy

In this example, the gas is air. The gas is Injected at the rate of 2 cubie feet per minute (0057
PG # 3 §

by

cuble misters per minute or gbout 3.5 cubic weters per honr). Thas, the Houwid and gas

340 injection rates into the bottom of the gasser tube are abowt egual. The total flow in the
imjector tabe is around 7 cublc meters per hour {gas and figeid combined) so the sctual
average veloclty within the gasser tube s about 823 m's. Even so, the “dwell” of the
figquidigas mixsure within the 16w high nsbe is still 16/0.2% = 84 seconds.

i

Further, the T-minute-phas devell is frther enhanced by & substantially reduced

°o
Fe
7

‘44
V41

bubble size. The injection mesh shown in FIG. 7 imits the bubble size of the injected gas to
between 4.5 mm and 1.0 mum. & differential pressure between the injected gas and the figuid

3 ¥
ey
rk {i-

553

¢ gasser Wabe of 1 to 4 bar is waed. Assuming s average bubble size of .75 sun, the

bubble ascent rate can be approximated as
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Using this expression, 8 gas bubble having a diameter of 8,73 nam will ascend at the
& iy o

rate of ondy {0033 w's. This ascent mate will be added to the ascent rate of the mistiee a5 3
whole. Very roughly speaking, the gas bubbles within the mixtuve within the gasser tube will

ascend at about 0.28 m/s, whereas the Hguid will ascend st about 0.22 m/s. This {s enough
velocity difference to create turbulent mixing and enhance the solution of the gas inwo the
Haguid,

The small bubble size produces & much larger surface-area-to-mass ratio for the gas

contained in sach bubble. Any volume of gas within the gasser tube {8 very near a liguid-goe

e

zas i subjected o this state for about one full mimste,

o

gas interface surfaoe at all times. The

)

by

By the time the gas has reached the top of the

o

gasser tube, the lHquid s preferably saturate

A

Sofe excess gas may remain and this simply babbles out of the reservoir. The reader will
call that — in this example — the gas 15 simply ambient air. The sscape of some of this air is
therefore not a problem.

Pricw avt systevas create a poor seenario for dissolving the gas into the Houid, Most of

the gas winds up being segregated into a large gas volume. Further, the “dwell” time of the

gas bubbles in the liquid may be ondy 1 1o 2 seconds. For these reasona, the prior ant systems
have been forced to use concentrated carbon dioside as the feed gas for a photo-hioreactor.,

fe ontrast, the approach taken in the present invention prevenis the formation of farge

&y

segregated gas volumes, maximizes the surface-area-fo~volume rmtio for the bub

3
h

bles, and
provides a “bubble-through™ time of | minute or even more. With these advantages, the
present fivvention is able to use anvhdent air as the feed gas. To he sure, the present fvention

could also use concentrated carbon dioxide. However, its ability to foed the photo-hiorescior

v

using air taken from the surrounding atmosphers 15 significant,

]
N

Some additional detaily of the various possible embodiments are lsled in the

following:

Ay

The rescrvoir need not be very large. It can be practically any size and shape.
There are operational advantages to mounting i on the top of the photo-bioreastor but # may
be located by other plases;

%

2. The gasser tube dogs not have to be round and it does not have 0 have o

consiant U’O\‘w‘ﬁ.‘(‘;i(}n
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The bubblewize lmiter used in the sl injection may be o plate with many

h

b
&

oo

1.

holes rather than a wire mesh;

4. The photo-bioresctor can be located near g sowres of carbon-dioxide pollution,

such as a coal-fred power plant. However, it can be located anywhere there {3 available

space and sunlight;

3§58 &, it s proferable to mateh the ascent rate of the liguid nutrient medium and the
H3s Bubbles in the gasser tube so that they are approximately squal, meaning that they are
within (.12 meters per second and even more preferably within 08 mifs; and

5. it is preferable to match the volume of Tgutd murient mediom gnd Ijected gas
within the gasser tube so that the volume of one 3 within 3% of the volume of the other,

384

EXAMPLE OF OPERATION
The photo-bloreactor ithatrated and descoribed may be operated in 2 variety of ways 1o

sceormphish differing results, The ﬁ}iifﬁwing desoriptions should vot be viswed az Hmiting in

19

amy way.  The use of the photo-bioreactor for the production of Hodiesel has been describad
385 previously, This process gmer*?ly invedves the promotion of green algae growth 1o g stable
lgvel, followed by fittering and drying. The dried hiomass may then be pressed and
processed to produce biodiesel and other produets in ways knosn 10 those skilled vthe art
The photo-bloreactor may also be wased for the production of hydrogen, Hydrogen s a
natpral - atbelt ransient ~ prodect of several microbial driven biochemipal reactions. The
400 hydrogen s produced mainly in anagrobic fermentation provesses. In addition, certain
microorganisms produce enzymes that can atalyze hydrogen synthesis if an outside energy
smree, fike stnlight, is avatlable. The known bioshyidrogen prodoection processes aver (1)
Biophotolysis of water using green algae and Blue algas (tyanobacteria), through a divect or
indirect process; {2} Photofermentation; 3} Dark fermentation; and (4} Hybrid systems
405 combining ong or more of these processes,
I this Context microalgae conld provide several types of different biofuels, inchuding
{1} Microalgae-derived biodiesel; (2) Methane produced through angerobic digestion of
mieroaigae blomass after lipid exteaction; (33 Hydrogen produved by water photolysis during

photosynthesis; and (4) Bthano! produced from mricrnalgas blomass after Hpid extraction

i
e

410 {which is sl expected 10 contain 8 farge carbohyvdrate mass fraction for fermentation).
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Direct biophotolysis is the dissociation of the water molecule due to the action of fight

e

enargy. This process noonrs naturally during green algae photosynthesis, However, the

concurrent production of oxygen strongly inhibits the enzyme hydrogenase that catalyzes the

production of hydrog Pherefore, anssrobic conditions are essential for hydrogen

J:

415 production in larger quantities. For large-seale production, the su-calied fndirect

biophotolysis processes have been proposed, 1 which carbon dioxide is first Sxed into

carbohydrases and then used in & separate step to produce Ivdrogen.

Sy 3

Both direct blophatolysis and indirect blophotolvsis with filamentous haterocysiou

o

cyanobacteria show simultaneous production of oxygen and hydrogen, Either approach
420 wauld require expensive gas separation, O the other hand, reversible hydrogenase-based
indirect biophotolysis processes have, at feast conceptually, major adv viatages over the

nitrogenase-based systems. The spectfic hydrogen evolution activities of reversible

[

widvo

‘UQ

enases are almost a thowsand-fold higher than those of mitrogenase and, most

impetantly, reguire no expensive adenosine tri-phosphates. Thus, this approach appears to

b
&%
L

have real practical potential,

5

Hydrogen production by blophotolysis could be defined s the dissochition of the
watsy molecule through the action of fight energy. In the process, sulfur isa key compongnt
of the amino acids for the protelus whers oxygen is produced d uring the photosynthe

Therefore, i one wanis to inhibit oxygen production then sulfor nutrient-de errived groen algas

430 culiures have good potential for hydrogen production in anserobie conditions, This is true

sinee the enzyme Feshydrogenase, which is rasponsible for the hydrogen production process
. ’ ) + L yislds .
usig two slectrons brought by the protein ferredoxin (S8 + 2Fd™ S &, + 2Fd) has its

activity inhibited by exvyvgen. However, photosynthesis should nnt be inhibited in the first

sage of the process, so that the desived microalgae can grow and produce biomass,

e
Ers

Hence, the indirect blophotolysis process in a bioveactor should be divided into twe

o

separate stages. In the first stage, aerobic conditions {air injection’ arg applied & increase the
biomuss up to stabilization. In the second stage. the air supply is out off and the process
continues under snacrobic conditions, In ovder to wse & photo-biorgastor such as shows at

FIGs. 5 and 6 for this twosstage provess, a oveling regime should be established — as will be

o e

o

440 explained.
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o

The following reaction summarizes the aerobic first stage of the indirsct biophotolvsia

DITICEss:

wields

IR0+ 800 + Ught energy == T H,0 + 60,
The following reaction summarizes the anagrobic second stags of the indirect

blophotolysis process:

wsiés

CoflyxO, + BB O+ light energy 0 14H, + &00,
Linder this approach, the photo-bioreactor surh as shown in FIG. $ will not be

operated ina steady state. Rather, it will first be operated jv an gernbic stage 1o grow the

momass in the presence of ajr-injeetion and with oxygen a5 a significant, o Srculating product,

5 ~,
¥
1

fn the second stage the air supply will be cut off and free hydrogen will be produced,

Even within the stages the reaction rates will vary according to sunlight and
temperature. Sunlight only falls on the photo-bioreactor dusing daylight howrs. Even durin ng
daylight hours the reaction rates vary with ambient temperaturg,

The asrobic stage of the process typicatly rons for sbout § days, at which pointthe
increase rate for the blomass has tapered off. The oxy gen concentration Ix also stable at this
point. When the system is switched to the anasrobic stage, the air supply s cutoff and the
algae perform only mitochondrial respivation. From this point forward the biomass is

consurmed and s masa fraction decveases. Likewise, the mass fraction of the QRYgen
decresses during the anaerobic stage since it is consumed by mitochondris! respiration.

{n the aerobic stage the varbon dioxide mass fraction remains fairly constant and
tarly low {since the carbon dioxide being injected is consumed by the photosynthesis

processy. In the anacrobic stage the air supply is cut off and the carbon doxide mass fraction

Hydrogen prodaction is inhibited ¢ m‘ing the aerobic stage by the absorbed oxygen in
the medium, which nhibits the hydrogenase erryme ac tivity. In fact, the hydrogen mass
fraction is practically zera.

However, in the anasrobic stage, as the oxygen starts o be consumed by the

3

microaigas mitochondrial raspiration the hvdrogen mass fraction will rise. The hydrogenase
enzyme slarts o catalyze the reaction shown previcusly. Howsver, hvdrogen will only be
pmduced in the presence of carbohydrates {CgH 00 Essentially, the carbon dioxide in the

iected air s Hirst “fixed” into carbohydrates and ther used in the second stas 8¢ o produce
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17
hydrogen. The hydrogen produced bubbles oot of the clroulating liguid 23 8 gas. 1t may then
be pollected, separated, and stored,
The reader will thus appreciate that the present invention provides & comprehensive
and space-effivient systery for producing blodiesel, hydrogen, or potentially sther bio-fuels
from microalgae. The forsgoing deseription and drawings comprise iilastrative smbodiments
of the present invention. Having thus dexcribed exemplary smbodiments of the present
mvention, it should be noted by those skilled in the art that the within disclosures are
exesuplary only, and that various uther allernatives, adaptadons, and modifications may be
made withiy the scope of the present invention.
Many modifications and other smbodiments of the invention will come to mind to one

3

skilled In the art to which this mvention pertaing having the benefit of the teac hings presented

Y

i the foregoing deseriptions and the associated drawings,
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fyvention, | elaimy

Clabm | A photo-bloreactor for growing biomass wildn a ligoid nutrient mediom,
g

ornprisi

asupport frame, having atop and 2 bottom;

a plurality of separate flow paths supported by said support frame, each
of satd separate flow paths including a plorality of connected
transparad tubes:

a reservolr compected fo sald plurality of separate flow paths, said
reservolr configured o feed said Hguid nowien medium o said
separste flow paths, said reservolr being losated proximate said tap of
satd support frame;

a Hquid pump, having an intake side and a discharge side, said Houid

pump being located proximate said bottom of said support frame,

s

R

satd intake side of said liguid pump being configived to take b sald
hguid nuteient madium from said separate flow paths;

# gasser tube, said gasser tube being vertically oviented and having a
fower portion and an Lpper portion;

safd dower portion of sald passer nbe being connected o sald

discharge side of satd Howid pump;

)

said upper portion of sald gasser fube bheing connscted o said
reservain

a gas injector configured to injert 8 gas into said Jower portion of said
gasser fube, theveby cragting 2 mixture of said Hauld nutviens medhun
and said gi in said gasser tube;

saud

averags stz of a gas bubble introduced by said gas injecior into said

£2h

743

injecior inchuding a bubble size limdter configured to Himit an

e

Hguid nutrient medium o below 2 millimeters; and

said gasser tube, said hguid pump, and sald gas injector being
contigured so that said Hauid nutriest medium requives at feast 30
seconds to travel from said bottony of sald gasser tube 1o said top of

said gasser tube.
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Claim 2.

Clamm 3.

Clabn S,

.

Claim 6.

Claim 7.

Clsim &,

£

A phsmo-bioreactor for grinving blomass within a Bquid nutrient mediom as

vecited in olaim L wherein sald gas is sir,

A pholo-bloreactor for growing biomass within a hguid nutricst mediam as

recited in olabm 2, frther comprising:
a. anabr pump configared fo fead pressurized air 1o said alr Injector and
b, wherein said air pump pulls in arabient sl

& photo-Moreactor for growing Momass within a liguid putrient medium o
recited in clabm 2, further comprising an alr pump configured to feed

pressurized air o said alr igestor,

A photo-binrgactor for growing blomass within a Haguid nutrient medium as

recited fu claim |, wherein said bubble size timiter is aowire mesh,

A photo-bioreagtor for growing biomass within a lguid nutrient medivm as
repited in olaim 1, wherely sald gasser wbe has a beight greater than 10

meiers,

]

A photo-bioreseior for growing blomass within o Hquid nutrient medium ag
recited in clatms 1, wherein said Hould pump and said gos byjector are
configured such that ar ascent rate of said lguid nutrient mediom and an

asvent rate of said gas bubbles T said gasser wibe are approximately equal,

A pheto-bloresctor for growing blomass within a liguid mutcient median as

5
¢

vecited o clabm 7, whereln said Hquid pomp and sald gas injector are
configured such that an sscent rate of said Hguid nuirient medium and an
ascent rate of sald gas bubbles in said gasser tube are within 008 meters per

sevond of vach other.
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2

1g biontass within & Hauid

A phote-blorsactor for growing putrisnt medivm
recited in claim 1, wherein a volume of Higid nutrient medinm pumped into
said gasser tube by said Bguid pump and 3 volume of said gas injected into

o

said gasser tube by sald gas injector are approximately e guial,

A phato-bioreactor for growing blomass within a Hguid sugient medivm as

&)

recited in clabm B, whereln sald Houwid pump pumps satd lgqoid nurient
medivm at & rate betwesn gbout 3 cuble meters per hour and about four sabic

migters perhour,

A photo-hioreactor for growing blomass within a fiquid nutrient medium,

comprising

R a supmort frame, having a top and 2 botiom:
b a plurality of hollow, ransparent wbes defining & flow path throngh

whivh said liquid nutrient medium circulmtes, sald tubes being
supported by sals support frame;
T & liquid pump, having an intake side and g disel arge side, said Higuid

pump being located proximate said bottom of said support frame

d, said intake side of said Houid pump being coufigured w take in said
liquid natrient medium from sald plarality of transperent tubes;

e, & gasser tube, said gasser tube belng vertically otfented and having a
tower portion and an upper portiog;

£ said fower porton of said gasser wbe being conmected to said
discharge side of said Honid pump;

&. said apper portion of said gasser tube being connected w said phuradity
of ransparent tubses;

h. a gas wjector configurad 1o inject & gas into said lower portion of said
gasser tube, thereby Creating & mixture of said lquid suivient medium
and said gas by said gasser b

i, said gas infector including a bubble size Hwiter; and

i said gasser tube, sald liguid pump, and sald gas injector being

configured 3o that sald Hguid notvlert wedium requires at least 30
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st 13,

Claim 14,

seconds to travel fromn said bottom of aaid gasser tube o aald top of

said gasser tube,

A photo-bioresctor for growing bionmass within a Hawid nutrient medium s

eotted in olabin 11, wherein said pas is ain

A photo-bloreactor for growing blomass within a Hguid nutnent medium ag

ecited i claim 12, further comprising:

. ot rir purnp configured o foed pressurized adr to said air injector; and

b. wherein saisd air pump pulls in amtient air,

A photosbloreagtor for growing biomuass within o Hguid nutrient sedium @
recifed i claby 13, further comprising an aly pump configured w fead

e

pressorized air 1o said abr injecior,

A phota-bioregeter for growing biomass within a liguid nutrient medium as

reciied w clatm 11, wherewn sald bubble sire Hmbier is g wire mesh.
A photo-bioreactor for growing biomass within g Hguid notrient mediam as
recited in clabm 11, wherein sald gasser tube has a height greater than 10

melers.

A photo-bicrsacior for growing biomass within a Howid sutrient mediuny as
recited in claim B, whergin said Hionid pump and said gay injector are
configured such that an ascent rate of satd lignd nutdent medium and an

ascent rate of said gas bobbles i said gasser tobe are approximately equal,

A photo-bioreactor for growing Womass within & Hguld nutriest mediam as

7
¥

e

recited i olaim 17, wherein said Hauid pump and said gas injecior are

configured such that an ssvent sate of said Hguid nutrient mediom gnd an

seent vate of said gas bubbles in sald gasser tube are within 4.08 melers pe
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Claim 18,

Claim 20
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2
4

A photo-biorsactor for growing biomass within a Goguid nuirient smedhum as

reciied in claim [, whertin a volume of Hgeid nudviery mediom pumped into
sald gasser tube by said Haguid pump and a volume of said gas Injected into

said gasser tube by said gas injector are approximately squal,

)

A photo-bioreactor for growing biomass within g liquid nuwient medism as
recited tn claim 19, whersin said Hqeid pump pumps said Ei:guid nuirignt
mediunt at a rate behween about 3 cuble meters per hour and about four cubdc

meters per hour,
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