
(12) STANDARD PATENT (11) Application No. AU 2010281397 B2
(19) AUSTRALIAN PATENT OFFICE

(54) Title
Photobioreactors, solar energy gathering systems, and thermal control methods

(51) International Patent Classification(s)
C12M1/00 (2006.01)

(21) Application No: 2010281397 (22)

(87) WIPONo: WO11/017171

(30) Priority Data

(31) Number (32) Date
61/271,904 2009.07.28
61/322,192 2010.04.08

(43) Publication Date: 2011.02.10
(44) Accepted Journal Date: 2014.11.06

Date of Filing: 2010.07.28

(33) Country
US
US

(71) Applicant(s)
Joule Unlimited Technologies, Inc.

(72) Inventor(s)
Morgan, Frederick W.;Jacobson, Stuart A.;Van Walsem, Johan

(74) Agent / Attorney
Davies Collison Cave, Level 15 1 Nicholson Street, MELBOURNE, VIC, 3000

(56) Related Art
US 4360005 
US 3955317 
WO 2009/090549 
WO 2008/134010 
FR 2564854



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date 
10 February 2011 (10.02.2011)

(10) International Publication Number

PCT WO 2011/017171 Al

(51) International Patent Classification:
C12M1/00 (2006.01)

(21) International Application Number:
PCT/US2010/043573

(22) International Filing Date:
28 July 2010 (28.07.2010)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
61/271,904 28 July 2009 (28.07.2009) US
61/322,192 8 April 2010 (08.04.2010) US

(71) Applicant for all designated States except US): JOUUE 
UNLIMITED, INC. [US/US]; 83 Rogers Street, Cam­
bridge, MA 02142 (US).

(72) Inventors; and
(75) Inventors/Applicants for US only): MORGAN, Freder­

ick, W. [US/US]; 60 Linden Glen, Canton, MA 02021 
(US). JACOBSON, Stuart, A. [US/US]; 8 Barrymeade

Drive, Lexington, MA 02421 (US). VAN WALSEM, Jo­
han [ZA/US]; 5 Orchard Drive, Acton, MA 01720 (US).

(74) Agents: BROOK, David, E. et al.; Hamilton, Brook, 
Smith & Reynolds, P.C., 530 Virginia Rd., P.O. Box 
9133, Concord, MA 01742-9133 (US).

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, 
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO, 
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, 
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, 
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, 
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, 
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, 
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, 
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, 
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

[Continued on next page]

(54) Title: PHOTOBIOREACTORS, SOLAR ENERGY GATHERING SYSTEMS, AND THERMAL CONTROL METHODS

(57) Abstract: The present invention provides 
photobioreactors, solar energy gathering systems, 
and methods for thermal control of a culture medi­
um containing a prototrophic organism in a photo­
bioreactor, that allow temperature control in a cost 
effective manner, reducing the energy required for 
temperature control of a culture medium contain­
ing phototrophic microorganisms in a photobiore­
actor.

W
O

 20
11

/0
17

17
1 A

l

FIG. 2

ί5Ό \^°



WO 2011/017171 Al lllllllllllllllllllllllllllllllllllllllllllllllllll^
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, 
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, 
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:
— of inventorship (Rule 4.17 (iv))

Published:
— with international search report (Art. 21(3))

— before the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 
amendments (Rule 48.2(h))



4331.1010002
WO 2011/017171 PCT/US2010/043573

- 1 -

PHOTOBIOREACTORS, SOLAR ENERGY GATHERING SYSTEMS, AND 
THERMAL CONTROL METHODS

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Application No.

5 61/322,192, filed on April 8, 2010, and U.S. Provisional Application No.

61/271,904, filed on July 28, 2009. The entire teachings of the above applications 

are incorporated herein by reference.

BACKGROUND OF THE INVENTION

As the world’s energy demands increase and energy production from non-

10 renewable sources becomes more expensive, difficult, and harmful to the

environment, the desire to capture energy from the sun has correspondingly 

increased.

Photobioreactors employing sunlight have been described for the production 

of biofuels from microorganisms. Suitable microorganisms, typically, pbototrophic

15 microorganisms, are grown or propagated in these photobioreactors using solar

energy for the production of biomass or the production of specific compounds. 

Growth of phototrophic microorganisms and production of specific compounds, for 

example, ethanol, using phototrophic microorganisms is temperature dependent. 

Further, heat mitigation problems, for example, caused by exposure of a culture of

20 phototrophic microorganisms to infrared radiation leading to elevated temperatures 

that are not optimal, are common, and active temperature control requires a 

significant amount of energy that reduces the net energy generating capability.

There is, therefore, a need for systems, apparatuses and methods that allow 

temperature control in a cost effective manner, reducing the energy required for

25 temperature control of a culture medium containing phototrophic microorganisms in 

a photobioreactor.
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SUMMARY OF THE INVENTION

One embodiment of the present invention is a photobioreactor. The 

photobioreactor includes (a) a reactor chamber for enclosing a phototrophic 

microorganism and culture medium therefor and (b) a heat energy system. At least

5 part of the reactor chamber is transparent for light of a wavelength that is 

photosynthetically active in the phototrophic microorganism, and the reactor 

chamber and heat energy system are in controllable thermal contact.

Another embodiment is a photobioreactor that comprises (a) a reactor 

chamber for enclosing a phototrophic microorganism and culture medium therefor,

10 (b) a heat exchange chamber for containing a heat exchange fluid, and (c) a thermal

control layer between the reactor chamber and the heat exchange chamber. At least 

part of the reactor chamber is transparent for light of a wavelength that is 

photosynthetically active in the phototrophic microorganism, and the thermal control 

layer abuts the reactor chamber on a first side of the thermal control layer and abuts

15 the heat exchange volume on a second side of the thermal control layer, and the 

thermal control layer is adapted to control heat exchange between the culture 

medium and the heat exchange fluid.

Another embodiment is a solar energy gathering system, The system 

comprises (a) a photobioreactor that includes (i) a reactor chamber for enclosing a

20 phototrophic microorganism and culture medium therefore and (ii) a heat exchange 

chamber for containing a heat exchange fluid. The reactor chamber and the heat 

exchange chamber are in controllable thermal contact. The system also comprises 

(b) a cooling device adapted for controlled cooling of the heat exchange fluid. At 

least part of the reactor chamber is transparent for light of a wavelength that is

25 photosynthetically active in the phototrophic microorganism.

Another embodiment is a method for thermal control of a culture medium

containing a phototrophic organism in a photobioreactor. The method includes: (a) 

measuring the temperature of the culture medium contained in a reactor chamber of 

the photobioreactor, the reactor chamber being positioned substantially horizontally

30 to provide a headspace above the liquid culture; wherein at least part of the reactor 

chamber is transparent for light of a wavelength that is photosynthetically active in
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the phototrophic microorganism, (b) measuring the temperature of a heat exchange liquid 

contained in a heat exchange chamber, the heat exchange chamber and the reactor chamber 

being structurally coupled to a thermal control layer, the thermal control layer being 

positioned between the heat exchange chamber and the reactor chamber; wherein the

5 thermal control layer is adapted to contain a fluid, (c) determining if a change in thermal 

contact between the reactor chamber and the heat exchange chamber is desired, and (d) 

changing fluid presence in the thermal control layer if a change in thermal contact is 

desired.

Another embodiment is a photobioreactor that includes (a) a reactor chamber for 

10 enclosing a phototrophic microorganism and culture medium therefor, and (b) a heat

exchange chamber for containing a heat exchange liquid. At least part of the reactor 

chamber is transparent for light of a wavelength that is photosynthetically active in the 

phototrophic microorganism, and the reactor chamber and heat exchange chamber are in 

thermal contact substantially through a separating layer.

15 Yet another embodiment is a solar energy gathering system that includes (a) a

photobioreactor. The photobioreactor includes (i) a reactor chamber for enclosing a 

phototrophic microorganism and culture medium therefor; and (ii) a heat exchange 

chamber for containing a heat exchange fluid, wherein the reactor chamber and heat 

exchange chamber are in thermal contact substantially through a separating layer. The

20 system further includes (b) a cooling device adapted for controlled cooling and/or

exchange of heat exchange fluid. At least part of the reactor chamber is transparent for 

light of a wavelength that is photosynthetically active in the phototrophic microorganism.

The present invention provides systems, apparatuses and methods that allow 

temperature control in a cost effective manner, reducing the energy required for

25 temperature control of a culture medium containing phototrophic microorganisms in a 

photobioreactor.

In a further embodiment of the invention there is provided a photobioreactor 

comprising:

(a) a reactor chamber for enclosing a phototrophic microorganism and culture

30 medium therefor;

(b) a heat energy system;
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wherein at least part of the reactor chamber is transparent for light of a wavelength 

that is photosynthetically active in the phototrophic microorganism, and the reactor 

chamber and heat energy system are in controllable thermal contact; and 

(c) thermal control layer, wherein the thermal control layer provides the

5 controllable thermal contact and the thermal control layer comprises an

enclosure for containing a fluid.

In another embodiment of the invention there is provided a method for thermal 

control of a culture medium containing a phototrophic organism in a photobioreactor

10 comprising:

(a) measuring the temperature of the culture medium contained in a reactor 

chamber of the photobioreactor, the reactor chamber being positioned 

substantially horizontally to provide a headspace above the liquid culture; 

wherein at least part of the reactor chamber is transparent for light of a

15 wavelength that is photosynthetically active in the phototrophic

microorganism;

(b) measuring the temperature of a heat exchange liquid contained in a heat 

exchange chamber, the heat exchange chamber and the reactor chamber being 

structurally coupled to a thermal control layer, the thermal control layer being

20 positioned between the heat exchange chamber and the reactor chamber;

wherein the thermal control layer is adapted to contain a fluid;

(c) determining if a change in thermal contact between the reactor chamber and 

the heat exchange chamber is desired; and

(d) changing fluid presence in the thermal control layer if a change in thermal

25 contact is desired;

wherein changing the fluid presence comprises inflating the thermal control layer 

with a gas, if reduced thermal contact between the heat exchange chamber and the 

reactor chamber and, therefore, reduced heat exchange between the culture medium 

and the heat exchange liquid is desired.

30
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a section of a thin film photobioreactor panel.

FIG. 2 is a cross-sectional view of one of the channels of the photobioreactor panel

of Fig. 1.

5
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FIG.3 is a cross-sectional view of three of the channels of the 

photobioreactor panel of Fig. 1.

FIG. 4 is a cross-sectional view of a reactor chamber of a photobioreactor 

panel including an independent thermal control layer for controlled thermal contact

5 between the thin-film reactor chamber and a corresponding thin-film heat exchange 

chamber.

FIG. 5 is a cross-sectional view of three channels of a photobioreactor panel 

including a thermal control layer that is shared by all of the channels, the thermal 

control layer providing controlled thermal contact between the shown thin-film

10 reactor chambers and the thin-film heat exchange chamber.

FIG. 6 provides cross-sectional views for segments of photobioreactor panel 

embodiments of the present invention, with thermal contact (segments on the left 

side) and with reduced or without thermal contact (segments on the right side).

FIG. 7a provides a perspective view of a section of a photobioreactor panel 

15 in which an inflatable thermal control layer is inflated to thermally isolate an array

of linked reactor chambers from a heat energy system

Fig. 7b provides a cross-sectional view of the photobioreactor panel in Fig. 

7a.

FIG. 8a provides a perspective view of a section of a photobioreactor panel 

20 in which an inflatable thermal control layer is deflated to allow thermal contact of an

array of linked reactor chambers with a heat energy system.

Fig. 8b provides a cross-sectional view of the photobioreactor panel in Fig. 

8a.

FIG. 9a provides a perspective view of a section of a photobioreactor panel 

25 in which an inflatable sectioned (with three volumes) thermal control layer is filled 

with a liquid to allow thermal contact of an array of linked reactor chambers with a

heat energy system.

Fig. 9b provides a cross-sectional view of the photobioreactor panel in Fig. 

9a.

30 Fig. 9c provides a cross-sectional view of the photobioreactor panel in Fig.

9a, in which the sections/volumes are filled to different extents leading to a tilt of the 

reactor chambers.



4331,1010002
WO 2011/017171 PCT/US2010/043573

-5-

5

10

15

FIG. 10a provides a perspective view of a section of a photobioreactor panel 

in which an inflatable thermal control layer is sandwiched between reactor chambers 

and a heat energy system including three inflatable heat exchange chambers that can 

be filled separately with liquid.

Fig. 10b provides a cross-sectional view of the photobioreactor panel in Fig.

10a.

Fig. 10c provides a cross-sectional view of the photobioreactor panel in Fig. 

10a, in which the sections/volumes of the heat energy system are filled to different 

extents leading to a tilt of the reactor chambers.

FIG. 11 is a diagram depicting sterilization setup for a photobioreactor using 

vaporized hydrogen peroxide.

FIG. 12 is a diagram illustrating sterilization setup for photobioreactors.

FIG. 13 is a diagram depicting sterilization setup for a photobioreactor using

ozone,

FIG. 14 is a illustration of a solenoid box applied in the control of the 

sterilization of photobioreactors.The drawings are not necessarily to scale, emphasis 

instead being placed upon illustrating embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0001] A description of preferred embodiments of the invention follows. While this 

20 invention has been particularly shown and described with references to preferred

embodiments thereof, it will be understood by those skilled in the art that various 

changes in form and details can be made therein without departing from the scope of 

the invention encompassed by the appended claims.

[0002] The following explanations of terms and methods are provided to better 

25 describe the present invention and to guide those of ordinary skill in the art in the

practice of the present invention. As used herein, “comprising” means “including” 

and the singular forms “a” or “an” or “the” include plural references unless the 

context clearly dictates otherwise. For example, reference to “comprising a 

phototrophic microorganism” includes one or a plurality of such phototrophic

30 microorganisms. The term “or” refers to a single element of stated alternative
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elements or a combination, of two or more elements, unless the context clearly 

indicates otherwise.

[0003] Unless explained otherwise, all technical and scientific terms used herein 

have the same meaning as commonly understood by one of ordinary skill in the art

5 to which this invention belongs. Although methods and materials similar or 

equivalent to those described herein can be used in the practice or testing of the 

present invention, suitable methods and materials are described below. The 

materials, methods, and examples are illustrative only and not intended to be 

limiting. Other features of the invention are apparent from the following detailed

10 description and the claims.

[0004] In accordance with the present invention, according to certain embodiments, 

a section of an illustrative thin-film photobioreactor panel is shown in FIG. 1. The 

thin-film photobioreactor panel 100 includes 19 segments 105 each including a 

parallel reactor chambers 110 in the form of channels (top side) and corresponding

15 heat exchange chambers 120 (bottom side) separated from the reactor chambers by a

separating layer 130. The photobioreactor panel 100 can include further elements 

(not shown) such as inlets and outlets, for example, for growth media, carbon 

sources (e.g., CO2), and probe devices such as optical density measurement device 

and thermometers. These elements can conveniently be located in headers (not

20 shown) that can be structurally coupled to the photobioreactor panels. Typically, the 

photobioreactor panel 100 is made of thin-film polymer material as described below. 

[0005] The reactor chambers of the photobioreactor 100 are shown to enclose a 

phototrophic microorganism and culture medium therefor 140, such as algae or 

cyanobacteria.

25 [0006] In FIG. 2 a cross-sectional view of one segment 105 or channel of a

photobioreactor panel section shown in FIG, 1 is illustrated. Both, the reactor 

chamber 110 and the heat exchange chamber 120 are provided by a thin-film 

material enclosure, typically, made from a polymeric material. The reactor chamber 

is shown with culture medium 140 and headspace 145 which allows, for example,

30 flowing of carbon dioxide for the phototrophic microorganism and, generally, gas 

flow, for example air flow for cooling purposes. The separating layer 130 separates 

the reactor chamber from the heat exchange chamber 120, and thereby the culture
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medium 140 from heat exchange liquid 150. In other embodiments, the heat 

exchange chamber 120 containing heat exchange liquid 150 can be replaced with a 

solid material of high heat capacity.

[0007] FIG. 3 is a cross-sectional view 300 of three segments 105 or channels of the 

5 photobioreactor panel illustrated in FIG. 1.

[0008] In FIG. 4 a cross-sectional view of one segment or channel of a thin-film 

photobioreactor is shown. As in FIG. 2, the reactor chamber 110 and the heat 

exchange chamber 120 are provided by a thin-film material enclosure, typically, 

made from a polymeric material. The reactor chamber is shown with culture

10 medium 140 and headspace 145 which allows, for example, flowing of carbon

dioxide for the phototrophic microorganism and, generally, gas flow, for example air 

flow for cooling purposes. The separating layer 130 separates the reactor chamber 

from the heat exchange chamber 120, and thereby the culture medium 140 from heat 

exchange liquid 150. In addition to the embodiment illustrated in FIG. 2, the

15 embodiment illustrated in FIG. 4 includes a thermal control layer 160 providing 

controllable thermal contact between the reactor chamber and the heat exchange 

volume. In typical embodiments, a photobioreactor panel includes a plurality of 

such segments or channels 400, each including a thermal control layer 160, and the 

thermal control layers can be designed to function independently to allow

20 independent thermal control in each of the segments, and/or designed to function 

essentially as one thermal control layer by establishing appropriate fluid 

communication between the thermal control layers of each segment of the 

photobioreactor panel.

[0009] FIG. 5 provides a cross-sectional view 500 of three segments or channels

25 510 of a photobioreactor including a thermal control layer 520 that is shared by all

of the channels, the thermal control layer providing controlled thermal contact 

between the shown thin-film reactor chambers 110 and the thin-film heat exchange 

chambers 120.

FIG. 6 provides cross-sectional views for segments of photobioreactor

30 embodiments of the present invention, with thermal contact (segments on the left 

side) and with reduced or without thermal contact (segments on the right side).
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Segment 105 is identical to the segment shown in FIG. 2. The heat exchange 

chamber as shown in this segment is in thermal contact through the separating layer 

130. Heat exchange between the heat exchange liquid 150, typically, water and 

culture medium 140 containing phototrophic microorganisms is established. Heat

5 exchange between the heat exchange liquid and culture medium can be reduced 

significantly, for example, by reducing the heat exchange liquid level in the heat 

exchange chamber to form an thermally insulating gas space 610 as shown for 

segment 605 which is structurally identical to segment 105, In some embodiments, 

controlling the extent of the gas space 610 within the heat exchange chamber can

10 control the thermal contact between the reactor chamber and the heat exchange 

chamber (an example for a heat energy system), that is, a controllable thermal 

contact. Alternative embodiments are shown below. The segments 400 and 655 on 

the right include a thermal control layer which can be (a) structurally flexible 658 

and filled with a fluid that is a good thermal insulator, for example a gas such as air,

15 or (b) structurally stable 160 and filled with a fluid that is thermally insulating, for 

example a gas such as air, or even evacuated. In each of these cases thermal contact 

between the heat exchange chamber and the reactor chamber is reduced 

significantly, Thermal contact can than be increased by flowing a heat conducting 

fluid 660 (see dotted area), for example, water into the thermal control layer, as

20 shown for segment 650. Alternatively, if the thermal control layer has a flexible 

enclosure as in 655 and contains a gas, deflating and thereby collapsing the flexible 

enclosure to a collapsed or deflated enclosure 670 can increase; the thermal contact. 

The above embodiments illustrate different photobioreactor panel sections in which 

the reactor chamber and heat energy system are in controllable thermal contact.

25 [0010] FIG. 7aprovides a perspective view of a section of a photobioreactor panel in

which an inflatable thermal control layer 710 (e.g., a flexible polymeric enclosure) 

is in an inflated state (e.g., filled with air to form an air filled bladder) to thermally 

isolate an array of linked reactor chambers 720 (e.g., enclosures made of polymeric 

material) from a heat energy system 730 (typically functioning as a thermal sink

30 during day-time operation and as heat source during night-time operation). The 

corresponding cross-sectional view is shown in FIG. 7b.
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[0011] FIG, 8a provides a perspective view of a section of a thin film 

photobioreactor panel in which an inflatable thermal control layer 710 (e.g., a 

flexible polymeric enclosure) is in a deflated state (e.g., air significantly removed 

from an air bladder) to provide increased thermal contact of the array of linked

5 reactor chambers 720 (e.g., enclosures made of polymeric material) with the heat 

energy system 730 (typically functioning as a thermal sink during day-time 

operation and as heat source during night-time operation). The corresponding cross­

sectional view is shown in FIG, 8b.

[0012] A “spectrum of electromagnetic radiation” as used herein, refers to

10 electromagnetic radiation of a plurality of wavelengths, typically including

wavelengths in the infrared, visible and/or ultraviolet light. The electromagnetic 

radiation spectrum is provided by an electromagnetic radiation source that provides 

suitable energy within the ultraviolet, visible, and infrared, typically, the sun.

[0013] The photobioreactors of the present invention are adapted to support a

15 biologically active environment that allows chemical processes involving

photosynthesis in organisms such as phototrophic organisms to be carried out or 

biochemically active substances to be derived from such organisms. The 

photobioreactors can support aerobic or anaerobic organisms.

[0014] The photobioreactors can include one or more reactor chambers. Typically,

20 the photobioreactors comprise a plurality of reactor chambers, for example, between 

2 and 40, and, more typically, between 5 and 30. The photobioreactor panels can be 

of different shape (e.g., elongated semi-circle shaped, flat, etc.) and size. Typically, 

however, they are substantially flat. This can be advantagous, for example, for 

positioning of the panels on flat surfaces such as flat ground or a body of water, for

25 example, a lake, Photobioreactor panels of any size are suitable for the present 

invention. However, typically, photobioreactor panel size is influenced by the 

material and manufacturing choices. For example, in some embodiments of the 

present invention, the photobioreactor panels are made of a thin film polymeric 

material such as the one shown in FIG. 1 which can be, for example, between 1 and

30 100 meters long. In preferred embodiments, the photobioreactor panel is 1 meter

wide (e.g., 19 segments each about 5 cm wide) and 40 meter long. A further 

consideration is transportability of a manufactured photobioreactor panel or
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photobioreactor, which is greatly enhanced by using flexible thin-film 

photobioreactor panels that can be at least to some extent folded and/or rolled. For 

photobioreactors including very large photobioreactor panels this is a significant 

advantage, because it can prevent costly transportation permits and oversized

5 transport vehicles, or, alternatively, significant installation costs at the installation 

site, Typically, for flat photobioreactor panels, the width is between about 10 cm 

and 5 m, more typically, the width is between 50 cm and 3 m,

[0015] Each reactor chamber of a photobioreactor can be of a different shape and 

dimension. Typically, however, in photobioreactors including a plurality of reactor

10 chambers, the reactor chambers are of similar or identical shape and dimensions, for 

example, channels positioned in parallel with substantially longer channel length 

than width. Various reactor chamber cross sections are suitable, for example, 

rectangular, cylindrical, or half-elliptical as shown in FIGs. 1-8. Preferably, the 

reactor chamber is half-elliptical or rectangular. Further, reactor chamber(s) can be

15 enclosures (e.g., bags) welded from thin polymeric films. Such reactor chambers 

can allow for advantageous compact transport, facilitate sterilization (e.g., with 

radiation such as gamma radiation) prior to deployment, and allow use as disposable 

reactor chamber(s) because of the cost-efficiency and/or energy efficiency of their 

production. They can also be reused,

20 [0016] Phototrophic microorganisms contained in photobioreactors for their growth

and/or the production of carbon-based products of interest, require light. Therefore, 

the photobioreactors, and, in particular, the reactor chambers are adapted to provide 

light of a wavelength that is photo synthetically active in the phototrophic 

microorganism to reach the culture medium. Typically, at least part of the reactor

25 chamber is transparent for light of a wavelength that is photosynthetically active in 

the phototrophic microorganism. This can be achieved by proper choice of the 

material, for example, thin-film material for the reactor chamber to allow light to 

enter the interior reactor chamber.

[0017] Typically, the reactor chamber(s) of the photobioreactor are adapted to allow

30 cultivation of the phototrophic microorganisms in a thin layer. Typically, the layer 

is between about 5 mm and about 30 mm thick, and, more typically, between about 

10 mm and about 15 mm.
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[0018] Typically, the photobioreactor panels described herein are placed on the 

ground or float on water such that reactor chamber(s) are directed upwards and the 

heat energy system, e.g., heat exchange chamber(s) are placed on the ground. 

Preferably, the heat exchange chambers are embedded, at least in part, in the ground

5 to increase the passive thermal contribution to the thermally controlled operation of 

the photobioreactors. In the case of embodiments to floating photobioreactors, the 

heat energy system is surrounded, at least in part, by water.

[0019] Alternatively, the photobioreactor(s) can also be placed above the ground 

using solid support structures, for example, made of metal, mesh or fabric..

10 [0020] The photobioreactors can be operated in batch, fed batch or continuous

mode.

[0021] The photobioreactors of the present invention can include a number of 

devices that can support the operation of the photobioreactors. For example, devices 

for flowing gases (e.g., carbon dioxide, air, and/or other gases), measurement

15 devices (e.g. optical density meters, thermometers), inlets and outlets, and other 

elements can be integrated or operationally coupled to the photobioreactor panels 

described herein.

[0022] Typically, the photobioreactor will include one or more pumps to establish 

culture flow through the reactor chamber(s) during operation; this also allows

20 placement of the photobioreactors over non-flat land thereby increasing the land 

area available without major reworking.

[0023] Further, the photobioreactor panels can be adapted to allow gas flow through 

the reactor volumes. Gas (e.g. CO2) flow can be co- and/or counterdirectional to 

liquid flow through the reactor chamber(s) of the photobioreactor. For example, in

25 certain embodiments, the photobioreactors are adapted to allow codirectional gas 

flow in one part of the reactor chamber and counterdirectional gas flow in another 

part of the reactor chamber. In other embodiments, one or more reactor chambers of 

a photobioreactor are adapted to allow codirectional gas flow, and one or more other 

reactor chambers of the photobioreactor are adapted to allow counterdirectional gas

30 flow.

[0024] Phototrophic organisms growing in photobioreactors can be suspended or 

immobilized.
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[0025] Suitable photobioreactors for the present invention are closed bioreactors, as 

contrasted with open bioreactors, such as a pond or other open body of water, open 

tanks, open channels, etc. Typically, the photobioreactors have a plurality of 

channels in fluid communication.

5 [0026] Heat energy systems as used herein are systems that can function as a heat

sink and heat reservoir. Typically, the heat energy system includes a material with 

sufficiently high heat capacity. The material can be solid, for example, a metal or 

polymer or liquid, preferably, water. Preferably, the heat energy system includes a 

heat exchange chamber containing a heat exchange liquid such as water,

10 and,optionally, inlets and outlets for exchange of the heat exchange liquid.

[0027] As used herein, “light of a wavelength that is photosynthetically active in 

the phototrophic microorganism” refers to light that can be utilitzed by the 

microorganism to grow and/or produce carbon-based products of interest, for 

example, fuels including biofuels.

15 [0028] “Biofuel” refers to any fuel that derives from a biological source, including

one or more hydrocarbons, one or more alcohols, one or more fatty esters or a 

mixture thereof. Typically, ethanol or other liquid hydrocarbon fuels can be 

produced.

[0029] “Carbon-based products of interest” include alcohols such as ethanol,

20 propanol, isopropanol, butanol, fatty alcohols, fatty acid esters, ethyl esters, wax 

esters; hydrocarbons and alkanes such as propane, octane, diesel, Jet Propellant 8 

(JP8); polymers such as terephthalate, 1,3-propanediol, 1,4-butanediol, polyols, 

Polyhydroxyalkanoates (PHA), poly-beta-hydroxybutyrate (PHB), acrylate, adipic 

acid, ε-caprolactone, isoprene, caprolactam, rubber; commodity chemicals such as

25 lactate, docosahexaenoic acid (DHA), 3-hydroxypropionate, γ-valerolactone, lysine, 

serine, aspartate, aspartic acid, sorbitol, ascorbate, ascorbic acid, isopentenol, 

lanosterol, omega-3 DHA, lycopene, itaconate, 1,3-butadiene, ethylene, propylene, 

succinate, citrate, citric acid, glutamate, malate, 3-hydroxypropionic acid (HPA), 

lactic acid, THF, gamma butyrolactone, pyrrolidones, hydroxybutyrate, glutamic

30 acid, levulinic acid, acrylic acid, malonic acid; specialty chemicals such as 

carotenoids, isoprenoids, itaconic acid; pharmaceuticals and pharmaceutical 

intermediates such as 7-aminodeacetoxycephalosporanic acid
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(7-ADCA)/cephalosporin, erythromycin, polyketides, statins, paclitaxel, docetaxel, 

terpenes, peptides, steroids, omega fatty acids and other such suitable products of interest. 

Such products are useful in the context of biofuels, industrial and specialty chemicals, as 

intermediates used to make additional products, such as nutritional supplements,

5 neutraceuticals, polymers, paraffin replacements, personal care products and 

pharmaceuticals.

[0030] "Phototrophs" or "photoautotrophs" are organisms that carry out photosynthesis 

such as, eukaryotic plants, algae, protists and prokaryotic cyanobacteria, green-sulfur 

bacteria, green non-sulfur bacteria, purple sulfur bacteria, and purple non-sulfur bacteria.

10 Phototrophs include natural and engineered organisms that carry out photosynthesis and 

hyperlight capturing organisms.

[0031] As used herein, "organisms" encompasses autotrophs, phototrophs, heterotrophs, 

engineered light capturing organisms and at the cellular level, e.g., unicellular and 

multicellular.

15 [0032] A "biosynthetic pathway" or "metabolic pathway" refers to a set of anabolic or

catabolic biochemical reactions for converting (transmuting) one chemical species into 

another. For example, a hydrocarbon biosynthetic pathway refers to the set of biochemical 

reactions that convert inputs and/or metabolites to hydrocarbon product-like intermediates 

and then to hydrocarbons or hydrocarbon products. Anabolic pathways involve

20 constructing a larger molecule from smaller molecules, a process requiring energy.

Catabolic pathways involve breaking down of larger molecules, often releasing energy. 

[0033] As used herein, "light" generally refers to sunlight but can be solar or from 

artificial sources including incandescent lights, LEDs, fiber optics, metal halide, neon, 

halogen and fluorescent lights.

25 [0034] Throughout this specification and the claims which follow, unless the context

requires otherwise, the word "comprise" and variations such as "comprises" and 

"comprising", will be understood to imply the inclusion of a stated integer or step or group 

of integers or steps but not the exclusion of any other integer or step or group of integers or 

steps.
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[0034A] The reference in this specification to any prior publication (or information 

derived from it), or to any matter which is known, is not, and should not be taken as an 

acknowledgment or admission or any form of suggestion that that prior publication (or 

information derived from it) or known matter forms part of the common general

5 knowledge in the field of endeavour to which this specification relates.

[0035] Further embodiments of the present invention are directed to solar gathering 

systems including a photobioreactor as described above.
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[0036] The photobioreactors and solar energy gathering systems of the present 

invention allow temperature control in a cost effective manner, reducing the energy 

required for temperature control of a culture medium containing phototrophic 

microorganisms. The photobioreactors and solar energy gathering systems are

5 designed to benefit significantly from passive thermal cooling and heating thereby 

reducing or eliminating the need for active cooling and heating. In certain 

embodiments, the photobioreactor is a thin-film photobioreactor adapted for 

horizontal (flat) placement on the ground or for floating on water. In addition to 

benefiting from the heat sink/reservoir potential of the ground or the water on which

10 the photobioreactor is placed or floats, respectively, such placement has the

advantage that less structural support for the photobioreactor is required. Further, 

using thin-film polymeric materials requires less polymeric material per unit area of 

photobioreactor panel. Further, flexibility of photobioreactor panels reduces 

transportation costs and simplifies large photobioreactor installations, Thin-film

15 polymeric photobioreactor panels can also be manufactured to very large dimensions 

which can further reduce cost. In preferred embodiments of the present invention, 

controllable thermal contact is provided by controllable inflation of an inflatable 

thermal control layer, such as a flexible polymeric enclosure. Typically, the 

inflatable thermal control layer can be inflated with a fluid. Preferably, the fluid has

20 low thermal conductivity. The fluid can be a liquid or a gas such as air. Inflating 

the inflatable thermal control layer with the fluid typically leads to increasing 

thickness of the inflatable thermal control layer, and thus, greater spatial separation 

of reactor chamber(s) and the heat energy system (typically acting as thermal sink 

during day-time operation and as heat source during night-time operation). Thus,

25 typically, with increasing inflation the thermal isolation between the reactor

chamber(s) and the heat energy system increases. Typically, the flexible thermal 

control layer is placed in between reactor chamber(s) and the heat energy system. 

Preferably, one inflatable thermal control layer is positioned in between the reactor 

chamber(s) (if a plurality of reactor chambers is used, as is preferred, then preferably

30 all reactor chambers abut the inflatable thermal control layer) and the heat energy 

system.
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[0037] In further preferred embodiments, reactor chamber(s) are flexible, for 

example, to adapt to the controllable inflation of an inflatable thermal control layer. 

Also, the reactor chambers can be designed to be compactable when empty (i.e., 

substantially without culture medium and gases), and form raised enclosures in the

5 presence of significant amounts of culture medium in the reactor chambers, that is, 

amounts that are typically to be expected during operation of the photobioreactor. 

The raised enclosures that can be formed are not limited to a particular cross-section, 

however, a preferred cross-section is substantially rectangular as shown, for 

example, for the reactor chambers 720 in FIGS. 7b and 8b.

10 [0038] In other preferred embodiments, the heat energy system can be a separating

layer between the ground or water on which the photobioractor is placed or floats. 

Typically, the separating layer is adapted to allow significant heat transfer between 

the ground or water and the thermal control layer.

[0039] A further preferred embodiment of the present invention is a photobioreactor

15 (alone or as part of a solar energy gathering system) as described above, but without 

a heat energy system, that is, the reactor chamber(s) of the photobioreactor are in 

controllable thermal contact with the ground or water on which the photobioreactor 

is positioned. For example, one or more inflatable thermal control layers can be 

placed in between the reactor chamber(s) of the photobioreactor and the ground or

20 water.

[0040] In further preferred embodiments the inflatable thermal control layer (e.g., 

the thermal control layer 710) can also be adapted to be inflated with a liquid 

providing significant thermal conductivity. Such liquids can establish significant 

thermal contact of the reactor chamber(s) with the heat energy system, and/or

25 ground or water (in the absence of a heat energy system). Thermal isolation of the 

reactor chamber(s) from the heat energy system, and/or ground or water can then be 

achieved by draining out the liquid, that is, with a deflated thermal control layer.

Use of an inflatable thermal contact layer with a liquid as described above, can 

reduce, partly or entirely, the thermal contact resistance during the desired heat

30 transfer phase, and benefits from the thermal contact resistance in the drained state 

to improve thermal isolation when it is desired.
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[0041] In alternative embodiments, the inflatable thermal control layer (e.g., the 

thermal control layer 710) can be sectioned to provide a plurality of volumes (for 

example, two volumes, but typically not more than 100 volumes, more typically, not 

more than 10 volumes) that can be filled separately with liquid. In these

5 embodiments, the inflatable thermal control layer can further be adapted to provide a 

tilt of the reactor chamber(s) when the inflatable thermal control layer volumes are 

filled to different extents with the liquid. The inflatable thermal control layer can be 

adapted to cause the tilt due to lifting of the reactor chamber(s) above the 

inflating volumes and/or due to rolling (without wanting to be bound by theory, the

10 weight of the liquid in filled volumes/sections can lead to a momentum that can lead 

to rolling and, hence orienting of the reactor chamber(s)) of the inflatable thermal 

control layer upon inflating the volumes to different extents. For example, in the 

case of an inflatable thermal control layer sectioned into two volumes of equal size 

(i.e., a first and a second volume), inflation of the first volume with more liquid than

15 in the second volume can lift the reactor chamber(s) above the first volume relative 

to the reactor chamber(s) above the second volume thereby tilting the reactor 

chamber(s) to a side. Accordingly, inflatable thermal control layers having a 

plurality of volumes that can be separately filled with liquid provide not only 

controllable thermal contact of the reactor chamber(s) with the heat energy system,

20 and/or ground or water, but also controllable alignment of the reactor chamber(s) to 

control exposure to the light source, typically, the sun. For example, the reactor 

chamber(s) could be tilted to the east in the morning and to the west in the evening. 

Further, liquids of different thermal conductivity can be used in the different 

volumes of the inflatable thermal control layer,

25 [0042] An example embodiment of this is shown in FIG. 9a, which provides a

perspective view of a section of a photobioreactor panel in which an inflatable 

sectioned (with three volumes) thermal control layer 900 is filled with a liquid to 

allow thermal contact of an array of linked reactor chambers 720 with a heat energy 

system 730. The heat energy system 730 can be part of the photobioreactor, or it is

30 the ground or water, or another surface on which the photobioreactor is placed. FIG. 

9b provides a cross-sectional view of the photobioreactor panel in FIG. 9a. FIG. 9c 

provides a cross-sectional view of the photobioreactor panel in FIG. 9a, in which the
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sections/volumes are filled to different extents leading to a tilt of the reactor 

chambers.

[0043] In further embodiments, the heat energy system (e.g. 730) can be or include a 

plurality of inflatable heat exchange chambers that can be filled separately with

5 liquid. In these embodiments, the inflatable heat exchange chambers can further be 

adapted to provide a tilt of the reactor chamber(s) when the inflatable heat exchange 

chambers are filled to different extents with the liquid. For example, in the case of 

two heat exchange chambers of equal size (i.e., a first and a second chamber), 

inflation of the first chamber with more liquid than in the second chamber can lift

10 the reactor chamber(s) above the first chamber relative to the reactor chamber(s) 

above the second chamber thereby tilting the reactor chamber(s) to a side. 

Accordingly, a heat energy system including inflatable heat exchange chambers that 

can be separately filled with liquid provide controllable alignment of the reactor 

chamber(s) to control exposure to the light source, typically, the sun. These heat

15 energy systems can also be used in combination with the inflatable thermal control 

layers described in the preceding paragraph.

[0044] An example embodiment of this is shown in FIG. 10a which provides a 

perspective view of a section of a photobioreactor panel in which an inflatable 

thermal control layer 710 is sandwiched between reactor chambers 720 and a heat

20 energy system 1000 including three inflatable heat exchange chambers that can be 

filled separately with liquid. FIG. 10b provides a cross-sectional view of the 

photobioreactor panel in Fig. 10a. FIG, 10c provides a cross-sectional view of the 

photobioreactor panel in Fig. 10a, in which the sections/volumes of the heat energy 

system are filled to different extents leading to a tilt of the reactor chambers .The

25 solar energy gathering systems, for example, photobioreactors, as described herein, 

can be sterilized with vaporized hydrogen peroxide, ozone, ozonated water, sodium 

hydroxide, and/or with radiation. Typically, vaporized hydrogen peroxide is usted 

to sterilize the inner surfaces of the photobiorector, and, optionally, all attached 

peripheral pieces. The sterilization methods can be used for photobioreactors,

30 photobioreactor arrays and systems that contain low service temperature materials 

for which the use of conventional sterilization methods susch as steam application is 

not possible.
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[0045] It has been, found that vaporized hydrogen peroxide can be applied to 

sterilize photobioreactors, photobioreactor arrays and systems to allow cultivation of 

microorganisms while preventing (or inhihibiting/reducing) significant

contamination for a substantial time.

5 [0046] The solar energy gathering systems (e.g., photobioreactors) of the present

invention are made from materials that allow sterilization with vaporized hydrogen 

peroxide, ozone, ozonated water, sodium hydroxide, and/or radiation, without 

substantial material degradation over time.

[0047] Another embodiment of the present invention is a method for producing 

10 carbon-based products of interest comprising: (a) sterilizing a solar energy gathering

system (e.g., photobioreactor) as described herein using vaporized hydrogen 

peroxide, ozone, or radiation; and (b) culturing microorganisms in the solar energy 

gathering system (e.g., photobioreactor) to produce carbon-based products of 

interest.

15 [0048] Typically, the solar energy gathering systems (e.g., photobioreactors) of the

present invention are adapted to prevent (reduce or inhibit) non-sterile air 

introduction into the solar energy gathering system (e,g., photobioreactor) during 

media additions or sampling. A further embodiment of the present invention is 

directed to a method for sterilizing the photobioreactors of the present invention.

20 The method comprises coordinating the opening and closing of valves, inlets and

outlets of the photobioreactor using a solenoid box. FIG. 14 provides an illustration 

of an apparatus employed in the sterilization method to help ensure that non-sterile 

air is not introduced into the reactor during media additions and sampling 

[0049] The sterilization methods of the present invention require are time effective

25 and allow prevention or at least mitigation of outcompetion by undesired species 

such as bacteria, fungi, protozoa or other algal species, thereby leading to 

insubstantial presence of contaminants during typical operation durations. 

Sterilization can also allow early exponential growth of the inoculum during its 

growth. During the initial lag phase and the early part of the exponential growth

30 phase, the culture can be at high risk to be outcompeted by contaminants such as 

Pseudomonas or Microbacterium. Thus, effective sterilization methods can ensure 

the culturing of only desired species in the photobioreactor. After reaching a certain
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optical density, the risk of contamination and competition from other species is 

lowered. Additionally, the effect of sterilization can lead to monoculture, enabling 

increased productivity of products.

[0050] Sterilization Examples:

5

[0051] Sterilization of PBRs using Vaporized Hydrogen Peroxide 

[0052] The use of a vapor sterilization for a photobioreactor is shown in FIG. 11. 

[0053] The interior of the photo bioreactor was cleaned and dried. Humidity within 

the PBR was lowered to below the hydrogen peroxide dew point. The hydrogen

10 peroxide was vaporized via a vaporization device, such as the Steris “VHP ARD 

Mobile” unit. The vaporized HP was blown into the PBR at a controlled rate such 

that all biological agents within the reactor are killed (i.e. >400 ppm for >30 

minutes). The vaporized HP was not allowed to exceed its dew point through-out 

this entire procedure. Following fumigation, the VHP was vented out of the

15 bioreactor until VHP levels were < 1 ppm. Effectiveness of the sterilization

procedure can be demonstrated with the use of Biological Indicators (Bis) placed 

within the Bioreactor prior to initiating sterilization.

[0054] Biological indicators can be placed within various locations within the PBR. 

The PBR is then subjected to the sterilization process, Following sterilization the

20 Bis are removed and placed into culture media. If there is no growth then the Bis 

have been deactivated. Each BI has 106 organisms on it. No growth indicates >6 log 

reduction.

[0055]

[0056] Sterilization Setup using Ozone

25 [0057] A 8 mm photobioreactor has been successfully sterilized via the ozone

procedure.

[0058] A photobioreactor was setup as indicated in FIG. 12. The tubing/filter set up 

was prepared as follows and autoclaved (30 minutes @ 121 °C) prior to initiation of 

the sterilization procedure. The sterile tubing/filter setup (FIG. 12) was fitted into

30 the automated sample block. Then, all solenoids on the sample block were closed 

and verified. The cap was then removed and the open end was fitted into the bottom 

of the “Port Outlet”. The sample block was used to help ensure that non-sterile air
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was not introduced into the reactor during media additions and sampling. This is 

achieved by coordinating the opening of the correct valves and timing the closings. 

Exhaust lines were connected to the outlet side of the 625 cm2 bottle vent filter, and 

the outlet side of the 1300cm2 exhaust air filter. Both exhaust lines were fitted

5 together and the common line is fed into a dryer and then into the ozone destruct 

module (FIG. 13).

[0059] Sterilization Procedure using Ozone

[0060] FIG. 13 provides an illustration of a PBR connected to ozone for

10 sterilization. A line from the ozone generator (which is fed by an oxygen tank) was

connected to the air inlet filter and the side port of the “Port Outlet”. The Port 

Outlet line was closed by pinching with a screw clamp (or similar). Approximately 

200-400 mL of de-ionized water was added to the PBR. The oxygen feed was 

turned on and the flow rate was set to 2 ■ 5 Liters per minute. The clamp on the

15 Port Outlet line was unpinched just enough to see bubbles forming in the bottom

header. The oxygen flow rate was readjusted as necessary. The system was 

checked for leaks with an 02 meter and/or a dilute liquid detergent applied to 

connections. When the system was verified to be functioning properly the ozone 

generator was switched on. All of the connections were immediately re-checked for

20 leaks with the ozone monitor. These connections were also periodically checked 

during the course of the sterilization. The ozone destruct exhaust was also check 

frequently to verify that the catalyst was functioning properly. Ozonation was 

conducted for approximately 3 hours. Following the ozonation period the clamp on 

the Port Outlet was closed, This port was closed before turning off the ozone

25 generator in order to avoid unsterilized / unfiltered gas from entering the PBR. The 

ozone generator was then turned off. Oxygen was allowed to continue to blow 

through the inlet filter for a few minutes and then it was also shut off. No gas was 

blowing through the system. The line on the non-sterile side of the closed thumb 

screw clamp was disconnected. The unit was typically left in place for ~12 hours to

30 allow any residual ozone in the PBR to react. If the unit must be moved before the
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12 hour wait period, the lines should be clamped first. The tube on the sterile side of 

the inlet air filter was clamped and the ozone line from the non-sterile side removed. 

The tubes on the sterile side ofthe 625 cm2 bottle filter and the 1300 cm2 exhaust 

air filter were clamped. Then the lines from these filters were removed. After the

5 unit has set for >12 hours the clamps are no longer needed. Maintaining sterility, 

drain the water from the reactor before charging it with culture medium.

[0061] Culturing Cyanobacteria in the Sterilzed PBR

[0062] After ozone sterilization of the PBR as described above, an inoculum

10 containing Synechococcus 7002 was introduced in the PBR. Contaminant-free 

growth of the inoculums was noted for 2 weeks,

[0063] The relevant teachings of all patents, published patent applications and 

literature references cited herein are incorporated by reference in their entirety.

[0064] While this invention has been particularly shown and described with

15 references to example embodiments thereof, it will be understood by those skilled in 

the art that various changes in form and details may be made therein without 

departing from the scope of the invention encompassed by the appended claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A photobioreactor comprising:

(a) a reactor chamber for enclosing a phototrophic microorganism and culture

5 medium therefor;

(b) a heat energy system;

wherein at least part of the reactor chamber is transparent for light of a wavelength 

that is photosynthetically active in the phototrophic microorganism, and the reactor 

chamber and heat energy system are in controllable thermal contact; and

10 (c) thermal control layer, wherein the thermal control layer provides the

controllable thermal contact and the thermal control layer comprises an 

enclosure for containing a fluid.

2. The photobioreactor of claim 1, wherein the reactor chamber and the heat energy

15 system are an integral part of the photobioreactor.

3. The photobioreactor of claim 1, wherein the reactor chamber and the heat energy 

system are structurally coupled and in close proximity.

20 4. The photobioreactor of claim 1, wherein the heat energy system in controlled

thermal contact abuts the reactor chamber, and the heat energy system in reduced 

thermal contact is at least in part spatially distanced from the reactor chamber.

5. The photobioreactor of claim 1, wherein the thermal control layer is adapted to

25 control the spatial distance between the reactor chamber and the heat energy

system.

6. The photobioreactor of claim 1, wherein the fluid is a gas and the enclosure is 

flexible to allow significant structural and thermal contact between the reactor

30 chamber and the heat energy system in the absence of the gas and reduced or no

structural and thermal contact in the presence of the gas.
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7. The photobioreactor of claim 6, wherein the reactor chamber is made of a flexible 

material in an area that is in contact with the thermal control layer.

5 8. The photobioreactor of claim 1, wherein part of the reactor chamber is a plastic

layer, the plastic layer being also part of the enclosure of the thermal control layer.

9. The photobioreactor of claim 6, wherein the gas comprises air.

10 10. The photobioreactor of claim 1, wherein the fluid is a liquid, and thermal contact is

provided, through the enclosure and liquid, between the reactor chamber and the 

heat energy system; and in the absence of the liquid, reduced or no thermal contact 

is provided.

15 11. The photobioreactor of any one of the preceding claims, wherein the heat energy

system is a heat exchange chamber for containing a heat exchange fluid.

12. The photobioreactor of claim 10, wherein the heat exchange chamber is made of a 

flexible material in an area that is in contact with the thermal control layer.

20

13. The photobioreactor of any one of Claims 1 to 12, wherein the photobioreactor 

comprises a plurality of reactor chambers and each of the reactor chambers is, 

independently, in controllable thermal contact with the heat energy system.

25 14. The photobioreactor of any one of claims 1 to 12, wherein the photobioreactor

comprises a plurality of reactor chambers and a plurality of heat exchange 

chambers, and each of the reactor chambers is, independently, in controllable 

thermal contact with a corresponding heat exchange chamber.
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15. The photobioreactor of any one of the preceding claims, wherein the

photobioreactor comprises a plurality of reactor chambers and a plurality of heat 

exchange chambers, the reactor chambers being channels positioned substantially 

parallel to each other and providing a first side of the photobioreactor, the heat

5 exchange chambers being channels positioned substantially parallel to each other

and providing a second side opposite the first side, and the reactor chambers and 

the heat exchange chambers being separated by a thermal control layer.

16. The photobioreactor of any one of the preceding claims, wherein the average daily

10 cooling power requirement for controlling the temperature of the culture medium is

less than 2.5 W/m2.

17. The photobioreactor of any one of the preceding claims, wherein the reactor 

chamber and heat energy system are designed for passive thermal regulation.

15

18. The photobioreactor of any one of the preceding claims, wherein the 

photobioreactor is adapted to float on water.

19. The photobioreactor of any one of the preceding claims, wherein the heat energy

20 system is adapted to be partially embedded in the ground.

20. A method for thermal control of a culture medium containing a phototrophic 

organism in a photobioreactor comprising:

(a) measuring the temperature of the culture medium contained in a reactor 

25 chamber of the photobioreactor, the reactor chamber being positioned

substantially horizontally to provide a headspace above the liquid culture; 

wherein at least part of the reactor chamber is transparent for light of a 

wavelength that is photosynthetically active in the phototrophic 

microorganism;
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(b) measuring the temperature of a heat exchange liquid contained in a heat 

exchange chamber, the heat exchange chamber and the reactor chamber being 

structurally coupled to a thermal control layer, the thermal control layer being 

positioned between the heat exchange chamber and the reactor chamber;

5 wherein the thermal control layer is adapted to contain a fluid;

(c) determining if a change in thermal contact between the reactor chamber and 

the heat exchange chamber is desired; and

(d) changing fluid presence in the thermal control layer if a change in thermal 

contact is desired;

10 wherein changing the fluid presence comprises inflating the thermal control layer

with a gas, if reduced thermal contact between the heat exchange chamber and the 

reactor chamber and, therefore, reduced heat exchange between the culture medium 

and the heat exchange liquid is desired.

15 21. The method of claim 20, wherein changing the fluid presence further comprises

deflating the thermal control layer, if thermal contact between the heat exchange 

chamber and the reactor chamber and, therefore, heat exchange between the culture 

medium and the heat exchange liquid is desired.

20 22. The method of claim 21, wherein the thermal control layer has a flexible enclosure

allowing the thermal control layer to collapse upon deflating to establish thermal 

contact between the heat exchange chamber and the reactor chamber.

23. The method of claim 20, wherein changing the fluid presence further comprises

25 filling the thermal control layer with a liquid, if thermal contact between the heat

exchange chamber and the reactor chamber and, therefore, heat exchange between 

the culture medium and the heat exchange liquid is desired.

24. The method of any one of claims 20 to 23, further comprising (e) cooling the heat

30 exchange liquid from the heat exchange chamber with a cooling device outside of

the photobioreactor.
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25. The method of any one of claims 20 to 24, further comprising (f) flowing gas 

through the headspace, wherein the flow of gas through the headspace is regulated, 

in part, for thermal control of the culture medium.

5

26. The photobioreactor of any one of claims 1 to 19, wherein the reactor chamber(s) 

and the heat energy system are substantially made of thin-film material, and the 

photobioreactor is structurally adapted for horizontal placement on ground and/or 

for floating on water.

10

27. The photobioreactor of any one of claims 1 to 19, wherein the controllable thermal 

contact is provided by an inflatable thermal control layer.

28. The photobioreactor of Claim 27, wherein the reactor chamber is flexible to adapt

15 to inflation of the inflatable thermal control layer.

29. The photobioreactor of Claim 28 comprising a plurality of reactor chambers that 

are flexible to adapt to the inflation of the inflatable thermal control layer.

20 30. The photobioreactor of Claim 29, wherein the reactor chambers abut the inflatable

thermal control layer.

31. The photobioreactor of any one of Claims 27 to 30, wherein the inflatable thermal 

control layer abuts the heat energy system on the side of the inflatable thermal

25 control layer opposite to the reactor chambers.

32. The photobioreactor of Claim 31, wherein the reactor chambers are compactable 

when empty, and form raised enclosures in the presence of significant amounts of 

culture medium in the reactor chambers.

30
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33. The photobioreactor of any one of Claims 1 to 19 comprising a plurality of reactor 

chambers, wherein the controllable thermal contact is provided by an inflatable 

thermal control layer, the reactor chambers abut one side of the thermal control 

layer and are flexible to adapt to the inflation of the inflatable thermal control layer,

5 and the heat energy system abuts the side of the inflatable thermal control layer

opposite to the reactor chambers.

34. The photobioreactor of any one of Claims 1 to 19 comprising one or more reactor 

chambers, wherein the controllable thermal contact is provided by an inflatable

10 thermal control layer comprising a plurality of volumes.

35. The photobioreactor of Claim 34, wherein the volumes are adapted to be filled to 

different extents with liquid to provide a tilt of the reactor chambers.

15 36. The photobioreactor of Claim 35, wherein the reactor chambers abut one side of the

thermal control layer and are flexible to adapt to the inflation of the inflatable 

thermal control layer, and the heat energy system abuts the side of the inflatable 

thermal control layer opposite to the reactor chambers.

20 37. The photobioreactor of any one of Claims 1 to 19 comprising one or more reactor

chambers, wherein the controllable thermal contact is provided by an inflatable 

thermal control layer and the heat energy system comprises a plurality of inflatable 

heat exchange chambers.

25 38. The photobioreactor of Claim 37, wherein the heat exchange chambers are adapted

to be filled to different extents with liquid to provide a tilt of the reactor chambers.

39. The photobioreactor of Claim 38, wherein the reactor chambers abut one side of the 

thermal control layer and are flexible to adapt to the inflation of the inflatable 

thermal control layer, and the heat exchange chambers abut the side of the 

inflatable thermal control layer opposite to the reactor chambers.

30
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-28 -

A photobioreactor according to claim 1, or a method according to claim 20, 

substantially as hereinbefore described.
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