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(57) AbrégéfAbstract:

Described is a method for the culture of microalgae, comprising: providing a consortium of at least two living species of microalgae;
culturing under illumination the consortium in a controllable bioreactor and under non-sterile aqueous culture conditions; and
controlling the culture conditions for affecting at least one of the following output: (i) flocculation and/or settling of said consortium
of microalgae; and (ii) adhesion of the microalgae to surfaces of the bioreactor; wherein said culture conditions are controlled to
promote (i) and/or to minimize (i), without adversely affecting growth of the consortium of microalgae. It is also possible to control
the culture conditions for affecting iii) the protein, carbohydrate, and/or fat content of the said microalgae consortium. A system for

carrying out the method is also described.
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ABSTRACT

Described is a method for the culture of microalgae, comprising: providing a
consortium of at least two living species of microalgae; culturing under illumination the
consortium in a controllable bioreactor and under non-sterile aqueous culture conditions; and
controlling the culture conditions for affecting at least one of the following output: (1)
flocculation and/or settling of said consortium of microalgae; and (ii) adhesion of the microalgae
to surfaces of the bioreactor; wherein said culture conditions are controlled to promote (i) and/or
to minimize (ii), without adversely affecting growth of the consortium of microalgae. It is also
possible to control the culture conditions for affecting iii) the protein, carbohydrate, and/or fat
content of the said microalgae consortium. A system for carrying out the method is also

described.
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METHOD AND SYSTEM FOR THE CULTURE OF MICROALGAE
TECHNICAL FIELD

The present invention pertains lo the field of photosynthetic culture of microalgae. More
particularly, the invention refers to methods, apparatus and systems for the growing of a

consortium of microalgae in non-sterile culture conditions.

BACKGROUND OF THE ART

The photosynthetic culture of microalgae is becoming increasingly popular. This enthusiasm is
due to the fact that the microalgae have an exceptional potential for the sequestration of CO,, for
the cleanup of wastes, the production of biofuels, and for the production of biosourced products

such as pharmaceuticals and foodstuffs.

The approach most often used in the growing of microalgae consists in a monoculture, or the
growing of a single species of algae. The monoculture systems generally operate under closed
and sterile conditions and are complex, given that they require a close managing of several
factors in order to prevent contamination by bacteria and pathogens, and also to ensure an
adequate growth of the particular species of algae being grown. The selection of the appropriate
type of algae placed in culture is generally critical, in order to maximize the yiclds associated
with the specific use in mind (e.g., either the scquestration of CO,, or the cleanup of wastes, or
the production of biofuels, etc.). These culture systems may be also disadvantageous because
they require the use of antibiotics or biocides to maintain the characteristics and the performance

of the culture.

Some have suggested the possibility of growing indigenous algae for the purpose of boosting the
production of biogas. Others have proposed the possibility of cultivating indigenous algae for the

local production of biosourced products.

It has also been suggested to grow a consortium of different species of microalgae. For example,
some have suggested the screening of individual algae for use in a polyculture system. Others

have described the growing of a consortium of microalgae for biomass production and for
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production of bioenergy. Other references teach using a consortium of two or more species of
élgae for the production of biomass and/or for production of particular algal lipid, proteins,
carbohydrates constituents. However, no one discloses controlling the culture conditions for
affecting ecither flocculation and/or settling of the consortium of microalgae or either for

affecting adhesion of the microalgac to surfaces of the bioreactor.

Cultivation of algae under conditions in which the cells become deficient in nitrogen, thereby
causing the cells to produce long chain polymers having flocculating propertics is known in the
art. However, the culture of a consortium of multiples algal species, while controlling the
properties of the algal cells to affect their flocculation and/or settling or to affect adhesion of the

algal cells to surfaces of the reactor is not known in the art.

Thus, there exists a need for more robust, more easily parametrable, and controllable methods
and systems for the culture of microalgae. In particular, there is a need for methods and systems
for culturing and growing a consortium of microalgac in non-sterile cultures conditions,
especially for the production of microalgae having properties and characteristics that can be
adjusted and adapted as a function of proposed applications and desired results. More particular
examples of desired controllable properties includes promoting flocculation and/or settling of the
consortium of microalgae and/or minimizing adhesion of the microalgae to surfaces of the
bioreactor or its components (c.g. optical elements). Controlling these properties may facilitate
and/or promote harvesting of microalga and/or optimize productivity of the culture system.
Methods and systems comprising controlling culture conditions for affecting proteins,

carbohydrates and/or lipids content of the consortium of microalgae are also desirable.

SUMMARY

According to a first aspect, the present invention pertains to a method for the culture of
microalgae, comprising:

- providing a consortium of at least two living species of microalgae;

- culturing under illumination said consortium in a controllable bioreactor and under

non-sterile aqueous culture conditions; and
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- controlling the culture conditions for affecting at least one of the following output: (i)
flocculation and/or settling of said consortium of microalgae; and (ii) adhesion of the
microalgae to surfaces of the bioreactor;

wherein the culture conditions are controlled to promote (i) and/or to minimize (ii), without

adversely affecting growth of the consortium of microalgae.

As used herein, the term “controlling”, when referring to the culture conditions, means selecting,
adjusting, modifying the culture conditions and/or any modifiable culture parameter (e.g.

agitation, illumination, gas, nutrients, temperature, pH, etc.).

As used herein, the term “affecting”, when referring to a particular culture output, means

influencing, perturbing, modifying, to obtain a desirable result.

As used herein, the term “without adversely affecting growth” means a minimal algal
proliferation or growth measured by a photonic yield value lower than about 196 photon

mole/captured CO; mole.

The value of 196 is not arbitrary and is based on the measured PY value reported in Table 1 for
reactor RS (141 + 55), that value corresponding to culture of algae in a *control” reactor
exposed to direct sunlight, and not comprising any optical element. In certain embodiments, the
control system may be “better” or “more efficient” in terms of minimal algal proliferation or
growth than the reactor R5 and it can have a measured photonic yield value lower than about 196
photon mole/captured CO; mole, including but not limited to values of <150, or <125, or <100 or
<75 photon mole/captured CO, mole. For instance, Table 2 herein refers to a measured PY value
of 99 photon mole/captured CO, mole for a 3 m’ reactor (2000 L) exposed to direct artificial

light, without any optical element.

In one particular embodiment, the control of the conditions of culture comprises regulating one
or more of the following parameters:

a) mixing of the consortium;

b) the amount and/or type of nutrients provided to said consortium; and

the quantity and/or type of nutrients furnished to said consortium of microalgae;

¢) the level of luminosity provided to the consortium.
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In certain particular embodiments, the mixing of the consortium of microalgae is less than 10
cm/s, preferably an aqueous culture speed of about 1 cm/sec to about 10 cm/sec, or between

about 1 cm/sec to about 5 cm/sec or between about 1 cm/sec to about 3 cm/sec.

In certain particular embodiments, the mixing comprises a gaseous bubbling at a flow rate of
about 0.001 to about 0.1 volume of gas per volume of reactor per minute (VVM) or at about

0.003 to about 0.01 VVM.

In certain particular embodiments, the quantity and/or the type of nutrients are controlled in
order to maintain a load in nitrogen less than 15 gN/mS.day, preferably between about 0.9
gN/mr’.day and about 15 gN/m’ day, or between about 0.9 gN/m’ day and about 10 gN/m’ day,
or between about 0.9 gN/m”>.day and about 6 gN/m’.day, or between about 0.9 gN/m3 .day and
about 2 gN/m3.day, or between about 0.9 gN/m’.day and about 1.3 gN/m’ day.

In certain embodiments, the culture conditions are further controlled according to a
predetermined use of the consortium. For instance the predetermined use of may be biofixation
of CO,, elimination or capture of undesirable gascous substances (e.g. CO, S0O,, NO, and COS),
production of a protein-rich algal biomass, production of a lipid-rich algal biomass, production

of a carbohydrate-rich algal biomass, etc.

According to other embodiments, the method further comprises the step of bubbling into the
bioreactor a gas comprising one or more of the following gaseous substances: CO, CO2, 502,
NO2, and COS. Advantageously, the gas may originate from an industrial effluent, and it is

injected into the bioreactor for purification.

According to certain embodiments, the method also involves an additional stage of collection of
sediment and/or flakes, and the control of said culture conditions aims at maximizing the
decanting of the consortium of microalgae. In one preferred embodiment, the collection of

sediment and/or of flakes involves a collection of sediment and/or flakes deposited in a lower

portion or at the bottom of the bioreactor.

In other embodiments, the level of illumination is increased by a system for tracking and/or

distribution of sunlight.



According to one particular aspect, the invention relates to a method for the culture of
microalgae, comprising:
- providing a consortium of at least two living species of microalgae;
- culturing under illumination said consortium in a controllable bioreactor and under non-
5 sterile aqueous culture conditions; and
- controlling an amount and/or type of nutrients to minimize adhesion of the microalgae
to surfacces of the biorcactor without adversely affecting growth of said consortium of
microalgae,
wherein controlling the amount and/or type of nutrients comprises providing a combined

10 source of nitrogen-phosphorus-potassium (N-P-K).

According to another particular aspect, the invention relates to a method for the culture of
microalgae, comprising:

- providing a consortium of at least two living species of microalgae;

- culturing under illumination said consortium in a controllable bioreactor and under non-

15 sterile aqueous culture conditions;
- maintaining the culturc conditions at a pH between about 6.5 and about 8.5; and
- controlling a nitrogen concentration in the culture between 0.5 mg/L and 5 mg/L to
minimize adhesion of the microalgae to surfaces of the bioreactor, without adversely

affecting growth of said consortium of microalgae.

4a
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According to another related aspect, the invention relates to method for the culture of
r'nicroalgae, comprising:
- providing a consortium of at Icast two living species of microalgae;
- culturing under illumination the consortium in a controllable bioreactor and under non-
sterile aqueous culture conditions; and
(i) mixing the culture at a speed of about 1 cm/sec to about 10 cm/sec; or
(ii) bubbling a gas at a flow rate of about 0.001 to about 0.1 volume of gas per volume of
reactor per minute (VVM);
wherein the mixing or bubbling promotes flocculation and/or settling of the consortium of

microalgae.

According to a further related aspect, the invention relates to method for the culture of
microalgae, comprising:

- providing a consortium of at least two living species of microalgae;

- culturing under illumination the consortium in a controllable bioreactor and under non-

sterile aqueous culture conditions; and

- maintaining a load in nitrogen in the culture between about 0.9 oN/m” day and about 13

gN/m’ day;
wherein said load in nitrogen minimizes adhesion of the microalgae to surfaces of the bioreactor

(or internal components), without adversely affecting growth of the consortium of microalgae.

According to another aspect, the present invention pertains to a controllable aqueous system for
the culture of microalgae, comprising:

- a consortium of at least two living species of microalgae in an aqueous culture
solution;

- a bioreactor forming an enclosure comprising said aqueous culture solution; and

- controlling means for controlling culture conditions of said consortium;

wherein the system operates under non-sterile culture conditions;

and
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wherein the controlling means are parametrable for (i) optimizing flocculation and/or settling of
said consortium of microalgae and (ii) minimizing adhesion of the microalgae to surfaces of the

bioreactor, without adversely affecting growth of said consortium of microalgae.

In one embodiment, the system’s controlling means comprises a mixer for mixing the culture at
an aqueous culture speed of about 1 cm/sec to about 10 cm/sec. In another embodiment, the
system’s controlling means comprises a nutrient controller for maintaining a load in nitrogen in

the culture between about 0.9 gN/m3.day and about 15 gN/m’ .day.

In another embodiment, the system’s controlling means further comprises a gas injector for
bubbling into the bioreactor a gas comprising one or more of the following gaseous substance:
CO, CO,, S04, NO,, and COS. Advantageously, the gas is bubbled at a flow rate of about 0.001
to about 0.1 volume of gas per volume of reactor per minute (VVM) or at about 0.003 to about

0.01 VVM.

In certain embodiments for the method and the system, the controlling comprises maintaining a

minimal microalgae concentration between about 70 mg/l to about 1000 mg/1 of culture.

In certain embodiments for the method and the system, the controlling comprises maintaining the
culture conditions at a temperature between about 9°C and about 29°C, preferably between

about 19°C and about 23°C.

In certain embodiments for the method and the system, the controlling comprises maintaining the

culture conditions at a pH betwcen about 6.5 and about 8.5.

In certain embodiments for the method and the system, the consortium comprises indigenous

species of microalgae.

According to certain embodiments of the method and the system, the bioreactor is an outdoor

open bioreactor.

According to certain embodiments of the method and the system, the controlling of the culture
conditions comprises regulating illumination of the consortium. Regulating illumination may

comprises optimizing amount of sunlight exposure and/or sunlight intensity by using a sunlight
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distribution device. Regulating illumination may also comprises using a mechanical sun-tracking

device.

Additional aspects, advantages and features of the present invention will become more apparent
upon reading of the following non-restrictive description of preferred embodiments which are

exemplary and should not be interpreted as limiting the scope of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Having thus generally described the nature of the invention, reference will now be made to the
accompanying drawings, showing by way of illustration example embodiments thercof and in

which:

FIG. 1 is a diagram illustrating, from a side perspective view, a 20-liter reactor with four tulip-

shaped optical clements, according to Example 1;

FIG. 2 is a diagram illustrating, from a top view, the localization of the four tulip-shaped optical

elements arranged on top of the 20-liter reactor, according to Example 1;

FIGS. 3A and 3B are pictures of a laboratory installation of 20-liter reactors with tulip-shaped

optical elements, according to Example 1;

FIG. 4 is a diagram illustrating, from a side perspective view, configuration of a pyramidal V-

shaped optical element mounted on top of a 20-liter reactor, according to Example 2;

FIG. 5 is a picture of a laboratory installation showing 20-L reactors comprising tulip-shaped

optical elements (left) and pyramidal V-shaped optical elements (middle and right);

FIG. 6 is a diagram illustrating, from a side perspective view, a lighting module comprising a
series of lights (top of the figure) and a series of ten longitudinal V-shaped optical elements

(bottom of the figure), according to Example 2;

FIG. 7 is a picture of a 2000-liter reactor (3m* basin) comprising a series of ten longitudinal V-

shaped optical elements, and a lighting module above them, according to Example 3;
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FIG. 8 is a line graph depicting growth of solutions of algae during startup under different
lighting conditions (12h/12h), according to Example 4. R1=50% sunlight; R2 and R4-25%
sunlight; R3 =12% of sunlight);

FIG. 9 is a line graph depicting tracking of the absorbance at 680 nm for 3 reactors during the
experiments, according to Example 4. (R2=25% of sunlight; R3=12% of sunlight; R4=25% of
sunlight). Key: x-axis = days;

FIG. 10 is a line graph depicting batch growth experiments according to Example 4, during a

tracking period of more than 2 months;

FIG. 11 is a picture of interior of an emptied 2,000L reactor (3 m?) showing appearance of the

algal biomass, decanted without mixing (at the end of Batch 2), according to Example 5;

FIG. 12 is a dot graph depicting vertical profile of the SS values in the 2,000L (3 m?) reactor,
agitated solely by means of the injection of gases at 0.009 VVM (end of Batch 9), according to

Example 5;

FIG. 13 is a line graph depicting temperature variations for the first two growth vessels in the

photobioreactor with a capacity of 3 m’, according to Fxample 7,

FIG. 14 is a line graph depicting settling [or the two reactors that were left to stand, and in which
growth took place under different temperature conditions (i.e., room temperature and 40 °C),

according to Example §;

FIGS. 15A-15J arc photographs of culture samples taken at the end of the different batches after
7 days of growth in the 2,000-liter system as described in Example 3. These photographs were
taken with an optical microscope at magnification of either 100X (E and H), 400X (A, B, C, I,
and G) or 1000X (D, I, and J); and

FIG. 16 is a drawing depicting a culture system, according to one particular embodiment of the

invention.
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DETAILED DESCRIPTION

The present invention pertains to the field of the photosynthetic culture of microalgae and more
particularly the growing of microalgae on an industrial scale. The invention particularly aims at
utilizing the potential of microalgae for the sequestration of CO, (e.g., to improve the balance in
the emission of greenhouse gases), for the cleanup of gaseous wastes, for the production of
biofuels and for the production of biosourced products such as pharmaceuticals, cosmetics,

nutraceuticals and foods (human and animal).

Consortium

Unlike the systems based on a monoculture of microalgae in sterile conditions, the present
invention aims at growing a consortium of microalgae (i.c., a microalgae population composed
of at Jeast two different species) in non-sterile aquaculture conditions. Surprisingly, the inventors
have discovered that the invention has many advantages and that it can address several problems

of the prior art, such as:

making possible a culture in absence of antibiotics, bactericides, fungicides, and other

substances;
making possible the use of indigenous strains of microalgae;

offering a more robust system of culture, in particular: less sensitivity to contaminants, less
sensitivity to pH variations, less sensitivity to temperature variation; less sensitivity to a
reduction in luminosity, ability to adapt very quickly to stresses in regard to nutrients, less

sensitivity to toxic gas components;
facilitating the formation of flakes (flocculation) and decanting for easier harvesting;

minimizing adhesion of the microalgae to internal surfaces of the bioreactor and internal

components (e.g. optical elements);

making possible a control and regulation of the protein, carbohydrate, and/or lipid content of the

microalgae;
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enables sustained growth in a medium containing few nutrients, fertilizer, etc., especially in a

nitrogen-poor medium;
enables good growth and substantial yields, even with little stirring or agitation; and

in the context of a use of indigenous strains for a large-scale outdoor deployment, better social

acceptance as compared to genetically modified strains.

Several species of microalgae can be used in a consortium according to the invention and a
person skilled in the art will be able to determine which species of microalgae should be used
depending on various predetermined uses and factors (e.g., sequestration of gas or production of
an algal biomass intended for consumption or instead a biofuel, etc.). For example, the
microalgae making up the consortium could be chosen from the following non-exhaustive list:
Ankistrodesmus, Botryococcus, Chlorella, Chlorosarcina, Crypthecodinium, Cyclotella,
Dunaliella,  Euglena,, Gracilaria, Hanizschia, ~Nannochloris, ~Neochloris, ~ Nitzschia,
Phaeodactylum,  Protococcus, Sargassum, Scenedesmus, Schiochytrium,  Stichococcus,

Tetraselmis, Thalassiosira, etc.

It is also possible to use genetically modified or isolated species. In certain preferred
embodiments, the consortium is composed of indigenous species, for example, local indigenous
species taken from a water course (river, stream), a body of water (lake, ocean) or a basin
(reservoir, water trcatment center), ete. The consortium can be formed randomly (any given
indigenous sample) or be constructed precisely, taking into account various economic, climatic,
and other specific aspects. For example, one can form a specific consortium by mixing together
assemblages of known species, such as substantially pure samples of microalgae, by mixing
several samples coming from a monoculture, etc.). One can also form a consortium adapted to
the local conditions (temperature, luminosity, etc.) from local indigenous species. One can also
influence the formation of the consortium to favor the growth of one specics at the expense of
another, by modifying the culture conditions (e.g., temperature, nutrients, luminosity, pH, toxic

compounds, etc.).

One can choose to vary the composition of the consortium, and the total quantity of microalgae

making it up as a function of different predetermined factors and uses, such as: for the

10
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sequestration, elimination and/or capture of gas; for the production of an algal biomass rich in
[;rotein, lipid, and/or carbohydrate; for the production of an algal biomass intended to be
transformed into a biofuel, etc. In particular, it may be advantageous to maintain a minimal
concentration of microalgae in the culture system in order to maintain the survival of desired
populations and/or limit the growth of undesirable species (non-useful microalgae, bacteria, etc.).
In certain embodiments, one maintains in the culture medium a concentration of microalgae from

around 70-100 mg/l to more than 1000 mg/L of culture.

Flocculation and settling

According to the present invention, it is possible to regulate one or more of the outputs
associated with the culture of microalgae, such as the flocculation and/or settling of the

consortium of microalgae.

According to the present invention, the term “flocculation” generally encompasses the formation
of flakes and the aggregation of microalgae. According to certain embodiments of the invention,
the flocculation favors a settling of flakes of microalgae at the bottom of the bioreactor. The
control of the flocculation and/or the settling can be desirable, since it can assist and simplify
collecting or harvesting the microalgae. In fact, the accumulation of the microalgae at the bottom
of the bioreactor can enable the obtaining of a more concentrated material, thus limiting the

efforts for dehydration of the harvested microalgae.

The flocculation can be encouraged and controlled in various ways. According to onc
embodiment, the flocculation is encouraged by minimizing the agitation inside the bioreactor.
According to one embodiment of the invention, the agitation inside the bioreactor is reduced and
it is accomplished by a controlled injection of a gas, preferably CO,, in the bottom of the
bioreactor. According to ccrtain embodiments of the invention, the gas is bubbled at a flow rate
varying from about 0.001 to about 0.1 volume of gas/volume of reactor /minute (VVM), or
preferably at rates varying from about 0.003 to about 0.01 VVM. Additional suitable modes of
agitation may comprises agitation by paddle or propeller, or pumping of the algae to the surface

to reinject these algae at the bottom of the bioreactor.

Flocculation can also be encouraged and controlled by influencing the species of algae
composing the consortium in order to favor the growth of a “flocculating” species at the expense

11
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of another species less inclined to flocculate. This can be done for example, by modifying the

culture conditions, such as the temperature, nutrients, luminosity, pH, age of the culture, etc.

According to the present invention, it is possible to obtain a sufficient growth of microalgae even
by minimizing the agitation inside the bioreactor. This finding is surprising, since the agitation
generally produces better yields by providing the microalgae with a better access to light (i.e. at
the surface of the reactor). Surprisingly, the inventors have shown that the culture of a
consortium according to the present invention, with an agitation <9 em/s and as low as 1-2.5
cm/s, has made it possible to achieve yields similar to an agitation of 10-25 ecm/s (see Example
5). A reduced agitation (e.g., less than 10 cny/s or less than 5 cm/s) is advantageous, since it
permits to reduce the costs of biomass production. In a preferred embodiment, the invention
combines the use of a consortium of algae together with (1) a slight agitation and (2) a system of
light diffusion. This combination is particularly advantageous for obtaining an algal biomass that
is decanted, thereby allowing harvesting at the bottom of the reactor. Recovery at the bottom of
the reactor can be done in various ways know in the art, including aspiration, scraping and the

like.

Biochemical content of the algae and nitrogen load of the culture

According to the present invention, it is also possible to regulate the protein, carbohydrate and/or

lipid content of the consortium of microalgae.

According to one embodiment, one can regulate the algae biochemical content of the algal cells
by influencing the particular composition of the consortium (i.e., the population of algae species)
in order to encourage the growth of particular species at the expensc of another. This can be done
in various ways, for example, by modifying the culture conditions (e.g., temperature, nutrients,

luminosity, pH, etc.).

According to one preferred embodiment, one can regulate the protein, carbohydrate and/or lipid
content of the consortium of harvested microalgae by controlling the nutrient load of the culture,
especially by limiting the quantity of nitrogen (i.e., causing a deficiency) that is available in the

aqueous culture medium.

12
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According to one particular embodiment, a low nitrogen load in the culture (i.e. <15 gN/m3 .day,
< 10 gN/m’ day, <6 gN/m’ day, < 5 gN/m’.day, < 4 gN/m3.day, < 3 gN/m’.day, <2 gN/m’.day,
< 1 gN/m’.day) means that the algae harvested have a lower protein content (e.g.. 25%. 50%.,
75%, 100%, 125%, 150%, 200%, 300%, or >300% less), as compared to a culture with a
nitrogen load of 30 gN/m’.day. In certain preferred embodiments, the nitrogen load in the culture

medium is between 0.9 and 6 g N/m” .day.

According to one particular embodiment, a low nitrogen load (i.e. <15 gN/m3.day. < 10
gN/m’ day, <6 gN/m3 day, <5 gN/m3.day, <4 gN/mH.day, <3 gN/m3 day, <2 gN/m3 day,
<1 gN/m3.day) means that the harvested algae have a higher carbohydrate content (e.g. 25%,
50%, 75%, 100%, 125%, 150%, 200%, 300%, or >300% higher), as compared to a culture with
a nitrogen load of 30 gN/m’.day. In certain preferred embodiments, the nitrogen load in the

culture medium is between 0.9 and 6 g N/m’ day.

The nitrogen load in the culture can be controlled in various ways. In one particular embodiment,
the nitrogen load is controlled by adjusting the quantity of nutrients (e.g. fertilizers, effluents rich

in N-P-K, ctc.) provided to the consortium of microalgae.

The nitrogen used in the culture can come from various sources, especially manure and fertilizers
such as Nutrafin Plant Gro™ (formulation of 30-10-10; N - P,Os - K>0). One can also use, as the
main nitrogen source, biological wastes and residue such as sludge and/or municipal waste
water, farming wastes, and slurries which contain N-P-K. Preferably, the adding of nutrients to

the culture is done in liquid form.

In certain embodiments, the source of nitrogen is controlled to obtain a nitrogen concentration
varying between 0.5 mg/L and 5 mg/L of culture. A person skilled in the art knows how to verify
the nitrogen load of a culture of microalgae and that person knows how to adjust this load in

acceptable manner.

Thus, according to the principles defined in the present invention, one can modify according to a
desired objective the nitrogen supply in order to control the production of biomass and/or vary
the proportions of the cellular components. For example, if the microalgae are produced for the

bioenergy industry and the production of lipids (biodiesel) or carbohydrates (ethanol or butanol).
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a low nitrogen supply will be the preferred operating mode. If the microalgae biomass is
produced for its protein (e.g. animal nutrition, fertilizers, etc.), a nitrogen-rich supply will be

preferred.

According to the present invention, different culture strategy can be developed by modifying the
culture conditions, especially the nitrogen load and supply, in order to control the particular
cellular components of the algal biomass, such as the lipids, proteins and carbohydrates. For
example, for the lipids, one may be interested in encouraging the production of omega-3 or
saturated lipids by the algae. For carbohydrates, one be interested in encouraging the production
of starch, hemicellulose, ete. For protein, one may be interested in encouraging the production of
polypeptides having pharmaceutical properties or proteins rich in certain amino acids (e.g.

methionine).

One related aspect of the invention is the use of a low nitrogen load in the culture medium in
order to reduce the adhesion of the microalgae to the various surfaces which the algae are
contacted. Thus, by reducing the adhesion of the microalgae, one can limit the fouling of various
elements, mechanical parts and clectronic parts, including for instance the interior surfaces of the
bioreactor or culture basin (walls, bottom), probes and sensor inside the bioreactor, the piping
system, the optical elements that may be used to promote penetration and/or diffusion of light,
etc. Limiting the adhesion of the microalgae may be advantageous to maximize the growth of the
algae and the productivity, for example, by maximizing the diffusion of light and/or the
luminosity inside the bioreactor, especially when using optical elements as described in the

present examples.

According to certain particular embodiments, a low nitrogen load (ie. <15 gN/m3.da)'. <10
¢N/m’ day. < 6 gN/m’ day. < 5 gN/m‘z.day. <4 g.\l/m3.day, <3 gN/m3.day, <2 gN/mS.day, <1
gN/mB.day) makes it possible to reduce by 25%, 50%, 75%, 100%, 125%., 150%, 200%, 300%,
or >300% the adhesion of the microalgac, as compared to a culture with a nitrogen load of 16
gN/m3,day. In certain embodiments, one controls the adhesion with a nitrogen load in the culture
medium between about 0.9 gN/m3.day and about 15 gN/m’ .day., preferably between about 0.9
gN/m’ day and about 10 gN/m’.day; more preferably between about 0.9 gN/m’.day
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and about 6 gN/m’.day, more preferably between about 0.9 gN/m’.day and about 2 gN/m3.day,
and more preferably between about 0.9 gN/m*.day and about 1.5 gN/m’ day.

Gas

The culture of the consortium of microalgae in aqueous and non-sterile medium according to the
present invention may prove advantageous for the elimination and/or capture of various chemical
components and gaseous substances, like those coming from industrial smokestacks. These gases
may include, but are not limited to, gaseous substances such as carbon monoxide (CO), carbon

dioxide (CO»), sulfur dioxide (SO;), nitrogen dioxide (NO2), carbony! sulfide (COS), etc.

Thus, according to certain embodiments of the present invention, a gas to be purified is injected
into the culture system/bioreactor. The gas can be injected using various acceptable ways, such
as hy bubbling or at the surface (e.g. controlled atmosphere). If need be, the gas can be heated,
cooled and/or mixed with other components (e.g. nutrients such as nitrogen). The gas can be
injected directly or in an air matrix. Since the injection of gas may influence the pH (generally
causing an acidification), it is generally preferable to verify the pH of the culture and adjust it in
order to maintain optimal culture conditions (i.e., preferably to maintain a pH varying from 6.5
10 8.5). A person skilled in the art will know how to verify the pH of a culture of microalgae and

how to select and use appropriate means to adjust the pH in an acceptable manner.

The type and composition of the consortium (e.g., the species of microalgae, the provenance of
the microalgae) can be designed and/or selected specifically for such a use. Furthermore, a
consortium comprising microalgae species useful in the treatment of gases may be encouraged
by injecting gases having a predefined gaseous substances or by injecting gases coming from
industrial smokestacks. Indeed, a prolonged culture under such conditions should make it
possible to eliminate from the consortium sensitive species of microalgae and encourage instead

growth of resistant species more appropriate for the job.

Temperature

The desirable temperature for the culturing of the microalgae is variable and gencrally lies
hetween 10-27° C. For strains of temperate climates, the optimum is generally between 10-27° C

and preferably around 16-27° C. For thermophilic microalgae, the optimum is generally between
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40-70°C and preferably around 45-50° C. For psychrophilic microalgae, the optimum is
generally between 0-25° C and preferably around 10-20° C. According to certain preferred

embodiments of the invention, the mean temperature is between 24° C and 29° C,

According the present invention, the optimal temperature can be adjusted as a function of the
consortium of microalgae being used, the provenance of the microalgae, the particular species of
microalgae that one wishes to encourage, the intended applications, etc. For example, a
consortium comprising thermophilic microalgae could be encouraged or specifically selected for
a use intended for biofixation of industrial CO,, since the gases rejected by the industries may
reach elevated temperatures. By using thermophilic algae able to grow in warmer culture
medium (e.g. between 40° C and 45° C), one could thus reduce the costs associated with the

cooling of these industrial gases or the cooling of the culture medium.

Bioreactor and Culture system

As indicated hereinbefore, one aspect of the invention concerns a controllable aqueous system.
One particular innovative aspect of the culture system is that it comprises controlling means for
controlling the non-sterile culture conditions of the consortium, the controlling means being
parametrable for (i) optimizing flocculation and/or settling of the consortium of microalgae and
(i) minimizing adhesion of the microalgae to surfaces of the biorcactor, without adversely

affecting growth of said consortium of microalgae.

As pointed out, the culturing of the consortium of microalgae is carried out in an aqueous and
non-sterile medium. According to one particular embodiment, the culturing of the microalgae is
done in a controllable bioreactor, the bioreactor forming an enclosure which contains said

aqueous medium, including the consortium of microalgae.

The bioreactor can be of variable size (several liters to several millions of liters) and be located
indoors or outdoors. The bioreactor can be part of a closed system, such as a photo-bioreactor
(PBR), or be part of an open system such as a pond or basin illuminated by sunlight. In certain
preferred embodiments, the bioreactor is adapted for a large-scale industrial culture in a basin of

10 m® to 250 000 m> or more.
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The culture system and the bioreactor comprise, or are coupled in a certain manner, to
controlling means for controlling culture conditions and/or for controlling certain parameters of
the consortium and the algac composing it, especially: i) the flocculation and/or the rate of
settling of the consortium of microalgae; ii) the adhesion of the microalgae to the surfaces of the
bioreactor; and/or iii) the protein, carbohydrate, and/or lipid content of the consortium of

microalgae.

I'or example, the culture system and the bioreactor may comprise one or more external elements
able to influence the culture conditions. These external elements may include, without being
limited to: a distributor of nutrients (e.g. nitrogen), a gas injector (e.g. CO,), elements for
controlling of the temperature (e.g. heating or cooling elements, thermostat, etc.), elements for
stirring or mixing (hydraulic pump, propeller, liquid injector, etc.), elements for collecting or
harvesting the microalgae (filtration system, aspiration system, pumping system, centrifugation
system, etc.). lighting modules (electrical light source, regulator of intensity and/or duration of
lighting, sunlight distribution device, sun-tracking device, etc.), probes and sensors (temperature,

pH. optical density, nutricnts, gas, ctc.) and the like.

According to certain embodiments, the culture system and/or the bioreactor incorporates a
system for the tracking and distribution of light (particularly sunlight), such as one described in
United States patent applications No. US 13/778,521 filed on 27 February 2013 entitled “Sun
tracking light distributor system™ and No. US 13/780,857 filed on 28 February 2013 entitled

“Sun tracking light distributor system having a V-shaped light distribution channel”.

According to certain embodiments, the culture system and/or the bioreactor incorporates a V-
shaped light distribution system having a pivot assembly for V-shaped light distributors and/or a
cleaning system such as those specified in PCT patent application No. PCT/IB2014/061790 filed
on 28 May 2014 entitled “V-shaped light distributor system”.

One particular embodiment of a culturc system according to the present invention is illustrated

in FIG. 16. The culture system (1) comprises a bioreactor (10) comprising side walls (2) and a
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bottom wall (4) forming an enclosure. The bioreactor (10) comprises an aqueous culture

solution (6) comprising a consortium of at least two living species of microalgae.

The culture system (1) comprises controlling means for controlling culture conditions of the
consortium. The controlling means may consist of different control elements for affecting the

culture conditions (nutrients, temperature, mixing, illumination, gas, pH, etc.)

In FIG. 16, the controlling means comprises mixers, illustrated as a propeller (20) and a
hydraulic pump (22), for mixing the culture. The controlling means of Fig. 16 may comprise, in
addition to a mixer or in replacement thereof, a gas injector (18) for bubbling gas (8), preferably
CO,, into the bioreactor. The controlling means of Fig. 16 further comprises a nutrient controller
(16) for maintaining a load in nutrients (e.g. nitrogen) to a desirable level. The system preferably
comprises one or more sensor (17) to continuously monitor various culture parameters such as

the temperature, illumination, pH, etc.

In this particular embodiment, the bioreactor (10) is an outdoor open bioreactor and illumination
of the algae is provided by the sun (25). According to this embodiment, the controlling means
further comprises a sunlight distribution device (12) for increasing sunlight penctration into
deeper portion of the reactor, and also a mechanical sun-tracking device (14) for optimizing

alignment of the sunlight distribution device (12) with the sun, as it moves into the sky.

EXAMPLES

The following examples pertain to particular embodiments and are not meant to limit the

invention, but simply to show its operation and its applications.

Premises:

“Photon yield” (PY) was used as a measure of the efficacy or productivity of the algal biomass.
This theoretical value is around 10 moles of photon/mole of fixed CO;. A low PY value
indicates a good utilization of the light to fix CO;, thus generating more algal biomass with less

light.

Equation 1 presents a calculation method to estimate the photon yield of a culture system
operating in continuous mode. The parameter “S5” (suspended solid) is measured following the

purging of the system.
18
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EQUATION 1
Photon yield (PY) = Photon flux of culture system x lighting duration

SS x purge volume x ( 1,8 )
1000 /44
For systems in batch operation, equation 1 is modified due to the absence of purging, giving the

following equation 2.

EQUATION 2
Photon yield (PY)=Photon flux of culture system x lighting duration

I 1,8
(final SS - initial SS) x reactor volume x (m)

In equation 1 and equation 2, note the following :
The photon flux is in mole photon/hout;

The lighting duration in hours;

SS is expressed in mg/l;

The purge or reactor volume is expressed in liters;
1.8 represents 1.8g CO2 per g of produced biomass;
1000 represents 1000 mg/g; and

44 represents the molecular weight of CO,.

EXAMPLE 1: DESIGN AND FABRICATION OF 20 L REACTORS WITH OPTICAL TULIP-SHAPED ELEMENTS

Five reactors of 20 liters each were fabricated. Each reactor was made from a transparent plastic
(acrylic) cylinder about 22 cm in diameter and with a total height of about 60 ¢m, or 10 cm of
free space at the bottom for the agitation and injection of CO; as well as 5 cm free above the

liquid level to prevent overflowing.

Four optical tulip-shaped elements were inserted in each of the 20-liter reactor, as shown in
FIG. 1 and FIG.3A. The 4 tulips were distributed on a square of 8.5 cm on each side, as
illustrated in FIG. 2 to cover the opening of the reactor. Each tulip was covered by a Fresnel lens

cut to occupy around ¥ of the surface of the cylinder.
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The performance was measured for three different values of light intensity incident on the tulips

in a laboratory installation (FIGS. 3A and 3B).

Experiments were performed to determine whether the use of the tulip-shaped optical elements
promotes the photon yield (PY). The effectiveness of a system with 4 tulips was compared to a
conventional system without such tulip-shaped optical elements. The measurements of the PY

are presented in Table 1.

Table 1: Test conditions and photon yields obtained for the optical elements of tulip type

cement PY
Reactor and Vol Ga.s Lighting (moles of Improvement
lighti 1)) (/min) photons/mole of factor
ighting CO,)
intensity 2
R1 4 tulips at
. 50 % solar | 18.6 2 12/12 32+£8
continuous | . -
intensity 3.7-4.4
RS Direct light o
. 50 %solar | 74 0.7 12/12 141 +£ 355
continuous | . .
intensity

The following conclusions can be drawn from the results of Table 1:

The use of tulip-shaped optical elements to distribute the light in the algal biomass augments the

photon yield significantly, i.e by a factor between 3.7-4.4;

The gain in photon yield signifies that, at equivalent productivity, the system would occupy on

average four times less surface than a conventional process without optical elements.

EXAMPLE 2: DESIGN AND FABRICATION OF 20L REACTORS WITH OPTICAL V-SHAPED ELEMENTS

For basins of large dimension, longitudinal V-shaped optical elements would be preferred to

tulip-shaped optical elements.

For carrying out the following laboratory experiments, pyramidal V-shaped optical elements
adapted to fit within the cylindrical shape of the 20-liter reactors where used. FIG. 4 shows the
configuration of the pyramidal V-shaped optical elements. In this particular embodiment, the
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diameter of the internal opening is 19 cm and its height is 51 cm (corresponding to light dilution
factor = 3.6x). Although these V-shaped optical elements are actually of a pyramidal shape, their
optical operating principle is similar to that of longitudinal V-shaped element described in
Example 3 below and, according to the present description, they will be referred to as *“V-shaped

optical elements™.

FIG.5 is a photograph showing the assembled reactors comprising the V-shaped optical
elements (in the middle and on the right). In this picture, the first reactor on the left comprises
tulip-shaped optical elements and is utilized as a reference during the laboratory experiments.

The 20-liter cylinders were filled up to around 5 cm from the upper edge.

EXAMPLE 3; DESIGN AND FABRICATION OF A 2000 L REACTOR (3 M?) WITH V-SHAPED OPTICAL
ELEMENTS
The design criteria for the prototype were based on results obtained in 20-liter reactors in

combination with considerations of economics and applicability for a full-scale system.

A laboratory prototype of 3 m” (2 000 liters basin) was fabricated and put to the test for a petiod
of three months. V-shaped longitudinal optical elements were designed for the laboratory pilot of
3 m% The height of the V was set to ensure an optical dilution factor equivalent to that of the
long V used during the tests of 20-liter reactors. FIG. 6 presents a diagram illustrating the
lighting module and V-shaped optical elements. FIG. 7 shows an actual picture of the 3 m’ basin

with the V-shaped longitudinal optical elements and the lighting module above the basin.

In order to validate the effectiveness of the V-shaped longitudinal optical elements, experiments
were performed with and without the V-shaped optical elements. The results of the measurement

of the PY obtained in the 3 m” reactor are presented in the following Table 2.
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Table 2: Photon yields obtained in the 3 m” reactor

PY
Optical elementand | Volume | Gas | . 5. (moles of | Improvement
type of lighting @ | Qmin) | 8" | photons/mole | factor
of CO,)

logong V-thlca] ajt 1847 18 12/12 7 +2

65% solar intensity 37

. . o )
Direct .hght §5 %o solar 1847 18 12/12 99

intensity

These results show that, for a scale of 2000 L (3 m?), the use of the V-shaped optical elements
makes it possible to achieve an improvement factor similar to that obtained during the

experiments in reactors of 20 liters (Table 1).

EXAMPLE 4: STARTUP OF SYSTEMS USING WATER TAKEN FROM THE ST-LAWRENCE RIVER (QUEBEC
BRIDGE)

Objective of the experiments

The objective of these experiments was to validate that the use of microalgae originating from
any given water could generate an adequate and well performing inoculum. For a large-scale
application, the use of an inoculum coming from a local watercourse will be preferred. In this
regard, a start-up based on an indigenous inoculum was carried out and the obtained consortium

was used for specific series of experiments.

Description of the experiments and results

The start-up of the experiments was done with reactors of about 20 liters comprising tulip-
shaped diffusion system of (FIGS. 1-3). The luminous intensity for these experiments was set at
a value of 50% of the solar intensity for a period of 12h/day. The nutrients Nitrogen (N) and
Phosphorous (P) were furnished from horticultural 30-10-10 fertilizer and a solution of Nutrafin
Plant Gro™ which furnished the essential trace elements. The pH was adjusted in a range of 6.5

to 7.5.

A volume of 100 L of water from the St-Lawrence River was collected on 1 May 2012 at the
height of the Québec bridge at low tide. Upon reception, the water was filtered in a filter of size

297 um in order to remove predatory organisms, crustaceans, sand particles, cte.
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In all, six consecutive experiments were carried out in a 20 L reactor for testing different
e{pproaches and culture parameters. The most efficient sequence which generated a biomass with
the best photon yields, was:

Rough filtering of the water;

Placing the river water in presence of light and with a dose of fertilizer corresponding to 710
mg/L of N and 31 mg/L of P. The use of fertilizer such as Nutrafin Plant Gro™ may be

necessary on occasion (o replace the micronutrients.
Leave this culture illuminated and do a transplanting of 10% of the volume every 9-10 days.

The number of transplants was four;

The reactor is inoculated with 10% of this volume of algae and a lower concentration of fertilizer
on the order of 21 mg/L and 3 mg/L of N and P. respectively, is maintained with an addition of

Nutrafin Plant Gro™ at 0.2 ml/L;

The reactor was illuminated with 50% of solar intensity and maintained in batch operating for

more than 13 days;
An injection of CO; of 0.1% at 2 L/min was commenced starting on day 5;

Each day, a quantity of fertilizer on the order of 20 ml of 30-10-10 at 33 g/L and of Nutrafin™ at
0.2 ml/L was added to the 20L reactor. This quantity of 20 ml could be lowered to 10 ml/day.

This biomass, once started in the 20L reactor, was used in all of the subsequent experiments.
After this, in more than 10 months of experiments, photon yields (PY) of 25 to 32 were

frequently achieved in the optimized system.

According to the results obtained by these experiments, certain trends can be set forth:
Starting with a consortium of algae developed from a sample of water of the St-Lawrence River,

it is possible to obtain well performing PYs of 25 to 32;
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The startup process, although not optimal, calls for a growth without agitation, without aeration
(static), in the presence of fertilizer, under lighting of 12h/day with replenishments of 90% of the

volume at 9 or 10 days;

This biomass can then be placed in a culture batch (20L) for a period longer than one week and
supplied with fertilizer at a load of 5 to 7 mgN/L.day under a lighting of 25 to 50% of solar
intensity for 12h/day. An injection of CO; (0.1% v/v) can be done after 5 days of growth at

2L/min or less.

Upon startup of the bioreactors, the growth was initiated (batch) in the presence of a specific
nutrient solution, intensity and duration of lighting. The quantity of biomass is monitored by

means of the absorbance at 680 nm.

The maximum rates of growth were calculated from the curves of FIG. 8. These values are
compiled in Table 3 below. As anticipated, the highest growth rate is observed for the reactors
having the greatest luminous intensity. These maximum values are mcasured between the 10th
and 20th hour of illumination as compared to the systems at 12 and 25% of luminous intensity
where the maximum growth was observed between the 20th and 30th hour of lighting. Likewise,
the maximum cell densitics of the cultures are directly proportional to the luminous intensity

administered.

Table 3: Measurements of the maximum growth ratcs (pmsx) estimated from consortiums

cultivated in a batch

Reactors | Type of lighting Winax Mmax Period of attaining pmax
h! it hour of illumination

R1 Diffuser 50% solar | 0.11 1.21 between 10-20 h
intensity

R2 Diffuser 25% solar |  0.08 0.71 between 20-30 h
intensity

R3 Diffuser 12 % solar |  0.06 0.56 between 20-30 h
intensity

R4 Diffuser 25% solar | 0.08 0.76 between 20-30 h
intensity

Notes: The growth rates in hours are calculated according to the illumination time. The growth

rates in days are calculated according to the overall length of the experiment.
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The growth rates calculated for the 4 reactors correspond to the values referenced in the
s‘ciemiﬁc literature which can vary between 0.2 and 2.62 day'] depending on the species and
different growth conditions (Cadoret and Bernard; 2008). These authors report a growth rate of
1.84 day™! for Chlorella vulgaris.

After the start-up, the systems were fed and purged according to an operation in turbidostat mode
(controlled by the optical density or the cell density). The target values of the cell densities,
estimated by absorbance at 680 nm, were set in the exponential arca of the growth curve. Each
day in the morning the absorbance value is noted down, a culture volume is removed and
replaced with a volume of nutrient solution in order to re-establish the target value of

absorbance.

FIG. 9 shows the tracking of the absorbance in 3 separate reactors on a daily basis. Overall, the
behavior of reactors 2, 3 and 4 indicates a good stability in regard to variations of absorbance on
a daily basis. The coefficient of variation (standard deviation/mean) varied between 2.7 and 6.3%

for all the experiments.

An experiment in batch mode was also performed for several months by purging the system and
keeping 10-25% of the culture of the consortium to restart the next batch. These experiments
were carried out on the photobioreactor of 3 m? (2000 L) as described in Example 3 and
illustrated in FIGS. 6 and 7. The agitation of this reactor was done by gas injection at 18L/min
for a liquid volume of 1847 L. The lighting was maintained at around 60% of the solar intensity
for a period of 12h/day. A system of pumped agitation with the help of a diaphragm pump and
reinjection of the biomass at the bottom of the reactor was used for the experiments requiring a

supplemental stirring.

The results of the development of the biomass (SS or suspended solid) according to the batches
are presented in FIG. 10. According to these results, it is possible, under non-sterile conditions

and in an open system, to maintain an indigenous algal biomass in continuous or batch culture

for several days.

Accordingly, unlike the prior art (e.g. U.S. patent application published as No. US 2010/0120095
and US 2010/0139265), the culture method and culture system of the present invention, with an
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indigenous consortium, does not require antibiotics or biocides to maintain the desirable

characteristics and the performance of the culture,

The lipid contents of the consortium, for the batch and continuous cultures, are presented
hereinafter in Tables 4 and 5, respectively. The results presented in these tables indicate that the
consortium has a similar lipid contents, regardless of the mode of production (batch vs
continuous). Likewise, the lipid contents are maintained in experiments performed at intervals of
several months. For comparison, the lipid contents of the principal strains of microalgae of fresh

water reported in the Oilgae Report Academic Edition (April 2011) are between 14-40%.

Table 4: Lipid content of the consortium for different batch cultures (Photobioreactor of 2000 L

with V-shaped optical element)

# Batch Lipid contents % d.w
4 21
5 22
6 24
7 22
8 21

Table 5: Lipid content of the consortium for the continuous culture (Photobioreactor of 20L with

tulip-shaped optical element)

Reactors Lipid contents % d.w.
T=0 day T=47-50 day
R] 20 24
R2 23 20
R3 23 24
R4 24 26

EXAMPLE 5: EFFECT OF AGITATION ON THE PHOTON YIELDS AND ON THE SETTLING OF THE BIOMASS
Objective of the experiments

The objective of these experiments was to understand and measure the effect of agitation
(mechanical and/or gaseous) on the biomass production and on the utilization of the photons. A
process whose algal growth is well performing under conditions of slight agitation constitutes a

very economical approach to production. A decrease in the agitation or the aeration could have
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direct impact on the growth of the algae or on their segregation in the reactor (settling or

adhesion).

In order to verify this hypothesis, experiments were performed under different conditions of
agitation. These experiments were arranged on the basis of industrial applications such as aerated

ponds for which large surfaces are aerated and agitated.

Methods

Experiments to test the effect of agitation of the biomass on the PY were carried out on reactors

of about 20 L provided with a tulip-shaped light diffusion system (FIGS. I to 3).

During the experiments, the light was set at around 50-60% of the solar intensity for all the
reactors. The nutrients (N and P) were in excess in all the cases. The pH was adjusted in a range
of 6.5 to 7.5. CO, was supplied to the system in concentration adapted to the gas flow for each
reactor. All the experiments were carried out in a batch for a period of more than 100 h of

illumination.

In addition, settling experiments were also carried out in a reactor of 200 L (3 m’). Two
additional experiments were performed in the 3 m? the reactor. The first one consisted in keeping
only gas injection as the stirring method and measuring the vertical profile of SS. The other
series of experiments consisted in adding a system of recirculation of biomass via a diaphragm
pump at a rate of one volume of 1000 L recirculated at times. The diaphragm pumps are known
for limiting cell breakage (Jaouen et al 1999). The biomass was pumped to the surface and
reinjected at the bottom of the basin via a perforated piping to facilitate its dispersion. Several

batch experiments were performed, each one lasting for around 7 days.

Results

The results of the effect of agitation on the placement of the algae in suspension are shown in

Table 6 hereinafter.
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Table 6: Effect of the agitation of the 20L reactors on the suspension (mixing) of the biomass, as

evaluated in terms of the absorbance measurement.

Speed (cm/sec.) | Absorbance (at 680 nm) Inerease in

Mixilfg'/gas Bottom | Surface Before After absorbance
conditions suspension | suspension ‘ (%)
T=120h | T=126h

Reactor

R2 Gas at 2,000 3 9 2.79 2.99 7
mL/min. and
agitation at
4 with the aid
of a magnetic
stirring device.
0.1% COs».

R3 Gas only, 25 4 2.72 3.31 22
at 200 mL/min.
1% CO,.

R4 Gas only, | 2.5 2.64 3.43 30
at 60 mL/min.
3% COa,.

RS Gas at 60 1.5 3 231 3.10 35
mL/min. and
agitation at
4 with the aid
of a magnetic
stirring device.
3% CO,.

The findings reported in Table 6 definitively confirm that for a reactor operating at a low rate of
agitation, the algal biomass can develop but it does not remain in suspension. Indeed, a manual
suspension of the biomass provides for absorbance values that are higher than the value that was
measured in the reactor using the agitation parameters defined in Table 6. The results of the
absorbance measurements indicate that the biomass is growing well in reactors that are agitated
at a low rate, but they also indicate that the biomass remains attached to the walls of the reactor
or the biomass is decanted due to low shear forces. The presence of clumps (“flocs™) was also
observed for reactors R4 and RS. This fixation effect of the biomass was less pronounced for
R2, which was heavily agitated and whose agitation speed was on the order of 9 cm/sec at the

surface of the reactor (Table 6).
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Table 7 provides a statistical comparison of the PY values for R2, R3, R4 and RS. Because of the
nature of the experiments, few PY values were measured. When the 3 series in the experiment

were performed, only the initial and final SS values were obtained.

Table 7: Comparative analyses of the effects of agitation and aeration on the calculated Photon

Yield (PY) values (o = 0.05) for 20L reactors.

Variables | Comparison | Obs. PY T-test Conclusion
No. Mean + standard a=0.05
deviation
Gas flow | R3: 3 41+£3 1.15<2.78 | The means are
200 mL/min. similar
R4: 3 44 + 4
60 mL/min
Magnetic | R4: notstirred | 3 44 +4 0.38<3.18 | The means are
stirring | RS: Stirred 2 46£9 similar
Flow and | R2: 3 46+9 0.34<2.78 | The means are
stirring | 2000 mI./min. similar
+ stirred
R4:
60 mL/min, + 3 44 +4
not stirred

The results of presented in Table 7 suggest that, for the ranges that were tested during these
experiments, agitation or aeration has no effect on the use of photons by the algae. Accordingly,
the use of an indigenous algae consortium under relatively low agitation conditions (1 to 3 cm/s)
makes it possible to obtain a level of productivity that is similar to the one obtained with a more
heavily agitated system (e.g. R2 with a speed of 3 to 9 ecm/sec). For example, stirring speeds of
10 to 25 ¢m/s have often been proposed for open-pond systems on an industrial scale (Oilgae

Report, Academic Edition, April 2011).

It is well known that collection or harvesting of the algal biomass constitutes a limiting stage in
the implementation of procedures on an industrial scale. Accordingly, settling and/or
bioflocculation may be an advantageous culture characteristics that could be exploited in order to

facilitate harvesting of the algae (e.g. algae deposited at the bottom of the bioreactor).

In the next series of experiments, vertical concentration profiles of the biomass were observed so

that settling/adsorption in the reactor could be evaluated. In the absence of mechanical stirring,
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the algae decanted and deposited at the bottom of the reactor as shown in FIG. 11. The dryness
of the decanted biomass sludge at the bottom of the reactor was on the order of 21%
(210,000 mg/L) dry matter, which is much greater than the operating concentration of the reactor

(approximately 1000 mg/L).

The vertical profile of the biomass was observed in the 3 m? reactor, which was agitated solely
by means of gas injection. Samples were taken at five depths and in two different areas in the
reactor (V2-V3 and V8-V9), and the SS values were measured. The results are shown in

FIG. 12.

FIG. 12 shows that the biomass concentration remains essentially constant at + 270 mg/L for a
depth of 0 to 45 cm. Conversely, the biomass is more concentrated at the bottom, reaching
values in excess of 800 mg/L. These results suggest that settling could be a feasible approach for

a simplified harvesting microalgae at high concentrations.

As a supplement, concentration values for the biomass in suspension, with or without agitation,

for the 3 m’ reactor are shown in Table 8 below.

Table 8: SS values of the algal biomass collected at the surface of the 3 m? reactor, for different

growth batches with or without agitation by means of recirculation.

Measured SS (mg/L)
. . Before After Increase in
Batch | Mixing/gas conditions suspension suspension concerﬁt::tion (%)
3 Gas injection (0.009 397 420 5
VVM) and recirculation
(1,000 L/h)
4 Gas injection (0.009 458 481 5
VVM) and recirculation
(1,000 L/h)
5 Gas injection (0.009 394 455 13
VVM) and recirculation
(1,000 L/h)
9 Gas injection (0.009 348 522 33
VVM) only
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The results presented in Table 8 indicate that agitation makes it possible to keep almost all of the
t;iomass of the system in suspension. Accordingly, measurements of the biomass in suspension
represent between 87% and 95% of the system’s biomass. When injection of gases was used as
the only mixing method, 33% of the biomass was found on the bottom or adhered to the optical
clements. Accordingly, an operating procedure using only gas injection could be employed in

order to obtain both, a good productivity and a settling of the biomass.

Accordingly, the combination comprising the use of a consortium of algae, paired with a low
level of agitation and a light-diffusion system capable to increase productivity by a factor of 3.5
ot 4, makes it possible to obtain an algal biomass that can be decanted, thus further enabling its

recovery from the bottom of the reactor.

In summary:

A very modest mixing does not affect the conversion of light into biomass for a batch culture

over a period of approximately ten days;
A very modest mixing encourages settling;

Concentration of biomass may be from 2 to 4 times higher in settling regions than at the surface

when the system is only modestly agitated;

Continuous very modest mixing of the biomass, combined with an aspiration system located at
the bottom of the reactor or basin, appears to be a promising approach for the harvesting and

dehydration of the biomass; and

Modest mixing also appears to encourage agglutination/flocculation (i.c., the formation of flocs)

of the algae, which may constitute an advantage in terms of energy and harvesting.

EXAMPLE 6: EFFECT OF THE DOSE OF NUTRIENT ON THE PHOTON YIELDS AND ON THE CHEMICAL
COMPOQSITION OF THE MICROALGAE

Objectives of the experiments

The objective of these experiments was to evaluate the effect of the dose of nutrients (N and P)

on the yields of the culture system and on the composition of the biomass.
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Methods

Experiments were performed in order to test different doses of nutrients for multiple batches of
culture in a photobioreactor having a capacity of 3 m? (2,000 L), as shown in FIG. 6 and FIG. 7.
This reactor was stirred by means of gas injection (1% CO») at a flow rate of 18 L/min for a
liquid volume of 1,847 L. The lighting was kept at approximately 60% of solar intensity for a
period of 12hours/day. The agitation system, which was based on recirculation, was
implemented by means of pumping from the surface, with the aid of a diaphragm pump, with
reinjection of the biomass at the bottom (1,000 L/hour). The pH was adjusted to a value within

the range from 6.5 to 7.5. The duration of the experiments ranged [rom 84 hours to 120 hours.

The fertilizer that was used was a horticultural fertilizer with a 30-10-10 (N - P,0O5 — K,0)
formula. A concentrated stock solution (fertilizer concentration of 33 g/L) was prepared with
dechlorinated tap water. The stock solution contained a final concentration of 9.9 g/L. of N,

1.4 g/L of P, and 2.7 g/L of K.

The final N/P ratio of the culture solution was 5.5. That value is within the range of ratios of 2.5
and 10 for which it has been suggested that consumption of the N and of the P should be
complete (Li et al., 2012). The various nutrients loads that were tesied during the experiments
ranged from 0.9to 16 g N/m’ per day, corresponding to a concentration of 6 to 112 mg/L over a

period of 7 days.

Results of the experiments
A) Algae growth

The results of the effect of the fertilizer loads are shown in Table 9 below. According to these
findings, a load of 0.9to 6 g N/m’ per day appears to be sufficient to generate good microalgae

growth and to ensure almost complete consumption of the N and of the P.

Table 9: Effect of the nitrogenous loads on algal growth in batch operating mode (2,000L

reactor with a capacity of 3 m).
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Experiment No. (in g of 111/11(1)1?(:)& day) Fli)nYal
2 16.1 30
8-9 “ 1.5 25-32
10 0.9 32

With a low nitrogen load (< 1,5 g N/m’ per day), a significant difference in the color of the algae
was observed. Their color was paler (yellowish-green) than that of algae that had been cultivated
with higher nitrogen concentrations (dark green). This difference in color illustrates the rapid
adaptation of the consortium, through a change in its pigmentation, in response to nitrogen stress.
One worthwhile positive finding is that productivity (PY) was not affected in any way by the
nitrogen load (Table 9).

The prior art suggests a low growth for a pure culture of Chlorella vulgaris with N
concentrations of 10 mg/L. (Tam and Wong, 1996). In the present experiments, the loads that
were tested ranged from 0.9 to 16 g N/m’® per day, corresponding to a concentration of 6 to
112 mg of N per liter over a period of 7 days. Thus, it was surprising to find that, according to
the principles of the present invention, and contrary to the published report, the use of a
consortium of algae allows a very good adaptation to low doses of nutrients, whilc maintaining

constant productivity levels (i.c., a constant PY).

Furthermore, apart from the change in color due to the lack of nitrogen, it was noted that at low
doses of nitrogen there was little adsorption of the microalgae on the optical elements. After
scven days of growth at a low N load (1.5 g N/m”® per day), very little biomass was adhered to the
surface of the optical elements (not shown). Since the optical elements were essentially free from
algac they could easily be cleaned, i.e. simply by a stream of water. with no mechanical

intervention.
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To the contrary, with a load on the order of 6.9 g N/m’ per day, much more biomass was adhered
to the surface of the optical elements (not shown). Since the optical elements were essentially
covered with algae, the cleaning of the optical elements was more difficult, requiring a siream of

water in conjunction with mechanical cleaning and with the aid of a rubber scraper.

Thus, according to the present invention, it may be advantageous to use reduced loads of

fertilizer in order to limit the fouling of internal surface of the reactor and/or its optical elements.

In summary, according to the principles of the present invention:
The actual nitrogen requirement, without affecting the photon yield, is between 0.9 and 6 g N/m’

per day. This means that municipal wastewater could be used to meet the nitrogen requirements.

The algal biomass consortium has the ability to adapt very rapidly to nuirient-related stresses.
The growth performance of the algac is scarcely affected, although a change in pigmentation has

been observed.

The use of a low nitrogen load has the further advantage of reducing the adhesion of the algae to
the internal surface of the reactor and/or its optical elements, thereby limiting the fouling of those

elements.

B) Composition of the algae

The analysis of the effects of the nitrogen load on the absorption capabilities of the biomass was

supplemented by analyses of the composition of the algae for different nitrogen loads.

The characterization was performed on three samples of biomass that were produced during
experiments with the 2 m’ capacity rcactor. Sample No. 1 is a composite that was obtained by
mixing the biomass from two series of experiments lasting 9 and 7 days, respectively, and for
which the respective nitrogen loads were 4.6 and 5.4 ¢ N/m? per day. Sample No. 2 came from
an experiment that lasted 7 days, in which the nitrogen load was also 5.4 g N/m® per day. A third
sample was analyzed after an experiment that lasted 7 days, for which the nitrogen load was

reduced to 1.5 g N/m’ per day.

Table 10 shows the results of the analyses of the major constituents of the algal biomass. The

nitrogen load seems to affect the carbohydrate and protein content of the cellular constituents. In
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fact, for a low nitrogen load, the algae that were collected from sample No. 3 had a protein
éontent that was lower (by more than half) than the protein content that was measured for the
algae samples that were fed with a higher load (No. 1 and No. 2). Conversely, the same algae
(from sample No.3) had a carbohydrate content that was twice as high as the carbohydrate

content of the algac that were cultivated at higher nitrogen concentrations (No. 1 and No. 2).

Table 11 shows the distribution of the lipid, carbohydrate and protein fractions according to the
nitrogen load. What this means is that a nitrogen nutrition strategy would make it possible to
control the production of biomass in order to vary the proportions of the cellular constituents of
the algae, according to the product intended to be sold on the market. As shown in Table 11, a
low-nitrogen strategy would favor the carbohydrate and fat fractions, to the detriment of
proteins. Accordingly, if the algae are cultured for the production of bioenergy (i.e. the
production of fats (biodiesel) or carbohydrates (ethanol or butanol)), then a low-nitrogen
nutrients would be the preferred operating mode of the culture system. Conversely, if proteins
are the desired products (e.g. for animal feed and/or for use as fertilizers), then preference would

be given to nitrogen-rich nutrients culture system.

Table 10: Distribution of constituents in the algal consortium, according to their nitrogen loads.

Sample No. 1 Sample No. 3
Sample No. 2
Load: 4.6 to Load: 15¢g .
Parameter 3 Load: S4¢g 3 Calculation method
5.4 g N/m” per 3 N/m” per day
N/m” per day
day
Fats 4% 9% 3% Chloroform /.methanol
extraction
Carbohydrates 24% 25% ~50%' Total fiber
Proteins 51% 57% 24% Total non-soluble
nitrogen x 6.25
Ash 2.7% 2.6% 3%? Combustion at 530 °C
without phosphorus

The carbohydrates were estimated by a subtraction from 100% less the fat, protein, and ash
content. Phosphorus was not subtracted from this ash content. The fats consisted of 35% linoleic

(omega-3) acid. The carbohydrates consisted primarily of hemicellulose.

Table 11: Ratio of the fats, carbohydrates, and protein in the algal consortium, based on the
nitrogen loads.
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Sample No. 1 Sample No. 2 Sample No. 3
Ratio Load: 4.6 to 5.4 Load: 54¢ Load: 15¢
s N/m’ per day N/m® per day N/m’ per day
Fats:carbohydrates:proteins 1:1:2 1:1:2.5 1:2:1

EXAMPLE 7: EFFECT OF WATER TEMPERATURE ON GROWTH OF THE MICROALGAE
Objectives of the experiments

As a preliminary step, a series of experiments were conducted in order to evaluate the effects of
the temperature on algae growth. During the course of these experiments, the temperature of the

system was monitored and its effect on the photon yields was measured.

Methods

A temperature acquisition system (thermocouple) was inserted at the edge of the photobioreactor
with a capacity of 3 m” (2,000 L), as shown in FIG. 6 and FIG. 7. The culture inside the reactor
was stirred by means of the injection of gas at a flow rate of 18 L/min. for a liquid volume of
1,847 L. Lighting was kept at approximately 60% of solar intensity for a period of 12 hours/day.
Agitation, which was based on recirculation, was implemented by means of pumping from the
surface, with the aid of a diaphragm pump, with reinjection of the biomass at the bottom
(1,000 L/hour). The pH was adjusted to a value within the range from 6.5 to 7.5. The duration

of these batch experiments ranged from 84 hours to 120 hours.

The fertilizer that was used was a horticultural fertilizer with a 30-10-10 (N — P,0s — K;0)
formula. A concentrated stock solution (fertilizer concentration of 33 g/L) was prepared with
dechlorinated tap water. The stock solution contained a final concentration of 9.9 ¢/l of N,

1.4 g/L of P,and 2.7 g/L of K.

Results

Temperature is one of the major factors, second only to light, that affect the metabolism and
growth rate of microalgae (Mata ef al., 2010). The metabolic rate is usually accelerated by high
temperatures (while being usually lethal starting at 35 °C) whereas lower temperatures (< 16 °C)

can inhibit growth (Kumar et al., 2010).

The optimal temperature varies depending on the microalgae species. Microalgae can usually

tolerate temperatures that are as much as 15 °C lower than their optimal temperatures, but have
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greater difficulty tolerating temperatures that are even just a few degrees higher than their

optimal temperatures (Mata ef al., 2010).

The optimal temperature also varies according to the provenance of the microalgae. For strains
originating in temperate environments, the optimum temperature is within the range from 10 to
27 °C, and preferably on the order of 16 to 27 °C. Thermophilic microalgae are of particular
interest in the area of the biofixation of CO,, because the gas produced by industrial plants and

factorics can reach high temperatures, thereby reducing the cost of cooling.

On hot days in closed systems, the risk of reaching lethal temperatures is very high, sometimes

requiring a cooling system in order to maintain an appropriate temperature (Mata et al., 2010).

Because of luminous intensity and the heat released by the lamps, a first series of experiments
were conducted under temperature conditions equal to or greater than 25 °C, and specifically
between 25 °C and 32 °C (FIG. 13). The temperature peaks correspond to the illuminated
periods, whereas the valleys indicate during the black-out periods. Changes in the position and

direction of air-conditioning outlets made it possible to keep the water temperature below 30 °C.

Here again, the use of a consortium according to the present invention illustrates the robustness
of the culture system. The PY values shown in Table 12 indicate that the algae consortium
generates similar growth yields for a system opcrating within an average temperature range of 24

to 29 °C.

Table 12: Temperatures for the first two algae culture experiments, and their effect on PY

values.
Mean temp. | Min. temp. | Max. temp. tl:r:llglel:;:lf:e Final PY
] ¢] (o]
C) 0) C) data points value
28.8 25.2 32.2 139 32
24.0 21.5 269 145 30
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EXAMPLE 8: EFFECT OF WATER TEMPERATURE ON COMPOSITION OF THE MICROALGAE

As a preliminary step, the temperature operating ranges were determined through the use of the
thermal simulation for the microalgae culture system. The maximum and minimum temperatures
ranges in the reactor were set according to normal temperatures in Quebec city at different period
of the year, i.e. at 35°C to 40°C (June and July) and at 10 to 15 °C (spring, October, and
November). Based on this information, the 20-liter reactors were modified so that an attempt

could be made to keep the temperatures within the defined ranges.

For the last batch in each experiment, the fat content and the fatty-acid profile (fatty-acid methyl
ester, or FAME), the carbohydrate content, and the protein content were measured, and
taxonomic identifications were made, in order to determine the effect of temperature on the

biochemical and microbiological composition of the microalgae.

Effect of the temperature on growth performance

The results presented in Table 13 show that there is a twofold photo-yield loss when the system
is operating at a higher temperature. Conversely, at low temperatures, the yields are similar to
the ones obtained at room temperature. Accordingly, the use of a consortium makes it possible to
obtain a procedure that functions over a temperature range from 9 °C to 40 °C. Moreover, the
trend appears to indicate that the particular consortium tested preferred cold temperatures to hot

temperatures.

Table 13: Photon yield of the experiments with hot and cold growth temperatures.

Photon yield
Batch Room temperature 0 0
(1910 23°C) 35t040°C 910 12.5°C
) 24.8 50.9 295
2 315 69.2 36.5
3 27.6 50.4 33.2

After the observation of the poor performance of the reactor operating at a hot temperature,
additional experiments were performed in order to simulate a return to normal temperatures (i.c.,

room temperature). The results shown in Table 14 made it possible to validate the robustness of
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the microalgae consortium in terms of reestablishing itself when hostile conditions are replaced
by normal conditions. Accordingly, operation at hot temperatures for more than three weeks did
not irreversibly change the yield of the consortium. The performance levels were immediately

restored when the temperatures returned to cooler levels.

Table 14: Photon yield of the experiments at hot growth temperatures and a return to room

temperature.

Photon yicld
Batch 3510 40°C Return l‘((; ;otzrg ;eolg)erature
1 50.9
2 69.2 -
3 50.4
4 32.5
5 26.5

Effect of the temperature on the biochemical characteristics of the consortium

With regard to the biochemical characteristics of the microalgae consortiums, their composition
was evaluated at the end of the series of experiments at different temperatures. The results
presented in Table 15 show that there is a certain amount of variation for the fats, the
carbohydrates, and the proteins. As can be seen, there appears to be a trend toward an increase in
the fat and protein levels when growth occurs at a low temperature. The high protein level may
be due 1o a higher enzyme (protein) level in the algae for the purpose of preserving effective
growth metabolism. For information purposes, enzymcs are involved in photosynthesis and in all
of the processes leading to the production of fats and sugars. Davidson (1991) reported a high
level of rubisco enzymes, which are responsible for CO, fixation when growth occurs in cold
water. Nevertheless, the present results demonstrate that the carbohydrate and protein levels can

be controlled to a certain extent by the temperature.
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Table 15: Chemical composition of the microalgae consortium, in relation to the growth

temperatures.
Description Fats Carbohydrates Proteins
(%) (%) (%)
Cold temperature (9 to 12.5 °C) 22.9 15.4 61.8
'Room temperature (19 to 23 °C) 202 31.2 48.6
Hot temperature (35 to 40 °C) 204 28.1 514

The results of the analyses of the fatty-acid profiles of the fat fractions (FAME), as presented in
Table 16, show that the consortiums are rich in omega-3 fatty acids. A proportion ranging from
17.0% to 37.4% of these fats in fact consists of omega-3 polyunsaturated fatty acids, and, more
specifically, linolenic acid (C18:3). It appears that the omega-3 level is higher when growth takes

place at colder temperatures.

Table 16;: Omega-3 Content of fats extracted from the algae, in relation to the growth

temperatures.
Omega-3 Omgga-S in the
o Fats . microalgae
Description 0 in the fats
(%) %) (dry base)
(%)
Cold temperature (9 to 12.5 °C) 229 37.4 8.6
Room temperature (19 to 23 °C) 20.2 29.0 5.8
Hot temperature (35 to 40 °C) 20.4 17.0 3.5

The effect of temperature on the microbiological characteristics of the consortium

Three algae samples were analyzed for identification of the principal species present in the
reactors. Table 17 presents the results as a function of the various growth temperatures. The

main algal cell morphologies of the consortium are presented in FIG. 15.

40



10

15

20

CA 02852815 2014-05-28

283208-36

Table 17: Identification of the principal algae detected during the experiments.

Identification Identification Identification
Reactor No. 1 No.2 No. 3
Relative proportions

Cold temperature (9 to 12.5 °C) Scenedesimis sp. - -

(dominant)
Scenedesmus sp. Scenedesmus Scenedesmus
[+]
Room temperature (19 t0 23 °C) 45% acuminatus 24% acutus 41% |
Chlorella sp. Scenedesmus
Q —_
Hot temperature (35 to 40 °C) 48% obliguus 49%

The principal genera that were observed consisted of Scemedesmus, primarily for growth
conditions at room temperature or colder. For the reactor that operated under hotter conditions,
the proportions were divided between the Chlorella and Scenedesmus genera. These species

belong to genera that are often encountered in the natural environment.

Effect of the temperature on settling and adhesion

Settling experiments were conducted and a qualitative evaluation of biomass adhesion was
performed. In the case described here, the effect of the growth temperature on settling and on
adhesion was studied. The settling behavior, as a function of the biomass growth temperature, is

shown in FIG. 14,

For the reactor that operated at room temperature, the reduction in absorbance indicates a settling
of the material over time. For the reactor that was subjected to higher temperatures, the
absorbance value was relatively low, and remained constant throughout the duration of the

experiment.

The concentrations of matter in suspension (SS) were measured at the end of the batches, with
stirring and CO, bubbling in accordance with normal operations. This measurement made it
possible to determine the quantity of biomass in suspension during the experiment. Next, the
interior of the reactors, the optical elements, and all of the immersed structures were rubbed in
order to remove the biomass and place it back in suspension. The SS concentrations were
measured after this operation. The results for the SS concentrations, before and after the

detachment, are shown in Table 18.
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Table 18: Measurement of the adhesion of the microalgae, in relation to the growth temperatures.

R SS before rubbing | SS after rubbing A.dhered
eactor biomass

(mg/L) (mg/L) 0

(%)

Room temperature
(19 to 23 °C) 600 612 2
Hot temperature (35 to
40°C) 98 370 78

These tesults made it possible to reach a conclusion regarding the effect of temperature on
settling and adhesion. For growth temperatures on the order of 19 °C to 23 °C, the algal biomass
did not tend to adhere to the surfaces. It also displayed good settling. At hotter growth
temperatures the biomass adhered strongly to the surfaces, thereby limiting the amount of
biomass in suspension. This low proportion of biomass in suspension also displayed poor settling

performance.

Altogether, these results suggest that temperature can be a suitable control means to affect the
flocculation and/or settling of the consortium of microalgae and that temperature may also be

used 1o affect adhesion of the microalgae to surfaces of the bioreactor.

EXAMPLE 9: FEFFECT OF THE MAJOR CHEMICAL COMPONENTS OF INDUSTRIAL FLUE GASES ON
MICROALGAE GROWTH

Objectives of the experiments

The objective of these experiments was to determine the effect of the major chemical

components of industrial fluc gases on the growth of microalgae consortiums.

Methods

These experiments were conducted in reactors with a capacity of 20 liters that were equipped
with stirring devices and a light-diffusion system (pyramidal V-shaped). The selection of the
gases contained in the synthetic mixture took into consideration the technical reproduction

capabilities and the representative nature of the major constituents of the industrial gases.

The gas that was injected was a synthesized gas that simulated an industrial effluent. It

contained carbon monoxide (CO), carbon dioxide (CO,), sulfur dioxide (SO,), nitrogen dioxide
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(NO,), and carbonyl sulfide (COS) in an air matrix. In order to measure the effect of the gases,

the photon yields of the consortium were measured.

A control reactor was monitored in parallel, in order to compare the growth yield of the biomass
in contact with the synthetic gas. The control vessel was supplied with a mixture of air and 1%

CO; at a flow rate of 180 mL/min.

Prior to sampling, the gas input was operated at a flow rate of 180 mL/min for a period of three
hours, in order to ensure more than 3 changes of air in this area. Because the system was not
completely leakproof, the air sampling was done at approximately 1/4 of the flow rate of the
gaseous flow that was injected into the reactor, in order to eliminate any risk of dilution due to an
inflow of external air. A total of 2 liters of gas was sampled, using Flexfoil™ bags and a

peristaltic pump.

The CO and the CO, were analyzed by means of gas-phase chromatography (GC), using
equipment that was manufactured by Varian and that contained the following columns: Porapak
N™ 0.9 m x 1/8" OD x 2 mm ID, and Porapak QS™ 1.8 m x 1/8” OD x 2 mm ID. After elution,
the samples were passed through a methanizer, and were then quantified by means of a flame
ionization detector (FID). The SO, and the NO, were analyzed using an FT-IR device. The
COS was not analyzed. The input concentrations were deduced from the analysis certificates for

the bottles.

Results

The PY results for the microalgae that were in contact with the synthesized gas (COS, CO,, CO,
SO,, and NO) are shown in Table 19, and are compared against the control that received 1%
CO,. The consumption of the synthesized gases was measured during Experiment No. 3, after 5

days of growth.
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Table 19: Effect of flue gases on microalgae growth in the 20-liter reactor.

. . Duration
Experiment Growth condition Final PY of the
No. value .
experiment
Synthesized gas
1 pH between 8.1 and 9.1 5 7
gas at 66% of the flow rate
) pH between 8.7 and 9.7 37 10
gas at 100% of the flow rate
3 pH between 7.6 and 8.1 38 7
gas at 100% of the flow rate
Control
1 0.18 L/min. air + 1% CO» 32 7
2 0.18 L/min. air + 1% CO; 32 10
3 0.18 L/min. air + 1% CO, 29 7

The scientific literature mentions the issues associated with the acidification of the culture due to
the injection of gases containing SO, and NOy (Hauck et al., 1996; and Lee ct al., 2002). In the
present case, contrary to expectations, the pH values of the reactor processing the synthesized
gases remained essentially basic. The buffering capability of the algae, along with the
consumption of the SO, appeared to prevent any pronounced acidification of the medium, The
consortium that was used here appears to bc capable of resisting SOy concentrations that,
according to the literature, would normally be inhibitory for certain species (Yanagi et al., 1995;
Lee et al., 2002). Furthermore, the study conducted by Lee et al. (2002) on SO, concentrations
on the order of 100 ppm in a pure culture indicated growth inhibition values on the order of 66%.
For the consortium that was used here, this productivity loss was much lower (approximately
26%, with an PY value of 37 as opposed to a control PY value of 31) for an SO, concentration of

130 ppm (Table 19).

The photon yields of the cultures in the presence of the synthesized gas were slightly lower than
the yields obtained with the control reactor that received only 1% CQO,. For the two batches that
followed the implementation, photon yields on the order of 37 and 38 were obtained, in

comparison with 28 and 29 for the control. Thus, the adaptation of the biomass must have taken
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place over a shorter period of time. A longer adaptation period would probably have made it
p;ossible to obtain higher yields, along with a biomass that was better adapted to the synthesized
gases. Furthermore, other rescarchers have reported that certain microalgae species have their
own individual ability to resist certain concentrations of the various contaminants that are present
in flue gases (Sahoo et al., 2012; Ono and Cuella, 2003). Accordingly, prolonged tests under
conditions that include synthesized gases or industrial gases should make it possible to climinate

the sensible species from the consortium and to favor the resistant species.

The objective of this experiment was to evaluate the behavior of the culture system for each of
the injected gases. The concentrations of the gases at the outlet of a reactor were evaluated in

order to estimate the removal rates. The results are shown in Table 20 below.

Table 20: Analysis of the gases at the outlet after 7 days of growth.

Chemical compound Concentraion Removal op ercentage
Inlet (ppmv) Outlet (ppmv) (%)
COS 6 Not analyzed -
| CO, 10,000 (1%) 1,752 82.5
Cco 300 271.1 9.6
SO, 130 59.8 " 54.0
NO, 7 Interference —

Note that the NO, concentration at the outlet of the reactor could not be measured, because there
was too much infrared interference due to the water vapor, taking into consideration the

concentration range that was measurcd.

The carbon monoxide was not handled by the system to a significant extent. This is not
surprising considering that this gas is only sparingly soluble in water, and therefore is largely

unavailable to the microorganisms.

Conversely, the CO, and the SO, were sequestered in the system at high rates of 82.5% and 54%,

respectively. CO; is the primary source of carbon for growing algae. The processing of the SO,
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by the algae 1s particularly interesting, because SO, is a pollutant that causes acid rain. Thus, the

capture and processing of this pollutant is favorable for the environment.

In summary:
The growth of the consortium was maintained under gas-input conditions that simulated

industrial wastes:

The photon yields were slightly lower than the ones that were obtained for a reactor that was

supplicd solely with 1% CO»;

A longer adaptation pertod would probably have made it possible to obtain higher yields, along

with a biomass that was better adapted to the synthesized gases;
Extended experiments under industrial gas conditions would probably favor resistant species;

Despite the presence of acidifying molecules (SO,), the pH of the cultures remained basic at all
times, thereby offering an advantage. in that this condition limits the number of interventions and

the addition of expensive reagents to the process; and

The bubbling of the gases in the algac growth reactor made it possible to sequester at least 82.5%

of the CO, and 54% of the SO,.
EXAMPLE 10: PHOTOGRAPHS OF THE CONSORTIUM DURING THE EXPERIMENTS

Samples were taken at the end of the different batches after 7 days of growth in the 2,000-liter
system described in Example 3. Photographs of these samples arc shown in FIG. 15A-J. These
photographs reveals microalgac of at lcast five (5) different cell morphologies.

Headings arc included herein for reference and to aid in locating certain sections. These headings
are not intended to limit the scope of the concepts described therein under, and these concepts
may have applicability in other sections throughout the entire specification. Thus, the present
invention is not intended to be limited to the embodiments shown herein but is to be accorded the

widest scope consistent with the principles and novel features disclosed herein.
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As used herein and in the appended claims, the singular forms "a". "an". and "the" include plural

referents unless the context clearly indicates otherwise.

Unless otherwisc indicated, all numbers expressing quantities of ingredients, reaction conditions,
concentrations, properties, and so forth used in the specification and claims are to be understood
as being modified in all instances by the term “about”. At the very least, each numerical
parameter should at least be construed in light of the number of reported significant digits and by
applying ordinary rounding techniques. Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the present specification and attached claims are

approximations that may vary depending upon the properties sought to be obtained.

48



CA 2852815 2017-05-17

Notwithstanding that the numerical ranges and parameters setting forth the broad scope of the
embodiments are approximations, the numerical values set forth in the specific examples are
reported as precisely as possible. Any numecrical value. however, inhcrently contain certain
errors resulting from variations in experiments, testing measurements, statistical analyses and

such.

It is understood that the examples and embodiments described herein are for illustrative purposes
only and that various modifications or changes in light thereof will be suggested to persons

skilled in the art.
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CLAIMS:

1. A method for the culture of microalgae, comprising:
- providing a consortium of at least two living species of microalgae;

- culturing under illumination said consortium in a controllable bioreactor and

under non-sterile aqueous culture conditions; and

- controlling an amount and/or type of nutrients to minimize adhesion of the
microalgae to surfaces of the bioreactor without adversely affecting growth of said

consortium of microalgae,
wherein controlling the amount and/or type of nutrients comprises providing a

combined source of nitrogen-phosphorus-potassium (N-P-K).

2. The method of claim 1, wherein said adhesion is controlled to facilitate and/or

promote harvesting of microalgae.

3. The method of claim 1 or 2, further comprising the step of harvesting sediments or

flakes of microalgae.

4. The method of any one of claims 1 to 3, further comprising controlling culture
conditions for affecting proteins, carbohydrates and/or lipids content of said

consortium.

5. The method of any one of claims 1 to 4, further comprising regulating mixing of

the consortium.,

6. The method of claim 5, wherein said mixing comprises a mixing at an aqueous

culture speed of about 1 cm/s to about 10 cm/s.

7. The method of claim 5 or 6, wherein said mixing comprises a gaseous bubbling at
a flow rate of about 0.001 to about 0.1 volume of gas per volume of reactor per

minute (VVM),
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10.

11.

12.

13.

14.

15.

16.

The method of any one of claims | to 7, wherein controlling the amount and/or
type of nutrients comprises maintaining in culture a nitrogen concentration

between 0.5 mg/L and 5 mg/L.

The method of any one of claims 1 to 8, further comprising controlling the culture
conditions according to a predetermined use of the consortium that is selected
from the group consisting of: CO; biofixation, elimination or capture of
undesirable gaseous substances, production of a protein-rich algal biomass,
production of a lipid-rich algal biomass, and production of a carbohydrate-rich

algal biomass.

The method of any one of claims 1 to 9, further comprising the step of bubbling
into the bioreactor a gas comprising one or more of the following gaseous

substances: CO, CO,, SO,, NO,, and COS.

The method of claim 10, wherein said gas is a gas originating from an industrial

effluent.

The method of any one of claims 1 to 11, further comprising maintaining a
minimal microalgae concentration between about 70 mg/L and about 1000 mg/L

of culture.

The method of any one of claims 1 to 12, further comprising maintaining the

culture conditions at a temperature between about 9°C and about 29°C.

The method of claim 13, wherein maintaining said temperature increases a content
of omega-3 fatty acid of algal biomass compared to not maintaining temperature

in said method of culture of microalgae.

The method of any one of claims 1 to 13, further comprising maintaining the

culture conditions at a pH between about 6.5 and about 8.5.

The method of any one of claims 1 to 15, further comprising controlling said
culture conditions for promoting flocculation and/or settling of said consortium of

microalgae.
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17.

18.

19.

20.

21.

22.

23.

24.

The method of any one of claims 1 to 16, wherein said consortium comprises

indigenous species of microalgae.

The method of any one of claims 1 to 17, wherein the bioreactor is an outdoor

open bioreactor,

The method of claim 18, further comprising regulating said illumination of the
consortium, and wherein regulating illumination comprises optimizing amount of

sunlight exposure and/or sunlight intensity by using a sunlight distribution device.

The method of claim 19, wherein regulating illumination further comprises using

a mechanical sun-tracking device.

The method of claim 19 wherein the sunlight distribution device is partially

immersed in the bioreactor.

A method for the culture of microalgae, comprising;

- providing a consortium of at least two living species of microalgae;

- culturing under illumination said consortium in a controllable bioreactor and

under non-sterile aqueous culture conditions;
- maintaining the culture conditions at a pH between about 6.5 and about 8.5;
and

- controlling a nitrogen concentration in the culture between 0.5 mg/L. and 5 mg/L
to minimize adhesion of the microalgae to surfaces of the bioreactor, without

adversely affecting growth of said consortium of microalgae.

The method of claim 22, wherein controlling said nitrogen concentration
comprises_providing a combined source of nitrogen-phosphorus-potassium (N-P-
K).

The method of claim 22 or 23, further comprising controlling said culture
conditions for promoting flocculation and/or settling of said consortium of

microalgae.
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Figure 15 (part 1/2)
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Figure 15 (part 2/2)
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