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WASTEWATER TREATMENT METHOD AND DEVICE

RELATED APPLICATION
The present application gains priority from U.S. Provisional Patent Applications Nos.

61/483,079 filed 6 May 2011.

FIELD AND BACKGROUND OF THE INVENTION

The invention, in some embodiments, relates to the field of water treatment, and more

particularly, but not exclusively, to methods and devices for treatment of carbon-containing
aqueous waste. |

Wastewater (i.e., carbon-containing aqueous waste) is water that contains
contaminants including organlc contammants

The amount of organic contamrnants in wastewater is often expressed in terms of
BOD or COD in units of mg/L. BOD (biological oxygen demand) is the mass of oxygen
required for digestion of biodegradable. contaminants in the wastewater by microorganisms.
COS (chemical oxygen demand) is the mass of oxygen required for chemical oxidation of
organic contaminants in the wastewater.

Total dissolved solids (TDS) in mg/L, refers to minerals, salts, metals, cations, anions
and small amounts of organic matter dlssolved in the wastewater.

Total suspended sollds (TSS) in mg/L refer to small suspended or colloidal partlcles
that do not settle from the wastewater due to gravity alone.

In some cases, a measure of a spec1ﬁc type of contaminant, for example aromatic or
metal content, in wastewater is also g1ven

Wastewater can be class1ﬁed as untreated or raw (generally having a BOD > 300
mg/L or a high chemlcal load) or as treated Treated wastewater 1s wastewater that has been
treated to have a certaln organlc contamrnant level Grade A BOD < 20 mg/L Grade B: 20 <
BOD < 150 mg/L; or Grade C:150< BOD <300 mg/L _ .

Wastewater treatment is a process for removing contammants from the wastewater to
produce a liquid and a solid (sludge) phase, where the liquid plrase in suitable for reuse or
discharge, for example, being free of odors, suspended sol.idsv and pathogenic vbacteria

There are a number of typlcal stages of large-scale wastewater treatment.

In an initial stage (pr1mary treatment) the wastewater is clarified: floating solrds and
hydrophobic materials are removed e.g., by rakmg or sk1mm1ng, respectively, together with

or followed by settling of sludge
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In a following stage (secondary treatment), most of the organic contaminants in the
liquid effluent from the initial stage are removed, typically by biological digestion for
example using aerobic bacteria, to biologically oxidise the organic contaminants. The
resulting product settles as a coagulated mass (floc). To increase the rate of digestion, the
wastewater is often activated (aerated) during the digestion process.

In a terminal stage (tertiary treatment), all but a negligible portion of bacterial matter
and remaining organic contaminants are removed from the liquid effluent from the secondary
treatment, usually by filtration over sand or activated carbon, to produce a liquid effluent that
is water of a quality suitable for discharge or reuse.

Wastewater with chemical contaminants (e.g., from industrial processes) are
sometimes treated by other (additional) methods, tailored for a specific type of contaminant.

The sludge from the primary and secondary treatment is typically isolated in batches
in holding tanks for digestion by aerobic or anaerobic bacteria during which the gaseous by-
products (e.g., CH,) are collected for use as fuel. When drgestron is complete, the remaining
solids may be dried for use as an agrrcultural fertrlrzer component incinerated, buried or
disposed at sea.

It is known to use algae in wastewater treatment Algae remove most contammants
associated with faeces and urine from sewage. Llprds useful as brofuels can be extracted from
harvested algae. v |

The use of algaein wastewater treatment has been described, inter alia, in UsS patents
2,658,310; 3,645,040; 3, 780 471; 4,043,903; 4 209 388 4,235,043; 4,253,271, 4 324, 067
4,341,038; 4,554,390; 5,910,254; 6,000,551; 6,156,561; 6 180 376 and 6, 524 486

Until closing down in May 2009, GreenFuel Technolog1es Corporat1on (Cambridge,
MA, USA) grew algae ina photosynthet1c bioreactor fed with carbon dioxide emissions from
a fossil fuel combust1on source to produce fuels (methane, ethanol b1od1esel) and sol1ds (for
animal feed and bioplastics). o

GreenShift Corporation (l\lew York, NY, USA) has.developed a bioreactor process
that uses thermophilic cyanobacteria suspended in water to consume carbon dioxide
emissions from a fossil fuel combustion source. The cyanobacteria consume the carbon
dioxide and water, releasing oxygen and water vapour. The organisms also absorb nitrogen
oxide and sulphur dioxide. Upon reaching maturity, the cyanobacteria settle to the bottom of
the bioreactor for harvesting. - : B

AquaFlow (Richmond, New Zealand), produces biofuel and ﬁne chemlcals from

algae harvested from a municipal wastewater 51te in Blenherm New Zealand Harvested



WO 2012/153174 PCT/IB2012/000884

algae undergo a multistep process that includes concentration of algae into algal slurry,

dewatering of the slurry to produce an algae paste which is refined.

SUMMARY OF THE INVENTION

A challenge in the art is processing wastewater to produce safer and/or more useful

products. Some embodiments of the invention herein address this challenge by using bacterial
digestion to convert wastewater to a fertile environment for algae growth, and then growing
algae in the resulting fertile environment.

Accordingly, according to an aspect of some embodiments of the invention, there is
provided a method for processing wastewater, comprising:

a) providing wastewater for processing;

b) reducing O, content of said wastewater by unactivated aerobic dlgestlon

¢) subsequently to 'b' ehmmatmg substantlally all 0O, from said wastewater by
anaerobic digestion;

d) subsequently to 'c', transferring said wastewater to a closed photobioreactor; and

e) subsequently to 'd', maintaining said wastewater in said photobioreactor in
conditions favorable for algal photosynthesis, thereby allowing algae to grotv 1n said

photobioreactor.

According to an aspect of sonté embodiments of the invention, there is also provided
device suitable for prooessing wastewater, comprising: | .

a closed unactivated aerobic digester having an inlet and an outlet;

a closed anaerobic dlgester having an inlet and an outlet, which inlet is in fluid
communication with said outlet of sa1d unactlvated aeroblc digester through an anaeroblc
digester inlet condu1t, and
| a closed photobloreactor having an inlet and an outlet, Wthh inlet is in ﬂuld
communication with said outlet of said anaeroblc dlgester through a photobloreactor 1nlet

conduit.

‘According to an aspect of some embodiments of the invention, there is also provided
a method for growmg algae, comprlsmg _

for a period of time, exposing algae in a growth medlum to sunhght the growth
medium including nutrients suitable for algal growth, CO; and devoid of viable aerobic

bacteria;
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during the period of time, maintaining the density of the algae to not more than 25%
by weight of the growth medium (weight ratio wet algae/growth medium 1:4)

during said period of time, replenishing the nutrients and the CO,; and

during said period of time, alternatingly moving the algae together with the growth
medium at a first speed for at least one continuous minute and at a second speed being slower
than said first speed for at least one continuous minute, .- |
wherein said moving at a first speed occurs for at least 5% and not more than 40% of the
period of time. '

Some embodiments of the invention relate to methods and devices for processing
wastewater that, in some aspects, have advantages over known methods and devices for the
processing of wastewater. Some embodiments of the invention relate to methods and devices
that employ algae to process wastevwater?v especially mixotrophic algae, as an Integrated

* Pollution Prevention. and Control (IPPC) rnethodology'vyith optional use of the redundant
algae biomass to produce biofuel. | v

The method and devrce of the present 1nvent10n in at least some embodrments use
algae combined brologrcal system for extraction of various pollutants from wastewater, w1th
the optron for biofuel production. The method and devrce, in at least some embodiments, rely
on use of algae whlch occur naturally in the locatlon of sewage treatment facilities.

Unless otherwrse deﬁned all techmcal and scientific terms used herem have the same
meaning as commonly understood by one of ordmary skill in the art to which the invention
pertains. In case of conﬂlct the specrﬁcatlon including definitions, takes precedence

As used herem, the terms ‘comprising”, 1nclud1ng s "havmg and grammatrcal
variants thereof are to be taken as spec1fy1ng the stated features mtegers steps or
components but do not preclude the addltlon .of one or more addrtlonal features, 1ntegers
steps, components or groups thereof These terms encompass the terms "consisting of” and

"consisting essentially of”.

” "

As used herein, the 1ndeﬁn1te articles and "an" mean "at least one" or "one or

more" unless the context clearly dictates otherwise.

BRIEF DESCRIPTION OF THE FIGURES

Some embodiments of the 1nvent10n are described herein with reference to the

accompanying figures. The descr1pt1on together w1th the ﬁgures makes apparent to a person
having ordinary skill in the art how some embodlments of the invention may be practiced.

The figures are for the _purpose of 1llustrat1ve d1scuss1on and no attempt is made to show
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structural details of an embodiment in more detail than is necessary for a fundamental
understanding of the invention. For the sake of clarity, some objects depicted in the figures
are not to scale.
In the Figures:

FIG. 1 is a schematic representation of a first embodiment 10 of a'device according to
the teachings herein;

FIG. 2 is a schematic representation of a second embodiment 12 of a device according
to the teachings herein;

FIG. 3 is a schematic depiction of a first embodiment of an unactivated aerobic
digester;

FIG. 4 is a schematic depiction of a second embodiment of an unactivated aerobic
digester; ’ |

FIG. 5 is a schematic depiction of an embodiment of an anaerobic digester; antl

FIG. 6 is a schematic depiction of an embodiment if a photobioreactor.

DESCRIPTION OF SOME EMBODIMENTS OF THE INVENTION

The invention, in some embo.diments thefeof reiates to methods and devices fer
processing wastewater Some embodlments of the 1nvent10n relate to methods and dev1ces
that employ algae to process wastewater, in some embodlments photoautotrophic algae and in
some embodiments mixotrophic algae, and use the resulting algae biomass to produce
biofuel. In some embodiments, the method antl device relate to‘ IPPC, with negative total CO,
emissions.

Some | embodiments of .’the teachings herein achieve puriﬁcation of wastewater
together with production of biofuel, and eliminate challenges associated with excess algae in
wastewater. | | ‘ o ) |

The principles, uses anti implementations vof the ‘teechings of the invention may be
better understood with reference to the accompanying description and figures. Upon perusal
of the description and ﬂgures present herein, one skilled in the art is able to 1mplement the
teachings of the invention w1thout undue effort or experlmentatlon In the ﬁgures hke
reference numerals refer to 11ke parts throughout
‘ Before explaining at least one embodlment of the invention in detail, it is to be
understood that the invention is not necessarily 11m1ted in its application to the detalls of
construction and the arrangement of the components and/or methods set forth herein. The

invention is capable of other embodiments or of being practiced or carried out in various
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ways. The phraseology and terminology employed herein are for descriptive purpose and
should not be regarded as limiting.

As noted above, a challenge in the art is processing wastewater to produce safer
and/or more useful products. Some embodiments of the teachings herein address this
challenge by using bacterial digestion to convert wastewater to a fertile environment for algal
growth including dissolved CO; and suitable nutrients (NH;, nitrites, nitrates, phosphates),
and then growing algae in the resulting fertile environment.

Some embodiments of the teachings. herein include treating the wastewater by
unactivated aerobic digestion, followed by anaerobic digestion, followed by algal growth in a
photobioreactor.

In unactivated aerobic digestion, aerobic and facultative organisms reduce the O,
content in the wastewater and convert at least some of the waste in the wastewater mto CO
and nutrients suitable for algal growth.

In anaerobic digestion, facultative and anaerobrc organlsms ellmrnate substantlally all
O; from the wastewater and convert at least some of the waste in the wastewater into COZ and
nutrients suitable for algal growth thereby convertlng the wastewater toa fertile environment
for algal growth.

In algal growth in a photobroreactor (also called algal digestion), algae exposed to
llght consumes the CO, and nutrrents in the wastewater to produce algal biomass, in preferred
embodlments in cond1t1ons that encourage photosynthe51s at the expense of other forms of

metabohsm and/or that encourage algal 11p1d productron and/or discourage lrgmn productron

METHOD FOR PROCESSING WASTEWATER

According to an aspect of some embodiments of the teachlngs herein, there is
provided a method for processmg wastewater, comprising:

a) providing wastewater for processmg, ,

b) reducmg 0O, content of the wastewater by unactrvated aerobrc digestion;

c) subsequently to 'b', eliminating substantrally all Oz from the wastewater by

anaerobic drgestron ._ o

d) subsequently to c', transferrrng the wastewater toa closed photobroreactor and

e) subsequently to'd', marntalnmg the wastewater in the photobloreactor in condltlons

favorable for algal photosynthe51s (usmg sunhght), thereby allowmg algae to grow in

the photobioreactor.
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Wastewater

The wastewater processed according to the teachings herein is any suitable
wastewater. In some embodiments, the waste is sewage (blackwater) that generally is
considered to, comprise about 99% water and about 1% organic compounds, but includes
pathogenic bacteria and human faeces. In some embodiments, the wastewater is industrial
wastewater; for example, waste that comprises about 95% water by weight and about 5%
organic compounds (aliphatic and organic) as well as metals, including heavy metals. In
some embodiments, industrial wastewater is from food processing and/or agriculture such as
dairy farms since algae thrive in wastewater from these industries.

The salinity of the wastewater is any suitable salinity that does not substantially
adversely affect the digesting organisms and algae. That said,~ household and industrial waste

are typically fresh or brackish, typically having a TDS of between 400 and 1500 mg/L

Pretreatment _

Slmllar to the known in the art, in some embodlments wastewater undergoes
pretreatment prior to dlgestlon ' .

In some embodiments, pretreatment includes separatlng of solids from the
wastewater, e.g., stones, metal objects, large animal and plant remains. Such separatmg is
performed using any suitable method for example methods known in the art such as strammg
or raking of floating sohds used in wastewater treatment.

In some embodlments pretreatment mcludes crushlng solid components of the
wastewater, e.g., animal remains, plant remains and the like. Such crushing is performed
using any suitable method, for example methods known in the art such as employing a

crusher used in wastewater treatment.

Activated aerobic dlgestlon .

As noted above, accordmg to the teachlngs herein, wastewater undergoes unactrvated
aerobic digestion allowing organisms (primarily aerobic organisms, especially aerobic
bacteria) to rednce the O, content of the w_astewater and to convert at ]eest some of the waste
in the wastewater into CO, and nutrients suitable for algal growth. |

In some embodiments, the method further comprises prior to the reducmg of the 0:
content of wastewater by unactlvated aeroblc dlgestlon ( b", reducmg of the organic carbon

content of the wastewater by actrvated aeroblc digestion.



WO 2012/153174 PCT/IB2012/000884

Activated aerobic digestion is aerobic digestion where the O, content of the
wastewater is replenished during processing, typically by aeration. Activated aerobic
digestion is well known in the art of wastewater treatment. Any suitable method of activated
aerobic digestion may be used in implementing the teachings herein. Typically, activated
aerobic digestion is performed in an aerobic digester (e.g., a fixed-film aerobic digester, a
continuous-flow aerobic digester, a refluxed aerobic digester). In some embodiments, a fixed-
bed of bacteria (sessile mode) is preferred to a floating-bed of bacteria (planktonic mode).

In typical implementations of the teachings herein, wastewater having a BOD of
greater than 500 mg/L is treated by activated aerobic digestion prior to unactivated aerobic
digestion, while wastewater having a BOD of less than 400 mg/L undergoes unactivated
aerobic digestion without first undergoing activated aerobic digestion. Wastewater having a
BOD of between 400 and 500 mg/L is treated with or without activated aerobic digestion
prior to unactivated aerobic digestion depending on ‘various factors such bas cost of the
required device, expected sunlight, expected outliers of BOD and thev desired BOD for the
purlﬁed water resulting from the method.

In this context, it is 1mportant to note that when the organic content of the wastewater
transferred from the unactivated aerobic drgestlon to the a.naerobrc dlgestlon is too high, the
algae biomass recovered from the photobloreactor has a re]atrvely high lignin content that is
more likely to settle in the photobloreactor and is more difficult to ferment. For this reason
amongst others, actlvated aerobic digestion prior to the unactrvated aerobic digestion is
preferred for high- orgamc (BOD greater than 500 mg/L) content wastewater.

Typically, wastewater transferred to the unactlvated aerobic digestion subsequent to

activated aerobic dlgestlon has a BOD of between 20 and 30 mg/L

Transferring wastewater to unactivated aerobic digestion
Wastewater is transferred to the unactivated aerobic digestion from the source of

unprocessed wastewater, after the optional pretreatment and/or the optional activated aerobic
digestion using any suitable method. In some embodiments, such transfer is performed b);
pumping. In some embodiments, the method is.irnplemented as a substantially continuous
process. In some such embodiments, the method comprlses substantrally contmuously

transferring wastewater to the unact1vated aeroblc dlgestlon
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Unactivated aerobic digestion
According to the teachings herein, the O, content of the wastewater is reduced by

unactivated aerobic digestion. The unactivated aerobic digestion can be considered an aerobic
to anaerobic transition stage where the population of microorganisms in the wastewater
changes from more aerobic microorganisms to fewer aerobic microorganisms.

In unactivated aerobic digestion (i.e. unaerated aerobic digestion) where no O, is
added, aerobic and facultative organisms (mostly, if not entirely, bacteria) reduce the O
 content in the wastewater and convert at least some of the waste in the wastewater into CO;
and nutrients suitable for algal growth.

Unactivated aerobic digestion is well known in the art of wastewater treatment. Any
suitable method of unactivated aerobic digestion may be used in implementing the teachings
herein. In some embodiments devoid of activated aerobic digestion as described above,
unactivated aerobic digestion is performed without mixing, in some embodiments using a
plug-flow method. In sorne embodiments_.including an activated aerobic digestion as
described above, unactivated aerobic digestion is performed usln‘g for example, a continuous
stirred tank reactor. | | N - | . |

As known in the art, unactlvated aeroblc drgestlon often leads to the formatron of
sludge that settles at the bottom of the unact1vated aerobic drgester It is known to recover the
settled sludge from some types of unactrvated aeroblc drgesters In some embod1ments the
method further comprises recovering sludge settling during the unactivated aerobic dlgestlon.
| In some embodi‘m.ents, .the recovered sludge is subsequently digested by activated
aerobic digestion. Accordingly,vin some such embodiments, the methodl further cornorises,
digesting the recovered sludge by actrvated aeroblc dlgestlon -

Typically, the wastewater entermg unactlvated aerobic digestion has an 02 content of
between 3 and 8 mg/L, more typlcally between 3 and 6 mg/L In some embod1ments the
unactivated aerobic drgestlon is such that the 02 content of the wastewater after the
unactivated aerobic digestion is not more than 2 mg/L, typlcally between 0 and 2 mg/L,
typrcally ~1 mg/L. ‘ ‘ L

As noted above, wastewater transferred to the unactlvated aeroblc dlgestron
subsequent to activated aerobic dlgestron typlcally has a BOD of between 20 and 30 mg/L In
some such embodlments the unactivated aeroblc drgestlon is such that the BOD of the
wastewater after the unactlvated aerobic dlgestron is between 10 and 20 mg/L

Typically, wastewater transferred to the unactrvated aerobrc drgestron w1thout

activated aerobic digestion has a BOD of up to 500 mg/L In some such embodlments the
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unactivated aerobic digestion is such that the BOD of the wastewater after the unactivated
aerobic digestion is between 100 and 200 mg/L.

Any suitable microorganism may be used for implementing the unactivated aerobic
digestion in accordance with the teachings herein. Due to the relatively low O, content and
relatively high CO, content of the wastewater, the population of facultative organisms is
typically more significant than the population of aerobic organisms. In some embodiments,
the wastewater is seeded with one or more selected species of microorganisms to effect the
unactivated aerobic digestion. That said, in some preferred embodiments, the unactivated
aerobic digestion is effected by native microorganisms, that is to say, microorganisms present
in the wastewater.

In some embodiments, the unactivated aerobic digestion is performed in a closed
vessel, in some embodnnents in a sealed vessel In such a way, O and other mater1als from
the surroundings cannot enter the wastewater durmg the unactlvated aerobic drgestron and the
gas (if present) above the wastewater during the unactivated aerobic digestion is substantially
only gas released by the digestion | 7

In some embodlments unactrvated aerobrc digestion is performed in a vessel at
above-ambient pressure, typlcally l% to 5% above ambrent pressure.

The residence time of the wastewater in unactlvated aerobic drgest1on is any surtable
residence t1me sufﬂcrent to reduce the 02 content to the desrred level and depends on local
factors. That said, in some typ1cal embodrments the res1dence time of wastewater in
unactivated aerobic digestion is not less than 16 hours and even not less than 24 hours.

The unactivated aerobic digestion produces CO: that is drssolved in the wastewater In
some embodiments, CO, is released as a gas from the wastewater during the unactrvated
aerobic digestion. In some such embodiments, C02 released as a gas during the unactrvated
aerobrc digestion 1s released €.g., into the atmosphere That said, in some preferred
embodrments the method further comprises recovering CO, gas released by the unactivated
aerobic digestion, and in some such embodiments the method further comprises adding the
recovered CO, gas to wastewater in the photol)ioreactor.: | - “

In some embodirnents the anaerohic digestion produces CH, that is released as a gas.
In some embodiments, at least some of the CH, produced is removed from the anaerobic
reactor for burning. | | » | I _ - - |

In some embodiments, exhaust from an 1ntemal combustion engme or mdustrral

process, typically in proxrmrty to where the teachmgs herem are 1mplemented is d1rected mto

10
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the unactivated aerobic digestion. O; in the exhaust is consumed by the digestion, while CO>

in the exhaust dissolves in the wastewater.

Transferring wastewater from unactivated aerobic digestion to anaerobic digestion

Wastewater is transferred to the anaerobic digestion from the unactivated aerobic
digestion using any suitable method.

In some embodiments, such transfer is performed by pumping.

In some embodiments, such transfer is performed by displacement, wherein
wastewater from the unactivated aerobic digestion is displaced to the anaerobic digestion by
wastewater transferred to the unactivated aerobic digestion.

In some embodiments, the method comprises substantially continuously transferring
wastewater from the unactlvated aerobrc dlgestlon to the anaerobrc drgestron in some
embodiments at a rate substantrally equal to the rate of transfer of wastewater to the

unactivated aerobic digestion.

Anaerobic digestion

In anaerobic digestion according to the .teachings herern, facultative and anaerobic
organisms (mostly, if not entirely, bacteria) eliminate substantially all remaining O, from the
wastewater and convert at Jeast some of the waste in the wastewater into COz and nutrrents
suitable for algal growth thereby convertlng the wastewater toa fertrle env1ronment for algal
growth .

Anaerobic dlgestron is well known in the art of wastewater treatment. Any surtable
method of anaerobic digestion may be used in 1mplement1ng the teachmgs herein. In some
embodiments, anaerobic digestion is performed wrthout mixing using a plug-flow method?
for example employing a Vertically stratiﬁed anaerobic digester without mixtng, .wh‘ere
wastewater from the unactivated aerobic digestion enters the top of the anaerobic digester
and, after treatment, is removed from the bottom of the anaerobic digester. Such anaerobic
digestion leads to stratification of the wastewater where the lower in the digester, the lower
the concentration of O, -and living aerobic microorganrsrns and the'greater the concentration
of anaerobic microorganisms, CO; and remains of dead aerobic microorganisms. In some
embodiments, such a vessel includes bacterral growth substrates (e. g mats) allowmg the
bacteria to adopt a sessile mode during anaerobrc dlgestlon

In preferred embodlments the anaeroblc dlgestron is such that the population of

aerobic microorganisms in the wastewater is no longer vrable (typlcally entirely ehmmated)

11
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by the conditions of the anaerobic digestion. By no longer viable is meant that the population
is no longer able to substantially develop even when placed in the conditions favorable to
aerobic growth found in the photobioreactor. Although not wishing to be held to any one
theory, it is currently believed that during anaerobic digestion, aerobic microorganisms are
killed by toxic compounds released during anaerobic digestion or are consumed by
facultative and/or anaerobic microorganisms present during anaerobic digestion.
Accordingly, in some embodiments, the anaerobic digestion is such that that subsequent to
the anaerobic digestion the population of aerobic microorganisms in the wastewater is no
longer viable.

Any suitable microorganism may be used for implementing the anaerobic digestion in
accordance with the teachings herein. In some embodiments, the wastewater is seeded with
one or more selected species of microorganisms to effect the anaerobic digestion, for example
species designed or selected to drgest specific industrial pollutants found in the wastewater
That said, in some preferred embodiments, the anaerobic digestion is effected by natrve
microorganisms, that is to say, mrcroorganrsms present in the wastewater.

In some embodlments the anaerobic digestion is performed in a closed Vessel in
some embodiments in a sealed Vessel In such a way, 0, and other materlals from the
surroundmgs cannot enter the wastewater during the anaerobic dlgestron and the gas (1f
present) above the wastewater durmg the anaerobic d1gestron is substantrally only gas
released by the digestion

In some embodlments, anaerobic digestion is performed in a vessel at above-ambient
pressure, typically 1% to 5% above ambient pressure. |

The residence time of the wastewater in the anaeroblc digestion is any suitable
residence time sufficient to eliminate all the remaining O, content, which depends on local
factors. That said, in some typical embodiments, the residenc.e time of wastewater m
anaerobic digestion is not less than 16 hours and even not less than 24 hours. D

As noted above, in some embodrments wastewater transferred to the anaeroblc
digestion subsequent to unactlvated aerobic dlgestron has a BOD of between 10 and 20 mg/L
In some such embodiments, the anaerobic drgestlon is such that the. BOD of the wastewater
after the anaerobic digestion is between 5 and 10 mg/L

In some embodiments, wastewater transferred to the anaerobrc digestion subsequent
to unactivated digestion has a BOD of between 100 and 200 mg/L. In some such
embodiments, the anaerobic drgestlon is such that the BOD of the wastewater after the

anaerobic digestion is between 20 and 30 mg/L.

12



WO 2012/153174 PCT/IB2012/000884

The anaerobic digestion produces CO; that is dissolved in the wastewater. In some
embodiments, CO- is released as a gas from the wastewater during the anaerobic digestion. In
some such embodiments, CO, released as a gas during the anaerobic digestion is released,
e.g., into the atmosphere. That said, in some preferred embodiments, the method further
comprises recovering CQ gas released by the anaerobic digestion, and in some such
embodiments the method further comprises adding the recovered CO, gas to wastewater in
the photobioreactor.

In some embodiments the anaerobic digestion produces CH, that is released as a gas.
In some embodiments, at least some of the CH4 produced is removed from the anaerobic

reactor for burning.

Transferring wastewater from anaerobic dlgestlon to photobloreacto

Wastewater is transferred to the photobroreactor from the anaerobic dlgestlcn usmg
any suitable method. \

In some embodnnents such transfer is performed by pumping.

In some embodlments such transfer is performed by dlsplacement whereln
wastewater from the anaerobrc dlgestron is drsplaced to the photobroreactor by wastewater
transferred to the anaerobic digestion (e.g., from the unactlvated aerobic digestion).

In some embodlments the method comprlses substantlally contmuously transfemng
wastewater from the anaeroblc dlgestlon to the photobioreactor, in some embodiments at a
rate substantially equal to the rate of transfer of wastewater to the anaerobic digestion.

In some embodiments, the rate of transfer of wastewater from the anaerobic digestion
to the photobioreactor is independent of the rate of transfer of wastewater to the anaerobic
‘digestion. For example, in some ernbodiments, wastewater is transferred to the
photobioreactor only when there is sufficient sunshine for efficient algal growth. In such

embodiments, the anaerobic digestion acts as a reservoir holding excess wastewater until

such can be transferred to the photobioreactor.

Algal growth in photobloreacto

Subsequent to the anaerobic dlgestlon the wastewater is transferred to a closed
photobioreactor, and the wastewater is maintained in the photobroreactor in condltlons
favorable for algal photosynthe51s thereby allowrng algae to grow in the photobloreactor

The algae are exposed to light and consume the COz and nutrients in the wastewater to
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produce algal biomass and to provide purified water, preferably suitable for discharge into the
environment.

In order to maximize the conversion of CO; and nutrients to algal biomass, allowing
maximal production of lipids, it is preferred that the algae grow in the photobioreactor
without competition from other microorganisms. Accordingly, the photobioreactor is closed,
and in some embodiments sealed to prevent microorganisms from the surroundings from
entering the photobioreactor.

As noted above, the wastewater entering the photobioreactor is a fertile environment
for algal growth, and as such, also for other microorganisms. Additionally, the algae in the
photobioreactor release O, into the wastewater. Potentially, aerobic microorganisms such as
bacteria can thrive in the photobioreactor, reducing the produced algal biomass by
competition for nutrients and/or by consuming the algae, F urther, some such microor_ganisms
are potentially pathogenic so if these‘ develop, \render water extracted from the
photobioreactor unsafe for discharge 1nto the environment. Accordmgly, it is advantageous
that the population of aerobic m1croorgan1sms in the wastewater enterlng the photobroreactor
is no longer Vrable l

Addltronally, in preferred embodrments the condmons in the photobroreactor are
such that the populatlon of mrcroorgamsms in the wastewater from the anaerobic digestion is
no longer viable (typrcally entirely ehmrnated) as a result of the transfer and/or maintaining
of the wastewater in the photobioreactor By no longer viable is meant that the population is
no longer able to substantially develop even when placed in conditions favorable to anaerobrc
growth. Although not wishing to be held to any one theory, it is currently belreved that the
population of mrcroorganrsms in the wastewater from the anaerobrc dlgestron is no longer
viable (typically entirely ehmmated) as a result of the transfer of the wastewater from the
anaerobic d1gest10n to the photobroreactor and the concom1tant sudden ‘exposure to
conditions of light and/or relatrvely h1gh 0, content and/or the presence of mlcroorgamsms
symbiotic (e.g., protozoa) with the algae. Accordmgly, in some embodiments, the conditions
during the transfer to the photobioreactor or during the maintaining in the photobioreactor are
such that the population of microorganisms from the anaerobic digestion in the wastewater is
no longer viable. | . | ' |

In some embodrments the photob1oreactor is operated at above amblent pressure
typically 1% to 5% above amblent pressure. Such pressure helps prevent contam1nat1on of the

contents of the photobloreactor wrth bacterra from the surroundmgs

14



WO 2012/153174 PCT/IB2012/000884

In some embodiments, the photobioreactor includes a vent allowing escape of gases
produced during the processing of the wastewater in the photobioreactor. In some
embodiments, the photobioreactor includes a one-way valve (e.g., check valve) that allows
escape of gases from the photobioreactor but prevents gases and contaminants from the
surroundings from entering the photobioreactor. ' .

Any suitable algae may be used for implementing algal growth in the photobioreactor
in accordance with the teachings herein. In some embodiments, the algae are mixotrophic
and/or photoautotrophic. Although in some embodiments, the algae are of a single species, in
some preferred embodiments the algae are of multiple (at least two different) species, e.g., a
combination of both Scenedesmus and Nitzschia.

In some embodiments, the wastewater is seeded with one or more selected species of
algae, for example algae having desired,properties, for example, exceptional ability to trap
specific pollutants such as heavy metals found in the wastewater. o

That said, in some preferred embod1ments the algae in the photobioreactor are nat1ve
algae, that is to say, algae present in the wastewater, typlcally Scenedesmus and Nztzschza It
has been found that in. some embodiments algae spores found in wastewater are able to
survive act1vated aerobic dlgestlon unactrvated aerobic digestion and anaerobic digestion.

Preferably, the wastewater is mamtamed .in cond1t1ons favorable for algal
photosynthesis. In some preferred embodlments the condltlons are such that encourage
photosynthesis at the expense of other forms of metabohsm and/or that encourage algal lipid
production and/or drscourage hgnrn productlon and/or discourage algal settling. Specifically,
it is preferable that the algae population be predomlnantly or entirely microalgae, planktonic
algae as opposed to sessile mode, as close as possible to unicellular w1th as little as poss1ble
incidence of colony format1on Although not wishing to be held to any one theory, it is
believed that in such a state one or more of: the wastewater remains relat1vely clear w1th llttle
light scattering s0 that more hght is used for photosynthes1s the cell walls remain relat1vely
th1n so light more effectively penetrates into the cell for photosynthesis; the cells have a
hrgher lipid content relative to cellulose content; the cells have a relatively low lignin content
relative to cellulose content the wastewater is more fluid and less viscous; and there is a
reduced chance of clogging of the photobioreactor. At the same time, it is preferred that the
algae grow in conditions that drscourage swimming behavior and development of swimming
organs that expend lipids that are otherwise harvested. It is Ialso preferred that the algal
growth purifies the water so that water isolated from the photobioreactor be of sufﬁcient

quality to allow discharge to the environment.

15



WO 2012/153174 PCT/IB2012/000884

CO, is a green-house gas that is typically released into the atmosphere, in some
instances at a cost. It is preferable, both for environmental and economic reasons to sequester
rather than release CO.. Further, a lack of CO, in the wastewater of the photobioreactor may
potentially induce some algae to adopt non-photosynthetic metabolism (e.g., respiratory
metabolism) while sufficient CO, in the wastewater may support photosynthetic metabolism
of the algae. Accordingly, in some embodiments, the method as described herein further
comprises adding CO; gas to the wastewater in the photobioreactor. In some embodiments,
the CO: is CO; recovered from the unactivated aerobic digestion. In some embodiments, the
CO; is CO; recovered from the anaerobic digestion. In some embodiments, the CO, is from
some other source, for example, from the exhaust of an internal combustion engine or
effluent of an industrial process, typically in proximity to where the teachings herein are
implemented. \ \ -

In some embodirnents, CO, ls isolated (e.g., by dilstillation) from some ‘so.urce for
example, from the exhanst of an internal combustion engine or industrial process, typicaily ‘in
proximity to where the teachings herein are irnplemented andb the relatiyely-pure CO; added
to the photobioreactor ib R v .

To ensure that the algae receive sufﬁclent sunlrght 1t 1s preferred that the optlcal path
through the photobroreactor be as short as possible, that is to say the llght collectors of the
photobioreactor be th1n However, to ensure that a photob1oreactor has sufficient volume to
hold a useful amount of wastewater to absorb a significant proportion of the sunhght and to
reduce sensitivity to clogging, it is preferred that the optical path through the photobroreactor_
be not too short; Accordingly, in some . ehrbodiments, the optical path through the
photobioreactor ia not less than 0.5 cm, not less than 0.8 cm and even not less than 1 cm and
not more than 5 cm, not more than 4 cm, not more than 3 cm and even not more than 2.5 cm.

If the density of the algae in the wastewater in the photobroreactor is too great lrght
will be quickly absorbed or scattered by algae closer to the source of light (algae closer to the
sun) thereby shading algae further frorn the sun. Additionally, a high density increases the
viscosity of the wastewater potentrally encourages colony behavror of some algae specres
(e.g., of Scenedesmus), mcreasmg the chance of clogging the photobloreactor and also
potentrally inducing some algae to adopt non-photosynthetrc metabolism. Accordmgly, in
some embodiments, the algal dens1ty is malntamed (e.g., by harvesting, for example with a
skimmer, or an Archimedean screw) at not greater than 25%, not greater than 22% and even
not greater than 20% (werght percent of wet algae to wastewater) densities found to yield

acceptable results.
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That said, if the density of the algae in the wastewater in the photobioreactor is too
low, the algae is potentially unable to effectively process the wastewater so that water
isolated from the photobioreactor be of sufficient quality to allow discharge to the
environment. Accordingly, in some embodiments, the algal density is maintained at not less
than 10%, not less than 12% and even not less than 15% (weight percent of wet algae to
wastewater) densities found to yield acceptable results.

If the wastewater is static or flows too slowly in the photobioreactor, the algae
potentially settle and form colonies clogging the photobioreactor, making algae harvesting
difficult and making maintaining a desired population density challenging. Species or forms
of algae (e.g., filamentous algae, mat-building algae) having relatively low lipid content,
thicker cellulose-rich cell walls and/or a high lignin content may potentially develop. That
said, if the wastewater flows too qulckly through the photobloreactor the algae undergo
excessive stress fail to develop and even die. Some specie, develop sw1mm1ng organs and,
instead of storing lipids, use the lipids for sw1mm1ng

Accordingly, it has been found to be advantageous to ensure that the wastewater in
the photobioreactor does not ﬂow too slowly but also not too quickly to avoid the negative
effects of either extreme In some embodiments the wastewater is discontinuously circulated,
that is to say, undergoes perlods of flow, followed by perlods of no flow. In some
embodiments, the wastewater is substant1ally contmuously cnculated in the photob1oreactor
In some such embod1ments the wastewater is substantlally contmuously c1rculated in the
photobioreactor at Varymg rates. Thus in some embodlments the method further comprlses
during the maintaining of the wastewater in the photobloreactor at least one of crrculatmg the
wastewater in the photobloreactor d1scont1nuously and c1rculatmg the wastewater in the
photobioreactor continuously. ‘

In some embodiments, the rate of drivving of _thefﬂow (e.g., with a circulation pump) is
varied over time to circulate the wastewater in thevphotobioreactor discontinuously or at
varying rates.

That sa1d in some embodlments the photobloreactor const1tutes a condult havmg

at least one portlon of a first (larger) cross section; and _’

at least one portion of a second cross section which is smaller in size than the first

cross section - ‘ | - ,
allowing a given alga to experlence circulation through the photobioreactor at changing rates

while maintaining substantially constant driving of flow over time, where:
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flow through portions having the first cross section is at a first rate; and

flow through portions having the second cross section is at a second rate faster than

the first rate.

What is considered faster and slower flow rates as well as durations of each type of
flow to ensure optimal results is system specific and must be determined experimentally on a
per-site basis. That said, it has been found that without undue effort, the teachings herein may
be implemented to grow algae (of "normal" species such as green algae (e.g., Scenedesmus)
and diatomic algae (e.g., Nitzschia) having a 2:1 and even 7:3 lipid/cellulose ratio.

Although methods of the teachings herein may be implemented as batch processes, in
some embodiments it is preferred that the methods ‘be implemented as substantially
continuous processes, allowing high-throughput to process large amounts of wastewater.
Accordingly, in some embodiments the method is a continuous method

In some such substantially continuous processes, wastewater from the anaerobic
digestion is transferred to the photobloreactor S0 a substantlally similar amount of processed
water must be removed from the photobioreactor. Accordmgly, in some embodiments, the
method further comprises substantrally continuously removing processed water from the
photobioreactor, in some embodiments at a rate ,substantlally equal to the rate of transfer of
wastewater from to anaerobic dlgestron to the photobioreactor. | |

In some such substantially contmuous processes, it is typlcally necessary to harvest
algae preferably continuously, both for maintaining a desired algal density in the
photobioreactor and for the sake of harvestmg the algae. Accordingly, in some embodlments
the method further comprlses harvestmg algae from ‘the photobroreactor in some
embodiments thereby maintaining a desired algal dens1ty in the photobioreactor. o

The teachrngs herein are preferably implemented using sunlight for the a]gal
photosynthesis. Depending on factors such as the location, the season and the weather where
the teachings herein are 1mplemented there are srgmﬁcant perrods of time (e.g. mght) when
there is 1nsufﬁc1ent light to support sufﬁcrent photosynthesrs

In some embodiments, the method further comprrses when there is 1nsuﬁ'101ent
sunlight to support sufficient photosynthes1s stopping the transfer of wastewater from the
anaerobic digestion. to the photobroreactor In some such embodrments the method also
comprises stopping the transfer of wastewater from the unactrvated aerobic dlgestron to the
aerobic digestion.

In order to avoid that the algae in the photobloreactor adopt non-photosynthetrc

metabohsm (e.g., resplratory metabohsm) in some embodrments the method further

18



WO 2012/153174 PCT/IB2012/000884

comprises when there is insufficient sunlight to support sufficient photosynthesis (that is to
say, the intensity of sunlight is low so that a non-negligible portion of the algae tends to adopt
non-photosynthetic metabolism), illuminating the wastewater in the photobioreactor with
artificial light. The intensity of the artificial light is sufficient to help avoid algae adopting
non-photosynthetic metabolism.

r In order to avoid that the algae settle in the photobioreactor, in some embodiments the
method further comprises, when there is insufficient sunlight to support sufficient
photosynthesis, circulating the wastewater in the photobioreactor, substantially as described
above, that is to say discontinuously or continuously, at a rate sufficient to help avoid algae
settling in the photobioreactor .

As noted above, embodiments of the teachings herein provide a method for
‘converting a toxic and dangerous waste material (wastewater), relatively cheaply and easily
using primarily sunlightto generate two useﬁJl productS' water.of sufficient quality allowing
discharge into the environment and algal b1omass that m some embodiments includes
unusually hlgh levels of lipids. o .

Accordmgly, in some embod1ments the method further comprlses harvestmg algal
biomass from the photobroreactor Accordmgly, in some embod1ments the method further
comprises removmg water from the photobroreactor

In some embodiments, water removed from the photobroreactor is sufﬁcrently
purified (metals, especrally heavy metals are found in the algal biomass; most if not all tox1c
materials are d1gested, pathogens and bacteria, killed) to be discharged into the environment,
e.g., used for 1rr1gatlon in agrlculture or gardemng or for consumptlon by livestock. In some
embodiments, water removed from the photobloreactor is filtered (for example using
geotechmcal cloth, to remove algae) prior to further use or dlscharge In some embodlments
water removed from the photobloreactor is 1rrad1ated with ultravrolet light to destroy algae
spores prior to further use or discharge. In some embodlments water removed from the
photobioreactor is passed through a san‘d trap to remove algae and/or destroyed algal spores,
prior to further use or dlscharge - . v | o |

As noted above, in some embodlments wastewater transferred to the photobxoreactor
subsequent to anaerobic d1gest1on has a BOD of between 5 and 10 mg/L. In some such
embodiments, the pur1ﬁed water removed from the photob1oreactor has a BOD of between 2
and 5 mg/L. '

As noted above, in some ernbodiments was.tewater‘ transferred to the nhotobioreactor

subsequent to anaerobic digestion has a BOD of between 20 and 30 mg/L. In some such
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embodiments, the purified water removed from the photobioreactor has a BOD of between 2
and 10 mg/L.

The algal biomass may be harvested using any suitable method or device, preferably
continuously, and preferably at a rate that is dependent on the rate of algal growth to maintain
the algae population in the wastewater in the photobioreactor at a desired density.

In some embodiments, the algal biomass is harvested and discarded or used, for
example, as animal feed (livestock, aquaculture) or fertilizer.

In some embodiments, the algal biomass is harvested and separated to lipids (e.g., for
use as biodiesel) and cellulose (e.g., for fuel, digestion or fermentation to bioethanol). Due to
the conditions selected for encouraging photosynthetic metabolism and planktonic modes
while discouraging non-photosynthetic metabolism, settling, sessile modes and development
of colonies and swimming behav1ors as noted above, in some embodiments the 11p1d content
in the algal biomass is unusually high and the lrgnm content is relatively low.

Separation of the algal b1omass into a lipid stream and a solid (cellulose and l1gn1n)
stream can be performed in any suitable fashlon for example as known in the art. For
example, in some embodiments, the algal blomass is sonicated to rupture cell walls and
centrifuged with a carrier (dichloroethane, dichloromethane, acetone, freon) to separate the
streams. In some embodiments, such separatlon is relatilvely easy due to the .relatively thin
cell walls of the algal biomass; As | a result of the centrifugation, the algal biomass i_s
separated into a lipid layer, a solid material layer, a water layerand a mineral layer (typically
including SiO; from dratomlc algae and/or CaCO; from green algae). | ' -

As known in the art, the lipid stream may be used, for example for manufacture of
brodresel In some embodiments, 1solatlon of the lipid. stream and use thereof as fuel is done
locally, to generate power to implement the teachmgs hereln In some embodlments heavy
metals from the wastewater are found in the lipid stream. Generally, the concentration of
heavy metals is lower than the maximum accepted for mineral diesel fuel and can be used
without further processing. . |

As known in the art, the solrd stream may be used for example as an1mal feed or as
a fertilizer, may be bumt (as a fuel or for dlsposal), or more typ1cally may be fermented for
the manufacture of b1oethanol In some embodlments the dearth of lignin in the solid stream
makes fermentation exceptlonally advantageous In some embodlments heavy metals from

the wastewater are found in the solid stream.
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The methods according to the teachings herein may be implemented by using any
suitable device or combination of devices. That said, in some embodiments, it is preferred to
implement such methods using an embodiment of a device in accordance with the teachings

herein.

DEVICE SUITABLE FOR PROCESSING WASTEWATER

According to an aspect of some embodiments of the teachings herein, there is
provided a device suitable for processing wastewater, comprising:

a closed unactivated aerobic digester having an inlet and an outlet, suitable for
reducing the O, content of wastewater by unactivated aerobic digestion;

a closed anaerobic digester, having an inlet and an outlet, which inlet is functionally
associated with the outlet of the unactlvated aerobic dlgester (allowmg fluid exiting the outlet
of the unact1vated aerobic d1gester to pass into the anaerobic dlgester through the 1nlet of the
anaerobic digester), the anaeroblc dlgester sultable for eliminating substant1ally all 02 from
wastewater by anaerobic d1gest1on and

a closed photobioreactor, having an inlet, which inlet is functionally associated with
the outlet of the anaerobic digester (allowing fluid exiting the outlet of the anaerobic digester
to pass into the photobloreactor through the mlet of the photobroreactor), the photobloreactor
suitable for maintaining wastewater in condltlons favorable for algal photosynthesis using
sunlight, thereby allowing algae to grow in the photobloreactor. _

Two embodiments of a device euitable for processing wastewater in accordance with
the teachings herein are schematically deplcted, device 10 in Figure 1 and device 12 in Figure

Both dev1ce 10 and devrce 12 comprrse an unactlvated aerobic d1gester 14a and 14b
respectlvely, havmg an inlet 16 and an outlet 18; an anaerobic drgester 20 hav1ng an mlet 22
and an outlet 24, which 1nlet 22 is functlonally assoc1ated with unactlvated aerobic dlgester
outlet 18; and a photobioreactor 26 having an inlet 28, which inlet 28 is functionally
associated with anaerobic dlgester outlet 24. | o o

In some embod1ments a device further comprlses functronally assocrated w1th the
unact1vated aerobic dlgester 1nlet a one-way. valve: conﬁgured to allow fluid-flow 1nto the
unactlvated aerobic digester through the unactrvated aeroblc dlgester 1nlet and conﬁgured to
prevent fluid-flow out of the unactlvated aeroblc dlgester through the unact1vated aeroblc

digester inlet.
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In some embodiments, a device further comprises a unactivated aerobic digester feed
pump functionally associated with the unactivated aerobic digester inlet conduit for
transferring wastewater into the unactivated aerobic digester.

In both device 10 and 12, functionally associated with inlet 16 of unactivated aerobic
digester 14 is a unactivated aerobic digester feed pump 32 and a one-way valve 34, as
described above.-

As is discussed in greater detail hereinbelow, device 10 is configured for processing
of ihdustrial wastewater having relatively high organic content (BOD varying, typically from
400 mg/L to 800 mg/L). In contrast, device 12 is configured for processing of household
sewage having organic content of up to about 400 mg/L, where the greater amount of

wastewater is produced during the evening and night time when there is no sunlight.

Activated aerobic digester ‘ ‘
In some embodiments, the device further comprises an activated aerobic digester

having an outlet, whrch outlet is in fluid commumcatron with the inlet of the unactivated
aerobic digester, sultable for actrvated aerobic drgestlon of wastewater Any suitable
activated aerobic digester may be used, e.g., a fixed-film aerobic digester, a continuous-flow
acrobic digester, a refluxed aerobic dlgester In some preferred embodlments the actrvated
aerobic digester is conﬁgured for supporting a fixed-bed of bacterla That sa1d in some
embodiments, the activated aerobic dlgester is configured for supporting a ﬂoatmg—bed of
bacteria.

In some such embodiments, a device further comprises a unéctivated aerohic digester
feed pump functionally associated with the unactivated aerobic digester inlet for transferring
wastewater from the activated aerobic digester to the unactivated aerobic digester. ‘

'Device 10 includes an activated aerobic digester 36 which outlet 38 is functionally
associated with inlet 16 of unactivated aerobic digester 14a. In dev1ce 10, unactivated aeroblc
digester feeder pump 32, is configured to pump. wastewater from actlvated aerobrc dlgester
36 into unactivated aerobic dlgester 14a Actrvated aerobic digester 36 allows devrce 10 to be

exceptionally useful for processing wastewater having a relatively hlgh organic content.

Unactivated aerobic digester
A device according to the teachings herein includes any suitable unactivated aerobic

digester.
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In some embodiments, a unactivated aerobic digester is configured to operate at
above-ambient pressures, typically up to 5% above ambient pressure. In some embodiments,
the unactivated aerobic digester is substantially a sealed chamber. In some embodiments, the
unactivated aerobic digester comprises an ordinarily-closed gas valve that opens to release
excess gas when the pressure inside the unactivated acrobic digester passes a predetermined
limit.

In some embodiments, a unactivated aerobic digester further comprises a gas outlet,
configured for directing gas (that typically includes CO;) released from the unactivated
aerobic digester to the photobioreactor. '

In some embodiments, a unactivated aerobic digester further comprises a gas inlet,
configured for introducing gas into the unactivated aerobic digester. In some such
embodiments, the gas inlet is functionally associated with the gaseous exhaust of an industrial
process or internal combustxon engine, to add effluent CO; and other gases produced by the
industrial process or internal combust1on engine, to wastewater m the unactivated aerob1c
digester. CO, in the mtroduced gas d1ssolves in the wastewater whlle O;in the mtroduced gas
is consumed by aerobic m1croorgan1sms

Typically, during use sludge settles at the bottom of a unactivated aerobic d1gester In
some embodiments, a unactivated aerobic digester includes a sludge remover, for removmg
sludge (settling at bottom of the unact1vated aerobic digester) from the unactivated aeroblc
digester. In some embodiments, the sludge remover is configured to direct removed sludge to
an activated aerobic'di:gester, for example, an activated aerobic digester that is a componerit
of the device. o |

In some embodrments the unactivated aeroblc digester is conﬁgured to operate as a
contmuous stirred tank reactor. Such a unactivated aerobic d1gester typically 1ncludes a
mixing mechanism such as an impeller (e.g., an axial-flow 1mpeller, a radial-flow 1mpeller)_
and is configured for use where the amount of wastewater transferred into the unactl\-/ated
aerobic digester through the inlet ié substantially equal to the amount of wastewater
transferred from the unactivated aerobic digester through the outlet. The low O: content and
low aerobic microorganism populatiorl component desired for waetewater transferred to tlle
anaerobic digester from the. unact1vated aerobrc digester is attained by ensuring that the
amount of wastewater transferred into the unactlvated aerobic dlgester is relat1vely small
compared to the total volume of the unactrvated aerobic digester and the rate of dlgestron
therein and by ensuring sufficiently efficient mixing of the contents of the unactivated

aerobic digester so newly-added wastewater (having a relatively high O, content and a
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relatively high aerobic microorganism population component) is quickly diluted with
wastewater that has already undergone sufficient digestion.

Device 10 includes a unactivated aerobic digester 14a, schematically depicted in
greater detail in Figure 3, configured to operate as a continuous-stirred tank reactor.
Unactivated aerobic digester feeder pump 32 continuously transfers wastewater into
unactivated aerobic digester 14a through inlet 16 to undergo unactivated aerobic digestion.
Mixing mechanism 40 (comprising an impeller driven by a motor) continuously mixes
wastewater in unactivated aerobic digester 14a so that additional wastewater transferred into
unactivated aerobic digester 14a is quickly diluted with wastewater in unactivated aerobic
digester 14a that has been already at least partially digested.

Unactivated aerobic digester 14a further comprises a sludge remover 42. Sludge
remover 42 is conﬁgured to remove sludge settling at the bottom of unactrvated aerob1c
digester 14a from unactrvated aeroblc dlgester 14a and to d1rect the removed sludge to
activated aeroblc dlgester 36.

Unactivated aerobic digester 14a further comprlses a gas outlet 44 conﬁgured for
drrectmg gas released from unactrvated aerobrc d1gester 14a to photobioreactor 26.

In some embodlments the unact1vated aerobic digester is conﬁgured to operate
without mixing, that is to say, durmg use wastewater ﬂow1ng between the inlet and the outlet
of the unactrvated aerobic digester wrthout any active mixing. As a given volume of
wastewater flows between the inlet and the outlet the wastewater undergoes dlgestron 50 that
various gradrents come into exrstence 1n51de the wastewater in the unactivated aerob1c
drgester A gas gradlent is formed where nearer the 1nlet there isa hrgher O; and lower COz
content while nearer the outlet there is a lower 02 and hlgher COz content. Importantly,
microorganism transition gradrent is formed where going from the inlet to the outlet there is a
transition from a m1croorgamsm populat1on havmg a more significant aerobic microorganism
component to having a less s1gn1ﬁcant aeroblc mlcroorgamsm component For this reason, '
the unact1vated aerobic dlgester is somet1mes called the transmon dlgester The low 0O,
content and low aerobic mrcroorgamsm populat1on component desired for wastewater
transferred to the anaerobic dlgester from the unactivated aeroblc dlgester is attamed both by
the gradients and by ensuring that the amount of wastewater transferred into the unactlvated
aerobic digester is relatrvely small compared to the total volume of the unactivated aerobrc
digester and the rate of dlgestlon thereln )

Device 12 includes an unactlvated aerob1c dlgester 14b schematlcally deplcted in

greater detarl in Fi igure 4, conﬁgured to operate w1thout m1x1ng Unactrvated aeroblc drgester
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feeder pump 32 continuously transfers wastewater into unactivated aerobic digester 14b
through inlet 16 to undergo unactivated aerobic digestion. As additional wastewater is
transferred, wastewater that has already undergone at least some digestion in unactivated
aerobic digester 14b is forced out through outlet 18. During use sludge may settle at the
bottom of unactivated aerobic digester 14b. Such sludge remains in unactivated aerobic

digester 14b and is slowly digested.

Anaerobic digestion

A device according to the teachings herein includes any suitable anaerobic digester.

In some embodiments, an anaerobic digester is configured to operate at above-
ambient pressures, typically up to 5% above ambient pressure. In some embodiments, the
anaerobic digester is substantially a sealed chamber. In some embodiments, the anaerobic
digester comprises an ordinarily-closed gas valve that opens to release excess gas when the
pressure inside the anaerobic digester passes a predetermined limit. '

In some embodiments, an anaerobic digester further comprises. a gas outlet,
configured for directing gas (that typically includes CO,) released from the anaerobic digester
to the photobioreactor. In devices 10 and 12, anaerobic digesters 20a and 20b respectivel};
include such a gas outlet 50. '

In some embodiments, a device further comprises, ‘functionally associated with the
anaerobic digester mlet a one-way valve: conﬁgured to allow fluid-flow into the anaerobic
digester through the anaeroblc digester inlet; and configured to prevent fluid- ﬂow out of the
anaerobic drgester through the anaeroblc dlgester inlet. In devices 10 and 12, anaerobrc
digesters 20a and 20b respectlvely 1ncludes such a one-way valve 46.

In some embodiments, a devrce further comprises an anaeroblc digester feed pump
functionally associated with the anaerobrc dlgester inlet for transferrlng wastewater from the
unactivated aerobic digester to the anaeroblc dlgester In dev1ce 12, anaeroblc dlgester 20b
includes such an anaerobic digester feed pump 48.

That said, in some embodivments,‘ an anaerobic digester inlet configured to paséivelst
direct wastewater exiting the unactivated aerobic digester outlet into the anaerobic drgester.
In some embodiments, wastewater entering the unactlvated aeroblc dlgester through the
unactivated aerobic dlgester mlet forces wastewater already in the unactlvated aeroblc
digester out through the unactlvated aerobrc digester outlet through the anaeroblc dlgester

inlet into the anaerobic dlgester In devrce 10, anaerobic d1gester inlet 22 is configured to
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passively direct wastewater exiting unactivated aerobic digester outlet 18 into anaerobic
digester 20a.

In some embodiments, the anaerobic digester is a vertically-stratified anaerobic
digester 20a, schematically depicted in greater detail in Figure 5 and anaerobic digester 20b.
In such an anaerobic digesters, the anaerobic digester is substantially a vessel having inlet 22
near the top and outlet 24 near the bottom of the vessel. During operation, the contents of the
vessel are not stirred or mixed allowing stratification of the wastewater in the vessel so that
anaerobic digestion is substantially by the plug-flow method.. As a given volume of
wastewater flows between inlet 22 and outlet 24, the wastewater undergoes anaerobic
digestion so that various gradients come into existence inside the wastewater. A gas gradient
is formed where nearer the inlet there is a higher O, and lower CO, content while nearer the
outlet there is a lower O, (substantially non-existent) and higher CO; content. Importantly, in
some embodirnents, a microorganisrn trnneition gradient is forrned where going from the inlet
to the outlet there is a transition from a microorganism population having some viable aerobic
microorganism population component to having a no viable aerobic microorganism
component. The suhstantialﬁly non—existent O content and, if relevant no viable aerobic
microorganism population component desired for wastewater transferred to the
photobioreactor from the anaeroblc digester is attamed both by the gradients and by ensuring
that the amount of wastewater transferred 1nto the anaerobic digester is relatively small

compared to the total Volume of the anaerobic digester and the rate of dlgestion therein.

In devices 10 and 12,‘anaerobic digester 20a and 20b, respectively, are vertically-
stratified anaerobic digeSters. Anaerobic digester 20b is configured to have an exceptionaily
large capacity for wastewater. Such a large capa'city‘allows anaerobic digester 20b to store
wastewater receives from nnactivated aerobic digester_ 14 without transferring a similar
amount of wastewater to photohioreactor‘ 26. Such configuration is exceptionally useful in
embodiments where a significant amount of ivestewater'is expected to be transferred to the
device at times when there is insufficient sunlight for ‘p‘hotobioreactor operation, for‘examp'le

at night.

In some embodiments, an anaerobic digester includes microorganism gr'OWth
substrates (e.g., mats) allowing microorganisms therein to adopt a sessile mode during

anaerobic digestion more favorably than a planktonic mode.
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Photobioreactor

A device according to the teachings herein includes any suitable photobioreactor. An
embodimeént of a photobioreactor 26 as implemented in device 10 and 12 is schematically
depicted in greater detail in Figure 6, and includes an inlet 28. '

In some embodiments, a photobioreactor is configured to operate at above-ambient
pressures, typically up to 5% above ambient pressure. In some embodiments, the
photobioreactor comprises an ordinarily-closed gas valve that opens to release excess gas
when the pressure inside the photobioreactor passes a predetermined limit.

In some embodiments, a device further comprises, functionally associated with the
photobioreactor inlet, a one-way valve: configured to allow fluid-flow into the
photobioreactor through the photobioreactor inlet; and configured to prevent fluid-flow out of
the photobioreactor through the photobioreactor inlet. Some embodiments of photobioreactor
26 includes such a one- -way Valve 52. _

In some embodiments, a deV1ce further comprrses a photobroreactor feed pump
functionally associated w1th the photobloreactor inlet for transferring wastewater from the
anaerobic digester to the photob1oreactor Some embodrments of photobioreactor 26 include
such a photobioreactor feed pump 54,

That said, 1n some embodrments a photobroreactor 1nlet is conﬁgured to passrvely
direct wastewater ex1t1ng the anaeroblc dlgester outlet into the photobioreactor. In some
embodiments, wastewater enterrng the anaerobrc dlgester through the anaerob1c digester mlet
forces wastewater already in the anaerob1c drgester out through the anaerobic d1gester outlet
through the photobloreactor inlet into the photobroreactor In some embod1ments
photobioreactor inlet 28 1s configured to passwely drrect wastewater ex1t1ng anaeroblc

digester outlet 24 into photobroreactor 26.

CO; Inlet

As discussed above, in. some embodiments of the teachings herein, CO; gas is added
to wastewater in a photobioreactor. Added COzi gas provides additional CO, for algal growth
and also provides an alternative to releas1ng COz into the atmosphere Accordlngly, in some
embodiments, a photob1oreactor further comprises a COz inlet, conﬁgured for 1ntroducmg
CO: gas into the photob1oreactor _

In some such embodnnents the CO; 1nlet is functronally assocrated with the anaerob1c
d1gester to add CO; (and opt1onally other gases) produced inside the anaerobic digester, to

wastewater in the photobloreactor _
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In some such embodiments, the CO; inlet is functionally associated with the
unactivated aerobic digester, to add CO, (and optionally other gases) produced inside the
unactivated aerobic digester, to wastewater in the photobioreactor.

In some such embodiments, the CO: inlet is functionally associated with the gaseous
exhaust of an industrial process or internal combustion engine, to add effluent CO, (and
optionally other gases) produced by the industrial process or internal combustion engine, to
wastewater in the photobioreactor.

Photobioreactor 26 includes a CO, inlet 56 for adding gases produced inside
anaerobic digester 16 (typically CO; together with other gases) into photobioreactor 18.

Characteristics of photobioreactor

In some embodiments, the photobioreactor constitutes a conduit having at least two
distinct portions, at least one illumination portion (also called illumination vessel) and at least
one holding portion (also called holding vessel), the illumination portion conﬁ;gured for
exposing wastewater more intensely to sunlight than the holding portion. In some
embodiments an illumination portion constitutes a solar collector. - -

In some embodiments, a surface area to volume ratio of an 1llum1nat1on portlon 1s
substantially higher than a surface area to Volume ratio of a holding portion. For example, an
illumination portion is relatively thin but broad and high while the holding portion is more
barrel-shaped or cubic. | . , V o |

As discussed above, according to some embodiments of the teachings herein; when
algae is exposed to the sun, it is preferred that the optical path not be too long (as further
algae are shaded from the sun) and not be too thin (giving the device unwieldy dimensions

“and rendering the device susceptible to clogging). Accordingly, in some embodiments, at
least a portion of the photobioreactor deﬁnes an opt1cal path for sunhght exposure not more
than 5 cm long, not more than 4 cm long, not more than 3 cm long and even not more than

, 2.5 cm long. In some embodiments, the opt1cal path for light exposure of not less than 0.5
cm, not less than 0.8 cm and even not less than 1 cm. Such a portlon is typical a flat panel
shape and, when deployed for use, the panel is ﬁxed to face the sun as is known in the ﬁeld of
solar energy. Typically, the portion is the 1llum1nat10n portion.

In some embodiments, the 1llum1natlon port1on of the photob1oreactor comprises a
reflector to reﬂect light not absorbed by algae back through the illumination portion.

In some embod1ments the photob1oreactor comprlses a closed-clrcu1t conduit, so that

wastewater not removed from the photobioreactor can c1rculate in the photob1oreactor
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indefinitely. In some embodiments, the photobioreactor is conﬁgured so that fluid flow
therethrough is driven by fluid driven through the inlet of the photobioreactor. In some
embodiments, the photobioreactor further includes a circulator (e.g., a circulation pump),
configured to drive wastewater through the photobioreactor independently of fluid entering
the inlet of the photobioreactor. Typically, the circulator is configured to circulate the entire
volume of wastewater held in the photobioreactor over a period of between 3 hours and 7
hours, more typically over a period of between 4 hours and 5 hours.

As discussed above, according to some embodiments of the teachings herein, while
held in a photobioreactor, algae is subjected to periods of quicker motion (stream) and to
period of slower motion. Although not wishing to be held to any one theory, it is believed
that such varying motion assists in maintaining the algae in planktonic mode, without
developing swimming organs, yet without causing stress that may lead to algae death. In
some embodiments, the photobioreactor constitutes a conduit, haVing: at least one portion ‘of
a first (larger) cross.section' and at least one portion of a second cross section which is
smaller in size than the ﬁrst Cross sectlon allowing a given alga to experience c1rculat1on
through the photobloreactor at changmg rates wh1le mamtammg substantlally constant
drlvmg of ﬂow over tlme where /

flow through portlons havmg the ﬁrst Cross sect1on is at a first rate; and

flow through portions having the second Cross sectlon is at a second rate faster than

theﬁrstrate - i | - | N

In some embodiments, the second (smaller) cross section portlons constitute at least
5%, at least 10%, at least 15% and even at least 20% of the volume of the photobloreactor In
some embodiments, the second (smaller) Cross section portrons constitute not more than 40%
and even not more than 33% of the volume of the photobroreactor The fraction of the t1me
that a given alga has a faster flow rate is substantially the ﬁact1on of the volume of the
photob1oreactor havmg the second (smaller) cross sectlon :

In some embodiments, portlons of the second (smaller) cross sectrons correspond to
the illumination portions and the portions of the first (larger) cross sections correspond to the
holding portions of the photobloreactor. '

Photobioreactor 26 mcludes a holdmg pomon made up of three 1 m’ holdmg
chambers 58 (each a 1m x lm X 1m cubic polyethylene vessel), first holdmg chamber 58a,
second holding chamber 58b and th1rd holdmg chamber 58c. Photobloreactor inlet 28 opens

out into first holding chamber 58a. As an extraction chamber 60, a 80 cm diameter 1 m tall
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cylindrical vessel of polyethylene (having a volume of 500 L) is placed in fluid
communication with and beneath third holding chamber 58¢.

Photobioreactor 26 includes an illumination portion made up of two panels 62a and
62b, each panel 600 cm wide, 210 cm tall and 4 cm deep of 150 transparent Perspex
(PMMA) or polycarbonate 4 cm x 4 cm square cross section tubes 210 cm long, which ends
are brought into fluid communication with U-shaped adapters so that each panel defines a
31.5 m serpentine conduit having a 16 cm? cross section and a 0.5 m® volume. Each panel 62
constitutes a solar collector having a 4 cm long optical path, the depth of the tubes.

The inlet of panel 62a is functionally associated with the outlet of holding chamber
58a. The inlet of holding chamber 58b is functionally associated with the outlet of panel 62a.
The inlet of panel 62b is functionally associated with the outlet of holding chamber 58b. The
inlet of holding chamber 58c¢ is funct1onally assocrated with the outlet of panel 62b. The mlet
of holding chamber 58a is functronally assocrated with the outlet of holdmg chamber 58a In
such a way, photobioreactor constitutes a closed-circuit conduit. ‘Wastewater can be dr1ven
through photobioreactor 26 by fluid drlven into photobroreactor 26 through photobroreactor
inlet 28, or by a circulator 64 (a cnculatlon pump) that in part defines the functlonal
association between holding chambers 58¢ and 58a. Circulator 64 has a pumping capacity of
16 L / minute, so can c1rculate an entire Volume of wastewater held m photobroreactor 26
over a period of about 4 to5 hours

Panels 62 have a substantrally hrgher surface area to Volume rat1o than holdrng
chambers 58. Addrtronally, panels 62 have a much smaller flow cross section than do
chambers 58. Accordingly, when wastewater is being pumped through photobroreactor 26 at
a substantially constant drrvrng rate wastewater (and algae suspended therein) in chambers
58 moves slowly, for all mtents and purposes does not move, while wastewater (and algae
suspended therein) in panels 62 ﬂows very qurckly . | | o

As noted above, in some embodrments when there is insufficient sunlight 1llummatmg
the photobioreactor, the algae in the wastewater may begin to adopt a non-photosynthetrc
metabolism. To assist in preventing this undesirable effect, “in some embodiments ‘a
photobioreactor includes an illumination assembly, conﬁgured for illuminating at least a
portion (typically the 111um1natron portion) of the photobioreactor with artificial llght Any
suitable artificial llght may be used (e.g., LED, rope- -light decorations, ﬂuorescent lamps) as
long as such lrght has sufﬁcrent 1ntens1ty to assist in preventing the adopt1on of the non-

photosynthetic metabolrsm In some embodrments an illumination assembly is functronally
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associated with an ambient-light sensor to automatically activate the illumination assembly to
illuminate the portion of the photobioreactor when there is insufficient ambient light.

In photobioreactor 26, each panel 62 of the illumination portion of photobioreactor 26
is functionally associated with such an illumination assembly 66, made of eighteen standard
210 cm-long fluorescent lamps.

In some embodiments, the photobioreactor includes a vent allowing release of gases
produced during the processing of the wastewater in the photobioreactor.‘ In some
embodiments, the vent is a one-way vent valve (e.g., check valve) that allows escape of gases
from the photobioreactor but prevents gases and contaminants from the surroundings from
entering the photobioreactor. Photobioreactor 26 includes such a one-way vent valve 68.

As discussed above, in some embodiments of the teachings herein wastewater is
purified. Specifically, in some embodiments wastewater, after undergoing unactivated
aerobic digestion, anaerobic digestion and being trans'ferred to and maintained in' the
photobioreactor in accordance with the teachlngs herein, is sufficiently pure, for example for
discharge into the environment. Accordingly, in some ernbodirnents, a device according to
the teachingé herein comprises a water extraction unit for extracting water, | in Some
embodiments continuously, from the photobloreactor _

Any suitable water extractor may be used for extractmg water from a photobroreactor
in accordance with the teachmgs hereln _

Photobioreactor 18 mclude a water extractor 70 assoc1ated with extract1on chamber
60. Water entering th1rd holding chamber 58c flows mto extraction chamber 60 and passes
through a ﬁlter 72 havmg a mesh size of 5 micrometers to be continuously extracted from
photobloreactor 18 w1thout substant1al algal blomass

In some embod1ments a water extractor further compr1ses a ﬁne filter (e. g, of
geotechmcal cloth) for ﬁltermg extracted water _

In some embodunents a water extractor further comprlses an ultravrolet l1ght for
destroying algal spores found i in extracted water by 1rrad1at1on

In some embodiments, a water extractor further comprlses a sand trap to remove algae
and/or destroyed algal spores. ‘

As discussed above 'some embod1ments of the teachlngs herem require that the algal
density in the wastewater in the photobroreactor be neither too high nor too low. In order to
regulate the algal density, in some embodrments a device as descrrbed herem further
comprrses an algae harvester (also called an algae extraction umt) functronally assocrated

with the photobroreactor for harvestmg algal biomass from the photobroreactor In some
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embodiments, the algae harvester is configured to continuously extract algal biomass from
wastewater in the photobioreactor.

Any suitable algae harvester may be used in harvesting algae from wastewater from a
photobioreactor in accordance with the teachings herein, for example with a skimmer, or an
Archimedean screw.

Photobioreactor 18 includes an algae harvester 74 associated with extraction chamber
60. Some of the algae suspended in wastewater entering third holdiné chamber 58¢ settle into
extraction chamber 60 to be continuously extracted from the wastewater by Archimedean
screw76.
| In some embodiments, a device as described herein further comprises sensors (e.g., a
sensor array) for monitoring the nutrient supply from the anaerobic digester as well as the
conditions in the photobioreactor. In some embodiments, thé sensors include at least one of
an oxygen sensor, a carbon dioxide sensor, a temperature sensor, a pH sensor, a llght sensor,
and a conductivity sensor, algae density sensor.

As noted above, in some embod1ments a dev1ce accordlng to the teachmgs hereln
comprises an algae harvester to harvest algal biomass from wastewater in the
photobioreactor. In some embodiments, harvested algae are taken from the device for further
use or dlsposal ‘ N o |

In some embodlments a dev1ce accordmg to the teachings herem further comprlses an
algae separating umt to separate harvested algal biomass into a lipid stream and a solid
stream. Any suitable algae separating unit may be used, for example and ultrasonic vibrator
to rupture algae cells and/or a centrifuge to separate the lipids and solids from the ruptured
cells. Devices 10 and 12 include an algae separatmg unit 78 to separate harvested algal
biomass mto a lipid stream 80 and a solid stream 82.

In some such embodiments, a dev1ce further compnses a fermenter that receives the
solid stream from the algae separatmg unit and ferments received solids, for example, to
produce bioethanol. | | | » - S .

In some such embodlments a dev1ce further comprlses a ﬁJel extractlon un1t that
receives the lipid stream from the algae separatlng unit and processes rece1ved lipids to
produce biodiesel fuel.

In some such embodiments, a dev1ce further compr1ses an electrlcal generator
configured to burn, inter alia, biodiesel fuel from the fuel extraction un1t and generates

electricity, for example, to power components of the device.

32



WO 2012/153174 PCT/IB2012/000884

In some embodiments, a device further comprises a biological fuel-cell (microbial
fuel cell) assembly optionally located between an anaerobic reactor and a photobioreactor.

In some embodiments, a device according to the teachings herein is provided as a
plurality of modular units, which may be easily transported to a target location, and

assembled on site.

"' Pretreatment
| Although not depicted in the Figures, some embodiments of a device as described
herein include a wastewater pretreatment module.

In some embodiments, a device further comprises a crusher for crushing solid
components of wastewater prior to entry of the wastewater into the activated aerobic digester
or the unactivated aerobic digester. Various crushers are known in the art. Any suitable
crusher may be used. »- ' | . -

In some embodiments, a dev1ce further comprises a solids separator (e.g., rake, net,
sieve, stramer solids- clearmg conveyor belt) for separating solid components of wastewater
prior to entry of the wastewater into the actlvated aerobic digester or the unactivated aeroblc

digester.

EXPERIMENTAL

A device, similar to device 10 depicted in Figure 1 is constructed having a 35 m*

volume unactivated aerobic digester, a 30 m> volume anaerobic digester and a 4m* volume
photobioreactor similar to 18 depictecl in Figure 5vw'ith two” 0.5 m’ volnme illumination
chambers of transparent Perspex (PMMA) or polycarbonate, three 1 m® volume holding
chambers and a 0.5 m’ extraction chamber all 4 of polyethylene. A pump is used to
continuously drive wastewater havmg a BOD of 30 mg/L at a rate of 1 m / hour from an
existing activated aerobic d1gest1on pool of a waste water managmg system serving a local
industrial zone.

During daylight hours, algal blomass is harvested to maintain the algal (lensity in the
photobioreactor at between 15% and 20% by weight of the fluid inside the photobioreactor.
Water is removed at a rate of 1 m* / hour and found to have a BOD of between 2 and 5 mg /
L. When dried, the algal b1omass yields 70% 11p1ds and 30% dry matter, by weight.

At night, the valve assocnated with the photobioreactor inlet is closed, the wastewater
in the photobioreactor contmuously circulated and the illumination chambers 1llum1nated

with standard fluorescent lamps.
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At least some embodiments of the teachings herein, make use of both bacterial and
photosynthetic processes, for treatment of various types of wastewater, including domestic
and commercial sewage, industrial waste and surface runoff. Furthermore, the level of
treatment may be greater than that achieved after known tertiary wastewater treatment
processes. ’

Economic benefits of some embodiments of the teachings herein include: sustainable
supply of reclaimed water; production of biofuels; and trade in greenhouse gas emissions:
some embodiments reduce greenhouse gas emissions by preventing CO, and water vapour
emission during sludge decomposition stages, and by fixing CO. during algae photosynthesis.

It is appreciated that certain features of the invention, which are, for clarity, described
in the context of separate embodiments, may also be provided in combination in a single
embodiment. Conversely, various features of the invention, which are, for brevity, described
in the context of a single embodrment may also be provrded separately or in any sultable
subcombination or as suitable in any other described embodlment of the invention. Certam
features described in the context of various embod1ments are not to be cons1dered essentlal
features of those embodiments unless the embodiment is inoperative without those elements

Although the 1nvent10n has been described in conjunctlon w1th specific embodiments
thereof, it is evident that many altematlves modiﬁcations and variations will be apparent to
those skilled in the art. Accordmgly, it 1s 1ntended to embrace all such alternatives,
modifications and variations that fall within the scope of the appended claims. I

Citation or 1dent1ﬁcatron of any reference in this applrcatron shall not be construed as
an admrssron that such reference is avarlable as prior art to the invention.

Section headlngs are used herem to ease understandmg of the spe01ﬁcat10n and should

not be construed as necessarlly lrmltmg.
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CLAIMS:
1. A method for processing wastewater, comprising:
a) providing wastewater for processing;
b) reducing O; content of said wastewater by unactivated aerobic digestion;
c) subsequently to 'b', eliminating substantially all O, from said wastewater by
anaerobic digestion;
d) subsequently to 'c', transferring said wastewater to a closed photobioreactor; and
e) subsequently to 'd’, maintaining said wastewater in said photobioreactor in
conditions favorable for algal photosynthesis, thereby allowing algae to grow in said

photobioreactor.

2. The method of claim 1, said wastewater comprising a wastewater selected from the

group consisting of sewage and industrial wastewater.

3. The method of any of claims 1 to 2, further comprising, prior to said reducing of O,

content 'b', reducing the organic content of said wastewater by activated aerobic digestion

4. The I‘nethod"of claim 4, wherein said wastewater has a BOD of greater than 500 prior

to said activated aerobic digestion

5. The method of any of claims 1 to 4, wherein said reducing of O, content by

unactivated aerobic digestion 'b' is performed in a closed vessel.
6. The method of any of claim 1 to 5, said unactivated aerobic digestion such that
subsequent to said reducing of O content by unactivated aerobic digestion 'b', an O, content

of said wastewater is not more than 2 mg/L.

7. The method of any of claims I to 6, wherein said aerobic digestion is effected by

native aerobic and/or facultative microorganisms.

8. The method of ahy of claim 1 to 7, further comprising, recovering sludge settling

during said unactivated aerobic digestion.
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9. The method of claim 8, further comprising, digesting said recovered sludge by

activated aerobic digestion.

10.  The method of any of claims 1 to 9, further comprising reéovering CO; gas released

by said unactivated aerobic digestion.

11.  The method of claim 10, further comprising, adding said recovered CO, gas to

wastewater in said photobioreactor.

12 The method of any of claims 1 to 11, wherein said eliminating of O content by

anaerobic digestion 'c' is performed in a closed vessel.

13. The method of any of claims 1 to 12, said anaerobic dige'stion such that subsequent to
said anaerobic digestion the population of aerobic microorganisms in said wastewater is no

longer viable.

14.  The method of any of claim 1 to 13, wherein said anaerobic digestion is effected by

native anaerobic and/or facultative microorganisms.

2

15. The method of any of claims 1 to 14, further comprising recovering CO, gas released

by said anaerobic digestion.

16.  The method of claim 15, fufther comprising, adding said recovered CO, gas to

wastewater in said photobioreactor.

17. The method of any of claims 1 to I'6, conditions of _said transferring 'd' and/or said
maintaining 'e' such that subsequent to said maintaining 'e', the population of microorganisms
from said anaerobic digestion in said wastewater is no longer viable.

18.  The method of any of claims 1 to 17, wherein said algae are native.

19.  The method of any of claims 1 fo 18, wheféin .said'algae ihéludé multiple species

20. The method bf any of claims 1 to 19, wherein said algae are microalgae.
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21.  The method of any of claims 1 to 20, further comprising, adding CO2 gas to

wastewater in said photobioreactor.

22.  The method of any of claims 1 to 21, further comprising during said maintaining said
wastewater in said photobioreactor '¢', at least one of circulating said wastewater in said
photobioreactor discontinuously and circulating said wastewater in said photobioreactor

continuously.

23.  The method of any of claims 1 to 22, further comprising substantially continuously

removing processed water from the photobioreactor.

24.  The method of any of claims 1 to 23, further comprising when there is 1nsufﬁc1ent
sunlight to support sufficient photosynthes1s illuminating the wastewater in the

photobioreactor with artificial light.

25.  The method of of any of claims 1 to 24, ﬁirther comprising when there is msufﬁc1ent
sunlight to support sufficient photosynthe51s, circulating the wastewater in the

photobioreactor.

26. A device suitable for processing wastewater comprising:
a closed unactivated aerobic dlgester having an inlet and an outlet;
a closed anaeroblc d1gester having an inlet and an outlet, which inlet is in fluid
communication with said outlet of sa1d unact1vated aeroblc dlgester through an
anaerobic digester inlet conduit; and
a closed photob1oreactor havmg an 1nlet and an outlet wh1ch inlet is in ﬂu1d
communication with said outlet of said anaerobic digester through a photobioreactor

inlet conduit.
27.  The device of claim 26, further comprising an activated aerobic digester having an

outlet, which outlet is in fluid communication with said inlet of said unactivated aerobic

digester.
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28.  The device of claim 27, further comprising a unactivated aerobic digester feed pump
functionally associated with said unactivated acrobic digester inlet for transferring

wastewater from said activated aerobic digester to said unactivated aerobic digester.

29. The device of any of claims 26 to 28, further comprising, functionally associated with
said unactivated aerobic digester inlet, a one-way valve:
configured to allow fluid-flow into said unactivated aerobic digester through said
unactivated aerobic digester inlet; and
configured to prevent fluid-flow out of said unactivated aerobic digester through said

unactivated aerobic digester inlet.

30.  The device of any of claims 26 to 29, said unactivated aerobic digester configured to

operate at above-ambient pressures.

31. The device of any of claims 26 to 30, said unactivated aerobic digestef including a

)
sludge remover, for removing sludge from said unactivated aerobic digester.

32. The device of any of claims 26 to 3 1, said unactivated aerobic digester including a gas

outlet to direct gas released from said unactivated aerobic digester into said photobioréactor.

32. The device of any of claims 26 fo 31, wherein said unaétivated aerobic digéstér is

configured to operate without-mixing.

33. The device of any of claims 26 to 31, wherein said unactivated aerobic digester is

configured to operate as a continuous-stirred tank reactor.

34.  The device of an); of claims 26 to 33, said anaerobic ‘d'igester configured to operaté at

above-ambient pressures.

35.  The device of any of claims 26 to 34, séid anaerobié digester ihcluding a. gas outle{ to

direct gas released from said anaerobic digester into said photobioreactor.
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36. The device of any of claims 26 to 35, further comprising, functionally associated with
said anaerobic digester inlet, a one-way valve:
configured to allow fluid-flow into said anaerobic digester through said anaerobic
digester inlet; and
configured to prevent fluid-flow out of said anaerobic digester through said anaerobic

digester inlet.

37.  The device of any of claims 26 to 36, further comprising an anaerobic digester feed
pump functionally associated with said anaerobic digester inlet for transferring wastewater

from said unactivated aerobic digester to said anaerobic digester.

38. The device of any of claims 26 to 36, sa1d anaeroblc d1gester mlet conﬁgured to
passively direct wastewater exiting said unactivated aerobrc digester outlet into said

anaerobic digester.

39. -The device of any of claims 26 to 38, said anaerobic digester substantially a vertically

stratified anaerobic digester.

40.  The device of any of claims 26 to 39, said photobioreactor configured to operate at

above-ambient pressures.

41. The device of any of clairns 26 to 40., further cornprieing, functionally associated with
sard photobloreactor mlet a one-way Valve ‘ | ’ ,
conﬁgured to allow ﬂuld-ﬂow 1nto said photobloreactor through said photobroreactor
inlet; and / '

configured to prevent fluid-flow out of said photobioreactor through said

photobioreactor inlet.

42.  The device of 'any of claims 26 to 41, further comprising a photobioreactor feed pump
functionally associated with said photobioreactor. inlet for transferring wastewater from said

anaerobic digester to said photobioreactor.

43.  The devrce of any of clalms 26 to 41, said photobloreactor inlet configured to

passively direct wastewater ex1t1ng sald anaerobic dlgester outlet into said photobroreactor
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44.  The device of any of claims 26 to 43, further comprising a CO, inlet, configured for

introducing gaseous CO, gas into said photobioreactor.

45. The device of any of claims 26 to 44 further comprising a water remover, functionally

associated with said photobioreactor, for removing water from said photobioreactor.

46. The device of any of claims 26 to 45 further comprising an algae harvester,
functionally associated with said photobioreactor, for harvesting algae from said

photobioreactor.

47.  The device of any of claims 26 to 46, said photobioreactor constituting a conduit
having at least two distinct portions, at least one illumination portion and at least one holdmg
portion, said illumination portion conﬁgured for exposing wastewater more mtensely to

_ sunlight than said holdlng vessel.

48. The device of claim 47 wherem a surface area to volume ratlo of said 1llum1natron

portlon is substantially hrgher than a surface area to volume ratio of said holding portlon

49.  The device of any of claims 26 to 47, wherein at least a portion of said

photobioreactor defines an optical path for sunlight exposure not more than 5 cm long.

50. . The device of any of claims 26 to 49, said photobioreactor comprising a closed-circuit

conduit.

51.  The device of clalm 50 said photobloreactor conﬁgured so that wastewater

therethrough is drlven by wastewater driven through said inlet of said photobioreactor

52. The device of any of claims 53 to 54, further comprlslng a c1rculator conﬁgured to
drive wastewater through sard photobioreactor independently of ﬂu1d entering said inlet of

said photobioreactor,

53.  The device of any of claims 50 to 52, said i)hotobioreactor constituting a conduit
having:

at least one portion of a first cross section; and
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at least one portion of a second cross section which is smaller in size than said first
Cross section
allowing a given alga to experience circulation through said photobioreactor at changing rates
while maintaining substantially constant driving of flow over time, where:
flow through portion having said first cross section is at a first rate; and
flow through portion having said second cross section is at a second rate faster than

said first rate.

54. The device of claim 53, wherein said cross section portions of said second size

constitute at least 5% of the volume of said photobioreactor.

55. The device of any of claims 53 to 54, wherein said cross section portions of sa1d

second size constitute not more than 40% of the volume of said photobloreactor

56. The device of any of claims 26 to 55, further comprising an illumination assenlbly,

configured for illuminating at least a portion of said photobioreactor with artificial light.

57. A method for growing algae, comptising:
for a period of time, exposing algae in a growth medium to sunlight, said growth
medium mcludmg nutrlents suitable for algal growth, CO; and devoid of V1able
aerobic bacteria; |
during said period of tirne, maintatning a density of said algae at not more than 25%
by welght of'said growth medlum ‘
durmg sa1d perlod of t1me replemshmg sa1d nutrlents and sald COz, and
during said period of time, altematlngly moving said algae together w1th said growth
medium at a first speed for at least one contmuous minute and at a second speed being
slower that said first speed for at least one continuous mmute | -
wherein said moving at a first speed occurs for at least 5% and not more than 40% of the

period of time.
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