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DESCRIPTION
Technical field

5 The present 1nvention relates to an 1mproved method of

chermochemical conversion of algal biomass, advantageously

integrated continuously 1n a method for algal culture.

The 1nventlion aims to 1mprove the conversion of algal biomass

10 1nto a gas or 1nto biocrude by hydrothermal gasification or

hydrothermal liquefaction respectively, with a view to producing

biofuels (liguid or gaseous) .

"Bliocrude" 1s 1ntended to have 1ts usual meanling, 1.e. a
15 combustible 1liquid resulting from the direct hydrothermal

liguefaction of algal blomass.

"Algal biomass" means the set of the photosynthetic
mlcroorganlsms.

20
"Photosynthetlic microorganisms”" 1s 1ntended to have 1ts usual
meaning, as glven 1n publication (1], namely algae and
cyanobacteria, 1.e. eukarvotic or prokarvyotic organilisms whose
growth mainly takes place by photosynthesis, and of microscopic

25 size, typically between 1 and 100 um.

"Supercritical water" 1s 1ntended to have 1ts usual meaning,

i.e. water at temperatures above 374°C at a pressure above 22.1
MPa.
30

Prior art

In the natural state, the photosynthetic microorganilisms
(mlcroalgae and cyanobacteria) are unicellular photosynthetic
35 organlisms, the principal components of phytoplankton, which have
inhabited the oceans and watercourses for more than three and a

half billion vears.
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There has recently been an upsurge of 1nterest 1n the culture

of microalgae and cyanobacteria on an 1industrial scale because

of the numerous fields of application, which 1nclude, on a
decreasing scale of added value: pharmaceuticals and cosmetics,

animal feed, human food, fertilizers, biosourced materials,

bioremediation and biofuels (ligquid or gaseous).

The upsurge of 1nterest 1n this dedicated culture arises
essentially because 1t does not have an adverse effect on food
productlion, and because 1ts vyield, 1.e. the growth rates of the
milcroalgae and cyanobacteria, may be very high. To give an order
of magnitude, as put forward by some authors, a hectare of
culture of microalgae can theoretically produce between 60 and
300 barrels of 01l equivalent per year, versus / barrels with
colza. To allow growth of microalgae or cyanobacteria, 1t 1s
necessary to comblne a straln with the appropriate culture
medium. The latter 1s made up of water, nutrients, carbon dioxide

(CO2) and solar energy. Determination of these various parameters

will give the rate of multiplication and accumulation of the

algal biomass as well as 1ts composition. Thus, for example,
nitrogen deficiency 1n the culture medium may lead to an

accumulation of lipids 1n the cells.

The three species of photosynthetic microorganisms currently the
most cultivated are, 1n order of decreasing amount, the
cyvanobacteria of the genus Arthrospira better known by the
deslignation "Spirulina", which represents about 50% of global
production, followed by the green microalgae of the genera
Chlorella, Dunaliella, Haematococcus, Nannochloropsis and the

diatoms of the genus Odontella.

In general, apart from some specles cultivated for niche
markets, the methods of culture of the photosynthetic

microorganisms have not yet reached their stage of i1ndustrial

maturity. There are still problems with constancy of gquality and

the cost of production, which 1limits thelr access to many
commerclial markets. Moreover, production of photosynthetic

mlicroorganlisms requlres light as well as heat during cold
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periods. Now, so that 1t 1s not limited to jJust the hot and

sunny regions, the technical solutions adopted must allow the

productivity of the microalgae to be 1ncreased 1n countries

located at the latitudes of the temperate regions.

There are a great many systems for monoculture production of

photosynthetlic microorganisms 1n suspension 1n water.

There are two main c¢lasses of culture systems [ 1] for

photosynthetic microorganisms (algal biliomass) :

— systems with an architecture of the open type, which consist
of basins, 1f applicable 1in a 1loop, also known as "raceway
culture systems", lagoons, outdoor tanks, 1.e. 1n the open air.
Thelr maln advantage 1s that the resultant production costs are
relatively low. Their major  drawbacks are low volume
productivity, 1.e. large size of equilipment requlred for a given
production of biomass, and poor control of the culture

conditions (notably sensitivity to 1mpurities),

- systems with an architecture of the closed type, known as

photo-bioreactors”™, consisting of one or more enclosure(s),
l1.e. whose 1nterior 1s not 1n contact with the ambient air.

Although requilring a large i1nitial 1nvestment, photo-bloreactors

make 1t possible, compared to the open systems, to achieve better
productivity and carry out culture 1n conditions that are better
controlled, notably avoiding 1mpurities, contamlinants, and

losses of CO».

Hydrothermal liguefaction 1s a promisling method of conversion

for transforming algal biomass 1nto so-called third generation

biofuels. It 1s a process operating with subcritical water, 1.e.
in conditions of temperature and pressure below 374°C and

22.1MPa, 1n which water plays a dual role of reaction medium and

reagent. To a first approximation, thilis process makes 1t

possilible to transform an algal blomass, still 1n solution 1n 1ts

culture medium, 1nto a biocrude, much closer to a ligquid fuel.
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However, a major drawback of this method of conversion by

hydrothermal ligquefaction 1s the production of an agueous

effluent during the reaction. This contains the nutrients

necessary for growth of the algae, but also carbon compounds,

some of which are toxic to the algae.

Thus, at the laboratory scale, plenty of people have already

demonstrated the feasibility of conversion of algal blomass by

hydrothermal liguefaction.

In particular, the applicant has already shown that hydrothermal
liguefaction 1s a conceilvable method for converting numerous
algae (Nannochloropsis, Chlorella, Neochloris, Spirulina,

Chlamydomonas, Dunaliella, etc.), sti1ll in their culture medium,

1nto a combustible biocrude.

Publication [ 2] presents investigations of different

temperatures and residence times of the algal biomass 1n a
reactor for carrying out hydrothermal 1liquefaction. This
publication [Z2] shows that short residence times, typically from

1 to 5 minutes, are sufficient to obtaln high degrees of

conversion 1nto biocrude, of up to 66%, and values of gross

calorific value (GCV) up to 36 MJ/kg. Recycling of the effluents

from the process 1s not considered 1n this publication [2].

Publication [3] 1s interested i1n the hvydrothermal liquefaction

of agqueous wastes, and of an algal bilomass. In this publication
[3], recycling of the nutrients and carbon from the culture

medium of the algae 1s envilisaged: the recycling scheme envisaged

1s shown 1n Fig. 1 1n the publication. In this publication [3],
the residue from hydrothermal liquefaction does not, however,
undergo further treatment, but 1s used directly for cultivating
algae, and this may prove harmful and non-optimal for the
culture, as certain compounds resulting from hydrothermal

liquefaction are toxic.

More generally, the wvarious teams working on hydrothermal

liguefaction are publishing similar, very encouraglng results,
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1n terms of degrees of conversion 1nto bilocrude, and calorific

value of the biocrude obtained.

In other words, the feasibility of transforming an algal

biomass, or even of agricultural and food wastes, i1into biocrude

has now been demonstrated, and the level of the performance
attalnable by a contlinuous process of hydrothermal ligquefaction

1s understood.

Patent application US 2012/0055077 proposes an improvement of
the method of hydrothermal ligquefaction of blomass by post-
treatment of the biocrude obtalned from hydrothermal
liguefaction to 1mprove 1ts propertilies as biofuel. This patent
application does not concern i1tself with the reprocessing of the

aqueous phase obtained from ligquefaction.

Patent application WO 2011/049572 proposes a method of

hydrothermal ligquefaction of a waste, and of utilizing the COz

obtained for culturing algae, the algal biomass thus obtained

being 1n 1ts turn converted by hydrothermal ligquefaction. In the

method disclosed, there is very little upgrading of the agqueous

phase obtained from hydrothermal liguefaction. In fact, 1t 1s

simply reinjected directly 1nto the culture medium for the
algae, and this may prove toxic for the algae and not optimal

for their growth.

Patent application US 2012/0285077 proposes a biological type
of extraction of the lipids contailned 1n algae 1n order to obtailn
a bio-o0i1l, which 1s then converted 1nto biodiesel by carrying

out a transesterification reaction. The method disclosed 1n this

application envisages recycling of the residues by fermentatilion
to form COz, which 1s then reinjected 1nto a reactor for algal

culture.

Patent application US 2014/273141 discloses a method for

converting algal biomass by hydrothermal ligquefaction.

Thus, although there are many teams working on the development
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of the method for converting algal bilomass 1nto biocrude by

hydrothermal ligquefaction, and although this method 1nvolves

considerable production of aqgqueous effluents during the

reactlion, no solution has really been proposed for making the

best possible use of these aqueous effluents.

There 1s a need to 1mprove the methods for thermochemical
conversion of algal blomass 1nto gas or 1nto bilocrude with a
view to producing biofuels (liguid or gaseous), notably with a

view to making the best possible use of the aqueous effluents

produced 1n these processes.

More gdgenerally, there 1s a need to 1mprove the continuous
processes that i1ntegrate a method for thermochemical conversion
of algal biomass 1nto gas or i1nto biocrude downstream of a method

for culture of algal biomass.

The general aim of the 1nvention 1s to meet this need or these

needs at least partly.

Summary of the 1nvention

For this purpose, the invention firstly relates, according to

one aspect, to a method for converting algal biomass, 1.e. the
set of photosynthetic microorganisms, 1nto a gas or 1nto a
biocrude with a view to producing a fuel or a motor fuel, notably
a liguid fuel, or some other synthetic product, comprising the

followling steps:

a/ hydrothermal gasification or hydrothermal liguefaction of an

algal biomass 1n at least one first reactor,

b/ separation between respectively the gas or biocrude produced,

and the aqueous effluents and the COz; produced, at the outlet of

the first reactor,

c/ recovery of the aqueous effluents,
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d/ oxidation of the agqueous effluents in at least one second

reactor.

step d/ being an oxidation by a wet process or a hydrothermal

oxldation (HTO) 1in supercritical conditions,

the heat produced during step d/ of oxidation in the second

reactor being supplied to the first reactor for carrvying out

step a/ of hydrothermal liquefaction or gasification.

Thus, the i1nvention makes 1t possible firstly both to produce

gas or biocrude and to transform the harmful agqueous effluents

efficiently 1n order to recycle them. The agueous effluents thus

transformed no longer constitute waste products.

More precisely, at the outlet of the first reactor, a gas or

biocrude can be recovered that 1s directly usable for producing
liquid fuels, and at the outlet of the second reactor, 1t 1s

possible to recover and utilize water and nutrients as well as

the COs produced during hydrothermal gasification or

liquefaction.

According to another of 1ts aspects, the 1nvention also relates
to a contlnuous process for culture of algal bilomass and
conversion of the algal biomass cultivated into a gas or into a

biocrude, comprising the followlng steps:

- culturing, 1n a culture zone contalning a culture medium, the

algal blomass to be cultivated,

- harvesting the algal biomass cultivated,

- steps a/ to d/ of the conversion process described above,

- 1njectling the water and the nutrients, and 1f applicable the

COz, obtained at the outlet of the second reactor, 1into the

culture zone.
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According to an advantageous embodiment, the continuous process
further comprises the step of recovery of the oxygen (02)
produced by the algal biomass, to 1nject 1t, as oxidant, upstream

of the second reactor before the oxidation step d/.

Thus, the 1nvention proposes 1ntegrating recycling of the

effluents produced, actually within the continuous process, by

employing two reactors, one dedicated to hydrothermal

gasifilcation or liquefaction for upgrading the algal biomass

into fuel and the other dedicated to oxidation of the agueous

effluents to allow them to be recycled to the culture medium of

the algal biomass.

When the two reactors are coupled thermally, the energy released

by the exothermilic oxidation reaction can be utililized to the best

possible degree, by supplying 1t as a heat source to the

endothermic reaction of hydrothermal gasification or

liquefaction.

Thus, the i1invention offers many advantages, 1ncluding:

= a saving on the reprocessing of the COz; and agueous

effluents at the outlet of the process for converting the algal

blomass 1nto gas or 1nto biocrude, these aqueous effluents no

longer constituting waste products that have to be reprocessed,

as 1n the prior art.

— recovery of a nontoxic culture medium (water and nutrilents

at the outlet of the oxidation reactor) for culture of the algal

biomass, and therefore a production saving for culturing 1t,
— supply of energy for the endothermic reaction of
hydrothermal liquefaction from the exothermic oxidation

reaction.

When step a/ is a liquefaction, it 1s preferably carried out in

the temperature range between 150 and 374°C and/or pressures

between 0.5 and 35 MPa.
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When step a/ is a gasification, it is preferably carried out in

a temperature range between 374 and 800°C and/or pressures
between 22.1 and 35 MPa.

Preferably, step a/ is carried out in a range of residence time

between 15 seconds and 1 hour.

When step d/ is a wet-process oxidation, it is carried out in a

temperature range between 150 and 374°C and/or pressures between
0.5 and 35 MPa.

When step d/ is a hydrothermal oxidation it is carried out in a

temperature range between 374 and 800°C and/or pressures between
22.1 and 35 MPa.

Step d/ 1is preferably carried out in a range of residence time

1n the second reactor between 15 seconds and 1 hour.

According to an advantageous embodiment, step d/ is a wet-

process oxidation carried out with part of the biocrude produced

injected 1nto the second reactor.

The CO,; produced and separated may be 1njected, as solvent, 1nto

the blocrude produced.

The heat produced during step d/ of oxidation in the second

reactor 1s supplied to the first reactor for carrving out step

a/ of hydrothermal liguefaction or gasification.

The heat produced during step d/ of oxidation in the second

reactor may also be supplied for preheating the oxidizing gas.

According to an advantageous embodiment, step a/ of hydrothermal

liquefaction and step d/ of oxidation are carried out in one and

the same reactor, called a double-jacketed reactor, comprilising

an 1nner Jacket delimiting the chamber of the first reactor

internally, and an outer 7jJacket surrounding the 1nner 7Jacket,
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with the space between the 1nner jacket and the outer jJacket

defining the chamber of the second reactor.

Advantageously, step a/ of hydrothermal liguefaction or

gasification 1s carried out 1n several first reactors

fluildically 1n parallel.

Also advantageously, step d/ of oxidation 1is carried out in

several second reactors fluidically i1n parallel.

The 1nvention also relates to a contlnuous process for culture
of algal biomass and conversion of the algal biomass cultivated

into a gas or 1nto a biocrude, comprising the following steps:

- culture of the algal biomass 1n a zone containing a culture

medium

- harvesting the algal biomass cultivated,

- steps a/ to d/ of the method of conversion according to one

of the preceding claims,

- 1njecting the water and the nutrients, and 1f applicable the
CO,, obtained at the outlet of the second reactor, 1into the

culture zone.

The method may further comprise the step of recovery of the
oxygen (02) produced by the algal biomass, to 1nject 1t, as
oxldant, upstream of the second reactor before the oxilidation

step d/.
The i1nvention also relates to the use of the method of conversion
described above or the continuous process described above for

producing so-called third-generation liguid fuels.

Detalled description

Other advantages and features of the 1nvention wi1ll Dbecome
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clearer on reading the detailed description of the 1nvention

given for purposes of 1llustration and nonlimiting, referring

to the following figures, where:

- Fig. 1 1s a schematic view of an example of a system

employing the continuous process for culture of algal biomass
and conversion of the algal biomass cultivated by hydrothermal

liguefaction 1nto blocrude according to the invention;

- Fig. 2 1s a perspective schematic view of an advantageous
embodiment of a part of the system according to the invention

with a double-jacketed reactor;

- Fig. 3 1s a schematic view of an example of a system using
a contilnuous process for culture of algal biomass and conversion
of the algal biomass cultivated by hydrothermal ligquefaction

into biocrude according to the state of the art;

- Fig. 4 1s a schematic view of an example of a system using
a continuous process according to the 1nvention and applied

directly to the system according to Fig. 3;

- Fig. 5 1s a graph 1indicating the preferred ranges of
temperature and pressure for carrying out step a/ of
hydrothermal ligquefaction 1n the method according to the

invention.

In the description given hereunder, the terms "inlet", "outlet™”
"upstream” and "downstream"” are used by reference to the
direction of circulation of the products obtained within the
system employing the contlnuous process according to the

invention.

The notation X wt% signifiles a percentage X by welght of a

compound.

Fi1g. 1 shows schematically a first example of a system employing

the continuous process for culture of photosynthetic
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mlcroorganisms and conversion thereotf by hydrothermal

liquefaction according to the present 1nvention.

The system comprises firstly a zone 1 for culture of the algal

biomass. This culture zone 1s either 1n the open air, with one

or more basins, or of the closed type, with one or more photo-

bioreactors (PRR).

The open—-alr basin may be of the type with a loop or loops,

usually called "racewavy".
For culture of the followlng species of microalgae and
cyanobacteria, the followiling preferred temperature ranges may

be envilisaged:

- Arthrospira platensis: 25-35°C (optimal temperature 30°C),

— Chlorella pyrenoidosa: 35-45°C (optimal temperature = 38.7°C),

- Chlorella vulgaris: 25-35°C (optimal temperature = 30°C),

- Chlamydomonas reinhardtii: 15-30°C (optimal temperature
25°C),

- Phaeodactylum tricornutum: 20-25°C (optimal temperature
22.5°C),

— Porphyridium cruentum: 15-30°C (optimal temperature = 19.1°C),

- Scenedesmus sp.: 20-33°C (optimal temperature = 26.3°C),

- Nannochloropsis oceanica: 20-33°C (optimal temperature
26.7°C),

- Dunaliella tertiolecta: 30-39°C (optimal temperature
32.6°C) .

The algal biomass obtained by culture 1s then harvested.
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Various techniques may be used for harvesting, such as

flocculation, filtration, centrifugation.

The subsequent step of hydrothermal 1ligquefaction offers the

advantage of operation with a high moisture level, up to 80 wt%

of water, or even more. In contrast to other conversion

technologies, this makes 1t possible to simplify the steps of

harvesting and drying.

The harvested blomass may be sent, notably by means of a suction
pump 10, to a reactor 2 for transforming the algal biomass into
biocrude (oi1ly phase) by hydrothermal ligquefaction. Besides the
biocrude at reactor outlet 2, there 1s formation of an agueous

phase, contalning organic residues and nutrients of the culture

medium, and a gas phase, contalning primarily COz. In other

words, the reaction of hydrothermal ligquefaction, which 1is

endothermic, allows the transformation of an algal solution,

partially concentrated 1n 1ts culture medium, 1nto biocrude of

interest, an aqueous effluent, and COz. The biocrude obtained

may then undergo a post—-treatment, of hydro-ligquefaction for

example, to be transformed 1nto biofuel of the biodiesel type.

According to the 1nvention, at the outlet of reactor 2,

separation 1s performed between the agqueous effluents, COz, and

the bilocrude by means of a sultable device 3, which may be a

usual device.

Then the agueous effluents, preferably with the COz, are sent

via a return line to the inlet of a reactor 5, 1n which a wet-

process oxldation reaction will take place.

The oxidation reaction, which 1s an exothermic reaction, allows

the aqueous effluents obtained by the ligquefaction reaction 1n

reactor 1 to be transformed i1nto water containing the nutrients
present 1n the 1nitial algal solution, and 1nto COz. For 1t to
take place, this reaction requires an oxidant, which may be air,

oxygen, or some other. For the wet-process oxidation reaction
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to be viable energetically, 1t 1s preferable that the separation

of the phases at the outlet of liquefaction take place without

cooling or depressurizing the mixture.

Then, at reactor outlet, a mixture of nutrients with water and

optionally CO; 1s obtained, which may be 1injected wvia line 6
into the culture zone 1. Thilis mixture 1s therefore recyclable

to the algal culture.

Thus, according to the 1nvention, the aqueous effluents are

treated by oxidation at the outlet of hydrothermal ligquefaction,

for fresh algae to be cultured.

Moreover, the 1nvention described allows the best possible

energy utilization.

In fact, the reaction of liquefaction requires heating of the

algal solution and 1s endothermic, whereas the oxidation

reaction 1s exothermic.

Thus, as shown schematically 1n Fig. 1, the heat derived from
the exothermic wet-process oxidation reaction that takes place
1n reactor 5 1s supplied to reactor 2 for carrying out or

participating 1n the hydrothermal liquefaction.

Thus, tTo combline these two reactions, a so-called double-

jJjacketed reactor 7 as 1llustrated 1n Fig. 2 may be used

advantageously. In this reactor 7, the inner jacket delimits the
chamber of reactor 2 1n which the reaction of hvydrothermal
liguefaction takes place and the space between the inner jJacket
and the outer jacket delimits the chamber of reactor 5 in which

the wet-process oxidation reaction takes place (or vice versa).

The structure and operation of saild double-jacketed reactor 7

wlill now be explalned.

Reactor 7 1s tubular and 1ts length gilves a sufficient contact

surface between the two reaction zones, and thus 1Improves the
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heat exchange.

Moreover, a small diameter makes 1t possible to minimize the
thickness required for contailning the 1nternal pressure. The

outer jacket must withstand the mechanical stresses: pressure

and temperature, and the chemical stresses connected with
oxldation of organic matter and the 1ons derived from the mineral

salts. Typically, the outer jJacket of reactor 7 may be made of

steel 316L or Inconel 625®. If necessary, to 1mprove the chemical

durability of the reactor, titanium lining may be envilisaged.

The 1nner jacket 1s used with equal pressure between the two

reaction zones, therefore 1t does not have to withstand

pressure. It must, however, withstand the thermal stresses,
provide good thermal conductivity, and withstand the chemical
stresses of the two reactions, 1.e. both of liquefaction 1in
chamber 2 and of oxidation in chamber 5. Typically, an 1nner
jJjacket of titanium may be envisaged, which can withstand

chemical and thermal stresses, but 1t has a lower thermal

conductivity. Steel 316L or Inconel 625® may also be used.

Instead of using a double—-jacketed reactor 7, 1t 1s also possible
to the use other heat exchanger systems (tubular exchangers,
tube-bundle exchangers, splral—-tube exchangers, etc.), or else

utilize the energy produced by the oxidation reaction 1n some

other way.

Fig. 3 shows a system using a method with continuous conversion
of algal biomass culture and conversion of the cultivated algal
biomass by hydrothermal ligquefaction 1nto blocrude according to

the state of the art.

In a system of this kind, the aqueous effluents and the CO;

produced are troublesome wastes.

To overcome this drawback, the 1nventors thus proposed the

method described above with optimized recycling:
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- by oxidation of the agueous effluents recovered at the outlet

of the separating device 3,

- and then by 1njecting a stream consisting of water, COz and

nutrients produced by oxidatlion in culture zone 1.

For performing the wet-process oxidation reaction 1t 1s
necessary to add an oxidant to the mixture. This may be air,
oxygen, hydrogen peroxide, or some other. Advantageously, 1t 1s
possible to recover the 0O, produced during growth of the algae
1n the culture zone and i1nject 1t before the step of wet-process

oxldation, 1.e. at reactor 1nlet 5 as 1ndicated 1n Fig. 4.

Thus, according to the i1nvention, the coproducts of the reaction
of hydrothermal 1ligquefaction, which are troublesome 1in the

system according to the state of the art, are actually utilized

1n the method of culture of the algal biomass.

With the additional oxidatilion step according to the invention,

the energy efficiency of the hydrothermal liquefaction process

1s 1ncreased, and reprocessing and utilization of the

troublesome effluents at process outlet become possible.

The preferred parameters and conditions for carryling out the
various steps of the method according to the 1nvention are

presented below.

Hydrothermal liquefaction step

1. Products at inlet

At the 1nlet of reactor 2, various types of algae may be 1injected
(Nannochloropsis, Chlorella, Neochloris, Spirulina,
Chlamydomonas, Dunaliella, etc.), at wvaryling concentration 1n

their culture medium.

For performing a liquefaction test, the algal solution

advantageously has a concentration between 10 wt? and 40 wt3 of
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dry matter (organic and 1norganic matter), knowing that the

elemental chemical composition of the dry matter 1s within the

following ranges of values:

- 20 to 70 wt3 of carbon

- o to 40 wt3s of oxygen

- 5 to 10 wt?® of hydrogen

- 5 to 10 wt?® of nitrogen

- 3 to 50 wt% of i1norganic salts (compounds of P, K, Cl, Na,
S, Mg, Ca, Fe, Al, F, etc.).

Hereafter, an intermediate concentration of 20 wt% of dry matter
1s considered, made up as follows: 5b wt% of carbon, 25 wt% of

oxygen, /7 wt3 of hydrogen, 8 wt% of nitrogen and 5 wt% of salts.

This composition (Cs.0Ho.102.0Np.7) corresponds to a gross calorific
value (GCV) of the dry matter of about 24.5 MJ/kg.

11. Operating conditions

The reaction temperature 1s 1n the range 200 to 350°C for

pressures varyling between 5 and 25 MPa.
Typically, for the 1liquefaction reaction to take place, the
temperature and pressure condlitions must be 1n the operating

domain 1n Fig. 5.

The pressure/temperature palr must be maintained in such a way

that the medium 1s not 1n the phase gas.

The residence time 1n these conditions may be within a range

from 1 to 60 minutes.

Hereafter, a test at 290°C, and 10 MPa, with a residence time

of 5 minutes, 1s considered. It goes without saying that this
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1s only one example among the multitudes of possible operating

conditions.

Treatment of one kilogram of algal solution, with density equal

to 1 to a first approximation, regquires about 1000 kJ to heat

he water present in the algal solution from 20 to 290°C, and

about 125 kJ to heat the organic and 1norganic matter.

This constitutes a first approximation of the energy to be

supplied 1deally for heating the reaction mixture. The enthalpy
of the 1liquefaction reaction 1s to be added to this wvalue.
According to the estimates 1n publication [4], thilis can be

estimated at 27 kJ 1n these conditions.

The operating condilitions may have a consliderable effect on the

results.

Thus, the temperature, pressure, residence time, type and strain
of algae, their concentrations, and their methods of culture,

wlill cause the level of biocrude obtained and 1ts quality to

vary, as well as the nature of the agqueocus effluent and 1ts

concentration of carbon compounds.

111. Products at outlet

In the conditlions stated above, we expect approximately 7 wt?

of biocrude (with a gross calorific wvalue close to 32 to 38

MJ/kg), 1 wt% of COz, supercritical 1n these conditions of

temperature and pressure, and 92 wt? of agqueous effluent.

The latter contalns 6 wt% of organilc carbon, or 54.8 g of carbon

per liter of algal solution treated.

Wet-process oxidation step

When a double—-jacketed reactor 7 1s used, thils wet-process
oxldation reaction takes place 1n the space between the 1nner

and outer jackets (or conversely 1n the internal zone).
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1V. Products at inlet

The aqueous effluents resulting from the liquefaction reaction,

as well as an oxidant such as air or oxygen, are 1ntroduced at

the 1nlet of reactor 5.
The agueous phase, contalning carbon compounds and COz, thus
undergoes wet-process oxidation 1n these conditions of

temperature and pressure, through addition of an oxidant.

To a first approximation, the 54.8 g of carbon present 1in the

aqueous effluents can release 1800 kJ during oxidation

(according to the elemental composition of the carbon compounds,
the value will 1n reality be between 1000 and 1800 kJ).

To a first approximation, this value 1s therefore sufficilent to

supply the necessary energy, as heat for the reaction of

hydrothermal ligquefaction and for heating of the oxidant.

V. Operating conditions

The wet-process oxildatlion reaction takes place 1n the same
condiltions as hydrothermal liquefaction, 1.e. 1n a temperature
range from 200 to 350°C, and a range of pressure between 5 and
25 MPa. The oxidant must be added 1n an amount above

stoichiometric (1.5 for example).

The resildence time requilired 1s thus of the order of 1 to 60

minutes.

For 54.8 g of carbon we require a theoretical minimum of 146.1 g

of oxygen to ensure complete theoretical oxidation.

In reality, above-stoichiometric 1s favorable. For example, for

1.5 above stoichiometric, 219.2 g of oxygen 1s requlred.

Since the oxygen arrives at room temperature, 54.5 kJ 1s required
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to heat 1t to the reaction temperature. If the oxidant 1s air,

/67.6 g of nitrogen would be added, requiring 213.3 kJ for
heating from 20 to 290°C.

vVi. Products at outlet

At the outlet of the oxidation reactor 5, the stream 1s composed
of a favorable medium for culture of algae, contalning water,

COz and the nutrients 1nitially present 1n the algal solution.

These elements may be 1njected into the culture zone directly.

Other varlants and i1mprovements may be envisaged while remalnilng

wlithin the scope of the 1nvention.

The 1nvention 1s not limlited to the examples that have just been
described; 1t 1s notably possible for characteristics of the

examples 1llustrated 1n variants that are not 1llustrated to be

comblned together.

The expression "comprising a'" (or "comprising one'") must be
understood as being a synonym of "comprising at least one”,

unless stated otherwise.
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Patentkrav

1. Fremgangsmade ti1l omdannelse af algebiomasse til en gas

eller ti1il en Dbilio-ramasse med henblik pa at fremstille et

brendstot eller et motorbrandstot, 1S&r et flydende

motorbrendstof, eller et andet syntetisk produkt, hvilken

fremgangsmade omfatter de fgolgende trin:

a) hydrotermisk forgasning eller forflydning af en algebilomasse
1 mindst en fgrste reaktor (1)

b) separation mellem henholdsvilis den producerede gas eller bio-
ramasse og det producerede vandige udlegb og COz ved udlgbet af
den forste reaktor

c) genvinding af det vandilige udlgeb

d) oxidation af det vandige udleb 1 mindst en anden reaktor,
hvorved trin d) er en vadoxidation eller en hydrotermisk
oxldation (HTO) under superkritiske betingelser,

1det den varme, der produceres under oxidationstrinnet d) 1 den

anden reaktor, tilfgres til den forste reaktor for at udfore det

hydrotermiske forflydnings- eller forgasningstrin a).

2. Fremgangsmade til omdannelse 1fglge krav 1, hvorved trin

a) er en forflydning, der udfores 1 et temperaturinterval pa

mellem 150 og 374 °C, og som fortrinsvis udfores 1 et

trvkinterval pa mellem 0,5 og 35 MPa.

3. Fremgangsmade til omdannelse 1fglge krav 1, hvorved trin
a) er en forgasning, der udfeores 1 et temperaturinterval pa
mellem 374 og 800 °C, og som fortrinsvis udfores 1 et

tryvkinterval pa mellem 22,1 og 35 MPa.

4 . Fremgangsmade ti1l omdannelse 1folge et af de foregaende
krav, hvorved trin d) er en vadoxidation, der udfgres 1 et
temperaturinterval pa mellem 150 og 374 °C, og som fortrinsvis

udfeores 1 et trvkinterval pa mellem 0,5 og 35 MPa.

D. Fremgangsmade til omdannelse 1fglge et af kravene 1 til 3,
hvorved trin d) er en hydrotermisk oxidation, der udfores 1 et

temperaturinterval pa mellem 374 og 800 °C, og som fortrinsvis
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udfeores 1 et trvkinterval pa mellem 22,1 og 35 MPa.

6 . Fremgangsmade ti1l omdannelse 1folge et af de foregaende
krav, hvorved trin d) er en vadoxidation, der udfgores med en del

af den producerede bilo-ramasse, der 1njlceres 1 den anden

reaktor.

7. Fremgangsmade ti1l omdannelse 1fglge et af de foregaende
krav, hvorved det producerede og separerede COz2 1njliceres som

opleosningsmiddel 1 den producerede bio—-ramasse.

S . Fremgangsmade ti1l omdannelse 1fglge et af de foregaende
krav, hvorved den varme, der produceres under oxidationstrinnet

d) 1 den anden reaktor, tilfgres for at forvarme af den

oxlderende gas.

9. Fremgangsmade ti1l omdannelse 1fglge et af de foregaende

krav, hvorved det  hydrotermiske forflydningstrin a) Og

oxldationstrinnet d) udfores 1nden for den samme reaktor, som
kaldes dobbeltkappe-reaktor, der omfatter en 1ndre kappe, som
indvendigt afgranser kammeret 1 den fgorste reaktor, og en vydre
kappe, der omgiver den 1ndre kappe, 1det mellemrummet mellem den

indre kappe og den vyvdre kappe afgranser kammeret 1 den anden

reaktor.
10. Fremgangsmade ti1l omdannelse 1folge et af de foregaende
krav, hvorved det hydrotermiske forflydnings-— eller

forgasningstrin a) udfores 1 flere forste reaktorer, der erx

fluidummessigt parallelle.

11. Fremgangsmade ti1il omdannelse 1folge et af de foregaende
krav, hvorved oxidationsstrinnet d) udfores 1 flere andre

reaktorer, der er fluldummassigt parallelle.

12. Kontinuerlig fremgangsmade til dyrkning af algebiomasse ©g

omdannelse af den dyrkede algebiomasse til en gas eller en blo-
ramasse, hvilken fremgangsmade omfatter de folgende trin:

- dyrkning af algebiliomassen 1 et omrade, der 1ndeholder et
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dyrkningsmedlum

- 1ndheostning af den dyrkede algebiliomasse

- trin a) til d) 1 fremgangsmaden ti1l omdannelse 1fgolge et af
de foregaende krav

- 1njlcering af det vand og de neringsstoffer og 1 givet fald

det COz, der opnas ved udlegbet af den anden reaktor, 1

dyrkningsomradet.

13. Kontinuerlig fremgangsmade 1folge krav 12, der endvidere
omfatter et trin med genvinding af det oxygen (02), der
produceres at algeblomassen, for at lnjlcere det S om

oxldationsmiddel opstroms for den anden reaktor forud for

oxldationstrinnet d).
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