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Abstract

Extracting proteins from microalgae is a way to provide the world with a new protein source

and to prevent insufficient protein supply in the futur&nfortunately tie downstream

processing of a diluted microalgae biomassnergy intensiveAlso itis not known which
combination of process unitir the downstreamprocessingrequiresthe lowest ratioof

energy requirementso protein yield.

In this projectfour steps are considered: harvesting, dewatering, disruption and extraction.

Each of the four steps consists of a selection of process units. pidoess units are

modelled by using overall mass and energy balantks.process models are organisedin
superstructure to evaluate all possible combinations of process unAsmodelbased
combinatorial approacis used toderive the energyequirements and protein yield during

the downstream processingf all routes The models used consist dexXible operating
conditions,when these models areptimized it provides insight about optimal process
conditions. In this work aRA a0 Ay O A2y A& YIRS 0SidD&isgy WoSi
WgSGiQ LINRPOSaaAy3d (KS YA OalaxifusncoScenirationbi 159 02 y O S
"9 s when itenters the disruption stepW5 NE Q LINR OS&daAy3a 200dzNB 6K
the microalgae stream when it is being disrupted is at least2@@ The fnal product has in

all cases an endoncentration of 70069, which is reached u to a drying stepThe results

show that dry processing energetically morefavourablethan wet processing During dry
processingthe harvesting anddewatering steg are more extensive, and less drying is

needed. Drying requirea lot of energy.Furthermore, a distinction is made between the
extraction of proteins and the extraction of proteins and lipids togeth€he results show

that it is favourable to extract both proteins and lipids. By extracting lipids as well, the
protein recovery is lowered, however the combined recovery of proteins and lipids is higher.

Lipid recovery requires energyhich increase the total energy usdy extracting both

proteins and lipids, theatio of energy use to product recovery is lower.
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1 Introduction

¢KS SIENIKQ&a LRLzZ FGA2y A& 3ANRoAYy3I SELRYSYGAl
meat fish and soy, cannot be produced at this speed. It is predicted that in the future there

will be an insufficient protein supply due to this massive increaspojulation (Becker

2007). An average adult male needs arouB@ g of protein each dayand insufficient

protein uptake causes severe malnutrition. Therefore,tie S| NI @ wmdppnQa GKS
alternative and unconventional protein sourdesgan

Algee biomass appearas a good alternative to the conventional protein sourd&polaore,
JoannisCassan et al. 2006)he United Nations World Food Conference of 1974ated the
algae Spirulinaas 'the best food for the future' and a promising tool to prevent future
malnutrition due to protein deficienc{ChacdnLee and Gonzalddarifio 201(Q. Algae are a
very large group omicroscopi¢ photosyntheticorganisms. Mst speciesequire little input

to grow: they aly need sunlight,carbon dioxidewater andnitrogen rich nutrientsDuring
growth algaeare capableto fix the carbon dioxide in organic compounds usithg energy
from the sun Due to the simple form of organizatipmicroalgae can reach very high growth
rates (Williams and Laurens 2010Theorganiccompounds, like proteincan be upo 70%

of the total dry weight ofsome algae speciéBecker 200y

Becker foundthat the amino acid pattern of almosall algae isfavourable to the
conventional plant proteins (Becker 2007ince algae are capable of synthesizing all amino
acids, algae are a very goaosburce foressential amino acidf\lgae are also &avourable
crop, since more biomass per unit of time is produced than with any other émodknown
(Kay 1991).

Theprocessto obtain proteins from microalgaebiomassconsistof a few steps:harvestng,

dewatering, disruption and extraction. Thesesteps are called the downstreamprocessing
(DSP)chain from algaeto protein. The DSPbeginswith harvestingalgae from a diluted

(5% w3) microalgae broth. Harvestingis needed to separate the algae cells from the

cultivation broth, thereby also concentrating the algae stream. This is followed by a

dewateringstep to concentratethe algaestreamfurther. During the third step, disruption

takesplaceto destroythe cell structure. After disruptionthe cell content (includingproteins)
is releasedinto the medium. Extracton is neededto separatethe proteins from the broth

and cell debris. Eachof the four DSPstepsconsist of a selectionof availableprocessunits,

givenin Tablel.



Tablel: Overview of some possible units for the four different DSP steps

Harvesting Dewatering Disruption Extraction
Centrifugation Centrifugation Homogenizer | Hexane extraction
Pressure filtration Pressurdiltration Bead mill Alkaline extraction
Vacuum filtration Vacuum filtration | Calander

DAF Dryer

Flocculation

Ultrasoundsedimentation

Since fuel sources are getting sI® it is not only important to search for neprotein

sourcesbut alsoto obtain these proteins as sustainglas possiblelt istherefore important

to look not only at the protein yield, but also thenergy useneeded to obtain these
proteins. Thecombination of process unitshich produces proteins with the highest pratei
yield versus lowesenergy ratiq is considered most suitabl@his ratioof protein yield to

energy requirements is called th§ valueQThe main problenof this project istWhich of

the process unit combinations at what conditioresults in the lowest yvalue for the

downstreamprocessing of microalgae biomass?

Ly GKS NBLR2NILI GKSNB Aa | RAalGAyOGA2Y YIRS o
5dzZNAYy 3 WgSGQ R2ya0GNBFY LINRPOSaaAy3da GKS Ff 3l
enters thedisruption step, the maximum concentration will be in this route 185 Since

the stream is diluted when extraction takes place, it has an efbecthe recovery of the

proteins. 5 dzZNA Yy 3 WRNEQ R2¢6yaiNBlIY LINRPOSaaAy3a GKS
concentrated (up to 800%,; ) when the algae stream is being disrupted. A research

j dzSad A2y Ay Whiéhbfihe twidlieth8oduetok Giryttownstream processing,
Ad SYSNBSGAOIFItfe& Y2NB Tl @2dz2N) 6f SK¢E

In this project the main focus lays the extraction of proteins to produce a new protein

source for food and feed. However, to obtain the proteins from the microalgae broth, it is
interesting to look also into the extraatn of lipids as well. Lipidgom algae can be

converted into biofuels(Wijffels and Bdrosa 2010 By producing two end products,

proteins and lipids, the DSP becomes more feasible and sustainable. However, the effect of

lipid extraction may have a negative effect on the protein recovery yieldrefre two

different scenariosare determned: one scenario wher@enly protein is recoveredirom

microalgae and the other scenariovhere both proteins and lipidsare recovered from the
microalgae stream A question in this project isdWhat provides the lowest-yalue,
extraction of proteins o8 EGG N>} OiiA2y 2F 020K LINRGSAYE FyR fA

Theoverall purpose of this project is to find the best combination of process units, with the
most optimal process conditions for the different scenaridgnodel based analysis is done
in this project, which ibased on mass and energy balances madmthe process units.

-10-



2 Method

For the assessment of the downstream processing of microalgae biomass, modelsdare ma
from the process unitsThe models and the method to answer the questions described in
the introduction are described in this chapter. Sect®d describes how the routes are
defined and gives the different superstructuresséction2.2 there is a description of the
models and the overall mass and energy balances are given. The different haiwesting
process units are describedsection2.3. Insection2.4 the dewateringtep is explained.
Section 2.5 is used to describe the drying si@isruption techniques are introduced in
section2. 6 which is followed by the extraction step section2.7. Insection2.8 the pump
isgiven Thischapterends withsection2.9, where the optimisation method is described.
This chapter ends with section 2.10, here a table is given which shows all the process
conditions of the process units.

2.1 The routes

The dowstream processing of microalgae consist of the four steps: harvesting, dewatering,
disruption and extractionFor each of the four steps several unit operations are possible.
Many combinations oprocess unitsgiven inTablel, can be madeseeFigure2-1 to Figure

2-4. These combinations are called routes. superstructure shows all potential routes
possible to obtain proteins from a microalgae streaifhe connection linesn the
superstructure indicate that two unit operations can becoupled. By combining unit
OLISNI A2y a a U hdedidhgiviin WIANPKgGslafeaR S Q |

AdistinctionrA & YIRS 06SG6SSy Waetrdute degdibeshiReNDERwWhétiadzi S & «
relative dilutemicroalgaebroth enters the disruption sig PryYoutes have more extensive

harvesting and dewatering step. Therefothe solution is more concentrated before it

reaches the disruption step. A differentiation has been made between dry and wet routes,
because the microalgae concentration hadig influence on the disruption steps and

therefore automatically on the steps before and after the disrupti@giso, adistinction is

made the extraction of solely proteins and the extraction of both proteins and lipids.
Together this provides four fiérent scenarios and consequently in four different
superstructures. The foutifferent scenarios are described Table2.

Table2: Properies of the four different scenarios

Scenario Wet/dry disruption Extracted Figure
1 Wet Proteins Figure2-1
2 Wet Proteins + Lipids Figure2-2
3 Dry Proteins Figure2-3
4 Dry Proteins +Lipids Figure2-4

-11-



Harvesting Dewatering Disruption Extraction

Centrifugation

Hitration

T

Figure2-1: DSP frommicroalgae to protein. This process schemsbows'wet' routes, because the disruption step takes
Elace at arather low algae concentrationThe concentrations when disruption takes place are @Mg, 100kg,m3 and 150
9

/m3

Centrifugation

Fltration

Dryer

LT

Figure2-2: DSP from microalgae to proteins + lipids. This process scheme contains 'wet' routes, since the disruption takes
place at a relative low microalgaeoncentration. The concentrations when disruption takes place are 50 kg/m3, 100
kg/m3 and 150 kg/m3
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Harvesting

>| Centrifugation

Ultra-sound

Sedimentation
Algae » Hocculation —
—> DAF —

—>  Hltration

Dewatering

— Centrifugation

Centrifugation

Hltration

Dryer

Disruption

—> Homogenizer

Extraction

Alkaline
—> Slende: Extraction
> Bead Mill Dryer

v

Proteins

Figure2-3: : DSP frommicroalgae to protein. This process schershows 'dry' routes, because the disruption step takes
place at a higher microalgae concentratiofihe concentrations when disruption takes place are 2‘8@3, 300k9/m3, 400

k k
g/m3 and 8@ g/m3

Harvesting

—

Centrifugation

Ultra-sound
Sedimentation

Algae » Hocculation

—>»  Hiltration

Dewatering

Centrifugation

Centrifugation

Hitration

Dryer

Disruption

—>

Homogenizer

—

Calander

Extraction

Hexaan

Alkaline

Bead Mill

extraction

A4

Extraction

A
Lipids

Dryer

Figure2-4: DSP from microalgae to proteins + lipids. This proceslseme showadry' routes, because the disruption step
takes place at a higher microalgae concentratiofhe concentrations when disruption takes place are 2‘693, 300kg,m3,

4009, ;and 8®"Y,3
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2.2 Model description

The answer to the project question is tackled via a mdmeded approach. In this chapter

the different operation units are described. Mass and energy balances are made for each
unit to give an relatioship between the process conditions and the incoming and leaving
stream of a processing unit.

The mass balance is described as:
O 5 20fr ® Ofp20rr O § 26r § Ofp Z0fn Eq.2.1

Where Fis the flow rate ind ; for the mainstream and thecostream entering i) and
leaving 6ut) the processing unit and whef& is the concentration of component )@Q ).
X can stand for either algae, protelipid, depending on the mass balance.

The energy balances are used to calculate the power consumption for each unit operation.
The energy balances consist of the energy needed for heating , cooling, pressurising, specific
energy needed for unit operationmixing and pumping. The total energy input for each unit
operation Hya (75 is described as:

0 O 0 0O 0O O O Eq. 2.2

With H, ( 7o) the energy needed for heatindd. ( 7<) represents the energy needed for
cooling,Hy (o) stands for the energy needed to pressurize the ingoing streatg(/) isthe
mechanical energy needed for the individual unit operati¢#, (/s stands for the energy
needed for mixing and finally-lp(J/s) isthe energy needed to pump the ogiwing stream to
the next unit.

For this project the microalgae specigstraselmis is used, because

this species is most commonly investigated at the Wageningen
University and Research Centre and at AlgaePARC to examine
microalgae as biofuel and food sourc@etraselmissp. possess wll
known nutritional qualities and is easily grown on industrial scale
(Jaouen, Vandanjon et al. 1999 The morphology of the migalgae
species can be seenigure2-5. The protein content is assumed to be
36% w/w % dry matter and the lipidf percentageof 22 wiw %

9x7Tx5pum
length x width x thickness

Figure2-5: Morphology of (Schwenzfeier, Wierenga et al. 2Q11Data derived from other
tetraselmisspecies. microalgae species were used when data was not known for the
Source:Jaouenet al, 1998 . .

Tetraselmisspecies
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2.3 Harvesting

The recovery ofmicroalgaebiomass from the culture mediean beachievedwith different
kind of solidliquid separation stepsHarvesting is mainly done to recover the microalgae
from the culture mediumand asadirect resultthe stream isconcentrated

During theharvesting there is only one stream goindoirthe systemand two streams are
coming ouf ascan be seen irFigure2-6. The waste stream consist of the water which is
removed from the ingoing algae stream.

I:A,out * CA,out
I:A,in * C;0\,in

Figure2-6: lllustration of flows during harvesting

I:A,Waste *CA,Waste

Harvestings descibed by the following mass balance:

m O, 205 O 20 Oy, 20y Eq.2.3
0k O0p 207Q Eq.2.4
"Ox, h Zﬁ i Eq.2.5
O, Oy O Eq.2.6
6 i h* hZ Eq.2.7

Here Fis the volumetric flow rate if"/s. Cis the concentration of the stream iW/mg. R
representsthe microalgae recovery ir"lg/kg and Cf is the concentration factor which is
dimensionless.

Thebasicequation describing thenergy needed for harvesting
O © © Eq.2.8

With Hs(7¢) asthe mechanical energy needed for the individual unit operation Ehlg)c(J/S)
stands forthe energy needed tpumpthe microalgae stream to the next operation unit. The
pumpingdistanceisassumedo be 25 metes.

-15-



2.3.1 Centrifuge

During centrifugatiorcells are separateftom the liquid
by the difference in densityand of the microalgae cells
which isthe density of the culture mediurassumed in
the models to be similar to watgr Different types of
industrial centrifuges can be used for continuofiews.
For the havesting of microalgae with a size afound
10>Y GKS y211t Sis thdinostSuitaDIS
This centrifuge contains internglstacked discs,sacan &
be seenin Figure 2-7. This systemneeds minimal
manual intervention and is most suitable for harvestit . 1
the microalgaecompared to multichamber and solidFigure2-7: Nozzle type centrifuge

bowl centrifuges(WiIIiams and Laurens 20)].0 Source:(Molina Grima, Belarbi et al. 2003

Theenergyconsumptionaccording to Wilemaset al. is:
O 0zC; 20Q Eq.2.9

Where Hs ( 74) is the mechanical energgonsumption for the centrifugeE is the energy
requirement for the centrifugas shown inTable3. This number is given bWilemanet al.
Fisthe volumetric flow rate(! ¢ and Cfis the concentration factor which is dimensionless.

The recovery of the bioass depends on several factprike the cell<xharacteristics and
the residence time of the cell slurry. The efficiency of the cell harvest was assessed by
Heasmanet al. for nine different algae speciegHeasman, Diemar et al. 2000t was
concluded that over 95% could
be recovered at 13.0Dx g. The

1 .
gg y = 0.0047x + 33.034 _# recovery was  significantly
80 Rz =0.9981 smallerat 6.000 x d60%9 and at
[
g 70 1300 x g the efficiency declined
5 / to 40%. graph 1 shows the
2 60 - grap
2 50 correlation between g-forces
% 40 / and mcroalgae recovery
§ 30 percentage. The graph shows
20 that solids recovery is inversely
10 proportional to the relative
0 ' ' ' centrifugal force.
0 5000 10000 15000
Gforces

graphl: Gforces versus recovery percentage. Source: (Heasman, Diema
al. 2000)
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The gforces are related to the rotational speed (RPM) as follows:
YO OpppyYpm 2iz"Y Eqg.2.10

Where RCHepresentsthe relative centrifugal force measured in gis the rotationalradius
(m) andSpm is the rotational speed measured in revolutions per minute (RPM).

For the process model a relation between RPM and energedgssary to relate the
recovery with energy consumptioin 7ms or in ““.s No data from literature,
manufactures orlab is known about this correlatiorso the effect of dgorce is neglected in
this work.

Table3: Energy use of centrifuge, pressure and vacuum filtrationips. Source(Wileman, Ozkan et al. 2032

Pressure filtration Vacuum filtration
E=1.188.0001/m" E = 1692000 J/n? E =7.245.000 J/n?

The process conditions of the centrifuge are given in chapi#@. In this sectionTable4
shows the process conditions of all process units.

2.3.2 Pressureand vacuum filtration

A common separation method in biotechnology processes ez presses operating under
pressure o vacuum. Filtration is simple, efficientecoverslarge quantities of biomass and
workswith a continuedlow (Kim, Yoo et al. 20)3

Filtration isa meclanical method to segrate particles based on siz&€he algae cells are
separated from thefluid by pushing thestreamat high pressure through a filter. The fluid
passeghe filter, but theoversized solidslike microalgae cellgre retained The difference
between the two filtration techniques is based on the
pressure difference in the system. With pressure filtration
the pressure difference is achieved by creating a higher
pressure at the retentate side, which results in the
pushing of thestream through the membrane. With
vacuum filtration the pressure difference is accomplished
by creating a vacuum on the filtrate side, the liquid is

sucked through the membran@orowitzka, Moheimani et
al. 2013.

&
v,

d

Microalgae recoverysingpressureand vacuum filtration
can be up to 95% which is the same recovery when a
centrifuge is use@Brentner, Eckelman et al. 20111

permeate

Figure2-8: Basic overview pressure and
vacuum filtration
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Eqg 2.9describes the energy requirements for vacuftilmation and pressure filtration.

Table3 showsthe energy usdthe Evalue) of both filtration systemdshis table shows that
the energy requirementgor pressure filtrationis much lower than for vacuum filtration.
Because of thibig difference in energy useopnly pressure filtration isconsideredin his
project.

2.3.3 Dissolved air flotation

DissolvedAir Hotation (DAF)is a method to separate a solid phase (algae) from a liquid
phase (medium). This is done by injecting a gaseowssdhdir) into the liquid phase
(Bondelind, Sasic et al. 201 PDissolved air flotation i®und in several industrial appdation

and can also be used as a method to recover microalgae biornass a diluted stream
(Rawat, Ranjith Kumar et al. 2013

In DAF e microalgae stream isupewsaturated with air ata very high pressurein a
saturation tank(Sim, Goh et al. 1988After supersaturating the stream with aithe stream
enters the separation tak and depressurizelsack to atmospheric pressure in a separation
tank. Thisdepressurization of the stlam results in the formation ofery finebubbles of air
with a range in size from 380n n  in Mlameter depending on the method useg@duman,
Qi et al. 2010 These bubblefloat to the top ofseparation tank Microalgae cells attach to
the fine bubbles of aiand float to thewater surfacein the tank (Borowitzka, Moheimani et
al. 2013. Thetop layer of the brothin the separation tankonsists of slurry with a relative
high concentrationmicroalgaeattached to thefoam (air + solids)The algal dam that is
formed stayson the surfacdor a period of time and can be removadarvesting of the cells
occurs when the foam layaes removed from the separation taf@®hen, Yeh et al. 2011n
Figure2-9 a typical DA systemis illustrated

Drag skimmer

Air drum I
Influent

. =8 ay #
I == =
v . .

Effluent

b '.h“‘FEEHHH .
g Solids f
=
T - AIr . Recycle EEI Recylcle pump
Figure2-9: Typical Dissolved Air Flotation system with recycle flow. In the DAI

the foam layer, which contains the concentrated algae,skimmed of. At the bottom of the tank algaefree medium(the
subnatant) is removed A part of the subnatant is recycled. In this recycle flow theessurizing of the aitakes place The
recycle flowmovesback to the inlet of the saturation tankand is supersaturated with air. When leaving the separat
tank, the recycle flow with air is conjoined with a new ingoing stream of microalgae br¢{#udzwald 201D The total
amount of air delivered to the system depends on tipeessure in the saturatorand the recycle flow.

The foamcancontainup to 10%of dry weight microalgae cell®awat, Ranjith Kumar et al.
2013. To ahieve such a concentrated microalgae biomesscentrationin the foam,it is
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important to add chemical$o neutralize the negatively charged cetts achieve proper
flotation (Phoochinda and White 20Q03Addition of flocculants to the mediunhelps to
increasethe size of the flocs, which ressin highercell cancentratiors in the foam.Simet
al. proposed Chitosan as flocculant during DAF harvesBhgosan is manufactured by the
hydrolysis othitin and producesery large stable flocs and ressiih 95% algaeemoval

A typical recycle flow rate isB% d the total ingoing flow. In the modea recycle flow of
12% isassume@WVang, Hung et al. 200&dzwald 2010 The amount of air added to the
recycleflow depends orthe amountof solids going into the DAF System. This ratio is called
the Air/Solidsmass ratio and idefinedaskg airper kg microalgae cells.

12

(=Y
o

(o]

y =-909.22%¥ + 153.22x + 3.1733
R2=0.9884

Float concentration (%)

O T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12

Air/solids ratio (kg/kg)

graph 2: Air solids ratio (kg/kg) versus float concentration (5); the amount of air wWeel to achieve a certain
concentration (in weight percentage) of algae in the foam which floats on the surface of the separation tank. Source:
Wanget al, 2005.

graph 2 illustrates thatincreasingthe A/S ratio beyond an optimum valuesults inan
insignificant increase obolid concentration in the foam (Wang, Hung et al. 2005
According to Wanget al the retention time of the microalgae solids in tH®2AFsysem
shouldbe at least 3 minutes. The separation tank must be at 16%sbf the size of theotal
inflow. It is assumed that the volume of the seption tankis big enough to achieve this
retention time.

The energy needed to harvest microalgae cells in a DAF system is described as:
O O © O © Eq.2.11

With Hpr(J/s) the energyneed to pressurizethe air into the recycle flowHs(74) represents
the mechanical energy needed for the individual unit operatio, ( 74 is the energy
neededto pump the aitgoing stream to the next unitand Heq (/¢ to pumpthe recycle
flow back to theseparationtank.
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The specific work required for the DAF to compress the air can be described in the following
equation:

0 — — P Eq.2.12
Here W is the work in¥ o of air; Rrepresents the gas constanT is the temperature in
Kelvin;Pis the pressure used in the model ands the ratio specific heat of air and has a
value of 1.4.

O ©zYzO z- Eq2.13

Fur in & ¢ is the airflow and idased on the A/S rati thisratio is set between 0.02 and

0.05.S, describes the air solubility in water at room temperature and hasafueof 42.0.

The stream is assumed to have the same properties as water.A &8 GKS STFFAOASY
compressorThe efficiency of an asompressor is never 100% efficient due to leaks and the
conversion of energy into heat. Therefore, it is assumed that the compressor is 50% efficient
(Coward, Lee et al. 2013

The mechanicaénergyis assumed to be 10% of the total energge of a DAF systeras
described byCowardet al. This is according to Coward 7%% qo- Hs has a value of
3.8*10" 7.

2.3.4 Flocculation bychitosan

During flocculatio a flocculant is added to thalgae stream. The flocculant interacts with
the surface of the algae cellesulting in coagulaton of algae cellswhich creates large
particles. The larger pacles (aggregate) coalesce into larger flocs. These flocs are separated
from the medium due to sedimentatior{Riano, Molinuevo et al. 20).2The process scheme

of flocculationis shownin Figure2-10.

The pH of the solutioinfluencesthe size of the flocsin neutral solutiorchitosanis able to
produce larger and denser flocs, while in acidic solution the flocs are much smaadler
looser. Adjusting the pH to a final 08.0 increases the viscositf chitosanand improves
precipitation of the flocs (Morales, Delanoue et al. 1985).

Flocculation

Concentrated algae

Chitosan Waste stream

Figure2-10: Schematic overview of flocculation with chitosan

Chitosan is used as flocculaiit is natural, bicdegradable, nofioxic, safe to handle and
used in several food, agricultural and chemical indusi#d¢snad, Yasin et al. 2001Ahmad

-20-



et al concluded that chitosan has no negative effect on human health and is suitable to
harvestmicroalgae cells which are used for protein recovery.

The energy requirements for flocculation is described as:
O O O Eq2.14

Next to energy for pumping H,, also energy for mixing Hy, is needed.The energy
consumption of miig is defined as:

0 0z 'y Oy ) Eq2.15

WhereEis the energy requirement for mixing iP\d hFis the volumetridlow rate ¢ |

and in and co represent the ingoing algae stream and the flocculant stream respectively.
The energy requirements for mixing is estimated to b&60 " ¢ o (Brentner, Eckelman et al.
2011).

Riano et al derived a second ordgrolynomial equation dscribingmicroalgae recovery due
to flocculation with chitosaiRiano, Molinuevo et al. 20).2

Y y® p@o p&Y p@o° o Y cHO” Y Eg2.16

Where

8 8 Eq2.17
8

) A— Eq2.18

With G:=the flocculant concentrationTQ"% ) whereSis the agitation speedor mixing (rpm)
andRis the microalgae recovery percentage (%).

The biomass recovery can @aupto 92% at a chitosan concentration of 274, and a
agitation speed of 131 rprfRiano, Molinuevo et al. 20).2 This is based on laboratory scale
and is assumed to be linear on larger scale.

2.3.5 Ultra sound sedimentation

Ultrasound sedimentations based on the separation of algae cells from the broth by
acoustic induced agggation of the algae celi@osma, van Spronsen et al. 200Bhe algae

broth is continuously pumped into a resonator chamber. The chamber contains a transducer
and a reflector When turned onit creates a standing wave (whe&hamber size and
frequency are well defined).The standing wave createplaces of high potential energy
(bellies) and low potential energy (nodes). The algae cells move to the nodes of the standing
wave and aggregate due to acoustic interaction forced algaealgae interaction forces.

The algae aggregates stay in the nodes of the standing wave when the field/ihen.the
electric field in the chamber is removed, the algae aggregates (flocs) sediment to the
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bottom of the chamber and can be remov&dm the broth.In Figure2-11 the principal of
ultra sound harvesting is illustrated.

g &
) 0
o° o°
@ 0
5 g

-~ | B -~
Figure2-11: Principal of ultrasound sedimentation harvesting: a.) No ultrasonic field b.) Field is turned on and cells migrat:
pressure node plane<.) Cells aggregate into the knots of the ultrasonic field. Source: Bostra.

The recovery of the algae froitne broth and the concentration factowere separately
determine by theuse of an experimental desigBosma, van Spronsen et al. 200Bosma
et al concluded that bothrecovery and CRdepend on biomass concentration, flow rate,
time frequency, power input and ratig,,; andF, Two polynomialswere developed byto
describethe Rand Ct

Y ™V p&zpmz6y WG odzZpmnzt ogzpm 2T 19?2
pmtzC  udzpm 2t @@zZpm 262Gy cgZpm 20 20
Eq2.19

6 Qpy cgzpm 28y p&2C;  pHp ™ X0 opzp T ?

6y z I Eq2.20

Cain Fane ~and H are coded values used by Bosrea al and stand for algae
concentration, flow rate, time frequency (s) , power inpths)( and ratio Gy and Ry, ,
respectively.

6 i Eq2.21
"Or i Eq.222
* — Eq2.23
g — Eq2.24
. z ﬁv
n h Eq2.25

An ultrasound sedimentation processing unit desedlby Bosmat al can process up to 18
il dayalgaebroth. In this projecit isassumed that a processing unit can process up to'/44§2
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(0.018 @ ., )(Cappon 201B If the ingoing flow exceeds this number, mqgrarallelprocess
unitsareused

Theenergy required for ultrasound sedimentation is:
O © © Eq2.26
O 0 z0 Eq2.27

In this equation P, is the power input (¥Sunit) and Nunis Stands for thenumber of units
needed §).

On lab scale ultrasound sedimentation is a very good method to harveae dgm the
medium. On idustrial scale harvesting withttasound sedimentation is more difficult, since
the efficiencyis not optimal due to small density difference between algae and medium. On
the other hand,it does not create shear stress and thecapation space of the unit
operation is relativelygmall(Bosma, van Spronsen et al. 2003

2.4 Dewatering

The algae biomass slurry is further concentrated during the dewatering step. Centrifuging,
filtration (both mechanical) and drying (thermal dewatering) are all suitable methods to
dewater the algae stream ta more concentrated stream. Ifrigure2-12 the flow scheme

of dewateringis shown

Figure2-12: Flows during dewatering

Concentrated lyae slurry

Waste flow

Both centrifuging and filtration are used as dewatering method. These two process units are
described in chapteR.3.1and 0.

Drying is used both as dewatering step (before disruptaom) also after protein extraction
to concentrate the protein flow to the end concentration of 780,s. The dryer is seen
twice in superstructureFigure2-3 and Figure2-4, whichdisplayd KS WRNE Q NR dzi Sa o

2.5 Drying

Duringdrying heat is used to evapate water from the algae brothDuring this stepno
algae cellsare lostto a waste stream.Thermal dewatering takes place whenthair of 373
Kelvinis used to evaporate the water in the algae strearhealgae solutioritself however
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shouldy 2 i NBI OK (i SY L3SNCAGOWESTS & dhe terpéraideShas negative
effect on the protein stability and solubility in the algae cells.

Thermal dewgering is described by the followinglgaemass balance:

m O, 20f O 20 Eq.2.28

0 i Op 20Q Eq.2.29

Or Oy T6Q Eq.2.30

The evaporated water flows described as:

"0 Oy Z oo, 2 i Eq2.31
Oh p My & oo Oh p My 6 om0 q

The energy requirements for drying with heat is:

"0 O 0 0O Eq2.32
"0 O 2" Z oz Y Y, Eq2.33
0 w0 z@z" z — " Eq2.34

h

Here,” a representsthe density of the algae streami¥(,s), cpa stands forthe heat capacity
of the algae strean ), NHvapisthe heat of evaporation for waterJ/(<g), Vv isthe amount of
evaporated water (M), " ais the density of the algae streaff¥/ 3), Tair is the temperature of
the heated air (K)Ta,inis the temperature of the ingoing algae slurry (K) ahd,.:stands for
the temperature of the outgoing stream and in the dryer (K).

2.6 Disruption

To extract proteins fromthe microalgae cells iis necessary to disrupt the cells firdy
subjecting a stream of microalgae to a fortlee cell wall structure il be destroyed. By
disrupting the cells the cell content is released into the suspension and can be further
processed in the extraction stepisruption of microalgae cells is energy intensive, since the
Ff3FrS OStfa I NB @ sNAso theceliwhllof dnic@adghd idificultacF  m n >
disrupt most microalgae species have alayered cell wall structure which results in a
thoughand pliable cell wallThe igidity of the cell wall differs lot per species(Lee, Lewis

et al. 2012.

The different disruption methods can Wwoadly divided into two big categories, namely
mechanical and nomechanical disruption. Nemechanical disruption can be further
divided into physical, chemical and enzymatic disruptMiechanical methods are mostly
preferredfor the disruption of micoalgae cells, since mechanical disruptd@pendsless on
which speciesis used. Also chance of contamination are smaller compared to non
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mechanicalmethods.A big drawback when using mechanical disruption is the generafion
heat,socoolingisneeded (Lee, Lewis et al. 2012

Algae Disruption Disrupted algae

Figure2-13: Schematic representation of echanical disruption of microalgae

However a certain percentage of the cells is disrupted and their cell content, including the
proteins and lipids is released tothe medium. The protein contenand lipid content of
tetraselmissp. is 3@band 22% respectiveldaouen, Vandanjon et al. 199 this work it is
assumed when a cell is disrupted the whole cell content (proteins and lipids) is released to
the medium ancavailable for extraction

The mass balands:

m 028z 2Q 026y 2°Q 026 "0z 65 026 ;

"0z0p Eq2.35
o i 65 2027Q Eq2.36
OF 0pr 2027Q Eq2.37
o 62z p 0z0Q Eq2.38
(o3 Op 2 p 0zQ Eq2.39

Wheref, is the algal protein contenf‘%kg) andf, is the algal lipid content(kglkg); Fis the
volumetric flow rate if™/s. Cis the concentration of the stream ¥ 5. Dis the disruption
efficiency inY kg 1he subscriptd, P andLstands for algaeproteins and lipidsrespectively.
The subscriptrelease stands for the proteinseleased into the medium duetdisruption of
algae cells G, aigac indicates the lipids remained inside the intact cells.

2.6.1 High pressure bmogenier

A high pressure homogenizer (HRtan mechnically disrupt microalgae celldn an HPH
the cell suspensiornis forcedunder high pressure through ampening (orifice) The fluid
flows through the orifice,spread across theseat surfaceand collides on animpact ring
(Middelberg 199% There are various valve designs to maximize the disruptionFigure
2-14 a typical HPH valve seiatshown(Lee, Lewis et al. 2012
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Feed

The disruptionmechanism is thought to be the
Seat result ofthe sudden decrease of pressumdich
results in the release of gas bubhleShese
bubblesburst inside the cell§Clarke, Prescott et
al. 2010. However it is not known howexactly

Impact ring

= e the disruption exactly worksit is only known
: that the shear stress of the process
" valve disintegrates the cells.
Figure2-14: A typical HPH valve seat. High pressure is promisingtechnique, since it

Source: e, Lewiset al. 2012 is effective for aqueous solutions. HPH

eliminates the need for drying the solutions to high concentrations, which is an energy
intensive step. Furthermore, HPH is suitable for us on an industrial scale, because it is
relatively easyd scale up to larger voluméSpiden, Yap et al. 2013

There are a few parameterthat have a major impact on the disruption. One important
controllable parameter is the pressure applied on the medium, and its accessory pressure
drop to atmosphericpressure across the valve, fice and impact ring. Other important
parameters controlling the extent of the disruption are the number of passesutiirahe

HPH, the flow rate and the temperatufeee, Lewis et al. 2012 The amount of passes in

the HPH is between one and ten timeSpidenet al describes a relation between the
pressure used in the HPH and the fraction(af)disrupted cellsgraph3 showsthe fraction

of undisrupted cells versus the pressure used in the HPH.

0.9 &

0.8 \’\
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0.6 \

\ y = 5ED6X - 0.0048x + 1.1163
R2=0.9971
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0 T T T T 1
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Pressure in valve (bar)

Fraction of undisrupted cells

graph3: Relation between amount of disrupted cells and pressure in valve of a HPH. Date used
Tetraselmis sp. Source: Spiden et al, 2013.
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Fram this graph the decay constahtis determined This constant is determined for the
Tetraselmissp. (in Spideret al this constant is defineds A)

O vZpmz0 TWINTEY PP @O Eq2.40
According to Spideat al the disruption is determined with the equation:
O p U Eq2.41

WhereKis the decay constarit) ; Pisthe pressure isidehomogenizerand varies between
35-415 (bar), NpassesiS the amount otimes that theflow passes the homogenize(-) andD
describes thalisruption efficiency‘ﬂf’/kg).

Theenergy requirements for the HPH is:
O © 0O © Eq2.42

with H. (/¢ the energy needed for coolingipr(jls) is the energyneededfor disruption with
pressure ande(j/s) isthe energy needetio pump the outgoing stream to the next unit.

The temperature of the medium increase&Zor every 1@ barandper passapplied on the
microalgae inflow(Lee, Lewis et al. 20L2Coolingis needed to keep the algae flow
temperature constant at room temperatureas to prevent protein degradationBy
multiplying the ingoing flow with the heatapacityof the broth (similar to water) andvith
the pressure and the amount of passes used with the HPild possible to determine the
amountof s needed to keep the broth at the same temperature.

H, isdescribed as:
O Op z” Z@AzZYOz0 Eq2.43

Where Rinis the ingoing algae strearff*(s), cpa stands forthe heat capacity of the algae
stream /) and " ais the density of the algastream (% ms) and YU is the temperature
increase in the system (Kje work done by the pistotir,,, can be calculated by multiplying
the operating pressuravith the amount of passes and the flow of the algal broth processed
(Samarasinghe, Fernando et al. 2D12

Hyr is described as:
O O 2020 Eq2.44

With Fanas the ingoing algae floW’{{s) andcp, representsthe heat capacity of watein

J
kgk.
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2.6.2 Bead milling

Beadmilling isa mechanical methd to disrupt cells in @entle way. Very small solid bead

are added toa suspensionin a vesselThis vessel isither rotated around its axi®r can be
shaken. Due to the rotation of the vessel the beads start rolling away from the direction of
the rotation. Also some beads move up against the curved wall of the vessel and cascade
back on the suspensioiCell disruption occurs due to the grindiagd the colkion of the

beads against thecells and the impact of the cascading beadsto the cells in the
suspensionln Figure2-15 the setup of a bead mill with a rotating vessel around its axes is
illustrated.When the vessel is shaken, the cells gets disrupted due to cascading beats.

There are two types of bead milling.

The first type disrupts cells by shaking

the entire vessel, this seaip is suitable

for laboratory sale andis shownin o
Figure2-15. The second type of bead beads
mi"ing’ contains a rOtaﬁng agitator ancIj:igure2—15: Rotating vessel in ad millingsystem

is more suitable for industrial scaénd

can be scaled up a few nt. The vessel itself fixed and is filled with the beadsnd the
microalgae suspension. Grinding of the cells takes place due to the rotating agitator in the
solution. The vessel contains a cooling jackets to prevent the proteins from denaturation
(Lee, Lewis et al. 20).2

Cascading
- beads

—_ Cells being
disrupted

The efficiency of the disption depends on aseverd parameters i.e. the size and
compositionof the beads, the amount of beads compared to thespension, the residence
time andthe design and the speed of the internal agitator. The efficiency also depends on
some characteristics of the microalgae susgen, such as the temperature of the broth,
the viscosity and the concentration.

Douchaet al describes a power function which describes the degree of disruption in
microalgae cellf a specifibead mill(KDEPilot A, DyneMill) (Doucha and Livansky 2008

O pRWVBUL 260 260200 2z 0w Eq2.45

With the constantin; =-0.0356, n= 0.326,n3 = 0.0768, n= and B =-0.763 and D describes
the degree of disruption.

The optimal diameter for the beadBD) is 0.5 mm and this will stay constant in the model.
Thebeads can best be made of zircosiéica, zirconium oxide or titanium carbid€his is
due to theirgreater hardness and densitfter the bead milling treatment, the beads are
separated from the suspensidiy a sieve Denser beads can be more easilpa®mted from
agitated solution(Hopkins 1991).

A typical beadmill unit can process upo 450 '/, (Doucha and Livansky 2008he total
amount of process unit\,nits) is therefore based on the ingoing flow rate.
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The energy requirement for the bead mill is:
O O O © Eq2.46

The energy consumption per bead mill unit is 3.3 @&ucha and Livansky 200&nd is
described as:

O ocoTET Eq2.47

The temperature of the suspension goingigpre-cooled to 277K. Thispre-cooling is
needed to preventa high temperature rise during the grindinghe bead millused in the
model can cool during the grinding by using cooling jacKéte.temperature of the outflow
is approximatel\808 Kand must be cooled back to room temperatu

On  Op 2" zONRZ Y5 Y j Eq2.48
Or On 2" zoRZ Y i Y Eq2.49

The sum of K, and H »gives the total energy needed for coolifg,In these equationscp,
is the heat capacity of watérkgx) Tainis the temperature of the ingoing flow (Kl outis the
temperature ofthe outgoing flow and is the same as the ingoing flowu I is 277 K and
TBM,outiS 308 K.

2.6.3 Calander

Thecalander consist of twowalls in the shape of big cylinders which are placexy whosely
next to each other. Between the cylinders is a sigajfy the algae stream is moved through
this. The distance between the cylinders is adjustable. For the disnuuti tetraselmissp. a
gap distance between the cylinders of>20 is used.The cylinders, made of steel, moire
the opposite direction froneach otherwith adjustable speed. The highest disruption of the
tetraselmissp. is achieved when one cylinderowves with 15 RM and the other one with 18
RPM At this speed the algae cells are disrupted due to high forces on the cell wall. The
cylinders can be heated up to 513 K, in this project a temperatu@28Kis chosenln this
case,it is possible to heathe cylinders abov&16 K because thdime the cylindes are in
direct contact with the algae cellsegligible anchas no effeton the protein solubility and
stability.

In Fgure 2-16 and Figure2-17 the calanderis shown
The calanderis a new innovative method to disrupt
microalgae cellsinformation is provided by Fml and
Bio based Research CentréVageningen UR the
Netherlands.

Fgure 2-16: The calander, Collin WP110. FBI
Wageningen UR
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It isassumed that 90% of the cells can be disruptsthg this
method. The ingoing algae concentration should be between
400" 1,3 and 800Y s, which is relatively dryBecause of this,

in this projectthe calandeiis onlyused¥ 2 NJ (i ko&esW R NE Q

The energy requirement for the calander is:

"0 'O 0 'O Eq2.50
"0 o®zp s

H is the energy for heating and is 1.65 ldjinder.

'O 081z p T/s Hsis the mechanical energyith a value of

Figure2-17: Close up Calander.On 1.5 kW/cyIinder
Cylinder is visible in this picture.

2.7 Extraction

After the disruption step the algadwsry containscell debris and components argbme
undisrupted cells. During the extraction stefie stream is mixed with a solvent.
Components are separated from each other based on differenselubility.

2.7.1 Hexane extraction

Hexane extraction is used to extract lipids from the algae slurrfidore2-18 the flow
scheme of lipid extraction with hexane is illustrateBly adding hexane, two distinct phases
appear, separatetby polarity: e phase is the ingognalgaeflow which is polar The other
phase(hexane)s nonpolarLipidsdissolve in the nonpolgrhase.

Algae slurry

with lipids Algae slurry

Figure2-18: Flow scheme lipid extraction with hexane

hexane Hexane with lipids

The lipid mass balance fextraction is:

74

m O 20rr O 20qH O 5 20§ & Eq.2.51
85 & % Eq.2.52
8 ik h® AhZ Eq.253
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Here,Fainis the ingoing algae slurry flow #/s G ain is the concentration of lipids in the
ingoing algae slurry streanlig/(mg), Faout IS the outgoing algae slurrycontaininga small
amountof lipids ("/s, G_au representsthe concentration of lipids in this outgoing algae
slurry, which is very oW ms). Frex outiSthe outgoing hexane flow if¥,and G nexouis the
concentration of lipids in the hexane flow.

Process models on algéipid extraction yields are najiven in literature so a fixed yield is
assumed: dr the wet route a yield of 0.7 is assumadd for the dry routea yield of 0.91is
taken (Brentner, Eckelman et al. 20LTThe hexane flow is assumed to k& v/v % of the
ingoing algae streartKleinegris, Janssen et al. 2010

The energy input is given by:

0 ; O 'O 'O 'O Eq. 254
0 onz” z Yy Y @nz" z Y § oY Eq.2.55
O Oz z27” O FoZ "oz z " z0 zZ - 1z2-2 OF, z"0 o

Eq.256

Where Fainis the ingoing algae flow anfhexinis the ingoing hexane flo@™y), Treactis the
temperature at which the hexane extraction takes place which is at 298K is the
temperatureof the hexane (K)which is 293 KTan is the temperature of the ingoing algae
stream (K).The energy need for mixindj, is givenby Wesselingh and Krijgsman. This
equation containsKyower Which is the power constant equal to 0y isthe stirrer speed
Mg, " s the average density¥m3) and_is the residence time (s).

The mechanical energ{H) in this modelis assumed to be0.1% of thetotal energy
needed for hexane extractioestimated by Brentner et al. A value of 0.1% is chosen
because this providean energy use which is than in the same order of magnitude as other
process units used in this projectThe energy needed for hexane extraction, including
mixing and regenerationyas estimated to bel1200 MJ for 294 litre of algadl ¢Brentner,
Eckelman et al. 20)1

It is assumed that extraction extracted does not have an impact on the protein quality. It
does have an effect on the protein extraction. The fraction of the proteins which are
extracted with the alkaline solution is lower. The proté&iaction which is extreted from the
stream during the alkaline extraction step (chapt@r7.2 is 0.64 instead of 0.75 when
hexane extraction has taken place.
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2.7.2 Alkaline extraction

Proteins can be extractedith an alkalinesolution When the cells are disrupteduring the
disruption step proteinspartly dissolve into the streamWhen proteins dissolve into a liquid
they can be extractedror theextractionstepit is favourableto obtain the highest possible
amount of proteins in the liquidpy increasingthe solubility of the proteinsMicroagae
contain two types of proteins: water-soluble and wateinsoluble proteins. When an
alkaline solutionwater with NaOH)is added tahe algae stream, the solubility of theater-
insolubleproteins increasesnd become (more) soluble, resulting imore proteinsbeing
dissolvel into the liquid(Gerde, Wang et al. 2013

When NaOH is added the pH increase and enhances the protein solulitiey pHcannot
exceed the value of 12 otherwise the tertary structure of the proteins will change and
this has an negative effect on the proteif@hronakis, Galatanu et al. 2000

Figure2-19 shows the flow scheme when an alkaline solution is added to the algae stream.

Algae slurry with
partially dissolved

proteins Algae slurry + alkaline

. solutionwith (more)

Extraction dissolved proteins
Alkaline
solution

Figure2-19: Flow scheme protein extraction with alkaline solution

The proteins dissolve in the water phase, other components, like lipaimot dissolve in

the liquid phase and can therefore be easily removed by centrifuging the liquid. When
centrifuging with a concentration factor of 1, the debris can be removed from the li§oid.

the centrifuge Eq. 2.9 is used.

The protein mass balaador extraction is:
m O, 20 x5 O 20 pp O F 20 g Eq. 2.57

Here, Fainis the ingoing algae slurry flow /s Goas is the concentration oproteins in

the ingdng algae slurry strearﬁ‘g(mg) both soluble and insoluble proteinghe ingoing
alkaline stream does not contain proteins, so is not present in the mass baRngeis the
outgoing algae stream mixed with the alkaline streaomtainingsolubilizedproteins (™ 9

G_aout FEpresents the concentration gfroteinsin this outgoingstream(¥ ms). FentrifugelS the
amount of debris which is removed from the liquid stream after centrifugifitff and G

centrifugeIS the concentration of insohle proteins found in the removed debrfég/(ng).
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The energy input is given by:

0O & O O O O EQq.2.58
0 ©nzT oz Y Ya Rz’ oz Y Y & Eq.2.59
O Oﬁ z" O B z" z ) z " z4 zZ - 1z2-2 Oﬁ z"0 B

Eqg2.60
' 0z "0, O z26'Q Eq.2.61

WhereHs is the energy needed for the ceifuge to remove the debrisrbm the liquid, the
concentration factor Cf) is fixed on one.Tacthas an assumed value of 303 Tk inis the
temperature of the alkaline solutiorwhichis 298 KFy i is the ingoing flow of thealkaline
solution ("¥). It is assume that the alkaline solution infldsv0.15 fraction of the ingoing
algae flow.

It is assumed tha0.75 of all the proteins is extracted during the alkaline extraction, when
only proteins are extraed during the downstream processingn@ hexane extraction does
not take place. The protein extraction is lower when first hexane extrattikes place The
fraction of proteins extracted are then assumedite 0.64 of the total amount of proteins.

2.8 Pumping

The algae slurry has to be transported from one unit operation to the aedtcan be done

by pumping the liquid. Since pumping requires energy, and the number of unit operation
varies between routes, the energy requirements for pumping has to be tak#éme energy
balances.

The energy requirements for pumping the stream between unit operations is described by
Wilemanet al

z

o ¢z’ z Eq.2.62

z

WhereH, is energy requirements for pumpingd, Lis the length of the tubes (L) and is in
the models 25 meterg] is the diameter of the tube (myhich s 0.1, Ais the crosssectional

area (nf) , fis the Fanning fraction and for a laminar flow of a viscous algae solution can it
be calculated with:

Q — Eq2.63

WhereReis the Reynolds number. A modified Reynolds numbrich takes the rheological
properties of the flow into accountgan be calculated according to Wilemetnal with:
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z z

YQ — Eq.2.64
Whereu is the speed of the liquid"(s), Kactor is the consistency factof {7,y and n is the
behaviour indexKcior and n both depend on the biomass concentration,has a value of
one whenG is bebw 50Y .3 and n=0.8 when the concentration of the algae slurry is above
50.Kcan be described as:

Zp T EqQ.2.65

2.9 Optimization of the models

The harvesting starts with a diluted concentration &% 5, and will have a flow of 8%,
Therefore, the initialalgae mass flowis 25 *9,. The models made for the different
processing units are used to optireizand analyse the different routes, so aodel based
combinatorial optimiation approach has been usebh the different models manyariables
are constant and based on literature result$lowever some decision variables where not
defined and can vary betweean lower and uppeiborder. For example in the model of
Beadmill, thebead filling must have a nmber between 6% and 90%. The decision
variables in the models areoncentration factor, passes in homogenizer, pressure in
homogenizey bead fillingand air flow in DAFIn order to simulate and model the DSP of
algae slurry, mixed integer ndmear optimization (MINLP) is used to evaluate each route.
MINLP can be used when botionlinear (decision variablesand discrete components
(constants)are used in the modelsThe conditions used in each process and the range of
conditions for the mixed integer nonlinear optimization are shownhapte 2.10.

During the optimiation the decision variablesy vary to determine the best process
conditions. The best process conditions Besed on the smallestvalue When the ratio of

energy requirements to product recovery (thevalug is low it is consideregositive

During the @timization step the best variables for each route are calculated. The best route

can be determined whenthe best decision variables for eaaidividual route are known.

CKS WwWoSailQ NRdziS A& R$WmBNXYAYSR o6l aSR 2y GKS

Minimize Y = Hroute Xroute
With Houte = O O O O O O
Xeoute = Faryer Gorotein,dry (wet routes 160 anddry routes 1-23)

oute = I'_hex*qipid,hex'l' I%ryer* Cprotein,dryer (wet routes 63120 and dry 24-34)
Givenequations 2.1¢ 3.67

OEE OQE ONGUOHFEAE (Q08E ¢ QE B Qi
Xd nNi Qi & ®¢ QQ QA @R QMG a QE Q
®wQi "WE0
-34-



Where Houte is the energy consumption of all processing units in one rautds with an
start concentration of 2%° 299, H, .., is theenergy consumption during harvestinbewis
the energy consumption during dewateringdqsr is the energy consumption during
disruption, Hekis the energy consumption durifigexane extraction (this process unit is only
dza SR T2 NJ W#8 in Q INyERRYziNERA4)(ieGwis the anergy consumption during
protein extraction by an alkaline solution ame is the energy consumption when the flow
is dried by a dryerXoue IS the amount of product (protein and lipid) extracted during the
downstream processing if¥/s. Faryer Is the flowafter alkalineextraction consistingf the
alkaline solutionsand dissolvedroteinsand is dried in the dryer(™¥s). Gorotein,dryer IS the
concentation proteins dissolved in thealkaline solutionafter it has been dried to
700 K9Py - kaline solution FnexiS the flow after hexane extraction consistinghexaneand
dissolved lipidg™¥). Gipianex IS theconcentration lipids dissolved in the hexaff® ns)

In total 120 wet routes and80 dry routes arelefined. These routes can be seen in appendix
chapter7.2and7.3. All 120¥ ¢ Salit@sare calculated and conclusioage madem chapter

0.b2dG I ff myareoptiRidB BaseNBndtie Fedults of thietQroutes, 34 WR NE Q
routes are choserThe process units which provided the lowast@ I f dzSa @& g NEK&I & F
are determined. Based on thesevalues a selection is made from the 18% R Xdbite€x,

which results in 8 routes that are optimied. These 34 dr routes can be seen in appendix
chapter7.3.

2.10 Process conditions
The processonditionsof the process units are given Trable4.

Table4: Process conditions of all process units

Pressure | Flow Temperature | Concentration Other
range factor/End
concentration
Harvesting
Centrifuge 1 bar 293 K Up to
400" s
Pressure 1 bar 293 K Up to 270
filtration “Y s
Vacuum 1 bar 293 K Up to 3709 g
filtration
Ultrasound 1 bar Max 293 K Maximum
sedimentation flow of Concentration factor
0.018 of 22.5
m,3/h
Flocculation 1 bar 293 K Upto 259 13 Concentration
chitosan 0.2209 5.
stock pH of 8;
50-600 RPM
DAF End concentration of
10"
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Dewatering

Dryer 1 bar 316 K End concentration of
800 Y 3
Disruption
Homogenizer | Between Cooled inside | Between Between 1 and 10
35 bar system, heat | 10*Y passes
and production of | and 3009 s
415 bar 2 K for every
100 bar
Bead Milling Max Inflow cooled | Between Bead filling between
flow of |to 278 K 10"Y,;and 60% and 90%
0.450 200" 13
m3/h
Calander 1 bar 323 K Between
400" s and
800"Y s
Extraction
Hexane 1 bar 293 K 0.15™,, hexane for
extraction 1™, disrupted algae
stream.
Unisthe stirrer
speed=10"/,
_is the residence
time =3600 s
Alkaline 1 bar 298 K 0.1™%, alkaline
extraction solution for

1™, disrupted algae
stream

Unisthe stirrer
speed=1.67"/

_is the residence
time = 3600 s
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3 Results andiscussion
3.1 Energy requirements versus product recovery

311 wSUGQ NRdziSa

All combinations of thé @ Af I 6f S dzy Al 2LISNI A2y & TASNBE SO
routes are defined in appendik.2 are also defined irsuperstructureFigure2-1. In Figure

3-1 the y-valuesof the first 60 routes are shownThe y-value is the ratio of the energy
requirementsto the amount of product obtainedyfvalueis described in chapte?.9).

Routes 160 are theWetQroutes, in these route®nly proteins are extractedRoutes 120
have a concentration of 585 when it enters the disruption step. For routes-20 the
concentration of disruption is 108/ ,zand for routes 4360 this is 15693 Route 14 uses a
centrifuge as harvesting step, route85uses ultrasound sedimentation during dewatering,
routes 912 has flocculation as harvesting method, routes-18 usesDAF and routes 120
makes use ofiltration. This same order is also used for routes4®land 4160. HPH and
Beadmill are used as disruption method. The Beadmill is used in the routes withean ev
route number. HPH is used in the routes with an odd route number.

Figure3-1 shows that route numbebl, 53 and 55 have the lowegtvalue Route 51 uses
flocculdion as harvesting method, followed by filtration and HPH. Route 53 start with DAF,
followed by filtration and HPHRoute 55 starts with a DA#ses a centrifuge as dewatering
step and HPH as disruption step low y-value is favourable because the energy
requirements per kg of product is lodMowever the y-valuedoes not say anything about the
product recoveryor energy use separatelffherefore the energy requiremenis’s andthe
product recoveryin ¥, are determined separately.Figure 3-2 shows the energy
requirements for¥ g Sdutes 1-20. Figure3-3 gives the product recovergf ¥ g Sdutes

20.
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« 16 Energy requirements per kg of protein for routes 1-60
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Figure3-1: Energy needegber kg of protein (J/kg) for routes 1 to 6 he total amount of energy which is used dsvided
by the total amount of protein mass which is recovered after the last drying st€pe yas gives the yalue and the xas
is the route number. Routes 160 only contain the alkaline extraction step to extract proteins. In these routes the
hexane extration step does not take placeRoutes 160 are desdbed in appendix7.2. Routel to 20 all have a
concentration of 50 kg/m3 when it enters the disruptions stepRoutes 2140 have a start concentration of lO@lg/m3
when it enters the disruptions step. Routes 440 have a concentration of3D kg/m3when it enters the disruptions step.
Every four routes another harvesting processing unit is used. Starting with d¢Rrging (step 14), Ultrasound
sedimentation (route 58), followed by flocculation (route 92), Dissolved Air Flotation (route 1B6) and filtration
(route 17-20). This order is also used for routes -BD. Centrifuging and filtration are used as dewategnmethod. The
routes which arean even numbercontain a Beadmill as disruption unit. The routes which ameld numbers contairan
HPH
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Energy requirements routes 1-20
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Figure3-2: Energy requirements ith s for routes 1 to 20. The different process units are stacked,itsis possible to see
how much energy each process unit needs.
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Figure3-3: Protein recovery inY n of routes 1 to 20, with a starting algamass flow of 259 h
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In routes 120 the disruption concentration is 56/ s this means that the harvesting and
dewatering step together cannot concentrate more than 10 timégcause the start
concentration is 59 ns. Route 58 and routes 186 camot occur,since the harvesting step
results in a algae slurry with is more concentrated than 88,3 In routes5-8 Ultrasound
sedimentation isapplied as harvesting step. In routes - DAF is used to harvest the
microalgae.With thesetwo harvestng unitsit is not possible to control the concentration
factor and concentrate more than 10 times, therefore exceeding thdisruption
concentration of 569 3.

The most important observations from tli@gure3-2 and Figure3-3 are:

1 Thedrying steprequiresthe most energyln these routes drying takesnly place
during the downstream processirgfter the alkaline extraction Drying is usedto
O2yOSYidNIGS GKS &adNBlIY G2 GKS SyRca®2yOSy
Ffa2 06S dzZAaSR Fad I RSgFGSNAY3I YSiRMENET GKAC
disruption takes plac¢he concentration is 5093 after disruptionand extractim
the diluted stream must be concentrated to 70® P°°" . This change in
concentrationrequires a lot of energgnd is done by the dryeNot only is the drying
step very big,the energy requirements of a dryer is considerable larger than any
other dewateringconcentratingprocess unit.

1 Figure 42 shows thatthe first four routes uses the most energy. In these routes a
centrifuge is used as harvesting step. In route 1 and route 2 two centrifugea are
both as harvesting and dewatering step, whiesults inthe highest energy use.
Centrifuging requires a lot of energy which also shdakle3.

1 Route 9- 12 uses flocculation as a harvesting method, ghiscess unit has the
lowest energy useHowever the protein recovery is also much lower. It can be
02y Of dzZRSR GKFG Ft200dz I A2y R2SayQi NBIJ
centrifugation dgbut also results in a lower algae biomass recovery.

1 It ismore advantageous to use a high pressure homoger{id®H) compared to a
Beadmill for disruptionln Figure3-2 it can be seen that the disruption stepquires
less energy when a HPH is used. The efficiency is comparable, since the protein
recovery between for example route number 1 and 2 is more or less the same.

In Figure3-4, Figure3-5, Figure3-6 and Figure3-7 the energy requirements and protein
recovery for routes 21 to 6@re shown Routes 2340 the concentration when disruption
takes place is 10,3 andin routes 4160 the disruption concemation is 1509 3. The
order of routes ighe samebetween routes 240 and 4160 (for example route 23 and 43
arethe samg, only the disruption concentration differs.
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Fromthese fgures severabbservations are made:

¢ Figure3-4 shows that the overall energy use the route-2Q are much lower than
routes 120. This is because the concentration when disruption takes place is twice as
high as rate 1-20. Also in these routes the drying steps requires a lot of energy
because the stream his concentrated from around 8@ to 700 9,5 Drying
requires a lot of energy, so concentrating more during harvesting and dewatering
which happens irroutes 2140, is favourable This can also be seen kigure3-7,
where the disruption concentratiom routes 4160is 1509 s.

1 In Figure3-6 it becomes cleathat the protein recovery differs a lot between two
almost equal routesiue to the disruption step, likeoute 41 and 42The protein
recovery of route 41 (HPH) is much higher than the recovery in route 42 (Beadmill).
The beadmill is less efficient when the algae concentration becomes higher,
therefore resulting in a lower protein recovery.

1 In route 3337 DAFs used as harvesting metho#ligure 3-5 showsthat the DAF
method results in a very high praterecovery andaverageenergy useThe routes
with the highest recovery contain the DAF as harvesting method.

1 InFigure3-6 Ultrasound sedimentation is used in rast4548. This mettod requires
the least amount of energyor its concentration factorcompared to the other
harvestingunits, however the protein recoveiig also very low.

1 The best routes contain either DAF or flocculation as harvesting step, followed by
filtration as devatering step andHPHas disruption stepThese routes have the
lowest y-value. DAF has a very high recovery and the energy requirements are
average. Flocculation has little energy requirements laldo a lower protein
recovery. Filtration is more favourabl than centrifuging when iis applied as
dewatering methogdbecause the energy requirements are lower.

1 The route which is the least favourableso with the highesty-valug usestwo
centrifuges adarvestingand dewatering step and beadll as disruptiorstep.

1 The highest losses in algae occurs in routes 46 and H&e Ultrasound
sedimentationis used as harvesting step and bealll as disruption stepUltra sound
sedimentation is not efficient, because it has low algae recovery. At low disruption
conceriration is the disruption efficiency of the Beadmill comparable with HPH, at
higher disruption concentrations the Beadmill is less efficient.

1 The total amount oiheededenergyis lower in routes 4% 60 compared to routes
1-40, because the stream is m® concentrated when entering the disruption step
and less drying is needed in the last step.
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Energy requirements routes 21-40
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Figure3-4: Energy requirements it} s for routes 21- 40. The different process units are stacked, i@ easyto see how
much energy each process unit needs.
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Figure3-5: Protein recovery inkg/h of routes 21- 40, with a starting algae mass flow of 2%%, )
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¥ 10 Energy requirement routes 41-60
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Figure3-6: Energy requirements itf s for routes 41- 60. The different process units are stacked, isis easyto see how
much energy each process unit needs.
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Figure3-7: Protein recosery in“Yy n of routes 41- 60, with a starting algae mass flow of 28 h
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Routes 61120 are defined in appendik.2 and in superstructurd-igure2-2. These routes

have the same order of process units as route801 but there is one big differencethe
hexane extractiorstep is addedto extract lipids from the streamRoutes 6180 have a
concentration of 50"Y 3 when it enters the disruption step. For routes -820 the
concentration of disruption is 108/ s and for routes 101120 this is 1569 3. . Figure3-8

shows they-valuesof routes 61120. This figure shows thabutes 111,113 and 115 are most
favourable, since they have the lowestvalue. Route 111 uses flocculation as harvesting
method, followed by filtration and HPH. Route 113 start with DAF, followed by filtration and
HPH. Route 115 starts with a DAF, uses a centrifuge as dewatering step andsHPH a
disruption step.

In Figure3-9, Figure3-11, and Figure 413 the energy requirements$or routes 61120 are
shown.In Figure3-10, Figure3-12 and Figure3-14the product recoveryproteins + Lipidsk
given.Both proteins and lipids have the same value, no distinction is made between the two
products.

Many obervations of routes 61120 are the same as routes-@0, fowever also some
additional conclusions can be made:

1 They-valuesare lower in route61-120 compared to routes 60, even though the
routes have the same process units composititike route 1 andoute 61).The only
difference is the additional step of hexane extractidhe hexane extraction requires
a lot of energy thus the total amount of energy for the DSP for each route is higher,
but also hexane extraction also provides a significant amount of lijgwth&n Figure
3-1 and Figure3-8 are compared it can be concluded that it is more favourable to
extract both lipi and proteins from the algae stream. Hexane extraction requires an
significant amount of energy and it lowers the protein recovery, butytivalueis still
lower because the product recovery is much higher, due to the extraction of lipids.

1 When extractig lipids, the amount of protein that is recovered, is lower. However,
the sum of lipid and protein recovery is higher than the recovery of only proteins. It
is favourable to extract both components from the algae stream.

1 Figure 49 shows thathe hexam® extraction requires a lot of energyh& amount of
energy neededor hexane extractioms coupled to the amount of hexane used. In
some routes the energy requirements for hexane extraction are lower. This is
because the amount of hexane used is propartibto the amount of available lipids.
When Ultrasound sedimentation is used as harvesting step, a lot of algae are lost.
This results in a lower amount of disrupted algae and therefore in a lower amount of
available lipids.

It isobserved that it isnog favourable to use a HPH as disruption method and DAF
flocculationand filtration as harvesting method. The figustgwthat it is more favourable

to concentrate as much as possible during harvesting and dewatering, to minimize the
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drying step which tles place after the extractiostep. Routes 4160 and routes 10420
need a lot less energy¥his was alsexpected Drying requires a lot of energy so it is better
to concentrate the stream as much as posstbl&eep thedryingas low as possible

In the introduction one of the main questions é&Vhat provides the lowestyalue,
SEGNI OlA2y 2F LINRGSAYyaAa 2N S¥hanNbe toitdsarg 2 F
compared with each otheiit can be observed that th@verage)y-valueof routes61-120

are lower than routes -60. Thus it is more favourable to extract both proteins and lipids.

x 1gEnergy requirements per kg of product for routes 61-120
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Figure 3-8: Energy needed per kg of produgi/kg) for routes61 to 120 In these routes both proteinand lipids are
extracted from the disrupted algae broth. After disruption first the hexane extraction takes pla€ais isfollowed by
protein extraction using analkaline solution. Inthis chart thetotal amount of energy needed for all processing units
divided by the total amount of protein mass ahlipid mass which is recovered, callgd Routes61-120 are descibed in
appendixchapter7.2 Route61 to 80 all described routes where the concentration of the algae strearr'JSGBkg/m3 when
it enters the disruptions step. Routes 8100 where the concentration of the algae stream isQL@g/m’ when it enters
the disruption step. In routes 102120 the disruption concentration of the algae stream isSD kg/m’. Every four routes
another harvesting processing unit is used. Starting with centrifuging (steg8), Ultrasound sedimentation (route 65
68), followed by flocculation (route 692), Dissolved Air Flotation (rde 73-76) and filtration (route 7780). This order is

also used for routes 8120. The routes which are an even number contain a Beadmill as disruption unit. The routes

which are odd numbers contain an HPH.
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Energy requirements routes 61-80
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Figure3-9: Energy requirements itf s for routes 61- 80. The different process units are stacked, isis easyto see how
much energy each process unit needs.
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Figure3-10: Proteinand lipid recovery in kg/hof routes 61- 80, with a startingalgae mass flow of 25 kg/h
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Figure3-11: Energy requirements it s for routes 81- 100. The different process units are stacked, isds easyto see
how much energy each process unit needs.
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Figure3-12: Proteinand lipid recovery in‘Y y of routes 81- 100, with a startingalgae mass flow of 25 kg/h
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x 10 Energy requirements routes 101-120
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Figure3-13: Energy requirements it¥ s for routes 101- 120. The different process units are stacked, isis easyto see
how much energy each process unit needs.
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Figure3-14: Proteinand lipidrecovery inYy n of routes 81- 100, with a startingalgae mass flow of 25 kg/h
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conditions. These 180 routes are shown in appeidd3® h ¥ (KS&S ,4route’ RNE Q
are chosenfor the optimization and evaluatiorthe 34 dry routes are selected basedtba

results of the wet routesThe dy routes that contain process units which are also used in
WgSiQ NP dziy-$akues bkd DAE arid Zlgcculatiomre chosen.The list with the 34

routes are shown in appendix3.

LY &42YS WRNEQ NRdziSa GKS RNEBESNI Aa y20 2yfe
processingto the concentrate the stream to the end concentration of 78,3 but is also

used as second dewatering stefigure2-3 and Figure2-4 show the superstructures from

0KS WRNEQ NRdziSad Ly (KS&AS FAdadaNBa Ad Oy
dewatering step.

Figure3-1 showthe y-valuesof dry routes 323. In these routes only protein is extracteth

routes 18 the concentration of the algae stream is 280.s When it enters the disruption

step. Routes 943 have a concentration of 8JY m,swhen disruption takes plac&koutes 14

18 and routes 123 have a disruption concentration of 406/ nsand 8009 nsrespectively.
Routes 113 use an HPH as disruption method. Route 4 is an exception, in this route a
Beadmill is used. In this route a Beadmill is used to see how efficient the Beadmill functions
at this concentration and to compare it withnaHPH. Routes 123 use a calander as
disruption method.

They-valuesof these dry routes are significantly lowtttan they-values2 ¥ Y2 aid GKS W
routes. 9EOS LI FTNRBY WRNEQ NRdziSa m=Z n theRs Sz | ¢
routes. Whythe y-valuesof routes 1,4 ad 19 are higher, is explained on page. 52
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x 10 Energy requirements per kg of protein for dry routes 1-23
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Figure3-15: Energy needed per kg of produ¢l/kg) fordry routes 1-23. In these routes only protein is extractetfom the
disrupted algae broth.In the bar chart thetotal amount of energy needed for all processing units is divided by the total
amount of protein mass which is recovered.Routes 1-23 are descibed in appendix7.3. In routes 1 to 8the
concentration of the algae stream 200 kg/m3 when it entersthe disruptions step. Routes-23 all have aconceriration

of 300 kg/mswhen disruption takes placdrkoutes 1418 and routes 123 uses a disruption concentration ¢D0 kg/m3

and SOOkg/m3 respectively. Routes 113 use @ HPH as disruption method. Routé is an exception, in this route a
Beadnill is used Routes 1423 usea calander as disruption methodRoutes 113 usea centrfuge as second dewatering
step; route 5, 7 and 10 areexceptiors. Theseroutes use a dryer as second dewatering step. Filtration is used as
harvesting step in routes 8,13,18,28nd 23. Ultrasound sedimentation is used as harvesting step in routes 2,9,10,14 and
19. Flocculation is useds harvesting step in routes 3,4,5,11, 15,16 and 20. Dissolved Air Flotation is used as harvesting
step in routes 6,7,12, 17 and 2The centrifuge is used as harvesting step in route 1.

From this figure the observation is made that route 17 has the lowestlue This route

uses DAF as harvesting step, followed by filtration and centrifuging. The calander is used for
the disruption and the disruption takes place at a concentration of 4@, A lowy-valueis
favourable, but does not say anything about the product recovery or energy requirements
separately. IfFigure3-16 and Figure3-17 the energy requirements iffs and the product
recovery in¥,, aredetermined separately.
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Figure3-16: Energy requirements it} 5 for dry routes 1- 23. The different process units are stacked, isds easyto see
how much energy each process unit needs.
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Figure3-17: Proteinrecovery ink9/ hin routes 123, with a startingalgae mass flow of 25 kg/h
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FromFigure3-16 and Figure3-17 the followingobservationsare made:

T

Route 1 uses emtrifuging both br harvestingand (2 times) dewatering The
disruption concentration is 208/ s thusthe centrifuge has to concentratd0 times
(start concentration of 5% ,5) . The centrifuge requires a lot of energgmpared to
other harvesting methodsyhich canclearly be seen ifigure 416.

Routes 18 have a disruption concentration of 26%,,; and therefore the energy
use for dryingo the end concentration 0700 3 is high. In putes9-13 dawatering

of the algae brotttakes place to a finaloncentration 0f300"% 5 the energy use for
dryingto the end concentrations therefore less. In routes 148 and routes 123
the concentration when disruption takes place are 480,s and 800 "Y s,
respectively. fiis can be seen in the grapht Bigher disruption concentrationghe
amount of energy needed fdmarvesting anddewatering increases and the amount
of energy needd for dryingto the end concentratiorecreases.

The use of Ultrasoundedimentation results in low energy use, but alsolow
protein recovery, as an be seen in route,9,10,14 and 19t is not favourable to
use Ultrasound sedimentation as a harvesting method.

The protein recovery difference between route 9 and 19caused bythe second
dewatering stepBoth routes are almost identical except from the second dewatering
step. For route 9 aentrifugeis used. Route 10 uses a dryersesonddewatering
process unit When a centrifuge is used, thereass% los®f algae biomassiWhen
drying is used, therés no loss in algaelhus, the protein recovery ia bit higher
when a dryer is used as second dewatering step.

Disruption by a alander requires more energy than disruption by ldRH. This can
be seenin Figure 3-16 in routes 1423. Even though the calander requires more
energy than an HPH, in some cagds moreadvantageougo use the calanderFor
example: the only difference imoute 12 and route 17 is the disruption
concentration and the disruptiomethod. The figure shows that it energetically
more favourable to concentrate up to 408 ,; and then usinga calandeythan
concentrating up to 308% s followed by disruption with atHPH.Figure3-16 show
that it requires more energy to disrupt at 3685 with the use of anHPH and to
dry the streamto the end concentration (routd2), than to disrupt the algae cells at
a concentration of 4009, with a calander and tadry the stream to the end
concentration (route 17).

Route 5 and 7 are almost equal except from the harvesting step. In route 5
flocculation is used and in routeDAF is used as harvesting method. The energy use
of flocculation is lower than DAF, but thé&gaerecovery is also lower. This results in
almost equaly-values. This is observed frorkigure 3-15, Figure 3-16 and Figure
3-17.
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Figure3-18 showsthe y-valuesof W R Kabit€» 2434. In thesedryQroutes both protein and
lipids are extracted. In routes 2426 the concentration of the algae stream is 28Gswhen

it enters the disruption step. Routes 27 and 28 have a concentration 0f“%g; when
disruption takes place. Routes -39 and routes 3B4 have a disruption concentration of
4009 3 and 8009 3, respectively.The list with the routes 284 are shown in appendix
7.3

Figure3-19 and Figure3-20 showthe energy requirements and pduct recovery fordryQ
routes 24¢ 34.

- 10" Energy requirements per kg of product (protein+lipid) routes 24-
. L L L L L L L L L L L

3.25

2.75

N
3]

2.25

1.75

=
wu

1.25

Energy needed/ kg of product (J/kg)

0.75

0.5

0.25

24 25 26 27 28 29 30 31 32 33 34
Route number

Figure3-18: : Energy needed per kg of produ¢f/kg) fordry routes 24-34. In these routes both proteins and lipids are
extracted. In the bar chart the total amount of energy needed for all processing units is divided by the total amount of
protein and lipid mass which is recovere®outes23-34 are descibed in appendixchager 7.3. In routes 24¢ 26 the
concentration of the algae stream is 20@/m3when it enters the disruptions step. In routes 27 and 28 the concentration

of the algpe stream is 30 kg/m3_ Routes 2930 and routes 3134 use a disruption concentration of 4003:;/m3 and 800
kg/erespectiver. Routes 24 ta30 use filtrationas dewatering step land centrifuge as dewatering step ZRoutes 24

to 28 uses a HPHas disruption method and routes 29 t®B4 uses acalander as disruption unitFiltration is used as
harvesting step in routes 26 , 28, 33 and 34. Flocculation is used as harvesting step in routes 24,27,31 and 32. Dissolved
Air Flotation is used as harvestindgep in routes 25 and 30. Ultrasoundegimentation is used as harvesting method in

route 29.
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Figure3-19: Energy requirements it} 5 for dry routes 24- 34. The different process units are stacked, is@s easyto see
how much energy each process unit needs.
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Figure3-20: Proteinand lipidrecovery inY n Of routes 2434, with a startingalgae mass flow of 25 kg/h
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Many observations fromFigure 3-19 and Figure 3-20 are the same as the previous
mentioned observatios in this chapter.

In Figure3-20 it is observed thathe protein recovery is significantly lower than kingure

3-17. When routes 3 and 24 are compared, which are identical excaphé addition of the

lipid extraction step in route 24t becomes clear thathe protein recovery is loweniroute

24. This is because the extraction of lipid by hexane has an negative effect on the protein
recovery. The amouraf protein recovered is about 20% lower due to the hexane si¢e.
energy requirements of route 24 are also higher, due to the additi of the hexane
extraction step.But the y-value of route 24 is lower than route 3 because of the lipid
recovery.

Ly GKS AYUNRRdAzOGAZ2Y (K KIA2AGK 22T yEK §j diS&@a A ¥ § 0 &
WRNE Q R2goyaidNBIl Y LINED SHEIAA A EWEENoHigEeS3/dEduiE S G A O f
3-4, Figure3-6, andFigure3-16 are compared with each other, it can be seen that the
SYSNH& NBIdZANBYSyidia F2NJ 4GKS WRNEQ NRdziSa Aa
because the drying step at the end of tdewnstream processing is much smaller in the
WRNEQ NRdzi Sao

In the introductionone more questionis defined:Which of the process unit combinations

at what conditions resultan the lowest yalue, for the downstreamprocessing of
microalgae biomass?dNRPC” | ff GKS FAIdzZNBA akKz2gy Ay GKAaA
route 30has the lowest-value In this route the disruption concentration 4909 s and

the process units used are DAF, filtration, centrifugation and Calandier.amount of
energyneeded is 7.7 * 107 andthis routeprovides more than 8 kg of product per hour.

3.1.3 Variables

Asdescribed inchapter2.9, there are fivedifferent decisionvariables:concentration factor,
amount of passes IRPH pressure irhomogenizer, bead fillingh Beadnill and air flow in
DAF. These variables have constraings upper and lower bordeiThese constraintxan be
found in chapter 2.10. During the optinzation allthe possiblevariablesbetween the two
bordersare calculatedor each route For each individual route thbest decision variables
are defined.Themostfavourabledecision variablés based on the lowesg-value

The routes where m HPHis used the amount of passes used is akvayne. The
correspnding pressure which is used4i20 bar.The best results for all routes which use an
HPH isl passin the HPHwith an corresponding pressure 420 bar.Theamount of passes
increasesthe disruption percentage, but only with a very smalifference However the
amount of energy needed tprocess the broth several times with the homogenizer (an
increased amount of passes) has an big effect on the energyTieefore the lowest
amount of passes andhé highest pressure, results in high disruption and relative low energy
use.
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For the Beadmill a bead filling of 90% is always used as the optimal percentage. This is
because a higher bead filling results in more disrupthort,the bead fillinghas no effet on
the energy use. Thishy the upper boundary for this variable is chosen as most optimal one.

For all routes the airflow used in DAF0$00 Y, This number results in the highest
possible recovery, as can be seengmaph 2. In this graph it is lsown that the recovery
increases with increasedir/solids ratio upto a certain maximum. The upper boundary for
the variable is chosen close to this maxim@onsegently, thehighest possiblé\/S ratioof
0.500 results in the highest algae recovednly in one routethe bestdecisionvariable is
not 0.500*% 4, but 0.300*%, This is explained in the next paragraph.

The last decision variable is the concentration factor. Vaigble results for eactoute in a
different outcome. A fevobservationscan be maddor the wet routes

T

T

Centrifuging requires more energy for harvesting and/or dewatering than filtration
but the recovery percentage is equaihen both units are used in one route, the
concentration factor of the filtrationis always chosen higher thanthat for the
centrifuge. The flow rates also effect the overall energy consumption during these
steps. The comhation of concentratiorfactor and flow rate in both unit operations
are optimised in the calculations to yield the lowgstalue.

When two filtration units are used for both hasting and dewatering, the filtration
units both equally concentrate thalgae broth. Since the flow is used in the energy
use equation, the second filtration step has a bit higher concentration factor,
becausehe flow is much lowerresulting in a lower energy use.

When Flocculation, DAF or Ultrasound Sedimentation isl @se harvesting step,
either filtration or centrifuging is used to further concentrate the stream during the
dewatering step. The concentration factor is not a variable anymore, dinee
disruption concentration is already defined. The concentration diacbf the
centrifuge and filtation unitare purely based on this disruption concentration.

C2NJ 0KS WRNEQ NRdziSa GKS 02y @Syidtes dHsByY
becausethere are two dewatering stepinstead of one.This results in thefollowing
observations

T

With filtration a maximum concentration of 276/ ,s can be reached. &entrifuge
can concentrate up to 408 5. The results show that wheriltfation is followed by
centrifuging, filtration will take plactll the maximum concentration to minimize the
concentration factoland subsequent energy consumptiohthe centrifuge.

Drying requires a lot of energyn some routesdrying takesplace as second
dewatering stepsin the results it can be seen that theaivesting step and first
dewatering step ar¢han used till the absolute maximumnd concentration possible,
to minimize thedrying.
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1 Theonly differencebetween dry route 31 and 32 is thigst dewateringstep. In route
31 a centrifuge is used till 400%Y,3) and inroute 32filtration takes plac(till 270
"9 w3 ). For both routes the second dewatering step is done by drying (tilfBg9).
Normally the energy use is very different between filtration and centrifuging, since
centrifuging requires &t more energy. In this case the energy difference is relatively
small. This can be explained by the fwt a centrifuge can concentrate more than
a filter. Therebre the drying step of route 3@ bigger (from 278% s till 800 3),
resulting n a small energy requirements difference.

1 Inroute 16 something interesting happens. The DAF always uses an air/solid ratio of
0.500,becausethis results in the highest recovery of algae. However in this route an
air/solids ratio ¢ 0.3 is taken as most optimum on€Ehis can be gfained as follows:
the harvesting has a lower recovery and therefore a somewhat smaller outgoing
stream Because the stream is small@tiration can occur toan maximum of270
K9 s . Thefirst dewaterirg step mist have a concentration factor thas a whole
number. It is more favourable to have some losses in algae recovery in the DAF step
and thus a lower outgoing stream, to maximize the concentration in the filtration
step. Thisresults in a smaller egrifuging step (second dewatering step).

3.1.4 Additional observations

The waste streasiof all the routes vary little fron one another The waste stream is

defined asa summation of the medium removed from the algae stream and the addition of

a costreamOnly in a few units there is @dream, as explained in Eqg. 2.1¥hen a route
contains oty units which do not provide eostream, the waste streamwnly consist of the
removed medium of thenainstream For example route 1 of the wet routesnsist only of
downstream processing units which do not contain a costream. In this route only the alkaline
solution is added to this stream. The total waste stream is of this rie&®3™%,,

The unit operatios which provide a costream are flocculation and alkaline extraction. Since
alkaline extraction occurs in all routéshas the same impact die waste stream for all

routes, it will be a bit higher due to the addition of alkaline solutitvhen flocculation

occursin a route it isto be expected that the waste stream will be higher. However this is

not the case and can be explained as follows: flocculation has a relative low algae recovery
and consequentlya lowerprotein recovery The amount of alkaline solutiadded to the
streamafter disruptionis based on the amount @flgae cells disruptedBecause the

amount of algae is lower (and thus the amount of disrupted cells), less alkaline is atided,
total waste stream is similar to the other routes.

In some it operation there is energy needed to heat the systegferred asH,. The unit
operations which neeénergy forheating arethe HPH dryer, beadmill and calandeFhe
energy needed for heating can be relativelghas can be seen Figure3-21 andFigure
3-22. Thesefigures showthe percentage of energy needed for heatimgmpared to the
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total amount of energy needed, 2 NJ W R NJAn® 17.NBede(rdbitézs are chosen because
route 1 requires the most energy amdute 17 has the lowesy value.

Thesefigures showthat a large amount of energy is needed for heating (emdporating).

Energy needed for heating can betracted from other sources which produce heat as by

product. Heat as byproduct is exergy Exergy (also callaedork potential) isthe high quality

energy that is available to do work and tltan be obtaied from a system at a given state

in a given environmdnThis energy is still useful and damctionas source of energy for

the unit operations in this project for heat productioBxergy is used for system

optimization. This method is sustainablebeea S A G Aa Ay Tl Od NI LIdzNLI2

Dry route 1 Dry route 17
M Energy for heat (Hh) M Energy for heat (Hh)
Energy for rest (Hc+Hpr+Hs+Hm+Hp) Energy for rest (Hc+H pr+Hs+Hm+Hp)

13%

41%

Figure3-21: Total amount of energy needed for dry route 1 divided in energy needed for heating &id the sum of
energy needed for cooling, pressurizing, mixing, pumping and the mechanical energy.

Figure3-22: Total amount of energy needed for dry route 17 divided in energy needed for heating dRid the sum of
energy needed for cooling, pressurizing, mixing, pumping and the mechanical energy.

Unit operations which produce heat as-pyoductcan be coupled to unit operations which
need heat, like for example the dryer. tms project an unit peration which produces heat

is the HPH. The HPH produtest as byproduct. In the model of the HPH, coolitakes

place internally and the energy requirements for cooling are taken into account, as can be
seen in Eq. 2.42However, if this cooling didot take placeand theproduced heatin the
HPHcould be used for the dryer, it would reduce the total amount of energy needed. Less
energy is needed for the HPbkcause cooling is not needed anymaxad less energy is
needed for the dryerbecause heat addedrom the HPH
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3.2 General dscussion

The conclusiondrawnin this chapter are basedn the optimiation of the models that are
made with overall mass and energyalances. These balances are based on infoonati
found in literature. Howeverthe models are sometimes not very detailed due to limited
information from experiment®r models are more detailed and thus contain assumptions.

In all threedisruption models the assumptions is being made that either a cell is disrupted or
not. When a cell is disrupted glfoteinsand lipidsare available for extractiorHowever, in
reality cell disruption i$ar more complex. It depends dhe extent of rupture of individual
cells as welland onthe proportion of cells within the overall popation that ha been
ruptured (Spiden, Yap et al. 20L3When the pressure is increased and the amount of
passes increases in th#PHthe cell wall of individual cell rupture increasasd this results

in a higher degree of disruptiofBamarasinghe, Fernando et al. 2D1Ris estimated that
when 2%% of the cell wall is disrupted the content of the algae cell becomes available for
extraction(Spiden, Scales et al. 2013Thus the amount of disrupted cells will probably be
lower in reality.

For the flocculation model the energy needed to harvest the algae cells is taken into
account. However, the energy needed to produce the flocculants isFlotculationhas a

few shortomings, becausthe production of flocculants is expensive and requires a lot of
energy (Bosma, van Spronsen et al. 2008 the amount of energy needed for flocculant
production would be taken into account, the energy r@gements for flocculation would be
much higher.

In the alkaline extraction model it is assumed that only proteins dissolve in the solution and
that other components do not dissolve and are removed by centrifuging. In reality many
other components will digdve in the alkaline solution andonsequentlythe end product

will not only contain proteinsConsequently, ta end product in this project is not pure and
more downstream processing steps must be used to obtain an end product which is more
pure.

In the gtimization of the routesthe lipid extractionwith hexane has a negative impact on
the protein extraction with alkaline solution. It is not really known how this negative impact
occurs and why it happens. The exact impact is not known either. Theredtmesdgathered
from experts at FBR at Wageningen University and an estimation is ritadeuld be very
interesting if in the future more information would be known about the impact of lipid
extraction with an hexane solution on the quality and solubdityhe proteins.

Thetwo product streams consists of a highly concentrated-pote protein solution and a
hexane solution with lipids. This hexane solatman be very diluted, since the amount of
hexaneuseddependson the disrupted algae flowC2 NJ 6§ KS WgSiQ NRdziSa
KSElFyS &G I NE dziF 28 siveard is @nich) smaller. Whether the hexane
stream is big and has a low lipid concentration or the stream is small and the lipid
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concentration is high, is not taken mtaccount. In the results, the amount of lipids (flow
times concentration) is usedConcentrating the hexane stream to a very high lipid
O2yOSYiUNI GA2Y g2dzdZ R NBIjdZANSE | 234G 2F SySNHeE¢
hexane stream would hadey KA I KSNJ Sy SNH& dzatsIvould kbkg thel KS WF
difference inycvaluesd SG 6 SSy WgSiQ YR WRNEQ NRdziSa S@Sy

The results in this reportshow the besty-valug which represents the amount of energy
needed per kg of extracted proat. Thisy-value is used to decide whicllownstream
processingroute is best in order toobtain proteins(and lipids). Unfortunately; it is not
possible to comparéhe results in this reporto literature. They-valueis a number which is
used in this poject but is not used in literaturélhe amount of extracted lipids this report

is calculated in kg of dissolved lipids in hexamee hour. In order tocomparethe amount of
extractedlipidsin this project to data given in literature, the lipids neexllie converted to
FAME. The lipids in algae are triacyl glycerides which can be converfatty@cid methyl
esters (FAMEDy transesterification. FAMEcan be used abiodiesel FAME are used in
literature. To evaluate the results of this proje¢he conversionof lipids to FAME as to be
taken into account. This conversion step requires energy and has a negative impact on the
y-value(will be higher).

The proteinswhich are extractedfter the alkaline solution is addedire not pure and are
still in solution. These proteins need to peecipitated.During precipitation the solubil/ of
the proteins lowers anthe proteinsform aggregats. This step is needed to get the proteins
out of the alkaline solution. Howevehisis not taken into accourin this project.

Also, inthis project no differencés made between proteins and lipidecoverywith regards

to the y-value When bothproductsare extracted they-valuetakes only the mass sum of

both products(proteins and lipids)into account. Rere is no additional value added to the
proteins, which is the main target in this project. Only the product recovef jiis used If

the protein recovery would have giverhagher value than lij recovery this would haven

effect on they-value. When an additional value is added to thecoveredproteins, the
y-valuesof all the routes will be lowerThe amount of proteins recovergaer hourA y W@ S Q
routes k¢ 1 | Y ROUteBR2ABEShiGK SNJ (0 Ky WS nhQ | NIRAzIWRBUE Om NP dz
because hexane extraction has an negative impact on the protein recoveryresiisin a
largery-valuelowering for the routes whereonly proteins are recovexd. The introduction
question: a2 KI i LINE @A RSalue, éxiratiori & pr&eindr exdraction of both

LINE G SAya doyldRbe ansvieWedrdifiérantyit depends on what value is given to

protein recovery compared to lipid recovery.
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4 Perspective

During this project a lot of literature wansultedand many interesting techquesand
articles werefound. Unfortunately, although excitinggome techniquesvere tooinnovative

and new to be used in this project. Nehoughwasfound in literatureto make aproper
modelwith mass and energy balancebwo techniqueshat are interesting to keep an eye

on in the future but are not used in this pregt, are PEF and cell disruption by enzymiés.
more information is given in about these two techniques it is very interesting to take this
into accountin the future when modellig the downstream processing of microalgae
biomass.

4.1 PEF

Pulsed Electric Field (PEE)a technology which causes cdllsbecome permeableand
perforated. During the process, the cells are subjected to an electric field with high field
strengthand thisresults in cell wall disruptiofGoettel, Eing et al. 20).3This method isn
theory very interesting for this project since the PEF makes use of intense, but short high
frequency pulseswhich results in only a slight increase in temperature inside the algae cell.
Therefore the intracellular proteins of the algae cwill stay stable The disruptionof algae
cells can take place withowhemical contamination or degradation of the proteins and PEF
canalsobe scaled up.

PEF sems a promising method to use for disruptimgicroalgae cellsUnfortunately,
availableliterature on this technique is vetymited. This is the main reason why PEF is not
used in this projectlt is not possible yet to make overall mass and energy balances for PEF.
Some numberghat are mentioned irarticlesgive information about the relation between
pulse duration, electridield strength or the number of pulses in relation to thmount of
intracellular matter (proteins, carbohydratesyeleased in themedium after treatment.
Nothing is found on the actual disruption efficierayd it isnot possible to set up a model
without thisinformation.

4.2 Cell disruption by enzymes

The cell walcompositionof microalgae differs very mudinom one species to arber. The

cell wall compositiorhas an influence on the rigidity and strength of the cell waiifi,
Charton et al. 20183Enzymes can be used to disrupe cell walllt isimportant when using
enzymes to use the appropriat;nes which is chosen based on the chemical composition of
the cell wall The bigadvantage of enzymatic disruption its specific and gentle method of
disrupting cells. Harsh coitbns applied during cell disruption, like the high shear stress of
mechanical disruption can be prevented by using enzymes asgiety lyse the cell wall
components.Some research has been done about cell disruption of microalgae by enzymes
(Zheng, Yirt al. 2011 Ciudad, Rubilar et al. 20L@Bander and Murthy 20Q%u, Hunget al.
2010.
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There are two main reasons why there is no model made for this disruption meEcd,

because there is no known data availalia the use of enzymes as a disruption metloyd

an industrial scale. Seconthe biggest energy consumiriglr NIi A&y Qi GKS Sy S
during the disruption itself (temperature and stirring), but the energy needed to produce the
enzymes and to immobilize them. Whéns possible to use this disruption method not only

on lab scale but also on industrial scétlean become an interesting microalgae cell wall
disruption method.

4.3 Protein extraction

Several techniques can be used for the extraction of pratdiom the disrupted algae
stream, like the addition of analkalinesolution, dialysis and ion exchang&romatography.
Almost all articles which provide information about thextraction of proteins from
microalgae biomass, have as main goal to determine the protein composition in species and
the quantize the amount of proteinsAll information provided is based on lab scabmly
alkaline extraction is used ofa somewhat) larger scale. When more techniqués the

future are given in literature about the extraction of proteins from microalgae biomass, it is
very interesting tdook into this.
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5 Conclusion

Extraction of proteins fran microalgae is an important solution to prevent human
malnutrition in the future The biggesthallenge to obtain proteins fra microalgae is the
downstream processing of a diluted microalgae stneto a concentrated protein stream.
The downstream procaing can be dee with different techniquesThe goal of this project
is: dWhich of the process unit combinations at what conditions resualtee lowest yalue,
for the downstreanprocessing of naroalgae biomass?

For this project amodel based optimation approachis done for the downstream
processing of microalgae biomass into proteins with different scenafios fair different
A0Syl NA2@aS Ky Ot eth&dsiaRdNtBeQextraction ofonly proteins or the
extraction of both proteins and lipids. It can be concluded that it is more favourable to
extract both proteins and lipids from the microalgae streaime y-valueis lower in these
routes The addition of the hexane extraction stegsults in higher energgequirement

and lower protein recovenryut the total recovery of both producs (lipid and proteins) is
much higher.

It is more favourable to wesa ryOmethod to extract proteins from algadecause thera

the algae streamsi concentrated to at least 208/ 3 before disruption takes place. This
results in lesgoncentrating by dryingn the last step of the downstream processing. It is
energetically favourable to minimize the drying step in the last sthgeause drying igery

energy intensive. The routes where most of the dewatering can be done by centrifuging or
filtration is requires less energy. The routes where a DAF is used as harvesting method are
favourable, since a DAF system does not require much energy aral ltigh recoveryThe

route which has a DAF as harvesting techniqueafibn and centrifuging as twdewatering
stepsresulting ina concentration of 4089 .5, followed by a calander as disruption step is
considered best with regasdto energy use an@roduct recovery.
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7 Appendix

7.1 Explanation flows in MATLAB

In MATHLAB the going stream is defined as A. The flow of A&irKm A & Y I YSR W! CQ
O2yOSYyiUNI A2y 2F t3IS Ay Fft2g | A RSTAYSR
the waste stream is D. Figure7-1these streans are illustrated.

QX

CF*CC

Figure7-1: Definition of flows in Matlab

DF *DC
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7.2 W2 Sgu@s

Number Wet/dry Condis Harvesting Dewatering DewateringDisruption Extraction (1) Extraction (2) Dryer

1 wet 50 Centrifuge Centrifuge - HPHomo Alkaline_wet - Dryer
2 wet 50 Centrifuge Centrifuge - Beadmill Alkaline_wet - Dryer
3 wet 50 Centrifuge Filtration - HPHomo Alkaline_wet - Dryer
4 wet 50 Centrifuge Filtration - Beadmill Alkaline_wet - Dryer
5 wet 50 USSed Centrifuge - HPHomo Alkaline_wet - Dryer
6 wet 50 USSed Centrifuge - Beadmill Alkaline_wet - Dryer
7 wet 50 USSed Filtration - HPHomo Alkaline_wet - Dryer
8 wet 50 USSed Filtration - Beadmill Alkaline_wet - Dryer
9 wet 50 FlocculationCentrifuge - HPHomo Alkaline_wet - Dryer
10 wet 50 FlocculationCentrifuge - Beadmill Alkaline_wet - Dryer
11 wet 50 FlocculationFiltration - HPHomo Alkaline_wet - Dryer
12 wet 50 FlocculationFiltration - Beadmill Alkaline_wet - Dryer
13 wet 50 DAF Centrifuge - HPHomo Alkaline_wet - Dryer
14 wet 50 DAF Centrifuge - Beadmill Alkaline_wet - Dryer
15 wet 50 DAF Filtration - HPHomo Alkaline_wet - Dryer
16 wet 50 DAF Filtration - Beadmill Alkaline_wet - Dryer
17 wet 50 Filtration  Centrifuge - HPHomo Alkaline_wet - Dryer
18 wet 50 Filtration Centrifuge - Beadmill Alkaline_wet - Dryer
19 wet 50 Filtration  Filtration - HPHomo Alkaline_wet - Dryer
20 wet 50 Filtration  Filtration - Beadmill Alkaline_wet - Dryer
21 wet 100 Centrifuge Centrifuge - HPHomo Alkaline_wet - Dryer
22 wet 100 Centrifuge Centrifuge - Beadmill Alkaline_wet - Dryer
23 wet 100 Centrifuge Filtration - HPHomo Alkaline_wet - Dryer
24 wet 100 Centrifuge Filtration - Beadmill Alkaline_wet - Dryer
25 wet 100 USSed Centrifuge - HPHomo Alkaline_wet - Dryer
26 wet 100 USSed Centrifuge - Beadmill Alkaline_wet - Dryer
27 wet 100 USSed Filtration - HPHomo Alkaline_wet - Dryer
28 wet 100 USSed Filtration - Beadmill Alkaline_wet - Dryer
29 wet 100 FlocculationCentrifuge - HPHomo Alkaline_wet - Dryer
30 wet 100 FlocculationCentrifuge - Beadmill Alkaline_wet - Dryer
31 wet 100 FlocculationFiltration - HPHomo Alkaline_wet - Dryer
32 wet 100 FlocculationFiltration - Beadmill Alkaline_wet - Dryer
33 wet 100 DAF Centrifuge - HPHomo Alkaline_wet - Dryer
34 wet 100 DAF Centrifuge - Beadmill Alkaline_wet - Dryer
85 wet 100 DAF Filtration - HPHomo Alkaline_wet - Dryer
36 wet 100 DAF Filtration - Beadmill Alkaline_wet - Dryer
37 wet 100 Filtration  Centrifuge - HPHomo Alkaline_wet - Dryer
38 wet 100 Filtration  Centrifuge - Beadmill Alkaline_wet - Dryer
39 wet 100 Filtration  Filtration - HPHomo Alkaline_wet - Dryer
40 wet 100 Filtration  Filtration - Beadmill Alkaline_wet - Dryer
41 wet 150 Centrifuge Centrifuge - HPHomo Alkaline_wet - Dryer
42 wet 150 Centrifuge Centrifuge - Beadmill Alkaline_wet - Dryer
43 wet 150 Centrifuge Filtration - HPHomo Alkaline_wet - Dryer
44 wet 150 Centrifuge Filtration - Beadmill Alkaline_wet - Dryer
45 wet 150 USSed Centrifuge - HPHomo Alkaline_wet - Dryer
46 wet 150 USSed Centrifuge - Beadmill Alkaline_wet - Dryer
47 wet 150 USSed Filtration - HPHomo Alkaline_wet - Dryer
48 wet 150 USSed Filtration - Beadmill Alkaline_wet - Dryer
49 wet 150 FlocculationCentrifuge - HPHomo Alkaline_wet - Dryer
50 wet 150 FlocculationCentrifuge - Beadmill Alkaline_wet - Dryer
51 wet 150 FlocculationFiltration - HPHomo Alkaline_wet - Dryer
52 wet 150 FlocculationFiltration - Beadmill Alkaline_wet - Dryer
58 wet 150 DAF Centrifuge - HPHomo Alkaline_wet - Dryer
54 wet 150 DAF Centrifuge - Beadmill Alkaline_wet - Dryer
55 wet 150 DAF Filtration - HPHomo Alkaline_wet - Dryer
56 wet 150 DAF Filtration - Beadmill Alkaline_wet - Dryer
5 wet 150 Filtration  Centrifuge - HPHomo Alkaline_wet - Dryer
58 wet 150 Filtration  Centrifuge - Beadmill Alkaline_wet - Dryer
59 wet 150 Filtration  Filtration - HPHomo Alkaline_wet - Dryer
60 wet 150 Filtration  Filtration - Beadmill Alkaline_wet - Dryer
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Number Wet/dry Condis Harvesting Dewatering Dewatering Disruption Extraction (1) Extraction (2) Dryer

61 wet 50 Centrifuge Centrifuge - HPHomo Hexane_wet Alkaline_hex wetDryer
62 wet 50 Centrifuge Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
63 wet 50 Centrifuge Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
64 wet 50 Centrifuge Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
65 wet 50 USSed Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
66 wet 50 USSed Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
67 wet 50 USSed Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
68 wet 50 USSed Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
69 wet 50 FlocculationCentrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
70 wet 50 FlocculationCentrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
71 wet 50 FlocculationFiltration - HPHomo Hexane_wet Alkaline_hex_wetDryer
72 wet 50 FlocculationFiltration - Beadmill Hexane_wet Alkaline_hex_wetDryer
73 wet 50 DAF Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
74 wet 50 DAF Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
75 wet 50 DAF Filtration - HPHomo Hexane_wet Alkaline_hex wetDryer
76 wet 50 DAF Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
77 wet 50 Filtration  Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
78 wet 50 Filtration  Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
79 wet 50 Filtration  Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
80 wet 50 Filtration  Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
81 wet 100 Centrifuge Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
82 wet 100 Centrifuge Centrifuge - Beadmill Hexane_wet Alkaline_hex_ wetDryer
83 wet 100 Centrifuge Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
84 wet 100 Centrifuge Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
85 wet 100 USSed Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
86 wet 100 USSed Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
87 wet 100 USSed Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
88 wet 100 USSed Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
89 wet 100 FlocculationCentrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
90 wet 100 FlocculationCentrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
91 wet 100 FlocculationFiltration - HPHomo Hexane_wet Alkaline_hex_wetDryer
92 wet 100 FlocculationFiltration - Beadmill Hexane_wet Alkaline_hex_wetDryer
93 wet 100 DAF Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
94 wet 100 DAF Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
95 wet 100 DAF Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
96 wet 100 DAF Filtration - Beadmill Hexane_wet Alkaline_hex_ wetDryer
97 wet 100 Filtration  Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
98 wet 100 Filtration  Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
99 wet 100 Filtration  Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
100 wet 100 Filtration  Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
101 wet 150 Centrifuge Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
102 wet 150 Centrifuge Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
103 wet 150 Centrifuge Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
104 wet 150 Centrifuge Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
105 wet 150 USSed Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
106 wet 150 USSed Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
107 wet 150 USSed Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
108 wet 150 USSed Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
109 wet 150 FlocculationCentrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
110 wet 150 FlocculationCentrifuge - Beadmill Hexane_wet Alkaline_hex_ wetDryer
111 wet 150 FlocculationFiltration - HPHomo Hexane_wet Alkaline_hex_wetDryer
112 wet 150 FlocculationFiltration - Beadmill Hexane_wet Alkaline_hex_wetDryer
113 wet 150 DAF Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
114 wet 150 DAF Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
115 wet 150 DAF Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
116 wet 150 DAF Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
117 wet 150 Filtration  Centrifuge - HPHomo Hexane_wet Alkaline_hex_wetDryer
118 wet 150 Filtration Centrifuge - Beadmill Hexane_wet Alkaline_hex_wetDryer
119 wet 150 Filtration  Filtration - HPHomo Hexane_wet Alkaline_hex_wetDryer
120 wet 150 Filtration  Filtration - Beadmill Hexane_wet Alkaline_hex_wetDryer
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Number Wet/dry Condis Harvesting Dewatering Dewatering Disruption Extraction (1) Extraction (2) Dryer

181 dry 400 Centrifuge Centrifuge Centrifuge Calander Alkaline_dry - Dryer
182 dry 400 Centrifuge Centrifuge Dryer Calander Alkaline_dry - Dryer
183 dry 400 Centrifuge Filtration Centrifuge Calander Alkaline_dry - Dryer
184 dry 400 Centrifuge Filtration Dryer Calander Alkaline_dry - Dryer
185 dry 400 USSed Centrifuge Centrifuge Calander Alkaline_dry - Dryer
186 dry 400 USSed Centrifuge Dryer Calander Alkaline_dry - Dryer
187 14 dry 400 USSed Filtration Centrifuge Calander Alkaline_dry - Dryer
188 dry 400 USSed Filtration Dryer Calander Alkaline_dry - Dryer
189 dry 400 FlocculationCentrifuge Centrifuge Calander Alkaline_dry - Dryer
190 dry 400 FlocculationCentrifuge Dryer Calander Alkaline_dry - Dryer
191 15 dry 400 FlocculationFiltration Centrifuge Calander Alkaline_dry - Dryer
192 16 dry 400 FlocculationFiltration Dryer Calander Alkaline_dry - Dryer
193 dry 400 DAF Centrifuge Centrifuge Calander Alkaline_dry - Dryer
194 dry 400 DAF Centrifuge Dryer Calander Alkaline_dry - Dryer
195 15 dry 400 DAF Filtration Centrifuge Calander Alkaline_dry - Dryer
196 dry 400 DAF Filtration Dryer Calander Alkaline_dry - Dryer
197 dry 400 Filtration  Centrifuge Centrifuge Calander Alkaline_dry - Dryer
198 dry 400 Filtration  Centrifuge Dryer Calander Alkaline_dry - Dryer
199 18 dry 400 Filtration  Filtration Centrifuge Calander Alkaline_dry - Dryer
200 dry 400 Filtration  Filtration Dryer Calander Alkaline_dry - Dryer
201 dry 800 Centrifuge Centrifuge Dryer Calander Alkaline_dry - Dryer
202 dry 800 Centrifuge Filtration Dryer Calander Alkaline_dry - Dryer
203 dry 800 USSed Centrifuge Dryer Calander Alkaline_dry - Dryer
204 19 dry 800 USSed Filtration Dryer Calander Alkaline_dry - Dryer
205 dry 800 FlocculationCentrifuge Dryer Calander Alkaline_dry - Dryer
206 20 dry 800 FlocculationFiltration Dryer Calander Alkaline_dry - Dryer
207 dry 800 DAF Centrifuge Dryer Calander Alkaline_dry - Dryer
208 21 dry 800 DAF Filtration Dryer Calander Alkaline_dry - Dryer
209 22 dry 800 Filtration  Centrifuge Dryer Calander Alkaline_dry - Dryer
210 23 dry 800 Filtration  Filtration Dryer Calander Alkaline_dry - Dryer
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Number Wet/dry Condis Harvesting Dewatering DewateringDisruption Extraction (1) Extraction (2) Dryer

211 dry 200 Centrifuge Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
212 dry 200 Centrifuge Centrifuge Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
213 dry 200 Centrifuge Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
214 dry 200 Centrifuge Centrifuge Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
215 dry 200 Centrifuge Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
216 dry 200 Centrifuge Filtration Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
217 dry 200 Centrifuge Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
218 dry 200 Centrifuge Filtration Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
219 dry 200 USSed Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
220 dry 200 USSed Centrifuge Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
221 dry 200 USSed Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
222 dry 200 USSed Centrifuge Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
223 dry 200 USSed Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
224 dry 200 USSed Filtration Centrifuge Beadmill Hexane_dry Alkaline_hex dry Dryer
225 dry 200 USSed Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
226 dry 200 USSed Filtration Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
227 dry 200 FlocculationCentrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_ dry Dryer
228 dry 200 FlocculationCentrifuge Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
229 dry 200 FlocculationCentrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
230 dry 200 FlocculationCentrifuge Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
231 24 dry 200 FlocculationFiltration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
232 dry 200 FlocculationFiltration Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
233 dry 200 FlocculationFiltration Dryer HPHomo Hexane_dry Alkaline_hex dry Dryer
234 dry 200 FlocculationFiltration Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
235 dry 200 DAF Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
236 dry 200 DAF Centrifuge Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
237 dry 200 DAF Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
238 dry 200 DAF Centrifuge Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
239 25 dry 200 DAF Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex dry Dryer
240 dry 200 DAF Filtration Centrifuge Beadmill Hexane_dry Alkaline_hex_ dry Dryer
241 dry 200 DAF Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
242 dry 200 DAF Filtration Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
243 dry 200 Filtration  Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
244 dry 200 Filtration  Centrifuge Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
245 dry 200 Filtration  Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
246 dry 200 Filtration  Centrifuge Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
247 26 dry 200 Filtration Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex dry Dryer
248 dry 200 Filtration  Filtration Centrifuge Beadmill Hexane_dry Alkaline_hex_dry Dryer
249 dry 200 Filtration  Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
250 dry 200 Filtration  Filtration Dryer Beadmill Hexane_dry Alkaline_hex_dry Dryer
251 dry 300 Centrifuge Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
252 dry 300 Centrifuge Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
253 dry 300 Centrifuge Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
254 dry 300 Centrifuge Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
255 dry 300 USSed Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
256 dry 300 USSed Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
257 dry 300 USSed Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_ dry Dryer
258 dry 300 USSed Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
259 dry 300 FlocculationCentrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
260 dry 300 FlocculationCentrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
261 27 dry 300 FlocculationFiltration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
262 dry 300 FlocculationFiltration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
263 dry 300 DAF Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
264 dry 300 DAF Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
265 dry 300 DAF Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_ dry Dryer
266 dry 300 DAF Filtration Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
267 dry 300 Filtration  Centrifuge Centrifuge HPHomo Hexane_dry Alkaline_hex dry Dryer
268 dry 300 Filtration  Centrifuge Dryer HPHomo Hexane_dry Alkaline_hex_dry Dryer
269 28 dry 300 Filtration  Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
270 dry 300 Filtration Filtration Dryer HPHomo Hexane_dry Alkaline_hex_ dry Dryer
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Number

271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300

29

30

31
32

38
34

Wet/dry Condis Harvesting Dewatering DewateringDisruption Extraction (1)

dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry
dry

400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
400
800
800
800
800
800
800
800
800
800
800

Centrifuge
Centrifuge
Centrifuge
Centrifuge
USSed
USSed

Centrifuge
Centrifuge
Filtration
Filtration
Centrifuge
Centrifuge
USSed Filtration
USSed Filtration
FlocculationCentrifuge
FlocculationCentrifuge

FlocculationFiltration
FlocculationFiltration
DAF Centrifuge
DAF Centrifuge
DAF Filtration
DAF Filtration
Filtration  Centrifuge
Filtration  Centrifuge
Filtration  Filtration
Filtration Filtration
Centrifuge Centrifuge
Centrifuge Filtration
USSed Centrifuge
USSed Filtration

FlocculationCentrifuge

FlocculationFiltration
DAF Centrifuge
DAF Filtration
Filtration  Centrifuge
Filtration Filtration

Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Centrifuge
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer
Dryer

-72-

Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander
Calander

Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry
Hexane_dry

Extraction (2) Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer
Alkaline_hex_dry Dryer



Number Wet/dry Condis Harvesting Dewatering Dewatering Disruption Extraction (1) Extraction (2) Dryer

121 1 dry 200 Centrifuge Centrifuge Centrifuge HPHomo Alkaline_dry - Dryer
133 2 dry 200 USSed Filtration Centrifuge HPHomo Alkaline_dry - Dryer
141 3 dry 200 FlocculationFiltration Centrifuge HPHomo Alkaline _dry - Dryer
142 4 dry 200 FlocculationFiltration Centrifuge Beadmill Alkaline_dry - Dryer
143 5 dry 200 FlocculationFiltration Dryer HPHomo Alkaline_dry - Dryer
149 6 dry 200 DAF Filtration Centrifuge HPHomo Alkaline_dry - Dryer
151 7 dry 200 DAF Filtration Dryer HPHomo Alkaline_dry - Dryer
157 8 dry 200 Filtration  Filtration Centrifuge HPHomo Alkaline _dry - Dryer
167 9 dry 300 USSed Filtration Centrifuge HPHomo Alkaline_dry - Dryer
168 10 dry 300 USSed Filtration Dryer HPHomo Alkaline_dry - Dryer
171 11 dry 300 FlocculationFiltration Centrifuge HPHomo Alkaline_dry - Dryer
175 12 dry 300 DAF Filtration Centrifuge HPHomo Alkaline_dry - Dryer
179 13 dry 300 Filtration  Filtration Centrifuge HPHomo Alkaline_dry - Dryer
187 14 dry 400 USSed Filtration Centrifuge Calander Alkaline_dry - Dryer
191 15 dry 400 FlocculationFiltration Centrifuge Calander Alkaline_dry - Dryer
192 16 dry 400 FlocculationFiltration Dryer Calander Alkaline_dry - Dryer
195 17 dry 400 DAF Filtration Centrifuge Calander Alkaline_dry - Dryer
199 18 dry 400 Filtration  Filtration Centrifuge Calander Alkaline_dry - Dryer
204 19 dry 800 USSed Filtration Dryer Calander Alkaline_dry - Dryer
206 20 dry 800 FlocculationFiltration Dryer Calander Alkaline_dry - Dryer
208 21 dry 800 DAF Filtration Dryer Calander Alkaline_dry - Dryer
209 22 dry 800 Filtration  Centrifuge Dryer Calander Alkaline_dry - Dryer
210 23 dry 800 Filtration  Filtration Dryer Calander Alkaline_dry - Dryer

231 24 dry 200 FlocculationFiltration Centrifuge HPHomo Hexane_dry Alkaline_hex dry Dryer
239 25 dry 200 DAF Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
247 26 dry 200 Filtration  Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_ dry Dryer
261 27 dry 300 FlocculationFiltration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
269 28 dry 300 Filtration  Filtration Centrifuge HPHomo Hexane_dry Alkaline_hex_dry Dryer
277 29 dry 400 USSed Filtration Centrifuge Calander Hexane_dry Alkaline _hex dry Dryer

285 30 dry 400 DAF Filtration Centrifuge Calander Hexane_dry Alkaline_hex_dry Dryer
295 31 dry 800 FlocculationCentrifuge Dryer Calander Hexane_dry Alkaline_hex dry Dryer
296 32 dry 800 FlocculationFiltration Dryer Calander Hexane_dry Alkaline_hex_dry Dryer
299 B8 dry 800 Filtration  Centrifuge Dryer Calander Hexane_dry Alkaline_hex_ dry Dryer
300 34 dry 800 Filtration  Filtration Dryer Calander Hexane_dry Alkaline_hex dry Dryer
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7.4 Example of MATLAB File
In the next two pages an MATLAB fdagiven In this file the Beadith isdescribed.

1 Etfunctiun [C, D, H] = Beadmill{ &, Bf, par)

2 =% EBeadmill describes the disruption of algae using a bead mill

3 3 A i=s the algae flow into the bead mill

4 % C is the flow of disrupted algae out of the bead mill

5 % There will be no other flow going in or out, 5o flow & and C have the same size

[ ] Both flows are of the form [F , F mases , C1 , C2Z, C3, T, pl.

7

A = global Fprot Flipid

9

10 = r = par(l};:

11 - rhok = par(2);

12 - cph = par(3);

13 — rhoM = par (4},

14 — Ml M = par(S):

15 — cpM = par (&)

16 — rhol = par(7)-

17 — MW O = par(8);

18 — cpl = par(9):

19 — rhoF = par{10});

20 — MW F = par(l1);

21 - rholW =par({12):

22 — cpW = par (13);

23 — thoC = par({14):

24 — cpl = par(ls);

25 — rhoH = par(16&);

26 — cpH = par(17):

27 — R FO = par(18);

28 — HM = par({13):

29 — H H = par(20);

30

31 % Disassenbly

32 - AF = A1), % Volumetric flow in of desirable stream (algae) (m3/h)
33 - AF mass = A(2): % Mas=s flow in of desirable stream (algae) (kg/h)
34 - AC1 = A(3)s % Concentration algae (kg/m3)

35 — ACZ = A(4): % Concentration accessable proteins (kg/m3); not applicable
36 — AC3I = A(5), % Concentration accessable lipids (kg/m3); not applicable
37 - AT = A(&)s % Temperature of ingoing stream (E)

38 - Bp = A(T)s % Pressure of ingoing stream (bar)

39

40 3Process parameters

41 - Q max = 40; % Max flow (L/h), [Doucha et al, 2008]

42 — QO max 1s = 450; % Max flow (L/h) in large scale,| Doucha 2008
43 = Q = AF * 1000; % Mass flow (L/h)

44

45 — N_units = 1;

46 — N units (0> max 1s)=ceil (/0 max 1s); % Humber of bead mills needed

a7 - 0 acc = Q;

a8 — 0 acc (N units>1)=0/N_units; % Flow in each bead mill (L/h)

49 - Q acc = Q_acc * Q max i Q0 max l=; % Conversion for the disruption formula, which is based on Q_max (L/h)
50

51 — BD = 0.57 % Bead diameter mm

52 — BF = Bf; % Bead filling (% of chamber wolume)

53 — BY = 14; % Speed of agitation discs (m/=3)

54 - DWW = acl; % hlgae dry weight concentration (kg/m3)

55 — DW (AC1<100)=100;

56
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