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Abstract

Producing biodiesel from microalgae is one way tovgle the world with a renewable
energy source. Unfortunately not much is known abe energy requirement for different
methods of downstream processing of microalgal besrinto biodiesel, and how to reduce
the energy requirements.

In this project five process steps for downstreamc@ssing are considered: harvesting,
dewatering, disruption, extraction and transestation. For each step a number of possible
unit operations are modelled using mass and ertat@nces. With these models the energy
consumption of several combinations of processingsuin downstream processing is
calculated.

To search for the best combinations of unit opanatin the process chain, two techniques
are used. The first technique is binary simulatidere processes are considered at specific
operating conditions. The best combination of wpméerations is then found by calculating
every possible route. Calculating all the routeso ajives extra information, which can be
used to compare different process choices. Thendgedechnique uses an advanced
optimization technique, which considers also fldiib in the operating conditions. The
results show that the best process routes for basles are those that convert wet algae to
biodiesel. This removes the need for extensive terwg steps. These routes also combine
disruption, extraction and transesterification iotee unit operation, which further reduce the
energy requirement. When the results of the bisanulations and the advanced optimization
are compared, it is shown that the advanced opioiz gives improvements from 10% to

40% in energy uptake.
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1. Introduction

1.1 Background

In recent years crude oil reserves have been $tedetilining. At the same time yearly oll
demand has increased due to industrial growth iergimg economies third world countries.
To resolve this problem the scientific and ind@tcommunities have been searching for
alternative energy resources. While there are nouseoptions, all of them have drawbacks.
This can be in the total energy production, thetasuoability of the process, waste
management or any of a number of other limitatiddse of the promising options is the

production of biodiesel from microalgal biomass.

The most important feature of microalgae is thditgbio fix carbon dioxide in organic
compounds using solar energy. These organic congsowame then used for biomass
assimilation. Under certain conditions, for insemgtrogen deprivation, microalgae are not
able to produce biomass. Instead, they store teeggnn triacyl-glycerides. After extracting
triacyl-glycerides from the biomass, they can bevested to biodiesel by a transesterification

with short alcohols, such as methanol.

The production process of biodiesel from microalgaesists of the following processing
steps: cultivation, harvesting, dewatering, disiupt extraction, conversion and waste
disposal. Unfortunately, a number of these steps hehigh demand for energy and materials.
This leads to a low net energy return. To dateethemo microalgal biofuel system that has
achieved economic viability (Stephesisal, 2010). A number of options have been suggested
to improve this situation. An example is the anbaraligestion of the residual biomass. This
process produces methane from the waste biomaalsyg8i al, 2009). The methane can be
used as an energy source in production of biodigsekexample drying of algal biomass) or
used as an energy source for other applications

A major part of the energy and materials are comsuduring downstream processing of the
microalgal biomass. Brentner et a, 2011l, descrédo@docess chain which can be considered

as a base case for biodiesel production from migaea It uses techniques that are used in
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similar processes on an industrial scale: centaifiog; drying; drill pressing; hexane

extraction, transesterification with methanol (Bremet al, 2011). This process has a number
of bottlenecks. The biggest bottleneck is the ssar of the algae from the cultivation broth,
because the suspension has a low mass fractiogllsf(Amaroet al, 2011). This means that

large volumes have to be processed for small amoohbiomass, which leads to a low
energy efficiency. But there are also bottleneckshe efficient disruption of algae due to
their cell wall. For a number of processes a dyystep is required. If this step could be

removed the energy consumption would go down.

Since these processes are not fully optimizedajetrnatives and how they interact with each
other have to be considered. Therefore a good ecw@hbn of downstream processing steps

needs to be found, so that we can further reduecddimand for energy and materials.

1.2 Problem definition

The main problem is summarized by the followingsjioe:
What is the best combination of unit operationgeaspect to the material and
energy requirements for the downstream processingicroalgal biomass to
biodiesel?

Here the focus will lie first on the energy consuimp and then on the material use. The

eventual purpose is to find the best combinatioprotess steps using different optimization

routines.

In the first part of this project potential unitexptions for each process step are modelled.
Mass and energy balances describe the relationbleippgeen the properties of the entering
and leaving streams. For key variables, like theroaigal recovery and concentration factors,
relationships are taken from the literature. Thergyp consumption depends largely on the
volumetric flow rate entering the unit operatiomdithe recovery factor depends heavily on
the material use. Therefore extra attention is mite the biomass reduction in each unit
operation. From the energy balances the powerucopson for each process option is
calculated. This information is combined with thesults from the mass balances to find
energy use per kilogram of biomass. To improveethergy efficiency of the process chain,
attention is given to the formation of by-produatsl the recovery of reagents.



In the second part of this project the possibditere investigated to optimize the whole
downstream processing. The optimization searchedhf® best product routing through all
possible combination of unit operations.. The gsalto reduce the energy and material
demands. These include flocculants, solvents aadtants. First a binary optimization is
used. This type of optimization keeps all the pssgearameters constant. Constraints are put
on this system, so that only possible process soutd be considered. For example a
conversion step cannot occur before an extractem §he optimization procedure evaluates
the different options for each process step angrmstthe best combination of the possible

processes. This kind of optimization has been dafiere (Brentneet al, 2011).

Another area of interest is the flexibility of thait operations. A number of studies have been
done that look at different process chains. Thesdies mostly concern cases, where the
process parameters are kept constant during theiaption. This excludes many solutions,
which might be very energy efficient. To gathersthésights a second optimization is carried
out. This optimization includes the search for test product routing (like in the binary
optimization) and optimizes simultaneously the ealwf its process parameters. Using
mixed integer non-linear programming constraints put on the system. These include the
same constraints as the binary optimization, bs abnstraints on the process parameters.
Thus these parameters will be flexible within theiunds. The optimization will return the
best process chain. This solution should be anawgment over the solution from the binary

optimization.






2. Model description

For downstream processing of microalgae to biotlissefunctional steps are considered:
harvesting, dewatering, disruption, extraction, wasion and waste disposal. For each of
these steps several unit operations are possixeHig. 2.1). For all unit operations in figure
2.1 a basic input-ourput model was made to reladldows out of the system to the flows into
the system through the use of mass and energydesldor each of these processes. The

general form of these balances is

m n

dX

EZZF"*CX"'_ZFJ'*CX":O Eq. 2.1
i=1 =1
m n

dE

E:ZFL'*E[_ZF}'*E]: Eq. 2.2
i=1 j=1

There is no accumulation of mass or energy, thezefquations 2.1 and 2.2 are equal to zero
WheredX/dt is the accumulation of compound X (kd)hdE/dt is the accumulation of energy
(J hY), Fis the flow rate (MhY), C, is the concentration of component X (kgf)nandE is the
energy content (J 1. The flows in and out of the system are describgdhe subscripts

i=1..mandj=1..n respectively.

Matlab functions were created for these balanceatapns to perform the calculations. An
example is given in Appendix A. All processes amsumned to scale linearly and a
relationship for one algae species holds for eadggie species. This means that all processes
that have been considered on laboratory and polates will work the same on commercial
scale. The oil content of microalgae is taken to3b&o (Demirbast al, 2010). The heat
capacity of the algae slurry is assumed to be #meesas the heat capacity of water. It is
assumed that in harvesting, dewatering and dismipgirocesses no operating energy is
transferred to the algae slurry.



Biomass Harvesting Dewatering Disruption Extraction Conversion Product

Mechanical Thermal
— Centrifugation —
Pr r . . - Hexan Aci
| "ressure Centrifugation | Bead milling exane Cd. —
filtration extraction conversion
' Mixed .
Vacuum Pressure High Alkaline -
Algae filtration filtration Dryer pressure solvent conversion Biodiesel
homogenizer extraction
Ultra-sound Vacuum L SCCO2 Enzymatic
b . . . . — Ultrasonication . . —
sedimentation filtration extraction conversion
Chitosan | | Microwave assisted n
flocculation extraction and conversion
Poly- "
y Supercritical methanol
—— glutamate . . —
. extraction and conversion
flocculation

Fig. 2.1 — Superstructure of all possible routialysg the unit operations in each step in the dowas) processing of microalgae to biodiesel.
Included are harvesting, dewatering, disruptiornitaetion and conversion. Unit operations are dbsdriby squares, the start and end by ovals

and the lines describe the possible combinatiomsaifess steps.
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2.1 Harvesting

During harvesting microalgae are separated froendlitivation broth. The two types of
harvesting processes considered are shown in FR@reln the first type of process only
energy to separate the algae from the fermentdioth is used (see figure 2.2a). This so-
called “mechanical harvesting” includes centrifugat vacuum filtration, pressure filtration
and ultra-sound-sedimentation. The second typledsdlation and here energy is used to mix
the microalgae with a flocculant, after which thgaa are left for precipitatation . Both types

of harvesting are described by the following maaarce:

0= FA,in * CA,in - FA,out * CA,out - FA,byprod * CA,waste Eg. 2.3
Caout = Cajin * Cf Eq. 2.4
Fpin * CA in*R
Fpout = C Eq. 2.5
A,out
FA,waste = FA,in — Fgout Eq. 2.6
FAin * CAin * (1 - R)
CA,waste = F Eq. 2.7
A,waste

Where F is the volumetric flow rate (fns?), C is the concentration (kg H), R is the
microalgae recovery (wt/wt) ardf is the concentration factor (-). The subscAmndF are

algae and flocculant respectively.

The energy balance for the first type of harvestsngiven by:

0=cp*Faim*pa*Tin—Cp*Faout *Pa*Tout — Cp * Fawaste * Pw * Tout Eq.2.8

WhereF is the volumetric flow rate (frs%), T is the temperature (KM is power requirement
(J 8Y, p is the density (kg ) andc, is the heat capacity (J k&™). The subscript& andw

denote algae and water respectively.

The energy balance for the second type of procé€fieesulation) is given in 2.2.2.
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Energy input Energy input

Concentrated algae Algae Concentrated algae
Al . RN MRARENEN R

gae Mechanical .
_ . Flocculation
dewatering - SN .
Waste water Flocculant Waste water

Waste energy Waste energy

Fig. 2.2 — figure 2.2a describes the harvestinghmfroalgae using only energy. Figure 2.2b

describes the harvesting of algae using a floctalad energy.

2.2.1 Mechanical harvesting

Wileman et al describes three processes of mechanical harvestmgrifugation, pressure
filtration and vacuum filtration (Wilemaet al, 2012). In centrifugation cells are separated by
a difference in density. In both filtration stepsparation is based on particle size. The
difference between these two filtration methodghat in pressure filtration the pressure
difference is created by a pressure on the reterdgme, while in vacuum filtration the
pressure difference is created by a vacuum on ithraté side. Brentneet al used a
microalgae recovery of 95 % for these processesntBeret al, 2011). The concentration

factor is the decision variable in these processes.
According to Wilemaret al the energy consumption is:

H=Ex*Fy;, *xCf Eqg. 2.9

WhereH is the energy consumption (3)sE is the energy requirement for each process
(J m®), F is the volumetric flow rate (fs*) andCf is the concentration factor (-).

The energy requirements are given in table 2.1

Table 2.1 — Energy requirement for each processefWénet al 2012).

Process Energy requirement (J ni of inflow)
Centrifugation 11880000

Pressure filtration 1692000

Vacuum filtration 7245000
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Bosmaet al describes a process to separate algae usingsoltred sedimentation to separate
algae. First the algae slurry is pumped into atoeagessel. Second, ultra-sound is used to
create a standing wave in the reactor, which cseateas of low potential energy in the nodes
of the standing wave and areas of high potentiaf@nin the bellies of the standing wave. As
a result the microalgae migrate to the areas ofgotential energy (see Fig 2.3). When the
standing wave is removed, the flocks sediment a@n lbttom of the vessel and can be

recovered.

g g
o o
o o
o o
8 8
8 8
a b c

Fig. 2.3 — Harvesting of microalgae by ultra-sosedimentation. Image taken from Boseha
al, 2003.

The recovery and concentration factor depend omass concentration, flow rate, time
frequency, power input and ratio betwdey; andF;,. Bosmaet al estimate the coefficients
for these variables using a response surface melttgpd (RSM), which results in the

following two polynomials:

R=a0+al*Cyip+bl*Fypy+clxt+dl*H+b2xF;, +b3*t*+ab

Eq. 2.10
* CA,in * FA,in + ad * CA,in * H + bd * FA,in * H
F F
Cf=a0+al*Cpzp+bl*Fyp +elx 40U L b2 Fiin+aexCypy ;’Out Eq. 2.11
A,in A,in

See supplement 1 USSed.m for the constants fordapthtions.

2.2.2 Flocculation

In flocculation processes energy is used to midoactilant and algae to force them to

coagulate (see Fig 2.2b). The microalgae flockdedt¢o sediment. The flocculant improves

the sedimentation properties of the algae-compbtempared to untreated algae. Both chitosan
flocculation and poly-glutamate flocculation adhere this principle. In both cases the

microalgal recovery depends on biomass and flootutoncentration. The flocculant
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concentration in the product stream is very low dretefore neglected. As a result the mass
balance is the same as for the other harvestingepses. The decision variable is the chitosan

concentration.

The energy balance for flocculation is an expansibthe energy balance given in section
2.2.1.

0= Cp * FA,in *Pa* TA,in + Cp * FF,in * Pw * TF,in + H — Cp * FA,out * pPa* Tout Eq. 2.12

—Cp* FA,waste * Pw * Loyt
Where F is the volumetric flow rate (fns?), T is the temperature (KX is the power
consumption (38, p is the density (kg M) andc, is the heat capacity (J kgK™). The
subscriptA, F andW denote algae, flocculant and water respectively.

The power consumption is given by:

H =E * (Fyin + Frin) Eq. 2.13

Where H is the energy requirement €), <€ is the specific energy requirement (3)rand F

is the volumetric flow rate (rs?).

Brentneret al estimate that the energy requirement for chitdacculation is 360 J i
Since both flocculation processes have large siitids, it is assumed that the same value
holds for the poly-glutamate flocculation.

Chitosan flocculation has been described by Moratles (Moraleset al, 1985). Flocculation
efficiency was evaluated by mixing microalgae wilfferent amounts of chitosan. A
hyperbolic tangent function was fitted to this detgroduce an equation for the flocculation

efficiency (see supplement 2 flocfit.m).

R =1 *tanh( 59.21 * Cp ;,,) Eq. 2.14
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This equation holds for one biomass concentratB®iomass concentration and chitosan
concentration scale linearly (Tennehyal, 1969), so the flocculation efficiency is given by

Cr xC
R =1 *tanh(59.21 * FC—W

A

Eq. 2.15
WhereR is the microalgal recovery (kg RyandC is the biomass concentration (kgmThe
subscripts F, A and ref stand for flocculant, algad reference respectively.

The concentration factor is calculated by:

_ CA,out

Cf

= Eqg. 2.16
CA,in
WhereCf is the concentration factor (-) afy is the biomass concentration (kg’m

For this flocculation method the final concentratis assumed to be 5%.

In the second type of flocculation that has beemsittered, microalgae are flocculated with
poly-glutamate (Honglet al, 2012). The microalgal recovery and concentrafemtor are
affected by biomass concentration, poly-glutamatecentration and salinity (Hongd al,

2012) and are described by one polynomial each:

R=0.01*(a0+al*Cr+bl*Cyq+clxCoqp+a2xCé+b2xC;+c2xCZ2y,
+ab * Cp* Cy + ac * Cp * Csqpe + be * Cy * Csqpt)
Cf=a0+al*Cr+bl*Cy+cl*Csqe+a2xC;+b2xC;+c2%C%, +ab

>"CF*CA-}'aC*CF"‘ salt‘l'bc"‘CA“< salt

Eq. 2.17

Eq. 2.18
WhereR is the microalgal recovery (kg Ry Cf is the concentration factor (-) a@lis the

concentration (kg ). The values for the constants are given in tabk(see appendix A).

See supplement 3 GFloc.m for the constants for bgtiations.
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2.2 Dewatering

Algae biomass/algae slurry is further concentrdigd mechanical and thermal dewatering.
The algae stream entering the dewatering systehpwitiuce a concentrated product stream
and a waste stream that contains water and a smaunt of algae (see Fig 2.5). For
mechanical drying a force is used to separate ¢lig, evhile heat is used for thermal drying.
The unit operations considered for mechanical demveg are centrifugation, vacuum

filtration and pressure filtration. Section 2.1itgs the details of these processes.

Energy input Energy input  Energy recovery
Concentrated algae Al Concentrated algae
Algae . gae
& Mechanical — Thermal —
—> — .
dewatering , dewatering N
Waste water Waste water

Waste energy Waste energy

Fig. 2.4 — Dewatering of microalgae to concentthém further.

2.2.1 Thermal dewatering
In thermal drying heat is used to evaporate watamnfthe algal slurry. The concentration

factor is the decision variable. The mass balaacéhermal drying is given by:

0= FA,in * CA,in - FA,out * CA,out — Fy * pw Eg. 2.19

CA,out = CA,in * Cf Eq 2.20
C .

Faout = Fam * CA‘m Eq. 2.21
A,out

Fy = (FA,in * CA,in - FA,out * CA,out)/(pW) Eqg. 2.22

Where F is the volumetric flow rate (fns?), C is the concentration (kg T, Cf is the
concentration factor andis the density (kg ). The subscripté& andW stand for algae and
water respectively.

The energy balance for thermal drying is:

0=Cp*FA,in*pA*Tin+H*n_Cp*FA,out*pA* out_FW*pW*AHvap Eq. 2.23
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WhereF is the volumetric flow rate (fns?), p is the density (kg i), T is the temperature
(K), ¢, is the heat capacity (J k&K ™), H is the power consumption (J)s7 is the efficiency
of the heater (-) andH,4, is the heat of evaporation (I3

The efficiency of the heater is assumed to be DeévKi Energy Consultancy)

2.3 Disruption

For many extraction processes cells have to bemtisd first. In the options considered, this
disruption is accomplished by subjecting a stredmioroalgae to a force which destroys the

cell structure (see Fig 2.3).

Energy input

Algae Disrupted algae
—> Disruption —

Waste energy

Fig. 2.5 — Schematic of the disruption of microalga

During the disruption of microalgae the biomasscemrration in the water phase stays
constant. Instead a certain amount of cells ameiplisd releasing the lipids that are inside.
Therefore the mass balance relates the releasdd tgpthe lipid content of the microalgae.
The algal oil content is assumed to be 30% (Ansted, 2011). After disruption the out flow
contains intact and disrupted algae with lipidsdasOnly from the disrupted algae can the
lipids be extracted.

The mass balance is given by:

0=Fy*Cpin — Fa* Cpour — Fa * Cpwaste Eq.2.24
Cpin = Cain x AOC Eq. 2.25
CL,out = CA,in *D x AOC Eq. 2.26
CL,waste = CA,in *(1-D)=*A0C Eq. 2.27

Where F is the volumetric flow rate {rs%), C is the concentration (kg AOC is the algal
oil content (wt%) and D is the disruption efficign@vt/wt). The subscripts A and L are algae

and lipids respectively.
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The energy balance is given by the following ecrati

O0=cp*Fy*py*Tin—Cp*Fyxpg*Toy Eq. 2.28

2.3.1 Bead milling

For bead milling the microalgae slurry is mixedwliteads, followed by agitation. As a result

the cellular structure of the algae disintegrald®e degree of disruption is influenced by the

biomass concentration, flow rate, beads fillinggesp of agitator and bead diameter. Doucha
et al described a power function relating the degredigruption to these process parameters
(Douchaet al, 2008).

D = a0 * Fl,  dp? * Claas * v™ % Ci'2y Eq. 2.29

WhereF is the volumetric flow rate (fs?), d is the diameter of the beadSses is the
percentage of the chamber that is filled with be@él v is the rotation speed (n)sandCa
is the algae concentration (kg*jn See supplement 3 BM.m for the constants.

The energy consumption is 3.3 kW (Douehal, 2008)

2.3.2 High pressure homogenizer
In a high pressure homogenizer the algae slurfgrised through a valve at high pressure.
The sheer stress disintegrates the microalgae @&¥% of the algae are disrupted at 850 bar

(Halim et al, 2012). The power consumption is given by:

H=px*Fyy Eq. 2.30

WhereH is the energy requirement (3)sp is the pressure (N"fhandF is the volumetric

flow rate (n? s%).

2.4.3 Sulphuric acid treatment
Sulphuric acid treatment disrupts cells by addingtrang acid to the microalgae slurry.
According to Halimet al the degree of disruption is 30% at 160 degreei@eI3he energy

consumption can be derived from Eq. 2.28).
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2.4 Extraction

In an extraction procedure the slurry with disrdpgdgae are mixed with a solvent. Lipids
transfer from the water phase to the solvent pHaseguse of a difference in the solubility in

the water phase and solvent phase (see Fig 2.6)mBss balance to describe extraction is:

0 =Fy*Cpin—Fo*Crwaste — Fs*Cp, Eg. 2.31
FoxCpipp*xY
Cpout = ——="— FL’m Eq. 2.32
H
FyxCpin*x(1=Y)
CrLwaste = F Eq. 2.33
H

WhereF is the volumetric flow rate (fs), C, is the lipid concentration (kg ), AOC is the
algal oil content (kg kg) andY is the fraction of the lipids that is extracted #g'). The lipid
yield is an important variable to calculate andlepends on the process parameters. When

heating is used 50% of the energy input can bevered.
The energy balance is given by:

O0=cpaxFpxpg*Tyin+cps*Fs*ps*Tsim+H—Cpa*Faour*pPa* Tour

Eq. 2.34
—Cps *FS * Ps * Tout

Energy input  Energy recovery
Algae Waste algae
—_> _
Extraction
Emm—— —_—
Solvent Lipids

Waste energy

Fig. 2.6 — Extraction of lipids from disrupted noetgae.
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2.4.1 Organic solvent extraction
Two organic solvent extractions are considered. fireeis a n-hexane extraction, the second
is a mixed solvent extraction. The lipid yield (gtracted lipid / g total lipid) at specific

temperature is given in Table 2.2.

Table 2.2 — Extraction yield for n-hexane and mix®uvent extractions at a specific

temperature.

Extraction Temperature (°C) Extraction yield (%)
n-hexane 20 95

Mixed solvent 50 91

2.4.2 Supercritical Coextraction

In a supercritical carbon dioxide extraction tipéds are extracted from the microalgae using
carbon dioxide. A mixture of hexane and methanaldded to carbon dioxide as modifier.
Adding the modifier modifies the extraction propestof carbon dioxide. Chat al described
the extraction yield as a function of the tempagtypressure and the ratio between hexane
and methanol (Chaat al, 2011):

Y=a0+al*«*T+bl*p+cl*xr+a2«T?>+b2xp*+c2*r?+ab*Txp

Eqg. 2.35
+ac*T*r+bc*xpxr

WhereY is the lipid yield (kg ki ) , T is the temperature (°C) is the pressure (bar) ands
the ratio between hexane and methanol. See supplein8CCO2.m for the values of the

constants.

The energy balance for supercritical carbon dioxédéraction has an expansion for the
energy consumption compared to the other extragtion

H :HT+FL,iTl*p Eq 2.36

WhereHis the energy consumption (3)sH+ is the energy consumption for heating ) as

in Eq. 2.35F is the volumetric flow rate (fsY) andp is the pressure (N 1)
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2.5 Transesterification

During conversion from lipids to biodiesel the edtends in triacyl glycerides are broken.
The free fatty acids, produced in this reactioactavith methanol to form fatty acid methyl
esters(FAME) (see Fig 2.7). The process is desthiyethree mass balances, one for lipids,

one for FAME’s and one for methanol.

0= FL *CL,iTl_FL *CL,out_L Eq 2.37

0 =L - FL * CF,out Eq 2.38

0= FM,in — FM,out - M Eq 2.39

L :FL *CL,iTl*Y Eq 2.40
L

Crout = F Eq. 2.41
Fo*Cpip— 1L

Cout = ——="— ;’m Eq. 2.42
L 1

M =3 —xmy *— Eq. 2.43
my, Pm

FM,out = FM,iTl - M Eq 2.44

WhereF is the volumetric flow rate (fns?), C is the concentration (kg B, L is the lipid
conversion (kg %), M is the methanol consumption (kg)sm is the molecular weight (kg
mol ™) andp is the density (kg ). The subscripts, F andM are lipid, FAME and methanol
respectively.

The energy balance for transesterification is diesdrby:

0=cpr*F,*p*Tpim+ Ccpm*Fy*py*Tigin + H— Cpr* Frour * PF * Tour

Eq. 2.45
— CpM >"FM *Pm *Tout

Where ¢, is the heat capacity (J KoK™), T is the temperature (K) and is the power

consumption (J'§.
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Energy input  Energy recovery

Biodiesel
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Methanol Waste

Waste energy

Fig. 2.7 — Conversion of extracted lipids to FAME’s

2.5.1 Acid catalysed transesterification
In this process the transesterification is catalylsg hydrochloric acid. At 70°C 98% of the
lipids are converted to FAME's (Brentneiral, 2011)

2.5.2 Alkaline catalysed transesterification

In the alkaline transesterification the processatslysed by a base. Raskidl described this
process for rice bran oil. Since the compositiontlws oil is similar to the oil from
microalgae, it is assumed that this process giveacaurate description for the conversion
yield for microalgae lipids.

The lipid yield is described as a function of thelan ratio between methanol and lipids, the

catalyst concentration (%), the temperature (°@i)the reaction time (min):

Y=a0+al*xr+blxc+cl*T+dl*xt+a2*r*>+b2xc?>+c2+T?+d2
xt?+abxrsc+ac*r*T+ad*r*t+bcxC+xT+bd*cxt Eq.2.46
+cd*xTxt

Wherer is the molar ration between methanol and algaév/@iyt T is the temperature (°C)

and t is the reaction time (min). See supplemeBit&ans.m for the values of the constants.

2.5.3 Enzymatic transesterification

Another catalysis method is to use enzymes to tafisés transesterification of lipids to
FAME’s. Tran et al described a process in which a lipase enzyme &gl us catalyse
transesterification (Traat al, 2012). The conversion yield was determined deht ratios
between methanol and lipids. A parabolic functioaswitted to these data to produce an

equation for this relationship.
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Y = —0.0063 * r% + 1.3919 = r + 27.594 Eq. 2.47

WhereY is the lipid yield (kg k) andr is the molar ratio between methanol and lipids (kg

m?).

2.6 Combined processes

A number of studies have been done to integratewsiprocess steps. The goal is to reduce
the energy consumption. These process consume sadecasble amounts of energy, they
encompass multiple process steps. Whole algae asdisonverted to FAME’s. There are

three mass balances describing this process:

0 = FL *CL,iTl _FL *CL,Out_L Eq 2.48
0 = L — FL * CF,out Eq 2.49
0 = FM,iTl - FM,out - M Eq 2.50
Crin = Cain * AOC Eq. 2.51
L :FL *CL,iTl*Y Eq 2.52
L
Crout = F Eq. 2.53
Fy*xCy iy — L
CL,out == ;,m Eq. 2.54
L
L 1
M =3%—x*xmy *— Eqg. 2.55
my, Pm
FM,out = FM,in -M Eq. 2.56

WhereF is the volumetric flow rate (fs?), C is the concentration (kg T, L is the lipid
transfer (kg g), M is the methanol consumption (k§)sm is the molecular weight (kg md)
AOC is the algal oil content (%), ampds the density (kg ). The subscripts, F andM are
lipid, FAME and methanol respectively.
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The energy balance is described by:

0=cpa*xFEs*pa*Tyin+cpm*Fu*py*Tayin +H— Cpr* Froue * Pr* Tour Eq. 2.57

_Cp,M*FM*pM* out
Where ¢, is the heat capacity (J RKoK™), T is the temperature (K) anid is the power

consumption (J'§.

2.6.1 Supercritical methanol conversion

The supercritical methanol extraction and conversaplaces the disruption, extraction and
conversion in a regular process. Methanol is addethe algae slurry. Then the mixture is
brought to supercritical conditions. These harshditions destroys the cells. The methanol

is used as a solvent and it is also use for tmsésterification.

Patil et al described the relationship between the FAME yaeid the temperature (°C) the

ratio between algae and methanol (wt/vol) and ¢aetron time.

Y=a04+al*T+blsr+clxt+a2*T?>?+b2*x1r?>+C2xt>+abx*Txr

Eqg. 2.58
+ac*T+t+bc*r*t .

WhereY is the FAME yield (%),T is the temperature (°C),is the ratio between methanol
and algae (vol/wt) andis the reaction time (h). See supplment 6 SCM.niHe values of the

constants.

2.6.2 Microwave assisted conversion

The microwave assisted conversion replaces themtien, extraction and conversion steps.
The microwaves disrupt the cells. The methanol actsolvent and reactant. Padil al
described the relationship between the FAME vyiaeid ¢he power consumption (W), the

reaction time (s) and the algae concentration (%6).

Y=a0+al*H+blxt+cl*Cyyp+a2xH*+abxHxt+acxHx*Cypy

Eg. 2.59
+ b2 % t% 4+ b * t* Caip + €2 % C2p a
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WhereY is the FAME vyield (kg kg), H is the power consumption,is the reaction time
(min), and G is the algae concentration (kg*jn See supplement 7 MWEx.m for the values

of the constants.

2.7 Pumping

The algae slurry has to be pumped from one unitatio® to the next. Since the number of
operations in each process chain can be varied.embegy requirement for the pumping of

the slurry has to be taken into consideration.

The energy consumption for pumping of the algaerglibetween processes has been
described by Wilemaset al as a function of the process parameters. It ianaed that the

flow is laminar, because the pipe is wide and thesed is low.

F?*L
H=2 Eq. 2.60
16*f * Py * 15D
f Re

WhereH is the power consumption (3)sf is the Fanning friction factop, is the density (kg
m?), F is the volumetric flow rate (fhs?), L is the length of the tube (mA is the cross-
sectional area (fjy d is the diameter of the tube (m) aRelis the Reynolds number.

For a laminar flow regime the Reynolds number iegiby:

2—-n n
Re =Pt *D Eq. 2.62

8n—1 ¢

Whereu is the flow speed (m, K is the consistency factor (Poise/m) amig the behaviour

index. K and n depend on the biomass concentration.
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3. Optimization procedure

The goal of this project is to find the best conalbion of unit operations for the production of
biodiesel from microalgae. In chapter 2 all the elsdwhich describe these processes, have
been explained. In this chapter the optimizatiaycpdure will be described. In the first part a
procedure is described, where the values for aliggs parameters are kept constant at values
as reported in literature ( refer to literaturehisTis done through binary optimization. These
constant conditions make the procedure relativiehpke, since the number of possibilities is
kept low. A number of papers have discussed sinmiathodologies, such a combinatorial
approach. In the second optimization the procesanpeters will be variable within certain
bounds. This increases the complexity and communatitime of the routine, but it also

supplies extra information.

3.1 Binary simulations

For the binary simulations the process conditiores kept constant. Therefore a constant
value can be calculated for the energy requirenoérgach unit operation. This value is
multiplied by a binary variable. This variable chave the value 0 or 1. If it is 1 the unit
operation is used in the process chain. If it ig & not used. To obtain the total energy
requirement the product of the energy requiremertt the binary variable for each unit

operation is summed.

21
Hrot =ZH1' * X Eqg. 3.1
i=1

WhereH is the power requirement (3)sx is the binary variable and the index i denotes the

different unit operations.
The following optimization is then carried out.

Given equation 2.1 — 2.63
min Htot(x1 — x21) Eq. 3.2
x1—x21=0|1 Eq.3.3
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To make sure that all processes are physicallyilpessa number of constraints have to be

applied to the system. For each unit step onlywmeoperation can be chosen.

X1+ X, +x3+x, +x5+x5=1 Eq. 3.4
X7+ xg+ X9+ X300 =1 Eq. 3.5
X10 + X20p%X210 = 1 Eq. 3.6
X171+ X2 + X193 F X200+ X21p =1 Eq. 3.7
X14 + X195 + X16 + X200 + X210 =1 Eg. 3.8
X17 + X18 + X109+ X0 + X214 =1 Eg. 3.9

Two extra constraints have to be included to gotleencombined processes.

X20,a = X20,bp = X20,c = X20,d = X20,e Eg. 3.10
X21,a = X21,p = X21,c = X21,d Eg. 3.11

Where x=centrifugation, x=pressure filtration, vacuum filtration, x=ultra-sound
sedimentation, sechitosan flocculation, gepoly-glutamate flocculation, ;xcentrifugation,
xg=pressure filtration, gevacuum filtration, xo=dryer, x1 =bead milling, x,=high pressure
homogenization, x=sulfuric acid treatment, ;x=hexane extraction, j;3=mixed solvent
extraction, xe=SCCQ extraction, x;=acid catalysed conversion,;gxbase catalysed
conversion, xg=enzymatic conversion,,)>SCMeOH conversion, ;x=microwave assisted

conversion. See supplement 8 BintRun.m for theréultine.

It would also have been possible to use a diffeagprroach for these calculations using the
binary integer programming function of Matlab. Timain disadvantage of this procedure is
that it gives only one (the best) solution. Thuavieg out a lot of information about the

system and other possibilities that might be alnasggood.

28



3.2 Mixed integer optimization

As mentioned in the introduction section 1.2, thiged integer non-linear optimization is

used to evaluate a system that is more flexibla tieat of the binary simulations. The

operating conditions for each process for binangusations and the range of conditions for
the mixed integer optimization are given in app®&rli To illustrate the potential of a flexible

optimization an example is considered. In the bjimmgatimization there is a process route that
uses centrifugation for successively harvesting amethanical dewatering. These steps
consume a lot of energy. The total concentratioctofa over both steps is 40. This

concentration factor is obtained by 10 times durdogcentration during harvesting and 4
times during dewatering. But also other combinaiohconcentration during harvesting and
dewatering are possible. The energy consumptiorafoange of possible combinations is
given in in figure 3.1.

4 Harvesting and dewatering with 2 centrifuges
4 T T T T T T

Il Centrifuge 1
Il Centrifuge 2

Total energy consumption (W)

2 3 4 5 6 7 8 9 10
Concentration factor for centrifuge 1

Fig. 3.1 - Energy requirement for a system whergrfagation is used for harvesting and
mechanical dewatering. Blue shows the contributadnharvesting to the total energy

requirement and red the contribution of mechardeavatering.

Figur 3.1 shows that the best solution is obthibg 4-5 times concentration in harvesting
and subsequently 10-8 times concentration durimgatiring . This is shown by bars 3 and 4.
The example shows that the energy consumptiombeaeduced by a further optimization of

processing parameters.
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A combined optimization for product routing and g@es parameters is a mixed integer non-
linear optimization (MINLP). The problem is defined:

Given equation 2.1 — 2.63
min Htot(x1-x21) Eq. 3.12
x1—x21=0|1 Eqg. 3.13

The difference with the binary simulations lies thre variable operating conditions (see
appendix C). The mixed integer non-linear optimaatwas carried out using Tomlab. The
same constraints applied as for the binary simanati There are also extra constraints on the
decision variables. These are given in table Bek @pendix B). See supplement 9 MINLP

for the full routine.
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4. Results and discussion

Two methods to evaluate the best route for biotligseluction have been considered, binary
simulations and mixed integer optimization. In theary simulations all process parameters
are kept constant, while with the mixed integetirojzation process parameters are
optimized in combination with the product routing.

4.1 Binary simulations

For the binary simulations all combinations of #wailable unit operations were evaluated for
their total energy requirement and the contributddreach step to the total at fixed process
conditions. The process starts with a biomass curation of 5 kg . It is harvested
resulting in a biomass concentration of 50 kg mith a recovery of 95% of the algae.
Mechanical dewatering is used to concentrate timeysio 200 kg it with a recovery of 95%
of the algae biomass. Drying increases the biorassentration to 800 kg frwith no loss

of algal biomass. Disruption destroys 90% of thgaal cells. Using extraction 95% of the
lipids are recovered. Finally, transesterificattmmverts 95% of the lipids to biodiesel.

Table 4.1 — Changes during the different processssior the binary simulations.

Process step Change Value
Harvesting Concentration factor 10
Microalgae recovery 95%
Mechanical dewatering Concentration factor 4
Microalgae recovery 95%
Thermal dewatering Concentration factor 4
Microalgae recovery 100%
Disruption Disruption yield 90%
Extraction Extraction yield 95%
Transesterification Yield 95%
Combined processes Yield 75%
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Energy requirement for the best process routes
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I Pressure filtration
I vacuum filtration
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— | M Chitosan flocculation

I Poly-glutamate flocculation
A

[ centrifugation
Fig. 4.1 — Binary optimization runs for the prodantof biodiesel. Each bar contains the cumula¢inergy requirement for each process route.
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On the x-axis the groups of process routes aretddndhe y-axis displays the energy requiremeitWh
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Figure 4.1 shows the energy requirement for eaokgss chain. It is built by stacking the
energy requirement for each process step. A nuoflteends can be deduced from this graph.
Group A includes all process routes, in which gargation is used for harvesting. For group
B all processes are harvested using pressuretibhraFor group C this is done by vacuum
filtration. In group D ultra-sound sedimentationuised for harvesting. In group E the algae
are harvested using chitosan flocculation. For gréuthe algae are harvested using poly-
glutamate flocculation. Group G and H use supécatiimethanol conversion or microwave
assisted conversion to turn wet algae into biodlideegroup G algae are harvested using
centrifugation, pressure filtration or vacuum @&lion and in group H by ultra-sound

sedimentation, chitosan flocculation or poly-glutdenflocculation.

The first trend that can be seen is that the cotmeal harvesting process (group A, B and
C) take more energy compared to the innovatiyarsgion methods (group D, E and F).
This is caused by the large flows that needs t@rhoeessed. Ultra-sound sedimentation,
chitosan flocculation and poly-glutamate floccudatinave to process the same volumetric
flow, but they only require energy for creatingtangling wave or mixing the flocculant with

the algae. The actual removal and concentratidomng by gravity.

In the mechanical dewatering step centrifugatioasgure filtration and vacuum filtration are
used in all process routes to concentrate the alyaey further. Because these processes are
also used for harvesting, it might be expected thatenergy requirement for these steps
would be in the same order of magnitude. This isthe case. The difference in energy
requirement between the harvesting and the medaésvatering can be explained by two
factors. First the concentration factor dewateralgae is smaller than for harvesting. For the
harvesting the fermentation broth is concentratedirhes, while the flow is reduced only
four times during the mechanical dewatering. Sectirad volumetric flow that has to be
processed is almost 10 times smaller after thedsting. This results in a 7-fold reduction of
energy The data from the simulations also suppbrts The energy required for harvesting
using centrifugation is 33168 W and for mechanitmadatering using centrifugation it is 1662
W.

Thermal dewatering is also a step that consumeégnéisant amount of energy. This is the
third step in all process chains in group A to RisTis at least partly caused by the value that

iIs assumed for the efficiency of the thermal dr{E1%). To reduce the energy consumption
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part of the energy is recovered after drying usirgingle heat exchanger. This also holds for
every other unit operation where the reaction teatpee is higher than 50° C. Using more
complex systems of heat exchangers the efficienghtive increased to 80%-90%. This will

make the system far more complex, which incredsesime required for the calculations.

The last step which has a noticeable contributiorthie total energy requirement is the
disruption step. This is caused by the use of glydorces to disrupt cells. Here part of the

energy is lost due to the incomplete transfer efdhergy from the machinery to the algae.

During the harvesting and dewatering processeslidge broth has become quite viscous.
This increases the energy that is required for pngaprhe energy required for pumping has
increased about 10 fold. Therefore processes thed @ high biomass concentration need

more energy for pumping.

The low energy use in the extraction and conversiep is caused by the very low volumetric
flow rate compared to the earlier steps. Duringvésting 1 m h™* has to be processed.

During extraction and conversion about 0.005hhhas to be processed.

There are 24 routes (groups G and H) that havéeen considered yet. These routes include
combined extraction and conversion steps. Thesgegsions steps can be combined with
conventional (group G) or innovative (group H) hesting steps. As before the conventional
harvesting steps increase the energy requiremematically compared to the innovative
harvesting steps. The supercritical methanol etitta@nd conversion, is a large contributor
to the overall energy requirement of the routesTikidue to the rather large volumetric flow
that has to be processed, about 0*lhthand the supercritical conditions of at least 260°
and 60 bars.

The best processes involve the microwave assistedecsion of the microalgae to biomass.
The water content does not have to be very low, #redmal drying is not required.

Furthermore the conditions at which the reactid&esaplace are mild (60° C). This leads to a
difference of energy requirement between thesescaise the worst cases of at least 7 times.

The best processes are illustrated in detail urégt.2.
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Energy requirement for all the process routes

[6)]

Il Uitra-sound sdeimentatio
- | M Chitosan flocculation
[ Poly-glutamate flocculatign
[Icentrifugation

[ IPressure filtration

- | vacuum filtration
Il SCMeOH conversion

D
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Energy requirement (KW)

N
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Process route (-)

Fig. 4.2 — Energy requirement of the best procefsgethe production of biodiesel. The bars
represent the cumulative energy requirement foln @aocess route. On the x-axis the number

of each route is displayed. On the y-axis the gnegguirement is displayed in KW.

For the best cases, the conversion step has the stg@gre in the energy consumption (dark
red). This process takes up more than 6 KW of ttal tenergy required. In comparison
harvesting takes up about 250 W and dewateringstéicen 400 to 1700 W. The biggest
difference in energy requirement is caused by teehanical dewatering step. When pressure
filtration is used, the energy requirement is lowé&se harvesting step (dark to light blue) has
a small difference on the overall energy consunmptiberefore we have to look at the other
process parameters to find the best option. THisgivie us other possibilities to improve the

choice of the final process route.

The energy requirement, the number of unit opematidhe material use and the process

conditions are given in a spiderplot, see figu® 4.
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Route 9

Conditions

Fig. 4.3 — Different considerations to find the toegse for the production of biodieskl.is
the energy requirement in KW,i; is the number of unit operations, conditions repne the
process conditions (mild vs harsh) and materialrapeesents the material use. The operating
conditions and material use are qualitative vaeabThe operating conditions increases 1 for
every 10° C above room temperature and 2 for evweny above ambient pressure. The

material use increases 1 for every 15 ik flocculant and 1 for every 0.1%of methanol.

The best route amongst the routes given in figur2 ¥ harvesting by ultra-sound
sedimentation, followed by pressure filtration,Id@led by microwave assisted conversion
(number 2 in figure 4.2). It has the lowest enecgpsumption and material use. Processes,
where the ultrasound sedimentation is replaced fiycaulation, are also very good (number
5 and 8 in figure 4.2). These only have a smalldase in energy requirements and they both

use a flocculant.
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4.1.1 Relative contribution of each processing step

To evaluate the contribution of each process sidpd total energy requirement of a process
route, the energy requirement for that step wasled/by the total energy requirement. This
is done for one route of each group denoted inréigul. The results are displayed in figure
4.4,

Contributions to the total energy requirement
8 T T T T T
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Il Harvesting
Il Dewatering
[ Drying

[ IDisruption
[ JExtraction
[ conversio

N
@
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Percentage of total energy requirement
g
|

N
?
|
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?

DR R A el

C D E F
Group of processes

Fig. 4.4 — Contribution of each process step tadked energy requirement of a process route
for different groups of processes. The x-axis desdhe different process groups. They are
the same groups as in figure 4.1. The y-axis dyspthe percentage of the total energy

requirement.

Since the harvesting step generates the greatéstedice in total energy requirement, the
processes were grouped on their harvesting praesdth figure 4.1. The first group uses
centrifugation for harvesting, the second groupsguee filtration, the third vacuum filtration,

the fourth ultra-sound sedimentation, the fifthtokan flocculation, the sixth poly-glutamate
flocculation and the seventh groups uses combirteg for disruption, extraction and

conversion. For each group of processes the roiitethae highest total energy requirement
was used. When centrifugation is used for harvgstat least 70% of the total energy
requirement is caused by this step. For the vadiltration is used this is at least 60%. With

these two groups of processes the other procegs stdy have minor contributions to the
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overall energy requirement. To reduce the energyathel the focus should be on reduction in
these steps.

In cases where pressure filtration is used, thedsg contributor is the drying process,

followed closely by the harvesting and disruptiteps At the moment one heat exchanger is
used to recover energy during heating. When a roongplex system of heat exchangers is
used this contribution can be lowered.

In groups D, E and F ultra-sound sedimentationtoshn flocculation and poly-glutamate

flocculation are used respectively. With these @suhe energy demand for harvesting is very
low, therefore other process steps gain a largetribaition to the total. In all these processes
the drying step is the biggest contributor.

The last group of processes use a combined disrypéixtraction and conversion step to
convert wet algae to biodiesel. This omits the nieedlrying. The biggest contributor is the

combined step.

4.1.2 Comparison with literature

To evaluate the results of this project, they ammgared to data from papers from Delaie

al and Brentneret al (Delrue et al, 2012; Brentnert al, 2011). To this end data were
converted to net-energy return (NER) values. THeevdescribes the amount of energy that is
produced in the form of biodiesel for the energgttis used for downstream processing,
which is calculated from the power requiremengrgg requirement and the specific energy

requirement.

Pyiodieset _ Epiodiese _ €hiodiesel
= Eq. 4.1

P downstream E downstream €downstream

NER =

WhereNER is the net-energy return (4, is the power requirement (F)sE is the energy
requirement (J) andlis the specific energy requirement (J*kg

This calculation was performed for each group afcpsses from this project; the best en
most conservative case from Brentretral and the best and most conservative cases of
Delrueet al (Brentneret al, 2011)(Delrueet al, 2012).The results are shown in figure 4.5.
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Comparison of the net-energy return
2.5 \ \ \ \ \

Net-energy return

A B C D E F G BB BI DB DI
different processes

Fig. 4.5 — Comparison of the NER between the resflthis project and data from literature.
The x-axis shows the different process routes. & taepresent the same groups as in figure
4.1; BB and BI are the base and innovative casa tBoentneret al and DB and DI are the

base and innovative cases from Deletal.

In figure 4.5 the first seven bars depict the rsstriom this project, bar BB and Bl depict
results from Brentneat al and bar DB and DI depict the results from Deletial. Bars A, BB
and DB depict base cases, where more conventioatilaus are used for the production of
biodiesel. The results of this project are complarabth those from Brentnest al. The base
case of Delruet al differs in the unit operations that were usedharvesting.

Bar G, Bl and DI depict the most innovative cagdwese routes use wet algae to remove the
necessity of extra drying. Only the innovative caskthis project, Brentnest al, Delrueet al

and the base case of Delrteal have a net energy-return higher than 1. Theredohg these

processes produce more energy than they consume.

There are different ways to model each unit openatin this project mass and energy
balances are used to create the models. Bremtnal used constants from literature to
describe processes under certain conditions. De#tual uses an approach similar to
uncertainty analysis, where the result of the datans is a range in which 50% of the

solutions lie. This causes a difference in theltesbhecause different assumptions are made.
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One of the causes of the differences is the entratyis required for pumping. This project
uses a model from Wilemaat al to describe the energy requirement for pumpingthla
model the pumping energy depends on concentratidrflaw rate, both Brentner and Delrue

have used constant values or a range of valugbdanergy required for pumping.

4.2 Mixed integer optimization

While an approach with constant process paramgiees a good result. It is interesting to
find out if an optimization with flexibility for tB process parameters will give a better
solution. Therefore Tomlab is used to perform mixa&eger non-linear optimization of the
same models as are used for the binary simulatibms.bounds on the process parameters

can be found in Appendix B (see appendix B).

Best process routes
7 \ I

Energy requirement (KW)
R B R

T

Route

Fig. 4.6 — Energy requirement for the best processes after MINLP. The bars show the
cumulative energy requirement of each route. Tlaig-shows the number of the process

route. The y-axis displays the energy requireneitw

As with the binary optimization the best solutionslude a novel harvesting step combined
with microwave assisted extraction. For dewaterihgy either use pressure or vacuum
filtration. The best process takes a little morantt6000 W and the least efficient of these
takes about 7000 W. About 75% of this is causethbymicrowave assisted conversion. 5%
Is caused by harvesting and 20 % is caused by dengt
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To consider the improvement after mixed integelinogation to the binary simulations the
net-energy return of the mixed integer optimizateas divided by the net-energy return of
the binary simulations for seven process routess Tdsults in a percentage of the original
energy requirement.

Improvement after mixed integer optimization
4 T T T T

Percentage of original

Processes

Fig. 4.7 — Comparison of energy requirement aftexechinteger optimization to after binary
optimization. The bars represent the reductionheftbtal energy requirement after MINLP
compared to the binary simulations. The x-axis shtive group of process routes as in figure
4.1. The y-axis shows the reduction as a percergajee total energy demand of the binary

simulations.

The routes A to G represent centrifugation, pressiliration, vacuum filtration, ultra-sound
sedimentation, chitosan flocculation or poly-glutaen flocculation for harvesting and
combined extraction and conversion processes regglgc

The improvement varies between 65 and 90% of tiggnat energy requirement. The best
improvements can be gained in the harvesting psesesThis is especially the case for the
vacuum filtration and the centrifugation steps larvesting, since these processes are large
contributors in their respective routes. Thereesslimprovement in the steps after water
removal, because reactions can take place in alesnrahge of process parameters, thus
limiting the optimization possibilities. The diffiemce in improvement between groups A to G
is caused by the level of optimization that wasadly done in the models. The more

innovative are valid in a smaller range therefdre optimization is not very large. The
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models for the harvesting and dewatering stepsalr@ within a large range. Therefore larger

improvements can be made here.
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5. Conclusion

Production of biodiesel from microalgae is an intaot solution to cope with the depleting
oil reserves, to avoid deforestation and reducedtmepetition between food and non-food use
of agricultural products. The bottleneck in thedarction of biodiesel from micro algae that is
considered in this project is the energy requirani@ndownstream processing. The goal of

this project is to reduce this energy demand.

To this end models are made to describe differaittaperations involved in the downstream
processing of microalgal biomass to biodiesel. Neks of these models were then evaluated
to find the route with the lowest energy requiretmérhis is done through two different
approaches. The first concerned binary simulationghich all possible routes are evaluated,
while all process parameters were kept constaniRhese results it can be concluded that
process chains that do not need extensive dryidghat use combined disruption, extraction
and conversion steps are the most energy efficikdeite microwave assisted extraction and
conversion is preferable to supercritical methandtaction, because the energy requirement
is lower and because the operating conditions €@ $rocesses are rather extreme. Among
the best solutions the differences in energy requent are very small. The decision thus
hinges on the other considerations. When ultrasaasdimentation is used there are no
material demands for harvesting. For all the bestes the number of used unit operations is
three. The operating conditions are also the saimerefore it is concluded that the best route
consists of ultra-sound sedimentation, pressuttibn and microwave assisted conversion.
Beside the lowest energy demands it has the lowsesadditional resources. The most energy
inefficient processes use centrifugation or vacdilination plus extensive drying to remove

water from the algae.

The second approach uses mixed integer non-lineggrgmming to minimize the energy
demand. For these processes the process parameteantso optimized within bounds. This
gave extra flexibility to the models during optimion, which lead to better solutions. The
best and worst solutions for this approach are dAme kind of routes as the binary
optimization. There is a difference in the improwsn between these approaches. For
example in the chain of unit operations that useuuen filtration and centrifugation the

energy demand can be reduced to 65 to 75% of theygmemand obtained from the binary
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simulations. For the other processes the energyireegent lies between 80 and 90% of the

energy demand obtained from the binary simulations.

Reduction in the flow rate has a positive effecttba energy demand at first, since the

volumetric flow rate that needs to be processededses. When the algae slurry is very
concentrated the energy demand for pumping stantsctease. Therefore wet processes are
preferable.

This work is uses basic mass and energy balandes.rdsult of the calculations can be

improved further by increasing the amount of deththe models and by doing more research
into wet algae processes and novel harvesting rdstho

Finally it is concluded that using an optimizatiomethod to determine the total energy

demand can give considerable improvement to a rdetifere process parameters are kept
constant. In the best cases energy requiremergdisced between 30 to 40%. With this

information future studies can improve their resdltastically.
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Appendix — Example of a model

function [ C, D, H] =Cent( A, C )

% Cent describes a centrifuge

% Gven the properties of an algae flow and a concentration factor as
i nput s,

% this function will calculate a concentrated al gae flow a waste fl ow
% and the power consunption.

% A Cand Dare of the formA=[ F, CL, C2, T , p]

% The concentration factor and the power consunption are both scal ars

% Di sassenbly

AF = A(1); % Vol unetric flow rate (nt3 h”-1)
ACl1 = A(2); % Bi omass concentration (kg mt-3)
AC2 = A(3); % Not applicable

AT = A(4); % Tenperature (K)

Ap = A(5); % Pressure (bar)

% Mass bal ances

R = 0.95; % M croal gae recovery (kg kgn-1)
CClL = AC1 * Cf; % Bi omass concentration (kg mt-3)
CF = AF * AC1 * R/ CC1, % Vol unetric flowrate (nmt3 h"-1)
CC2 = ACZ; % Not applicabl e

DF = AF - CF; % volunetric flowrate (m3 h"-1)
DC1 = AF* ACL* (1- R) / DF % Bi omass concentration (kg nmt-3)
DC2 = ACZ; % Not applicabl e

% Ener gy Bal ances

CT = AT, % Tenperature (K)

Cp = Ap; % Pressure (bar)

DT = AT, % Tenperature (K)

Dp = Ap; % Pressure (bar)

Hh = O; % Power requirenment for heating
and cooling (J s™-1)

E = 11880000; % Energy constant (J nf*-3)
[W]leman et al]

Hs = E* AF * Cf / 3600; % Power requirenent for separation
(J s™-1) [Wlenman et al]

L = 25 % Punpi ng di stance (m

Hpl = punp( CF, CC1L, L ); % Power requirenment for punping
product (J s”™-1)

Hp2 = punp( DF , DC1L , L ); % Power requirenment for punping
waste (J s”™-1)

Hp = Hpl + Hp2; % Total power requirenment for
punpi ng (J s”-1)

H=Hh + Hs + Hp; % Total power requirenment (J s”-1)
% Assenbl y

D=[ DF, DCL , DC2 . DT ,
end

cC=[ CF, cc1, CC2, CT, Cp
Dp
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Appendix B — Optimization condition

Process Variable Binary simulations MINLP lower MINLP upper
bound bound

Centrifuiation Temperature (K) 293 293
Concentration 10 1 40
factor

Pressure (bar) 1 1 1

Vacuum filtration temperature (K) 293 293 293
~ Ppressue(a) 1 1 1
Concentration 10 1 40
factor

Pressure (bar) 1 1 1
Chitosan Temperature (K) 293 293 293
flocculation
-~ Pressre(pay 1 1 1
Concentration 10 10 10
factor

Poly-glutamate Temperature (K) 293 293 293
flocculation
-~ pressure(pary 1 1 1
Concentration 10 10 10
factor

Mechanical
dewaterin

Pressure (bar) 1 1 1

Pressure filtration  temperature (K) 293 293 293
~ Pressue(pay 1 1 1
Concentration 4 1 40
factor

=
=
=

Pressure (bar)

Thermal
dewaterin

Pressure (bar) 1 1 1

51



Disruption

Pressure (bar) 1 1 1

High pressure Temperature (K) 293 293 293
homogenizer

Sulfuric acid Temperature 160 160 160
treatment

Extraction

Pressure (bar) 1 1 1

Pressure (bar) 1 1 1

Pressure (bar) 225 150 300

Acid catalysed Temperature (K) 323 323 323

transesterification
-~ pressure(pary 1 1 1
Flow of methanol 0.45 0.3 0.9
(m®h)

Pressure (bar) 1 1 1
Enzyme catalysed Temperature (K) 333 333 333
transesterification
~ Pressge 1 1 1
Flow of methanol  0.45 0.3 0.9
(m® )

Pressure (bar) 80 80 80

Microwave Temperature (K) 333 333 333
assisted conversion

Flow of methanol 0.45 0.3 0.9
(m*hY)
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