BATCHREACTOR APPLICATION EXAMPLE

WHITE BIOTECHNOLOGY

SIMULATION OF FRESH SPIRULINA PRODUCTION

WITHIN A PHOTOBIOREACTOR

WITH USER-DEFINED KINETICS

EXAMPLE PURPOSE

The main interest of this example is to illustrate how to model photobioreactors using BatchReactor software. With
the advanced mode available in Simulis Reactions, the user can import libraries of kinetic models that can be easily
modified and adjusted to suit a wide range of bioreactions.

This white biotechnology example deals with the production of fresh spirulina that can be produced if the favorable
operating conditions are brought together (water, carbon dioxide, nutrients, temperature, pH and also light). The
mathematical modeling of the bioreaction mechanisms is based on specific equations which are not available in
standard chemical reaction libraries.
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1. INTRODUCTION

This example deals with the production of fresh Spirulina. This cyanobacteria has a size of about 200 micrometers
with a spiral shape and a green color. Composed of various valuable vitamins, minerals and proteins, it has shown
a major interest in the food industry. The metabolism corresponding to the production of Spirulina involves
specificities related to photosynthesis and can be modeled by taking into account the substrates uptake and the
availability of light energy. The goal of this example is to illustrate how to use BatchReactor to model this kind of
process. The kinetic parameters presented in this document are used for this purpose and do not necessarily come
from the literature.
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2. REACTION MECHANISM

With the appropriate cultivation conditions, the reaction mechanism for the production of Spirulina can be represented

as follows:

a0, + f H,0+ 8 NaNO5 + € CaSO, + 6 H3PO, - Spirulina + u 0,

Spirulina is modeled as C;yoH1609N1730747P71S6CagNa, 3, leading to the following equation of bioreaction:

1000 CO, + 698 H,0 + 173 NaNOs + 6 CaS0, + 71 HyPO, = C1000H1600N1730747P71SsCasNay 73 + 1389 0,

3. COMPONENTS

Components which are taken into account in the simulation are:

Name CAS number®
Carbon dioxide® 124-38-9
Oxygen® 7782-44-7
Sodium Nitrate® 7631-99-4
Calcium Sulfate® 7778-18-9
Water® 7732-18-5
Phosphoric acid® 7664-38-2
Spirulina 1111-11-1

Compounds with an asterisk are taken from the standard database of Simulis Thermodynamics, calculation server
for thermophysical properties and phase equilibria calculations used in BatchReactor. The thermophysical

parameters stored in this database are the DIPPR recommended values [ROW19].

The Spirulina was created by selecting the Simulis Thermodynamics feature: “Add a new compound”. The physical

properties are the following:

v' CAS number®

Chemical formula

Molecular weight

Physical state at 25°C

Physical state in aqueous solution at 25°C
Enthalpy of formation for ideal gas at 25°C

Vapor and liquid mass specific heat

AN NI N N Y N N

Vapor pressure

AN

Vaporization enthalpy

v' Liquid density

:1111-11-1 (arbitrary number)

" C1000H1609N1730747P71S6CasNay 73
: 34616.588 g/mol

: Solid

: Not soluble

: 0 J/mol

: Same as water

: Parameters chosen to avoid the vaporization
Ln(P%) = —-30 (Equation 101)

: 0 J/mol

: Same as water

@ CAS Registry Numbers® are the intellectual property of the American Chemical Society; and are used by ProSim SA with the express

permission of CAS. CAS Registry Numbers® have not been verified by CAS and may be inaccurate
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The sodium nitrate, calcium sulfate and phosphoric acid are also considered as non-volatile, and their liquid density
is set to be the same as water. Carbon dioxide, oxygen and nitrogen vapor pressures were changed in order to well

represent their solubility in water, Henry’s law parameters were obtained from [FOG91]

4. THERMODYNAMIC MODEL

The bioreaction taking place at ambient temperature and atmospheric pressure, it is assumed that the gas phase

follows the ideal gas law.

The liquid phase contains insoluble solids. These solids have been represented as non-volatile liquids (see § 3).
They should be excluded from the liquid phase for the vapor-liquid equilibrium. If not, they would modify the real
composition of the liquid phase as well as the vapor-liquid equilibrium constants of volatile components (water, carbon
dioxide, oxygen). Therefore, the “Solids excluded from liquid phase” model has been selected to calculate the liquid

fugacity.

Henry’s laws from [FOG91] were used to model the solubilities of the gases (carbon dioxide, oxygen and nitrogen)

into water.

5. REACTION MATHEMATICAL MODEL

The goal is to model the growth rate of Spirulina which can be described using the general equation:

_ dacx

=" = (M —ka). Cx 1)
With:
Ty Specific rate of formation of Spirulina
Cx Concentration of Spirulina (corresponding to the biomass)
u Specific growth rate
kq Depletion rate

The specific growth rate of Spirulina results from the sum of two different contributions:
W = WUsubstrate X HLight (2
v/ Substrate consumption:

The metabolism requires the uptake of different substrates, which can be modeled using the Monod law:

Cs
Hsubstrate = Hmax 1_[1(5 + Cs (3
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With:
Cs Concentration of substrate
Ks Saturation constant
Wonax Maximum specific growth rate
Four substrates are taken into account (sources of C, N, S and P), leading to the following equation:
CCO CNaNO CCaSO CH PO
Usubstrate = Wmax : ; - — 4)

v Light energy:

X
Ksco, + Cco,  Ksnanos T Cnvavos  Kscaso, T Ceaso,  Ksuspo, + Cuspo,

The availability of light energy is an essential operating parameter in the microalgae metabolism. This energy can

either come from a natural or an artificial source. In BatchReactor, it is assumed that operating parameters

(temperature, pressure, concentrations...) are homogeneously distributed inside the reactor. Therefore, the mean

value of light intensity is considered. The impact of light intensity on the growth rate is described with the following

equation:
I
Hright = - 2z
Ke; + 1+
S K”
With:
I Mean light intensity
Ks; Saturation constant
K, Inhibition constant

®)

Since the light intensity inside the photobioreactor will decrease as the concentration of Spirulina will increase,

tabulated data are provided to represent the evolution of light intensity in function of Spirulina concentration:

Concentration of Spirulina (g/l) Mean light intensity (W/m?2)

0-0.1 220
0.1-0.15 132
0.15-0.2 95
0.2-0.3 62
0.3-05 37
05-0.7 27
0.7-0.9 21
09-15 13
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Finally, the overall rate of bioreaction is brought down to the following equation:
Ty = (L—kg).Cx
Cco2 CNaN03 CCaSO4 CH3P04 1
=N X —kys |.C 6
X max Ksco, + Cco,  Ksnanos + Cnvano,  Kscaso, + Ceaso,  Ksmipo, T Cypo, Ks; + 1+ Ié_z ¢ x ©
’ Ll
The kinetic parameters that are used in this example are presented in the following table:
U (S'l) kg (S'l) Ksco, (@) | Ksnanos () | Kscaso, () | Ksuupo,(@) | Ks; (W/m?2) K; ;(W/m2)
2.510°% 5.6 107 0.011643 0.0053 0.00025 0.00027 20 3500
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6. REACTION MODEL IMPLEMENTATION USING SIMULIS REACTIONS

User “interpreted” kinetic rate model is used to implement the mathematical model related to this bioreaction. This
feature enables the user to write his own custom code for the kinetic model, using VBScript (Microsoft Visual Basic
Scripting Edition), which is an interpreted language: it does not require any compilation before being executed and

only requires for the computer to include an interpreter (e.g. wscript.exe in Windows environment).

A library of VBScripts for bioreaction kinetic models is provided with BatchReactor. For a step-by-step
application example about the use of these scripts, please consult “Getting started with BatchReactor — use

case 2".
All reactions take place in the liquid phase.
The heat of reaction of each reaction is assumed to be 0.

To get information about the suitable kinetic model to use along with the parameters to provide, access the “technical

help”, available in the “help tab” of the “chemical reactions editor”:
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The global reaction rate of the reaction can be modelled using the VBScript called “Bioreaction-optionl1”, available in
the VBScript library:

This option corresponds to the following expression of the reaction rate:

NLS
s = (a.umax [ [reo+ ﬁ) Cx )

i=1

With:
g Global rate of bioreaction
Umax Maximum growth rate
a Growth-related coefficient
B Non-growth-related coefficient
NLS 1+ (Csi) Product of elementary kinetic terms that can be selected from a library (as referred in the technical

help)
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This expression is convenient because it is general enough to model a wide range of bioreactions. It can be used to

represent the equation (6) presented above (with a = 1):

In this example, five elementary kinetic terms are required:

- The ones tied to the substrates uptake are represented by the Monod law, which is available in the library of

elementary kinetic terms (elementary model #1).

- The one tied to the contribution of light energy is not available as a standard model but it can be directly coded by

the user with the selection of the “custom elementary model” (elementary model #16).

Here are the general parameters to provide:

(“Max growth rate”)

Model parameter Value
Number of elementary terms 5
a
1
(IIAIphaII)
B
-k; = -5.6 107
("Beta")
Mmax

Hmax = 2.5 105 s1
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(“CAS of X”)

Selection of the “Biomass” compound

CAS number: 1111-11-1

Selection of the compound of

reference

(“CAS of Reference”)

CAS number: 1111-11-1

Parameters of Term #1

Cs

Model index = 1:
odel index K+ Co

With:
Selection of the substrate (“CAS of S”): 124-38-9
Ks =0.011643 g/l

Parameters of Term #2

Cs

Model index = 1:
odel index K+ Co

With:
Selection of the substrate (“CAS of S”): 7631-99-4
Ks = 0.0053 g/l

Parameters of Term #3

Cs

Model index = 1:
odel index K+ Co

With:
Selection of the substrate (“CAS of S”): 7778-18-9
Ks = 0.00025 g/l

Parameters of Term #4

Cs
KS + CS

Model index = 1:

With:
Selection of the substrate (“CAS of S”): 7664-38-2
Ks = 0.00027 g/l

Parameters of Term #5

Model index = 16: Custom

With:
Selection of the substrate (“CAS of S”): 1111-11-1
Ks =Ks,1= 20 W/m?

Ki =K, = 3500 W/m?
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For the Term#5 corresponding to the contribution of light intensity, since it is a custom elementary term, the following

piece of code is provided:

'"The user may code below the custom elementary

T Beginning of custom code ——————————-
'Substrate Concentration:

5 Index = GetCompoundIndex(Si{i-1))

With ThermoCaleculator . Compounds.Items (S Index)

Mw_5 = Mwilty.Convert(.Mw.Value, Mw.UnitName, "g/mocl™)

CE8 = ={5_Index)*Mw S5/Vml 'in g/L

End with
If {(C5 == 0.1) Then 'g/L
Intensity = 220

ElseIf (C5 > 0.1) Bnd (C5 <= 0_15)

Intensity = 132

ElseIf (C5 > 0.15) And (C5 <= 0.2)

Intensity=55

Elself (C5 = 0.2) Bnd (C5 == 0.3)
Intensity=c2

ElselIf (C5 > 0.3) And (C5 <= 0.5)
Intensity=37

ElgselIf (C5 > 0.5) End (CS5 <= 0.7)
Intensity=27

ElseIf (€5 = O0.7) And (C5 <= 0.5)
Intensity=21

ElseIf (L5 = 0.5%) Bnd (C5 <= 1.5)
Intensity=13

End If

"Einetic law

RE = Intensity/(Es(i-l)+Intensity+tIntensity~2/Ei{i-1))

———————— End of custom code

Then "g/L

Then 'g/L

Then 'g/L

Then "'g/L

Then "'g/L

Then 'g/L

Then 'g/L

rate:
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The model parameters are specified as follows:
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7. SIMULATION

7.1. Configuration of the flowsheet

The flowsheet is presented on the right part of the main configuration screen

|

The general topology for the modeling of the photobioreactor is presented in the following table:

Phatobioreactor

Reactor

Type

Open vapor-liquid

Alarms on the volume

Minimum: 1 ml
Maximum: 300 |

Alarms on the temperature

Minimum: 0°C
Maximum: 200°C

Side streams

Number of vapor side stream

Number of liquid side stream
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The initial conditions are presented in the following table:

Initial conditions

Temperature 25°C
Pressure 1 atm
Initial loads

Water 240 kg
Sodium Nitrate 0
Calcium Sulfate 0
Phosphoric Acid 0
Carbon dioxide 0
Oxygen 0
Spirulina 30g9
Nitrogen 0

A feed stream including the substrates is fed to the photobioreactor when necessary. The characteristics of this

stream are provided hereafter:

Temperature 37°C
Pressure 1 atm
Partial flowrates (g/s)
Water 28.57
Sodium Nitrate 3341
Calcium Sulfate 1.86
Phosphoric Acid 15.81
Carbon dioxide 100
Oxygen 0
Spirulina 0
Nitrogen 0
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7.2. Configuration of the operating scenario

The operating scenario is presented on the left part of the main configuration screen:

The operating scenario consist of the following steps:

- Feed step: the feed stream (with the characteristics presented above) is active during 20 s. It enables to provide
the substrates and heat up the reactor.

Type Specified TR without thermal device
Temperature Temperature slope: from 25°C to 37°C
Operating conditions Pressure 1 atm
Feed Open
Stop event Step duration 20s
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- Production step: this is the main step during which the bioreaction occurs. There are 2 possible events leading
to the following step:

e If the target Spirulina concentration of 0.3 g/l is reached, the scenario moves on to the next step
corresponding to the “harvest step”.

e If the concentration of Calcium sulfate (limiting substrate) goes under 0.01 g/l, the scenario moves on to
the “make-up step”.

Type Specified TR without thermal device
i . Temperature 37°C
Operating conditions
Pressure 1 atm
Spirulina concentration >0.39/
Stop event X X
Calcium sulfate concentration <0.01 g/l

- Make-up step: when this step is reached, a make-up of substrates is provided to ensure the maintain of the
bioreaction until the target Spirulina concentration is obtained.

Type Specified TR without thermal device
Temperature 37°C
Operating conditions Pressure 1 atm
Feed Open
Stop event Step duration 20s

- Harvest step: when this step is reached, the reactor is discharged in order to collect the Spirulina.

Type Specified TR without thermal device
Temperature 37°C
Operating conditions Pressure 1 atm
Liquid sidestream flowrate 1l/s
Stop event Total load <2mil
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7.3. Results

The following graphs present some simulation results obtained with BatchReactor software.

Production Harvest

Mass concentrations

3
2.5
gm 2 e SODIUM NITRATE
g e CALCIUM SULFATE
T 15 e PHOSPHORIC ACID
=
g e CARBON DIOXIDE
o
S 1 s OXYGEN
e Spirulina
0 e N ITROGEN
e
0 I
0 2 4 6 8 10 12 14 16
Time (h)
Vapor mass fractions
1 ¢ Production : Harvest
0.9
0.8
0.7
§ 06
S = WATER
£ 05
2 e CARBON DIOXIDE
(T
S 04 s OXYGEN
03 e N ITROGEN
0.2
0.1
0
0 2 4 6 8 10 12 14 16

Time (h)

Copyright © 2020 ProSim, Labege, France - All rights reserved Www.prosim.net



White biotechnology: Simulation of fresh spirulina production within a photobioreactor with user defined kinetics

Version: June 2020 Page: 19/20

It has to be noted that using BatchReactor software, all batch parameters can be monitored (liquid volume, heat duty,
pressure, temperature...). Moreover, the detailed modeling of the reactor (heating/cooling system, condenser, vessel

geometry...) can be taken into account.
BatchReactor software can then be used to:

- Optimize the process by tweaking the operating parameters (feed characteristics, pressure, temperature...), the

equipment design and the operating scenario.
- Run safety analysis and simulate more complex scenarios.

- Scale-up from the lab scale to the industrial scale.
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