*

oy UTS UNIVERSITY

’/‘./ OF TECHNOLOGY
b d

o SYDNEY

Design of a scalable, single-use photo-
bioreactor for the growth of algae in axenic

conditions

Julian R. Kofler

PhD by research

Submitted in fulfilment of the requirements for

The degree of Doctor of Philosophy

Climate Change Cluster
School of Life Sciences
University of Technology Sydney
2021



Certificate of original authorship

I, Julian R. Kofler, declare that this thesis is submitted in fulfilment of the requirements for
the award of Doctorate of Philosophy, in the Faculty of Science at the University of Technology
Sydney.

This thesis is wholly my own work unless otherwise reference or acknowledged. In addition,
I certify that all information sources and literature used are indicated in the thesis. This
document has not been submitted for qualifications at any other academic institution. This

research is supported by the Australian Government Research Training Program.

Signature:

Production Note:
Signature removed prior to publication.

Julian R. Kofler
08/12/2021

i1



Acknowledgements

Many people contributed to shape this PhD journey, and to them I am very grateful. First, I
would like to thank my main supervisor Peter Ralph, he gave me an amazing opportunity,
guidance, and continuous advice. I learned a lot from his great leadership. Special thanks go to
Leen Labeeuw, my co-supervisor, she continuously kept my thoughts and ideas in the right
direction, preventing me from going down every rabbit hole I encountered in my research.
Thank you both for the fruitful discussions about my work.

I would like to thank the tech staff at UTS for all the help provided. Thanks to Lochlan de
Beyer for all the methodological guidance and dedication regarding photobioreactors set up.
Lochlan’s passion and craftmanship inspired me to find the perfect set up for my project. Many
thanks to Paul Brooks, he was always ready to help out and to find the bits and pieces missing
for my experimental setups.

The support of my peers was very important for the successful completion of my PhD work.
Thanks to all the members of Algae Biosystems and Biotechnology group for the constant
discussions and feedback received. I would like to offer my special thanks to Alonso Zavaleta,
his expertise in photochemistry and photobiology perfectly complemented my research efforts.
Thank you for your contributions and guidance.

I wish to acknowledge and give thanks for the funding I have received from the UTS
International Research Scholarship, as well as GE Healthcare.

I am deeply grateful to my family for their continuous support. I always knew that there is
someone out there rooting for me. This includes Cristina, my fiancée, that challenged and

supported me and kept me sane during the hard times.

11



Preface

Julian R. Kofler was supported by the UTS International Research Scholarship, as well as an
Australian Research Council (ARC) Linkage project (LP150100751) in cooperation with GE

Healthcare Life Sciences.

Some of the research conducted for this thesis forms part of collaborative work. Special thanks
go to Tim O’Meara (GE Healthcare) for his consistent support. We wish to thank Alonso
Zavaleta Fernandez de Cordova (Alonso Zavafer), Harvey Bates, and Luca Maestrini for

methodological guidance in chapter 2.

Thesis format

This thesis is comprised of an introduction chapter (Chapter 1), three data chapters (Chapter 2
to 4) and a conclusion chapter (Chapter 5). A detailed project overview is given subsequently
after Chapter 1. At time of thesis submission, Chapter 1 (review portion) and 2 are in final draft

for publication.

List of publications

The method that forms the basis for Chapter 2 has been submitted:

Alonso Zavafer, Harvey Bates, Leen Labeeuw, Julian R. Kofler, Peter J. Ralph, (2021).
Normalized chlorophyll fluorescence imaging: a method to determine irradiance and

photosynthetically active radiation in phytoplankton cultures. Algal Research, (in review)

iv



Table of Contents

PIEIACE ettt ettt e et e et et e e bte e sabeeeabteesabeeenateenn v
TADIE OF COMLEIILS .....teeitie ettt ettt ettt ettt et e st e e bt e e st te e bt e e sabeeebbeesabeeenbeeebeeesabeeennne v
LIST Of FIGUIES ..ttt ettt et e st e st e e bt e e st e e bt e e sabeesbeeesabeean viii
LASE OF TADIES ...ttt ettt et e sttt et e st e et e s bt e et eeebeeenaees xiv
LISt OF ADDIEVIALIONS .....eiiiiiiiieiiieiiesite ettt et et e et e e te et et e st e sate et e e bt e seesseesateenbeenseesseesseesneesnneenns XV
ADSITACT ¢ttt ettt et e ht et e e bt e e e it e bt e e bt e e e bt e e bt e e sateeebaeesabee s XVi

Chapter 1 Use of genetically engineered microalgae (GEMs) for pharmaceutical applications...1

LT INETOAUCTION ...ttt ettt et st b e eh et b et bt e bt et e ebt e bt ebe et e sbeeaseees 2
1.1.1 Current work on genetically modified algae...........eceveriiniiiiiiniiiinicccec 4

1.1.2 Legislation covering genetically modified algae ............coccevereriiininiienienienicneccneeen 5

1.1.3 Current methods for large scale algal production ..........ccccceeeciereriieneriinieniicneecneene 8
1.1.3.T OPEN SYSLEIMS ..ttt ettt ettt ettt et et ettt s et et et e b e saeesanesaneens 8

1.1.3.2 Closed phOtODIOTEACTOTS .......ccuerueruieriiriieienieniienie ettt ettt ettt s 12

1.1.4 Bottlenecks/ Challenges in commercialiSation ............cocceceeveeieneneenieneenieneenieneenenaes 14
1.1.4.1 Upstream: Challenges in production Strain Creating..........c.cceeeveeveeerieeseesveenueeneeens 14

1.1.4.2 Cultivation Challeng@es.........ccuvieriieeiieeeiie ettt e e e eeeeebee e 15

1.1.4.3 Downstream Challen@es .......cc.eeeruieiiiieeiiieeiie ettt et e e e 16

1.1.5 CONCIUSION «.viiieiiiiieiiesie ettt e e s 16

1.2 PrOJECT OULIIE ... eiiieeeiie ettt ettt ettt ettt e e et e e st e e sabeeentaeeenbeeessaeeassaesssaesnseeennseenns 17

Chapter 2 Light attenuation in a photo-bioreactor; a practical approach of light mapping algae

culture to optimize illumination of photo-bioreactors 21
B B Ve (0T L1 ot o) 1 DO OSSPSR 22
2.2 MEROM ...ttt et h et sttt ettt bt e e at e et e eabe e be e b e e naeenaeas 25

2.2.1 Theoretical background...........c.ccoiiiiiiiiiiiieie e 25
2.2.2 Microalgae species and growth CONditions ..........ccc.eeveereeriiniieniienienee e 26
2.2.3 EXPErimMeEntal SELUP.....cccuteiuieitieitiiitteieeiee ettt et et et e st e sateebe e bt e sbeesaeeenbeembeebeesneesneens 27
2.2 4 CAIMIETA .ttt ettt ettt ettt e ettt e bt e st e bt e e bttt et esab et e bt e e nbteesabeeeebeean 29
2.2.1 Optical filter and LEDS ....c..cccceoiiiiiiiniiiiniieseneee ettt 29
2.2.2 DAt PIOCESSINE ..eeuvveeeuiieeuiieeieeeriteeetteeeteestteensteeaseeessseessseeasseesnseeensseessseesasseesseesnseens 31
2.3 Results and DISCUSSION «...couiiriiiriiriiiiiiie ettt sttt ettt st st e b naees 32
2.3.1 Method ValIAAtiON ......couiiiiiiiiiiiiieeieeeee ettt ettt st 32
232 BoVaAlUC ..ttt sttt 35



2.3.3 Light mMap QNalYSIS «ecuueeouieiuieiiieiiieiieee ettt ettt ettt 36

2.4 Conclusion and FUtUre WOTK ...........cooiiiiiiiiiiiiii ettt e 41
Chapter 3 Methodology for the validation of the physical optimization system 43
3.1 INEEOAUCTION ...ttt ettt et ettt e st e ettt e st e e eabteesabeeebbeesabeessbeesabeeennreans 44
TN\, 1111 o Yo OSSO PTUPRRPRUPR 49
3.2.1 PhOtO-bior€actor SYSIEM .. ..ccoueiruiiiiieiieniieniierite ettt sttt ettt ettt sane e 49

3.2.2 Mass transfer coefficient — gassing-in method.........c..coceeviviininiiiinieneneccccceee, 49

3.2.3 MIXINE TINIC ...eeutieiiieiteeie ettt ettt ettt st ettt et ettt s e et et et eneesbeesaeesaneenneens 50
3.2.3.1 PH MIXING TIMNE ..eviiiiieiiciieeitcctt ettt ettt ettt e enee 50

3.2.3.2 Colorimetric MIXING tIMC.....cc.erverreriereeienieetenteeitete sttt ettt sttt e eneesae e nees 51

3.2.4 PartiCle MOVEIMENL. .....eouiiiieiieitieitie ettt ettt e ettt et et esateenteease e beesseesanesnneenseens 52
3.2.4.1 Particle tracing mMethod ..........cccvieiiiieiieeeiie ettt et eaee e s 52

3.2.4.2 Particle and SPEEA MAP ....cccvveeruiieeiieeriie et eetee ettt e ereeeieeesbeeeeaeesaeeetaeeesaeennsee e 53

3.3 Results and diSCUSSION ....cc..iiuiiiiiiriiiiii ittt ettt ettt et sttt eate e b ens 54
3.3.1 Mass transfer COffICIENT ........cooiiriiiiiiiiii e 54

3.3.2 MIXING TN ..eeeuvvieitieeiieeeiieeeieeestteeeteeeeateeesteeesaeeanseeesaeessseeassaeeanseesnseeessessnseesnssessnseens 55

3.3.3 PartiCle trACINE . .eeeuvveeiiieeiieeeiieeeite et ettt e et e et e e tteesiteeenbaeesnbeesnsaeeesseeensaeeenseesnneens 59
3.3.3.1 3D particle and SPEEA MAPS ...ecvveerurreeiieeiiieeiieeeteeeieeesteeeiteesteesieeesebeesnaeesaeeens 61

3.3.3.2 Statistical analysis of different PBR heights...........ccccooiiiiiiiiiiiieeee 62

3.3.3.3 Method eValUation .......ccceriiriiiiiiieiiecnieeet ettt st 67

3.3.3.4 Method challenges and further improvements...........c.ccoveereeeneenienieeneenee e 68

34 CONCIUSION ..ttt ettt b e e a ettt et et e e bt e sheesateeaeeembeenbeanbeesbeesbeeebeesabesnteenbeans 70
Chapter 4 Calculation of optimal LED arrangement for the photo-bioreactor illumination......71
4.1 INEEOAUCTION ...ttt ettt ettt sttt et e bt e sbeesaee st enbeenbeesaee e 72
42 METRO ...ttt ettt sttt sttt 75
4.2.1 SOUICE Of AALA.....eeiuiiiiieiiiiieet ettt ettt ettt 75
4.2.1.1 Experimental partiCle traCing.........cccueereueeeriieniieeiieeeiiesiee et e eiee e e s 75

4.2, 1.2 LIGRE INAPS .ttt ettt ettt ettt ettt e et 76

4.2.2 Processing of partiCle @XPOSUIE. ......ceiueerueriierieenieeiieete et et site sttt e s eneeeeees 76
4.2.2.1 Light map processing and LED arrangement .............ccoceeevueevieeneenienieenieenieeneenn 76

4.2.2.2 Creating LED clusters and calculating particle eXposure...........ccccceceevvereecvereennens 79

4.2.3 PROLIC VOIUIMIE ...ttt ettt ettt ettt st eeees 79

4.2.4 Calculation Of D/L fT@QUENCY ...c..eertiiiieiieiienie ettt 80
4.2.4.1 Binary distriDULION «...coueiiuieiiiiie ittt s 80

4.2.4.2 Fast Fourier Transformation ..............coceeiiiiiiiiiinieiieneeeeesee e 80

vi



4.2.5 Static and dynamic light EXPOSUIE ........cccceriiriiiiiiiniiniiiicecce e 80

4.3 Results and DISCUSSION ...ccuuiiiiiiiiiiieiiieeiitie sttt ettt ettt e st e e st e st e esbteesbeeesabeesnbeesnneeesabeeens 81
4.3.1 Static LED configUuration ..........ccccooveriiriieiienieenieneeeteeieenieesiee sttt 81

4.3.2 Analysis of LED CONfIZUIATION ....cocueiiuiiiiiiiiiiieiieicenieeneceecee et 85

4.3.2.1 Particle liZht EXPOSUIE ......cc.eoviiriiiiiiiieniierie ettt 85

4.3.2.2 REENTION LIME..cuttetieiieiiieiiieeieet ettt ettt ettt st sttt e bt e b e satesateeateebeennees 86

4.3.2.3 D/L Frequency analySiS ......cccuieeeueeerieeeiiieerieeeieeeseeeeseeessreessseeesssesssesessseesnssessssens 88

4.3.3 Optimization of the LED distribution — dynamic model..............cccceevevireniieenieenieeenen. 91

A4 CONCIUSION ..ttt ettt e b e sb e ae e ettt et e bt e sbeesbt e st e et e e bt e bt e beenbeesaees 94
Chapter S Synthesis of findings 96
5.1 General CONCIUSIONS .....ccuieitieiiiieiiieie ettt ettt ettt e st et e bt e bt e sbeeeaeeeabeenbeesbeenseesneesnees 97
5.1.1 Optimization PlatfOrM.......c..eeiiieiiieeiie ettt e et e e eeeeeesneeas 97

5.1.2 Light Qtt@NUALION ....eeeiiieeiieeeiiie et eeite et et eete e et e e etaeeetaeessbeesnsaeessseeessaeesnseeensseennsens 98

ST G T8 I oL 1] () 2SS 100

5.2 Future work of the complete platform ...........cooviiriiiieriie i 101
5.3 CONCIUSION ..ttt ettt ettt et e s bt sa e et et e bt e sbeesaeeeatesateenteenteens 104
Supplemental materials 105
APPENAIX CRAPLET 2 ..ottt ettt et ettt e s bt e sate et e e bt e s bt e saeeeabeenbeebeenbeeseans 105
APPENAIX CRAPLET 4 ...ttt ettt ettt e et e et e et eestteesbeeesnbeeenseeeasseesnsaeesnseesnseesnnes 107
References 108

Vil



List of Figures

Figure 1-1: Annual publications in the field of microalgae and biopharmaceuticals from Google

scholar. Key words: “Microalgae & biopharmaceuticals”, “Microalgae &

pharmaceuticals”, or “Microalgae & recombinant protein’...........cccceeveeeevieeneensieenieeneenne

Figure 1-2: Project overview. The PBR systems (part 1 and 2) were based on the industrial GE
Xcellerex system geometry and physical parameters were validated. Characteristics
of hydrodynamic flow (particle tracing method) and the light distribution (DCFI
method) were measured, and the resulting hydrodynamic data were combined with

the light maps in a CAD process to calculate the optimal LED configuration. This

optimized design can then be transferred and tested back in the PBR systemis.................

Figure 2-1: Experimental setup of the DCFI measurement. LED light is emitted through a short
pass filter (< 710 nm) into the microalgae culture. The culture either processes the
photons, scatters them, or re-emits them with higher wavelength (fluorescence). The
scattered light is filtered out by a long pass filter (>840 nm) so only fluorescence light
reaches the camera sensor. Grey spheres in the measurement chamber show the

representative positions of the PAR sensor. Also displayed is the actual measurement

16] 0 F2111 1<) SR

Figure 2-2: Absorption spectrum of C. vulgaris and P. tricornutum, together with the emission
spectrum of blue, red and white LEDs. High peaks in the absorption spectrum relate
to a high absorption in this wavelength area, whereas peaks in the emission spectrum

represent the photon flux in the specific wavelength region. Spectrum values are

normalized to the minimum and Maximum VAIUES. ..............ovvviviiiiiieeeeeeeeieeeeeeeeeeeeeeennnnnnns

Figure 2-3: Representative graph of the relationship between the mean pixel value in specific
ROI and PAR measurements of the PAR sensor for different P. tricornutum
concentrations. Datapoints show the irradiance measurement with correlated pixel

value of the fluorescence image. The lines represent the associated calculated trend

Figure 2-4: Comparison of light map conversions at different shutter speeds. A) Shows light maps
(side view) based on the conversion of fluorescence images captured with three shutter
speeds. The colourmap highlights different irradiance intensities with values below
15 pmol m? s”'in white. B) The different light maps were analysed with a line profile
(representative line shown in violet) and plotted as PPFD over the distance to the light

source. The line plots show the different shutter speeds (grey, green, blue) with the

viil

.28

.31



corresponding irradiance measurements of the PAR sensor (red dots). The maps are

based on fluorescence images of P. tricornutum (2.18x10° cells/mL) with a blue LED.

Figure 2-5: Correlation of the cell concentration with values of the conversion formula. A) The
impact of the cell concentration on the b-value. Figure highlights the potential trend
of b-value increasing with cell concentration, showing a representative trendline
(y = a*e®). Displayed are b-values of the three LEDs with P. tricornutum. B)
Representative relation of the b-value and the a-value for the relationship of the blue
LED with P. tricornutum for datapoints obtained from different shutter speeds................ 36

Figure 2-6: Averaged light maps (side view) for different LEDs (blue, red, white) for low (A,C)
and high (B,D) cell density of C. vulgaris (A,B) and P. tricornutum (C,D). The light
maps are organized by blue, red and white LEDs for each species and cell density.
Artificial colours were used to display certain areas of the light maps for each LED:
Black areas correlate to high light zones (>400 pmol m? s'), blue, red, and grey
(coloured for the corresponding LED, with the white LED in grey) highlight the

saturated zone (15-400 umol m™2s™), and low light zones are displayed in white (<15

Figure 2-7: Light penetration depth of 50% and 90% irradiance attenuation for P. tricornutum

(A) and C. vulgaris (B) at high and low cell density. The mean penetration depth for

cell density range for P. tricornutum at low cell density (1.80x10° — 2.20x10°

cells/mL), high cell density (4.80x10° — 6.25x10° cells/mL), and C. vulgaris at low

(1.27x10° — 2.00x10° cells/mL) and high (4.30x10° -5.23x10° cells/mL) cell density.

The three LEDs are shown in their corresponding colours (blue, red and white in grey).

The letters above the columns indicate the statistical differences of the results as

grouping (Pairwise Wilcoxon Rank Sum test), no statistical difference in groups are

indicated with **’. Statistical tests were done individually for species as well as Ds

and Doo. The line profiles applied on the image had a width of 40 pixel (~3 mm). Data

are MEAN £ SD (N4, c.oviiiiiiiie et et e e e e e et e e e e ara e e e earaea s 41
Figure 3-1: Overview of mass transfer resistance through different films in gas-liquid-cell system

[183], highlighting the migration of a CO, molecule from gas phase to the cell with

its different film and diffusion reSiStANCES. ......c.cecveririeniirieriineeierecee e 44
Figure 3-2: Overview of the A) industrial single-use GE Xcellerex 200 L bioreactor system, and

the physical components of the optimization platform with B) the 200 L PBR (part 1)

and C) the 20 L PBR (PATt 2)....cccuiiuiiiiiiiieieiteese ettt 48
Figure 3-3: Sensor positioning of the pH-methods. The 200 L PBR (fill volume of 200 L and 120

L) and the 20 L PBR (fill volume: 20 L and 12 L) are shown. Red points mark the

sensor positions of pH-sensors inside the PBR. Green highlights the injection position

X



of HCI, NaOH, and dye (colorimetric-method). White discs represent the sparger

position inside the PBR. ........ociiiiiii e 51
Figure 3-4: Comparison of gas transfer coefficient (kia) of different PBR setups to the Xcellerex

system. 200 L PBR (blue) with fill volumes of 200 L and 120 L and different aeration

rates. 20 L PBR (grey) with fill volumes of 20 L and 12 L and different aeration rates.

Red lines show the Xcellerex setup with an impeller speed of 190 rpm and airflow of

5 L/min for the two fill volumes of the 200 L PBR. Data are mean + SD (n> 3). ............. 55
Figure 3-5: Mixing time measured with the pH-method for PBR. 200 L PBR in blue with fill

volumes of 200 L and 120 L and different aeration rates. 20 L. PBR in grey with fill

volumes of 20 L and 12 L and different aeration rates. Red lines show the Xcellerex

setup with impeller speed of 190 rpm for comparison. Data are mean + SD (n =4).

The letters in columns indicate the statistical differences of the results as a grouping,

statistical comparison was done for the 200 L PBR with both fill volume together with

the 20 L PBR with both fill VOIUMES. ........cooiiiiiiiiiiiiiieeeeee e 56
Figure 3-6: Heat map of the sensor position highlighting how often sensors measure a delayed

equilibrium, shown for the 200 L and 20 LPBR with different fill volumes. Squares

represent the sensor positions with colouring that represent the percentage of delayed

sensor reads for all tested aeration rates (normalized with the maximum sample size

200 L PBR n =33, and 20 L PBR n=18). Injection position displayed as green circle. .....57
Figure 3-7: Mixing time measured with the dye-method for PBR. 200 L PBR in blue with fill

volumes of 200 L and 120 L and different aerations. 20 L. PBR in grey with fill

volumes of 20 L and 12 L and different aerations. Red lines show the Xcellerex setup,

impeller speed 350 rpm for comparison. Data are mean + SD (n > 3). The letters in

columns indicate the statistical differences of the results as a grouping, statistical

comparison was done for the 200 L PBR with both fill volume together with the 20 L

PBR with both fill VOIUMES. .....ccc.coiiiiiiiiiiiiiiiie e 58
Figure 3-8: Three-dimensional visualization of the particle trajectory for the 200 L PBR with an

aeration rate of 8 L/min, with a tracing duration of 44 s. Blue trace marks movement

of the particle. Circles at the top and the bottom recreate the perimeter of the PBR.

Green dot marks the start of the particle movement, while red indicates the end. .............. 61
Figure 3-9: Three-dimensional visualization of A) the particle presence and B) the particle

velocity in the 200 L PBR with an 8L/min aeration rate. Cross sections were created

in the particle volume at the front and at the side at 28 cm (vessel centre) which

highlight high particle densities and velocity. Circles at the top and the bottom recreate

the perimeter of the PBR. Data represents 10 minutes sampling time. ...........ccccceveereennnen. 62
Figure 3-10: Particle presence of different height layers in the 200 L PBR with fill volumes of

200 L and 120 L. Height layer thickness is 4 cm. Shown are the particle occurrence

X



normalized with the maximum particle presence for aeration rates of 5 and 8 L/min
for both fill volumes and additionally the 4 L/min for 120 L fill volume (lowest
measured aeration). Results based on at least 30 min of recording. ........c...cccceevveeecueennennee.
Figure 3-11: Particle velocity of different height layers in the 200 L PBR with fill volumes of
200 L and 120 L. Height layer thickness is 4 cm. Shown are the mean particle velocity
(black dot) of 5 and 8 L/min aeration rate for each height layer, and sample distribution
in form of median (red) and the interquartile range (25% - 75%). Additionally, the 4
L/min for 120 L fill volume (lowest measured aeration) is displayed. Error bars show
the standard deviation with outliers marked as dots beyond the error bars. Results
based on at least 30 Min Of TECOTAING. ......vevviiirciiieriie ettt e
Figure 3-12: Particle presence of different height layers in the 20 L. PBR with fill volumes of 20
L and 12 L. Height layer thickness is 3 cm. Shown are the particle occurrence
normalized with the maximum particle presence for aeration rates of 1 and 2 L/min in
both fill volumes. Results based on at least 30 min of recording. ...........ccceeeevveeriieeenieennnee.
Figure 3-13: Particle velocity of different height layers in the 20 L. PBR with fill volumes of 20
L and 12 L. Height layer thickness is 3 cm. Shown are the mean particle velocity
(black dot) of 1 and 2 L/min aeration rate for each height layer, and sample distribution
in form of median (red) and the interquartile range (25% - 75%). Error bars show the
standard deviation with outliers marked as dots beyond the error bars. Results based
on at least 30 MiN Of TECOTAING. ...ecuviiuiiiiieiieieeee ettt
Figure 3-14: Method evaluation of the particle tracing method. Comparison of the occurrence of
the three cases. Case 1, both cameras detect the particle. Case 2, only one camera
detects the particle. Case 3, neither camera detects the particle. Case 3 were analysed
for the duration of particle disappearance and were separately displayed (shorter than
0.5 s and longer than 0.5 s). Data shown was normalized by maximum recording
duration for different PBRs, fill volumes, and aeration rate...........c.cccoceeveeriirneenecnnennnen.
Figure 4-1: Flow diagram of the data processing for the particle exposure. A) Light map with the
full cone of a single LED highlighting the cropped area, B) revolution of the cone
around the central axis, C) shuffling of the LED volumes (white, red, and blue) and
creation of a LED cluster, D) cropping of the LED cluster in order to create LED tile,
and E) digital placement of a single LED tile in the PBR and rotation of the particle
(yellow dot) to fit the illumination profile of the LED tile..........ccoccevrniiiniiiiniiiiiniciiiens
Figure 4-2: Arrangement pattern of LED volumes. Grey, blue and red cubes represent white, blue
and red LEDs, respectively. Overlapping areas of the cubes are highlighted in darker
colours and represent areas in which PPFD of the LEDs were summarized. The
movement is shown, where there is the 1) initial position of the LED arrangement, 2)

stepwise movement of the white LED volumes, 3) stepwise horizontal movement of

xi

64

65

67



the blue/red LED strip away from the initial position (synchronized with the white
LED steps), additionally the LED volumes were rotated according to the curvature of
the PBR geometry 4) movement of the red LED volume along the blue/red strip, and

5) movement of the blue LED volume along the blue/red strip, with the 6) theoretical

white LED strip, and 7) theoretical blue/red LED Strip......c.cccccceeviiniiiriiniiineenienieneee

Figure 4-3: Vertical cross section from middle to side of the 200 L PBR visualising the particle
velocity map with related colour bar (blue to yellow) and the overlapping theoretical
LED configuration (red) on the PBR side wall. Velocity map is based on data with an
aeration rate of 8 L/min. Overlapping LED configuration is a cross section of the white
LED strip based on the results of the static approach for P. tricornutum with high cell
concentration. LED coverage represents PPFD values above 15 pmol m? s, The
zoomed in area shows the LED illumination gaps between the LED light cones.

Changes in spacing at the bottom and the top of the PBR are due to the cropping of

TEGRE INAPS. ettt

Figure 4-4: Light exposure in P. tricornutum for high cell concentration (black), and low cell
concentration (grey) and radial position of the particle (red) based on the experimental
particle tracing data of the 200 L PBR. In red the radial positioning of the particle.

Scale of 14 seconds for 8 L/min aeration rate, based on LED configuration of the static

LIGRE @XPOSUIE. ...ttt ettt et ettt sae e s bt e it e enbe e bt e sbeesseeenneenneenne

Figure 4-5: Histogram of particle retention time in PPFD regimes for P. tricornutum and C.
vulgaris at aeration rates of 5 and 8 L/min and different cell densities, based on particle

tracing of at least 10 minutes. Retention time was normalized to the maximum value

to allow comparison of the different SEtUPS.......ccceeveiriiieiierieiie et

Figure 4-6: Representative data of the binary distribution used to calculate the mean D/L
frequency. Data shown is based on the 200 L PBR with aeration rates of 8 L/min and
light maps of P. tricornutum at high cell density (20 s time lapse). Values of 1 indicates

the exposure to light intensities above 15 pmol m?s™!, while 0 indicates particle is in

the dark. Time represents travelling time of a particle through the PBR. .........................

Figure 4-7: Frequency spectrum of the fast Fourier transformation for the 200 L PBR at aeration
rates of 5 and 8 L/min. The figures show the frequency spectrums based on light maps

of high and low concentration in P. tricornutum. Dominant amplitudes were only

observed in the lower freqUeNnCy SPECIITUML. .....cveververeriieeriieereeeite e e eiee e e e seee s

Figure 4-8: Representative heatmaps of A) retention time of the particle in the defined light region
(15 - 400 pmol m™ ™), B) total light intensity experienced by the particle in the
defined light region (15 - 400 umol m?s™), and C) mean D/L frequency. The maps
show the positioning of white LEDs and blue LEDs. Distancing of the white LED and
blue/red LED strip are synchronised. Red marks the optimal LED distancing for this

Xii

.84

.86

.89

.90



setup (200 L PBR, 8 L/min, P. tricornutum with high cell concentration). The colour
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Abstract

Microalgal cultivation systems for biopharmaceutical production are currently limited and
current biopharmaceutical bioreactors are not optimized in terms of efficient light and substrate
supply for algae. This project aims to address this gap, by establishing a process to convert and
optimize a bioreactor system which is already established in the biopharmaceutical sector into
a photo-bioreactor (PBR) system, facilitating axenic microalgae growth at an industrial scale
in a regulated environment. The system to be converted is an industrially used single-use
bioreactor, for which an optimization platform was designed including both physical and digital
components. The physical part consisted of a 200 L PBR and a scaled down 20 L PBR, both
mimicking physical characteristics of the industrial bioreactor, thereby enabling the rapid
testing of new illumination systems. Different methods, such as gassing-in method (mass
transfer), pH- and dye-method (mixing time) and optical particle tracing (hydrodynamic flow)
were utilized to characterise the system and validate the down-scaling process, which revealed
similar cultivation features compared to the industrial bioreactor. The predominant focus of the
optimization platform was the supply of light: as such, accurate and precise data of the light
attenuation were needed. A novel, practical, and easily applicable optical method using
modified cameras for measuring the light distribution of complex light sources was developed
to address this — Direct Chlorophyll Fluorescence Imaging (DCFI). DCFI was applied to
Phaeodactylum tricronutum and Chlorella vulgaris cultures at different cell concentrations for
a variety of LED wavelengths, yielding precise light maps of the light distribution into the
culture. These light maps and the particle tracing data were combined in a computer aided
design (CAD) process which enabled the calculation of the best configuration of the artificial
light system (LEDs) according to the optimal light experience for the microalgae cells. The
CAD forms the digital component of the optimization platform and completes the system. The
optimization platform and the underlying methodology builds the foundation for a streamlined
approach to convert existing bioreactor systems or to optimize alternative PBR systems. As
such, this technology can help in establishing microalgae as a cultivation system in the

biopharmaceutical sector.
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