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Environ 80% des eaux usées dans le monde sont déversées dans le milieu naturel sans traite-
ment adéquat. Or, un assainissement insuffisant conduit a des risques de diffusion de maladies
graves comme le choléra, la dysenterie, la typhoide, les infections par vers intestinaux et la polio.
La contamination des eaux domestiques due a des systemes d’épuration inadéquats a ainsi causé
plus de 1 000 déces d’enfants chaque jour dans le monde en 2012, principalement en Afrique
et en Asie de ’Est. Le déversement dans le milieu naturel des substances nutritives contenues
dans les eaux usées comme l’azote et le phosphore favorise également le développement exces-
sif d’algues, qui finissent par asphyxier les masses d’eau qu’elles envahissent et causer la mort
de la faune aquatique. S’il existe des systeémes efficaces pour 1’élimination des polluants et des
pathogenes, ceux-ci sont souvent trop onéreux et énergivores pour étre utilisés durablement
dans les pays les plus pauvres, ou la part des eaux usées non traitées est la plus élevée dans le
monde. Dans le cas des pays développés, I'assainissement pose toujours des problemes de cofit,
d’impact environnemental et de valorisation des polluants issus des eaux usées sous la forme de
nutriments.

Des solutions a faible cofit, nécessitant peu de maintenance et consommant peu d’énergie
sont donc nécessaires. Pour répondre a ces besoins, les systemes de traitement des eaux usées
utilisant des microalgues ont vu le jour dans les années 1950 en Californie. Des bassins opérés en
extérieur, appelés High Rate Algal Ponds (HRAPs), sont utilisés pour le traitement biologique
secondaire des eaux usées domestiques ou industrielles. Ils permettent de s’affranchir de I’aération
artificielle utilisée dans les systémes classiques a boues activées en utilisant des organismes
photosynthétiques comme les microalgues pour produire I'oxygene nécessaire a la dégradation
des polluants. Les microalgues consomment également une partie des polluants ciblés par le

traitement des eaux comme le carbone, 'azote, le phosphore et le soufre, nécessaires au bon
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fonctionnement et aux éléments structuraux des cellules de microalgues.

Néanmoins, des éléments clefs pour la compréhension des interactions microalgues-bactéries
autour de la source de carbone et de 'oxygeéne dans les HRAPs manquent encore dans la lit-

térature.

Cette these aborde le sujet des interactions dans les consortiums microalgues-bactéries pour
I’amélioration de 'abattement de la matiere organique, des minéraux et des pathogenes en HRAP
en utilisant une approche intégrative confrontant des études a échelle réelle et a échelle labora-
toire couplées a des travaux de modélisation, explorant ainsi différents systémes d’étude afin de
creuser les interactions complexes entre les microalgues et les bactéries. Ce projet de these a été
conduit en cotutelle entre le laboratoire GEPEA (Saint Nazaire, France) et Flinders University
(Australie), les deux premiéres années ayant été réalisées au GEPEA et la derniére année a
Flinders University. Cette collaboration a permis de réaliser cette étude en utilisant différents
systemes a différentes échelles. Alors que le laboratoire GEPEA posséde des photobioréacteurs
de laboratoire opérés en conditions controlées, Flinders University a acces & un HRAP industriel
de 5000 m? localisé & Peterborough, offrant ainsi 'opportunité d’étudier un systéeme HRAP en

conditions réelles.

L’objectif, dans un premier temps, était d’établir un état des lieux de l'activité des microor-
ganismes, des conditions physico-chimiques et de la pénétration des radiations solaires dans le
HRAP a large échelle de Peterborough en réalisant une caractérisation 3D. La caractérisation 3D
du HRAP de Peterborough a démontré le mélange efficace d’'un HRAP de forme sinueuse d’1 km
de long, illustré par une homogénéité de la composition chimique et microbienne de l’eau usée.
Notamment, les indicateurs de 'activité microalgale et bactérienne tels que 'oxygene dissous, le
carbone organique et le carbone inorganique étaient répartis de facon homogene dans le HRAP.
L’oxygene requis pour la dégradation de la matiere organique par les bactéries était produit
par photosynthese et homogénéisé efficacement dans le HRAP par la roue a aubes. En général,
les substrats principaux pour la croissance microalgale et bactérienne étaient disponibles sur la

longueur (1 km), la largeur (4 m) et la profondeur (0.3 m) du HRAP.

Différentes questions émergent de ce premier état des lieux, incluant la disponibilité du
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carbone organique pour les microalgues, la contribution des microalgues et des bactéries aux
cycles de I'oxygene et du carbone, ainsi que I'impact des microalgues sur la désinfection solaire

au regard de l'atténuation des UVs mesurée dans ce HRAP a large échelle.

L’hypothese selon laquelle le carbone organique est consommé uniquement par les bactéries
a été discuté dans la littérature. Le recoupement d’informations sur la composition des eaux
usées et I'affinité des microalgues avec les molécules organiques a permis d’estimer qu’une faible
fraction des molécules organiques présentes dans les eaux usées (10-15%) était potentiellement
disponible pour les microalgues. Cette fraction est cependant probablement plus importante en
aval d’un pré-traitement en bassin anaérobie ou des acides gras volatiles facilement assimilables
par les microalgues sont produits. Ces informations soulevent I’hypothese d’une croissance mi-
croalgale hétérotrophe significative susceptible d’impacter les interactions avec les bactéries. Au
regard de la complexité des interactions trophiques dans le consortium microalgues-bactéries,
une étude en photobioréacteur (PBR) de laboratoire torique en conditions controlées intégrant
des mesures en ligne au long du cycle jour-nuit couplée a une approche théorique en modélisation
a été choisie pour apporter une meilleure compréhension des interactions microalgues-bactéries.
Les cultures de la microalgue S. obliqguus en photoautotrophie, photohétérotropie et mixotro-
phie réalisées dans le cadre de cette thése ont démontré que l'acétate apporté pour simuler
le carbone organique des eaux usées n’était pas suffisant pour couvrir les besoins en carbone
des microalgues et qu'une source intrinseque de COs issu de la respiration bactérienne était
nécessaire. Cette étude a également démontré que la production d’oxygene par les microalgues

dépendait du carbone inorganique disponible.

De fagon significative, la co-culture de S. obliquus et E. coli utilisant de 'acétate comme
source de carbone organique a démontré une forte compétition pour 'acétate entre les mi-
croalgues et les bactéries au lieu de la symbiose attendue. L’analyse stoechiométrique a démontré
que 'acétate était majoritairement consommé par les microalgues et que la photohétérotrophie
était le mode de croissance principal de S. obliquus. Au contraire, dans les simulations ou le
carbone organique était consommé uniquement par les bactéries ainsi que dans la co-culture

utilisant du glucose comme source de carbone, les bactéries dominaient la culture et la croissance
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des microalgues était tres faible. Ces résultats montrent que la contribution photohétérotrophe
dans le consortium microalgues-bactéries dépend de la source de carbone utilisée. De plus, les
similarités dans le comportement de 'oxygene et du carbone inorganique dissous dans le modele
et dans la co-culture expérimentale sur acétate ont démontré que la croissance des microalgues
était impactée par une limitation par le carbone inorganique dans la co-culture sur acétate alors
méme que 'acétate était la source principale de carbone pour les microalgues selon ’analyse
stoechiométrique. Alors méme que les microalgues et les bactéries étaient en compétition pour
I’acétate, la croissance des microalgues était donc également impactée par la production de COs
par les bactéries. Par conséquent, 'oxygene dissous consommé par la suite par les bactéries
s’est révélée dépendante de 'apport de COs, ce qui s’avere cohérent avec les résultats issus des

cultures de S. obliquus en photoautotrophie, photohétérotrophie et mixotrophie.

Cependant, les systémes excessivement simplifiés comme le modeéle ou les expériences dans
le photobioréacteur de laboratoire torique utilisant une seule source de carbone organique, une
seule espéce de microalgue et une seule espece de bactérie n’a pas permis de recréer la symbiose
attendue dans le HRAP. Comme montré dans nos résultats, ’affinité pour la source de carbone
s’est révélée tres importante dans les échanges créés par la suite entre les populations. Il est
recommandé pour la suite d’utiliser un mélange complexe de sources de carbone organique et

des populations mixtes de microalgues et de bactéries afin de simuler le HRAP.

Néanmoins, le PBR torique et le consortium microalgues-bactéries simplifié se sont néan-
moins avérés étre des outils pertinents pour étudier le comportement du HRAP. Premiérement,
les mesures en ligne ont fourni des informations clef sur les dynamiques d’Os et de CO4 au long
du cycle jour-nuit. Deuxiemement, alors qu’une des hypotheéses posées en amont de ce travail
questionnait la représentativité d’un PBR de laboratoire efficacement mélangé tel que le PBR
torique comparé a un raceway a large échelle potentiellement hétérogene, la caractérisation 3D
du HRAP de Peterborough a montré un trés bon mélange. Cela a justifié 'utilisation d’'un PBR
de laboratoire homogene tel que le torique pour simuler le systéme a échelle réelle. Le travail de
recherche présenté ici a démontré qu’un modele cinétique couplé a un modele radiatif constitu-

ait un outil précieux pour comprendre les dynamiques d’Os, de CO4, de biomasse microalgale
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et de biomasse bactérienne au long du cycle jour-nuit. Malgré la sursimplification du modele
dans cette thése, les concentrations en oxygene dissous étaient en accord avec celles mesurées en
HRAP. Les tendances étaient cependant différentes et ont permis de mettre en lumiere une limi-
tation par le carbone inorganique dans le modele alors que le HRAP paraissait étre plutét limité
par la lumiere. Cette tendance tend a souligner que les hypotheses et phénomenes sous-jacents
supposés dans notre modele étaient proches du fonctionnement réel du HRAP (c’est-a-dire un
carbone organique consommé essentiellement par les bactéries), mais que certains phénomenes
complexes sous-jacents impliqués dans le devenir du carbone dans le consortium microalgues-
bactéries sont toujours a élucider (c’est-a-dire I’absence de limitation par le carbone inorganique

dans le HRAP qui serait potentiellement associé a des mécanismes synergiques plus complexes).

En outre, la modélisation du comportement d’'un HRAP et de ses performances en termes
d’abattement des polluants et des pathogenes est extrémement complexe car elle implique la
prise en compte de I’hydrodynamique, du transfert de la lumiere, des transferts de gaz, des
interactions cinétiques entre les microorganismes et des mécanismes de désinfection. Générale-
ment, ces facteurs sont étudiés indépendamment. Ce travail de recherche présente ’avantage
de développer et d’évaluer une approche intégrative de laboratoire pour mieux comprendre les
interactions physiques (caractérisation 3D d’'un HRAP en termes de vitesse d’écoulement et
de mélange de 'oxygeéne et des polluants), chimiques et biologiques (interactions microalgues-

bactéries et impact des microalgues sur les mécanismes de désinfection) en HRAP.

La mesure des radiations solaires dans le HRAP de Peterborough a prouvé que leur péné-
tration dans le HRAP était trés faible, questionnant I'impact relatif des microalgues sur la
désinfection solaire. Au final, des expérimentations en laboratoire dans une cabine UV sur I'in-
activation du virus indicateur MS2 ont permis de mettre en avant le réle majeur des microalgues
non seulement dans les interactions trophiques avec les bactéries mais également dans les mé-
canismes de désinfection en produisant significativement des espéces réactives a 1'oxygene sous

l'action des UV.
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Perspectives de recherche

e Explorer les corrélations entre le mélange d’un raceway, la turbulence,
les flocs, les zones micro-anaérobies, la disponibilité O2/COq et la nitri-
fication.

e Caractériser les molécules organiques présentes dans les eaux usées
apreés prétraitement anaérobie et leur affinité avec les groupes de mi-
croorganismes présents dans le HRAP.

e Complexifier les expériences de laboratoire et les modeles en termes
de source de carbone et de populations.

e Explorer l'intérét d’un systeme en couche mince ciblant la désinfection

des pathogenes.

18




TABLE OF CONTENTS

List of figures 33
List of tables 36
List of abbreviations 37
Introduction 39
1 State of the art 53
1.1 Generalities about wastewater treatment . . . . . . . . . .. ... ... ... ... 53
1.1.1 A brief history of wastewater treatment . . . . . . ... ... ... ..., 53

1.1.2 Composition of wastewater . . . . . . . . . ... ... ... ... ..., 55

1.1.3 Legislation: required water standards quality . . .. ... ... ... ... 57

1.1.4 Activated sludge: mechanisms, issues and alternatives . . . .. ... ... 59

1.2 High Rate Algal Pond technology: functioning of a promising alternative solution 64

1.3

1.2.1 Primary treatment . . . . . . . ... L Lo 65

1.2.2 Secondary treatment: the central process in the HRAP . . . . . . . . . .. 67

1.2.3 Tertiary treatment: the separation of recoverable biomass and treated
wastewater . . . ... L. L 69

1.2.4  Valorisation of the water treated and of the biomass produced in the HRAP 70

Sustainability and performances of HRAP systems . . . . ... ... ....... 75
1.3.1 HRAP systems performances in real conditions . . . . . . . ... ... .. 75
1.3.2 Optimisation of HRAP performances through engineering parameters . . 81
1.3.3 Modeling HRAP systems . . . . . ... . ... ... ... ... ... 85



TABLE OF CONTENTS

1.4

1.5

1.3.4 Environmental and economical impact of HRAP . . . . . ... ... ... 87

1.3.5 Conclusion: HRAP versus activated sludge and improvement perspectives 91

Microalgae and bacteria in HRAP systems . . . . . . .. .. ... ... ... ... 93
1.4.1 Microalgae . . . . . . . 94
1.4.2 Bacteria . . . . . . . 110
1.4.3 Interactions between microalgae and bacteria in HRAP systems . . . . . . 115
Disinfection processes in HRAP and the role of microalgae . . . . . . ... .. .. 124
1.5.1 Generalities on viruses . . . . . . . . ... Lo 124
1.5.2 Disinfection processes . . . . . . . . . . ... e 126

1.5.3 Conclusion on potential microalgae impact on pathogens solar inactivation 133

1.6 Conclusion . . . . . . . e 134
2 Studied systems and analytical methods 137
2.1 Peterborough HRAP: study on the large-scale pilot . . . . . . ... ... ... .. 137
2.1.1 Objectiveof thestudy . . . . . . . .. .. ... 137
2.1.2  Study site and data collection in the pond . . . . . . .. ... ... .. .. 137
2.1.3  Analysis of wastewater composition . . . . .. ... ... ... 141
2.1.4 Statistics and data visualisation. . . . . . . .. .. ... ... 143

2.2 Torus photobioreactor: experiments at laboratory scale . . . . . . ... ... ... 143
2.2.1 Objectiveof thestudy . . . . . . .. .. ... ... ... ... ....... 143
222 Torus PBR . . . . . . 144
2.2.3 Simulation of day-night cycles . . . . . . . .. ... oL 147
2.24 Inoculum . . . . . .. 147
2.2.5 Culture monitoring . . . . . . . ... Lo 148

2.3 Modeling microalgae-bacteria interactions in the torus PBR . . . . . . . . .. .. 164
2.3.1 Principle . . . .. 164
2.3.2  Modelling of light transfer and light limitation . . . .. ... ... .. .. 165
2.3.3 Modeling of gas-liquid transfer . . . . . . .. ... ... ... ... 167
2.3.4 Modelling of algal growth, bacterial growth and gas exchanges . . . . . . 169

20



TABLE OF CONTENTS

24

2.3.5 Statevariables . . . . .. .. 172
Characterisation of microalgae impact on virus inactivation . . . . ... ... .. 173
2.4.1 Objective of the study . . . . . .. ... ... oo 173
242 UVAcabinet . . . . . . . . . 173
2.4.3 Preparation of the culture mediums . . . . . . .. ... ... ... ..., 174
2.4.4 MS2 and FE. coli stock and MS2 quantification . . . .. .. .. ... ... 177

3 Overview of microorganisms’ activity in HRAP by Peterborough HRAP 3D

characterisation 181
3.1 Introduction . . . . . . . . .. 181
3.2 Material and methods . . . . . . . ... 183
3.2.1 In situ measurements . . . . . . .. ... Lo 183
3.2.2 Normalisation between sensors . . . . . . . . .. .. ... ... 184
3.2.3 Normalisation of diurnal changes in wastewater DO and pH . . . . . . .. 184
3.3 Results. . . . . . L 187
3.3.1 Environmental conditions . . . . . . ... ... Lo Lo Lo 187
3.3.2 Flow velocity . . . . . . . . . . 187
3.3.3 Suspended solids . . . . . . ... 189
3.3.4 Chlorophyll a and dissolved oxygen . . . . . . .. .. .. .. ... ..... 189
3.3.5 Total organic carbon (TOC) . . ... ... ... ... ... ....... 192
3.3.6 Nitrifying activity . . . . . . . . . .. 193
3.3.7 Turbidity and attenuation of solar radiations . . . . ... ... ... ... 198
3.4 Discussion . . . .. .. e e 199
3.4.1 Flow velocity . . . . . . . . . e 199
3.4.2 Suspended solids . . . . . . ... 201
3.4.3 Dissolved oxygen . . . . . ... e 202
3.4.4 Nitrification . . . . . . . . ... 202
3.4.5 Sunradiations . . . . ... L 204
3.4.6 Power consumption. . . . . . . . ... 204



TABLE OF CONTENTS

3.5 Conclusion . . . . . . . 205

4 Synergy between carbon source and light in microalgal culture from the per-

spective of wastewater treatment in high rate algal ponds 207
4.1 Introduction . . . . . . . . . Lo 207

4.2 Relevance of microalgal consumption of organic and inorganic carbon in wastewater210

4.2.1 Organic carbon . . . . . . . .. L 210
4.2.2 Inorganic carbon . . . . . . . . .. .. 211
4.2.3 Synergy between organic and inorganic carbon consumption . . . . . . . . 212

4.3 Impact of light on microalgae in HRAP under autotrophic, heterotrophic and

mixotrophic conditions . . . . . ... ... o 214
4.3.1 Light availability in HRAP . . . ... ... ... ... ... ... . 214
4.3.2 Impact of day-night cycles on biomass growth . . . . . .. ... ... ... 215
4.3.3 Effect on light stress . . . . . . . .. .. L oo 218
4.3.4 Effect on pigments . . . . . ... Lo 218
4.3.5 Effect on cell composition . . . . . . ... ... 219
4.3.6 Effect on RuBisCO and citrate synthase activities . .. ... .. ... .. 220
4.3.7 Effect on carbon uptake . . . . . .. ..o 221
4.4 Lab-scale experiments representativity of HRAP actual conditions . . . .. . .. 222
4.5 Conclusion . . . . . . . 227

5 Relative contributions of photoautotrophy and photoheterotrophy to mixotrophic

growth of Scenedesmus obliquus in synthetic wastewater 229
5.1 Imtroduction . . . . . . . . . . L 229
5.2 Materials and methods . . . . . . . ... oo 231
5.3 Results. . . . . o e 233

5.3.1 Contribution of photoautotrophy and photoheterotrophy to biomass pro-

ductivity in mixotrophy . . . . . . . ... oo 233



TABLE OF CONTENTS

5.3.2 Organic carbon, inorganic carbon and oxygen fate and their contribution

toalgal growth . . . . . . . . ... 235

5.3.3 Oxygen balance . . . . . . .. .. L 241
5.3.4 Pigments . . . . . .. L e 241
5.4 DISCUSSION . . . . . . . o e 243
5.5 Conclusion . . . . . . . e 245

Fate and role of carbon sources in microalgae-bacteria interactions in syn-

thetic wastewater under simulated solar conditions 247
6.1 Introduction . . . . . . . . . . L 247
6.2 Material and methods . . . . . . . ... Lo 249
6.3 Results. . . . . . . . 251

6.3.1 Theoretical approach of microalgae-bacteria interactions . . . . . . . . .. 251

6.3.2 Experimental investigation of microalgae-bacteria interactions . . . . . . . 258
6.4 Discussion . . . . . ..o e 276

6.4.1 Investigation of carbon and oxygen fate in a coculture in day-night cycle . 276
6.4.2 Relevance of using torus PBR to simulate HRAP . . . . . .. ... .. .. 280

6.5 Conclusion . . . . . . . e e 284

Impact of microalgae on indicator viruses solar inactivation in HRAP in the

perspective of improving pathogens removal in HRAP systems 287
7.1 Introduction . . . . . . . . .. 287
7.2 Material and methods . . . . . . ... Lo 291
7.3 Results. . . . . o e 296

7.3.1 Effect of UVA attenuation by wastewater and microalgae on MS2 inacti-

7.3.2 Effect of ROS from wastewater and microalgae on MS2 inactivation . . . 298
7.3.3 Balance between positive and negative impact of microalgae and wastew-

ater on MS2 inactivation . . . . . . . . . ... 302



TABLE OF CONTENTS

7.3.4 MS2 inactivation in a 30 cm depth wastewater column . . . . . .
7.4 DiSCussion . . . . . . . .. e
7.4.1 Effect of UVA attenuation . . . . . . . .. ... ... ... ....
7.4.2 Effect of ROS production . . ... ... ... ... ........
7.4.3 Impact of microalgae in 30 cm depth columns . . . . . . .. ...

7.5 Conclusion . . . . . . . ..

General conclusion

A Culture medium composition

B Schumpe coefficients for the effect of salinity on O, solubility

C UVA intensity variation in the waterbath

D MS2 concentration curves

Bibliography

24

311

319

321

322

323

327



LIST OF FIGURES

1 Aerated pond in an activated sludge wastewater treatment plant . . . . ... ..
2 Different designs of photobioreactors for microalgae culture . . . . ... ... ..
3 5000 m? HRAP in Peterborough, South Australia . . . . . ... .. ........

4 Global structure of the thesis . . . . . . . . . . .

1.1 Timeline of wastewater treatment history in environmental and sanitary context

(Steichen 2011, Barraqué 2014, Bird 1992) . . . . . . .. ... ... ... ... ..
1.2 Origin and concentration of domestic wastewater components . . . . . . . . . ..
1.3  Water quality standards in France . . . . ... ... ... ... .. ........

1.4 Water quality standards in Australia . . . . . .. ... ... ... ... ... ..

1.5 Principle of activated sludge (Wang et al. 2008, Cébron 2004, Deronzier et al. 2001) 62

1.6 Aerial view of Peterborough wastewater treatment site . . . . . . . . . .. .. ..

1.7 Main chemical and biological processus occurring in pretreatment anaerobic pond

(Fallowfield and Garrett 1985, Kang et al. 2020, Park et al. 2013, Delfosse 2014)

1.8 Valorisation routes for treated water and biomass after secondary treatment in

1.9 N-NH], P-PO}~, BOD5 and COD concentrations in HRAPs outlet operating
in real conditions compared to French and Australian standards for rejection of

treated wastewater in natural environment . . . . . . . . .. ...

1.10 E. coli concentrations in HRAPs outlet operating in real conditions compared to

French and Australian standards for irrigation of non-food crops . . .. ... ..

1.11 Velocity profiles in a 500m?, 0.2m depth raceway obtained by CFD modelling . .

25

65

66

82



LIST OF FIGURES

1.12

1.13

1.14

1.15

1.16

1.17
1.18
1.19
1.20
1.21
1.22
1.23
1.24
1.25
1.26

1.27

1.28

1.29

1.30

Energy consumption per cubic metre of treated water for HRAP compared to
activated sludge, Sequencing Batch Reactor (SBR) and constructed wetlands . . 88
COg, NoO and NHj3 emissions per cubic metre of treated water for HRAP com-

pared to activated sludge, Sequencing Batch Reactor (SBR) and constructed wet-

lands . . . . . L 89
Area per cubic metre per day of treated water for HRAP compared to activated

sludge and constructed wetlands . . . . . . .. ... Lo Lo 90
Capital and operation cost for HRAP compared to activated sludge, Sequencing

Batch Reactor (SBR) and constructed wetlands . . . . . ... ... ... ... .. 91
Repartition of particulate carbon among HRAP microorganisms and organic de-

Tritus . . . . 93
Microalgae structure . . . . . . . . Lo Lo 95
Representation of electron transport chain in thylakoid membrane . . . .. . .. 96
Reactions occurring in Calvin cycle in chloroplast stroma . . . . .. .. .. ... 97
Reactions occurring in mitochondria and cytosol as part of aerobic respiration . . 98
Evolution of productivity as a function of MRPA . . . . . . ... ... ... ... 102
Mechanisms of inorganic carbon transport through algal cell . . . . . . . . .. .. 104
Bacteria cell structure . . . . . . . ..o 110
Aerobic respiration in heterotrophic bacteria. . . . . . . . .. ... 111
Ammonium and nitrite oxidation and COq fixation in nitrifying bacteria . . . . . 113
Main chemical and biological processus occurring in HRAP during the day (Fal-

lowfield and Garrett 1985, Cébron 2004, Canziani 2010) . . . . . .. .. ... .. 115
Main chemical and biological processus occurring in HRAP during the night (Fal-

lowfield and Garrett 1985, Cébron 2004, Canziani 2010) . . . . . . ... ... .. 116
Potential carbon fluxes in microalgae-bacteria consortium in presence of organic

carbon (Fallowfield and Garrett 1985) . . . . . ... .. ... ... ... ..... 124
MS2 virus structure (Golmohammadi et al. 1993) . . . . .. ... ... ... ... 126
Infection of E. coli by MS2 virus . . . . . . .. . . ... 126



LIST OF FIGURES

1.31 Links between parameters involved in microorganisms and viruses inactivation
in HRAP (red arrows corresponds to negative effects on inactivation and green

arrows corresponds to positive effects on inactivation) (Bolton 2012) . . . . . ..

2.1 Peterborough HRAP (Photo: Rajina K C) . . . .. ... ... ... ........
2.2 Localisation of the cross sections in the pond and their distance from the paddle-
wheel . . . L
2.3 Gantry equipped with multiparameter sensors and wastewater sampling hoses . .
2.4 Gantry equipped with flowmeters . . . . . . . . . ..o
2.5 Torus PBR equipment and instrumentation . . ... ... ... .. ... .....
2.6 Light attenuation profile in (a) 4 cm depth torus PBR (b) 30 cm depth HRAP
2.7 Light attenuation profile in microalgae culture with nutrient supply equal to
anaerobically pretreated wastewater composition in: (a) 4 cm depth torus PBR
(b) 30 cm depth HRAP . . . . . . . ...
2.8 Functioning of micro gas chromatograph 490 . . . . . .. ... ... ... ....
2.9 Principle of radiative properties measurement . . . . . . . ... ... ... .. ..
2.10 Correlation curve between turbidity and dry weight for E. coli . . . . . ... ..
2.11 Method for E. coli CFU determination . . . . . . . . .. .. .. ... ... ...,
2.12 Correlation curve between turbidity and CFU for E. colé . . . . . . . . .. .. ..
2.13 Block diagram of the kinetic model aiming at simulating photoautotrophic growth
of S. obliquus, chemoheterotrophic growth of E. coli and gas exchanges . . . . . .
2.14 UVA cabinet . . . . . . . . . e
2.15 Calibration curve predicting the power value to apply depending on the UVA
incident irradiance . . . . . . . ...
2.16 Cultures of microalgae isolated from Peterborough HRAP (a) Isolated species (b)
Final mixture . . . . . . . .. L
2.17 Dissolved organic carbon in microalgae culture before and after sonication, freezing-
defreezing and heating . . . . . . . . . . .. ... ..o

2.18 Anaerobic pond upstream Peterborough HRAP . . . . . . . ... ... ... ...

27



LIST OF FIGURES

2.19

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

MS2 plate count . . . . . ... e 179
Global view of Peterborough HRAP (Photo: Howard Fallowfield) . . . . ... .. 182
DO diurnal variation and resulting polynomial regression . . .. .. .. .. ... 186

Flow velocity (m.s~!) in Peterborough HRAP throughout channel length, width
and depth . . . . . . . 188
Suspended solids (g.L.~!) in Peterborough HRAP throughout channel length,
width and depth . . . . . . . . . . . e 190
Dissolved oxygen (mg.L~!) in Peterborough HRAP throughout channel length,
width and depth . . . . . . . . .. 191
Chlorophyll a concentration (mg.L~!) at different cross-sections along the length
of the channel . . . . . . . . . . . L 192
Total organic carbon (mgC.L~') in Peterborough HRAP throughout channel
length, width and depth . . . . . . . .. ... . L oo 193
Ammonium (mgN-NH;.L~!) in Peterborough HRAP throughout channel length,
width and depth . . . . . . . . .. 195
Nitrites (mgN-NO,.L~!) in Peterborough HRAP throughout channel length,
width and depth . . . . . . . .. o 196
Nitrates (mgN-NO3 L7Y) in Peterborough HRAP throughout channel length,
width and depth . . . . . . . . o o 197
Microscopic observation of the HRAP wastewater during the first campaign in
November 2022 (a) and during the second in June 2023 (b). . . . . . .. ... .. 198
Total inorganic carbon (mgC.L~!) in Peterborough HRAP throughout channel
length, width and depth . . . . . . . . . . . .. ... .. ... ... . 199
Orthophosphates (mgP-PO3~.L~!) in Peterborough HRAP throughout channel
length, width and depth . . . . . . . . . . ... .. ... ... o 200
(a) PAR attenuation (umol.m~2.s7!) and (b) UVA attenuation (W.m~2) over the

pond depth. . . . . . . . L 201



LIST OF FIGURES

3.15 Effect of the distance from the paddlewheel on different microorganmisms’ pop-

ulations in Peterborough HRAP . . . . . . . ... ... ... L.

4.1 Overview of carbon sources assimilable by microalgae in domestic wastewater . .

4.2 Impact of irradiance on microalgae in presence and absence of assimilable organic

carbon . . . L

4.3 Overview of factors influencing light and organic carbon availability for microalgae

and the different trophies occurring depending on variations in those conditions .

5.1 Energy source, carbon source and electron donor for microalgae in photoautotro-

phy, photoheterotrophy, mixotrophy and chemotrophy. . . . . . ... .. ... ..

5.2 Surface microalgal productivities in autotrophy, photoheterotrophy and mixotro-

phy limited and non-limited in Nand P . . . . . . ... ... .. 0oL,

5.3 Carbon balance deduced from carbon flux in the inlet and the outlet of au-

totrophic, photoheterotrophic and mixotrophic S. obliquus cultures . . . . . . . .

5.4 Carbon, oxygen and nitrogen fluxes in mol/m?/h in photoautotrophic, photo-

heterotrophic and mixotrophic S. obliquus culture . . . . . . . .. ... ... ...

5.5 Net productions rates of O2 and COs in autotrophy, photoheterotrophy and

mixotrophy (normalised by the biomass concentration) . . . . . . ... ... ...

5.6 Chlorophyll a, chlorophyll b and carotenoids content in the biomass in autotrophy,

photoheterotrophy, mixotrophy limited and non-limited in nutrients . . . .. . .

5.7  Overview of O2 and CO2 dynamics in autotrophy, photoheterotrophy and mixotro-

6.1 Diurnal variation of the incident PFD . . . . . . . . . . .. . ... .. ... ...

6.2 Experimental (black dots) and modeled (dotted line) biomass concentration Cxr,
pigment concentration Cp;, and pigment content wp;, for 2 batch cultures of S.

obliquus (a) at 100 pmol.m=2.s71 (b) at 800 ymolm=2.s~t. . . . . ... ... ..

29

224



LIST OF FIGURES

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

(a) Modeled microalgal and bacterial biomass in coculture in day-night cycle,
D=0.008 h™1, C,r;=260 mgC.L~! (b) Modeled biomass in day-night cycle, D=0.008
h™!, Cbry=260 mgC.L~! when microalgae were grown alone (left) and when bac-

teria were grown alone (right) . . . . . . .. ... Lo o 254

First column: modeled DO, microalgal Oz production rate rog,,, and microalgal

growth rate pq4; second column: TIC and microalgal CO2 production rate IC02,, 256
Modeled Oy and COs volumetric transfer rates NOy and NCOs . . . . . . . . .. 257

Surface biomass productivities in Peterborough HRAP and in torus PBR supplied
with synthetic wastewater with 130 mgC.L~! of acetate, 260 mgC.L~! of acetate
and 130 mgC.L™  of glucose . . . . . . . . . . ... ... 259

Organic carbon consumption rate in the torus PBR supplied with synthetic
wastewater with 130 mgC.L~! of acetate, 260 mgC.L~! of acetate and 130 mgC.L~*

of glucose . . . . . . . 260

Microalgal and bacterial productivities in synthetic wastewater supplied with 130

mgC.L~! of acetate, 260 mgC.L~! of acetate and 130 mgC.L~! of glucose . . . . 260

Diurnal variations of total, microalgal and bacterial biomass in synthetic wastewa-
ter supplied with 260 mgC.L™! of acetate. Black line is the irradiance, orange dots
the total biomass, green dots microalgal biomass and purple dots the bacterial

bilomass . . . . . . e 261

Diurnal variations of dissolved oxygen in a coculture supplied with synthetic

wastewater with 260 mgC.L~! of acetate (in red) compared to the model (in

Diurnal variations of total inorganic carbon (TIC) and total organic carbon
(TOC) in a coculture supplied with synthetic wastewater with 260 mgC.L~! of

acetate . . . .. L e e e e e 263

Net O2 and CO» volumetric production rates along the diurnal cycle in a coculture

supplied with synthetic wastewater with 260 mgC.L~! of acetate . . . . .. . .. 266

30



LIST OF FIGURES

6.13

6.14

6.15

6.16

6.17

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

Carbon balance showing the repartition of carbon supplied between the biomass,

the liquid phase and the gas phase in the coculture supplied with (a) SWWx1

(130 mgC.L~! of acetate) (b) SWWx2 (260 mgC.L~! of acetate) . .. ...... 267
Acetate, TIC, Oz and NH3 fluxes (in mol.m~3.h~1) in S. obliquus-E. coli coculture
with 130 mgC.L~! of acetate supply during the daytime and the nighttime . . . 272
Acetate, TIC, Oy and NH3 fluxes (in mol.m™3.h~!) in S. obliquus-E. coli coculture
with 260 mgC.L~! of acetate supply during the daytime and the nighttime . . . 273
Dissolved oxygen concentration in Peterborough HRAP over 24h . . . . . . . .. 275
Factors determined by experimental conditions influencing Og, CO2 and organic
carbon availability in a laboratory PBR . . . . . .. .. ..o o000 283
Interactions of factors influencing disinfection in HRAP . . . . ... ... .. .. 290

Experimental plan for investigation of effect of UVA attenuation by microalgae

and wastewater on MS2 inactivation by UVA . . . . . ... ... ... ... ... 292

Experimental plan for investigation of effect of ROS from microalgae and wastew-

ater on MS2 inactivation by UVA - Determination of depth-averaged irradiance . 293

Experimental plan for investigation of the effect of ROS from microalgae and

wastewater on MS2 inactivation by UVA - Irradiation of MS2 . . . . .. ... .. 294
Mode of action of L-histidine for the inhibition of the effects of singlet oxygen . . 294

Composition of the different media used in experiments investigating the effect of

ROS from wastewater and microalgae on MS2 inactivation . . . . . . .. ... .. 295

Experimental plan for investigation of the effect of microalgae on MS2 inactivation

in a 30 cm depth wastewater column . . . . . . .. ..o oo 296

UVA attenuation in a 30 cm-depth column of (a) RO water (b) anaerobically
pretreated wastewater (c) microalgae culture. Dotted lines correspond to the av-

eraged UVA irradiance. . . . . . . . . . . . . 297



LIST OF FIGURES

7.9

7.10

7.11

7.12

7.13

7.14

7.15

C.1

D1

D.2

MS2 inactivation rates K in h~! obtained in RO water at UVA incident irradiances
equivalent to the respective depth averaged irradiance obtained at an incident
irradiance of 22 W.m™? within 30 cm-depth columns of RO water, wastewater
and a microalgal suspension. . . . . .. ... Lo Lo 298
MS?2 inactivation rates K in h™! with and without L-histidine in RO water, 0.45
pm filtered wastewater, BBM, heated and 0.45 pm filtered microalgae culture and
microalgae culture irradiated respective depth averaged UVA irradiances Gog,, =

8.8 W2, Goyyy = 16.8 W2, Goyypyy = 8.8 W2, Gopyrp = 12.4 Wom ™2

and Go,,, =277 Wam™2 . ..o 299
Dissolved organic carbon in RO water, 0.45 um filtered wastewater, BBM, heated
and 0.45 pum filtered microalgae culture and microalgae culture . . . . . . . . .. 300
Contribution of water + MS2 inoculum and BBM to the total MS2 inactivation

(without L-histidine) in filtered wastewater, microalgae extract and microalgae
experiments . . . . ... L. L L 301
Negative impact of microalgae and wastewater on inactivation rate due to UV

attenuation (in red) and positive impact of microalgae and wastewater on inacti-

vation rate due to ROS production (in green) . . . . . . ... ... ... ... .. 302
MS2 inactivation rates K with and without L-histidine in wastewater and wastew-

ater added with microalgae, irradiated with 22 Wom=2 UVA . . . . . .. ... .. 304
UVA attenuation in 30 cm depth wastewater columns containing or not microalgae304

UVA intensity variation in the waterbath inside the UV cabinet and position of

the 6 samples . . . . . . . . 322

MS2 concentration over 50h irradiated with (a) Gaerr = 0 W.m™2, (b) Geanpo
=129 W.m 2, (¢) Grcanyy = 2.5 Wm™2, (d) Grcangygee = 2.1 Wm™2 .. .. 323
MS2 concentration over 50h in (a) RO water, Go,, = 8.8 W.m™2, (b) Filtered
wastewater, Goy, = 16.8 W.m™2, (c) BBM, Go,,;,, = 8.8 W.m 2, (d) Microalgae

extract, Gogyrn = 12.4 W.m ™2, (e) Microalgae, Go,,, = 27.7 Wam=2 . . . . .. 324

32



List of figures

D.3 MS2 concentration over 50h under Gg = 22 W.m~2 in a 30-cm depth column of

(a) Wastewater (b) Wastewater + microalgae . . . . . . .. ... ... ...... 325

33



LIST OF TABLES

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

2.1

Average wastewater composition after anaerobic pond treatment according to
Assemany et al. (2015), Buchanan et al. (2018a), El Hamouri et al. (1995), El
Hamouri (2009), El Hamouri et al. (2003), Paing et al. (2003), Sutherland et

al. (2017), Zhao et al. (2018) . . . . . . ... 67
N-NHj, P-PO;}~ and BOD5 removal performance results on HRAP >25m? treat-

ing real domestic wastewater in outdoor conditions . . . . . . .. ... ... ... 78
Compilation of HRAP faecal coliforms removal performance results on pilots
>25m? treating real domestic wastewater in outdoor conditions. UASB = Up-

flow Anaerobic Sludge Blanket reactor . . . . . . .. ... ... ... ....... 79
Comparison of activated sludge and HRAP performances, surface, costs and en-

ergy consumption . . . . ... oL oL Lo 92
Elemental composition of Chlorella vulgaris (Soulies 2014) . . . . . . .. ... .. 99
Carbonate equilibria equations and corresponding pH ranges (Pobernik et al. 2008)103
Synthesis of previous studies on algae-bacteria interactions in efluent treatment
(ANOB=Ammonium and Nitrite Oxidising Bacteria, HB=Heterotrophic Bacte-

ria, PAO=Phosphorus Accumulating Organisms, AS=Activated Sludge, SWW=Syn-
thetic Wastewater) . . . . . . . ... .. L 120
Respective euphotic depth for UVB, UVA and visible light in Waste Stabilisation
Pond and in freshwater, whicg is the depth at which 1% of the incident surface

irradiance is recorded (Bolton et al. 2011) . . . . . . .. ... ... ... ... .. 128

Values and units for constants used for the calculation of net volumetric produc-

tion of Og and COq . . . . . . . . . e 149



LIST OF TABLES

2.2

2.3

24

2.5

2.6

3.1

3.2

4.1

5.1

5.2

6.1

6.2

6.3

Values and units for constants used in light transfer modelling equations (Urbain

Values and units for constants used in gas-liquid transfer modelling equations

(Urbain 2017) . . . . . . . o 170
Values and units for constants used in gas-liquid transfer modelling equations . . 171

Values and units for constants used in the calculation of the derivatives of the

state variables (Urbain 2017) . . . . .. . ... ... .. oL 173
Purpose and preparation of each media . . . . . . .. ... ... ... ... ... 177
Characterisation of anaerobically pre-treated wastewater (inlet). . . . . .. ... 184

Variability of pH and DO measurements between left, center and right sensors

and resulting corrections to apply . . . . . . .. oL oL 185

Impact of low irradiance and high irradiance on algal cell in autotrophy . . . . . 216

Culture conditions for autotrophic, photoheterotrophic, mixotrophic limited and

non limited experiments . . . . . . . . .. Lo 233

Carbon balance showing the repartition of carbon supplied between biomass, lig-
uid phase and gas phases for photoautotrophic, photoheterotrophic and mixotrophic

cultures . . . .o L 237

Culture conditions for experiments imitating HRAP conditions . . . . .. .. .. 250

Carbon balance showing the repartition of carbon supplied between the biomass,
the liquid phase and the gas phase in the coculture supplied with 130 and 260

mgC.L b ofacetate . . . . . . . .. ... 267

Dissolved oxygen, total inorganic and organic carbon measured during the day in

Peterborough HRAP and cocultures in the torus PBR . . . . .. ... ... ... 274

35



List of tables

7.1 UVA irradiance (in W.m™2) over 4 cm-depth RO water/BBM, microalgae, mi-
croalgae extract and filtered wastewater after adjusting incident UVA irradiance

(at depth = 0 cm, in red) to obtain similar average irradiance over the 4 cm depth

(inbold) . . . . o 293
A.1 Composition of BBM-nitrate medium . . . . . . ... ... ... .. ... ..., 319
A.2 Composition of additive 1 . . . . . . . . .. .. 319
A.3 Composition of additive 2 . . . . . . . ... 319
A.4 Composition of M9 medium for E. coli cultivation . . . . . . ... .. ... ... 320

A.5 Composition of synthetic wastewater, classical (SWWx1) and concentrated (SWWX2)320

B.1 Schumpe coefficients H; at 23°C for eachion. . . . . . . . ... ... ... .... 321

36



LIST OF ABBREVIATIONS

AA: Amino Acids

ADP: Adenosine diphosphate

AMO: ammonia monooxygenase
AOB: Ammonium Oxidising Bacteria
AOM: Algal Organic Matter

AS: activated sludge

ATP: Adenosine triphosphate

BBm: Bold Basal Medium

BNR: Biological Nutrient Removal

BODs5: Biological Oxygen Demand over 5

days

CCM: Carbon Concentration Mechanisms
CEC: Contaminants of Emerging Concern
CFD: Computational Fluids Dynamics
CFU: Colonies Forming Units

COD: Chemical Oxygen Demand

CS: cross section

DNA: deoxyribonucleic acid

DO: Dissolved Oxygen

EBPR: Enhanced Biological Phosphorus

Removal

EPS: Exopolysaccharides

ETC: Electron Transport Chain

GEPEA: Génie des Procédés Environ-

nement Agroalimentaire

37

HAO: hydroxylamine oxidoreductase

HB: heterotrophic bacteria

HRAP: High Rate Algal Pond

HRT: Hydraulic Retention Time

LB: Lysogeny Broth

MRPA: Mean Rate of Photons Absorption
NOB: Nitrite Oxidising Bacteria

NPQ: Non-photochemical quenching
NXR: nitrite oxidoreductase

PAO: Phosphate Accumulating Organism
PAR: Photosynthetically Active Radiations
PBR: Photobioreactor

PFD: Photons Flux Density

PFU: Plaque Forming Unit

PID: Proportional Integral Derived

PSI, PSII: photosystems I and 11

RNA: Ribonucleic acid

RO: Reverse osmosis water

ROS: Reactive Oxygen Species



List of abbreviations

RuBisCO:  -1,5-bisphosphate
lase/oxygenase

SRT: Solid Retention Time

SWW: synthetic wastewater

TC: total carbon

TKN: Total Kjeldhal Nitrogen

TIC: Total Inorganic Carbon

TOC: Total Organic Carbon

TSA: Tryptone Soy Agar

carboxy-

38

TSB: Tryptone Soya Broth

TSS: Total Suspended Solids

UASB: Up-flow Anaerobic Sludge Blanket
UV: Ultraviolet

VFA: Volatile Fatty Acids

VSS: Volatile Suspended Solids

WHO: World Health Organisation

WSP: Waste Stabilisation Pond



INTRODUCTION

An overview of current wastewater treatment systems

The first wastewater management systems composed of cesspits and clay pipes appeared
around 4000 BC and prefigured the sewage systems we know today (Khaire 2020). Later, wastew-
ater management and treatment technologies have evolved throughout history with the discov-
eries in bacteriology, the progress of the techniques and the evolution of the legislation.

Wastewater treatment is crucial for protecting public health and preserving the environment.
Poor sanitation is linked to the transmission of diarrhoeal diseases such as cholera and dysentery,
as well as typhoid, intestinal worm infections and polio. It also contributes to the spread of
antibiotic resistance. In developing countries, the contamination of domestic-use water due to
inadequate wastewater system sanitation caused more than 1 000 child death per day in 2012,
mainly attributed to Africa and South-East Asia (World Health Organisation 2022).

Nowadays, pathogens removal remains the biggest challenge of wastewater treatment in the
world. Wastewater also contains large amounts of nutrients, principally ammonium, nitrates
and phosphates. When discharged in significant quantities into the environment, those nutrients
lead to eutrophication of the system, characterised by excessive algal growth called algal blooms.
During their degradation, algae consume the oxygen available in the water, causing the asphyxia
of the aquatic environment and fauna death. The decomposition of algal biomass is also asso-
ciated with the production of hydrogen sulfide (H3S), a toxic gas. Moreover, cyanobacteria, a
phylum able to produce toxins, are likely to develop in the algal blooms. Those toxins could
be dangerous for fauna, flora and human health (Chislock et al. 2013). Besides, the daily use
of personal care products and pharmaceuticals implies the presence of emerging contaminants

in domestic wastewater. Emerging contaminants are substances that recently appeared in the

39
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environment and are often non-regulated or monitored and presenting a potential treat for the
health and the environment (Norvill et al. 2016). Other micropollutants such as heavy metals
and pesticides are found in significant concentrations in raw wastewater and are susceptible to

cause serious diseases if not removed efficiently.

Because of the risk associated with untreated wastewater for the health and the environment,
national guidelines and standards for treated wastewater were established worldwide. Treated
wastewater must reach acceptable quality before being rejected in rivers or used for human
activities in order to protect the environment, the users health and safety and the drinking
water resource (Steichen 2011). Wastewater treatment systems adapted to the available area
and the origin of the wastewater have been implemented worldwide to reach these national

guidelines and standards.

Wastewater can be of industrial, agricultural or domestic origin. While small industries are
usually connected to the domestic sewage network, bigger companies use their own wastewater
treatment system. In urban areas, the great majority of domestic wastewater is treated in col-
lective plants. On the contrary, in remote areas, very isolated houses cannot be connected to
the general wastewater network and must be equipped with individual wastewater treatment
systems such as septic tanks. Rainwater can flow in the same network as wastewater in the
case of unitary network. Otherwise, when a separate network is present, rain water is collected
and treated in a different place than wastewater. This system limits wastewater flow rate and

dilution and makes either wastewater and rain water treatment easier.

In average, in Europe, a person produces between 44 and 126 L of wastewater per day. The
wastewater production is especially important in the morning, in the evening and during the
weekend (Eme and Boutin 2015). The concept of population-equivalent has been established as
a base to evaluate the organic pollution present in wastewater, based on the average production
per person per day. One population-equivalent corresponds then to an average daily discharge of
60 g of BODj5 (Biological Oxygen Demand over 5 days), BODs representing the biodegradable
organic load (note that the total organic load corresponds to the Chemical Oxygen Demand

COD) (Bird 1992).
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Collective wastewater treatment systems must then be scaled to store and treat variable
quantities of wastewater. The activated sludge system, based on bacterial aerobic degradation
of organic matter and flocculation (Figure 1) and often completed by chemical disinfection, is the
most widely used system for treating wastewater in developed countries. This compact system
that allows to treat large volumes of wastewater turned out to be efficient for organic matter

removal for a wide range of population-equivalent.

Figure 1

This image has been removed due to copyright
restriction. Available online from https://cpe.rut-
gers.edu/water-wastewater/microbiology-of-
activated-sludge

Figure 1 — Aerated pond in an activated sludge wastewater treatment plant. Source: https://cpe.rut-
g
gers.edu/water-wastewater /microbiology-of-activated-sludge

However, the activated sludge system is often too expensive and energy-consuming for being
used sustainably in developing countries, where the part of untreated wastewater being dis-
charged into the environment is the highest in the world. 2.6 billion humans still cannot access
sanitation services, even while it is considered as a fundamental right by the United nations
organization (Steichen 2011). In the case of developed countries, sanitation still raises issues
regarding the cost, the environmental impact and the valorisation as nutrients of the pollutants
from the wastewater. Activated sludge implies the use of costly and energy-consuming artificial

aeration for providing oxygen to the bacteria. In order to maintain dissolved oxygen concen-

41



Introduction

trations, a mechanical (the air is mixed with the liquid phase) or diffused (pressurized air is
diffused at the bottom of the tank) aeration system is used in the tank (Tuser 2021). In addi-
tion, the significant amount of sludge produced by this system presents a high water content
that needs to be drastically reduced before valorisation for sanitisation and for reducing han-
dling and transport costs. When solar drying is not possible, the water content must be reduced
by thermal drying which is energy-consuming and costly. After drying, sludge can be spread on
agricultural lands as a fertilizer, be incinerated or converted into gas for energy recovery. These
valorisation routes are however expensive and submitted to strict regulations (Nazari et al. 2018,
Gomes et al. 2023). For reducing the risks of eutrophication, the legislation does not allow to
apply the totality of the sludge produced on agricultural lands. The remaining sludge cannot be
valorised and must be incinerated. Finally, activated sludge is underperforming for phosphorus
removal, meaning that a tertiary chemical treatment is necessary for reaching the standards for

phosphorus applied by different countries.

Secondary alternative treatments are already setup to replace or complete activated sludge
systems, like natural lagoon systems where water is simply stocked in shallow ponds or planted
bed of reed. Activated sludge process can also be completed by bacterial filters: after the clari-
fier, water is brought to a filtering mater where bacteria are developing. Those bacteria help to
degrade the remaining pollutants in the water (Moulin et al. 2013). Discharging vegetated areas
can also be introduced between the wastewater treatment plant and the receiving environment,
allowing to complement treatment for suspended material, nutrients, metals and micropollu-
tants (Boutin and Prost-Boucle 2012). Anaerobic reactors also enable comparable removal rates
as activated sludge, with lower sludge production, lower energy consumption and lower space
requirements. However, higher retention times are required, odors can be emitted and an aerobic
post-treatment is often required to meet standards rejection (Pavlostathis 2011). Whatever the
technology, a real need for improving accessible, low energy-consuming and robust alternative

system is emerging.
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High rate algal ponds: a promising alternative technology

In order to meet the needs in proposing alternative process for water treatment, wastewater
treatment systems using microalgae emerged in 1950’s in California (Benemann et al. 1978).
Those outdoor ponds called High Rate Algal Ponds (HRAP) are used for the biological secondary
treatment of wastewater of domestic or industrial origin. In these paddlewheel-mixed shallow
raceways (30-50 cm depth), oxygenation of the HRAP by photosynthetic organisms such as
microalgae replaces artificial aeration for aerobic degradation of organic matter. Microalgae and
bacteria consume the nutrients targeted by wastewater treatment such as carbon, nitrogen,
phosphorus and sulfur, which are necessary for the prosper functioning and for the structural
elements of microalgal and bacterial cells. Several studies have demonstrated the ability of
microalgae to consume and remove nutrients and organic matter from wastewater (Mehrabadi
et al. 2015, Herndndez et al. 2016, Garcia et al. 2000), together with bacteria that benefit
from microalgal oxygen production and provide inorganic carbon to the microalgae. In other
words, microalgae-bacteria consortium turn the dissolved pollutants into biomass that can be
subsequently separated from the treated water.

Algal biomass constitute a promising source of molecules of interest for agriculture, food,
pharmaceutic and cosmetic. Generally, microalgae are cultivated in photobioreactors (PBR) of
different designs, among others tubular, raceway, inclined plan or columns, presented in the
Figure 2, that aim at optimising light utilization by microalgae. However, production costs are
currently very high due to the need for artificial continuous light, freshwater and nutrients. Yet,
in HRAP, light is supplied by the sun and water and nutrients are brought by the wastewater,
removing the need for artificial light, clean water or synthetic nutritive mediums. According to
Mehrabadi et al. (2015), producing 1 ton of microalgae requires 40-100 kg of nitrogen and 3-12
kg of phosphorus, which would correspond to around 2500 m® of wastewater. However, reusing
algal biomass produced in wastewater presents limitations. The high level of contamination of
the biomass does not permit applications in health, animal or human feeding. However, biogas,
fertilizers or biofuel production remains possible (Mussgnug et al. 2010, Alvarez-Gonzélez et

al. 2023, Heredia et al. 2022).
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Figure 2a
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Figure 2 — Different designs of photobioreactors for microalgae culture (a) Raceway (Kumar and Jain 2014) (b)
Tubular (Abert Vian et al. 2013) (c) Inclined plan (http://www.phytosystems.ulg.ac.be/fr/infrastructures/biore-
acteurs) (d) Columns (https://www.besustainablemagazine.com/cms2/sabana-project-launched/)

In the end, the low environmental footprint and the low cost associated with HRAP sys-
tems could favour the replacement of some existing non-optimal technologies for wastewater
treatment or the equipment of areas that does not have one. Sparsely limited by space while
housing small populations, rural areas are especially adapted for the setting up of wastewater
treatment systems including microalgae. Since the first experiments on wastewater treatment
with microalgae in California in 1950’s, some rural communities chose this wastewater treat-
ment system and, since 1970s, microalgae have been used as a tertiary water treatment (Wang

et al. 2016). Several studies in outdoor HRAP have reported satisfying pollutant removal from
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municipal, agro-industrial, pharmaceutical, textile-dye or even petrochemical efluents (Pereira
et al. 2017, Wang et al. 2016). Nevertheless, outdoor HRAP systems are sunlight-dependant,
inducing variable although significant performances along the seasons and the time of the day.
In addition, even while a pre-treatment pond can act as a buffer, wastewater composition is
also likely to vary depending on the period of the day or the year. While optimising a system
submitted to such environmental conditions, modeling is of interest to consider the varying pa-
rameters in the perspective of implementing the HRAP at industrial scale. Numeric simulations
allow to run a great amount of scenarios in a short time and also to generate data that can be
used for a better understanding of the experimental data. In the case of wastewater treatment
processes, using a model is useful to predict removal performances and then scale the system.
In order to implement a realistic model, a better understanding of the HRAP system and the

trophic interactions between microalgae and bacteria is however needed.

The rising interest of scientists for microalgae-bacteria consortium for wastewater treatment
is relatively recent. While this type of system has been studied since 1970, 65% of the publications
written between 1970 and 2021 were done after 2018 (Oviedo et al. 2022). Numerous studies
have already investigated the impact of hydraulic retention time (HRT) and solid retention time
(SRT), depth, geometry, pre-treatment, inoculated algal species or CO4 injections on organic and
mineral pollutants and pathogens removal, allowing to determine a range of optimal engineering
parameters for the operation of HRAP (Ruas et al. 2020, Young et al. 2019a, Sutherland et
al. 2014b, Inostroza et al. 2021). Numerous technico-economic studies have also demonstrated
the economic and environmental interest of HRAP for wastewater treatment (Garfi et al. 2017,
Kohlheb et al. 2020, Arashiro et al. 2018). According to these studies, the paddlewheel mixing
system used in HRAP is very energy-efficient compared to the activated sludge systems. However,

mixing and heterogeneity of large-scale HRAP has been rather understudied.

As a key aspect of HRAP functioning, organic molecules are present in significant quantities
in domestic wastewater. In classical wastewater treatment systems, those molecules represent
the carbon and energy source for heterotrophic bacteria. In HRAP system where microalgae and

bacteria are in interaction, organic molecules could also play a role in microalgal growth. While
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microalgae are mainly photoautotroph, utilizing then CO2 as a carbon source and light as an
energy source, they are also able to use organic carbon as both their carbon and energy source,
in photoheterotrophy (in the presence of light) or chemoheterotrophy (in darkness). They are
also able to use simultaneously light and organic carbon as their energy source and COs and
organic carbon as their carbon source, in mixotrophy. Nevertheless, in wastewater, bacteria is
expected to play a major role in organic depollution. Indeed, their growth kinetic is quicker
than microalgae and organic carbon is their unique source of carbon and energy. Because of
this, bacteria should be the major consumer of organic molecules, but could also compete with
microalgae for nutrients (nitrogen, phosphorus, sulfur). Large-scale HRAP is then a complex
system composed of a diverse population with intricate trophic interactions. Yet, there is still
some debate on the necessity to add carbon dioxide to HRAPs to improve microalgal growth and
wastewater treatment, potentially increasing their capital and operating costs and limiting wider
application. As microalgae may also use organic molecules present in wastewater as a carbon
source simultaneously with inorganic carbon produced from both algal and bacterial oxidation
of organic carbon, the need for external carbon dioxide addition can be questioned. However,
interactions between microalgae and bacteria are still unclear due to the difficulties of separating
microalgae, bacteria and other suspended solids and to discriminate the contributions of each

element to the carbon and oxygen production and consumption.

Besides, pathogens removal in HRAP also calls on complex mechanisms as it relies on the
synergistic disinfecting action of ultraviolet (UV) radiations, dissolved oxygen, pH and Reactive
Oxygen Species (ROS) for killing bacteria and viruses. The current debate implies the contribu-
tion of dark and sunlight-driven mechanisms (Chambonniere et al. 2020) and the interest of sep-
arating microalgae from the water for improving tertiary treatment. In HRAP, pathogen removal
mainly relies on UV radiation from the sun. UV radiation induces photochemical modifications
of DNA (deoxyribonucleic acid) and RNA (ribonucleic acid), leading to pathogen inactivation.
However, high turbidity due to microalgae and detritus from the wastewater reduces UV pen-
etration in HRAP. Microalgae are expected to contribute significantly to turbidity in HRAP,

however, they are also responsible for high oxygen concentration, high pH and production of
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Reactive Oxygen Species favouring disinfection, questioning the relative impact of microalgae

on pathogen inactivation.

An integrative approach for understanding HRAP

This PhD thesis addresses the topic of microalgae-bacteria consortium for the improvement
of organic matter, minerals and pathogens removal in high rate algal ponds by a global approach
linking large-scale studies and laboratory-scale experiments coupled to numerical simulations,
thus exploring different study systems for delving into the complex interactions between mi-
croalgae and bacteria. This PhD thesis was conducted in cotutelle between GEPEA (Génie des
Procédés Environnement Agroalimentaire) laboratory (Saint Nazaire, France) and Flinders Uni-
versity (Adelaide, South Australia), with the two first years spent in GEPEA and the last year
in Flinders University. This collaboration allowed to complete the present study using different
systems at different scales. While GEPEA laboratory holds laboratory photobioreactors oper-
ated in controlled conditions, Flinders University has access to an industrial scale HRAP of 5000
m? in Peterborough (South Australia) (Figure 3) that offers the opportunity to study HRAP

system in real conditions.

Figure 3 — 5000 m? HRAP in Peterborough, South Australia
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In a first time, the thesis aims at drawing up an overview of microorganisms activity, physic-
ochemical conditions and penetration of sun radiations inside the large-scale HRAP of Peter-
borough. Different questions emerge from this first study, including the availability of organic
carbon for microalgae, the contribution of microalgae and bacteria to carbon and oxygen cycle,
and the impact of microalgae on solar disinfection regarding the UV attenuation measured in

this large-scale HRAP.

Considering the complexity of wastewater-microalgae consortium, investigations at labora-
tory scale in a 1.4 L torus PBR were conducted in a second time in order to understand carbon
fate and role in microalgae-bacteria interactions in HRAP systems. Laboratory PBR using sterile
synthetic wastewater allow consortia cultivation in axenic, controlled conditions, avoiding po-
tentially confounding factors like suspended solids or toxic compounds, enabling a focus only on
microorganisms populations dynamics. Adapting the carbon supply and/or choice of inoculated
species permits discrimination of the relative contributions of different trophic modes or microor-
ganisms to the systems’ oxygen and carbon balance, while collecting data online on both liquid
and gas phases during a simulated day-night cycle. Data analysis was based on a mass balance
on carbon, oxygen, hydrogen and nitrogen calling for stoichiometric analysis and reconciliation
of experimental data. A kinetic model coupled to a radiative model was also implemented to
explain and support the outcomes obtained experimentally. All those information contributed to

a better understanding of carbon and oxygen dynamics during microalgae-bacteria co-culture.

The use of different systems during the PhD thesis also questions to what extent laboratory
photobioreactors can inform population interaction dynamics in the HRAP. The Peterborough
HRAP and laboratory PBR differ indeed in size and geometry, impacting heterogeneity and light
transfer, which are characterised and compared through experimental and simulation work. The
relevance of the choice of the carbon for the synthetic wastewater used in laboratory photobiore-
actors and its impact on oxygen and carbon balance and dominance of species in the reactor has
then been discussed. In conclusion, data collected in PBR is expected to bring further under-
standing of the contribution of heterotrophy to microalgal growth in wastewater and its impact

on the symbiosis with bacteria. Evaluating total carbon availability was for example of interest
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to determine the likelihood of growth limitation which would occur in such culture system, em-
phasizing the role of bacteria to provide inorganic carbon to microalgal culture but also possibly

of a direct uptake of organic carbon source by microalgae.

Finally, the penetration of UV radiations in Peterborough HRAP, measured during the first
phase of the study, questions the relative impact of microalgae on solar disinfection in HRAP
system. The last part of the thesis has then estimated the impact of microalgae on indicator
viruses inactivation, in terms of UV attenuation (inhibition of inactivation) and production of
ROS (enhancement of inactivation), in a laboratory UV cabinet in Flinders University. This
might bring elements for discussing the relevance of separating microalgae from wastewater as

part of a tertiary treatment targeting pathogens.

This PhD thesis also reveals a few limits. Notably, the simulation at lab scale of a complex
system such as HRAP implies a simplification step in order to focus on the main mechanisms.
First, as wastewater is pre-treated in an anaerobic pond upstream Peterborough HRAP, the
synthetic wastewater used in the torus PBR presented the same average composition as a classical
anaerobically pre-treated wastewater. Nevertheless, in order to facilitate the modeling work and
to understand the interactions between microorganisms, a sole organic carbon source, acetate,
was used to simulate the organic load of the wastewater in the synthetic wastewater, which might
affect the outcome. Moreover, considering the crucial importance of carbon in microalgal growth,
this study focused on carbon fate and the interactions between microalgae and heterotrophic

bacteria, neglecting the effect of nitrifying bacteria and the fate of nitrogen in the consortium.

The thesis is organised by chapters as follows. Figure 4 illustrates the links between the

chapters:

e Chapter 1 draws up a state of the art of current knowledge on HRAP, focusing particularly

on microalgae-bacteria interactions and disinfection processes.
e Chapter 2 presents the studied systems and the analytical methods.

e Chapter 3 draws up an overview of microorganisms activity, physicochemical conditions
and sun radiations inside the large-scale HRAP of Peterborough, through a 3D characterisation

of the pond.
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e Chapter 4 is a literature review questioning the carbon sources available for microalgae in
HRAP, investigating the synergy between carbon source and light and the relevance of using
lab-scale PBR for investigating the mechanisms occurring in a large-scale HRAP.

e Chapter 5 investigates at lab-scale the impact of the carbon source on microalgae by
estimating the relative contribution of photoautotrophy and photoheterotrophy in mixotrophic
growth of the microalgae S. obliquus.

e Chapter 6 studies the fate and role of carbon source in microalgae-bacteria interactions in
synthetic wastewater and simulated solar conditions at lab scale using the microalgae S. obliquus
and the bacteria E. coli.

e Chapter 7 focuses on solar disinfection for pathogens removal and follows the observations
made in Chapter 3 about mixing and UV radiations penetration in Peterborough HRAP. This
chapter investigates the impact of microalgae on indicator viruses solar disinfection in HRAP

systems.
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CHAPTER 1

STATE OF THE ART

1.1 Generalities about wastewater treatment

1.1.1 A brief history of wastewater treatment

Until the end of the 19*" century, few houses had access to a cesspool. In cities at this
time, wastewater evacuation infrastructures did not exist, and excrement was often disposed of
directly into the streets. Raw wastewater was also commonly spread directly onto agricultural
land. These practices facilitated the propagation of cholera and typhoid epidemics. Subsequently,
public health concerns prompted a reevaluation of sanitation practices, leading to the initiation
of the first wastewater collection and treatment operations (Figure 1.1). The aim was to take
away stagnant water as far as possible from the city center (Deutsch and Vullierme 2003).
Urbanisation also resulted in soil sealing, necessitating the collection of rainwater, which became
indispensable. Later, drinking water became directly accessible from the tap, leading to increased
water consumption and the need for larger volumes of wastewater to be evacuated. As the
discharge of wastewater into water bodies quickly exceeded the self-purification capacities of
rivers, wastewater treatment plants became necessary. Modern activated sludge treatment plants,
as we know them today, began operating in the mid-20*" century (Figure 1.1). In parallel,
bacteriology made great progress at the beginning of the 20*" century, highlighting the necessity
of wastewater treatment (Barraqué 2014). These advancements were followed by further studies
on wastewater treatment systems and sanitary risk evaluation in the 1960s. The 1970s and
1980s were characterized by growing environmental awareness, culminating in the First United

Nations Water Conference held in 1977 (Steichen 2011). In 1973, the World Health Organisation
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(WHO) declared that water quality for irrigation had to meet drinking water standards. This
requirement was revised downward in 1989, with water quality thresholds adapted to the type

of crop, wastewater treatment system, and irrigation method (Akissa and Inrgref 1992).

Environmental and sanitary context of wastewater treatment awareness and legislation

Beginning of
environmental
awareness
1970

Role of microorganisms in diseases
propagation highlighted

Activated sludge Microalgae use in treatment investi

High occurence of epidemics start 1950 a 2020

T T T I T T T I T T T
880 1340 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 20RO

First Conference of

Tap water (France) United nations on water
1880 1977
Water law (France)
1992

Directive 91/271/CEE on
urban wastewater treatment
1991

=

Figure 1.1 — Timeline of wastewater treatment history in environmental and sanitary context (Steichen 2011,
Barraqué 2014, Bird 1992)

In 1991, the European Directive 91/271/CEE concerning urban wastewater treatment defined
a population equivalent as a daily discharge of 60 g of BODs5, representing the biodegradable
organic matter in wastewater. This unit expresses the pollutants load produced per day by one
inhabitant (Bird 1992). The Directive mandated that wastewater treatment plants in European
states receiving more than 2 000 population equivalents must provide a biological secondary
treatment system for organic load removal. According to this directive, European states are
required to designate sensitive areas within their territory. Agglomerations with more than 10 000
population equivalents discharging into these sensitive areas were then obliged to implement
tertiary phosphate and nitrogen removal in their sanitation system, to complement secondary
treatment. However, a collective sanitation systems was not mandatory for cities with less than
2 000 population equivalents (Steichen 2011).

The introduction of the Directive led to the installation of new wastewater treatment plants

to meet its obligations. Simultaneously, there was a desire to reduce the space required for
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wastewater treatment plant, leading to the adoption of compact methods. However, the issue
of sludge valorisation arose: 60 % of the mass produced by wastewater treatment was used for
agricultural spreading, but this practice was found to exacerbate eutrophication problems by
allowing excess sludge nutrients to runoff into natural water bodies. Consequently, a significant
portion of the sludge was either incinerated or buried (Deutsch and Vullierme 2003).
Moreover, even in developed countries, and despite legislation, discharged water does not
always comply with standards that protect the receiving environment. The 1991 European Di-
rective led to the establishment of the Water Law in France in 1992, which translated the
directive into legislation and measures adapted to the French territory. Nevertheless, French
State was brought before The Court of Justice of the Furopean Union in 2009 for non-compliant
water treatment (Steichen 2011). Beyond this lack of compliance, new pollutants are continu-
ously discovered in wastewater, and its treatment is far from ideal from economic, environmental,
and sanitary point of view, even in developed countries. Nowadays, wastewater treatment re-
mains a major public health problem in developing countries where sanitation systems are often

nonexistent.

1.1.2 Composition of wastewater

The volume of wastewater to treat has increased sharply since tap water arrived in house-
holds. In 2016, 160 liters of water per person were delivered to French households every day,
compared to 200 liters per person for Australian households (IWA 2016). Although these figures
do not exactly reflect domestic wastewater production as they also include water used for car
washing and garden watering, they provide an estimate of the volume treated daily by wastew-
ater treatment plants in developed countries. Wastewater contains water from toilet flushing,
bathing, food waste from the kitchen, as well as clothes and dishwashing. Residues from these
activities consist of solids (suspended material) or dissolved components (ions, urea, diverse
organic molecules, microorganisms). The main pollutants found in domestic wastewater, their
origin, and their average concentrations are synthesized in Figure 1.2 below.

In wastewater, organic matter is frequently referred as COD (Chemical Oxygen Demand)
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Figure 1.2 — Origin and concentration of domestic wastewater components (Rawat et al. 2016, Eme and Boutin
2015). Drawings from Freepik

and BOD (Biological Oxygen Demand). The composition of COD in raw domestic wastewater
comprises 10-40 % lipid, 17-65 % protein, and 12-67 % carbohydrate (Lester 2001, Owusu-
Agyeman et al. 2023, Chipasa and Mdrzycka 2006, Xu et al. 2023, Huang et al. 2010, Ravndal
et al. 2018), with values varying greatly depending on the effluent’s origin. Although the organic
load (500 mgCOD.L~! in average, Rawat et al. 2016) is mainly due to feces and, to a lesser
extend, to food residues, minerals such as nitrogen (averaging 40 mgN.L~!! Rawat et al. 2016)
and phosphorus (averaging 8 mgP.L~!, Rawat et al. 2016) mainly come from urine: an average
person produces 12.8 gN.day~! and 1.9 gP.day !, of which 11.2 gN and 1.1 gP are from urine
and 1.6 gN and 0.8 gP are from feces (Eme and Boutin 2015). It’s important to note that
even through the organic nitrogen portion is non-negligible in total nitrogen in raw wastewater,
its concentration will decrease during pretreatment due to rapid urea hydrolysis to ammonium

(mineral nitrogen). In addition to these dissolved components, feces and sanitary products also

1. Units such as "mgN.L™!", "mgP.L=!", "gN.day~!", "gP.day " express nutrients quantities in terms of ele-
mentary nitrogen (N) or phosphorus (P)
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bring solids to the effluent, with on average of 70 % of suspended solids (>2 pum) and 30% of
dissolved solids (<2 um) (Rawat et al. 2016). Low concentrations of heavy metals are also found

in wastewater and mainly comes from distribution pipes.

1.1.3 Legislation: required water standards quality
1.1.3.1 In France

Water quality is monitored using organic and mineral (N and P) pollutants as well as bacte-
riological reference indicators such as Escherichia coli. The maximal values that can be reached
for suspended solids, BOD5, COD, N, P, and E. coli in treated wastewater destined to discharge
and irrigation waters in France are synthesised in Figure 1.3. Note that the legislation was last
updated in July 2021 for rejection water and in December 2023 for irrigation water. Treated wa-
ter must have a nitrogen concentration <15 mg.L~! and a phosphorus concentration <2 mg.L~!
before being discharged into natural water bodies. There is no mandatory bacteriological quality
requirement for water exiting a wastewater treatment plant, unless it is used for irrigation of
food crops or discharged into bathing areas. It’s important to note that suspended solids and
BOD requirements are the same for water destined for discharge into natural environment and
for irrigation (35 mg.L~! of suspended solids and 25 mg.LL~! of BOD), excepted for water in-
tended for the irrigation of commercial food crops that can be consumed raw or unprocessed,
which must attain a maximal concentration of suspended solids of 10 mg.L~! and a maximal
concentration of BOD of 10 mg.L~!.

The reuse of treated wastewater for irrigation in France is regulated since 2010 and was re-
vised in 2023. The French decree of December 18, 2023, regarding the use of wastewater-treated
water for irrigation of crops or green areas, establishes the maximal values required for BOD,
suspended solid, and FE. coli indicators for irrigation water. These values depend on the type
of crop, the irrigation method, and the exposure of the public or workers. Bacteriological re-
quirements for irrigation water vary based on the presence or absence of elements that could
interrupt the transmission chain: for example, sprinkler irrigation poses a higher risk of contam-

ination than drip irrigation and may correspond to stricter bacteriological standards. Similarly,
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Figure 1.3 — Water quality standards in France for rejection in natural environment and irrigation. Note that
values for rejection in natural environment are for plants with a capacity >120kgBODs5/d (Legifrance 2021,
Legifrance 2023)

non-food crops can be irrigated with water that does not meet any bacteriological standard, but
only if the public is not exposed, excluding areas such as public gardens or stadiums. Cooking or
processing food typically results in the inactivation of most microorganisms before consumption.
Therefore, crops intended for cooking or processing after harvesting can be irrigated with water

containing a maximum of 100 E. coli per 100 mL, compared to 10 E. coli per 100 mL for food

crops that can be consumed raw or unprocessed.

1.1.3.2 In Australia

Wastewater reuse for irrigation is regulated since 2000 in Australia and was revised through
a risk management approach in 2006 (Natural Resource Management Ministerial Council 2006).
Maximum allowable values for suspended solids, BODj5, N, P, and E. coli in wastewater effluent
and irrigation water in Australia are summarized in the Figure 1.4. While the requirement for
BODj3, suspended solids, N, and P are similar to those in France, the bacteriological require-

ments are higher: wastewater treatment plant effluent should not exceed 10° E. coli/100 mL for
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discharge into natural environment. Additionally, stricter standards apply to irrigation water,
where the complete removal of E. coli is required for water used to irrigate commercial crops
for raw consumption. Purification requirements for irrigation of non-food crops also include a
1-log reduction of viral pathogens (LGA 2020). However, specific BOD5; and suspended solids

requirements for irrigation of commercial food consumed raw or unprocessed are not available.

In the end, since the French legislation for wastewater reuse for irrigation was strengthened

in 2023, restrictions applied are similar in France and in Australia.
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Figure 1.4 — Water quality standards in Australia for rejection in natural environment and irrigation (ARM-
CANZ 1997, NRMMC 2006)

1.1.4 Activated sludge: mechanisms, issues and alternatives

Globally, in developed countries, the quality requirements mentioned above are commonly
achieved through the use of activated sludge treatment plants. This system is widely used due
to its compactness, efficiency in removing organic matter, and suitability for handling variations

in organic load.
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1.1.4.1 Primary treatment

In most wastewater treatment systems, primary treatments are essential to safeguard down-
stream processes by removing the largest solids from the wastewater. These solids are separated
from the water through screening and grit removal, utilizing successive grids with gauges rang-
ing from 8 cm to a few millimeters. Adequat water velocity (0.5 to 1 m.s™! even if the grid
is obstructed) is necessary to facilitate the deposition of solids on the grid (SUEZ). This first
grid removal accounts for 35 % of the total pollutants in the wastewater. Subsequently, fats are

eliminated through flotation (Moulin et al. 2013).

1.1.4.2 Secondary treatment

After this initial step, the activated sludge process commonly serves as the secondary treat-
ment for removing organic pollutants. As depicted in Figure 1.5, the pretreated water enters an
aerated pond. The suspended solids or sludge, containing a complex consortium of microorgan-
isms, are settled in a clarifier and a proportion recycled to the aeration basin. This "activated
sludge" maintains the active consortium in the aeration basin to effect treatment. Heterotrophic
bacteria degrade organic molecules in the wastewater through aerobic respiration, wherein oxy-

gen is consumed and carbon dioxide is produced (Eq. 1.1):

CeH1206 + 6 02 — 6 HoO + 6 CO9 (1'1)

In addition to this mineralisation process, bacterial biomass can form flocs with organic
matter present in the water, aiding in the sedimentation of sludge in the subsequent pond,
known as the clarifier. After passing through the clarifier, some of the sludge is recirculated
back into the aerated pond to maintain the concentration of heterotrophic bacterial (Wang et
al. 2008).

While this process efficiently removes organic carbon, it is also essential to eliminate min-
eral nitrogen compounds such as ammonium and nitrate. This removal is achieved by biological

nutrient removal (BNR) using activated sludge plants with extended aeration to complete the ni-
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trification process which is followed by denitrification. Nitrification occurs in two steps involving
two types of autotrophic bacteria: Ammonium Oxidising Bacteria (AOB), typically represented
by the genus Nitrosomonas, oxidize NH; to NO, (Eq. 1.2), and Nitrite Oxidising Bacteria
(NOB), usually represented by the genus Nitrobacter, further oxidize NO; to NO3 (Eq. 1.3)
(Cébron 2004). The resulting nitrate molecules are then converted into atmospheric gas Ny by
denitrifying bacteria, such as those from the genus Pseudomonas. This anaerobic process removes
nitrogen from the water, transferring it to the atmosphere. The overall conversion process can

be represented by the Eq. 1.4:

NHs + 1.5 05 — HyO + NO; + H*t (1.2)
NOj; + 0.505 — NOj3 (1.3)
2NO3 + 10e + HT — Ny 4 6 Hy0 (1.4)

The sludge is subsequently dried, stabilised with soda, and either spread on agricultural

lands as fertiliser or incinerated. The sludge can also be composted or digested to CHy.

1.1.4.3 Tertiary treatment

After activated sludge treatment, complementary tertiary treatments are often needed to
remove phosphate and remaining pathogens. Phosphorus can be precipitated in particulate form
by adding chemicals such as iron, aluminium, or lime to the activated sludge-treated water. This
step must occur after organic matter removal to prevent adverse reactions of the chemicals with
organic molecules. The precipitate is then harvested by filtration or decantation (Deronzier and
Choubert 2004).

Excessive pathogen concentrations can persist in the water after the activated sludge process,
even though most bacterial biomass has flocculated. Remaining pathogens can be removed from

the water through adsorption of bacteria and viruses onto larger aggregated particles, which
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are then separated from the treated water by sedimentation, membrane filtration, enzymatic

degradation, UV irradiation, chlorination, or ozonation (Corpuz et al. 2020).

Primary treatment Secondary treatment Tertiary treatment

Addition of metal salts

Clarifier
Screening  Fat removal
Phosphorus
precipitation

i

Chlorination
UV disinfection

Ammonium
Oxidising Bacteria

@

Nitrite Oxidising
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b
Organic
carbon

\\
Heterotrophic
bacteria

Figure 1.5 — Principle of activated sludge (Wang et al. 2008, Cébron 2004, Deronzier et al. 2001)

1.1.4.4 Toward more sustainable methods for wastewater treatment

Activated sludge constitutes a relatively efficient method for treating organic matter and
nitrogen substances in wastewater, with most effluents meeting the quality standards set at
the national scale worldwide. However, this system is far from ideal from both ecological and
economical perspectives. Continuous oxygen supply to aerated pond is essential for bacterial
respiration and efficient pollutant degradation. However, this process is energy-intensive and
costly, often constituting a significant portion (50 % to 90 %) of the total energy consumption of
activated sludge treatment plants (Oviedo et al. 2022). In Melbourne in 2009-2010, 3 075 GJ of
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energy per GL of wastewater were consumed and the production of greenhouse gases associated
with wastewater pumping and treatment in Melbourne was 277 335 tons of COs-equivalent over

one year in 2013-2014 (Cook et al. 2012).

Moreover, nitrogen present in the influent cannot be valorised as it is lost to the atmo-
sphere after denitrification. Additionally, activated sludge as wastewater treatment systems face
challenges regarding the valorisation of sludge, the solid waste produced during the treatment.
Typically, sludge is spread on agricultural lands, leading to eutrophication problems due to the
high levels of nitrate and phosphate contained in the sludge, which can runoff into water bodies

during precipitation events (Quilbé et al. 2005).

Despite being the most widely used sanitation system, there are less expensive and less
environmentally impactful pond-based alternatives that can also be used for secondary and

tertiary treatment.

e Secondary treatments:

— Waste Stabilisation Ponds (WSP): These consist of three unmixed successive ponds
with a total Hydraulic Retention Time of 20 to 60 days. The first pond, known as the
anaerobic pond, is characterized by its depth (2 to 5 m) and removes approximately
70 % of the organic load. The remaining organic matter undergoes degradation in the
shallower facultative pond (1-2.5 m), which facilitates significant oxygen exchanges with
the atmosphere and allows for light penetration, promoting algal growth and oxygen
production. Sunlight disinfection occurs in the last and shallowest pond, referred to as
the maturation pond (0.5-1.5 m depth, Natural Resource Management Ministerial Council
2006).

— Aerated ponds: These ponds differ from WSP by their artificial aeration and are also
commonly used as a secondary treatment option (Renou et al. 2008). WSP and aerated
ponds aim to replace activated sludge with their efficient organic load removal capacity.
However, a major drawback is the very long HRT required to achieve pollutants removal,

leading to a significant land footprint and high evaporation rates (LGA 2020).
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e Tertiary treatments:

— Vegetative areas: Alternative tertiary treatments are also available to further pollutant
removal without the use of chemicals. These methods include discharging water through
vegetative areas or planted reed beds between the wastewater treatment plant and the
receiving environment. This allows for additional treatment of suspended materials, nu-
trients, metals, and micropollutants.

— Bacterial filters: Another option involves passing water through a filtering medium
where bacteria develop and aid in degrading remaining pollutants after the clarifier
(Moulin et al. 2013).

— Inoculation with dephosphating bacteria: Water can also be inoculated with bacte-
ria capable of uptaking phosphorus in large quantities, not only to meet their metabolic
needs but also by accumulating phosphorus into their biomass (Deronzier and Choubert
2004). This method, known as Enhanced Biological Phosphorus Removal (EBPR) by
Phosphate Accumulating Organisms (PAO), enhances phosphorus removal by 80 to 90 %
(Fallahi et al. 2021).

— Nutritive Biological Displacement: In this approach, water circulates through a tank

containing bacteria that accumulate phosphorus (Wainaina 2021).

1.2 High Rate Algal Pond technology: functioning of a promis-

ing alternative solution

The current operation of wastewater treatment systems reveals significant environmental and
economic challenges, highlighting a genuine need for alternative methods. High Rate Algal Ponds
offer a potential solution for secondary wastewater treatment in remote areas, being more cost-
effective and energy-efficient than activated sludge, yet more intensive than Waste Stabilisation
Ponds and lagooning ponds. HRAPs consist of shallow raceways typically 30-50 cm in depth,
mixed with a paddlewheel. This design allows a good light penetration throughout the pond

depth, promoting photosynthesis and microalgal growth (Fallowfield and Garrett 1985). As a
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result, photosynthesis enables self-sustaining oxygen production for degradation of organic mat-
ter by heterotrophic bacteria (Young et al. 2017), eliminating the need for artificial mechanical
aeration in HRAPs.

The efficiency of microalgae-based systems in achieving acceptable pollutants concentrations
for the receiving environment or irrigation, while minimizing environmental impact, has already
been demonstrated in numerous studies. The Peterborough HRAP in South Australia serves as
a prime example of a successful large-scale HRAP treating actual wastewater (Figure 1.6). The
following sections aim to outline the pond design and the functioning of the successive biological

treatment steps of Peterborough HRAP.

Anaerobic
ponds

Storage
ponds

© Google Map

Figure 1.6 — Aerial view of Peterborough wastewater treatment site

1.2.1 Primary treatment

The primary treatment preceding the HRAP system varies depending on the installation.
At the Peterborough plant, wastewater undergoes pretreatment in an anaerobic pond with a
depth of 4 meters and a HRT of 4 days before entering the HRAP. This first step involves the
settling of larger particles in a deep pond, contributing to the reduction of wastewater turbidity
and enabling better light penetration in the HRAP thereafter. Approximately 50 % of BODj is
removed during pretreatment in the anaerobic pond through the mineralisation of the organic

matter present in the wastewater (Figure 1.7).
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Figure 1.7 — Main chemical and biological processus occurring in pretreatment anaerobic pond. WW=wastew-
ater; AP=anaerobic pond; AA=amino acids (Fallowfield and Garrett 1985, Kang et al. 2020, Park et al. 2013,
Delfosse 2014)

The anaerobic pond comprises both an aerobic zone near the surface and an anaerobic zone
at the bottom, creating different abiotic conditions conducive to various processes during pre-
treatment. Anaerobic bacteria facilitate the anaerobic digestion of organic matter at the pond’s
bottom, where oxygen concentration is minimal. During anaerobic digestion, organic molecules
undergo hydrolysis to form volatile fatty acids (VFA), COy, NHs, and Hs. Subsequently, under
alkaline conditions, these smaller molecules are converted into CHy (Fallowfield and Garrett
1985). In contrast, near the surface, gas exchanges with the atmosphere and photosynthesis
occur, resulting in higher oxygen concentrations, allowing aerobic bacteria to oxidise organic
matter. After passing through the anaerobic pond, proteins and urea are almost entirely min-
eralised into NH;I|r through the action of proteases and urea hydrolysis (Table 1.1). Nitrates
produced by nitrification in the aerobic zone are consumed by anaerobic denitrifying bacteria
and converted into No. Organic phosphorus is also mineralised into phosphates and polyphos-

phates by the action of phosphatases. Hydrolysis of polyphosphates leads to the formation of
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simple phosphates, which are likely to precipitate under high pH conditions. Sulphate-reducing
bacteria consume sulphates to produce HoS. Ammonium, phosphates, and sulfates are consumed
by heterotrophic and autotrophic bacteria.

Concentrations of mineral and organic pollutants after pretreatment in an anaerobic pond
(Table 1.1) are significantly reduced compared to the composition of raw wastewater (Figure 1.2).
Only nitrates and nitrites show a slight increase due to nitrifier activity. Solids sedimentation
significantly contributes to pollutant removal and raises questions about the fate of the sludge
accumulated at the bottom of the anaerobic pond. A gradual compaction of the bottom sludge
is expected, resulting in only a few millimeters of sludge thickness gain annually (Nelson et

al. 2004). This reduction in solid waste accumulation facilitates pond maintenance.

Components Average concentration + SD (mg/L)
Total suspended solids (TSS) 107 £+ 57
Volatile suspended solids (VSS) 81 + 54
Chemical Oxygen Demand (COD) 206 £ 56
Biological Oxygen Demand (BOD) 129 + 58
Organic carbon 19+ 7
Inorganic carbon 14 + 13
N-NH; 46 + 32
N-NO, 9+9
N-NO, 04 £ 0.6
P-PO;~ 14 £ 8
SO;~ 57 £ 33
Chlorophyll a 0.8+1

Table 1.1 — Average wastewater composition after anaerobic pond treatment according to As-
semany et al. (2015), Buchanan et al. (2018a), El Hamouri et al. (1995), El Hamouri (2009),
El Hamouri et al. (2003), Paing et al. (2003), Sutherland et al. (2017), Zhao et al. (2018)

1.2.2 Secondary treatment: the central process in the HRAP
1.2.2.1 Design of an HRAP according to South Australia guidelines

After its passage through the anaerobic pond, pretreated wastewater exits by overflowing
and is discharged by gravity into the HRAP. Peterborough HRAP inlet is located a few meters

downstream the paddlewheel in order to ensure efficient mixing with the microalgae in the HRAP.
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Engineering guidelines essential for efficient removal of organic matter, minerals, and pathogens,
based on previous studies, are outlined in the High Rate Algal Pond Design Guideline from the
Local Government Association of South Australia (LGA 2020). According to this document, an
8-bladed paddlewheel must rotate at 12 rpm to provide continuous mixing and maintain a flow
velocity of 0.2 m.s~! in the channel to prevent the sedimentation of suspended solids.

The channel can consist of a single loop or a series of loops with central channel dividers.
The ratio of total channel length to channel width must be at least 6:1 (LGA 2020). In the case
of Peterborough, the channel meanders through a series of 6 channels (Figure 1.6). At the end of
the 5 channel, an outlet allows the transfer of the treated wastewater mixed with microalgae
to storage ponds by gravity. Guidelines specify that the hydraulic retention time in the pond
should be at least 10 days to achieve a 1-log reduction in viral pathogens before exiting the
pond. To ensure sufficient light penetration for pathogens disinfection and photosynthesis, the
depth of HRAPs is limited to a maximum of 50 cm and is more often operated at a depth of

30 cm. Additionally, guidelines require a freeboard of at least 30 cm.

1.2.2.2 Principle of biological pollutants and pathogens removal in HRAP

The availability of photons for microalgae in the pond is ensured by both the shallow depth
and the mixing provided by the paddlewheel (Demory et al. 2018). This enables natural mi-
croalgal consortia to achieve relatively high productivities in outdoor conditions using sunlight
as an energy source (Artu 2016). The dissolved oxygen produced through photosynthesis is
utilized by heterotrophic bacteria present in wastewater. These bacteria oxidise organic pollu-
tants such as volatile fatty acids, sugars, polycyclic aromatic hydrocarbons, organic solvents,
or phenolic compounds (Rawat et al. 2016). CO2 produced by the mineralisation of organic
carbon by heterotrophic bacteria is then consumed by microalgae. A consortium is formed be-
tween heterotrophic and photosynthetic microorganisms. Both the dissolved oxygen produced
by microalgae and the inorganic carbon produced by heterotrophic bacteria are consumed by
nitrifying bacteria. These bacteria utilize ammonium to produce nitrites and then convert ni-

trites to nitrates, which are a less harmful molecules, similar to the process in an activated
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sludge system (Evans et al. 2005). Microalgae, heterotrophic bacteria and nitrifying bacteria
consume dissolved wastewater mineral pollutants, primarily NHI, NOg, POi_, and SOi_, con-
verting them into biomass and facilitating the separation of these pollutants from water (Sforza
et al. 2018). Additionally, phosphorus can be removed by precipitation when the pH rises above

11, which frequently occurs in a HRAP during the day due to photosynthesis.

The HRAP system enables compliance with national standards for irrigating non-food crops
in terms of pathogen removal, which constitutes the main challenge of wastewater treatment
(Young et al. 2016). This is because HRAP is exposed to sunlight and consequently to UV
radiation, which is highly energetic and damages microorganisms’ DNA. High dissolved oxy-
gen and pH levels resulting from photosynthetic activity also create favorable conditions for

microorganisms inactivation and synergize with UV radiation (Benchokroun et al. 2003).

1.2.3 Tertiary treatment: the separation of recoverable biomass and treated

wastewater

In the case of Peterborough, treated wastewater mixed with microalgae flows into two storage
ponds where the microalgae is partially separated from the treated water through sedimentation.
The HRT in these storage ponds is 25 days, as required for helminth removal (LGA 2020).
Generally, biomass is not separated from the treated water due to low biomass concentration.
Moreover, due to the similar density between biomass and water, harvesting microalgae can
become a challenging step (Fallahi et al. 2021). In the case of biomass separation from the
treated water, various methods can be employed, such as sedimentation or flotation. Several
studies have also demonstrated that recycling harvested biomass by recirculating a portion
of the harvested microalgae into the HRAP significantly improves settleability and harvesting

efficiency (Gutiérrez et al. 2016a, Park et al. 2011).
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1.2.4 Valorisation of the water treated and of the biomass produced in the

HRAP
1.2.4.1 Valorisation of the treated water

Generally, the fate of treated water depends on its quality after treatment and on the interests
and risks associated with its intended use. Legal standards and guidelines for the discharge of
treated wastewater into the natural environment and for its reuse or irrigation in France and
Australia were presented in section 1.1.3. This section aims at presenting and discussing the

various options for wastewater fate after treatment in HRAP (Figure 1.8).

1.2.4.1.1 Discharge in the natural environment

Discharging treated water into natural water bodies can help achieving the minimum eco-
logical river flow required for local fauna habitat conservation, especially during warmer months
(Yan et al. 2018). However, even through the water undergoes treatment, its discharge into the
natural environment has been reported to impact river quality. For instance, 47.6 % of 84 organic
micropollutants found in river water were also detected in the effluent from industrial wastew-
ater treatment plants (Liu et al. 2022). In Shanghai’s river, treated wastewater contributed of
68.3 % of the nitrate (NO3 ) content, followed by soil nitrogen (15.7 %) and fertilizers (15.5 %),
despite Shanghais high urban domestic sewage recovery rate of 92 % (Zhao et al. 2023a). In
contrast, treated wastewater did not contribute to parasitic contamination by Cryptosporidium
spp. and Giardia duodenalis in the Seine river upstream of Paris due to efficient removal of those

organisms in the treatment plant (Moulin et al. 2010).

1.2.4.1.2 TIrrigation

70 % of abstracted water is used for agricultural irrigation in arid and semi-arid regions
of the globe. Utilizing treated wastewater for irrigation could diminish the necessity for water
abstraction and aid in protecting water resources. The benefits of treated wastewater for soil
enrichment and microbial activity was demonstrated by several studies. After six years of irriga-

tion with treated wastewater, an increase in NO3', K, P, and micronutrient concentrations was
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reported in arable soil, thereby improving soil quality and agricultural productivity (Ganjegunte
et al. 2017). Moreover, N and P are available in a mineralised form in treated wastewater, facil-
itating their uptake by the crops (Yalin et al. 2023). Using treated wastewater, which contains
fewer nutrients than traditional fertilisers, can help prevent excessive nutrient application and
subsequent runoff into natural water bodies. However, attention should be paid to suspended
solids in treated wastewater, as they may clog soil pores, reduce water infiltration, and increase
runoff. Wastewater irrigation also enhances the of soil microbial populations, which is advan-
tageous considering that 80 to 90 % of processes occurring in soils are facilitated by microbes.
Additionally, the growth of microorganisms in soil is supported by organic molecules found in

wastewater (Ofori et al. 2021).

Improvements in soil quality also lead to enhanced plant growth. A study by Zema et
al. (2012) found that irrigating three different types of crops with treated wastewater for two
years resulted in significant increase in plant growth compared to conventional water irriga-
tion. Pooja et al. (2022) conducted a study comparing the growth of tomato plants irrigated
with wastewater treated using Chlorella vulgaris (then separated from the biomass after treat-
ment) versus chemical fertilizer. They found no significant differences in tomato productivity
between the two conditions, indicating that HRAP treated wastewater can be efficiently utilized

as irrigation water.

However, irrigation with wastewater could also have detrimental effects on soil. High con-
ductivity levels measured in treated wastewater can lead to soil salinisation. When salinity levels
are too high, plant water uptake is affected depending on the plant’s tolerance to high salinity.
Ayers and Westcot (1985) recommend slight to moderate irrigation restrictions when wastewater
conductivity exceeds 700 uS.cm ™!, and severe restriction when it surpasses 3000 xS.cm~!. More-
over, wastewater is likely to contain micropollutants such as endocrine-disrupting compounds,
pharmaceuticals, or heavy metals, which could be uptake by the plants and have toxic effects on
their growth. However, Soleimani et al. (2023) reported that among treated wastewater effluent,
well water with fertilizer, and river water, treated wastewater effluent transferred the lowest

amount of heavy metals to the soil, making it the most suitable source for irrigation due to
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its low heavy metal concentration and high nutrient content. In addition, heavy metals tend
to accumulate in surface soil due to their low solubility and limited plant uptake, leading to
accumulation primarily in roots rather than in the edible parts of the plant.

Although treated water still contains significant remaining pathogens, raising concerns about
the public health impact of irrigation with treated wastewater, no pathogenic contamination of
plants occurs if there is no direct contact between the edible parts of the plants and the irrigation
water (Ofori et al. 2021).

In conclusion, utilizing treated wastewater for irrigation offers considerable advantages for
agriculture, which are also reflected in economic benefits. Studies have shown that using treated
wastewater can lead to significant reductions in the usage of chemical fertilizers, with potential
savings ranging from 45 % to 94 % in various crops such as wheat, alfalfa, and tomatoes (Ofori et
al. 2021). For instance, in wheat and alfalfa cultivation, chemical fertilizer usage could be reduced
by up to 94 %. Similarly, for tomato cultivation, potential savings of 280€ per hectare were
identified (Vergine et al. 2017). However, it’s essential to acknowledge that there are additional
costs associated with wastewater transportation, including infrastructure such as reservoirs,
piping, and pumping facilities.

Finally, while HRAP systems offer promising wastewater treatment capabilities, one of the
primary challenges for utilizing treated wastewater in irrigation is ensuring consistent disinfection
performance. This variability in disinfection efficacy may restrict the reuse of treated water to
irrigation purposes for non-food crops only unless additional disinfection measures are adopted

(Yalin et al. 2023).

1.2.4.2 Valorisation of the biomass

The production of microalgal biomass has raised the interest of scientists across various
fields, including agriculture, energy production, cosmetics, and human and animal nutrition.
However, the high cost of microalgae production, ranging from 20 to 200 $ per kilogram (Robles
et al. 2020), has been a limiting factor. Microalgae cultivation in HRAP systems offers a potential

solution to reduce production costs by eliminating the need for additional water, nutrients, and
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artificial light sources. Despite the benefits of microalgal biomass production in HRAP systems,
contamination of the biomass by pollutants and pathogens from wastewater restricts its use
in cosmetics or food applications. However, the biomass remains valuable for processing into
bio-fertilisers, biofuels, or biogas (Figure 1.8). Even if the microalgal biomass has potential
interest, the primary objective of HRAP systems is water treatment, with biomass production
being a secondary consideration. As a result, process parameters, particularly hydraulic retention
time, are optimized to achieve the lowest possible pollutant concentrations in the treated water.
This optimization may lead to nutrient limitation for microalgae, resulting in lower biomass

productivity compared to systems focused solely on biomass production.
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Figure 1.8 — Valorisation routes for treated water and biomass after secondary treatment in HRAP

1.2.4.2.1 Bio-fertilizers

The interest in algae as fertilizers lies not only in the nutrients contained in the biomass but
also in the biostimulant properties of algal products. Biostimulants can also be derived from
algae amino acids through enzymatic hydrolysis of the biomass.

Compared to traditional spreading of wastewater treatment plant sludge for agricultural fer-
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tilization, the use of microalgae as fertilizers also reduces the risk of eutrophication because N
and P are contained within algal cells and are less likely to runoff in soil and water. Research
by Alvarez-Gonzalez et al. (2022) found that basil crops fertilised with microalgae showed com-
parable plant growth to crops fertilised with traditional inorganic fertilisers, as well as a mix of
both. Simlarly, Alvarez-Gonzélez et al. (2023) examined the impact of using microalgae grown
in municipal wastewater as a fertiliser on lettuce and reported similar fresh shoot weights be-
tween microalgae fertilisers and traditional fertilisers. However, the use of microalgae grown in
wastewater as a fertilizer raises concerns about biomass contamination and its potential impact
on crops contamination. Alvarez-Gonzélez et al. (2023) found that pathogen and heavy metal
concentrations in microalgal biomass grown in municipal wastewater were below the thresholds
established by the European regulation for fertilizing products (UE 2019), except for cadmium.
Cadmium and contaminants of emerging concern (CECs) were also detected in traditional fer-

tilisers.

1.2.4.2.2 Biofuels

Microalgae are also raising increasing interest for biofuel production due to their ability to
accumulate energy-rich metabolites (lipids, carbohydrates) within their cells, which can be con-
verted into biofuels. Through the use of simulation tools, Heredia et al. (2022) demonstrated
from an energetic perspective that coupling intensified photobioreactors for microalgae pro-
duction with photovoltaic panels, solvent-free metabolite recovery processes, and high biomass
concentration treatments contributed to increasing the energy return on energy invested in pro-
ducing bioethanol and biodiesel liquid fuels from microalgae. Depending on these variables, this
valorisation route could become cost-effective in the future, especially considering that the ener-
getic cost associated with microalgae production in HRAPSs is reduced compared to traditional
photobioreactors. This suggests that integrating intensified photobioreactors with renewable
energy sources and efficient downstream processing techniques could enhance the viability of

microalgae-based biofuel production.
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1.2.4.2.3 Biogas

Microalgal biomass digestion can indeed result in the production of biogas, primarly methane.
The biogas can then be utilized for various applications such as electricity generation, fuel cells,
and liquid fuel production. For example, according to Mussgnug et al. (2010), microalgae species
like Chlamydomonas reinhardtii exhibit promising characteristics for biogas pproduction, with
a yield of 587 mL of biogas per gram of volatil solids, compared to 287 mL for Scenedesmus

obliquus.

1.3 Sustainability and performances of HRAP systems

1.3.1 HRAP systems performances in real conditions

Analyzing the performance data of large-scale HRAPs is crucial for assessing their compliance
with wastewater treatment regulations. To conduct this evaluation, data from 14 studies obtained
from the literature were compiled (see Table 1.2 and Table 1.3 for all the references). These
studies focused on HRAP systems treating real wastewater continuously in outdoor ponds for
a minimal duration of one year. Additionally, only HRAPs with a surface aera greater than
25 m? were included in the analysis. The gathered data will be utilized to assess the removal

performance of macropollutants and pathogens in the following sections.

1.3.1.1 Mineral and organic macropollutants removal

The compilation of HRAP performance data for the removal of N-NHI, P—PO?[, BODs3, and
COD from pilots with surface areas greater than 25 m?, treating real domestic wastewater in
outdoor conditions, is summarized in Table 1.2. These data reveal significant pollutant removal
achieved by the microalgae-bacteria consortium within HRAP systems. On average, HRAPs
achieved removal efficiencies of 67 % =+ 20 % for N-NHJ, 41 % =+ 19 % for P-PO3~, 55 % +
19 % for BOD5 and 39 % + 24 % for COD. However, the performance varies and is influenced by
seasonal factors, and may not always ensure compliance with regulations for efluent discharge

into the environment in France or Australia. Figure 1.9 illustrates the concentrations of N-NH}
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P-POi_, and BODs5 in HRAP effluents compared to the maximum allowable concentrations
for effluent discharge into the environment in France (representated by the dark blue line) and
Australia (represented by yellow line). Among the 25 analyzed HRAP effluents, 18 complied
with French regulations for N—NHI, and 20 complied with Australian regulations. For P—POi_,
6 HRAP effluents out of 23 complied with both French and Australian regulations. Regarding
BODs5, 3 HRAP effluents out of 9 complied with French regulations, while 2 complied with
Australian regulations. Finally, 2 HRAP effluents out of 8 complied with French regulations for
COD.

It’s noteworthy that the limits for BODj5 (in Australian regulations) and COD (in French
regulations) are applicable to both effluent discharge into the environment and irrigation of
food and non-food crops. As per the analysis presented earlier, only 2 HRAP effluents out of 9
would meet the criteria for irrigation in Australia, and 2 out of 8 would meet the standards for

irrigation in France, considering only macropollutant concentrations.

In HRAP, higher removal of P—PO?L_ appears to be correlated with higher microalgal produc-
tivities. Microalgal productivity is typically measured based on total suspended solids (TTS),
as shown in Table 1.2. The microalgal productivity in HRAP ranges from 12.5 and 54 g of
TSS/m?/d, with the highest values observed during the summer months. These productivities
are relatively low compared to those achieved in thinner photobioreactors (typically 2-10 cm
depth), where productivities can reach around 500 gTSS/m?/d. However, the productivities ob-
tained in wastewater in HRAP are consistent with the maximum productivities theoretically
achievable in a 30 cm depth photobioreactor. This suggests that microalgae growth in HRAP is
primarly limited by light availability rather than nutrient availability, confirming the suitability
of using wastewater as a nutrient source for microalgae (Pruvost et al. 2012). It’s important to
note that the suspended solids in HRAP comprise not only microalgae but also organic matter

flocs, so the productivities based on TSS may be slightly overestimated.
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Figure 1.9 — N-NHJ, P-PO}~ BOD; and COD concentrations in HRAPs outlet operating in real conditions
compared to French and Australian standards for rejection of treated wastewater in natural environment

1.3.1.2 Pathogens removal

Pathogens removal efficiency is typically assessed by measuring the reduction in faecal co-
liform bacteria, such as FEscherichia coli, between the influent and effluent of the treatment
system. A significant log reduction of 1.9 for faecal coliforms was achieved by averaging the
performance data from 12 HRAPs operated under real conditions. The results are synthesised
in Table 1.3. Figure 1.10 illustrates the faecal coliform concentrations in the HRAP effluents
compared to the standards set by France and Australia for irrigation of non-food crops. It’s
important to note that while the faecal coliform concentrations in the HRAP effluents meet the
regulations for discharge into the natural environment (with no limit in France and a limit of 10°
E. coli/100 mL in Australia), the authorised maximum faecal coliform concentration for treated

wastewater reused in the irrigation of non-food crops is lower. Figure 1.10 demonstrates that 6
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Table 1.2 — N-NH], P—POE’L_ and BODj5 removal performance results on HRAP >25m? treating

real domestic wastewater in outdoor conditions
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out of 12 HRAP effluents comply with for this specific use in both France and Australia.
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Figure 1.10 — E. coli concentrations in HRAPs outlet operating in real conditions compared to French and
Australian standards for irrigation of non-food crops

Faecal
COy Depth Surface HRT coliforms or Faecal
Reference Place Pretreatment injection Season (m) (m2) (days) E. coliforms
J y coli/100ml in removal
the inlet
Young et Anaerobic + Average on
Australia facultative No 0.30 223 4 2.51.10% 1.2log
al. (2019a) lagoon the year
Yes 2.51.10% 1.2log
El Hamouri
et Morocco Anaerobic pond No Summer 0.40 3023 4.2 8.60.10° 2.5log
al. (1995)
Winter 2.70.10° 1.9log
aPl)lc(C{g;;) France Clarifier No Summer 0.35 100 4 1.10.107 3.3log
Winter 8 1.10.107 1.5log
Facultative Summer 4 1.10.107 2.8log
pond
Winter 8 1.10.107 1.75log
Sutherland
et Zif:;ld mig?)‘ﬁzegond No l‘z‘i‘:‘;e 0.30 10000 8 2.50.10° 1.0log
al. (2017) ane @
Young et Australia Septic tank No Winter 0.30 200 10 1.70.10° 2.13log
al. (2016)
Buchanan Average on
et Australia Septic tank No the gear 0.32 200 4.5 2.40.10% 1.7log
al. (2018a) y
Gutiérrez-
Alfaro et Spain UASB No Unknown 0.30 32 6 1.90.10° 2.0log
al. (2018)

Table 1.3 — Compilation of HRAP faecal coliforms removal performance results on pilots >25m?
treating real domestic wastewater in outdoor conditions. UASB = Up-flow Anaerobic Sludge
Blanket reactor
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1.3.1.3 Micropollutants removal

The term « micropollutant » refers to compounds present in wastewater at concentration on
the order of magnitude of micrograms per liter (ug.L~!), including pharmaceuticals, personal
care products, nanomaterials, perfluorinated compounds, or heavy metals. Initially derived from
faeces and urine, these micropollutants can lead to endocrine disruption, chronic eco-toxicity,
or the promotion of antibiotic resistance once they are discharged into the environment (Norvill
et al. 2016). However, the vast diversity of these contaminants, the ongoing discovery of new
emerging pollutants in wastewater, and the formation of metabolites and transformation prod-
ucts pose significant challenges for their identification and removal, both in HRAP systems and
traditional treatment methods. Due to a lack of data on micropollutants in large-scale HRAP
systems, the following paragraph considers studies conducted in smaller ponds and synthetic
wastewater.

In HRAP systems, micropollutants can undergo removal through processes such as sorption,
biodegradation, or photodegradation. Sorption onto suspended solids is influenced by factors
like pH, temperature, and physicochemical properties of the micropollutants. While micropol-
lutants are typically not biodegradable, some may undergo biodegradation through enzymatic
processes, albeit at low rates due to their low concentrations. However, biodegradation can be
facilitated by sorption onto solids. In contrast, photodegradation is a significant pathway for mi-
cropollutant removal in HRAP systems. This process involves the oxidation of contaminants by
radicals generated through the interaction of sunlight, particularly UV radiation, with organic
matter present in the wastewater (Norvill et al. 2016). Additionally, research by Garcia-Galan
et al. (2020) indicated that certain emerging contaminants were detected in significant concen-
trations within HRAP biomass but at very low levels in the water, suggesting potential removal
through bioaccumulation processes.

Recent studies on HRAP systems treating real wastewater from primary settlers at pilot
scale have shown relatively high removal rates for model molecules (caffeine) and common con-
taminants (ibuprofen). Matamoros et al. (2015) reported removal rate of 86-99 % for ibuprofen

and 85-98 % removal rate for caffeine (HRT 4-8 days), with higher removal rates observed during
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warmer seasons and lower rates during colder seasons, such as the 21% removal rate observed for
diclofenac. Similarly, Vassalle et al. (2020) found slightly lower rates for caffeine (59 %) with an
HRT of 4.5 days, while Garcia-Galan et al. (2020) reported a removal rate of 70% for ibuprofen
with an HRT of 4.5 days. The efficiency of antibiotics removal in HRAP systems appears to be
more variable. Vassalle et al. (2020) reported a 4 % removal efficiency for the antibiotic sulfapyri-
dine compared to 100 % for sulfathiazole. In another study by Garcia-Galan et al. (2020), five
out of six antibiotics were removed at more than 80 %, with the remaining antibiotic removed
at 45 %. Furthermore, Shi et al. (2010) showed efficient degradation of estrogen (52-56 %) by a
mixture of four algae in synthetic wastewater. These findings highlight the potential of HRAP

systems for the removal of a range of micropollutants from wastewater.

Algal wastewater treatment demonstrated effectiveness in removing specific heavy metals.
In a study by Sekomo et al. (2012), three successive algal ponds with a total HRT of 7 days
achieved significant removal rates for various heavy metals. Specifically, the treatment process
achieved 98 % removal for chromium (Cr), 40-70 % removal for zinc (Zn), 33 % removal for
lead (Pb), 21% for cadmium (Cd), and 29% removal for copper (Cu). These results underscore
the potential of algal ponds as a viable method for the removal of certain heavy metals from

wastewater.

1.3.2 Optimisation of HRAP performances through engineering parameters

Given the significant challenges in achieving satisfactory pollutant removal in HRAP, nu-
merous studies have focused on assessing the impact of engineering parameters on HRAP per-

formance to enable a better control and optimisation of the process.

e Dead zones reduction: The presence of bends at the extremities of the raceway creates
dead zones where flow velocity is very low, nil, or negative, leading to the appearance of vortices.
Figure 1.11a shows the result of Computational Fluids Dynamic (CFD) modelling of a 500 m?,
0.2 m depth raceway mixed with a paddlewheel (Inostroza et al. 2021), where dead zones can

be observed at the exit of the bends. As accumulation of solids is likely to occur in those areas,
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different geometries have been tested to avoid settling zones, represented in Figure 1.11b and c.
In Figure 1.11b, the central divider of the raceway has been modified to follow the shape of the
dead zones, and in Figure 1.11c deflectors have been installed inside the bends. In this study, the
utilization of deflectors was reported to provide the best performance in terms of fluid velocity

and reduction of dead zones (Inostroza et al. 2021).

mfs

0.1 0.2 0.3 0.4 0.5 0.6

Figure 1.11 — Velocity profiles in a 500m?, 0.2m depth raceway obtained by CFD modelling. Top: Traditional.
Middle: Isle Partition. Bottom: Baffles Partition. (Inostroza et al. 2021)

e HRT: Increasing the HRT from 5 to 7 days significantly improved pollutants removal in
HRAP system according to Ruas et al. (2020). There was an increase from 34 to 67 % in COD
removal, from 36 to 69 % for Total Organic Carbon (TOC) removal, from 80 to 90 % for total
nitrogen removal, and from 58 to 87 % for total phosphorus removal. Total suspended solids
(including microalgae) also increased from 89.9 to 184.5 mg.L ™!, suggesting that higher removal
rates were due to higher algal biomass consuming pollutants. These results were confirmed by
Cromar and Fallowfield (1997), where an increase in HRT from 4 to 7 days resulted in an
improvement of N removal from 89 to 95 % and an improvement from 44 to 55 % for P removal.

Here again, chlorophyll a increased with HRT, confirming that higher HRT promotes nutrient
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removal by allowing higher algal biomass. Several studies adjusted the HRT depending on the
seasons to adapt to lower algal growth rates in winter due to lower irradiance. Lower HRT can
then be applied in summer (4 days) compared to winter (8 days) (Picot et al. 1991, Picot et
al. 1992).

e Depth: Considering the high nutrient load in HRAP, microalgae are likely to be limited
by light availability in the culture depth. However, light availability decreases along the pond
depth, and higher pond depths are expected to inhibit algal growth and consequently pollutants
removal. This was confirmed by Kim et al. (2018), which reported decreasing N and P removal
rates with increasing pond depth: N removal was 83 % and P removal 90 % for a pond depth
of 20 cm, compared to 43 % and 36 % for a 30 cm depth pond, and 19 % and 33 % for a
40 cm depth pond. However, the reverse effect was obtained in a similar study (Sutherland
et al. 2014b). Generally, most large-scale HRAPs are operated at 30 cm depth, which seems to
be a compromise between light availability and the volume of wastewater treated per land area.
The depth of the pond can also be varied to adapt to seasonal variations and manage peaking

flow, for example (LGA 2020).

e Pond size: High volumes of wastewater to treat imply large ponds. However, upscaling
was reported to negatively impact nutrient removal. For the same HRT, influent load, and
environmental conditions, lower daily nutrient removal and biomass production occurred in a
1-ha HRAP pond compared to 330 m? and 5 m? ponds, questioning the mixing efficiency in
larger ponds (Sutherland et al. 2020).

e CO, addition: Numerous studies have investigated the addition of CO5 to HRAP to
provide an inorganic carbon source for algal growth and to lower and control pH. pH naturally
tends to increase during the day due to photosynthesis until reaching potential lethal values
for algae and bacteria. Some studies have focused on the effect of sparging extra inorganic
carbon as CO» into raceway ponds containing wastewater-microalgae consortiua on microalgal

growth. Significant increases in biomass productivity and nutrient removal were reported when
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COy was sparged, either pure or in a mixture with 70 % of Ny, into raceway ponds treating
raw or anaerobically digested abattoir wastewater compared to non-enriched ponds (Shayesteh
et al. 2021; Ruas et al. 2020). The study on raw wastewater demonstrated that adding 30 %
CO5 mixed with 70 % Ns increased biomass productivity by 60 %, resulting in a 20 % increase
in COD removal and a 25 % increase in total organic carbon removal (Ruas et al. 2020). In
contrast, adding COy (recovered from anaerobic pond biogas, without pH control) to secondary
treated wastewater in large-scale outdoor raceway ponds did not impact microalgal productivity
nor nutrient removal according to Young et al. (2019a). This could be due to the quality of the
biogas and the presence of potential toxic compounds, considering that COs injections actually
allowed significantly higher dissolved inorganic carbon concentration in the enriched pond. While
high pH and the absence of CO2 supply are generally unfavourable for microalgal growth, the
high pH reached when pH is not controlled by CO; injections favours nitrogen removal by
volatilization. Indeed, the pKa of the NHI /NHs pair is 9.2, meaning that above this value
most of the ammoniacal N is in the gaseous form NHs. In an HRAP with a pH of 9, nitrogen
removal by stripping of NH3 then produced was reported to be significant (32-47 % for Garcia et
al. (2000) and 36-46 % for Picot et al. (1991)). High pH also favours disinfection (Chambonniere
et al. 2020, Sebastian and Nair 1984) and limits the establishment of zooplancton communities
that graze on microalgae (Arauzo and Valladolid 2003). Thus, not controlling the pH by COq

injections can also increase efluent microbiological quality.

e Pretreatment: Typically, HRAP influent undergoes pretreatment in settling tanks, anaer-
obic or facultative ponds, depending on the raw wastewater pollutant load and the required water
quality at the HRAP outlet. Pretreatment is necessary to reduce suspended material concentra-
tion, which can make the culture medium turbid and reduce light availability for algae. Arashiro
et al. (2019) reported no significant effect of primary treatment in settling tanks on N and COD
removal. However, further pretreatment in a facultative pond (1.5 m depth, HRT = 8 days) was
found to improve water quality at the HRAP outlet: the removal efficiency was 60 % for N and

40 % for P for the HRAP that received effluent from a clarifier (HRT = 2 hours), compared to
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90 % for N and 50 % for P for the HRAP that received effluent from the facultative pond (Picot
et al. 1992). Similarly, reducing nutrient load in HRAP influent by dilution by a factor of 2
resulted in a lower algal productivity but higher efluent quality (Sutherland et al. 2014a), high-
lighting the importance of further nutrient removal upstream of the HRAP when the primary

goal is water treatment.

1.3.3 Modeling HRAP systems

Modeling constitute a key tool for optimizing HRAP performances by considering the vari-
ations of the parameters that are not constant (wastewater composition, climate). In the case
of wastewater treatment processes, using a model is useful to predict removal performances
and then scale the system. Modeling is then a crucial step for the implementation of HRAP at
industrial scale.

Shoener et al. (2019a) reviewed 300 published models of phytoplankton in water resource re-
covery facilities. This study synthesized the different strategies used for the prediction of growth,
nutrient uptake, carbon uptake and storage, and respiration. Among the different growth models,
the Monod formulation, that implies maximum specific growth rate and half-saturation constant
of the substrate, was used in 48% of the models reviewed, making it the most widely used notably
due to the ease of calibration. However, the authors stated that the Droop model, used in only
19% of the models, was more adapted because it allows to decouple nutrient uptake and growth
by considering internal nutrient content in the cell. Cells metabolism can be modeled at different
levels of complexity. Metabolic flux analysis permits a thorough representation but turns out
to be very complex, with more than 100 reactions to consider. Consequently, this formulation
was used in only 3% of the models reviewed. On the contrary, the empirical method, consisting
in converting the substrate into biomass using a yield determined experimentally, was widely
used in the models reviewed. However, the yield is sensitive to environmental conditions and
the reproductibility of this approach is poor. The authors recommended a compromise between
empirical approach and metabolic flux, the lumped pathway, that necessitates approximately 10

groups of reactions instead of more than 100 individual reactions needed in the metabolic flux
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analysis. Light is the source of energy for photoautotrophic microalgae and should always be
considered while modeling HRAP. Light was considered in 66% of the models reviewed, which
mostly used Monod-like formulations. Light attenuation through depth by microalgal cells was
considered using Beer-Lambert law in 35% of the models reviewed. Only 6.8% of the models
considered photoinhibition and photoacclimation. However, regarding the strong variations of
light occurring in HRAP due to solar conditions, photoinhibition and photoacclimation are cru-
cial mechanisms and should not be neglected. Temperature can also take extreme values in
HRAP and have a great influence on microorganisms activity and should always be considered.
Temperature was included in 34% of the articles reviewed. Models mostly used the difference
between HRAP temperature and the optimal temperature of the microorganism considered,
with no growth below a minimal temperature of tolerance and above a maximal temperature
of tolerance. Besides, the authors stated that gas-liquid mass transfer should be included if
dissolved gases CO2 and Os are expected inhibitory or limiting. In the same way, pH should
be considered if the system is not buffered or pH-controlled or when pH takes values that can
cause inhibition of the growth. Moreover, HRAP comprise of paddlewheel-mixed raceway ponds
that implies heterogeneous flow velocity in the pond, especially in large-scale systems. Mixing
impacts crucial parameters such as light availability for microalgae, gas-liquid transfer and the
occurrence of anaerobic zones in the pond. CFD models (Inostroza et al. 2021) should then be

coupled to growth models to accurately predict HRAP behaviour.

A few models simulating microalgae-wastewater systems have already been validated in out-
door conditions. BIO_ALGAE model (Solimeno and Garcia 2019) accurately predicted total
biomass concentration, pH, dissolved oxygen and nutrient concentrations in a 1.54 m? outdoor
pilot raceway pond fed with facultative pond effluent, both in summer and in winter. Later, the
ALBA model (Casagli et al. 2021) was validated in a 56 m? outdoor raceway fed with synthetic
wastewater throughout the four seasons. The model was able to predict accurately the growth of
microalgae, heterotrophic bacteria and nitrifying bacteria as well as pollutant removal. Finally,
the model ABACO-2 (Nordio et al. 2024) was validated in a 80 m? outdoor raceway operated

in a semi-continuous mode fed with urban wastewater from May to November. While most of
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models simulating HRAP behaviour focus on microalgal growth, COD, BOD, N and P removal,
modeling of disinfection mechanisms and pathogens removal is relatively understudied. A model
(Craggs et al. 2004) took into consideration both sunlight disinfection and dark inactivation of
E. coli in HRAP and obtained a good fitting between the model and experimental data. This
disinfection model was validated in a 35.7 m? outdoor raceway operated in batch using dairy
farm effluent following pre-treatment in an anaerobic pond.

These studies demonstrated that models could accurately predict microalgal growth and
pollutants removal even while the systems were exposed to variable environmental conditions
throughout the day, however robustness of the models should be improved in order to fit different

types of influent and different climates.

1.3.4 Environmental and economical impact of HRAP

HRAP systems differ from classical systems in terms of energy consumption, nature and
quantity of emitted gases, required area, and associated costs. Life cycle analysis enables a
detailed evaluation of the environmental impacts of a system over its lifetime, considering aspects
such as material acquisition, production, transportation, usage, and waste disposal. This section
draws upon five studies on the life cycle analysis of large-scale HRAP systems compared to
classical systems to estimate the range of energy consumption, greenhouse gas emissions, required
area as well as capital and operational costs associated with operating an HRAP system (see

Figures 1.12, 1.13, 1.14 and 1.15 for references).

1.3.4.1 Energy consumption

According to Arashiro et al. (2018) and Garfi et al. (2017), activated sludge systems consume
approximately 0.9 and 1.3 kWh/m? of treated wastewater, respectively, whereas HRAP systems
consume significantly less energy, ranging from 0.09 to 0.25 kWh/m? (Figure 1.12, Arashiro
et al. 2018, Kohlheb et al. 2020, Garfi et al. 2017, Vassalle et al. 2023). Given the low power
requirements of HRAP, energy can be readily supplied by solar panels, especially in sunny areas

(LGA 2020).
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Energy consumption per cubic metre of treated water for HRAP compared to activated sludge,
SBR and wetlands

Activated sludge (Arashiro et al, 2018)
Activated sludge (Garfi et al, 2017)

SBR (Kohlheb et al, 2020)

Constructed wetland (Garfi et al, 2017)

HRAP + biogas prod. (Arashiro et al, 2018)
HRAP + biofertiliser prod. (Arashiro et al, 2018)
HRAP (Kohlheb et al, 2020)

HRAP (Garfi et al, 2017)

UASB + HRAP (Vassalle et al, 2023)
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Figure 1.12 — Energy consumption per cubic metre of treated water for HRAP compared to activated sludge,
Sequencing Batch Reactor (SBR) and constructed wetlands

Like HRAPs, constructed wetlands also exhibit low energy consumption compared to acti-
vated sludge systems, typically around 0.45 kWh/m?. Constructed wetlands consist of shallow
ponds (< 2 m depth) of standing water where pollutants are removed through various pro-
cesses such as sedimentation, filtration, UV exposure, precipitation, adsorption, volatilization,
microbial degradation, or uptake from macrophytes roots (Vymazal 2011).

Due to lower energy consumption, the oxygenation capacity per kWh consumed is higher
in an HRAP (measured at 8.2 kgO2/kWh in the Peterborough HRAP during winter mornings,
attributed to photosynthetically produced dissolved oxygen) compared to an aerated pond in an
anaerobic sludge treatment plant (measured at 2.56 kgO9/kWh, determined at laboratory scale

in a 28 L. pond, Vaxelaire et al. 1995).

1.3.4.2 Greenhouse gas emissions

Garfi et al. (2017) reported CO5 emissions of 1.27 kgCO/m? for activated sludge, 0.69 kgCOo/m?
for constructed wetlands, and 0.57 kgCOo/m? for HRAP. Additionally, Vassalle et al. (2023)
even reported negative COg emissions due to CO2 uptake by microalgae (Figure 1.13). How-
ever, HRAP tend to emit more NoO and NHj3 than activated sludge systems. While Arashiro
et al. (2018) and Garfi et al. (2017) reported 0.11 gN,O emitted per m? of treated water and

nil NHs emissions for activated sludge, HRAP emitted from 0.06 gNoO/m?® (HRAP coupled
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with biofertilizer production) to 0.26 gNoO/m? (HRAP coupled with biogas production) and
6-10 gNH3/m?. The high pH induced by photosynthesis in HRAP leads to significant NH3 for-

mation and volatilisation.

CO, emissions per cubic metre of treated water for HRAP compared to activated sludge, SBR and wetlands

Activated sludge (Arashiro et al, 2018)
Activated sludge (Garfi et al, 2017)
SBR (Kohlheb et al, 2020) —
Constructed wetland (Garfi et al, 2017)
HRAP + biogas prod. (Arashiro et al, 2018)
HRAP + biofertiliser prod. (Arashiro et al, 2018)
HRAP (Kohlheb et al, 2020) [—
HRAP (Garfi et al, 2017)
UASB + HRAP (Vassalle et al, 2023) —
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N,O emissions per cubic metre of treated water for HRAP compared to activated sludge, SBR and wetlands
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HRAP (Garfi et al, 2017)
UASB + HRAP (Vassalle et al, 2023)
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NH; emissions per cubic metre of treated water for HRAP compared to activated sludge, SBR and wetlands
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Figure 1.13 — CO2, N2O and NH3 emissions per cubic metre of treated water for HRAP compared to activated
sludge, Sequencing Batch Reactor (SBR) and constructed wetlands
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1.3.4.3 Area

Due to their lower depth, HRAPs require a larger area than activated sludge to treat an equal
volume of water. According to Arashiro et al. (2018), the area needed per m?/day of treated water
is 0.46 m? for activated sludge, whereas it ranges from 10 to 30 m? for HRAPs (Figure 1.14,
Craggs et al. 2015, Vassalle et al. 2023, Garfi et al. 2017, Kohlheb et al. 2020, Arashiro et
al. 2018). Consequently, HRAP systems are more suitable for remote areas, sometimes not
serviced by classical water sanitation network (LGA 2020), than for cities where available area
is usually limited. It’s worth noting that the footprint of HRAPs in terms of surface aera is still
50 % lower than that of facultative ponds used in those remote areas due to the lower HRT of

HRAPs (LGA 2020).

Area per cubic metre per day of treated water for HRAP compared to activated sludge
and wetlands

Activated sludge (Arashiro et al, 2018) ®
Constructed wetland (Garfi et al, 2017)
HRAP (Craggs et al, 2015)

HRAP (Craggs et al, 2015)
D e 2013 E
HRAP (Garfi et al, 2017)

HRAP (Kohlheb et al, 2020)  |———s—————

HRAP + biofertiliser prod. (Arashiro et al, 2018)
HRAP + biogas prod. (Arashiro et al, 2018) :

0 5 10 15 20 25 30 35
Area (m%/m3/d)

Figure 1.14 — Area per cubic metre per day of treated water for HRAP compared to activated sludge and
constructed wetlands

1.3.4.4 Capital and operation cost

Due to their simpler facilities and the reduced need for operator actions on-site (LGA 2020)
as well as the absence of artificial aeration which typically contributes to 50 to 90 % of the
operational cost in an activated sludge wastewater treatment plant (Oviedo et al. 2022), both
investment and operational costs are lower for HRAP compared to activated sludge systems.

Garfi et al. (2017) reported a capital cost of 2774 € per cubic metre of water treated per day for
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activated sludge plants, compared to 600 to 1000 € for HRAPs. Similarly, the operational cost
for an activated sludge treatment plant was estimated around 0.79 € per cubic metre of treated
water, while it ranges from 0.02 to 0.4 € for HRAPs (Figure 1.15, Garfi et al. 2017, Kohlheb
et al. 2020, Vassalle et al. 2023, Arashiro et al. 2018).

Capital cost per cubic metre of treated water in a year for HRAP compared to activated sludge,
SBR and wetlands

Activated sludge (Garfi et al, 2017)

Constructed wetland (Garfi et al, 2017)

SBR (Kohlheb et al, 2020)

HRAP (Craggs et al, 2015)

HRAP (Craggs et al, 2015)

UASB + HRAP (Vassalle et al, 2023)

HRAP (Garfi et al, 2017)

HRAP (Kohlheb et al, 2020)

HRAP + biofertiliser prod. (Arashiro et al, 2018)
HRAP + biogas prod. (Arashiro et al, 2018)

- € 500 € 1,000 € 1,500 € 2,000 € 2,500 € 3,000 €
Capital cost (euros/m?3)

Operation cost per cubic metre of treated water for HRAP compared to activated sludge, SBR and
wetlands

Activated sludge (Garfi et al, 2017)

Constructed wetland (Garfi et al, 2017)

SBR (Kohlheb et al, 2020) |

UASB + HRAP (Vassalle et al, 2023)

HRAP (Garfi et al, 2017)

HRAP (Kohlheb et al, 2020) |

HRAP + biofertiliser prod. (Arashiro et al, 2018)
HRAP + biogas prod. (Arashiro et al, 2018)

- € 0.20 € 0.40 € 0.60 € 0.80 €
Operation cost (euros/m3)

Figure 1.15 — Capital and operation cost for HRAP compared to activated sludge, Sequencing Batch Reactor
(SBR) and constructed wetlands

1.3.5 Conclusion: HRAP versus activated sludge and improvement perspec-

tives

Pollutants removal performance, as well as the environmental and economic impact of HRAP,
has been assessed worldwide, across a wide range of biotic and abiotic conditions. Table 1.4 sum-
marizes the advantages and drawbacks of HRAP compared to classical activated sludge systems,

which are currently used for wastewater treatment in most parts of the world. Generally, acti-
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vated sludge demonstrates slightly better pollutant removal rates than HRAP, albeit requiring

a smaller surface area, but to a much higher energetic and economic cost.

References Activated References HRAP
sludge

BODj5 removal Young
efficiency AERM (2007) et al. (2017)

N removal Young
efficiency AERM (2007) et al. (2017)

P removal Young
efficiency AERM (2007) et al. (2017)

Energy Garfi Vassalle
consumption et al. (2017) et al. (2023)

. Garfi Garfi
Capital cost et al. (2017) et al. (2017)

Functioning Garfi Kohlheb
cost et al. (2017) et al. (2020)

Area needed Arashiro Kohlheb
ca eede et al. (2018) et al. (2020)

Table 1.4 — Comparison of activated sludge and HRAP performances, surface, costs and energy
consumption

While HRAPs are more suitable for remote communities with large area available and a need
for low-cost systems, compact systems like activated sludge are more suitable for cities that can
afford higher treatment costs and where available area is limited. Each system is also suitable for
a particular treated water reuse. While efluent from an activated sludge plant can be discharged
into the natural environment due to its high removal efficiencies for N, P, and BODs5, treated
water from HRAP would be more suitable for irrigation of non-food crops, considering slightly
lower removal efficiencies of macropollutants. When considering water reuse for irrigation of food
crops, chemical disinfection after both HRAP and activated sludge treatment may be necessary
to meet strict regulatory requirements and address public health concerns. Finally, while the
separation of the sludge from the treated water in activated sludge systems is relatively efficient,
separating the biomass from the treated water in HRAP is more challenging. However, algal
biomass from HRAP is more interesting than sludge in terms of valorisation.

The wide range of microorganisms and their interactions, combined with uncontrolled pop-

ulations and variable solar conditions, contribute to the complexity and performance variability
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of HRAP systems. While HRAP systems hold promise as wastewater treatment technologies,
a deeper understanding of microbial functions and interactions is necessary for optimisation,

especially to compete with activated sludge systems in terms of sanitation efficiency.

1.4 Microalgae and bacteria in HRAP systems

As open systems rich in nutrients, HRAP systems provide a conducive environment for a
diverse array of microorganisms, including microalgae, bacteria, viruses, and zooplancton (Fig-
ure 1.16). According to Safi et al. (2016), microalgae constitute the majority of particulate
carbon in the pond, accounting for 61 %, with variations across seasons reaching a maximum
of 69 % in summer and a minimum of 48 % in winter. Bacterial particulate carbon comprises
13.5 %, exhibiting lower seasonal variability, with a maximum of 19 % in winter and a minimum
of 7.5 % in summer. Grazers (zooplancton) contribute 4 % of the particulate carbon, increasing
to 14 % during spring zooplankton blooms. The remaining 21.5 % of particulate carbon consists

of dead algae, detritus, and mucilage (Safi et al. 2016).

Repartition of particulate carbon in a HRAP (Safi et al, 2016)

Organic detritus (21.5%)

Zooplancton (4%)

Microalgae (61%)
Bacteria (13.5%)

Figure 1.16 — Repartition of particulate carbon among HRAP microorganisms and organic detritus (Safi et
al. 2016)
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While certain microorganisms such as microalgae and bacteria play a beneficial role in pol-
lutant removal within HRAP systems, others pose challenges. For instance, zooplankton can
proliferate to the extent of threatening microalgal populations, while the presence of human

pathogens like viruses and certain bacteria raises concerns about water safety and public health.

1.4.1 Microalgae
1.4.1.1 Generalities about microalgae

Microalgae are unicellular photosynthetic microorganisms characterized by their lack of spe-
cialized organs such as roots, stems, or leaves, unlike macroalgae. They encompass both mi-
croscopic eukaryotic algae and cyanobacteria, which are photosynthetic prokaryotes. Typically
ranging from 10 to 20 pm in size, a microalgal cell contains a nucleus enclosed within a double
membrane, housing the organism’s genetic material. Within the cytosol, chloroplasts serve as
the primary sites for photosynthesis, featuring thylakoid structures where pigments like chloro-
phyll a, chlorophyll b, and carotenoids are located, facilitating light absorption (Jacob-Lopes
et al. 2020). Additionally, mitochondria, also present in the cytosol, are responsible for cellu-
lar respiration processes. This cellular organites depicted in Figure 1.17, enables microalgae to
efficiently harness energy from sunlight and perform essential metabolic functions.

As photosynthetic organisms, microalgae produce organic molecules for their growth from
inorganic compounds in the presence of light (Hall and Rao 1992). During this process, carbon

dioxide and water are converted into carbohydrates, rich in energy, and dioxygen (Equation 1.5).

COy + HyO — CH50 + Oy (1.5)

Photosynthesis occurs in two steps, a light phase occurring in presence of light, and a dark
phase independant of light:

e Light phase - the electron transport chain: In the light phase, photons excite the
chlorophyll @ molecules located in the photosystems II and I (PSII and PSI), which consist of

pigments and proteins. Upon returning to a stable state, chlorophyll a emits fluorescence. While
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Figure 1.17

This image has been removed due to copyright
restriction. Available online from Pignolet, O., S.
Jubeau, C. Vaca-Garcia, and P. Michaud, 2013, «
Highly valuable microalgae:

Biochemical and topological aspects », Journal of
Industrial Microbiology and Biotechnology
40(8): 781-796, issn: 13675435,
https://doi.org/10.1007/s10295-013-1281-7.

Figure 1.17 — Microalgae structure (Pignolet et al. 2013)

chlorophyll a is the primary pigment in photosystems, carotenoids also contribute to photosyn-
thesis and photoprotection by dissipating excess energy as heat at this stage (Jacob-Lopes et
al. 2020, Benedetti et al. 2018). Light energy is then converted into NADPH and ATP through
electron transfer. Electrons are derived from HyO molecules, which are initially converted into
O, H', and electrons in photosystem IT (Figure 1.18). Subsequently, in photosystem I, NADP*
is reduced to NADPH. The H ions generated from the conversion of HoO molecules into oxygen

in PSII are then utilized by ATP synthase to convert ADP into ATP (Li et al. 2023).

e Dark phase - the Calvin cycle: In the dark phase, which occurs in the stroma, the
NADPH and ATP produced during the light phase drive the Calvin cycle. This cycle converts
COgy from the cell environment or from the respiratory process into carbohydrates (Hall and

Rao 1992).

ATP produced during the light phase is insufficient to meet the cell’s energy demands.
Therefore, alongside photosynthesis, respiration reactions provide most of the ATP required by
Calvin cycle (Bonnanfant 2020). During respiration, carbohydrates and Os are converted into

CO2 and H20 (Equation 1.6), as follows:
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Figure 1.18
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Biochemical and topological aspects », Journal of
Industrial Microbiology and Biotechnology

40 (8): 781-796, issn: 13675435,
https://doi.org/10.1007/s10295-013-1281-7.

- Simkin, A. J., 2019, « Genetic engineering for global
food security: Photosynthesis and biofortification

», Plants 8 (12), issn: 22237747,
https://doi.org/10.3390/plants8120586.

Figure 1.18 — Representation of electron transport chain in thylakoid membrane (modified from Pignolet et
al. 2013 and Simkin 2019)

CH50 4+ Og — Hy0 + COq (16)

Microalgae cultivated in HRAP systems typically experience 10 to 14 hours of darkness within
a 24-hour cycle, depending on the seasons (Casagli et al. 2021). During periods of darkness,
respiration becomes the primary process for providing ATP to the cell, occurring in three steps
presented in Figure 1.20 (Kazbar et al. 2019, Cecchin 2020). Mitochondrial respiration comprises
glycolysis, the Krebs cycle (citric acid cycle), and oxidative phosphorylation. First, glucose is
degraded in the cytoplasm via glycolysis. Then, pyruvate, the end product of glycolysis, is

converted into acetyl-CoA in the Krebs cycle, accompanied by the production of COs and
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Figure 1.19
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Figure 1.19 — Reactions occurring in Calvin cycle in chloroplast stroma (modified from Pignolet et al. (2013)
and Molnar and Gair (2015))
H,O. Finally, ATP is generated through oxidative phosphorylation, which utilizes the HT ions
produced during the Krebs cycle. Consequently, microalgae can utilize glucose derived from
photosynthesis, along with oxygen, to produce ATP during periods of darkness (Kazbar et
al. 2019, Cecchin 2020) (Figure 1.20).

In terms of stoechiometry, Abiusi et al. (2020) reported that 1 gram of algal biomass
(Chlorella sorokiniana) consumed 0.53 grams of carbon from COy through photosynthesis. The
same 1 gram of algal biomass consumed 1.27 grams of Oy and produced 0.53 grams of carbon

from COs.

1.4.1.2 Microalgal population in HRAP systems

HRAPs are open systems where the microalgal species present are influenced by contam-

ination from aerosols and wastewater. Some recurrent microalgae species in HRAP natural
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Figure 1.20
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Figure 1.20 — Reactions occurring in mitochondria and cytosol as part of aerobic respiration in darkness
conditions (modified from Pignolet et al. (2013) and https://www.sciencefacts.net)
consortia include Chlorella sp., Scenedesmus sp., Mucidosphaerium sp., Micractinium sp., Pedi-
astrum sp., Desmodesmus sp., Stigeoclonium sp., Pseudanabaena sp., Chlamydomonas sp., and
Ankistrodesmus sp. (Ruas et al. 2020; Young et al. 2019a; Sutherland et al. 2014b; Gutiérrez
et al. 2016a; Mehrabadi et al. 2016; Montemezzani et al. 2016, 2017; Pham et al. 2020; Arashiro
et al. 2019; Passos et al. 2014; Gales et al. 2019; Sutherland et al. 2017; Gutiérrez et al. 2016b;
Assemany et al. 2015; Vassalle et al. 2020; Plouviez et al. 2019).

However, the microalgae population in HRAP is subject to variations in environmental con-
ditions. Therefore, different species dominate the culture depending on the season, grazing pres-
sure, or on HRAP location. For example, Fallowfield and Garrett (1985) observed Chlorella

vulgaris as the dominant species from September to November in a HRAP in Scotland, whereas
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genera, Chlamydomonas, Ulotrix, Ankistrodesmus, and Nitzschia were dominant from May to
September. The composition of the algal population could also depend on nutrient availability:
Marcilhac (2014) reported that, in the case of phosphorus limitation, Scenedesmus sp. tends to

dominate the culture compared to Chlorella sp..

1.4.1.3 Parameters influencing microalgal growth in HRAP system

Microalgae require light and nutrients, mainly carbon, nitrogen, phosphorus, and sulfur,
for their growth. The nutrients requirements depend directly on the elemental composition of
microalgae as presented in Table 1.5 for Chlorella vulgaris (Soulies 2014). Typically, in HRAP
systems, nutrients are present in excess, so the culture is mainly limited by light availability

(Voltolina et al. 2005). Microalgae are also affected by physico-chemical conditions and predation.

Elements C H (0] N S P K Mg Ca
Mass fraction 0.480 | 0.070 | 0.264 | 0.089 | 0.008 | 0.009 | 0.011 | 0.003 | 0.002

C molar 1 1.742 | 0.413 | 0.158 | 0.006 | 0.008 | 0.0073 | 0.0036 | 0.0013
composition

Table 1.5 — Elemental composition of Chlorella vulgaris (Soulies 2014)

1.4.1.3.1 Light

Microalgae are photosynthetic microorganisms that rely on capturing light energy to per-
form photosynthesis. They can only utilize light within the Photosynthetically Active Radiation
(PAR) wavelengths, typically between 400 and 700 nm (Mehrabadi et al. 2015). In open sys-
tems exposed to sunlight, such as HRAPs, irradiation levels vary depending on factors such as
day-night cycles, sun trajectory, cloud cover, and the specific characteristics of culture systems

(Bonnanfant 2020). For instance, in a study conducted in New Zealand, average diurnal photon

1 1

flux densities of 116 ymol.m~2.s~! in winter and 700 gmol.m~2.s~! in summer were reported
for an HRAP (Sutherland et al. 2021). However, it’s essentiel to note that the photon flux den-
sity (PFD), which characterizes the light received onto the illuminated surface of the culture
system, may not accurately represent the light received by cells within the culture volume. This

is because light attenuation occurs due to self-shading of cells. When the microalgae culture
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is concentrated or the culture medium is highly turbid, a dark zone can form in the depth of
culture where light penetration is insufficient, even during the daytime. This can lead to in-
creased respiration activity in microalgae rather than photosynthesis. Biomass concentration
in the pond and microalgae pigmentation, among other factors, are key parameters influencing

light availability and algal productivity in microalgae cultures (Bonnanfant 2020):

e PFD: PFD represents the amount of photons reaching the surface of the culture per unit of
time and aera. For instance, incident PFD can range from 0 gmol.m~2.s~! at night to exceeding
2000 pmol.m~2.s7! on a sunny day (Artu 2016). Incident PFD is commonly used parameter
to characterize the light conditions in a culture. However, it alone doesn’t fully represent the
availability of photons for microalgal cells. The mean rate of photon absorption (Artu 2016) is
a more relevant parameter for discussing light availability, as it depends on a complex set of

interdependent parameters such as biomass concentration, pigment content, and reactor depth.

e Biomass concentration: Higher biomass concentration leads to increased turbidity and
reduced average light availability for microalgae in the pond, a phenomenon known as self-
shading. Biomass concentration depends on the microalgal growth rate, which in turn is in-
fluenced by light and nutrient availability in the pond, as well as the dilution rate. HRAPs,
like many microalgae production systems, are operate continuously, where the continuous inlet
volumetric flow rate equals the harvesting flow rate, keeping the reactor volume constant. The
liquid flow rate Q (in m3.A~!) is determined based on the reactor volume (V,eqetor) in m? and

the desired HRT in hours (Equation 1.7):

reactor
_V 1.7
@ HRT (L7)

The dilution rate (D) in h=! is the reciprocal of the HRT (Equation 1.8):

1

= 1.8
b HRT (1:8)

The dilution rate directly impacts the volume of culture harvested and replaced by inlet
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water within a given period, as well as the microalgal concentration in the culture. If the dilution
rate is too high, the growth rate of microalgae may not compensate for the harvested biomass,
leading to culture washout. Conversly, if the dilution rate is too low, microalgae cells may
accumulate, resulting in significant self shading and potentially light limitation. Additionally,
low renewal of culture medium could lead to nutrient limitation. Optimizing the dilution rate
is essential to achieve the highest biomass productivity. This optimal rate balances the need
for sufficient renewal of culture medium to prevent nutrient limitation and maintain favorable
growth conditions, while avoiding excessive dilution that may lead to culture washout (Pruvost
et al. 2012). In wastewater treatment, the aim is not necessarily to optimise algal biomass
productivity and a balance must be reached between retention time and pollutant removal

required for wastewater reuse.

e Pigment content: The pigment content within a microalgal cell typically ranges from
3-5%. Chlorophyll a predominates in green algae and tends to increase in concentration when
light availability decreases, a strategy aimed at optimizing light capture (Bonnanfant 2020). As
the pigment content of a cell increases, its absorbance also increases, resulting in reduced light

availability within the culture.

e Microalgal cell shape: A microalgal cell has the ability to absorb, reflect, and refract
incident light. The ability depends on the cell’s shape and pigment composition, and it is quan-
tified through radiative properties, which can vary among species. However, light absorption is
the main process occurring in algal cells, and scattering processes such as reflection and refrac-
tion are typically negligible (Legrand et al. 2016). The specific light absorption coefficient of a
microalgal cell Fa is expressed in kg.m ™2 and depends on its pigment content, primarily chloro-
phyll a. This coefficient is also wavelength-dependent and exhibits higher values at wavelengths

corresponding to the absorption peaks of chlorophyll a, typically around 450 nm and 650 nm.

The Mean Rate of Photons Absorption (MRPA) in the culture, represented in gmol.m=2.s71,
depends on both the algal mass absorption coefficient Ea (in kg.m~2) and the local fluence

rate G (in pumol.kg=t.s71), integrated over the PAR region. This relationship is described by
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Equation 1.9):

MRPA = [p 5 Eay-Gyd\ (1.9)

This equation represents the integration of the product of the algal mass absorption coefficient

and the local fluence rate over the PAR region, yielding the MRPA.

e Depth: The fluence rate G (in gmol.m~2.s71) in the pond decreases exponentially as depth
z (in m) increases, as described by the Beer-Lambert law (Legrand et al. 2016), Equation 1.10),

where G(0) can be approximated by the incident PFD:

G(z) = G(0) - e~ FaCaz (1.10)

MRPA is crucial for algal productivity. Productivity increases with MRPA until it reaches
the light saturation point. Beyond this limit, algal productivity starts to decrease with MRPA

due to photoinhibition processes (Figure 1.21).
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Figure 1.21 — Evolution of productivity as a function of MRPA (in red dilution rate D=0,05 h™!, in grey
incident irradiance qo=270 ymol.m~2.s™! and in black qo=760 pmol.m™2.s™') (Artu 2016)
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1.4.1.3.2 Carbon

e Inorganic carbon

Microalgal cells are composed of approximately 50 % of carbon (Soulies 2014). CO4 is the
most common carbon source for microalgae, as it is fixed by photosynthesis after dissolution
in the liquid medium. In HRAP, the availability of inorganic carbon for microalgae primarily
depends on COs produced by respiration, as well as the pH of the culture and the gas-liquid
mass transfer coefficient (Kya), which is influenced by pond agitation and geometry. Biomass
production is generally enhanced by a higher Total Inorganic Carbon (TIC) concentrations up to
a certain threshold where it becomes non-limiting. For instance, this concentration was estimated
to be around 1 mM for Chlorella vulgaris (Pruvost et al. 2022). In HRAP, the mineralisation
of organic matter by heterotrophic bacteria results in COs production (Russel et al. 2020),
leading to TIC concentrations typically ranging between 1 and 3 mM (Sutherland et al. 2021).
However, it’s important to note that pH in HRAP often fluctuates between 8 and 11 (Sutherland
et al. 2021). At these pH values, TIC is mainly present in the form of HCO3; and CO%‘ ions
(Table 1.6). Free COgq is not likely to be present at this pH range, and the mass transfer of
carbon dioxide from the liquid to the gas phase can often be considered negligible, contributing

to an increase in TIC concentration.

pH range Equilibrium equation
pH < 4.3 COg(g) + HyO = HyCOg3

4.3 < pH < 8.2 | H,CO3 + H,O = HCO3 + H307
pH > 8.2 HCO3 + Ho0 = CO5™ + H30™

Table 1.6 — Carbonate equilibria equations and corresponding pH ranges (Pobernik et al. 2008)

Microalgae have the ability to uptake inorganic carbon using transporters located in the
cell membrane and in the chloroplast (Figure 1.22). These transporters facilitate the movement
of inorganic carbon molecules, such as bicarbonate (HCOj3 ) and carbon dioxide (COz), across
the cell membrane and into the chloroplast, where they can be utilized in photosynthesis. The
presence of specific transporters allows microalgae to efficiently utilize the available inorganic

carbon in their environment, even at varying pH levels and concentrations.
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Figuge 1.22 — Mechanisms of inorganic carbon transport through algal cell. Adapted from Nair and Chakraborty
2020

As a result, inorganic carbon, primarily in the form of HCOg, , accumulates in the chloroplast
and in the stroma of microalgae cells, where the intracellular pH is typically around 7 to 8
(Lane and Burris 1981). Within the chloroplast, bicarbonate is converted to COg by the enzyme
carbonic anhydrase. This conversion occurs in the stroma before the carbon dioxide enters the
thylakoid lumen. In the thylakoid lumen, the CO4 is utilized in the process of photosynthesis.
Specifically, it diffuses through pyrenoids tubules, which are structures within the thylakoid
membrane, to the pyrenoid matrix located in in chloroplast stroma. In the pyrenoid matrix, the
COs is assimilated into the Calvin cycle by the action of the enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) (Basu et al. 2013a).

When TIC is present in limiting concentrations, microalgae activate Carbon Concentration
Mechanisms (CCMs) to enhance their carbon uptake efficiency. These mechanisms involve active
transport systems that enable the uptake of bicarbonate from the surrounding medium into the
cell, where it is then concentrated around the enzyme RuBisCO. However, these CCMs require
energy for operation, which can impact the overall growth rate of the microalgae (Price et
al. 1998). In the context of HRAPs, the relevance of CCMs may be questionable, especially

considering that the concentration of inorganic carbon typically ranges between 1 and 3 mM
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in HRAPs (El Ouarghi et al. 2003, Sutherland et al. 2021). This concentration level is close to
or slightly above the threshold for carbon-limited growth. Consequently, microalgae in HRAPs
may not necessarily require the activation of CCMs to maintain adequate carbon uptake rates,
as the TIC concentration is generally sufficient to support their growth and metabolic processes.

Maintaining an adequate concentration of CO2 within the cell is crucial for efficient photo-
synthesis in microalgae. When the COs concentration is too low relative to O, there is a risk of
photorespiration, where RuBisCO fixes Os instead of COs, leading to metabolic inefficiency and
biomass loss (Zeng et al. 2021). The ratio of CO2 to O3 is a critical determinant of the likelihood
of photorespiration. Studies have shown that significant photorespiration occurs when this ratio
falls below a certain threshold. For example, for Chlorella vulgaris, photorespiration becomes
significant when the CO2/O3 ratio is less than 0.4 (Kazbar 2019). In contrast, when the CO2/O2
ratio exceeds 0.6, the contribution of photorespiration to overall metabolism is considered neg-
ligible. Therefore, maintaining an appropriate balance between COs and Oy concentrations is
essential for optimizing microalgal growth and photosynthetic efficiency in HRAPs and other
cultivation systems.

The interplay between oxygen and carbon dioxide concentrations is critical for the metabolic
processes of microalgae. High oxygen levels can promote respiration over COq fixation (Man-
haeghe et al. 2020). Conversely, high concentrations of CO2 can decrease the affinity of RuBisCO
for CO2 and may lead to the inactivation of photosystem PSII, resulting in reduced photosyn-
thetic efficiency and lower yield (Nair and Chakraborty 2020). In HRAP systems that are fed
with anaerobically pre-treated wastewater and non-sparged with COs, the concentrations of in-
organic carbon typically range from 1 to 3 mM, while dissolved oxygen concentrations can be
relatively high, ranging from 0.6 mM in winter to 2.5 mM in summer) (Sutherland et al. 2021).
However, even at these elevated dissolved oxygen levels, considering the ratio COy/O2, signifi-
cant photorespiration is unlikely to occur in the pond. Therefore, while oxygen concentrations
may influence metabolic pathways, the likelihood of photorespiration in HRAP systems is low

given the prevailing conditions..

e Organic carbon
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In HRAP systems, organic carbon can serve as an alternative carbon source for microalgae.
A large variety of microalgae species are able to grow photoheterotrophically in the presence
of light or chemoheterotrophically in the dark, utilizing organic carbon compounds as a carbon
source, either instead of or in addition to inorganic carbon. However, it’s important to note that
while heterotrophic bacteria can degrade large organic molecules like polysaccharides, cellulose,
starch, or proteins, microalgae have limitations in utilizing these complex compounds. Instead,
they are typically capable of utilizing smaller organic molecules such as sugars, sugar alcohols
(Lin and Wu 2015), sugar phosphates, amino acids, and organic acids (Abeliovich and Weisman
1978, Abreu et al. 2022, Sforza et al. 2018). The relevance of organic carbon consumption
by microalgae in HRAP systems and the potential synergy between different carbon sources
uptake are topics that are further discussed in Chapter 4. Understanding how microalgae utilize
organic carbon sources in HRAPs could provide insights into optimizing nutrient utilization and

improving overall system efficiency.

1.4.1.3.3 Nitrogen

As a component of the structural and functional proteins and nucleic acids, nitrogen is a
crucial nutrient for microalgae growth, constituting approximately 9 % of their total biomass
(Abiusi et al. 2020). Microalgae have the capability to utilize inorganic nitrogen in the form
of ammonium (NHJ) or as nitrate (NO3 ), with ammonium being preferred due to its easier
assimilation. In wastewater, ammonium is typically derived from hydrolysis of urea and other
organic nitrogen molecules, while nitrate is a product of nitrification, a process we will discuss in
more detail later. Although high concentrations of ammonium in the culture medium has been
reported to inhibit ATP production in the chloroplast and photosynthesis (Kazbar 2019), the
concentrations of ammonium typically found in wastewater are well below this toxic threshold.
On the contrary, in cases of nitrogen depletion, the production of proteins becomes limited,
prompting microalgae to produce more lipids and carbohydrates. However, in HRAP systems,

total mineral nitrogen is usually present in excess, ranging from 1.2 to 6.3 mM (Buchanan et

al. 2018a, Young et al. 2019a, Sutherland et al. 2014b, Sutherland et al. 2020).
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1.4.1.3.4 Phosphorus

Phosphorus plays a vital role in microalgae as a component of ATP and DNA, constituting
approximately 1 to 2 % of their total biomass. Microalgae assimilate phosphorus primarily in the
form of phosphates (POi_). When phosphate concentrations are too high, they can precipitate
with carbonates, leading to the formation of solid particles that increase turbidity. This reduction
in light availability can inhibit algal growth (Mehrabadi et al. 2015). Moreover, precipitated
phosphorus is not readily available to support algal growth (Bonnanfant 2020). In cases of
phosphorus depletion, microalgae adapt by producing non-phosphorus lipids. However, a lack of
phosphorus can induce photorespiration, leading to a loss of biomass (Kazbar 2019). Moreover,
the absence of phosphorus can halt the synthesis of phycobilisomes, the light energy collectors,
further impeding growth (Beccerra-Celis 2009). In HRAP systems, total mineral phosphorus
typically ranges from 0.2 to 0.4 mM (Buchanan et al. 2018a, Young et al. 2019a, Sutherland
et al. 2014b, Sutherland et al. 2020).

1.4.1.3.5 Sulphur

Sulphur constitutes approximately 0.4 to 0.6 % of the total biomass of microalgae (Luther
and Soeder 1991). While a complete absence of sulphur would completely inhibit algal growth,
even small amounts of sulphate can have a significant impact on growth. Sulphate concentrations

typically range around 0.6 mM in HRAP systems (Paing et al. 2003).

1.4.1.3.6 Microelements

Microalgae also require trace amounts of micronutrients such as magnesium (Mg), iron (Fe),
manganese (Mn), copper (Cu), cobalt (Co), zinc (Zn), and boron (Bo) to synthesize compounds
or facilitate redox reactions. Iron, in particular, plays a crucial role in electron transport during
photosynthesis and is considered as a catalyst for chlorophyll synthesis (Beccerra-Celis 2009;
Kazbar 2019). While these micronutrients represent less than 1 % of the algal composition, they
are are essential for various metabolic processes (Bonnanfant 2020). Studies, such as that by
Daneshvar et al. (2018), have indicated that wastewater contains sufficient levels of these ele-

ments to support microalgal growth, with some of these micronutrients deriving from plumbing
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materials used in wastewater transport systems.

1.4.1.3.7 Dissolved oxygen

Dissolved oxygen (DO) present in microalgae culture is mainly produced by photosynthesis.
However, a too high Oy concentration can induce photorespiration phenomena, leading to a loss
in productivity. For instance, Oy concentration above 0.94 mM can result in a 30 % reduction
in biomass productivity. Additionally, excess Oy can exacerbate the negative effects of exces-
sive light, causing a decrease in pigment concentration and photochemical damage (Kazbar et
al. 2019). Nevertheless, a minimal dissolved O concentration is necessary in the cell environ-
ment to maintain proper functioning of RuBisCO (Bonnanfant et al. 2019). Moreover, in the
presence of potentially assimilable organic molecules, microalgae consume oxygen as part of the
oxidation process of these organic molecules during respiration. In HRAP systems, dissolved
oxygen concentration typically drops to 0 mM at night and can reach 0.3 mM to 1.3 mM during

the day, respectively in winter and summer (Sutherland et al. 2021, Chambonniere et al. 2020).

1.4.1.3.8 Temperature

Algal cells need a minimal apparent activation energy to initiate their growth, and at an
adequate temperature, enzymes associated with the Calvin cycle can become activated (Kazbar
2019). For example, Hodaifa et al. (2010) found that the maximal growth rate for Scenedesmus
obliquus occured at a temperature of 29.7 °C, with maximal BODj5 removal observed at 15 °C,
and growth stopping at 38 °C. Generally, the optimal temperature for microalgae growth falls
between 25 and 35 °C, depending on species. At too low temperature, algae are more sensitive
to nitrogen limitation and increase the synthesis of unsaturated fatty acids and omega-3 fatty
acids involved in membrane composition. Conversely, excessively high temperature can induce
photorespiration, protein degradation, and enzyme denaturation, leading to reduced photosyn-
thetic productivity or even cell death (Bonnanfant 2020; Kazbar et al. 2019; Rawat et al. 2016).
Additionally, at high temperatures, CO3 is less soluble and less readily diffused in the medium
(Hodaifa et al. 2010). Moreover, elevated temperatures favour the production of free ammonia,

which can be toxic (Wang et al. 2016). However, microalgae can adapt to different thermal
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conditions through processes involving enzyme reactions, cell permeability, and cell composition
(Hodaifa et al. 2010). In HRAP, temperatures can drop to less than 10 °C at night and reach

20 °C or higher in summer (Evans et al. 2005, Sutherland et al. 2021, Chambonniere et al. 2020).

1.4.1.3.9 pH

pH levels in microalgae cultures regulate acid/base pairs, thereby influencing the form in
which nutrients are present in the medium. An increase in pH can promote the precipitation
of carbonates and phosphates of Ca, Mg, or Fe (Beccerra-Celis 2009), as well as the formation
and volatilization of NH3, highly toxic for microalgal cells, making these nutrients less available
for microalgae growth. pH also plays a crucial role in establishing the internal protons gradient
of microalgae. In a HRAP, pH levels were reported to vary diurnally between 7 and 8 during
winter, while reaching up to 10.5 in summer (Sutherland et al. 2021, Chambonniere et al. 2020).
These fluctuations can significantly impact nutrient availability and metabolic processes within

the microalgae culture.

1.4.1.3.10 Predation

The abundance of microalgae in HRAP systems often lead to frequent contamination of the
pond by zooplancton that feed on them. Grazers in these systems include ciliates, oligotrichs,
rotifers, cladocerans, copepods, and ostrapods, typically larger than 200 pm size (Safi et al. 2016,
Montemezzani et al. 2016). While low dissolved oxygen concentrations, high organic matter con-
centrations, and high pH (that implies the presence of toxic NHs3) generally keep grazers away
from the pond (Rawat et al. 2016), HRAP systems with CO2 addition allowing to control the
pH tend to have close-to-neutral pH that favour the development of grazers (Montemezzani
et al. 2016). As a result, just two or three days of predation can lead to a 10 % loss in biomass
(Mehrabadi et al. 2015). Additionally, the establishment of zooplancton can impact the domi-
nance of microalgal species, rapidly reduce algal productivity and nutrient removal rates, and
increase colony size, the number of cells in colonies, and biomass settleability (Montemezzani
et al. 2016). This increase in settleability under grazing pressure has been observed by Liirling

(2003) as well. Settleability is a characteristic of interest for biomass harvesting, and predation
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has been considered a natural solution to select algae species or induce behaviours that facilitate
biomass harvesting (Li et al. 2015). However, the increased settleability induced by predation
can also enhance light attenuation, potentially negatively impacting algal biomass productivity

(Liirling 2003).

1.4.2 Bacteria
1.4.2.1 General bacterial cell structure

Bacteria are unicellular prokaryotic organisms, typically smaller than microalgae, with sizes
ranging between 0.1 and 1 pum. As depicted in Figure 1.23, bacterial cells contain DNA and
ribosomes for proteins synthesis in their cytoplasm. The cell is bounded by a membrane where
respiration occurs, a cell wall composed of peptidoglycans, and an external capsule made of

polysaccharides (Molnar and Gair 2015).

Figure 1.23

This image has been removed due to copyright
restriction. Available online from Hiremath, P., P.
Bannigidad, and S. S. Yelgond, 2012, « Identification of
Flagellated or Fimbriated

Bacterial Cells using Digital Image Processing
Techniques », International Journal of

Computer Applications 59 (12 ): 12-16,
https://doi.org/10.5120/9599-4223.

Figure 1.23 — Bacteria cell structure (Hiremath et al. 2012)

Wastewater naturally contains a significant amount and diversity of bacteria. Additionally,
open ponds rich in nutrients, like HRAP, are subject to external contamination by microorgan-
isms. While a few bacteria can be pathogenic to humans, the majority of them are harmless
(Rogers 2011). In wastewater, the abundance of human pathogenic bacteria has been estimated

to be 0.06-3.20 % of the total bacterial population (Cai and Zhang 2013). However, they can
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have great adverse effect on human health where wastewater reuse might expose the population

(irrigation and consumption of irrigated crops for example).

1.4.2.2 Heterotrophic bacteria

Acinetobacter, Pseudomomas, and Enterobacter are three of the dominant genera of het-
erotrophic bacteria found in wastewater (Lotter and Murphy 1985). Heterotrophic bacteria uti-
lize organic molecules as sources of energy and carbon. In HRAP systems, they are able to de-
grade polysaccharides, cellulose, starch, or proteins and to convert them into smaller molecules
like glucose and in COg, which are available for algae (Abeliovich and Weisman 1978). Aerobic

respiration in these bacteria occurs in three steps, as illustrated in Figure 1.24:

Figure 1.24

This image has been removed due to copyright
restriction. Available online from Parker, N., M.
Schneegurt, A.-H. T. Tu, P. Lister, and B. M. Forster,
2016, « Cellular respiration

», in Microbiology, OpenStax,
https://openstax.org/books/microbiology/pages/1-
introduction.

Figure 1.24 — Aerobic respiration in heterotrophic bacteria (modified from Parker et al. (2016))

e Glycolysis: Carbohydrates are first converted into pyruvate in the cytoplasm.
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e Krebs cycle: In prokaryotic microorganisms like bacteria, the Krebs cycle occurs in the
cytoplasm since they lack mitochondria. In this cycle, pyruvate from glycolysis is converted into
acetyl-CoA, which serves as the starting point. During the Krebs cycle, COy and NADH are

produced.

e Electron transport chain (ETC): In the ETC, which occurs in the cell membrane
of bacteria, NADH produced in the Krebs cycle is utilized. The conversion of NADH into H*
releases an electron, which is transferred through an enzyme complex. This process leads to the
consumption of Os and the production of HoO. ATP is then generated in ATP synthase as a

result of this electron transfer process (Parker et al. 2016).

Globally, aerobic respiration in E. coli bacteria results in the consumption of 0.55 g of O2
per gram of bacterial biomass, while producing 0.20 g of carbon in the form of COs (Roeva

et al. 2015, Guardia and Calvo 2001).

1.4.2.3 Nitrifying bacteria

Nitrifying bacteria are aerobic autotrophic bacteria that derive their energy from oxidizing
mineral nitrogen compounds. There are two types of nitrifiers depending on the molecule they

oxidise:

e Ammonium Oxidising Bacteria (AOB): AOB achieve nitritation by converting NH;
into NO,, . Typically, Nitrosomonas sp. is an AOB. As illustrated in Figure 1.25, the enzyme
ammonia monooxygenase (AMO) of the respiratory chain forms NH,OH and water from NHsg,
Oy and H*. The enzyme hydroxylamine oxidoreductase (HAO) uses NHoOH and water to form
NO; and HY.

¢ Nitrite Oxidising Bacteria (NOB): NOB achieve nitratation by converting NO; into
NOj . Typically, Nitrobacter sp. is a NOB. As illustrated in Figure 1.25, the enzyme nitrite

oxidoreductase (NXR) uses NO; and water to form NO3 and HT.

As autotrophic microorganisms, nitrifying bacteria fix COy through the Calvin cycle (detailed

112



1.4. Microalgae and bacteria in HRAP systems

in the section about microalgae), as illustrated in Figure 1.25. Additionally, the Krebs cycle also

operates in parallel to provide ATP for cell maintenance.
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Figure 1.25 — Ammonium and nitrite oxidation and CO fixation in nitrifying bacteria (modified from Koch
et al. (2019), Molnar and Gair (2015) and Parker et al. (2016)). AMO, ammonia monooxygenase; HAO, hydrox-
ylamine dehydrogenase; HURM, hydroxylamine-ubiquinone reaction module; NXR, nitrite oxidoreductase; Cyt.
¢, cytochrome c.

Oxidising NHI and NO, provides low energy to nitrifiers, and consequently, they need to
consume a large amount of these compounds to cover their energy needs. Godos et al. (2009)
reported that 86 % of the Total Kjeldhal Nitrogen (TKN) was nitrified in a HRAP. Additionally,
Ebeling et al. (2006) reported that 5.85 g of inorganic carbon were needed to nitrify 1 g of N-
NH; .

Nitrosomonas sp. exhibit a better affinity for Oo compared to Nitrobacter sp., giving them

a competitive advantage in oxygen-rich environments. This preference for Oo can lead to nitrite
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accumulation, particularly in conditions of oxygen excess (Poughon et al. 1999). Also, Nitrobac-
ter sp. is more sensitive to visible light than Nitrosomonas sp., with high intensities potentially
causing cell death through cytochromes photooxidation. As a result, Nitrosomonas sp. is more
prevalent than Nitrobacter sp., with a ratio of approximately 7/3 (Nitrosomonas sp. to Nitrobac-
ter sp.) (Cébron 2004). These findings are consistent with research indicating that NO3 tends to
accumulate in microalgae-sludge consortia due to the sensitivity of Nitrobacter sp. to high light
conditions, resulting in a longer latency period for its development. Accordingly, nitrification
rates were higher in darkness compared to light, suggesting that if nitrifier inoculation were to
be performed in the pond, it would be ideally conducted during the nighttime (Fan et al. 2022).

Nitrifiers, despite being aerobic bacteria, can adapt to survive for extended periods in anaer-
obic conditions by reducing their metabolism to very low rates. However this adaptation comes
at the cost of energy loss and can result in fluctuations in bacteria concentrations depending on
presence or absence of oxygen (Diab et al. 1993). Additionally, Cébron (2004) found that nitri-
fying bacteria such as Nitrosomonas sp. and Nitrobacter sp. demonstrated the ability to grow
in mixotrophic conditions using fructose as an organic carbon source. However, the ability for
mixotrophy varied among strains in this study. Furthermore, Nitrosomonas sp. may also have

the capability to utilize urea as a source of ammonium ions (NHJ).

1.4.2.4 Other bacteria

Denitryfying bacteria, including well-known representatives like Pseudomonas aeruginosa,
are versatile organisms capable of both aerobic and anaerobic metabolism. During denitrification,
these bacteria reduce nitrites or nitrates, typically found in their membranes, to form dinitrogen
(N2) or nitrogen oxides (Martens 2005).

Sulfur-oxidising bacteria are also expected to be present in HRAP systems, deriving energy
from the oxidation of reduced sulfur compounds to form sulphates (Berben et al. 2019).

Phosphorus-Accumulating Bacteria are another group found in wastewater environments.
These bacteria thrive in environments with alternating oxic and anoxic conditions, making them

likely candidates for HRAP systems where such conditions are favoured by the alternating light
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and dark cycles (Bankston et al. 2020).

1.4.3 Interactions between microalgae and bacteria in HRAP systems
1.4.3.1 Symbiosis/competition in presence of organic carbon

Algae and bacteria are involved in complex trophic relationships, spanning from symbiosis
and commensalism to competition. During the daytime, as depicted in Figure 1.26, microalgae
produce O9 that is consumed by heterotrophic bacteria. In turn, heterotrophic bacteria oxidize
organic molecules, producing COs that is consumed by microalgae. Autotrophic bacteria such
as nitrifiers also consume Oy and COy produced by microalgae and heterotrophic bacteria,
respectively. Exopolysaccharides produced by bacteria facilitate their attachment to microalgae,
enhancing these exchanges (Unnithan et al. 2014). It has been reported that the presence of
algae significantly improves the development of aerobic taxa such as heterotrophic, nitrifying

and phosphorus-accumulating bacteria (Bankston et al. 2020).
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Figure 1.26 — Main chemical and biological processus occurring in HRAP during the day (Fallowfield and
Garrett 1985, Cébron 2004, Canziani 2010)
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At night, microalgae cease photosynthesis and switch to respiration to sustain cellular main-
tenance, initiating a competition for oxygen with autotrophic and heterotrophic bacteria (Fig-
ure 1.27). In this competition, if we consider microalgae as autotrophic organisms, bacteria are
expected to have an advantage because, as part of the respiration process, they oxidise organic
molecules present in the medium, whereas microalgae use their own carbohydrates, leading a
loss in algal biomass. However, during both day and night periods, microalgae can utilize ex-
ternal organic carbon sources through photoheterotrophy during the day or chemoheterotrophy
in darkness, enabling them to avoid biomass loss due to cellular respiration. In this scenario,
microalgae and bacteria compete for organic carbon and dissolved oxygen (Abiusi et al. 2020).
The synergy between carbon sources and light in microalgae cultures is further considered in
Chapter 4, while the literature review below focuses on the effects of algae-bacteria associa-
tions on algal growth, pollutant removal, and the availability of Oy and COs in wastewater. A

compilation of the main results is presented in Table 1.7.
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Figure 1.27 — Main chemical and biological processus occurring in HRAP during the night (Fallowfield and
Garrett 1985, Cébron 2004, Canziani 2010)
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For some authors, the association between microalgae and bacteria from wastewater in a
day-night cycle resulted in symbiosis, leading to improvements in biomass growth and pollutant
removal compared to the performance of microorganisms cultivated alone. For example, Marcil-
hac (2014) reported that the presence of bacteria Azospirillium sp. was linked to growth increase
of the microalgae C. vulgaris. Similarly, Bankston et al. (2020) observed that in digested efflu-
ent naturally containing nitrifiers, heterotrophs, and phosphorus-accumulating bacteria with a
day-night cycle of 14:10 h light:dark (1400 gmol.m~2.s~! during the light phase), adding mi-
croalgae C. sorokiniana resulted in an 53 % improvement in N removal, 21 % in P removal, and
57 % in COD removal. Complete nitrification was achieved in the presence of microalgae but
not in the sole effluent. Similarly, in synthetic wastewater under 12:12 h light:dark conditions
(222 pmol.m~2.s~! during the light phase), a consortium of Acinetobacter pittii/Scenedesmus
obliquus showed significantly higher N, P, and COD removal compared to organisms alone (Russel
et al. 2020). Chlorophyll a concentration in coculture was twice as high as when microalgae were
cultivated alone, indicating higher algal biomass. Enhanced performance in coculture compared
to microalgae and bacteria cultures alone was attributed to efficient Oy and COo exchanges.
Dissolved oxygen and COy remained sufficient in the coculture in both light and dark phases
(above 5 mgO.L ™! and 130 mgC.L ™!, respectively), while O dropped with bacteria alone and
COq dropped with microalgae alone. However, it’s worth noting that dissolved COg concen-
trations were 5 to 10 times higher in these experiments (conducted in half-filled conical flasks)
than in HRAP. While liquid-gas exchange may be lower in flasks compared to an open raceway
like HRAP, potentially limiting COs loss through the gas phase, inorganic carbon in the liquid
phase remains much higher than theoretically expected considering the concentration of organic
carbon supplied. This discrepancy questions the validity of the CO5 concentrations presented in
this study. Nonetheless, regardless of the exact values, COy concentration significantly increased
in coculture, indicating that bacterial production compensated widely for microalgae consump-
tion. Similarly, in this study, algae provided more Oy during the day than bacterial heterotrophic

needs without requiring external aeration (Russel et al. 2020).

While those studies highlighted mutualistic relationships between microalgae and bacteria
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from wastewater, conflicting results have also been reported. Since microalgae are mixotrophic,
they can consume not only COs as a carbon source but also organic carbon. This dual capability

introduces complexities into their interactions with bacteria.

Similarly to the studies cited above by Russel et al. (2020) and Bankston et al. (2020) cited
above, Sforza et al. (2018) reported a higher N and P removal with a consortium of microalgae
C. protothecoides/bacteria from activated sludge compared to bacteria alone. However, COD
removal was lower in the consortium than in bacteria and microalgae alone. Contrary to the
results reported by Russel et al. (2020), the growth of the consortium resulted in a negative
oxygen production rate, with the oxygen consumption rate by bacteria being much faster than
microalgal production even at the highest algae-to-bacteria biomass ratio of 10:1. Also, even with
bacteria present, microalgae were limited in COs compared to a non-limited culture supplied with
external COq. Experiments conducted by Russel et al. (2020) with a similar algae-to-bacteria
ratio and synthetic medium yielded opposite results. In their study, Oz and COy were always in
excess in the consortium due to symbiosis and gas exchanges between algae and bacteria. The
main difference between these two studies is the incident irradiance applied, which was much
lower in the study by Sforza et al. 2018, where the main interaction was competition for dissolved
oxygen and organic carbon (45 pmol.m~2.s71), compared to the study by Russel et al. 2020,
where symbiotic interaction was reported (222 pmol.m~2.s7!). The lower oxygen production by
photosynthesis induced by the lower incident light in the study by Sforza et al. (2018) could
probably not compensate for the respiration rate by both microalgae and bacteria. Competition
between microalgae and nitrifying bacteria for COy was also reported by Zhang et al. (2020).
Applying 100 ml.min~! of aeration in 500 ml glass bottles containing synthetic wastewater
resulted in lower inorganic carbon in the liquid phase and competition between algae S. obliquus

and autotrophic bacteria from sludge.

In the study by Sforza et al. (2018), the focus was on the effect of algal mixotrophy of ax-
enical C. protothecoides on the Og balance. The addition of organic carbon sources as acetate,
peptone, and meat extract to a BG11 medium significantly increased microalgae growth rate

but also reduced net Oy production by 78 % compared to autotrophic culture with bicarbonate
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as the sole carbon source. Specifically, a lower oxygen production rate was observed with acetate
compared to peptone and meat extract, indicating a better affinity of C. protothecoides with
acetate than with the other carbon sources. In real wastewater (without bacteria), the oxygen
production rate was also reduced by 70 % compared to autotrophic conditions. These results
suggest a significant contribution of microalgae to the overall heterotrophic activity in wastewa-
ter, including during the day. Flores-Salgado et al. (2021) investigated the specific contributions
of microalgae and heterotrophic bacteria to the production and consumption of oxygen during
the night and day. The natural consortium contained Desmodesmus sp. and Chlorella sp., and
the incident irradiance for the day experiment was 300 gmol.m~2.s™!. Acetate was used as the
organic carbon source. Microalgae consumed 14.73 mgO2.gVSS~!.h~! in darkness and produced
13.76 mg02.gVSS~.h~! in light. Heterotrophic bacteria consumed 2.37 mgO,.gVSS~!.h~! both
in light and dark experiments. While photosynthetically produced O3 was sufficient to cover het-
erotrophic needs during the day, 86 % of respiration at night was due to microalgae. Althrough
the ratio algae to bacteria was not specified in this study, both this study and the study by Sforza
et al. (2018) suggest a significant contribution of microalgae to respiration over the day-night
cycle and a notable competition with bacteria.

The consensus among most studies is that both algal and bacterial biomass can utilize
nutrients such as N-NHJ and P-POi_ present in wastewater for their growth (Figure 1.26).
Additionally, it has been observed that the levels of N and P in real or synthetic wastewater are
typically sufficient to support the growth of both microalgae and bacteria. Furthermore, Sforza
et al. (2018) demonstrated that in cases of competition for organic carbon with bacteria and/or
depletion of CO4, microalgae were capable of utilizing organic N to compensate for the lake of
carbon, thereby improving overall N removal.

Based on the results reported in the cited studies, several factors influencing the symbio-
sis/competition between microalgae and bacteria in wastewater in laboratory-scale experiments

can be identified:

e The organic carbon source: The type and degradability of organic carbon source present

in wastewater can influence the competition between microalgae and heterotrophic bacteria for
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Reference Bankston Sforza Russel Fan SF:I);:S;
et al. (2020) et al. (2018) et al. (2020) et al. (2022) et al. (2021)
BG11 +
. . acetate + SWW (glucose, Sludge + BG11 +
Medium Digestate beef extract, .
peptone + aeration acetate
meat extract peptone)
Light 14:10h, 1400 15:15min, 45 12:12h 222 56 pmol/m?/s | 300 pmol/m?/s
pmol/m? /s pmol/m? /s pmol/m? /s + dark + dark
Microor- C. sorokiniana, cocz'(.de]?s ff)ifctthe er-ia S. obliquus: A. C. sorokini- Dessrzogizmus
. ANOB, HB, ' pittii (HB) ana:sludge '
ganisms PAO from AS (1:1 (2:1) (2:1) Chlorella sp. +
to 10:1) HB
Effect of N removal:
adding +53%, P N removal +, P N removal +, P
N removal +, removal +,
algae on removal: COD removal - COD removal removal +,
pollutants +21%, COD COD removal -
removal removal: +57% +
Organic carbon
improved algal
Algal growth growth. No Algal growth
Growth +29% effect of improved x2
bacteria on
algal growth
Enough O,
dropping
No net Oy ( when 02. uptake at
(O . . . night > O
production microorganisms .
cultivated production day
alone)
Enough CO,
(dropping
CO, Algae limited when
by COq microorganisms
cultivated
alone)

Table 1.7 — Synthesis of previous studies on algae-bacteria interactions in efluent treatment
(ANOB=Ammonium and Nitrite Oxidising Bacteria, HB=Heterotrophic Bacteria, PAO=Phos-
phorus Accumulating Organisms, AS=Activated Sludge, SWW=Synthetic Wastewater)

carbon and may impact the overall oxygen production by microalgae (Sforza et al. 2018).

e Algae/bacteria ratio: The optimal ratio of microalgae to bacteria may vary depending

on the specific conditions of the experiment, including the type of microorganisms used, the

composition of the wastewater, and the incident irradiance. Studies have reported varying opti-

mal ratios ranging from 1:2 to 2:1 (Fan et al. 2022, Russel et al. 2020, Fallowfield and Garrett
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1985). Theoretically, according to stoichiometric equations of microalgal growth in autotrophy,
heterotrophic bacteria and nitrifying bacteria, an equilibrium is reached between Oy and COs
consumed and produced with 61% of heterotrophic bacteria, 38% of microalgae and 1% of ni-
trifying bacteria in biomass (calculated from stoechiometric equations in Abiusi et al. (2020),

Guardia and Calvo (2001) and Poughon et al. (1999)).

e Light: The incident photosynthetic photon flux density applied to the cocultures signifi-
cantly influences the interactions between microalgae and bacteria. High PFD levels have been
associated with improved nutrient removal and oxygen availability in coculture, while low PFD
levels may lead to competition for carbon and oxygen between algae and bacteria (Sforza et
al. 2018, Bankston et al. 2020, Flores-Salgado et al. 2021, Russel et al. 2020, Fan et al. 2022).
Results appear to be light-dependent, highlighting the importance of considering the diurnal
variations in irradiance when studying microalgae-bacteria interactions.

These factors demonstrate the complex and dynamic nature of the interactions between
microalgae and bacteria in wastewater systems, which can vary depending on environmental
conditions and experimental parameters. Further research is needed to better understand these

interactions and optimize their utilization in wastewater treatment processes.

1.4.3.2 Nitrogen cycle and interactions microalgae-nitrifiers

The dynamics of nitrogen species in wastewater and their utilization by microalgae and nitri-
fying bacteria play a crucial role in wastewater treatment processes. While nitrogen is primarily
present as NHJ in wastewater, a significant portion is converted into NOg by nitrifying bacteria
(Vargas et al. 2016, Evans et al. 2005). Studies such as Vargas et al. (2016) have estimated
that approximately 60 % of N-NH; is nitrified, with 40 % being assimilated by microalgae.
In this study, nitrifiers were found to have a higher NHZr uptake rate compared to microalgae,
which could potentially impact algal growth negatively. Generally, microalgae uses N H;f before
NOj3 because it consumes 13% less energy during metabolic conversion. As nitrifiers consume a
significant amount of NHI to convert it into a less easily assimilable molecule, nitrifiers could

be considered as having a negative impact on algal growth (Ebeling et al. 2006, Lachmann et
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al. 2019). Additionally, studies on cyanobacteria like Synechococcus have shown that the use
of NHI instead of NO3 can increase biomass production, especially in light-limited conditions

(Ruan and Giordano 2017).

Overall, the relationship between microalgae and nitrifying bacteria regarding nitrogen uti-
lization is complex and influenced by various environmental and culture conditions. Understand-
ing these dynamics is essential for optimizing wastewater treatment processes and enhancing the
efficiency of nutrient removal by microalgae. Further research is needed to elucidate the specific

mechanisms underlying these interactions and their implications for wastewater treatment.

The relationship between nitrifiers and microalgae in wastewater treatment systems like
HRAPs is indeed complex and multifaceted. While nitrifiers can influence microalgal growth,
an excessive proportion of algae has been shown to reduce the population of nitrifying bacteria
in consortia (Fallahi et al. 2021). This suggests that there is a dynamic interplay between these

microorganisms, where changes in one population can affect the other.

However, from a practical perspective, storing nitrogen in algal biomass may be more bene-
ficial than releasing it into the atmosphere through nitrification-denitrification processes (Sforza
et al. 2018) and volatilization. This is because algal biomass can potentially be valorized for
various applications, such as biofuel production, animal feed, or fertilizer. By incorporating ni-
trogen into algal biomass, it can be effectively removed from wastewater and utilized in valuable
downstream processes, contributing to the overall sustainability and efficiency of wastewater

treatment systems.

Understanding and optimizing the interactions between nitrifiers and microalgae in HRAPs
is essential for maximizing nutrient removal efficiency while also harnessing the potential benefits
of algal biomass production. Further research into the dynamics of these microbial communi-
ties and their responses to different environmental conditions will be crucial for improving the
performance of wastewater treatment systems and advancing the utilization of microalgae in

biotechnology applications.
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1.4.3.3 Other interactions microalgae-bacteria

Interactions between microalgae and bacteria can take lots of different forms, from beneficial
to deleterious or even lethal. Bacteria can increase turbidity and reduce light availability for
microalgae. Microalgae and bacteria tend also to form flocs by attachement of bacteria on mi-
croalgae cell surface. Generally, all sorts of organic aggregates can form in wastewater, combining
algae, bacteria and organic molecules: it results in anoxic conditions inside the aggregate where
anaerobic processes are willing to occur. However, aggregated bacteria are also able to resuspend
(Fuentes et al. 2016). Some bacteria can also lyse algal cell to use intracellular compounds as
nutrients (Fuentes et al. 2016). Lethal effects of algae-bacteria interactions also include the pro-
duction of algicidal or bactericidal compounds (Oviedo et al. 2022). However, this kind of lethal
interactions are not occuring in every consortium. For example, Sforza et al. (2018) reported
no inhibition effect of microalgal growth in real wastewater compared to sterilised wastewater.
Bacteria can also bring vitamins, antibiotics, growth promoters beneficial for microalgal growth.
Bacteria can produce siderophores like vibrioferrin that makes Fe(III) available for algae which
uses Fe(III) for inorganic carbon fixation (Fuentes et al. 2016). Substances produced by bacteria
can influence biofilm and antibiotic production by microalgae, but also enhance heterotrophic

bacteria growth (Unnithan et al. 2014).

Indeed, the interactions between microalgae and bacteria in wastewater-like media can vary
from mutualistic to competitive, depending on various factors including experimental conditions
and the composition of the microbial community. In real systems like HRAP, these interactions
are likely to be dynamic and influenced by factors such as light availability, nutrient concentra-
tions, and the metabolic activities of both microalgae and bacteria. Understanding the dynamics
of carbon fluxes, oxygen dynamics, and the interactions between microalgae and bacteria is es-
sential for accurately modeling and predicting the behavior of HRAP systems. This knowledge
can help optimize system performance, determine the need for external COy supplementation,
and ultimately improve the efficiency of wastewater treatment and resource recovery processes.
Further research in this area is crucial for advancing our understanding of complex microbial

communities and their roles in engineered ecosystems like HRAP.
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Influent

Figure 1.28 — Potential carbon fluxes in microalgae-bacteria consortium in presence of organic carbon (Fallow-
field and Garrett 1985)

Microalgae are also expected to have complex interactions with pathogen microorganisms
targeted in wastewater treatment due to their major impact on physicochemical conditions in

the pond.

1.5 Disinfection processes in HRAP and the role of microalgae

1.5.1 Generalities on viruses
1.5.1.1 Viruses in wastewater

In wastewater, viruses come from human fecal matter, food production, animal husbandry,
seasonal surface runoff, wind blown soil, waterfowl or atmospheric deposition (Corsi et al. 2014).
Enteric viruses like adenovirus, rotavirus, hepatitis A virus, noroviruses, coxsackievirus, echovirus,
reovirus and astrovirus are the principal human pathogenic viruses in wastewater, responsible
for various symptoms like nausea, vomiting, fever, diarrhea but also respiratory diseases such
as bronchiolitis (Corpuz et al. 2020). More than a hundred of enteric viral strains have been
identified as aquatic contaminants (Farkas et al. 2020).

An infected person releases from 10° to 10'2 of enteric viruses per gram of fecal material

(Gerba 2000). Viruses are then present in significant quantities in wastewater and have very
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low infectious doses (one single viral particle can cause an infection in a susceptible person),
meaning they are likely to infect a significant part of the population when released in the natural
environment. Efficient disinfection is then necessary to eliminate the risk of epidemics (Zhong

et al. 2016).

1.5.1.2 Viruses composition and life cycle

Viruses are obligate intracellular parasites because they cannot replicate independently and
must infect other organisms to multiply. Unlike cells, viruses lack a genome replication system
and are therefore not classified as cells or living organisms (Louten 2016). Average size of viruses
is 100 nm. Their genetic material can be composed of either DNA or RNA, but not both, and
this genome is encapsulated within a protective protein shell called a capside. The capside can
be of helical, icosahedral, or more complex structure (Figure 1.29). Icosahedral structure is more
common. In enveloped viruses, such as the coronavirus responsible for COVID-19, the capside is
surrounded by a lipid membrane (Louten 2016). Those enveloped viruses are more susceptible
to inactivation in wastewater due to the sensitivity of their lipid membrane to environmental
factors. This is not the case for enteric viruses, very abundant in wastewater, that are non
enveloped (Corpuz et al. 2020). As a result, they may be more resilient in wastewater and
more resistant to certain disinfection methods compared to enveloped viruses. Understanding
the structure and characteristics of different viruses is crucial for developing effective strategies

to control their transmission and ensure public health safety.

Viruses first attach to a host cell and enter it. After entering the host cell, the virus disas-
sembles to release its genome, which is then replicated using the host’s cellular machinery. The
replicated genome is then encapsulated again to form progeny viruses that are finally released
into the host cell environment (Ryu 2017). Figure 1.30 shows E. coli infection by the coliphage
MS2. In the case of MS2, the A-protein allows host recognition and attachment (Majiya et
al. 2018).
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Maturation protein Maturation protein

Figure 1.29 — MS2 virus structure. Source: https://viralzone.expasy.org (Golmohammadi et al. 1993)

Figure 1.30

This image has been removed due to copyright
restriction. Available online from Rolfsson, O., S.
Middleton, I. W. Manfield, S. J. White, B. Fan, R.
Vaughan, N. A. Ranson,

et al., 2016, « Direct Evidence for Packaging Signal-
Mediated Assembly of Bacteriophage

MS2 », Journal of Molecular Biology 428 (2 ): 431-448,
issn: 10898638, https://doi.org/10.
1016/j.jmb.2015.11.014,
http://dx.doi.org/10.1016/j.jmb.2015.11.014.

Figure 1.30 — Infection of E. coli by MS2 virus (Rolfsson et al. 2016)

1.5.2 Disinfection processes

In HRAP systems, sunlight, which includes UVB (280-315 nm), UVA (315-400 nm) and
visible light (Vis, 400-800 nm), are the main factor responsible for microorganisms and viruses
inactivation. Seasons, time of the day, geographical location, air pollution, ozone thickness,
and cloud cover can influence this inactivation process (Bolton et al. 2011), but biological and
physicochemical characteristics of the pond like biomass concentration, turbidity, presence of

organic molecules, pH or oxygen levels also play significant roles.
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1.5.2.1 Direct UV inactivation

Among sunlight radiations, UVB is the most energetic radiation, followed by UVA and
visible light. Due to its high energy, UVB radiation can cause direct damage to the RNA and
DNA of microorganisms and viruses. In fact, inactivation by UVB has been reported to be
two orders of magnitude faster than by UVA or visible light for microorganisms and viruses
such as Escherichia coli, Enterococcus faecium, MS2, and ®X174 viruses (Bolton et al. 2011).
Additionally, significant removal rates (denoted as K) under UVB treatment have been reported
for MS2 virus (K = 3.7 h™1) and E. coli (K = 37 h™!) (Lian et al. 2018). The inactivation by UV
irradiation depends on factors such as irradiance, exposure time, and temperature. For instance,
Lian et al. (2018) found the highest MS2 inactivation rate at 30 °C for a UVB dose of 6 W.m ™2,
which was the highest temperature and UVB dose tested. While the UVB dose rate appeared
to saturate at 6 W.m ™2, there was a notable synergy between high temperature and UVB dose.
High temperature can impact the folding of proteins in viruses and enhance the production of
toxic compounds (Park et al. 2021). However, no significant effect of temperature (tested between
20 and 30 °C) was observed for E. coli inactivation. This lack of effect may be attributed to
the increasing efficiency of the DNA repair system enzymes in E. coli at higher temperature
(30°C), as lethal effects on E. coli have been reported only for temperatures exceeding 50 °C
(Wegelin et al. 1994). Therefore, while lethal effects of high temperatures may be observed in
HRAP systems for viruses (as temperature can exceed 30 °C in ponds during summer), they are
less likely to affect bacteria.

While relevant efficiency of UVB on pathogens inactivation was proved by several studies,
it is important to consider that 99 % of UVB radiation is absorbed within the first 2.5 cm of
a Waste Stabilisation Pond (WSP), and attenuation is expected to be even higher in HRAP
due to the higher concentration of algal biomass (Bolton et al. 2010). Yet, UVA and visible
light exhibit greater penetration depths, reaching up to 13 and 43 cm respectively in wastewater
pond (Table 1.8). The substantial attenuation of UVB in turbid mediums suggests that UVA and
visible light may play a significant role in microorganisms and viruses inactivation in HRAP. UVA

and visible light were not sufficient to inactivate MS2 virus in reverse osmosis water but were
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effective against F. coli (Bolton et al. 2011). In the case of viruses, UVA does not cause damage
through direct effect of wavelength on DNA/RNA, but via ROS produced via photosensitisers.
In the case of E. coli, those photosensitisers are endogeneous whereas viruses require exogenous
photosensitisers. Despite high efficiency of solar UV radiations was reported in numerous studies,
inactivation by UV can be followed by a significant regrowth, microorganisms and viruses being
able to repair their genome using enzymes (Putois 2012). Lesions to virus genetic caused by
UVB could also be repaired during dark period (at night) within host cells, further highlighting

the potential limitations of UV-based disinfection methods (Park et al. 2021).

1.5.2.2 Factors implied in UV attenuation in HRAP

Wastewater turbidity significantly affects the penetration of UVB, UVA, and visible light. On
average, UVB, UVA, and visible light penetrate approximately three times further in freshwater
than in WSP, as illustrated in the Table 1.8. It is important to note that HRAPs are generally

more turbid than WSPs due to higher algal biomass, which further attenuates all types of

radiation.
Type of Depth of 1% Depth of 1%
radiation | penetration in WSP | penetration in freshwater
UVB 8cm 23cm
UVA 13cm 45cm
Visible 43cm 124cm

Table 1.8 — Respective euphotic depth for UVB, UVA and visible light in Waste Stabilisation
Pond and in freshwater, whicg is the depth at which 1% of the incident surface irradiance is
recorded (Bolton et al. 2011)

Turbidity in HRAP is mainly attributable to suspended solids. In HRAP systems suspended
solids are constituted of fibers, toilet paper, living or dead zooplankton, microalgae, bacteria
or flocs, humic acid but also a small mineral part (10% of total suspended solids according to
Azema et al. (2002)) like sand. According to Azema et al. (2002), particles can be soluble (<
0.001 pm), colloidal (0.0011 pm), supracolloidal (1100 pm) or settleable (>100 pm). Suspended
solids regroup particles of 1 pm or bigger, so mainly supracolloidal or settleable particles.

On average, one inhabitant produces 70 g of suspended solids per day, which corresponds
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to 0.54 g¢TSS.L~! in municipal wastewater (Rosenwinkel et al. 2001). However, depending on
pretreatment and influent nature, a wide range of TSS concentration can be found in influent
wastewater: Foladori et al. (2020) reported TSS concentrations ranging from 0.2 to 3.9 g.L =}
in domestic wastewaters. In activated sludge processes, higher concentrations of solids are ex-
pected to increase the efficiency of organic matter removal by favouring floc formation (Foladori
et al. 2020). It is not the case in HRAP systems, where light penetration in the pond is criti-
cal for microalgal growth and UV disinfection, and consequently for depollution efficiency. Yet,
Incropera and Privoznik (1979) reported significant optical densities at 550 nm for wastewa-
ters, ranging from 0.055 and 0.132, underscoring the importance of understanding the optical

properties of wastewater in HRAP systems.

Bolton et al. (2011) reported that in HRAP systems, turbidity, encompassing absorbance
and scattering, is predominantly influenced by suspended materials rather than chlorophyll a,
microalgae being less impactful. According to this study, turbidity accounts for 73 % of the vari-
ability in UVB attenuation, 72 % for UVA attenuation, and 45 % for visible light attenuation,
suggesting a significant impact on HRAP performance in terms of sunlight-mediated bacterial
inactivation. In contrast, divergent findings were reported for a 70 cm depth WSP, where ab-
sorbance, the dominant attenuation process, was primarily attributed to microalgae rather than
wastewater itself (Curtis et al. 1994). Additionally, Incropera and Privoznik (1979) investigated
absorbance, scattering and diffusion of a primary domestic effluent and a symbiotic culture of
microalgae Chlorella pyrenoidosa. Particle size analysis of the wastewater revealed the absence
of settleable particles, with solids ranging between 0.79 and 3 pm, and more than 50 % of parti-
cles between 0.79 and 1 um, averaging 1.11 um. In comparison, the average particle size of the
symbiotic microalgae culture in wastewater was 1.85 um, indicating that microalgae were the
largest particles present. Interestingly, both pure wastewater and wastewater with microalgae
exhibited extinction mainly due to scattering rather than absorption. However, a strong dif-
ference was observed in the extinction cross-sections for microalgae and wastewater: extinction
cross-section for the coupled microalgae and wastewater was six times higher than for wastewater

alone and two times higher than for pure microalgae. Consequently, the extinction was mainly
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due to microalgae, contrary to results from other studies such as Bolton et al. (2011) where
turbidity, which is assumed to be assimilated to extinction, was mainly due to suspended solids
rather than chlorophyll a. This difference must be due to the nature and the pretreatment of the
wastewater, leading to significant differences in particle size distribution and their contributions
to radiations extinction. In Incropera and Privoznik (1979), turbidity and particle size seem to
be very low (3 pm maximum) compared to values reported for other wastewater analysis: for
example, Azema et al. (2002) measured particles sizes up to 1000 pm, with a peak around 30
pm.

Previous studies showed that maximum particle size in wastewater could vary by a fac-
tor of 1000 depending on the origin and pretreatment of wastewater. Nevertheless, because of
chlorophyll a, b and carotenoids contributing to absorbance cross sections of microalgae always
seems to be higher than wastewater. However, as reported in Incropera and Privoznik (1979),
suspended solids cause non-negligible scattering and should therefore be included in models sim-
ulating radiative transfer in HRAP systems. Moreover, absorbance cross section of wastewater
seems to be higher for the lowest wavelengths: UV should therefore be more impacted than

visible light by suspended solids, which could be determinant in solar disinfection.

Brahmi et al. (2010) studied Pseudomonas aeruginosa UV inactivation in secondary treated
wastewater taking into account TSS concentration. Results allowed to identify three stages in
microorganisms removal process:

e First stage: This stage is characterized by a high disinfection efficiency, during which
the most vulnerable microorganisms, those not associated with suspended solids, are rapidly
inactivated by UV radiation.

e Second stage: As the number of free-floating microorganisms decreases, the removal
rate slows down. This is attributed to the shielding effect of suspended solids, which absorb
and dissipate UV radiation, thereby reducing its effectiveness in inactivating microorganisms
associated with these solids.

e During the third stage, the number of microorganisms is stable: indeed, all the individual

organisms are already inactivated and the rest forms flocs with suspended solids. This phenomena
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explains why, even with strong UV dose, it is impossible to exceed a certain level of removal: a
fraction of microorganisms will be invulnerable protected by suspended solids.

To conclude, due to both organic detritus and microalgae, only a small fraction of a 30cm-
depth pond is expected to be irradiated by disinfecting solar radiations, even during the daytime.
During the night time, inactivation was reported to be 10 times slower than in sunlight (Park
et al. 2021). In contradiction with the results obtained by Brahmi et al. (2010) where suspended
solids inhibited inactivation, in darkness, inactivation was lower in the absence of suspended
solids, suggesting particles and flocs could play a role in dark disinfection (Park et al. 2021).

Considering low inactivation in darkness and strong occurrence of dark zones in HRAP, other
parameters than UV like Reactive Oxygen Species, pH and DO should be relevant in HRAP

disinfection process.

1.5.2.3 Oxidative stress by ROS

High energy from UV are also able to break chemical bonds that constitute organic molecules,
leading to division of the parent compound in free radicals able to damage microorganisms
and viruses (Putois 2012). Those organic molecules are called photosensitisers, light absorbing
compounds located inside the cells (endogenous) or outside the cells (exogenous) that transfer
their energy to other chemical species, like oxygen. This way, sensitisation of those compounds
by light implies the formation of ROS that immediately damages membrane by oxidation, then
attack intracellular compounds and finally inhibits respiration by attacking enzymes of the

respiratory chain, leading to microorganism or virus lyse (Bolton et al. 2011, Putois 2012).

1.5.2.3.1 Endogenous photosensitisers

Endogenous photosensitisers are organic compounds present in low concentrations inside the
cell or on the cell membrane and include flavins and porphyrin derivatives, cytochromes, NADT
(Nicotinamide adenine dinucleotide), NADH (reduced form of NAD), quinones, and various
chromophores (Bolton 2012). It is worth noting that viruses, unlike bacteria, are not affected by

sensitisation of endogenous photosensitizers. This is because viruses lack a bound chromophore
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within their protein structures that could act as an endogenous photosensitiser (Davies 2003).

In a general way, viruses are more resistant to disinfectants than bacteria (Zhong et al. 2016)

1.5.2.3.2 Exogenous photosensitisers

Exogenous photosensitisers are organic compounds that are found outside microbial cells,
and include, in the case of wastewater, humic substances, photosynthetic pigments and dissolved
organic matter (Bolton 2012). It was reported that nitrites and nitrates could also act like pho-
tosensitisers and produce ROS (Dong and Rosario-Ortiz 2012). Bolton et al. (2011) reported
higher UVA inactivation rates of MS2 virus compared to reverse osmosis water, which lacks such
organic components. Moreover, components found in wastewater allowed to inactivate microor-
ganisms and viruses even in the dark. On the contrary, UVB was less efficient in wastewater

because penetration of those radiations is very weak in turbid water.

1.5.2.4 pH and DO

Microalgal growth in HRAP often leads to significant increases in pH and dissolved oxygen
levels. During summer, oxygen concentrations can reach 30 mgO,.L~! in the upper layers, while
pH values frequently exceed 10 at midday (Sutherland et al. 2021).

Research by Chambonniere et al. (2020) reported that peaks of E. coli removal was correlated
with peaks in light, temperature, pH and DO. In the same way, E. coli removal efficiency was the
highest in the late afternoon on sunny summer days and dropped during heavy rainfall months.
High pH can decrease the stability of microbial cells and high DO increases the formation of
toxic Reactive Oxygen Species, however high pH and dissolved oxygen were only significant for
disinfection when coupled with UVA and visible light (in opposition to UVB) despite conflicting
results due to different microorganisms and viruses (Bolton 2012). High pH and DO, by inducing
conformational changes in bacterial cells and viral capside structures, allow the creation of sites
suitable for photo-oxidative attack by UVA and visible light, enhancing photo-oxidation and

improving solar inactivation efficiency. pH and DO did not have any effect while coupled with
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UVB because, by itself, this very energetic radiation predominates in disinfection process (when
ignoring attenuation through the water column).

High pH and DO while not coupled to photosensitisers nor solar radiations did not signifi-
cantly affect MS2 virus inactivation (Bolton et al. 2011). Another study supports this statement
and reported similar survival rates for MS2 virus at pH levels of 4, 7, and 10 (Lin et al. 2020).
However, it’s important to note that the DO concentration used in Bolton et al. (2011) study was
relatively low (8.5 mg.L~!) compared to the concentrations typically reached in HRAP. There-
fore, the potential impact of higher DO concentrations on MS2 virus inactivation in HRAP

warrants further investigation.

1.5.3 Conclusion on potential microalgae impact on pathogens solar inacti-

vation

Microalgae turned out to be closely associated with many factors that significantly impact
solar inactivation in HRAP, including UV penetration, pH, DO, and potentially photosensi-
tisers. Research has shown that high pH and DO levels resulting from microalgal growth can
synergize with UVA, visible light, and photosensitisers to enhance the inactivation of microor-
ganisms and viruses. While different microorganisms and viruses exhibit varying sensitivities
to inactivation factors (Bolton 2012), presence of photosensitisers was always reported to en-
hance inactivation. Photosensitisers originated from wastewater, however microalgae could also
potentially release exogenous photosensitisers or play the role of an endogenous photosensitiser
to enhance microorganisms and viruses inactivation. This raises the question of the relevance
of those photosensitisers of algal origin compared to wastewater photosensitisers. However, due
to relatively high algal biomass, microalgae are expected to be the main contributor to solar
radiations attenuation in HRAP and consequently to inhibit pathogens solar inactivation. As
illustrated in the Figure 1.31, the balance between positive and negative effect of microalgae on
pathogens inactivation in HRAP is still not clear in the literature. While Curtis et al. (1994)
suggested removing algae to improve UV penetration and the removal of faecal coliforms in a

tertiary treatment downstream of HRAP, other studies reported that E. coli could be removed
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within 4 days in an outdoor raceway inoculated with S. obliquus while E. coli was still present
after 10 days in the non-inoculated pond (Sebastian and Nair 1984). Knowing the contribution
of UV attenuation and ROS production by both microalgae and wastewater to inactivation in
HRAP would be valuable in designing potential tertiary treatments downstream of HRAP aimed

at improving pathogen removal.
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Figure 1.31 — Links between parameters involved in microorganisms and viruses inactivation in HRAP (red
arrows corresponds to negative effects on inactivation and green arrows corresponds to positive effects on inacti-
vation) (Bolton 2012)

1.6 Conclusion

In conclusion, HRAP systems constitute promising technologies with a significant margin
of progression. Indeed, interaction mechanisms occurring in those ponds between microalgae,
bacteria and viruses and their impact on pollutants and pathogens removal is still unclear,
especially at large scale and along the day-night cycle in solar conditions. Further research
should go toward an integrative approach of HRAP behaviour in the aim of improving pollutants

removal and disinfection.
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1.6. Conclusion

Identified gaps of knowledge

e Large-scale systems mixing and characterisation

e Carbon fate and gas exchanges between microalgae and bacteria in
dynamic solar conditions

e Impact of microalgae in pathogens solar inactivation

e Relevance of using lab photobioreactors to simulate large-scale system
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CHAPTER 2

STUDIED SYSTEMS AND ANALYTICAL

METHODS

2.1 Peterborough HRAP: study on the large-scale pilot

2.1.1 Objective of the study

Peterborough HRAP was constructed in 2018 in South Australia with the aim of implement-
ing wastewater treatment using microalgae on a large scale (Figure 2.1). The HRAP comprises
a meandering 1-km length, 4-m width and 30-cm depth channel mixed with a paddlewheel. As
the mixing is expected to be heterogeneous in a pond of this size, the purpose of this study is to
investigate the diversity of physicochemical conditions inside the pond by establishing 3D flow

velocity, dissolved oxygen, carbon, phosphates and nitrogen profiles (see Chapter 3).

2.1.2 Study site and data collection in the pond
2.1.2.1 Study site

Peterborough HRAP (S32°58'24.143" E138°48'5.958”) is operated in the mid-North of South
Australia. The HRAP consists of six butyl rubber lined channels (Figure 2.2) with a combined
length of 1 km. The HRAP receives abattoir and domestic wastewater pre-treated in an anaerobic
pond with a HRT of 3 days. The pond operates at a wastewater depth of 300 mm and a
hydraulic retention time of 10 days, employing a paddlewheel for mixing. The calculated volume

of wastewater within the HRAP was 1284 m?.
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Figure 2.1 — Peterborough HRAP (Photo: Rajina K C)

2.1.2.2 In situ wastewater measurements

The first campaign of in situ measurements and wastewater sampling of the HRAP was

carried out between 28 and 30" November 2022.

In situ measurement and sampling was conducted at 26 cross sections (CS, Figure 2.2)
distributed along the length of the channel from the paddlewheel. Each bend had one CS before

and after it, and the remaining CS were approximately 55 m apart from each other.

A gantry (Figure 2.3) was designed to facilitate simultaneous measurements at three hor-
izontal locations and three depths within the pond channel. By convention, the left and right
banks were defined looking downstream in the direction of the flow. The gantry consisted of a
horizontal bar spanning the channel width with three vertical graduated bars fixed at the centre,
left and right sides of the channel. The left and right vertical bars were positioned 1350 mm
from the central vertical bar. Consequently, the left and right bank measurements were recorded
relative to the centre of the channel. Note that this method was adopted because the channel

width varied between channel cross sections. The gantry, once centred in the channel, was low-
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Figure 2.2 — Localisation of the cross sections in the pond and their distance from the paddlewheel

ered until the three vertical bars stood on the pond bottom. The nominal wastewater depth
was 300 mm, but due to the earthen construction, the depth ranged from 250 to 400 mm. The
operational depth at each cross section was recorded from the graduations on the vertical bars.
Sensors were attached 30 mm from the bottom of the vertical bars, and the first measurements
were recorded at each of the three channel widths. The gantry was then sequentially raised to
record measurements at mid-pond depth (150 mm) and 50 mm below the surface of the pond.
In this manner, nine measurements were recorded at each pond cross section. Simultaneously,
wastewater samples (250 mL) were collected from the nine locations at each cross section using
hoses attached 30 mm from the bottom of each vertical bar and a pump head attached to a
cordless drill. The samples were transported on ice, subsequently stored in a coldroom (3°C)

and analysed within 24 hours of collection.

A second gantry was constructed to enable the measurement of the fluid flow velocity at the

nine locations and 26 cross sections, employing the methodology described earlier (Figure 2.4).

A multiparameter pH/DO/conductivity /temperature sensor was affixed to each vertical bar
of the gantry. Specifically, a HANNA HI 98194 was attached on the centre bar and a YSI 556

MPS was attached to each of the left and right vertical bars. To ensure consistency, sensors
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Figure 2.3 — Gantry equipped with multiparameter sensors and wastewater sampling hoses

were normalised with respect to each other, accounting for differences in calibration in standard

solutions (pH) and in air (dissolved oxygen). Additionally, flowmeters (Marsh McBirney Model

2000 Flo-Mate) were fixed 30 mm from the bottom of the vertical bars on the second gantry.
Incident photosynthetically active radiation (PAR, 370-650 nm) was continuously measured

using a MQ-200X quantum meter 27 from Apogee Instruments on November 29"
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Figure 2.4 — Gantry equipped with flowmeters

2.1.2.3 PAR attenuation by wastewater in the HRAP

Photosynthetically active radiation (PAR, 370-650 nm) through pond depth was measured

using an MQ-200X 27 quantum sensor (Apogee Instruments). The sensor, attached to a gradu-
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ated bar, was submerged in the centre of the pond successively at depths 350, 250, 150, 100, 50
and 5 mm from the surface. The measurements were conducted near CS 3 to ensure paddlewheel

mixing while minimizing wave action that could confound the measurements.

2.1.3 Analysis of wastewater composition
2.1.3.1 Suspended solids

Total suspended solids were determined using Test 2540 D described in Standard Methods
for the Examination of Water and Wastewater (APHA 1981). Vg = 50 mL of wastewater were
filtered through a pre-dried (105°C/24h) and weighed GFC filter (Whatman, 1.6 pum). The
filter was then dried (105°C/24h), weighed again and the suspended solids concentration Cgg

(mg.L=!) were determined by difference (Eq. 2.1):

mf — mdry

" (2.1)

Css =

with m; the weight of the dry filter (in g) and mg,, the weight of the filter + the dried

biomass (in g).

2.1.3.2 Measurement of floc size

5 mL of wastewater samples were fixed with 2 drops of Lugol solution. Subsequently, 10 uL
of the fixed sample were transferred to a Malassez cell and the longest dimension of each organic
floc was measured microscopically at a magnification x400 using an Olympus BX43 microscope.

This operation was repeated three times for each sample.

2.1.3.3 Determination of chlorophyll a

Chlorophyll a (ug.L~!) was determined using Test 10200 (Chlorophyll trichromatic method)
in Standard Methods for the Examination of Water and Wastewater (APHA 1981). Wastewater
(25 mL) was filtered through a GFC filter, chlorophyll a was then extracted (4°C/24h) into 90%

aqueous acetone. After centrifugation (5 min at 12,000 rpm), the absorbance of the supernatant
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was measured at 664, 647 and 630 nm using a Shimadzu UV-1800 spectrophotometer against
aqueous acetone blank. The chlorophyll a concentration was determined using a trichromatic

equation (Equations 2.2 and 2.3):

AbSChla = 11.85Ab$664 — 1.54Ab8647 - 0.08Ab8630 (2'2)

Ab a’ Vace one
Chl, = 225CH! t (2.3)

‘/sample

2.1.3.4 Determination of N-NH], N-NO;, N-NO;, P-POi_, total carbon (TC),

TOC and TIC concentrations

The concentration of N-NHJ, N-NO3, N-NO, and P-PO}~ was determined in filtered
wastewater samples (0.45 pm) using Skalar SANplus Systems Nutrients analyser. Total carbon,
total organic carbon and inorganic carbon concentrations were determined in GFC (Whatman)

filtered wastewater using Shimadzu TOC-L carbon analyser.

2.1.3.5 Alkalinity measurement

OH™, CO5™ and HCO;3 concentrations were determined by titration following Standard
Operating Procedure Lakes for pH and alkalinity (MassWWP 2001).

H3S04 at a concentration Cg;q=0.05 M was added progressively to a Vggmpie= 20 mL sample
filtered at 1.6 um until reaching a pH of 8.3. OH™ and CO?Q)_ ions concentrations in mol.L ™! is
deduced as below (Equation 2.4), Vacid,ys.; Peing the volume of acid added to reach pH 8.3. If

the pH of the sample is lower than 8.3, there is no OH™ and Cog_ ions.

Cacid . Vacideg.;g

[OH™] 4 [CO3] = (2.4)

‘/sample

Total alkalinity TA (OH™, CO? and HCOj3 concentrations) was obtained from the equation

2.5 below, where Vacide5 is the volume of acid added to reach pH 5.
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Cacid ' Vacidp H5

TA= 2.5
Vsample ( )

Bicarbonates concentration was deduced according to Equation 2.6:
[HCO3]=TA— ([OH"] +[CO27)) (2.6)

2.1.3.6 Biochemical Oxygen demand (BODS5)

Biological Oxygen Demand was determined by measuring oxygen consumption of samples

over 5 days using WTW OxiTop OC100 system.

2.1.4 Statistics and data visualisation

Statistical analyses were conducted using SPSS software. Normal distribution of the data
was verified using Kolmogorov normality test. For mean comparisons, Friedman test was used
when normal distribution was not verified (non-parametric test) and T-test for related samples
when normal distribution was verified (parametric test). Spearman test was used for correlations.

Statistical significance was accepted when P <0.05. Figures were drawn using MATLAB2022b.

2.2 Torus photobioreactor: experiments at laboratory scale

2.2.1 Objective of the study

In the Chapter 3 investigating the heterogeneity of Peterborough HRAP, heterotrophic ac-
tivity was attributed solely to bacteria. However, wastewater contains a wide range of organic
molecules including compounds potentially consumable by microalgae, in photoheterotrophy or
chemoheterotrophy. Moreover, specific interactions between microalgae and bacteria are still
unclear and such a large scale study does not permit to investigate this issue. The purpose of
the study at laboratory scale is then to cultivate microalgae and bacteria in controlled condi-
tions in order to investigate in a first time the relative contributions of photoautotrophy and

photoheterotrophy to mixotrophic growth of the microalgae Scenedesmus obliquus in synthetic
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wastewater (Chapter 5), and in a second time the fate and role of carbon sources in microalgae-

bacteria interactions in synthetic wastewater under simulated solar conditions (Chapter 6).

2.2.2 Torus PBR

A sterilisable and well-mixed photobioreactor was used to cultivate microorganisms in a
controlled environment, so as to discriminate the contributions of microalgae and bacteria in
a HRAP. The inox torus PBR presents the advantage of being steam-sterilisable and perfectly

homogeneous due to its circular shape and the helix mixing the culture (Figure 2.5).
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Figure 2.5 — Torus PBR equipment and instrumentation

Yet, the torus PBR is only 4 cm-depth with a working volume of 1.4 L. The culture depth is
then much lower in the torus PBR than in a real-scale HRAP, consequently light availability is
expected to be higher in the torus PBR than in a HRAP. However, considering that microalgae

in a HRAP are limited by light, they should also be limited by light in the torus so the labora-
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tory experiments are as representative as possible of the real system. Yet, due to self shading,
light availability and algal biomass concentration are interdependent variables. In a shallower
reactor, light availability is higher and biomass growth higher. As microalgae grow, turbidity
increases and light availability decreases. A radiative model coupled to a kinetic model consti-
tutes a useful tool to estimate light availability inside a microalgae culture by considering the
interactions between incident irradiance, depth and algal biomass concentration. An existing
radiative model coupled with a kinetic model (Pierre Albrand 2022, personal communication)
was used to simulate algal growth and light attenuation in a 4 cm depth and in a 30 cm depth
reactor. Figure 2.6 shows that, in a light-limited regime, the average light G,eqn in a 4 cm depth
reactor is equal to the average light in a 30 cm depth reactor due to the higher algal biomass
concentration in the 4 cm depth reactor. In this case, light limitation occurring in the torus

PBR is representative of light limitation in the HRAP.
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Figure 2.6 — Light attenuation profile in (a) 4 cm depth torus PBR (b) 30 cm depth HRAP

Microorganisms were then cultivated in inox 1.4 L torus photobioreactor illuminated by a
LED panel. The culture medium, a synthetic wastewater described in Appendix A, was injected
at a continuous flowrate with a peristaltic pump and the culture was simultaneously harvested
at the same flowrate. An air lowmeter regulated the air or dinitrogen Ny flowrate injected in the
PBR. pH was regulated at 7.5 with a Proportional Integral Derived (PID) control, either by COq
(lowmeter) or chlorohydric acid HCI (peristaltic pump) injections. Temperature was regulated

at 23°C with a thermostat. pH, temperature and flowrates were visualised and controlled through
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a Labview interface (Figure 2.5). Before inoculation, the PBR, canulas and tubes were sterilized
with steam for 2 hours. Culture medium, HCI, filters for air entry and exit, tubes, inoculum and
harvesting bottles were sterilized for 20 min at 121°C. After inoculation, the microalgae culture
was kept in batch for a few days in order to increase microalgae concentration. Then, the pump
for feeding the PBR with fresh medium and harvesting the culture was actioned: the culture

was operated in continuous.

The nutrient (N, P and S) concentration in classical anaerobically pretreated wastewater
had sometimes to be adjusted in order to compensate for the higher algal growth rate in the
torus PBR compared to the HRAP and avoid nutrient limitation in the torus PBR. In light-
limited regime (nutrients supplied in excess) presented in Figure 2.6, the average light in the
4 cm depth reactor is the same as in the 30 cm depth. However, when classical anaerobically
pretreated wastewater concentrations in C, N, P and S are supplied to 4 and 30 cm depth
cultures, higher growth rate in the 4 cm depth reactor implies faster nutrients consumption.
The 4 cm depth culture is limited by nutrients while the 30 cm depth one is limited by light
(Figure 2.7). In order to obtain similar limitation conditions in the real-scale HRAP and in the
torus PBR, the nutrient concentration in the synthetic wastewater was increased in some cases

to avoid any mineral limitation.
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Figure 2.7 — Light attenuation profile in microalgae culture with nutrient supply equal to anaerobically pre-
treated wastewater composition in: (a) 4 cm depth torus PBR (b) 30 cm depth HRAP
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2.2.3 Simulation of day-night cycles

1 as a function of time t (in number of seconds since

The incident PFD qg in pmol.m™2.s~
midnight), follows a sinusoidal function as follows:

e When t < tgg or t > tgg, with tgg the time of sunrise and tgg the time of sunset:

I
o

q0 (2'7)

e When tgp < t < tgg:

t—1sr

2.8
tss —tsr (28)

40 = 40,4, - SIN(T -

with qo,,,, the PFD intensity at the zenith in gmol.m~2.s71. This value was set at 700,

typical of an average spring day in Nantes (France).

2.2.4 Inoculum
2.2.4.1 Scenedesmus obliquus

As a means to simplify microalgae-bacteria consortium system, a single strain of microalgae
was chosen for studying microalgae-bacteria interactions. Capable of adapting to various envi-
ronmental conditions due to their phenotypic plasticity (Liirling 2003), the specie Scenedesmus
obliquus is widely found in HRAPs (Fallowfield and Garrett 1985, Ruas et al. 2020, Plouviez
et al. 2019) and easy to grow. For these reasons, Scenedesmus obliquus was selected as a mi-
croalgae model. The strain used in the experiments was isolated from a natural consortium and
genetically identified in 2018. It was kept in nitrate Bold Basal Medium (BBM) (Appendix A)

in sterile 250 ml erlenmeyer flasks stirred with magnet bar.

2.2.4.2 FEscherichia coli

Similarly, a single heterotrophic bacteria strain was chosen. FEscherichia coli is frequently

found in wastewater and is a well-known and easy to grow microorganism. E. coli strains ATCC
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700728 was purchased in the form of swabs from Humeau laboratory and kept at 4°C. Approx-
imately one week before cultivation, bacteria was spread on Tryptone Soy Agar (TSA) plates
and incubated for a few days at 30°C. At D-2, colonies were sampled from agar plate to inoc-
ulate Lysogeny Broth (LB) liquid medium in 100 ml erlenmeyer flask, then incubated at 30°C.
After 24h, 10 ml were taken from LB broth E. coli culture to inoculate a 250 ml erlenmeyer
flask containing M9 minimal medium (Appendix A) added with acetate or glucose depending
on the carbon source used in the experiment. The flask was then incubated at 30°C 24h before

inoculating the reactor.

2.2.5 Culture monitoring
2.2.5.1 Online measurements

pH and temperature in the liquid phase were measured using a Mettler Toledo InPro 3203i-
120 pH sensor, while dissolved oxygen was monitored with Mettler Toledo InPro 6860i O2 sensor.

Molar fractions of Na, Oy and CO» at the exit of the PBR in the gas phase were determined
using an Agilent micro gas chromatography 490 (Figure 2.8). The gas exit was cooled at 5 °C
using a condenser, and drierite columns were installed before the micro-GC to prevent moisture
from affecting the micro-GC columns. The carrier gas used was Argon 2 from Alphagaz.

The micro gas chromatograph consists of a pump that draws in the sample, which is then
carried through the micro-GC columns by the carrier gas. No, Oo and Hs gases are separated
based on their retention time on the column A, while COs, being heavier, is separated on the
column B. Each gas measured corresponds to a peak with a specific retention time and an area
proportional to its concentration. A backflush time is determined to protect column A from
heavy compounds that could damage it. The backflush time must be sufficiently long to prevent
loss of information on the target gas, but if it is too long, there is a higher risk of letting heavy
compounds reaching the column A.

The software Soprane calculates the molar fractions ysy,, yso, and ysco, from the peak areas
using a calibration curve derived from four standard gas bottles. These calculated fractions are

then synchronised with simultaneous Labview records (including sensors in the liquid phase and
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Figure 2.8 — Functioning of micro gas chromatograph 490 (Bonnanfant 2020)

flowmeters for gas entry) using a MATLAB routine. The signal of the COy flowrate can exhibit

significant noise due to pH variations and is therefore filtered using the MATLAB filter function.

The net volumetric production of Oz and COs in the culture is subsequently calculated using

the molar gas fractions exiting the PBR, the concentrations of dissolved gases in the liquid phase,

the incoming gas flowrate, pH, and temperature, as detailed below. Tables 2.1 summarizes the

constant values used in these equations.

Constant Value Units
R (perfect gases 8.3144 m?.Pa. K~ .mol™?
constant)
P (atmospheric 101300 Pa
pressure)
Vg (reactor volume) 1.4-1073 m?

Table 2.1 — Values and units for constants used for the calculation of net volumetric production

of Oy and COs

The sum Qetor of Qegirn, and Qeco,, the volumetric flowrates of air or Ny and CO2 entering

the PBR respectively, were then converted into the incoming molar flowrate G;, (mol.h™!). This

conversion uses the ideal gas law, where R is the universal gas constant, P is the pressure in the
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PBR, and T is the temperature in the PBR:

. Qetot . 10_6 - 60
- Vmol

Gin

R-T
Vmol—T

In the case of cultures sparged with air without injections of COq, the molar fractions of COa,
Ny and O3 entering the PBR, respectively yeco,, yen, and yep, were determined by analyzing
the injected air composition with the micro-GC. In the case of cultures sparged with a mixture

of No and COa, yeco,, yen,, and yep, are calculated as follows:

Qeco,
Qen, + Qeco,

yen, = 1 —yeco,

Yyeco, =

(2.10)
yeo, =0

The molar flowrate outgoing the PBR Gy, is then deduced as shown below, with ysp,
measured by the micro-GC:
Gin *YEN,

Goyt = —————= (2.11)
YSN,

The transfer rates Np, and Ngp, (mol.h™!) can then be calculated from the difference
between the molar flowrates of Oy or CO9 entering and exiting the PBR, with ysp, and ysco,

measured by the micro-GC:

N02 = GZ’I’L . y602 - Gout . ySOQ (2 12)

Nco, = Gin - yeco, — Gout - Y5C0,

If the molar Oy or CO, flowrate exiting the PBR is higher than the incoming flowrate, the
gas is produced and N is negative. If it is lower, the gas is globally consumed and N is positive.
The transfer terms of the volumetric production rates of O2 and COag, respectively rpo,, and

rco2,,, were then calculated as the opposite of N over the volume of the PBR Vg:
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No
(2.13)
N COq

The accumulation terms for O9 and COs in the liquid phase were also considered for calculat-
ing the volumetric Os and CO5 production rates. The signal of dissolved oxygen concentration

in the PBR was derived over time to determine the oxygen accumulation term ro,,_ :

_dCo,

PO = —t (2.14)

As TIC was measured offline, inorganic carbon data was first interpolated to determine
ICO,,,,- Moreover, the inorganic carbon analysis (method detailed in the offline analysis para-
graph) provides the total inorganic carbon concentration; however, the dissolved COs2 concen-
tration is needed for the calculation of volumetric COy production rate. Dissolved COs in the

PBR, Cco,, was deduced from TIC in the PBR, Crjc, pH, and temperature T as follows:

[H*] = 10"PH

—1.209 - 10*
Ko=e T
—1.243 . 104
Ky=e T

—3.678-10-log(T")+2.355-100

—3.548-10-log(T)+2.2-100 (2.15)

K n K Ky
ZENNTT:
Cric

K

K=1+

Ceco, =
Interpolated Ccp, was then derived over time to determine the COy accumulation term

rCOQacc :

. d0002

0020 = gy (2.16)

In the same way, dissolved CO; in the culture medium Cecp, was given by the formula

below, where Cery¢ is the concentration of total inorganic carbon in the culture medium:
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Cerre (2.17)
K

C €eco, =

The dilution terms IO, and ICo,,, account for the Oo and COs supplied by the culture

medium in the final production rates:

7024 = —D- (0602 - COQ) (2.18)

rco,,, = —D - (Ceco, — Cco,)

Finally, the transfer, accumulation, and dilution terms are compiled to calculate the total

volumetric molar rate of Oz and COy, respectively ro, and rco,, in mol.m=3.h~1:

7Oy = 70y, + TO24cc + 702y, (2 19)

TCO2 = TCOQM, + Tco2acc + TCO2dil

2.2.5.2 Offline measurements

2.2.5.2.1 Microalgal productivity

2.2.5.2.1.1 Dry weight

A known volume of culture Vg around 6 mL is determined with a precision scale considering
that the density of the culture is similar to the density of water. The sample is filtered through
a microfiber glass filter 0.7 um porosity previously weighed (my in g) then dried at 105°C for
24h and weight after drying (mg, in g). The total biomass concentration in the PBR Cx in

g.L 71 is calculated as follows:

mdry — mf

C p—
X Vs

(2.20)

The volumetric productivity Px in gCx.L~'.d™!, so the quantity of biomass produced per
unit of time and culture volume, is given by the equation 2.21 where Cx is the biomass concen-

tration in the culture and D the dilution rate in days~!:
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Px=Cx-D (2.21)

Areal productivity Sy (in gCx.m~2.d~!) represents the quantity of biomass produced per

unit of time and illuminated surface and is given by the Equation 2.22:

~ Px -1000

Sx (2.22)
QAlight
where ajigns (in m™1) is the inverse of the culture depth e (in m):
1
g = * (2.23)

2.2.5.2.1.2 Turbidity

Algal growth can also be measured by turbidity. Approximately 1.5 mL sample was trans-
ferred into a plastic spectrophotometer cuvettes and the absorbance at 750 nm was measured
with spectrophotometer JASCO V-630. This method provides an instantaneous order of mag-
nitude of algal concentration in the PBR and is used in complementarity with dry weight mea-

surement.

2.2.5.2.2 Pigments

Pigments contained in microalgal cells (chlorophyll a, chlorophyll b and carotenoids) were
extracted from the biomass with methanol. In a first time, a volume V; between 0.2 and 2 mL of
microalgae culture (the higher the algal biomass, the lower the sample volume) was taken from
the culture sample and put in Ependorf tubes. Those tubes were then centrifugated in MiniSpin
centrifuge at 13400g for 10 min in order to separate the biomass from the culture medium. The
supernatant was removed with caution and a volume Vo = 1.5 mL of methanol was added to the
biomass recovered in the pellet. The tubes were then transferred into an ultrasonic bath for 1
min for homogenisation, then incubated at 45°C for 1 hour. Then, tubes were centrifuged again
at 13400g for 10 min in order to separate the biomass from the pigments extracted and dissolved

in the methanol phase. The biomass remaining at the bottom of the tube after centrifugation
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should be white: if it still contains green pigmentation, pigment extraction was incomplete.
Finally, absorbance at 750, 665, 652 and 480 nm were measured on the supernatant previously
recovered with caution from the centrifuged tube using spectrophotometer JASCO V-630.

Pigments concentration in pg/ml were deduced as below:

\%
Conta = %(—8.0962 - Ags2 + 16.5169 - Aggs) (2.24)
Cchlb = “2<274405 . A652 + 12.1688 - A665) (225)
\%
Ccarotenoids = %(4 : A480) (226)

Then, pigment content xp;, in the biomass was given by the following equation:

_ Cpig
Tpig = Cv 1000 (2.27)

alg

2.2.5.2.3 Radiative properties

A kinetic model coupled with a radiative model allows accurate prediction of light availabil-
ity and algal biomass productivity in a PBR. A radiative model is a precise tool to determinate
the amount of light absorbed over the reactor depth, considering depth, algal biomass, pigment
content and specific microalgae characteristics called radiative properties. Yet, radiative prop-
erties of Scenedesmus obliquus were not reported in the literature. Due to the non-spherical
shape of Scenedesmus obliquus, absorption and scattering cross-sections cannot be determined
by theoretical formulas and require experimental measurements.

A simple method described by Kandilian et al. (2016) for measuring spectral microalgae
absorption cross-section was used to determine the absorption cross section. Note that absorption
is the dominant phenomena and that scattering and phase function are considered negligible.
This method relies on normal-hemispherical transmittance and reflectance measurements for

wavelengths between 350 and 800 nm on microalgae samples of different concentrations. As
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explained in the diagram below (Figure 2.9), the fraction of incident light beam reflected by
the sample is deduced from the amount of photons detected in the integration sphere located
between the sample and the incident beam using a Agilent Cary 5000 spectrophotometer UV-
Vis-NIR. Similarly, the fraction of incident light beam transmitted by the sample is deduced
from the amount of photons detected in the integration sphere located behind the sample after

the light source.

Normal-hemispherical Normal-hemispherical
reflectance: transmittance:

Cuve with sample

Transmitted photons

Reflected photons

Sphere «—— Sphere

[+— Cuve with sample

‘ Light x
‘ ‘ Light

Figure 2.9 — Principle of radiative properties measurement

Absorbance cross sections Ea (in m~2.kg™!) for each wavelength were deduced from the
fractions of photons reflected and transmitted for each wavelength and from the biomass con-
centration in the sample using an Excel algorithm based on inverse method. Knowing biomass
concentration, the algorithm calculates the predicted transmittance and reflectance fractions.
Then, the absorbance cross sections were estimated by minimising the error between measured
and predicted transmittance and reflectance fractions.

In parallel, pigments concentration was measured in the culture on the same day. A data
base for modeling radiative transfer in the culture was constituted with each absorbance cross

section values Fa corresponding to a pigment content value.

2.2.5.2.4 Fluorescence
Photosynthetic microalgae efficiency, represented by the ratio F,/F,,, was measured with a

PAM fluorimeter. Before the measurement, the sample was diluted and kept in the dark for 15
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min.

2.2.5.2.5 Bacterial productivity

Due to the very small size of bacteria and to low bacterial biomass, the dry weight method
can raise a problem of sensitivity for estimating bacterial biomass in a culture. Moreover, in
microalgae-bacteria cocultures, separating microalgae and bacteria by filtration in order to weigh
separately the algae and the bacteria is unefficient due to the formation of microalgae-bacteria
flocs. For this reason, dry weight, turbidity at 600 nm and Colonies Forming Units (CFU) were
measured on a concentrated bacteria batch culture in order to establish correlations between
those quantities. Using such correlations might permit the prediction of bacterial dry weight

using more sensitive methods such as turbidity and CFU.

2.2.5.2.5.1 In bacteria culture
In the case of pure cultures of bacteria, bacterial growth was measured directly by turbidity

at 600 nm (Figure 2.10).

Dry weight as a function of 600nm absorbance for E. coli

25

2.0 1 y=03712x

R2=09936

a
5 151
=
e
o
z
> 1.0 1
(=)

05 1

0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0 45 5.0

Absorbance 600nm

Figure 2.10 — Correlation curve between turbidity and dry weight for E. coli

Then, the equation of the correlation curve below allows to deduce bacterial biomass con-

centration Cy,, , in g.L 7! from the turbidity measurement Abs600:
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Cx,,., = 0.3712 - Abs600 (2.28)

2.2.5.2.5.2 In microalgae-bacteria co-culture

In microalgae-bacteria cocultures, determining bacterial growth by turbidity is not possible
because microalgae contribute significantly to the absorbance. Separating bacteria from microal-
gae is possible by inoculating the mixture of microalgae and bacteria on a non-selective medium
such as TSA plate kept in the dark, where bacteria will grow but not microalgae. The sample is
diluted 10* to 10® times depending on bacterial concentration in the culture in order to observe

between 15 and 300 individual colonies on the plate after incubation (Figure 2.11).

Tml Tml 1mi Tmi 1ml
L L L o

. 9 ml distilled water

Scenedesmus (autoclaved)
+ E. coli
10 10? 108 104 10¢
/m %1 ml \,1 rnN‘ml

Incubation 30°C

1st count 2nd count
after 24h after 48h
Created in BioRender.com bio

Figure 2.11 — Method for E. coli CFU determination

Serial dilutions of a 1 mL sample from the coculture were completed using sterile 9 mL NaCl
solution tubes. 0.1 mL of the diluted sample was then transferred on a TSA agar plate and
spread with a cell spreader. At least two different dilutions each in triplicates were inoculated.
The plates were then incubated at 30°C for at least 2 days. A first count was done after 24

hours and a second one after 48 hours. Each time, every new colony was counted. The bacterial

157



Chapter 2 — Studied systems and analytical methods

concentration in the PBR is given by the formula below, where n is the number of colonies on

the plate, DF the dilution factor and V the volume in mL inoculated on the plate:

n-DF

= (2.29)

CFU =

Then, the equation of the correlation curve on Figure 2.12 previously established on an FE.

coli batch culture allows to deduce the bacterial concentration in g.L~! :

CFU as a function of absorbance 600nm for E. coli

1.2E+08

1.0E+08
y = 1E+09x
R*=0.9953 .

8.0E+07

6.0E+07

CFU (cell/ml)

4.0E+07

2.0E+07

0.0E+00 ==
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Absorbance 600nm

Figure 2.12 — Correlation curve between turbidity and CFU for E. coli

0.3712-CFU

Oxpooy = T (2.30)

The total biomass Cx concentration (S. obliquus + E. coli) is determined from the total dry

weight value described before. Microalgal biomass concentration in g.L ™! is deduced as below:

Cx.y = Cx — Cxpo (2.31)

alg
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2.2.5.2.6 Organic and inorganic carbon
Organic and inorganic carbon concentrations (in mgC.L™!) were measured using a Shimadzu
TOC-L analyser. Previously, the sample was diluted at least 10 times and filtered with a 0.2 pm

syringe filter.

2.2.5.2.7 Ionic elements
Anions (C17, NO;, NO3, PO3—, SO%-) and cations (Nat, NHJ, K*, Mg?*, Ca%") concen-
trations in mg.L~! were measured by ionic chromatography with a Dionex ICS-1100. Previously,

the sample was diluted at least 10 times and filtered with a 0.2 pm syringe filter.

2.2.5.3 Stoichiometric analysis and data reconciliation

One of the aims of this laboratory- scale study was to quantify the carbon and oxygen fluxes
in microalgae cultures and in microalgae-bacteria cocultures. The determination of fluxes relies
on mass balance and stoichiometric analysis coupled with a method of data reconciliation. Due to
the inherent uncertainties in each measurement, achieving a close mass balance is challenging.
Data reconciliation aims to enhance the coherence of the mass balance by assigning greater
weight to the more precise measurements and less weight to less precise ones in order to reach
a coherence of the mass balance. This method uses the redundancy of information, such as
biomass productivity, acetate consumption rate, and net COs production rate, which can provide
overlapping insights.

The vector r,, of the measured net rates of acetate, CO2, NHg, algal biomass (x1), bacterial

biomass (22), and Og is written as follows:

THAc
TCO,
TNH.
Tm = ’ (2.32)

Tzl

T'z2

7"02
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The vector F' represents the estimated standard deviations for each rate r of the vector r,,:

F = (2.33)

SDo,

Algal photoautotrophic growth, algal photoheterotrophic growth, and bacterial chemohetero-
trophic growth are the three reactions expected to occur during the light phase. During the night,
algal and bacterial chemoheterotrophic growth are the two reactions considered. The stoichio-
metric equations for these reactions were deduced as follows from the elemental composition of

S. obliquus determined by Garcia-Moscoso et al. (2015):

CO9 +0.16 NH3 + 0.6985 HoO — CH;{ 877Ng.1600.478 + 1.11 O9

0.5 CoH409 + 0.16 NHs — CH; §77N0.1600 478 + 0.1103 O5 + 0.3015 H,O (2.34)
CoH405 4+ 0.16 NH3 + 0.8895 Oy — CH;{ 877Np.1600.478 + 1.3 H5O + CO4

The stoichiometric equation for bacterial chemoheterotrophic growth was deduced from the
elemental composition of E. coli determined by Folsom and Carlson (2015) and from the E. coli

yield coefficient for acetate, determined by Guardia and Calvo (2001):

0.625 CoH4049 + 0.368 NH3 + 0.324 09 — CH{ 74Ng2300.43 + 1.16 HoO + 0.4 CO4 (2.35)

According to the mass conservation principle, in a microalgae-bacteria coculture fed with
acetate, the carbon balance is defined by the following equation, where each rate r is weighted

by the number of carbon atoms in acetate, CO2, algal biomass x1, and bacterial biomass x2:
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2rgac + TCOy + Tzl + Tz2 = 0 (236)

In the same way, the nitrogen balance is defined by the following equation:

TNH; T+ 0.167;1 + 0.23r,0 =0 (2.37)

Balances on oxygen and hydrogen require the rate of water production r,,, which is chal-
lenging to measure experimentally. An redox balance resolves this issue. Mass balance on each
element C, H, O, and N are expressed by multiplying each side of the equation by the oxidation

number of each element and then summing them to formulate the redox balance.

C 2THAC + TCOo, + el + T2 = 0 x4
H 4rgac+ 3rym, + 1.87Try + 1.74r,9 + 27 = 0 %1
O 2rgac+ 2rco, + 0.478ry1 + 0.43ry0 + 2ro, + 1 =0 x(-2)
N ryH, + 0.167r51 + 0.23r50 = 0 x (-3)

These four mass balance equations can be combined as follows:

PHac(8+4—4) + rco, (4 —4) + rym, (3 — 3) + re1 (4 + 1.877 — 2 x 0.478 — 3 x 0.16)+

raa(441.74 — 2 x 0.43 — 3 x 0.23) + 1o, (—4) + 7(2 — 2) =0
(2.38)

The redox balance is then defined as follows:

8THAc 4+ 444751 + 419749 — 470, =0 (2.39)

The stoichiometric coefficents of carbon, nitrogen, and redox balances are combined in the
consistency matrix C' as follows. The three rows correspond to C, N, and electron balances,

while the six columns stand for acetate, CO2, NHgs, algal biomass, bacterial biomass, and Os:
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210 1 1 0
C=10 0 1 016 023 0 (2.40)
8 0 0 444 419 —4

The vector of measurement errors A is estimated as follows:

A=F.C' - P'.C-rp

(2.41)
P=C-F.-C
Next, the measured rates r,, are corrected using A to estimate the rates Tn:
Ton = Tm — A (2.42)
The variance-covariance matrix for the estimated rates F' is deduced:
F=F_-F.C'-Pl1.C. F (2.43)
The vector of the absolute errors for r5,, Ary,, is then deduced:
Ary, = \/diag(F) (2.44)

The weighting matrix W is calculated by taking the reciprocical of the variance as the
weight:

W = diag(diag(;)) (2.45)

The reactions equations for algal and bacterial growth allow the establishment a stoichio-
metric matrix v, defined by its number of rows m and columns n. Each column corresponds to
a reaction during the light phase (photoautotrophy by microalgae, photoheterotrophy by mi-
croalgae, and chemoheterotrophy by bacteria, denoted as vjigns) and during the night phase

(chemoheterotrophy by microalgae and bacteria, denoted as Vgqrk), while the six rows corre-
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spond to acetate, COo, NHs, algal biomass, bacterial biomass, and O». Here, the E. coli yield
coefficient for acetate was determined from Guardia and Calvo (2001) (Ygx = 1.6 mol Cy,,_, /mol

acetate).

0 -0.5 -1
-1 0 0.4
—0.16 —0.16 —0.368
Viight = (2.46)
1 1 0
0 0 1.6
1.11  0.1103 —0.324
-1 -1
1 0.4
—-0.16  —0.368
Vdark = (2.47)
1 0
0 1.6
—0.88908 —0.324
The vector of the reaction rates J is finaly deduced as follows:
J=V - vV - W.r,
(2.48)

V=w W.v!

J is the vector of the reaction rates Jy, J2 and Js3, respectively the reactions rates for pho-
toautotrophic microalgal growth, photoheterotrophic microalgal growth and chemoheterotrophic
bacterial growth for the daytime. For the nighttime, the vector J contains only two values: the
reaction rate for chemoheterotrophic growth of microalgae and bacteria. Then, the rates of ac-
etate, COq9, Og, NHs, algal biomass and bacterial biomass attributed to each reaction can be
deduced from the stoichiometric equations of each reaction.

The absolute error on the reaction rate J, AJ, is deduced from the covariance matrix for J

Covary calculated from the quadratic deviation criterion ¢:
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AJ = /Covary
__ ¢
(m—n)-V

o=(rm—v-J) Wiy —v-J)

Covary = diag(

2.3 DModeling microalgae-bacteria interactions in the torus PBR

2.3.1 Principle

In parallel to the experiments conducted in the torus PBR, mechanisms of microalgae-

bacteria interactions in HRAP were investigated using a theoretical modeling approach to sim-

ulate and analyze the consortium dynamics over day-night cycles. Here, the hypothesis of a

synergy between microalgae and bacteria considering only exchanges of Oz and CO4 was tested.

The model was then purposefully chosen as simple, with one strain of microalgae, one strain

of bacteria and one organic carbon source. A radiative model coupled with a kinetic model of

microalgal and bacterial growth were implemented in MATLAB 2022b. Figure 2.13 illustrates

the block diagram of the kinetic model.

Q0,0 = 700 pmol/m?/s /\
Light
qOpin =0 pmul/m’u‘ \\
0, gas CO, gas
Microalgal
/ biomass \
A 0, lig. 0, lig.
C D \ Bacterial /
org :
biomass

Figure 2.13 — Block diagram of the kinetic model aiming at simulating photoautotrophic growth of S. obliquus,

chemoheterotrophic growth of E. coli and gas exchanges
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2.3.2 Modelling of light transfer and light limitation

The PFD qq (in pmol.m~2.s71) was calculated as a function of time t according to the Equa-
tions 2.7 and 2.8. Light extinction in the PBR was modelled considering algal biomass concentra-

tion Cx , , depth z and microalgae mass absorption coefficient Ea that is correlated to pigment

alg?

content Cp;y. According to the Beer-Lambert law, the local irradiance Gy in pmol.m~2.s~! for

a given wavelength is given by the Equation 2.50:

G)\ = qA . e_Ea.CXalg.z (250)

where q) is the PFD in gmol.m2.s~! for each specific wavelength, Ea in m—2.kg™! is the mass
absorption coefficient (determined experimentally as explained in the previous section). The
specific rate of photon absorption A can be calculated from the local irradiance Gy:

The efficiency of photons conversion G is then derived as follows:

A

1
_ Lo 2.52
Cn=7 hgra® (2.52)

Here, K represents the half-saturation constant for photosynthesis. G2 denotes the degree of

inhibition of maintenance processes by light:

K/

L
The specific photon uptake rate g, is calculated as follows:
¢ =pm-K-Gn (2.54)

The specific growth rate of microalgae qx7 can be determined as follows:
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axT = ¢x1 - (¢y — ﬁ)
m Gy

bxT = 1 1 2.55
(1 = 2pig) - ox + Tpig - %) (2.55)

Tpig = Wpig - (1 — G1)

The specific rate of pigment formation qp;, can also be calculated as follows:

pig = Thig - (1-Gn)-gxr (2.56)
Additionally, the molar fraction of pigments in the total biomass x,;, can be calculated as:

 _ Gy | My
pg — .
CX CPZQ

_ Coig (2.57)

alg 1_
Cx., -Mx

- Mpig +
alg alg

When the light is insufficient to promote algal growth (qg < 20 gmol.m™2.s71), the biomass

specific growth rate in darkness ¢x7,, . is defined as follows:

kq

= _* 2.58
qXTda'rk MXT ( )

with the biomass decay rate kg at 20 °C (Le Borgne and Pruvost 2013) defined as:

—62.69 - 103
kg = —5.6-10% | ~—0.0038 2.59
d P (8.3143 : 293.15) (2:59)
and the C-molar mass for algal biomass M x7 defined as:

Mxr = Tpig * Mpig =+ (1 — x;m’g) - Mx (260)

Finally, when qg <20 pmol.m~2.s™!, the specific rate of pigment formation Opig 1s equal to
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The parameters used in the equations above are presented in the Table 2.2. The maximum
specific rate for maintenance J,,, half-saturation constants for photosynthesis K and for main-
tenance inhibition at light K’, and maximal pigment molar fraction z;,, were determined by
fitting the modeled biomass, and pigment concentration with experimental data obtained from
S. obliquus batch cultures. These cultures were grown in photoautotrophy in the torus PBR using
BBM medium with nutrients in excess, and pH was controlled by COs injections. To simulate a
range of irradiances experienced by the microalgae under simulated solar conditions, one batch

culture was exposed to 100 gmol.m~2.s~!, while another was exposed to 800 ymol.m=2.s~ L.

Constant Symbol Value Units
Reactor depth L 0.04 m
Reflected fraction of light at the rear R 0
of the reactor S
Half-saturation constant for _o 1
photosynthesis K 57.72 pmol.m™<.s
K’ 1 pmol.m~2.s7!
Maximal primary quantum yield of 0.8
photosynthesis pm '
Maximal pigment molar fraction Tpig 0.1486
Molar quantum yield for the formation 1
of one C-mole of biomass 2 0-0976 C-mol.mol
Molar quantum yield for the formation _ 1
of one C-mole of pigment Ppig 0.0841 C-mol.mol
Molar quantum yield for the hydrolysis 1
of one mole of ATP (maintenance) Om 0-9011 C-mol.mol
Maximum specific rate for J 0
maintenance "
C-molar mass for biomass Mx 23.3-10°3 kg.C-mol !
C-molar mass for pigments Mg 15.9-1073 kg.C-mol !

Table 2.2 — Values and units for constants used in light transfer modelling equations (Urbain
2017)

2.3.3 Modeling of gas-liquid transfer
2.3.3.1 Solubility of O and CO,

The concentration of dissolved gases in the liquid phase depends, among other factors, on
their solubility in water. The solubility of Oy depends on salinity and temperature, whereas the

solubility of COo depends on pH and temperature. The Henry coefficient is the parameter that
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describes the solubility of gases in liquid. It was determined for Os and CO9 under conditions
of constant pH (pH = 7.5), temperature (T = 296.15°K or 23 °C), and the salinity specific to
the synthetic wastewater used.

e O,

First, the Bunsen coefficient «q for solubility is corrected for salinity:

Qgal = g - 107 2= Hi'li (2.61)

with the Schumpe coefficients H; for each ion i presented in Appendix B, and the contribution

of each ion i to ionic force I; given by the following equation:

I =05 ¢ - 22 (2.62)

]

with ¢; representing the molar concentrations of each ion in the culture medium and z;
indicating the charges corresponding to each ion.
Henry’s coefficient for Os is calculated as follows:
101325 - 0.022395

Hps = (2.63)
Qsql

o C02

Henry coefficient for COy depending on temperature T is calculated as follows:

Heog = 676789.04/T711.4519~log(T)70.010454~T+94.4914 .101325- 103 (264)

2.3.3.2 Modelling of the dynamic gas phase

The gas phase of torus PBR exhibits a plug-flow behaviour, as shown by Urbain (2017).
Consequently, the concentrations of Oz and CO4 in the gas phase of the PBR cannot be assumed
to be equal to those in the atmosphere. The gas phase must be considered dynamic, with

concentrations of Os and COs in the liquid phase calculated interdependently.

168



2.3. Modeling microalgae-bacteria interactions in the torus PBR

The parameters Aps and Agcpe describe the gradients of O and CO4 concentrations between

the gas and liquid phases, which drive mass transfer:

Apy = (p-yeoz2/Hoz — Co2) — (p-yso2/Hoz — Coz)
log((p - yeo2/Hoz — Co2)/(p - yso2/Hoz — Coz))
(2.65)
(p-yecoz/Hco2 — Ccoz/Keq) — (p-ysco2/Hooz — Cooz/Keq)
log((p - yecoz/Hco2 — Ccoz/Keq)/ (P - yscoz/Hcoo2 — Cooz/Keq

Acoz =

with p representing the pressure in the reactor (assumed to be atmospheric pressure), ye denoting
the molar fraction of gases in the gas phase at the inlet of the reactor, ys representing the molar
fraction of gases in the gas phase at the outlet of the reactor, C indicating the concentration of
gases in the liquid phase, and K representing the parameter that determines the solubility of CO2
in water based on pH and temperature. The parameters Aps and Acps are utilized hereafter in
the calculation of dissolved gas concentrations in the liquid phase and their fractional distribution
in the gas phase.

The volumetric molar gas transfer rates No, and N¢o, in units of mol.m™3.h~! are calculated

as follows:

NO2 _ sV 2
o R (2.66)
N, _ —GsYscoz2
COgy — VR

with Gy representing the molar gas flow rate at the exit of the PBR and V denoting the volume
of the PBR.

The constants used in the equations above are presented in the Table 2.3.

2.3.4 Modelling of algal growth, bacterial growth and gas exchanges

In this kinetic model, it is assumed that organic carbon is exclusively consumed by bacteria

and that neither microalgae nor bacteria are limited by N, P and S.

During the daytime, microalgal growth depends on light and inorganic carbon availability.
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Constant Symbol Value Units
pH pH 7.5 No unit
Temperature T 296.15 °K
Bunsen coefficient in pure water Qg 0.0294 No unit
Coefficient K; at T=23°C K; 4358? . No unit
Coefficient K9 at T=23°C Ko 4'1%5,9131 ' No unit
Constant of equilibrium of CO4 .
at pH=T.5 and T—23°C Keq 14.4993 No unit
Volume of the reactor Vg 1.4-1073 m?>

Table 2.3 — Values and units for constants used in gas-liquid transfer modelling equations (Urbain
2017)

Microalgal growth rate piqy when qo >20 pmol.m—2.s71

is expressed as follows. Here, qxr
incorporates the light limitation (see section above), and the limitation by inorganic carbon is

expressed by a Monod equation:

Cco2
Cco2 + Kco2

Halgiign: = 4XT * CxXuiy (2.67)

alg
During the night time, microalgae cannot utilize light for cell maintenance and the main
maintenance process becomes respiration, implying a potential limitation by oxygen expressed

using a Monod equation in the microalgal growth rate defined below:

Co2

Halgaarr = IXTaark G e Cx oy (2.68)

alg
where Cps the dissolved oxygen in mol.m 3.
Bacterial growth is limited by organic carbon and dissolved oxygen. Similarly to microalgal

growth rate, bacteria growth rate ppqe: is expressed as follows:

Co2 . Cs
002 + KO2bact CS + KSbact

’ CXbact (269)

Mbact = Umazpeer

where Cg is the concentration of organic carbon in the culture and Cy;, , is the bacterial biomass
concentration. The volumetric production rates of Oy and COs for bacteria can then be deduced

as:

170



2.3. Modeling microalgae-bacteria interactions in the torus PBR

r02bact = YOQbact ’ /’LbaCt ’ CXbact (2 70)

TCO2%aer = YCO2haer * Mbact * CxXpoe
In light conditions, the volumetric production rates of Oy and COq for microalgae are ex-

pressed as:

T =Y . - C
OQalg 02019“9;“5 /J'algllght Xalg (271)
rCOQalg = YCO2alglight ’ /"Lalglight ’ CXulg
In darkness conditions, the volumetric production rates of Oy and COq for microalgae are

expressed as:

TOQGZQ = YO2(llgdark ) ’u'algdark : CXa,lg

(2.72)
TCOQalg = YCOQalgdark ' Malgdark ’ CXa,lg
The constants used in the equations above are presented in Table 2.4.
Constant Symbol Value Units
E. coli specific growth rate (Andersen and 0.3 B-1
Von Meyenburg 1980) Hmazyace ’
Half saturation constant for CO2 for _6 3
microalgae (Casagli et al. 2021) Keoz., 3.33 - 10 mol.m
Half saturation constant for Oy for bacteria _5 3
(Casagli et al. 2021) Koz 6.25 - 10 mol.m
Half saturation constant for organic carbon _3 3
for bacteria (Casagli et al. 2021) K Spac 1.6-10 kgCom
Yield for COg for microalgae (light)
(Garcia-Moscoso et al. 2015) Y 002,000, 42.08 mol/kgCx,,,
Yield for Oz for microalgae (light)
(Garcia-Moscoso et al. 2015) Y 021900 46.72 mol/kgCx,,,
Yield for CO4 for microalgae (dark)
(Garcia-Moscoso et al. 2015) Yc02,,,. 12.08 mol/kgCx.,
Yield for Os for microalgae (dark)
(Garcia-Moscoso et al. 2015) Yo2,1,, . 8177 mol/kgCx,,,
Yield for organic carbon for bacteria v 16
(Guardia and Calvo 2001) Shact ' kgCx,,.,/kgCorg
Yield for CO; for bacteria (Folsom and
Carlson 2015) Y 002100 1049 mol/kgCxie,
Yield for Os for bacteria (Folsom and
Carlson 2015) Yoz 849 mol/kgCxi..,

Table 2.4 — Values and units for constants used in gas-liquid transfer modelling equations
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2.3.5 State variables

Finally, the state variables of algal biomass, bacterial biomass, dissolved Os, dissolved COs,
fractions of Os and COs in the gas phase, organic carbon concentration, pigment concentration,
and the molar gas flowrate outgoing the PBR, Gs, evolve over time as shown below. The state

variables were described by solving an algebro-differential system.

dCx.,
719 = (ftatg — ka — D) - Cx,,,

dCx
d = Hbact - CXbact -D- CXbact
t
dCcoO
o 2 =D (Cco,, — Cco,) + C0,,,, 700, T Kraco, - Aco,
dOq

Tl D -(Coy;, — Co,) +70,,,, +70s,, + Krao, - Lo,

0= ];% - Vr - (yeco, — ysco,) — Kraco, - Aco, (2.73)
0= p- Qe

m.r Ve (Weo, —yso.) — Krao, - Ao,

dCs Mbact

— =— C D-(Csg, —C
dt YSbact Xbact + ( Szn S)
dCpig

dt = Gpig - Mpig ’ CXcng -D- Cpig
0=G.-(1—yeo2 —yeco2) — Gs- (1 —yso2 — yscoz)

The constants utilized in the equations above are listed in Table 2.5.
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Constant Symbol Value Units
Dilution rate of the culture D 0.008 1t
Concentration of 'organic carbon in the Cs. 0.260 kgCopy /0
inlet
Concentration of Oz in the inlet Co2,, 0 mol/m?
Concentration of CO3 in the inlet Cco2;, 0 mol/m3
O, fraction in the air injected yeo, 0.21
COg, fraction in the air injected yeco, 0.0004
Air flowrate Qe 0.0018 m?/h
Mass transfer coefficient for O, Krao, 1.32 A1
Mass transfer coefficient for CO4 Kraco, 1.12 h1
Pressure p 1.013 - 10° Pa
Perfect gases constant R 8.3143 J/mol/K

Table 2.5 — Values and units for constants used in the calculation of the derivatives of the state
variables (Urbain 2017)

2.4 Characterisation of microalgae impact on virus inactivation

2.4.1 Objective of the study

While microalgae impact bacterial activity and pollutants removal, it is also expected to
influence significantly solar inactivation of pathogens. Microalgae are expected to contribute
significantly to turbidity and attenuation of solar radiations in HRAP, however, they are also
responsible for high oxygen concentration, high pH and production of ROS favouring disinfection,
questioning the relative impact of microalgae on pathogen inactivation. The purpose of this
study (Chapter 7) is to estimate the impact of microalgae on indicator viruses inactivation, in
terms of UV attenuation (inhibition of inactivation) and production of ROS (enhancement of

inactivation), using a laboratory UV cabinet.

2.4.2 UVA cabinet

MS2 inactivation experiments were conducted using solely UVA to simulate sun radiations.
Indeed, MS2 inactivation rate with visible radiations was not significantly different from inac-
tivation rate in the dark (Bolton et al. 2011). In addition, UVB is very rapidly attenuated in
HRAPs (Craggs et al. 2004) and could not be detected at all in Peterborough HRAP. The effect

of UVB on pathogens inactivation is then expected to be negligible in such a turbid medium.
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UVA LEDs (Bergquist) are fixed to a panel Reliance Laboratories suspended in a closed
wood cabinet. Samples are placed under the panel in a shaking Ratek water bath chiller to

maintain a constant temperature of 20°C, compensating the warming due to LEDs irradiation.

Figure 2.14 — UVA cabinet

The location of each bottle sample in the water bath chiller was determined to minimise
the deviation of incident UVA irradiance between the samples (Appendix C). Each of the six
samples was irradiated with 5 LEDs corresponding each to one range of wavelength in the UVA
spectrum (365 nm, 370-375 nm, 380-385 nm, 385-390 nm, 395-400 nm). The operator can set
the power of each range of wavelength via the interface RLED site controller. For calibration,
a Solar Light UVA weatherproof detector PMA2110-WP connected to Solar Light PMA2100
meter recorded the UVA intensity at each of the six bottle sample locations beneath a quartz
disc (that stands for the quartz cap used during samples incubation) for six different power. A
polynomial correlation between the power applied and the UVA incident irradiance measured

on average on the six sample locations was deduced (Figure 2.15).

2.4.3 Preparation of the culture mediums

In order to investigate the effects of UV attenuation and ROS on MS2 inactivation, MS2

was incubated in six different types of media: reverse osmosis (RO) water, BBM, wastewater,
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Figure 2.15 — Calibration curve predicting the power value to apply depending on the UVA incident irradiance

filtered wastewater, microalgae and microalgae extract. Their preparation and utilization are

synthesized in Table 2.6.

Microalgae was isolated from Peterborough HRAP samples by successive spreading on BBM
agar plates. Ten isolated algae colonies were first resuspended in 25 mL conical flasks containing
BBM and grown under approximately 80 pymol.m~2.s~! PAR light. The microalgae culture was
then transferred in larger volumes of BBM until reaching approximately 6 mg.L~! of chlorophyll

a, as measured in Peterborough HRAP (Figure 2.16).

Different methods were tested in order to obtain an extract of organic molecules from the
microalgal cells. Figure 2.17 present the total dissolved organic carbon concentration in a mi-
croalgae culture before and after extraction using ultrasonic bath, three freezing-defreezing cycles
and heating at 80°C for 30 min. The results clearly demonstrate that heating is the most efficient
method for extracting organic molecules from microalgae. Part of the microalgal stock was then
heated at 80°C for 30 min in order to extract organic molecules from the cells and filtered at

0.45 pm.

Anaerobically pre-treated wastewater was sampled at the surface of Peterborough anaerobic

pond (Figure 2.18) and stored at 4°C. Part of the wastewater was filtered at 0.45 pym.
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Figure 2.16 — Cultures of microalgae isolated from Peterborough HRAP (a) Isolated species (b) Final mixture

Figure 2.17 — Dissolved organic carbon in microalgae culture before and after

and heating
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2.4. Characterisation of microalgae impact on virus inactivation

Figure 2.18 — Anaerobic pond upstream Peterborough HRAP

Purpose Media Preparation
Baseline RO water RO water sterilised for 20 min at
121°C
BBM prepared as explained in
Efﬁfpiiiﬁiv[ BBM Appendix A and sterilised for 20
min at 121°C
Effect of wastewater on Wastewater Wastewater from the outlet of the
UVA attenuation anaerobic pond
Effect of exogenous . Anaerobically pretreated
. Filtered
photosensitisers from wastewater filtered at 1.6 pm then
wastewater
wastewater 0.45 pm
Effect of microalgae on
UVA attenuation; Microalgae isolated from
Effect of Microalgae | Peterborough HRAP then grown in
photosensitisers from BBM
microalgal cells
Effect of Microalgae isolated from
photosensitisers from Microalgae | Peterborough HRAP then grown in
molecules contained extract BBM, heated at 80°C, filtered at
inside microalgae 1.6 pm then 0.45 pm

Table 2.6 — Purpose and preparation of each media

2.4.4 MS2 and E. coli stock and MS2 quantification

2.4.4.1 Stock

The F-RNA coliphage virus MS2 was used a non-pathogenic surrogate for the behaviour
of human pathogenic viruses in the environment. MS2 is a coliphage virus that needs to infect
coliform bacteria to multiply. E. coli ATCC 700891, resistant to streptomycin and ampicillin,

was used as the host coliform and kept in a microtube at -20°C in 50% glycerol/50% tryptone
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water. Ahead of the preparation of the MS2 stock, E. coli was spread on a TSA plate and
incubated at 37°C for 24 hours. An isolated E. coli colony from the plate was then resuspended
in 10 mL Tryptone Soya Broth (TSB) and incubated in a Stackable Incubator Shaker (Innova)
24 hours at 37°C at 100 rpm before being kept at 4°C until use. For preparing a new FE. coli
stock, the tube containing TSB + E. coli was centrifuged at 3000 rpm for 15 min, then the
supernatant was removed and 1 mL of 50% glycerol/50% tryptone water was transferred into
the tube to resuspend the E. coli biomass. This new E. coli stock was then transferred in 1 mL
cryotubes and frozen a -20°C.

The MS2 stock was prepared 24 hours before inoculation of the samples. 5 mL of TSA
containing antibiotics streptomycin and ampicillin were transferred into 10 ml sterile tubes and
kept between 50 and 60°C to keep the agar liquid. Then, 500 uL. of TSB broth containing FE. coli
were transferred into the tube. This top layer agar was poured over a bottom layer of prepoured
TSA agar plates. Two drops of MS2 15597-B1 stock solution were poured in the middle of the
plate. The plate was incubated overnight at 37°C. If MS2 effectively infected E. coli, a stain
appeared on the centre of the plate after a few hours. Subsequently, 9 mL of reverse osmosed
water were poured onto the plate. The plate was then placed in the incubator at 37°C for 45
min and swirled every 10 min. The water was then transferred on to a new plate where MS2
effectively infected E. coli. Again, the plate was placed in the incubator for 45 min and swirled
every 10 min. This step was repeated for 4 successive MS2 plates. The liquid recovered on the
last plate was then syringe filtered at 0.45 um into 100 mL reverse osmosis water to remove E.
coli particles. This new MS2 stock, at a concentration of 10°-10%8 PFU/mL was then split into
several 10 mL tubes and kept at 4°C. The samples destined to be incubated in the UV cabinet

were incubated with 1 mL of this stock on the following day.

2.4.4.2 Quantification of MS2 virus

The double layer agar method was used to quantify MS2 in the samples after incubation
in the UV cabinet (Noble et al. 2004). Serial dilutions of MS2 samples were done according

to the initial concentration of the stock in order to count between 15 and 300 MS2 colonies
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on the plate. 5 mL of TSA containing antibiotics streptomycin and ampicillin were poured in
10 mL sterile tubes and kept between 50 and 60°C to keep the agar liquid. Then, 500 uL of
TSB broth containing E. coli and 200 pL of diluted MS2 sample were transferred into the agar
tube. This top layer agar was poured over a bottom layer of prepoured TSA agar plates. This
plating step was repeated for another dilution of the MS2 sample, each in triplicates. The 6
plates obtained were incubated for 24 hours at 37°C. The following day, MS2 was quantified
from the number of plaques on the plate, corresponding to locations where E. coli was infected
by MS2 and was unable to grow (Figure 2.19). All the plates with a MS2 count between 15 and
300 were considered for the calculation of MS2 concentration. The Plaque Forming Unit (PFU)
concentration (in PFU.mL™!) was deduced from the equation below, where n is the number
of plaques counted on the plate, DF is the dilution factor and 5 is the conversion factor to

PFU.mL!:

PFU =n-DF -5 (2.74)

Figure 2.19 — MS2 plate count

The MS2 inactivation rate K in h~! was calculated according to the equation below, where t
is the time in h from the beginning of the incubation, n; is the number of viable viruses remaining

at time t and ng the number of viable MS2 at the beginning of the incubation:

—logl()ﬁ
K=—"0
t

(2.75)

The experimental plan is further detailed in the Chapter 7.
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CHAPTER 3

OVERVIEW OF MICROORGANISMS’
ACTIVITY IN HRAP BY PETERBOROUGH

HRAP 3D CHARACTERISATION

This Chapter has been published in Algal Research in vol. 80 (2024).

Co-authors contributions: Soléne Jahan: Original draft, Visualization, Methodology, Investi-

gation, Formal analysis, Conceptualization (80%). Rajina K C: Review & editing, Conceptualiza-
tion (1%). Felipe Sabatté: Review & editing, Methodology, Investigation (5%). Sam Butterworth:
Review & editing, Methodology, Investigation (5%). Jérémy Pruvost: Review & editing, Super-
vision (1%). Guillaume Cogne: Review & editing, Supervision (1%). Mariana Titica: Review
& editing, Supervision (1%). Howard Fallowfield: Review & editing, Supervision, Methodology,

Investigation, Conceptualization (7%).

3.1 Introduction

Peterborough HRAP, currently the largest HRAP treating wastewater in Australia, was con-
structed in 2018 in South Australia with the aim of implementing this promising technology on
a large scale (Figure 3.1). The site comprising two anaerobic ponds for wastewater pretreatment,
two HRAPs each covering an area of 5000 m? and two storage ponds is designed to treat 470
m? of wastewater daily from an abattoir and 1700 inhabitants each day.

Previous studies at Kingston on Murray, South Australia, have demonstrated that the per-
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Figure 3.1 — Global view of Peterborough HRAP (Photo: Howard Fallowfield)

formance of HRAP met the national reuse guidelines for wastewater intended for the irrigation of
non-food crops (NRMMC 2006, Fallowfield et al. 2018). The single loop HRAP, sharing similar
geographical climate with Peterborough HRAP and fed from a septic tank efluent achieved an
average removal efficiency of 92 % for BODs5, 65 % for N-NH;, 18 % for P—POi_ and a 1 logjg
reduction of F-RNA coliphage (Buchanan et al. 2018a). Peterborough HRAP has so far been ap-
proached as a black box, focusing primarily on characterizing the inlet and the outlet. While this
approach was essential for evaluating the overall performance of the system, it raised questions
about the diversity of physicochemical conditions within the pond. The Peterborough HRAP
consists of a one-kilometre channel meandering in six sub-channels and mixed by a paddlewheel.
A significant loss of load and associated heterogeneous mixing might be expected in a reactor
of this size, considering in addition that the HRAP is nominally 30 cm deep. However, large
scale HRAPs are relatively understudied. The general principle of mass conservation in fluids
dynamic implies that wastewater flow velocity must be conserved along the channel (Acheson
2009). Also, while CFD modelling of a large scale single loop HRAP predicted the occurrence of
dead zones in the bends (Inostroza et al. 2021), to our knowledge there has been no experimental
3D characterisation of flow velocity and physicochemical parameters in large-scale HRAP such
as at Peterborough. Understanding the heterogeneity of large-scale ponds is crucial since lower

algal productivities and nutrient removals were reported in large ponds (1 ha) than in smaller
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ponds (5 and 330 m?) even though bigger paddlewheels were utilized for the large ponds than for
the smaller ones, raising questions about the mixing efficiency in large scale HRAPs (Sutherland
et al. 2020). Mixing mainly influences concentration fields of chemicals, including organic matter,
nutrients and dissolved oxygen. Efficient mixing also increases the likelihood of microorganisms
encountering pollutants they are intended to remove from the wastewater (Grobbelaar 1994).
Microalgal growth is also reliant on light availability in the pond, itself dependant on efficient
mixing circulating microalgae from the bottom of the pond to the surface where the irradiance
is higher and supports photosynthesis (Demory et al. 2018). Pathogen inactivation within the
HRAP system largely depends on high pH and dissolved oxygen concentration and to the ex-
posure to UV radiation which causes direct damage to pathogens RNA and DNA and are also
able to break chemical bonds that constitute organic molecules, leading to division of the parent
compound in free radicals able to damage microorganisms (Bolton 2012, Park et al. 2021). Mix-
ing has then a profound impact on the treated water quality by exposing microbial pathogens
to higher UV irradiation at the pond surface (Park et al. 2021). The purpose of this unique
study was to determine experimentally the 3-dimensional flow velocity profile of Peterborough
HRAP and the influence on the heterogeneity of the physicochemical parameters that serve as
indicators of biological activity, namely dissolved oxygen, pH, suspended solids, chlorophyll a,
organic and inorganic carbon, ammonium, nitrite, nitrate and orthophosphate. To achieve this
goal, a gantry equipped for in situ measurements and wastewater sampling was deployed across
the channel, enabling data collection along the length, depth and width of Peterborough HRAP.
This comprehensive approach aims to assess the distribution of photosynthetic, heterotrophic

and nitrifying activities at different locations within the HRAP.

3.2 Material and methods

3.2.1 In situ measurements

A gantry equipped with sensors and hoses was deployed in the pond for measurement of pH,

DO, conductivity, temperature, flow velocity and for sampling at 3 different depth, 3 different
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positions across the channel and 26 cross-sections (CS) along the 1km-length channel. Samples
were analysed for suspended solids, nutrients, organic and inorganic carbon, chlorophyll a, flocs
size, alkalinity and BODj as detailed in Chapter 2.

The composition of the anaerobically pre-treated wastewater is presented in Table 3.1.

Element Co?r(l:legr.lir_alt)lon
N-NH; 94.6 + 25.6
N-NO; 0.43 + 1.6
N-NO3 0.07 £ 1.7
P-PO;~ 10.8 £ 3.0
BOD; 96.1 & 55.0

Table 3.1 — Characterisation of anaerobically pre-treated wastewater (inlet).

3.2.2 Normalisation between sensors

Even if calibrated the same way, the three multiparameter sensors used to simultaneously
measure pH and DO on the left side, centre and right side of the channel did not display the
same pH and DO values while immersed in a standard solution. For comparison of the results
obtained along the width of the channel, pH deviation between the three sensors was estimated
by immerging the 3 sensors in the same pH 7 standard solution. Dissolved oxygen deviation
was estimated by measuring simultaneously ambient air oxygen concentration with the three
sensors. The sensor measuring the nearest value from the standard was chosen as the reference
and the others were normalised according to this sensor. The HANNA HI 98194 n°2 sensor was
here the reference for both pH and DO (Table 3.2). For DO, it appeared that deviation between
the sensors increased when measured value increased so correction applied was expressed as a
percentage of the raw value. This way, all pH and DO measurements were normalised depending

on the sensor they were measured with.

3.2.3 Normalisation of diurnal changes in wastewater DO and pH

The measurements at the 26 cross sections, as described in the Chapter 2, were completed

over a 10 hours period from 10 am to 7 pm. Diurnal variation in DO and pH values within
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M(.easured pH Correction Measured DO Correction
Sensor in a pH7 . . .
. Model to apply on | in ambient air | to apply on
position standard H (mg/L) DO
solution P &
Right YSI 556
ensor MPS 1n°3 7.42 -0.52 6.30 +36%
Centre HANNA HI
sensor 98194 n°2 6.90 0 8.54 0%
YSI 556
Left sensor MPS n°4 6.85 +0.05 9.15 -T%

Table 3.2 — Variability of pH and DO measurements between left, center and right sensors and
resulting corrections to apply

HRAPs treating wastewater is a known phenomenon (Sutherland et al. 2021). The primary
objective of this study was to spatially compare the DO and pH values within the 1 km long
channel, independently of their respective diurnal variations. As DO and pH were measured
along the channel, width, and depth, DO and pH were simultaneously recorded at a fixed point
in Channel 2 to measure their diurnal variation (Figure 3.2). The variations in DO within the
HRAP throughout the day were successfully modelled by a polynomial regression (p-value <

0.001; Eq. 3.1),

DOpyreq, = —268.01¢% + 349.08t — 89.137 (3.1)

with DOpyeq, in mgDO.L™! at time t (in days) when measurements of DO at the respective
cross section was obtained.

DO measurements commenced at t=0.44 at 10:30am. The DO measurements collected through-
out the day at the respective cross sections were normalised to the fitted commencing DO

(t=0.44; Eq. 3.1) using Equation 3.2.

DOnormt = DOmeast - (DOpredt - DOTeflohgo) (32)

where:
DOyorm, = the normalised DO (mg.L~!) value at the respective cross section at time t (days)

corrected for the diurnal influence;
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DOyneas; = DO measured at the respective cross section at time t (days);

DOyefyns0 = the fitted DO (mg.L™!, Eq. 3.1), at 10:30am (t = 0.44 days).

The pH measured at the fixed point showed no significant change over the course of the day
and attempts to model it with either linear or polynomial regression did not yield statistically
significant results (p-values=0.321 and 0.566 respectively).
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Figure 3.2 — DO diurnal variation and resulting polynomial regression

3.2.3.1 In situ measurements and wastewater sampling June 2023

A second sampling and measurements campaign was completed on June 14 - 15t 2023 to
complete the data set obtained during the first campaign conducted in November 2022 (see Chap-
ter 2). Targeted, comparative dissolved oxygen measurements were carried out using HANNA
HI 98194 and YSI 556 MPS sensors within 5 min to minimise potential diurnal variation. The
measurements were conducted before and after the paddlewheel at CS 26, 1 and 2, as well as

before and after the first bend at CS 4 and 5. Additionally, the same sensor was employed to
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measure dissolved oxygen concentration across the width of the channel at CS 2, 6 and 10. In situ
concentrations of N-NH} and N-NOj were measured in the middle of each of the six channels
within one hour using a YSI ProDSS nutrient sensor. Additionally, wastewater samples were
collected at CS 1, 3, 6, 10, 14, 18 and 22 (see cross sections CS in Chapter 2) to determine floc

size, partial and total alkalinity, BOD5; and COD of the wastewater along the channel length.

3.3 Results

3.3.1 Environmental conditions

On November 29" 2022, during the in situ measurements of DO, pH, conductivity and
temperature, the maximum irradiance reached 2000 ymol.m~2.s~! attained around 1 pm, while
the air temperature was 20°C. The sky remained consistently clear, providing stable conditions
favourable for the measurements. The wastewater temperature in the HRAP exhibited diurnal
variation, ranging from 15 to 25°C. The conductivity was 1567 pS.cm~! and the pH varied
from 8 to 10. Microscopic observation revealed that the microalgal population in the HRAP was
predominantly composed by Actinastrum sp., Scenedesmus sp. and Chlorella sp., with diatoms

and cyanobacteria present to a lesser extent.

3.3.2 Flow velocity

The overall flow velocity in the HRAP remained relatively constant, averaging 0.2 m.s~! in

average, in agreement with the principle of mass conservation (Figure 3.3).

The only exception to this stability occurred near the exit of the 180° bends, where a notable
contrast in flow velocities was observed. Lower flow velocities were measured along the internal
bank, while the external bank exhibited higher flow velocities reaching 0.5 m.s~! and surpassing
velocities elsewhere in the pond. Flow velocities measured at the bottom of the HRAP were
also significantly lower than values recorded at mid-depth and near the surface (p < 0.001).
Coeflicient of variation of the nine flow velocity values measured at each cross-section was 71 %

for the cross-section located at the exit of the bends against 22 % for the other cross sections.
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Figure 3.3 — Flow velocity (m.s™") in Peterborough HRAP throughout channel length, width and depth

The mean cross section flow velocity exhibits a slight increase at CS26 (0.29 m.s™!), the last
cross section before the paddlewheel, in comparison to CS1 (0.19 m.s!), the first cross sec-
tion after the paddlewheel. Even while this observation has not been reported in other studies
investigating flow velocity in HRAP, this variation can be attributed to the influence of the
paddlewheels rotation which induces an aspiration effect on the water flowing towards the pad-
dlewheel, thereby elevating the flow velocity at CS26. The paddlewheel introduces turbulence,
leading to a local lower average flow velocity in the turbulent area immediately after the pad-

dlewheel at CS1. Electrical energy consumption by the paddlewheel motor, calculated from the
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continuously monitored current (2.05 amps) and voltage was 0.85 kWh, meaning the volumetric
electric power consumption dedicated to pond mixing is 0.7 W.m ™3 considering the total HRAP

volume is 1284 m3.

3.3.3 Suspended solids

In the HRAP, the mean concentration of suspended solids, including particle larger than
1.6 pm encompass microalgae, bacteria, zooplankton and organic detritus, was 1 g.L~!. Despite
those settleable particles are sensitive to mixing efficiency, Figure 3.4 depicts a suspended solids
distribution in the pond that aligns with the flow velocity profile. The suspended solids concen-
tration remains consistent along the length of the channel. Regions characterised by dead zones,
where flow velocity is close to zero, and the bottom of the HRAP exhibit significantly higher
suspended solids concentrations (p < 0.001). In the dead zones, suspended solids concentration
reaches 5-13 g.L~!. Additionally, suspended solids concentration demonstrates a significant (p

< 0.001) negative correlation with flow velocity, unaffected by distance from the paddlewheel.

3.3.4 Chlorophyll ¢ and dissolved oxygen

One of the studys objectives was to assess the spatial impact on DO and microalgal chloro-
phyll a concentration, considering the relative distance from the paddlewheel, channel width
and depth. Figure 3.5 shows the DO concentration in the HRAP corrected according to diur-
nal variations as explained in the Section 3.2.3. Considering that the estimation of the diurnal
variation by setting up a fixed point was associated with imprecisions due to biofilm and plants
accumulation around the sensor after a few hours, corrected DO diurnal variations were esti-
mated in a 5 mg.L~! range. The measurements commenced in the morning at CS5 in Channel 2,
when irradiance and DO were already high, and concluded at CS4 in Channel 1 in the evening
when irradiance and DO were lower. Surprisingly, the normalised DO concentration at CS4 in
Channel 1 was two-fold higher than those taken in the morning at CS5 in Channel 2. How-
ever, when dissolved oxygen measurements were repeated within a 5 min interval in June 2023

before (CS4) and after (CS5) the first bend, no significant difference in DO concentration was
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observed between the two cross sections. Similarly, Figure 3.5 suggests a decrease in DO af-
ter the paddlewheel, indicating turbulence induced by the paddlewheel stripping DO from the
wastewater. However, DO was not significantly different before (CS26) and after (CS1) the pad-
dlewheel when measurements were performed within a 5 min interval in June 2023, implying
DO stripping was not occurring. The discrepancies between measurements taken within 5 min
of each other and those taken over longer time intervals (hours) suggest that normalization
method may not adequately compensate for diurnal variation. Initial measurements suggested
that wastewater near the left bank had higher DO concentrations than either the centre or the

right bank. Repeat measurements in June 2023 using a single sensor for the three measuring
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3.3. Results

points, however, showed no difference between centre, left or right banks along the length of the
channel, showing that the difference observed in November 2022 was an artifact due to the use
of three different sensors for the left, center and right measurements. Besides, DO concentration

was not significantly different between the surface and the bottom of the pond.
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Figure 3.5 — Dissolved oxygen (mg.L ') in Peterborough HRAP throughout channel length, width and depth

Despite the confounding factor associated with the measurement of DO concentration along
the channel length in November 2022, the mean chlorophyll a concentration was consistent in
both the first and last channel, 6.4 and 6.7 mg.L~! respectively (Figure 3.6). This indicates an
homogeneous distribution of microalgae, implying similar photosynthetic activity throughout

the entire 1 km channel length.
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Figure 3.6 — Chlorophyll a concentration (mg.L™!) at different cross-sections along the length of the channel
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Estimation of microalgal biomass through suspended solids measurement in HRAP is chal-
lenging because microalgae are mixed with bacterial biomass and organic detritus. Chlorophyll
a content in algal cells, assumed to be approximately 2 % (Cromar and Fallowfield 2003), was
used as a conversion factor to estimate algal biomass in total suspended solids. In Peterborough

HRAP, algal biomass was estimated at 30 % of suspended solids.

3.3.5 Total organic carbon (TOC)

The primary role of microalgae is to supply oxygen for chemoheterotrophic bacteria engaged
in the degradation of organic carbon. The concentration of total organic carbon was consistent
throughout depth, across the width and along the entire length of the channel (Figure 3.7).
Interestingly, in the dead zones with high suspended solids concentration and the potential
accumulation of organic matter, the organic carbon appeared to be degraded similarly to the
other areas in the pond. The hypothesis is that anaerobic processes occur in dead zones to

degrade organic carbon. Another possibility is that the organic carbon in the pond consists
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mainly of recalcitrant carbon. The inlet wastewater to the HRAP from the anaerobic pond

had a BODj5 of 70 mg.L~!. In June 2023, the mean BOD5 within the HRAP was 18 mg.L~*,

indicating a BODj5 removal of 74 %. Heterotrophic activity appears to be homogeneous and

unaffected by the distance from the paddlewheel, depth or dead zones within the HRAP.
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3.3.6 Nitrifying activity
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) in Peterborough HRAP throughout channel length, width and

Nitrification is the process in which ammonium oxidizing bacteria convert ammonium to

nitrite which is subsequently oxidised to nitrate by nitrite oxidizing bacteria (Ward et al. 2011).

Ammonia, especially in high pH conditions, can be toxic to microalgae (Collos and Harrison

193



Chapter 3 — Querview of microorganisms’ activity in HRAP by Peterborough HRAP 3D
characterisation

2014), so its conversion to non-toxic nitrate is beneficial (Arauzo and Valladolid 2003). Further-
more, the biological oxidation of ammonia within the treatment plant is advantageous since oxi-
dation in environments receiving the discharged wastewater is avoided, reducing the likelihood of
DO depletion in these environments (Li et al. 2012). Spatial heterogeneity in inorganic nitrogen
concentrations was observed within the HRAP. Within the dead zones where flow velocity was
very low and the suspended solids concentration was very high, ammonium concentration was
high and nitrite and nitrate concentrations were low. Moreover, ammonium concentration was
significantly higher and nitrate and nitrite concentrations were lower at the bottom of the pond
compared to the surface (p < 0.001). The observed stratification of nitrification in the HRAP
was correlated with the stratification of suspended solids. The high concentration of suspended
solids may contribute to the formation of micro-anaerobic zones within the organic flocs, re-
ducing oxygen availability for nitrifying bacteria. The formation of those micro-anaerobic zones,
not detectable using classical dissolved oxygen probes, may explain the depth stratification of
nitrification and the inhibition of this process in the dead zones even while dissolved oxygen
remains constant and above the limitation threshold. The ammonium concentration increased
between the paddlewheel and the end of the channel (Figure 3.8) due to the mineralisation of or-
ganic nitrogen. The nitrite concentration remained constant (Figure 3.9), whereas nitrification,
evidenced by the nitrate concentration, decreased with distance from the paddlewheel (Figure

3.10).

This relationship between nitrite and nitrate concentrations was consistent with incomplete
nitrification. Several factors, including a potential imbalance between AOBs and NOBs within
the wastewater, as well as substrate availability for nitrification, could contribute to incomplete
nitrification. The availability of substrates required for nitrification is also a consideration. De-
spite the decrease in nitrification with distance from the paddlewheel, there was no evidence of
DO limitation since DO remain high along the channel length. Flocs, comprising microalgae,
bacteria and detritus, were present in the wastewater in November 2022 (Figure 3.11a). These
flocs might create microenvironments and impact the diffusion of substrates such as N—NHI,

N-NO; and gases (O2 and COg) essential for bacteria involved in nitrification. According to
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Figure 3.8 — Ammonium (mgN-NH;.L™') in Peterborough HRAP throughout channel length, width and depth

Fan et al. (2017), smaller floc size can lead to higher oxygen diffusion property and higher NHI
removal rates by nitrification. This study implies flocs size from 200 to 700 pm, comparable
to the size of the flocs observed in Peterborough HRAP. According to this study, DO concen-
trations below 2 mg.L~! could be observed within flocs of this size. Anaerobic conditions are
then likely to be found inside the flocs found in Peterborough HRAP, even during the daytime.
At night, DO in the water column drops and remains below 2 mg.L~! for 7 h in Peterborough
HRAP. During this period, anaerobic processes are likely to occur both in the water column and
within the flocs. Furthermore, competition for these resources amongst bacteria within the flocs

could also influence the nitrification. The observed decrease in nitrification along the channel
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Figure 3.9 — Nitrites (mgN-NO; .L™") in Peterborough HRAP throughout channel length, width and depth

length might be associated with the stability of the flocs (Fan et al. 2017). Flocs in Channel
1 may disaggregate after passing through the paddlewheel, providing better access to essential
resources for nitrifying bacteria. Subsequently, the flocs may re-aggregate (Hargreaves 2013),
re-establishing limitations on resources in subsequent channels where the flow velocity is sim-
ilar to that in Channel 1 but with less turbulence. Measurements taken in June 2023 provide
some support for this hypothesis. In contrast to those made in November 2022, nitrification
increased with distance from the paddlewheel. Furthermore, the microalgae were planktonic and
typically colonial in structure (Figure 3.11b). In the absence of complex flocs, the potential for

microclimates within them to influence nitrification was also removed.
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Figure 3.10 — Nitrates (mgN-NOj3.L™") in Peterborough HRAP throughout channel length, width and depth

Interrogation of the wastewater composition also provides a rationale for increased nitrifica-
tion in Channel 1 in the November 2022 field campaign. Total inorganic carbon concentration
(TIC) was lower in Channel 1 (17.4 mgC.L™1) than in subsequent channels, where the mean
concentration was 23.4 mgC.L~! (Figure 3.12). High pH (8-10) of the HRAP wastewater influ-
ences the inorganic carbon equilibrium towards bicarbonate and carbonate ions and the absence
of free COs. TIC stripping due to pH and paddlewheel turbulence is therefore an unlikely cause
of the lower TIC concentration in Channel 1 compared with subsequent channels.

Similarly, the mean orthophosphates concentration was also lower in Channel 1 (5.6 mgP.L™!)

than in Channels 26, where the concentration was 7.0 mgP.L~! (Figure 3.13). Given that pH
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(b)

Figure 3.11 — Microscopic observation of the HRAP wastewater during the first campaign in November 2022
(a) and during the second in June 2023 (b).

conditions were similar throughout the HRAP phosphate precipitation is unlikely the cause
of the difference in Channel 1 compared with other channels. It is therefore likely that the
lower orthophosphate and TIC concentrations in Channel 1 was due to higher consumption by
microorganisms in the wastewater. Furthermore, the chlorophyll a concentration was constant
throughout the HRAP; microalgae are unlikely responsible for the difference in orthophosphates
and TIC consumption in Channel 1. Overall, the results indicate a higher nitrifying activity in

Channel 1 likely due to higher nitrification in this channel.

3.3.7 Turbidity and attenuation of solar radiations

The absorbance at 750 nm of anaerobically treated wastewater and HRAP mixture were 0.6
and 2.0 respectively. Due to the high turbidity and depth of HRAP, the attenuation of Photo-
synthetically Active Radiations (PAR) was significant in the pond. Light was fully attenuated
below 10 cm depth (Figure 3.14a), leaving two thirds of the ponds in the darkness. Besides, the
Figure 3.14b shows that UVA radiations are fully attenuated below 1 cm depth. UVB radiations

could not be measured inside the pond at all.
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depth

3.4 Discussion

3.4.1 Flow velocity

The mixing velocity of 0.2 m.s~! has been widely adopted by HRAP practitioners (LGA 2020)
since the work of Benemann et al. (1978) since it optimizes mixing, maintaining algal biomass
in suspension while minimizing paddlewheel energy consumption. This value was attained and
conserved along the 1 km channel of Peterborough HRAP. Yet, dead zones where flow velocity
was very low or null were revealed at the exit of the bends. The mean cross sectional flow velocity

was marginally higher at CS26 (0.29 m.s~!), the last cross section before the paddlewheel,
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Figure 3.13 — Orthophosphates (mgP-PO3~.LL~') in Peterborough HRAP throughout channel length, width
and depth

compared with CS1 (0.19 m.s™!), the first cross section after the paddlewheel. In contrast, the
mean cross sectional flow velocity must be conserved along the channel to satisfy the principle
of mass conservation. This result suggests that increasing the number of measuring points per
cross-section would improve determination of mean cross section flow velocity. However, is should
be recognised that there are significant practical constraints when determining cross sectional

flow velocities on a serpentine HRAP of this length.
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3.4.2 Suspended solids

CFD modelling of the trajectory of microalgal cells in raceways (Ferndndez del Olmo et
al. 2021) predicted poor vertical mixing in raceway ponds mixed with a paddlewheel and sug-
gested that populations of microalgal cells would be constantly deprived of light while others
would be oversaturated. On the contrary, reconstruction of Lagrangian trajectories (Demory
et al. 2018) in a pond of similar geometry demonstrated that cells change layers periodically due
to paddlewheel mixing and that their position oscillate between top and bottom of the pond.
In our study, similar to flow velocity, suspended solids concentration was conserved along the
channel length, showing efficient suspension of biggest particles due to a sufficient flow velocity
of 0.2 m.s~! maintained along the channel length, with an exception in the dead zones where sus-
pended solids tend to accumulate. Also, suspended solids concentration was significantly higher
at the bottom of the pond compared to mid-depth and surface. However, samples pumped at
30 mm above the pond floor are likely to contain resuspended sediment not normally present

within the water column.
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3.4.3 Dissolved oxygen

No anaerobic zones were detected, even within the dead zones. The wastewater, in the
large serpentine HRAP at Peterborough, was homogeneous regarding dissolved oxygen and
chlorophyll a concentrations suggesting mixing supported uniform microalgal growth throughout
the HRAP. Significantly, DO was homogeneous throughout the depth, showing paddlewheel
mixing was sufficient to provide DO for heterotrophic aerobic degradation of organic molecules
at all depths. In addition, measuring DO along a 1 km channel turned out to be challenging
considering photosynthetically produced DO is dependent on irradiance and varies throughout
the day. Estimation of the diurnal variation by setting up a fixed point was also associated
with technical difficulties because of biofouling associated with prolonged deployment. For this
reason, it is recommended to setup a wire mesh upstream the fixed sensor in order to prevent
the plants to aggregate around the sensor and to form anaerobic zones around the sensor. The

sensor should also be agitated regularly to dislodge any entrapped material fouling the sensor.

3.4.4 Nitrification

In the first sampling campaign in November, nitrification decreased with distance from the
paddlewheel. Measurements repeated in June 2023, showed the opposite with a decrease in
ammonium and an increase in nitrate with distance from the paddlewheel. This can be ex-
plained by the discharge of the influent rich in ammonium and lacking in nitrates just after the
paddlewheel that leads to higher ammonium and lower nitrate in Channel 1 than in the next
channels. Microscopic observation of the June samples showed very low numbers and size of
organic flocs, whereas samples collected in November had much higher numbers of organic flocs.
This suggests that organic flocs influence nitrification, potentially via incorporation of nitrifiers
into flocs reducing access to substrates such as DO, COs, ammonium or nitrite. A previous
study (Sutherland et al. 2020) demonstrated that nitrification was lower in larger ponds (1 ha)
than in smaller ones (5 and 300 m?). Considering that mixing is expected to be more hetero-
geneous in larger ponds, the hypothesis of a link between mixing/turbulence and nitrification

was also considered in their study, supporting the hypothesis of the present study. Moreover,
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microalgae turned out to represent only 30 % of total suspended solids in Peterborough HRAP,
with the rest being flocs of organic detritus and bacteria from the anaerobic pond, and likely
to form within micro-anaerobic zones unfavourable for nitrifiers. Nitrification may then be im-
pacted by the quality of the anaerobic pond outlet. This hypothesis is supported by Foladori
et al. (2020) that demonstrated that high total suspended solids was associated with a lower
ammonium removal rate and nitrification due to lower global DO availability in the bulk wa-
ter (no DO measurement was done within the flocs however). As both aerobic and anaerobic,
denitrifying bacteria, are also expected to play a role in nitrogen removal (Evans et al. 2005)
in Peterborough HRAP. Further investigations are needed to clarify associations amongst mix-
ing, flocs size, nitrification and denitrification in micro anaerobic zones within flocs. Incomplete
denitrification constitute a relevant object of study while considering the sustainability of the
process as incomplete denitrification can significantly contribute to the production of the green-
house gas N2O (Shu et al. 2024). Nitrification and phosphorus removal could then be improved,
however, enhanced competition between nitrifiers and microalgae for inorganic carbon might be
expected. Microalgae could play a major role in nitrification by keeping a high dissolved oxygen
concentration in the pond (Bankston et al. 2020). Nitrifiers could also be an interesting clue
for phosphorus removal improvement. The area just after the paddlewheel, because of its higher
turbulence, seems to be the most suitable area in the pond for nitrifiers development. However,
even in this area, phosphorus concentration is still high compared to rejection standards (<2
mgP.L~!, NRMMC 2006, ARMCANZ 1997), suggesting global biomass phosphorus uptake is in
general too low compared to phosphorus inlet. Indeed, P—POZ?’ removal rate was only 13 %, while
BOD;5 and NHI removal rates reached 73.7 % and 71.6 % respectively. Consequently, treated
wastewater at the outlet of Peterborough HRAP could be used for irrigation of non-food crops
but should not be discharged to surface water because of too high phosphorus concentration in

the treated water.
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3.4.5 Sun radiations

On a first hand, PAR measurements along the pond depth revealed that two thirds of the
ponds were in the darkness, where respiration would be expected rather than photosynthesis.
However, as demonstrated in the section 3.3.4, no stratification of dissolved oxygen was observed,

confirming that mixing was efficient and supporting homogeneous DO throughout the HRAP.

On another hand, UV measurements revealed that UVA radiations were fully attenuated
below 1 c¢m depth, while UVB could not even be detected inside the pond. The important
attenuation of UV radiations in the pond is likely due to the very high turbidity, attributable
to both microalgae and detritus from wastewater. Yet, pathogens inactivation, that constitutes
a crucial step for reaching national requirements for treated water, relies on UV radiations that
damages the DNA/RNA of viruses and microorganisms. This observation suggests that the
very high turbidity in Peterborough HRAP could inhibit pathogens inactivation, questioning
the global impact of microalgae on the efficiency of pathogens removal. The impact of turbidity
induced by wastewater and microalgae on pathogens inactivation will be further investigated in

Chapter 7.

3.4.6 Power consumption

Finally, conservation of flow velocity along the 1 km-channel with a low energy consuming
paddlewheel demonstrates the potential of large scale HRAPs in improving energy efficiency: a
power consumption of 2 W.m ™ was needed for maintaining a flow velocity of 0.2 m.s~! in a 100
m? raceway (Mendoza et al. 2013), against only 0.7 W.m ™3 for Peterborough which is 50 times
bigger in terms of area. Overall, the results demonstrate that a large-scale paddlewheel mixed
HRAP maintains flow velocity and homogeneity throughout the pond, while economy of scale
results in decreased power consumption per unit volume of treated wastewater when compared

to smaller ponds.
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3.5 Conclusion

The flow velocity and physicochemical 3D profile of a serpentine HRAP with 6 parallel
channel sections was characterised for the first time. In situ cross-sectional measurements of flow
velocity, dissolved oxygen, pH and contemporaneous wastewater sampling were conducted at 26
sites along the length (>1 km), depth (0.3 m) and width (4 m) of a 5000 m? HRAP. Peterborough
HRAP turned out to be a surprisingly well-mixed pond allowing homogeneous photosynthetic

and heterotrophic activity. Mean flow velocity of 0.2 m.s™*

was conserved along the channel and
wastewater was homogeneously over saturated with photosynthetically derived dissolved oxygen
(DO >20 mg.L~!) at midday. However, results suggest that nitrifiers could have been impacted
by a lack of turbulence due to the distance from the paddlewheel, suggesting that the level of local
mixing could be a more relevant parameter to evaluate HRAP mixing rather than flow velocity
(Figure 3.15). Further investigations are needed to clarify associations amongst mixing, flocs size,
nitrification and denitrification in micro anaerobic zones within flocs. Further research would be
necessary to identify potential limiting parameters for biomass activity and improve the quality of
the treated water, notably regarding microalgae-bacteria interactions. This Chapter provided an
overview of the global availability of oxygen and carbon in a large-scale HRAP, however carbon
and oxygen fate within the microalgae-bacteria consortium is still understudied. In the present
study, organic carbon consumption was attributed exclusively to heterotrophic bacteria, however
a fraction of the organic carbon present in wastewater is expected to be consumed by microalgae
in mixotrophy, potentially impacting carbon and oxygen fate within the consortium. In order to
provide a better understanding of microalgae-bacteria interactions, Chapter 4 will investigate
the likelihood of organic carbon consumption by microalgae in HRAP and the interactions with
light through a literature review, while Chapter 5 will experimentally determine the relative
contributions of photoautotrophy and photoheterotrophy in mixotrophic algal growth in terms
of carbon and oxygen fate, before determining the fate and role of carbon and oxygen in a
microalgae-bacteria coculture in synthetic wastewater and simulated solar conditions in Chapter
6. The present chapter also revealed a very strong attenuation in HRAP of UV radiations from

the sun involved in solar pathogens disinfection, raising an important issue regarding the impact
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of microalgae on pathogens inactivation that will be further investigated in Chapter 7.
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Figure 3.15 — Effect of the distance from the paddlewheel on different microorganmisms’ populations in Peter-
borough HRAP

Highlights

e Serpentine 1 km length HRAP was well mixed.

e Homogeneous wastewater chemical and microbial composition was ob-
served.

e Suspended solids influence nitrification.

e Penetration of solar radiations inside the pond was very low.
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CHAPTER 4

SYNERGY BETWEEN CARBON SOURCE
AND LIGHT IN MICROALGAL CULTURE
FROM THE PERSPECTIVE OF
WASTEWATER TREATMENT IN HIGH RATE

ALGAL PONDS

This Chapter has been published in Algal Research in the special issue Microalgae for wastew-
ater bioremediation to fulfil new discharge limits of the Urban Wastewater Treatment Directive,

vol. 79 (2024).

Co-authors contributions: Soléne Jahan: Original draft (80%). Guillaume Cogne: Review &
editing (10%). Jérémy Pruvost: Review & editing (2.5%). Mariana Titica: Review & editing
(2.5%). Howard Fallowfield: Review & editing (5%).

4.1 Introduction

Using solar light as an energy source in microalgae-based wastewater treatment is crucial
for maintaining sustainability. To maintain treatment efficiency, microalgae need to exhibit re-

silience, especially during periods of reduced sunlight. According to Young et al. (2019b), Suther-
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land et al. (2014b), Buchanan et al. (2018b), Sutherland et al. (2020) and Paing et al. (2003),
nutrient concentrations in the influent wastewater to HRAPs typically range from 1.2 to 6.3 mM
NH; or NO3, 0.2 to 0.4 mM PO}, and 0.6 mM SO3 ", after pretreatment either in anaerobic
ponds, septic tanks, facultative ponds, or digesters. Mineral nutrients primarily arise from the
degradation of organic molecules and are consequently naturally present in HRAP systems. It is
then commonly assumed that nitrogen, phosphorus, and sulphur required for microalgal growth
are present in excess in wastewater. As a result, light is often considered as the principal growth-
limiting factor in HRAPs (Sutherland et al. 2015, Borowitzka and Moheimani 2013, Voltolina
et al. 2005, Sutherland et al. 2021). However, the N/P ratio is not always optimal in wastewa-
ter from domestic settings. In certain cases, the supplementation of wastewater with nitrate has
been shown to enhance microalgal growth rates compared to non-enriched wastewater (Mutanda
et al. 2011). This indicates that while nutrient concentrations may generally be sufficient, the

specific balance of nitrogen and phosphorus can influence microalgal growth in HRAPs.

In addition, the composition of the carbon source and its fate in biological processes can
be variable in these systems. Carbon is the predominant element in algal biomass, representing
nearly 50 % of the total biomass expressed as dry weight (Basu et al. 2013b). Typically, the
primary carbon source for microalgae is CO2, which, after dissolution in the liquid medium, is
assimilated by photosynthesis (Pruvost et al. 2022). Autotrophic microalgal cultures without ex-
ternal COq9 addition are usually limited by carbon (Le Gouic et al. 2021). However, when growing
in wastewater, mineralization of organic matter by heterotrophic bacteria provides an additional
source of COq for algal autotrophic growth (Russel et al. 2020). In the context of algal wastewater
treatment, organic matter may serve as a significant source of carbon not only for bacteria but
also for microalgae (Nirmalakhandan et al. 2019). Although microalgae are mainly autotrophic
(Li et al. 2023), many species can grow heterotrophically or mixotrophically. The question thus
arises about the interaction and relative importance of organic and inorganic carbon sources for
microalgal growth and their contribution to wastewater treatment. Some studies have explored
the effect of sparging additional CO2 on microalgal growth in wastewater-fed HRAPs identifying

that while biomass productivity was not necessarily improved by COg enrichment using COq
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recovered from anaerobically produced biogas (Young et al. 2019b), a significant increase in both
biomass productivity and nutrient removal was reported when sparging a mixture of 30% pure
CO and 70% N into raceway ponds treating raw or anaerobically digested abattoir wastewater
compared to non-enriched ponds (Ruas et al. 2020, Shayesteh et al. 2021). In these experiments
CO2 does not seem to interfere with organic carbon degradation; rather it is improved due
to enhanced biomass concentration. The balance between autotrophic and photoheterotrophic
growth in microalgae depends on the ratio of available energy from light and organic matter.
This balance is considered to be influenced by algal acclimation to light changes during diurnal
cycles (Nirmalakhandan et al. 2019). Microalgae have demonstrated the capacity to grow on
certain organic molecules. However, the actual availability of organic molecules to microalgae in
wastewater is not well understood due to dispersed and incomplete information about wastewa-
ter composition. While adaptation to changing light conditions in autotrophic environments has

been partly investigated, the role of organic carbon uptake is still poorly understood.

Understanding how microalgae interact with and utilize organic carbon in wastewater can
provide valuable insights into their growth dynamics and contribute to optimizing wastewater
treatment processes in HRAPs. Further research is needed to elucidate the specific mechanisms
and implications of organic carbon uptake by microalgae in wastewater treatment systems. This
review aims to collate existing information on the varying composition of domestic wastewater
and the affinity of microalgae for organic molecules, which may contribute to the growth of
microalgae in wastewater HRAPs. This first section also addresses the availability of inorganic
carbon in relation to HRAP physicochemical conditions. Subsequently, the review delves into
possible synergies between organic and inorganic carbon consumption and the role of the carbon
source in microalgal adaptation to light changes. Given the importance of using axenic cultures in
any experiments investigating organic carbon consumption by microalgae, this review also takes
into account research conducted using laboratory photobioreactors and defined media. Finally,
the review considers the extrapolation of lab-based experimental results to the operation and

performance of large scale HRAPs.
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4.2 Relevance of microalgal consumption of organic and inor-

ganic carbon in wastewater

4.2.1 Organic carbon

HRAP influent is typically subject to pretreatment leading to solids settlement and partial
mineralization of organic molecules. After primary treatment in an anaerobic pond, the average
organic load in wastewater is around 200 mgCOD.L~! (chemical oxygen demand) (Assemany
et al. 2015, El Hamouri et al. 2003, El Hamouri 2009). While a precise characterisation of or-
ganic molecules after pretreatment in a non-covered anaerobic pond is not easily ascertainable,
the COD composition in raw domestic wastewater from the literature comprises 10-40 % lipid,
17-65 % proteins, and 12-67 % carbohydrate (Owusu-Agyeman et al. 2023, Lester 2001, Chipasa
and Mdrzycka 2006, Xu et al. 2023, Huang et al. 2010, Ravndal et al. 2018). Huang et al. 2010
reported that volatile fatty acids and sugars represented 5.4 % and 11 %, respectively, of total
COD in domestic wastewater. In swine wastewater, it was reported that acetate represented 70
% of total VFA (Wang et al. 2015). While large molecules like polysaccharides, cellulose, starch,
or proteins can be degraded by heterotrophic bacteria, microalgae are limited to utilizing smaller
molecules such as sugars, sugar alcohols, sugar phosphates, amino acids, and organic acids (Abe-
liovich and Weisman 1978, Abreu et al. 2022). Numerous species of microalgae can successfully
grow on VFA as the sole carbon source (Huang et al. 2024, Patel et al. 2022, Su et al. 2021,
Lacroux et al. 2020). Scenedesmus obliquus, for example, demonstrated an uptake of 98 % of
butyrate, 97 % of propionate and 95 % of acetate (Lin et al. 2017). The affinity of this species
for glucose is also clearly demonstrated (Abeliovich and Weisman 1978, Bouarab et al. 2004, Ye
et al. 2023, Wang et al. 2022, Gao et al. 2021). Other species like Selenastrum capricornutum,
Chlamydomonas reinhardtii, and Chlorella vulgaris are also capable of consuming organic nitro-
gen from wastewater (Sun and Simsek 2017). While research has shown that organic nitrogen is
almost completely mineralised to ammonium during pretreatment in an anaerobic pond, result-
ing in low organic nitrogen concentrations in a HRAP (Zhao et al. 2018), some organic molecules

are more readily available to microalgae; for example, a higher biomass of Scenedesmus obliquus
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is reported in synthetic wastewater containing sucrose than in one containing humic acid (Zhao
et al. 2023b) likely due to humus complex structure making it more resistant to microbial as-
similation and degradation (Popa et al. 2022). Thus, microalgae are capable of utilizing VFA
and sugars among the organic molecules found in wastewater. This utilization could account
for 41 mgCOD.L™! within a total COD of 249 mg.L~! (Huang et al. 2010). However, VFAs
are products of metabolic reactions such as fermentation that occur following anaerobic pre-
treatment upstream of the HRAP. Consequently, VFA concentrations are expected to be higher
after anaerobic pretreatment than those reported for raw wastewater, thus demonstrating the
importance of fully understanding the requirements of a pre-treatment schedule for effective

HRAP operation.

4.2.2 Inorganic carbon

The CO2 concentration in an aqueous solution in equilibrium with the atmosphere where
the COg concentration is 415 ppm (IPCC 2023), is 2.6-10~® mM at pH 7. The carbon uptake by
microalgae typically far exceeds the atmospheric CO2 diffusion rate (Sialve and Steyer 2013).
The availability of inorganic carbon to microalgae in a wastewater-fed HRAP, without an ex-
ternal COs supply, mainly relies on COs produced by respiration. The total inorganic carbon
concentration usually ranges between 1 and 3 mM in HRAP (Sutherland et al. 2021, El Ouarghi
et al. 2003). Overall, biomass production is enhanced by a higher dissolved inorganic carbon
(DIC) concentration up to a certain value where it can be considered non-limiting. This concen-
tration is estimated at 1 mM DIC for Chlorella vulgaris (Le Gouic et al. 2021). However, the pH
in HRAP often fluctuates between 8 and 11 (Sutherland et al. 2021). At those pH values, DIC
is mainly in the form of HCO5; and COg_. Experiments suggesting that COg_ cannot be used
as an inorganic carbon source by microalgae were conducted at uncontrolled pH. Consequently,
it is not possible to differentiate between the effect of CO? availability and the inhibition of

cell mechanisms by high pH on algal growth (Gao et al. 2021).
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4.2.3 Synergy between organic and inorganic carbon consumption

Despite the lack of information on the availability of inorganic carbon in wastewater for
microalgae, there is general agreement in the literature that 1.3 mM organic carbon, which may
be higher after pretreatment due to VFA production, and 1-3 mM TIC are potentially avail-
able to microalgae in wastewater (Figure 4.1). The presence of organic carbon in wastewater is
often reported to result in an energetic gain for metabolism and enhanced algal growth (Nir-
malakhandan et al. 2019, Abreu et al. 2022, Bouarab et al. 2004, Cecchin et al. 2018). The
capacity of microalgal species to utilize inorganic or organic carbon sources is influenced by
external environmental conditions such as pH and by the specific ability of the microalgal strain
to use either sources (Gao et al. 2021, Pobernik et al. 2008, Duan et al. 2020, Alkhamis and Qin
2013, Nair and Chakraborty 2020). An intermediate metabolism response during simultaneous
photoheterotrophic and photoautotrophic activity has been investigated for a broad range of

microalgal species (Shoener et al. 2019b).

Gao et al. considered the impact of the ratio of total inorganic carbon (TIC) as CO?{ and
HCOj3 to total organic carbon (TOC) as acetate and glucose on biomass production by Chlorella
vulgaris (Gao et al. 2021). When using glucose as the organic carbon source, the TIC:TOC ratio
that achieves the highest biomass is 2:1, whereas it is 3:1 when using acetate. They demon-
strated an influence of the TIC:TOC ratio on RuBisCO and citrate synthase activity, with the
highest RuBisCO activity measured when the carbon source is only inorganic. In contrast, the
highest citrate synthase activity is when the carbon source is only organic. As the TIC:TOC

1

ratio decreases, RuBisCO activity also decreases from 1594 U.g™* when TIC is the sole carbon

1

source to 500 U.g™" when TOC is the only source. In comparison, citrate synthase activity

1 1

increases from approximately 300 U.g™" when the carbon source is solely TIC to 5542 U.g™
when only TOC is the source. This relationship is maintained regardless of the carbon com-
position of the TIC (carbonate or bicarbonate) or TOC (acetate or glucose) source used, even
while those compounds have a reverse impact on pH. It is important to note that in wastewa-

ter, TOC is predominant compared to TIC, with a TIC:TOC ratio close to 1:2. However, this

ratio considering the actual availability of TOC for microalgae is probably closer to 1:1. The
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COD in domestic wastewater

Recalcitrant organic matter

BOD

VFA
Sugars
1.3 mM

AN
AN

Microalgae

Heterotrophic
bacteria

Mitochondrig

Inorganic carbon

1-3mM

Figure 4.1 — Overview of carbon sources assimilable by microalgae in domestic wastewater

mechanisms regulating photosynthesis were compared in cultures of Chlorella sorokiniana in au-
totrophy (sparged with 1 % COz2) and mixotrophy (33.3 mM of glucose in the culture medium
and sparged with 1 % CO») at an irradiance of 100 gmol.m~2.s~! by measuring the efficiency
of the photosynthetic system located in the thylakoid membrane (Li et al. 2016). In contrast
to previous results (Gao et al. 2021), photosynthetic activity increases in the cultures with glu-
cose compared to the autotrophic cultures sparged with COy. However, the autotrophic cultures
may be limited for carbon, and the higher photosynthetic efficiency in mixotrophic cultures

may be due to the availability of additional COs produced by glucose oxidation. Another study
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(Cecchin et al. 2018) claims that, in mixotrophic cultures with acetate, the microalgae Chlorella
sorokiniana is recovering COs produced by acetate oxidation, suggesting the hypothesis of an al-
ternative carbon fixation pathway in parallel to the Calvin cycle, which utilizes inorganic carbon
produced in mitochondria. Additionally, there are indications of possible exchanges between the
mitochondria and the chloroplast through the cytosol, facilitated by the ADP/ATP exchange
carrier on the chloroplast and mitochondria membranes of Chlorella zofingiensis. This enables
coordination between photosynthesis and respiration (Zhang et al. 2017), offering a potential
explanation for the observed phenomenon where biomass production in mixotrophy exceeds the
sum of autotrophy and heterotrophy. In this study (Cecchin et al. 2018) as in others (Gao et
al. 2021), RuBisCO and citrate synthase activity are both reduced in mixotrophy compared to
autotrophy and heterotrophy, respectively. The higher growth observed in mixotrophy requires
more energy, supporting the hypothesis of coordination between photoautotrophy and photo-
heterotrophy in mixotrophy for Chlorella vulgaris. Since glucose is available outside the cell, the
necessity for the microalgae to produce organic carbon by photosynthesis may be reduced, ex-
plaining down-regulation of the Calvin cycle. Consequently, only a fraction of the ATP produced
in the thylakoid membrane during the light phase serves in the Calvin cycle for carbon fixation,
with the remainder being transported in the cytosol for cell metabolism (Zhang et al. 2017). In
contrast, other studies with Chlorella sorokiniana (Abiusi et al. 2020) and Micractinium pusil-
lum (Bouarab et al. 2004) report that autotrophic and heterotrophic growth are independent
processes and that the sum of biomass production by these two growth modes is equal to biomass

production in mixotrophy.

4.3 Impact of light on microalgae in HRAP under autotrophic,

heterotrophic and mixotrophic conditions

4.3.1 Light availability in HRAP

In open systems exposed to sunlight, incident light on the culture system varies depending on

day-night cycles, sun trajectory, cloud cover, and culture system configuration (Chiu et al. 2016).
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Light attenuation also occurs due to wastewater turbidity and self-shading of microalgae cells.
At an incident photon flux density of 100 gmol.m~2.s~!, full attenuation was achieved in the
first 30 cm of a 40 cm deep HRAP containing 0.27 g.L~! of microalgae and 2.5 mg.L~! of
chlorophyll a (Kim et al. 2018); the bottom 10 cm were a dark zone in the HRAP. Biomass
concentration in the pond and microalgae pigmentation emerge as key factors (Bonnanfant
2020). Dark volumes negatively impact biomass productivity, dependent on the residence time
of microalgae in the dark zone (Pruvost et al. 2015, Demory et al. 2018). In an intentionally
mixed HRAP, microalgae experience a dynamic interplay between both dark and photoinhibiting
conditions, and a constantly changing fluence rate dependent on mixing and light attenuation

throughout the HRAP.

4.3.2 Impact of day-night cycles on biomass growth

Adaptation mechanisms within the microalgal cell optimize light utilization efficiency and
prevent cell damage in the diurnal conditions of HRAP operation (Bonnanfant et al. 2021).
These adaptative processes can manifest in a matter of minutes to a few days from the onset
of light perturbation. Additionally, more extended processes related to strain selection occur
over the course of the season in open ponds (Assemany et al. 2015), although these will not
be discussed further here. The impact of low and high light on autotrophic microalgae cell is
relatively well known and is synthetized in Table 4.1.

Different behaviours are observed in presence of organic carbon. There is no biomass loss at
night when fed-batch cultures of Chlorella sorokiniana receives a 100 % increase in acetate con-
centration, from an initial supply rate of 0.11 ml of acetic acid per day (Nair and Chakraborty
2020). Although mixotrophic microalgae should theoretically be able to use external organic car-
bon as an energy source for growth in the dark, several studies report that no growth occurs in
the dark in the presence of glycerol, glucose or acetate, suggesting that adding organic carbon to
the culture medium may only limit biomass losses by providing energy without allowing biomass
production (Alkhamis and Qin 2013, Gao et al. 2022). The highest growth rate of Micractinium

1

pusillum is measured at an irradiance of 182 ymol.m~2.s~! in autotrophic conditions (growth
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Low light (predominance of respiratory
activity)

High light (saturating irradiance

Conditions in
HRAP

Irradiance below 110 gmol.m=2.s~!

(Legrand et al. 2016)

conditions)
Can reach 2000 pmol.m—2.s~1 in
summer (Artu 2016)

Impact on algal
biomass

e Loss of 1 % of biomass per hour
(Bonnanfant et al. 2021)

e 6-20 % of biomass loss over a 10
h-night (Artu 2016, Hindersin

et al. 2014)

e Reduction of carbon fixation
efficiency (Ye et al. 2023)

e Regulation of carbohydrates
consumption at night (Baroukh

et al. 2016)

e Low temperature at night slows
down the decrease in biomass
(Hindersin et al. 2014, Edmundson
and Huesemann 2015, Le Borgne and
Pruvost 2013)

Stagnation or decrease of algal growth
(Breuer et al. 2013, Gris et al. 2014)

Impact on light
stress

e Acceleration of electron transport
away from PSII (Bonnanfant

et al. 2019)

e Photoinhibition (F,/F,, < 0.7) after
a step from 75 to 765 pymol.m=2.s~!
(Bonnanfant et al. 2021)

e Drop in oxygen production, F, /F,,
and growth rate (Vonshak et al. 2000)

Impact on
pigments

40 % less pigments in darkness than in
light conditions (Abeliovich and
Weisman 1978)

e 80 % loss in chlorophyll after a step
from 700 to 1500 gmol.m—2.s~!
(Krimech et al. 2022)

e Takes several hours to occur
(Legrand et al. 2016)

Impact on cell
composition

Less carbohydrates than in light
conditions because of respiration (Gao
et al. 2022)

Increase in lipids and carbohydrates
accumulation (Deng et al. 2019, Gao
et al. 2022, Agarwal et al. 2019)

Impact on enzymes

Increase of citrate synthase activity
(Gao et al. 2022)

Increase of RuBisCO activity (Gao
et al. 2022)

Table 4.1 — Impact of low irradiance and high irradiance on algal cell in autotrophy

rate of 0.58 d~!) compared with an irradiance of 150 pmol.m2.s~

1 in mixotrophic conditions

(0.82 d~1) (Bouarab et al. 2004), showing that adding organic carbon not only increases the

growth rate but also reduces the irradiance required to achieve the maximum rate. This hypoth-

esis is confirmed by a study (Agarwal et al. 2019) showing that the biomass obtained after 8

days in a mixotrophic batch culture using 2.7 mM glucose as an organic carbon source irradi-

ated at 100 pmol.m2.s~

1
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pmol.m~2.s~1. Additionally, a review (Abreu et al. 2022) also reports that microalgae need less
energy from light in the presence of organic carbon. In contrast, it is reported (Li et al. 2020)
that increasing irradiance in the absence of organic carbon could lead to greater biomass pro-
duction than in the presence of organic carbon, further suggesting that this is a consequence
of the degradation of photosynthetic pigments induced by the presence of organic molecules.
Other studies (Zhang et al. 2017, Li et al. 2014) claim the contrary, implying that the presence
of organic carbon contributes to photoprotection mechanisms (see below). A culture of Chlorella
protothecoides at 25 °C on a 16:8 h day:might cycle at 150 pmol.m™2.s7! in the presence of
glucose produces twice the biomass compared to simple autotrophic growth, whereas the same
biomass production is determined for autotrophic and mixotrophic conditions under continuous
light, highlighting the role of organic carbon in adaptation to day-night cycles (Patel et al. 2019).
Significant interactions between trophic conditions and photoperiod are also shown for Isochrysis
galbana grown on acetate, glucose, and glycerol at 50 pmol.m~2.s~! (Alkhamis and Qin 2013).
Autotrophic cultures yielded lower biomass than mixotrophic cultures and are not affected by
photoperiod. However, photoperiod affects the biomass yield of mixotrophic cultures: when the
light period is 4 h biomass decreases and increases when light period is increased to 12 h. This
difference suggests that microalgae in autotrophic conditions are limited by carbon (no inor-
ganic carbon supply is noted in the study) and not by light, which would not be the case for the
mixotrophic culture as they were supplied with additional organic carbon. In comparison, the
effect of light period on microalgae has been investigated for Aphanothece microscopica Nageli
grown in autotrophy in non-limiting inorganic carbon conditions (Jacob-Lopes et al. 2009).
Biomass production is positively correlated with the duration of the light period. Consumption
of COg is also positively correlated with biomass productivity and the light period. The reported
responses to light may be species-related since the organisms used in the studies reviewed above
were Chlorella protothecoides (chlorophyte), Isochrysis galbana(haptophyte), and Aphanothece

microscopica Nageli (cyanobacteria).
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4.3.3 Effect on light stress

Hydrodynamic modelling of cell trajectory in a single-loop HRAP suggests that cells could
experience abrupt light changes from limiting to inhibiting irradiances in a short time scale
(12 s) (Demory et al. 2018). Photoinhibition, measured through non-photochemical quenching
NPQ and F,/F,,, occurs at lower irradiances in autotrophic cultures than in mixotrophic cul-
tures (Abreu et al. 2022), indicating potential photoprotection linked to organic carbon uptake,
as observed in Spirulina sp. cultivated on glucose. Additionally, it has been reported that the
growth rate and F,/F,, of autotrophic cultures of Spirulina platensis are more sensitive to ir-
radiance changes than those growing mixotrophically (Vonshak et al. 2000). The growth rate in
autotrophic cultures starts to decrease at an irradiance of 150 ymol.m~2.s~!, while mixotrophic
cultures maintain the same growth rate at 75 to 150 gmol.m~2.s~!. Furthermore, at high irradi-
ance (3000 pumol.m~2.s71), a decrease in oxygen and the maximum efficiency of PSII is more pro-
nounced in autotrophic than mixotrophic cultures. High light stress could be energetically costly
for the cell, and cells cultivated in mixotrophy seem to recover faster from high light stress, po-
tentially resulting in energy savings. However, it is also reported that as the irradiance increases
to above the light saturation irradiance for photosynthesis, the difference in growth rate between
autotrophic and mixotrophic cultures decreases, suggesting a similar inhibitory effect at high
irradiances occurs in the presence or absence of organic carbon (Bouarab et al. 2004). Finally,
in Spirulina platensis, the maximum photosynthetic rate, light saturation point, light compen-
sation point, and dark respiration are reported to be higher in mixotrophic than autotrophic
cultures (Vonshak et al. 2000). Nevertheless, some studies cited in a mixotrophic review (Abreu
et al. 2022) often report disruptions of the photosynthetic apparatus in the presence of organic

carbon sources.

4.3.4 Effect on pigments

Several studies cited in a mixotrophic review (Abreu et al. 2022) report lower pigment con-
tents in microalgal biomass (chlorophyll a, chlorophyll b and carotenoids) in microalgal cells

when cultivated with organic carbon compared to autotrophic algal cells. For instance, at 900
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pmol.m~2.s71, chlorophyll a cell content decreases by 45 % between autotrophic and mixotrophic
cultures (Agarwal et al. 2019). Those findings are consistent with other studies indicating that
mixotrophic cells are less dependent on light, making pigments less crucial for cell energy pro-
duction. The reduction in pigment content may serve to mitigate the risk of photoinhibition,
and the increased respiration in mitochondria, observed in mixotrophic cells, could also interfere
with pigments synthesis (Abreu et al. 2022). Another study (Agarwal et al. 2019) suggests that
mitochondrial electron flow could affect chlorophyll content. However, it is important to note
that a better correlation exists between irradiance and pigments than between carbon source and
pigments (Vonshak et al. 2000). Additionally, when comparing and interpreting pigment content
data (g pigment.g biomass™!), the varying algal biomass between autotrophic and heterotrophic
cultures should also be considered, as microalgae tend to produce more pigments when biomass

increases to compensate for the adverse effect of self-shading (Abreu et al. 2022).

4.3.5 Effect on cell composition

High irradiance can induce oxidative stress in microalgal cells, and lipids within the cell can
act as receptors for excess electrons, playing a protective role. Interestingly, mixotrophic cells
do not increase their lipid content for protection against high irradiance (Agarwal et al. 2019).
While the lipid content of mixotrophic cells is higher than that of autotrophic cells, this is not a
response to irradiance but a consequence of utilizing external carbon source for lipid synthesis. In
contrast, autotrophic cells rely on their internal carbon stocks. Another study (Shishlyannikov et
al. 2014) supports this findings and emphasizes the role of acetate in enhancing fatty acid synthe-
sis. Although high irradiance does not significantly impact the lipid content of mixotrophic cells,
dark conditions can have an effect (Zhang et al. 2017). Dark incubated, heterotrophic cultures
of Chlorella zofingiensi exhibit higher carbon and fatty acid contents compared to irradiated
mixotrophic cultures. Typically, an increase in fatty acid and starch content leads to a decrease
in the percentage of proteins. Changes in irradiance and carbon source availability can also result
in a transfer of carbon atoms from proteins to lipids (Agarwal et al. 2019). In the study, the

response to irradiance in terms of metabolite production was investigated, and high irradiances

219



Chapter 4 — Synergy between carbon source and light in microalgal culture from the perspective
of wastewater treatment in high rate algal ponds

led to accumulation of sugars, which act as osmo-protectants for the cell membrane. The level
of the antioxidant trehalose was found to be 9 times higher under high irradiance conditions
(900 pmol.m~2.s7!) compared to incubation at 100 ymol.m~2.s~ 1. Additionally, more trehalose
is found in cells grown in the presence of organic carbon, leading to an alteration of photo-
synthetic activity. The study suggests that carbohydrate and lipid synthesis may be favoured
in the presence of organic carbon in the culture medium, especially under stressful irradiance
conditions. In conclusion, the cellular composition of mixotrophic algae plays a significant role in
enhancing photoprotection at high irradiance. These cells demonstrate the ability to modulate
pathways such as internal organic molecule stocks, pigments, and carbon utilization depending

on the available carbon source and the level of irradiance to which they are exposed.

4.3.6 Effect on RuBisCO and citrate synthase activities

The effect of irradiance on microalgal enzymes when grown in presence of both organic and
inorganic carbon has been studied by measuring RuBisCO and citrate synthase activities for
irradiances from 0 to 222 ymol.m~2.s71, at TIC:TOC ratios of 1:1 and 3:1 (Gao et al. 2022). The
applied organic carbon supply of 16.7 mM is comparable to the total organic load in wastewater
but may not align precisely with the organic load available for microalgae. RuBisCO activity was
reported to increase with TIC:TOC ratios while the opposite was observed for citrate synthase
activity. Nevertheless, RuBisCO activity increases with increasing irradiance regardless of the
TIC:TOC ratio. The maximal RuBisCO activity (approximately 2000 U.g!) is observed at 150
pmol.m~2.s~!. In contrast, citrate synthase activity increases as irradiance decreases, reaching
its maximum value in darkness (approximately 3400 U.g~!). Despite this higher citrate synthase
activity and the consumption of external organic carbon in darkness, productivity in the dark
is zero. This suggests that the external organic carbon only compensates for ATP demand to
prevent biomass losses, and light is necessary to observe net growth. Similar results are reported
(Zhang et al. 2017), highlighting a decrease in citrate synthase activity in the presence of light

compared to incubation in the dark, both in the presence of organic carbon.
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4.3.7 Effect on carbon uptake

Light is directly correlated with the growth rate and should consequently have an impact on
carbon consumption. It is reported (Deng et al. 2019) that the duration of the light period (from
0 to 24 h) in a day-night cycle has no effect on glucose uptake by Chlorella kessleri. This finding
is not supported by another study (Mitra et al. 2012), where a longer dark period is found to
increase the storage of carbohydrates in Chlorella vulgaris from glucose present in large quantities
in the culture medium. It is reported that at 25 °C, Chlorella vulgaris grown in mixotrophic
conditions (with glucose and bicarbonate supply) and at an irradiance of 93 pmol.m=2.s!
removes 81 % of the supplied organic carbon after 9 days of batch culture, compared to 88 %
at 222 pymol.m~2.s71 (Gao et al. 2022). In contrast, the optimal irradiance for the growth of
Chlorella kessleri is measured at 90 pumol.m~2.s~! (Deng et al. 2019). However, glucose uptake
is favoured by lower irradiances between 30 and 90 pmol.m~2.s~!. These results align with
previous findings (Patel et al. 2019), demonstrating that under non-limiting light conditions (150
pmol.m~2.s71), glucose does not enhance microalgal growth. It is also emphasized that under
optimal irradiance conditions, where microalgal growth is not limited by energy supply, organic
substrate is not assimilated (Bouarab et al. 2004). On the contrary, when irradiance is too low,
cytochromes linked to respiration process are synthesized. It is reported that, to compensate for
the absence of light, the maximal rate of acetate consumption is 1.6 times higher in the dark than
in the light, and the affinity for the substrate is 1.3 times higher. Moreover, when respiration is
artificially inhibited, a reduction of acetate incorporation of only 17.8 % is observed in irradiated
conditions compared to 49.8 % in dark-incubated cultures, highlighting a metabolic adaptation
to irradiance in terms of carbon uptake. In conclusion, microalgal mechanisms are constantly
transitioning in day-night cycles. In solar conditions, the transition from 765 to 75 ymol.m 2.5~}
can occur in only a few hours, especially in sunny conditions at the end of the day and even
quicker in cloudy conditions. A theoretical investigation of microalgae culture in light-changing
conditions reports that optimal light conversion is impossible in solar conditions due to the rapid

kinetics of radiation conditions compared to those associated with photosynthetic growth. This

often results in high photon flux densities combined with low biomass concentrations and an
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increased risk of an oversaturating light climate (Pruvost et al. 2015). The global influence of

organic carbon on adaptation to darkness and excessive light is summarized in Figure 4.2.
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Figure 4.2 — Impact of irradiance on microalgae in presence and absence of assimilable organic carbon

4.4 Lab-scale experiments representativity of HRAP actual con-
ditions

Most of the laboratory studies cited in this review concur that assimilating organic carbon
enhances microalgae productivity, energy efficiency, and the synergy between heterotrophy and
autotrophy. Some studies indicate that algal light requirements decrease in the presence of
organic carbon, and low irradiance is associated with increased organic carbon consumption.

Additionally, organic carbon uptake leads to higher fatty acid content, contributing to improve
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photoprotection under high irradiance conditions. Research also suggests that supplying organic
carbon can mitigate biomass loss in dark conditions. At the enzymatic level, RuBisCO and
citrate synthase activity are strongly related to the TIC:TOC ratio and irradiance, indicating
the cells ability to adjust photosynthesis and respiration based on the provided carbon source
and light intensity (Figure 4.3). To evaluate the relative significance of these phenomena in
HRAP systems, it is crucial to compare the conditions under which these laboratory findings
are derived with those expected to occur in a HRAP. The concentration of organic carbon utilized
in the laboratory studies mentioned above range from 16.7 to 200 mM and the supplied molecules
(acetate, glucose, glycerol) are consistently well assimilated by microalgae (Gao et al. 2021, Deng
et al. 2019, Lin and Wu 2015, Li et al. 2016, Gao et al. 2022, Agarwal et al. 2019). In contrast, the
organic carbon concentration in anaerobically pre-treated wastewater is lower, typically varying
between 8.3 and 16.7 mM (Assemany et al. 2015, El Hamouri et al. 2003, E1 Hamouri et al. 1995,
El Hamouri 2009). The concentration of organic carbon potentially consumable by microalgae
could be roughly estimated at around 1.3 mM by cross-referencing wastewater composition data
with studies investigating microalgaes affinity for different organic carbon sources (Huang et
al. 2010, Abeliovich and Weisman 1978, Huang et al. 2024, Patel et al. 2022, Su et al. 2021,
Lacroux et al. 2020, Bouarab et al. 2004, Ye et al. 2023, Wang et al. 2022, Gao et al. 2021).
In conclusion, while organic carbon consumable by microalgae in wastewater can constitute a
non-negligible part of the total organic carbon present, both the concentration and the affinity
by algal species are often much lower than in the studies cited above. Consequently, heterotrophy
is likely to be less relevant in HRAP systems than in laboratory-scale studies included in this

review.

While light is a crucial parameter for investigating the contribution of photosynthetic growth
of microalgae, relying solely on lab-scale experiments to represent real outdoor conditions poses
challenges. For example, the incident photons flux density applied in all the laboratory studies
cited in this review is typically lower than the average values obtained in solar conditions in an
HRAP, especially in summer (>1000 gmol.m~2.s~!). Additionally, the condition of light atten-

uation, which provides more insight into photon availability for the culture as it is related to the
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Figure 4.3 — Overview of factors influencing light and organic carbon availability for microalgae and the different
trophies occurring depending on variations in those conditions

light effectively received by microalgae cells, depends on a complex set of interdependent param-
eters such as biomass concentration, pigment content, and reactor depth. Therefore, comparing
results from different reactors (e.g., flasks, bubble columns, flat photobioreactors, raceways) cul-
tivating different species at various concentrations can hardly lead to a reliable comparison of the
results. Although it has been proposed to use more representative quantities such as the rate of
photon absorption (Bonnanfant et al. 2021, Legrand et al. 2016), light is typically characterized
only by the irradiance value, which is insufficient. For example, according to the Beer-Lambert
law, a conical flask of 250 ml with 100 ml of working volume (culture depth = 2.5 cm), con-
taining 2.5 g.L.~! of algal biomass irradiated with 150 gymol.m~2.s™! (a typical configuration
of laboratory experiments cited above) presents a transmitted light intensity five times higher
than a classical HRAP operated at a depth of 30 cm, containing 0.3 g.L~! of algal biomass and
irradiated with 2000 ymol.m~2.s~!. Light attenuation is then significantly higher in an HRAP
than in a conical flask. Even the lowest incident irradiance applied (35 pumol.m~2.s7!) (Patel

et al. 2019) does not match the very low irradiance transmitted by an HRAP due to increased
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depth. This suggests that photoinhibition is less likely to occur in an HRAP than reported in
laboratory experiments (and photolimitation more likely to occur). Furthermore, in the same
series of laboratory experiments, cell adaptation to light (lipid content, pigment content, enzy-
matic activity) would differ between two cultures of different biomass concentrations due to the
difference in light attenuation, and consequently light received per cell (as represented by the rate
of photon absorption). Conclusions could then be a consequence of biomass concentration and
not necessarily directly related to changes in carbon source supply. Similarly, the production of
inorganic carbon through the oxidation of organic molecules and gas-liquid mass transfer influ-
enced by reactor geometry and bubbling should also be considered, as it directly impacts carbon
growth limitation. Indeed, an important consideration in the context of HRAPs is the dynamic
nature of light exposure, which varies throughout the day due to factors such as solar angle,
cloud cover, and shading from surrounding structures. Most of the laboratory experiments cited
in this review utilize constant light conditions, providing limited insight into how microalgae
adapt to fluctuating light intensities, as would occur in outdoor environments. Understanding
the ability of microalgae to adapt to dynamic light conditions is crucial for optimizing HRAP
performance. This includes studying how microalgae adjust their pigment composition and enzy-
matic activity in response to changes in light intensity over time. Additionally, investigating the
overall effect of day-night alternation on the growth process is essential, considering factors such
as the fluctuation of carbon and oxygen concentrations and their influence on microalgal growth
rates. To address these questions, future research should focus on conducting experiments that
more accurately mimic the dynamic light conditions experienced in outdoor HRAPs. This may
involve using controlled lighting systems capable of simulating diurnal light cycles or conducting
experiments outdoors under natural light conditions. By better understanding how microalgae
respond to dynamic light environments, we can improve the design and operation of HRAPs
for enhanced microalgal biomass production. Considering the lower organic carbon availability
in wastewater compared to the synthetic medium used in laboratory studies, HRAP conditions
are likely to be excluded from the top-right part of the diagram in Figure 4.3. This region

corresponds to conditions with very high photon and organic carbon availability, under which
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photoheterotrophy and mixotrophy (using external organic carbon) are expected to be the main
processes. The current understanding of the type of organic molecules found in wastewater, their
availability to microalgae, and their interactions with light represent major bottlenecks in devel-
oping a meaningful model for predicting HRAP behaviour. Existing models aiming to simulate
HRAP often overlook microalgae heterotrophic growth (Casagli et al. 2021, Solimeno et al. 2017,
Nordio et al. 2024). Although another model offers new insights into microalgal heterotrophy
in modelling algal growth in wastewater (Murwanashyaka et al. 2020), it is validated using a
high concentration of glucose (2000 mg.L.~!) as a carbon source, which is not representative of
wastewaters organic load or availability. In conjunction with laboratory experiments, modelling
should be regarded as a valuable tool for predicting the dynamic behaviour of microalgal growth
under the influence of various interacting physical, biological, and chemical factors. A model can
be used to predict, control, monitor, and enhance our understanding of the system by addressing
its complex interactions. Similar to laboratory experiments, models must strike a balance be-
tween fidelity to the studied system and simplicity. A review (Shoener et al. 2019a) analyses 300
published phytoplankton models, offering insights into the components that should be considered
when modelling microalgae cultures based on reactor geometry, environmental, physicochemi-
cal, and limitations conditions. According to this work, considerations such as bacterial growth,
algal mixotrophy, light attenuation, and medium turbidity, photoacclimation, microorganisms
growth on internal quotas rather than on medium substrates, pH and its effect on inorganic
carbon form, temperature regarding inhibitory values, as well as carbon storage due to fluctu-
ating light should all be taken into account for accurately representing HRAP conditions. This
work not only provides a useful tool for developing HRAP-representative models but also of-
fers insights into experimental conditions that should be particularly considered in laboratory
studies simulating HRAP conditions. Modelling, laboratory, and outdoor experiments must be
combined to advance our understanding of microalgae behaviour in wastewater. However, par-
ticular attention should be paid to the selection of experiments to ensure complementarity and

representativeness.
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4.5 Conclusion

Organic carbon supply plays a crucial role in influencing the modulation of pigments, cell
composition, and metabolites in response to varying light received. The positive impact of or-
ganic carbon supply on algal growth is particularly significant in day-night cycle, emphasizing
its relevance in adapting to light changes. While a correlation appears to exist between organic
carbon supply and photoprotection, as well as biomass maintenance in darkness, the underlying
mechanisms remain unclear. Many studies focus on biomass, pigments, and cell composition un-
der constant light, but exploring metabolites and enzymes in realistic simulated solar conditions
could offer new insights into cell adaptation mechanisms and their dynamic along the day-night
cycle. In addition, carbon and oxygen fate in mixotrophic microalgae culture and the impact
on microalgae-bacteria interactions in the perspective of wastewater treatment are still missing
in the literature. This question will be further investigated in the Chapter 5. Further qualita-
tive and quantitative investigation of pretreated influent composition may also shed light on
carbon availability for microalgae in HRAP systems and refine our understanding of microalgae

behaviour within the complex consortium they form with bacteria in HRAP.

Highlights

e Organic carbon helps modulate cell functions for adaptation to solar
conditions.

e Further characterisation of wastewater organic carbon after pretreat-
ment is needed.

e Light attenuation factors and affinity with organic molecules must be
considered.

e Modelling, lab and large-scale studies should be combined for further

research.
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CHAPTER 5

RELATIVE CONTRIBUTIONS OF
PHOTOAUTOTROPHY AND
PHOTOHETEROTROPHY TO MIXOTROPHIC
GROWTH OF Scenedesmus obliquus IN

SYNTHETIC WASTEWATER

5.1 Introduction

Biological secondary wastewater treatment systems relies on the ability of chemoheterotrophic
bacteria to degrade complex compounds present in wastewater, breaking them down into sim-
pler compounds such as COs or other organic molecules. When microalgae are integrated into
wastewater treatment systems, both bacteria and microalgae could contribute to heterotrophic
activity. While microalgae have demonstrated ability to utilize certain simple organic molecules
for their growth, as demonstrated in Chapter 4, the complexity of organic compounds in wastew-
ater suggests that bacterial degradation is the primary mechanism for breaking down organic
matter. During the wastewater treatment process, easily biodegradable molecules are quickly
consumed in the initial stages, leading to a decrease in their availability over time. However,

complex substances can also undergo degradation into smaller and more assimilable molecules,
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notably during pretreatment in anaerobic ponds. This process not only aids in organic matter
breakdown but also increases the fraction of organic carbon available for both bacteria and
microalgae in subsequent treatment stages.

As demonstrated in Chapter 4, microalgae exhibit versatile metabolic capabilities, allowing
them to adapt their growth strategies based on environmental conditions (Figure 5.1). The
balance between photoautotrophic, photoheterotrophic and mixotrophic growth modes depends
on the ratio of available energy from light and from organic matter (Nirmalakhandan et al. 2019).
Factors such as light intensity, organic carbon concentration, affinity with the organic molecule,
and environmental conditions influence the metabolic flexibility of microalgae, allowing them to
optimize their growth strategies for survival and proliferation in various habitats.

Day Night
Photoautotrophy [ Photoheterotrophy | [ Chemoheterotrophy |

Light ; Light ;

Energy Energy

Energy + carbon
+ electron donor

Electron donor Electron donor

Mixotrophy

Light ;

Energy

Energy +
carbon

Electron donor

Figure 5.1 — Energy source, carbon source and electron donor for microalgae in photoautotrophy, photoheterotro-
phy, mixotrophy and chemotrophy. Co.g4: organic carbon; Cinorg: inorganic carbon

In the daytime within HRAP, microalgae are likely experiencing mixotrophic conditions
due to the presence of light, inorganic carbon produced by bacteria, and organic carbon from
wastewater. Various studies have explored the contributions of photoautotrophic and photo-

heterotrophic growth to mixotrophic growth, examining factors such as biomass productivity,

pigment content, cell composition and enzyme activity. However, outcomes vary depending on
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incident irradiance levels, the source of organic carbon, and carbon concentrations in the cul-
ture. Moreover, understanding carbon fluxes between inorganic and organic carbon in the liquid
phase, CO2 in the gas phase, and carbon stored in the biomass remains unclear. Often, informa-
tion about inorganic carbon concentrations in both liquid and gas phases is missing, hindering
the establishment of a comprehensive carbon balance and impeding investigations into carbon
fate in mixotrophic microalgae cultures. While the contribution of photoautotrophic and chemo-
heterotrophic growth to oxygen balance in mixotrophy has been studied (Abiusi et al. 2020),
experiments in photoheterotrophy were not conducted as part of this study. Oxygen transfer
in the gas phase was also not considered. Furthermore, studies investigating mixotrophy of-
ten overlook available nitrogen, phosphorus, and sulfur, potentially underestimating biomass
productivity due to nutrient limitations.

The present study investigates the contribution of photoautotrophy and photoheterotrophy
to the mixotrophic growth of the axenical microalgae specie Scenedesmus obliguus under light
conditions, with a focus on the role and fate of organic carbon, inorganic carbon, and oxygen
in microalgal growth. Experiments conducted in sterile conditions within a photobioreactor aim
to quantify the fractions of organic and inorganic carbon consumed by microalgae when both
sources are available, as well as to determine the extent to which inorganic carbon derived from
the oxidation of organic carbon can be reused for autotrophic growth. As it is not possible to
represent the complexity of organic molecules present in wastewater, a molecule easily assimilable
by microalgae was chosen to simulate the organic load in wastewater in order to investigate
competition between microalgae and bacteria. Acetate was then selected based on its high affinity

with microalgae as discussed in Chapter 4.

5.2 Materials and methods

¢ Experimental setup and culture conditions
As detailed in Chapter 2, an axenical strain of the microalga Scenedesmus obliquus was
cultivated under photoautotrophic, photoheterotrophic, and mixotrophic conditions in a sterile

1.4 L torus photobioreactor operated at a dilution rate of 0.024 h~!. The temperature within
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the PBR was maintained at 23 °C, and an incident light intensity of 200 pmol.m™2.s~! was

supplied by a LED panel. The PBR was continuously fed with synthetic culture medium and
sparged with either Ng or air to ensure a non-inhibitory dissolved oxygen concentration. pH was
controlled at 7.5, with COq injections utilized for pH regulation in the photoautotrophic culture
where the carbon source was inorganic. Additionally, the synthetic medium was supplemented
with 0.84 g.L=! of sodium bicarbonate (equivalent to 120 mgC.L™!) to ensure a non-limiting
concentration of inorganic carbon for the microalgae. In the photoheterotrophic culture, organic
carbon was the sole carbon source, and pH was adjusted using 0.5 M HCI injections. The culture
medium was supplemented with 0.44 g.L.~! of sodium acetate (equivalent to 130 mgC.L~!). In
the mixotrophic culture, where both inorganic and organic carbon sources were present, pH
regulation was achieved through COs injections, and the culture medium was supplemented

with 0.84 g.L.~! of sodium bicarbonate and 0.44 g.L.~! of sodium acetate.

The culture conditions selected for the experiments in autotrophy, photoheterotrophy and
mixotrophy are synthesised in Table 5.1. A dilution rate of 0.024 h~! was chosen to mitigate
the formation of dark zones that would occur more prominently with the lower dilution rates

typically used in HRAP systems.

Synthetic wastewater was prepared using the following components and concentrations in
g.L~1: NH4C1 0.3; MgSO4,7H20 0.2; CaCly,2H,0 0.074; NaCH3COOH 0.44; NagEDTA, 2H,0
0.05; FeSOy4, 7TH20 0.014; KH2PO4 0.063 (see Appendix A). Trace elements solutions containing
Zn, Co, Cu, Mn, B, and Mo were also added to the medium. The experiment in mixotrophy was
first conducted using this classical synthetic wastewater, but the high productivity obtained led
to a limitation in NH}tL and PO;D’[. Consequently, the experiment was repeated using concentrated
synthetic wastewater to ensure that algal productivity and associated gas productions were not
influenced by mineral limitation. Sodium acetate NaCH3COOH was used as the organic carbon
source in photoheterotrophy and mixotrophy at a concentration of 130 mngg.L_l, which is

representative of the concentration of organic carbon in anaerobically pretreated wastewater.
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Mixotrophy Mixotrophy
Photo- o . . o . .
Autotrophy limited in non-limited in
heterotrophy . .
nutrients nutrients
N3H003 NaH003
NaHCOj3 120mgC.L~1 + 120mgC.L~1 +
Carbon sources 120mgC.L~1 + l\ggg?’golgfl COs injections + | COs injections +
CO, injections gY NaCH;COOH NaCH;COOH
130mgC.L~! 130mgC.L~1!
pH regulation pH 75 Wl'th COq pH 75 W%th HCI pH 75 Wl.th COq pH 75 Wl.th COq
injections injections injections injections
Culture Synthetic Synthetic Synthetic Synthetic
. wastewater wastewater
medium wastewater wastewater
concentrated x2 concentrated x2
Gas injection | Ny (30 mLmin~?) Air (150 Air (150 N, (30 ml.min~!)
ml.min™1) ml.min™1)
Microorganisms S. obliquus S. obliquus S. obliquus S. obliquus
Incident 2 1 2 1 2 1 2 1
iradiance 200 pmol.m™=.s 200 pmol.m™=.s 200 pmol.m™=.s 200 pmol.m™<.s
Dilution rate 0.024 h=! 0.024 h~1 0.024 h~1 0.024 h~1
Temperature 25°C 25°C 25°C 25°C

Table 5.1 — Culture conditions for autotrophic, photoheterotrophic, mixotrophic limited and non
limited experiments

e Data collection

02 and CO2 molar fractions in the gas phase were measured using online gas chromatogra-
phy, while dissolved oxygen in the liquid phase was monitored online using a probe. Biomass
concentration, turbidity, pigments, inorganic and organic carbon, NHI, POi_, and SOi_ were
measured offline daily on a 30 mL culture sample. Subsequently, biomass productivity, oxygen
and carbon dioxide production, and consumption were deduced from these measurements. As

explained in the Chapter 2, a stoichiometric analysis coupled with data reconciliation was used

to estimate carbon, oxygen and nitrogen fluxes in different trophic conditions.

5.3 Results

5.3.1 Contribution of photoautotrophy and photoheterotrophy to biomass

productivity in mixotrophy

S. obliquus achieved a productivity of 12.2 g.m~2.d~! in photoautotrophy (Figure 5.2) and

a biomass concentration of 0.53 g.L~!. Carbon and nutrient analyses revealed an excess of
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inorganic carbon, NHJ, POi_, and SOi_, with concentrations of 81 mgC.L™!, 65 mgN.L™!,

21 mgP.L ™!, and 15 mgS.L~!, respectively.

In photoheterotrophy, S. obliquus reached a productivity of 4.3 g¢.m=2.d~! (Figure 5.2) and
a biomass concentration of 0.21 g.L~!. Similar to the experiment in photoautotrophy, NHI,
PO?{, and SO?{ were found in excess (at concentrations of 56 mgN.L~! 15 mgP.L~!, and
36 mgS.L~!, respectively). However, acetate was quickly consumed during the first days of the
culture, indicating a high affinity of S. obliguus for this molecule. Limited consumable organic
carbon remained, confirming that the low productivity of S. obliquus in photoheterotrophic

conditions was due to organic carbon limitation.

S. obliquus reached a productivity of 16.5 g.m~2.d~! in mixotrophy (Figure 5.2) with a
biomass concentration of 0.74 g.L.=!. Notably, NHI and POi_ concentrations dropped to zero
due to higher biomass productivity and nutrient consumption, unlike in the autotrophic and
photoheterotrophic cultures. Consequently, productivity in this mixotrophy experiment, limited
in N and P, was suspected to be underestimated. To address this, the experiment was repeated
with an increase in mineral nutrient concentrations in the culture medium to evaluate microalgal
productivity in mixotrophy under non-limited nutrient conditions. In this second trial, N, P, and
S were present in non-limiting concentrations in the culture (at concentrations of 64 mgN.L =1
16 mgP.L~!, and 51 mgS.L™!, respectively). As shown on Figure 5.2, surface productivities in
mixotrophy, limited and non-limited in nutrients, were not significantly different, indicating that

nutrient limitation did not significantly impact productivity.

Interestingly, the surface productivity obtained in mixotrophy (16.5 g.m=2.d~!) equals the
sum of surface productivities in autotrophy (12.2 g.m~2.d~!) and photoheterotrophy (4.3 g.m=2.d~1).
Organic carbon supply led to a 35 % increase in biomass productivity in mixotrophy compared
to photoautotrophy. Since the photoautotrophic culture was not carbon limited, the productivity
increase upon adding acetate is likely due to the additional energy provided by acetate oxida-
tion. Overall, these results suggest that photoautotrophy contributes up to 74 % to mixotrophic

growth, while photoheterotrophy contributes up to 26 %.
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Microalgal surface productivity in autotrophy,
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Figure 5.2 — Surface microalgal productivities in autotrophy, photoheterotrophy and mixotrophy limited and
non-limited in N and P

5.3.2 Organic carbon, inorganic carbon and oxygen fate and their contribu-

tion to algal growth

With the aim of understanding the contribution of different trophic modes to carbon fluxes in
mixotrophy, a carbon balance between the carbon supplied to the culture (inlet) and the carbon
measured in the culture (outlet) was established. The distribution of carbon into the biomass,
the gas phase, and the liquid phase in the inlet and the outlet is presented in Table 5.2 and
Figure 5.3. In this analysis, elemental compositions of S. obliguus was given by Garcia-Moscoso

et al. (2015).

Total carbon fluxes in the inlet and the outlet of the PBR should be equal in steady state in a
continuous culture. Errors of 9.6 %, 5.5 %, and 0.5 % were found when comparing carbon fluxes

in the inlet and in the outlet of photoautotrophic, photoheterotrophic, and mixotrophic cultures,
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Figure 5.3 — Carbon balance deduced from carbon flux in the inlet and the outlet of autotrophic, photo-
heterotrophic and mixotrophic S. obliquus cultures

respectively. This was considered acceptable for further analysis. A stoichiometric analysis cou-
pled to data reconciliation was performed in order to estimate carbon, oxygen and nitrogen fluxes

in the culture. The results are presented in the Figure 5.4. For the stoichiometric analysis, the
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Photoautotrophy Photoheterotrophy Mixotrophy
let PBR | QWb | pieeppr | Qutlet e ppr | Outlet
(mgC/L/d) | BN meeyra) | B mgoyryay | DR

(mgC/L/d) (mgC/L/d) (mgC/L/d)

. C 0 152 0 54.3 0 206
biomass

Corg

(liquid 0 0 66.7 10.2 66.7 5.3
phase)

Cinorg

(liquid 69.1 47.5 0 2.1 69.1 55.2
phase)

Ci,norg

(gas 531.5 343.3 30.3 25.1 1740.8 1600
phase)

Total 600.6 542.8 97 91.7 1876.6 1866.4
Error 9.6% 5.5% 0.5%

Table 5.2 — Carbon balance showing the repartition of carbon supplied between biomass, liquid
phase and gas phases for photoautotrophic, photoheterotrophic and mixotrophic cultures

reactions occurring in the reactor are assumed to be the following, established from elemental

analysis of S. obliquus from Garcia-Moscoso et al. (2015).

Algal photoautotrophy:

CO9 + 0.16 NH3 + 0.6985 HoO — CH{.877Ng.1600.478 + 1.11 O4 (5.1)

Algal photoheterotrophy:

¢ Photoautotrophy

0.5 CoH409 + 0.16 NH3 — CH; 877Np.1600.478 + 0.1103 O2 4 0.3015 H,O

(5.2)

In the photoautotrophic culture, 2.1 mol.m™2.h~! of inorganic carbon as sodium bicarbonate

and COy was supplied to the culture. Of this input, 0.544 mol.m~2.h~! were incorporated into

the algal biomass (Figure 5.4). While a large portion of the carbon supplied to the culture left

the PBR through the gas phase as COy (1.2 mol.m~3.h~!), around 8 mM of inorganic carbon

remained in the liquid phase. Le Gouic et al. (2021) stated that carbon limitation occured below

a TIC concentration of 1 mM, confirming that the photoautotrophic culture was not limited by
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carbon. Overall, S. obliquus grown in photoautotrophy consumed 1.4 mmol.gC;1.h=1 of CO,
(Figure 5.5).
Measured Oo production rate in photoautotrophy was coherent with the stoichiometry,

0.6038 mol.m™3.h!.
e Photoheterotrophy

In the photoheterotrophic culture, 0.13 mol.m~3.h~! of organic carbon as acetate was sup-
plied to the culture. The inorganic carbon flux in the inlet (0.11 mol. m~3.h~!) was due to the
0.04 % COg present in the air injected in the PBR. This flux value was retrieved in the inorganic
carbon in the outlet gas phase; COy from air is then not considered as a carbon source for the
culture, which is still considered in photoheterotrophy. Additionally, the TIC remains very low
in the culture (0.4 mM). Around 67 % of the carbon from acetate supplied to the culture (0.087
mol.m~3.h~!) was incorporated into the biomass (Figure 5.4). According to a stoichiometric
equation of microalgal heterotrophic growth, 50 % of the organic carbon consumed was stored
as biomass and 50 % rejected as COy (Abiusi et al. 2020). However, the photoheterotrophic
culture exhibits a net COq production rate close to zero (-0.042 mmol.gC,t.h™1, Figure 5.5).
These results suggest that the CO2 produced from organic carbon oxidation is fully reused for

algal photoautotrophic growth.

Net measured volumetric Oy production rate (-0.0092 mol.m~3.h~') was found negative,
which contradicts the stoichiometric equation that predicts that oxygen should be produced in
photoheterotrophy. Here, the high air injection rate combined with the low microalgal growth
and oxygen production associated probably affected the precision of the measurement of Og in
the gas phase.

e Mixotrophy

In the mixotrophic culture, 0.13 mol.m2.h~! of organic carbon as acetate and 6.3 mol.m™3.h~!
of inorganic carbon as sodium bicarbonate and COs were supplied to the culture. The significant
COg supply in the mixotrophic culture is due to the high algal productivity, which induced a
strong increase in pH, subsequently increasing COs injections for pH regulation. In mixotrophy,

80 % of the carbon from acetate supplied to the culture (0.104 mol.m~3.h~!) was incorporated
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into the biomass (photoheterotrophic mode, Figure 5.4). Microalgae also fixed 0.562 mol.m~3.h~!
of inorganic carbon (photoautotrophic mode). Although 73 % of the carbon consumed by the
microalgae was originally supplied as inorganic, half of the carbon consumed from acetate was
expected to be converted into COz in the mitochondria (Abiusi et al. 2020). The produced CO,
would then be fixed in photoautotrophy in the chloroplast. The actual contribution of the pho-
toautotrophic process to carbon-equivalent biomass would then be 86 %, instead of the 74 %
suggested by the photoautotrophic, photoheterotrophic, and mixotrophic productivities. Over-
all, S. obliquus grown in mixotrophy consumed 0.66 mmol.gC,.h~! of CO5 (Figure 5.5), which

is 53 % less than in photoautotrophy.

The net COy consumption rate relative to biomass was lower in mixotrophy than in pho-
toautotrophy and was close to zero in photoheterotrophy, suggesting that no inorganic car-
bon was released in the gas phase after acetate oxidation, and that inorganic carbon produced
from acetate oxidation was directly reused for photoautotrophic growth in photoheterotrophy
and mixotrophy. However, the lower productivity obtained in photoheterotrophy compared to
mixotrophy demonstrates that sole acetate, including CO4 from acetate oxidation, was not suffi-
cient to cover carbon needs in photoheterotrophy. Besides, CO2 injections significantly improved

biomass productivity in mixotrophy compared to photoheterotrophy.

Even though TIC was available in sufficient quantities in the mixotrophic culture (around
10 mM) to meet the carbon needs of microalgal cells, acetate consumption was significant (0.104
mol.m~3.h~1), and even higher than in photoheterotrophic culture (0.087 mol.m=3.h~!). More-
over, 27 % of the carbon in the mixotrophycally grown biomass originated from the organic
carbon source. This result suggests that COq is not necessarily the favored carbon source and
confirms the high affinity of S. obliquus for acetate. Even though organic carbon likely plays
a significant role in algal growth, organic molecules from wastewater are probably available in
insufficient quantities to meet microalgal carbon needs. Microalgae would be limited by carbon
and would then rely on bacterial oxidation of complex organic molecules for COgy supply. In
terms of oxygen fate in mixotrophy, the oxygen was produced at 96% by photoautotrophy, the

net oxygen production rate in photoheterotrophy being close to zero.
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5.3.3 Oxygen balance

Oxygen concentration was maintained between 8 and 28 mgQs.L~! using either Ny in pho-
toautotrophy or air in mixotrophy and photoheterotrophy. Oxygen consumption associated with
acetate oxidation implied a lower oxygen production rate in mixotrophy (0.94 mmolOs.gC,t.h~1)
compared to photoautotrophy (1.14 mmolO,.gC, 1. h~1). In photoheterotrophy, net oxygen pro-
duction is close to zero (-0.043 mmolOs.gC;1.h~1) (Figure 5.5). In photoheterotrophy, oxygen
production due to constant exposition to light does not compensate for oxygen consumption
during acetate oxidation. In contrast, in mixotrophy, inorganic carbon supply enhances pho-
toautotrophy, which becomes the main process and maintains a positive net oxygen production.
However, net oxygen produced by microalgae is still significantly reduced in the presence of ac-
etate in mixotrophy compared to photoautotrophy. It can then be confirmed that organic carbon

significantly impacts the oxygen balance in microalgae culture.

5.3.4 Pigments

Modifications in pigment content are often reported in the literature for cells grown under dif-
ferent trophic conditions (Abreu et al. 2022, Agarwal et al. 2019). However, a better correlation
is observed between light and pigments than between carbon source and pigments (Vonshak et
al. 2000). Generally, pigment content in microalgal cells decreases as the MRPA increases (Artu
2016). In the photoheterotrophic culture, the MRPA was relatively high (23.8 pmol.gC,t.s™1)
due to the low biomass concentration. Consequently, the chlorophyll a content in the cell was
low (2.7 %). Le Gouic et al. (2021) also demonstrated that pigment content was strongly af-
fected by carbon limitation and tended to decrease as carbon limitation increased, suggesting
that microalgae regulate their metabolism through light absorption capacity in cases of carbon
limitation. This hypothesis is plausible in photoheterotrophic culture, which is clearly carbon
limited.

In contrast, the MRPA in the photoautotrophic culture was 9.4 ymol.gC;'.s~! for a chloro-
phyll a content of 4.0 %. On one hand, the mixotrophic culture limited in nutrients exhibits a

lower MRPA than the autotrophic one (6.9 umol.gC,!.s7!) and a lower chlorophyll a content
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Figure 5.5 — Net productions rates of O2 and CO2 in autotrophy, photoheterotrophy and mixotrophy (normalised
by the biomass concentration)

(3.3 %), contrary to the expected higher chlorophyll a content due to lower light availability. On
the other hand, the experiment in mixotrophy without nutrient limitation showed expected re-
sults, with an MRPA of 6.9 ymol.gC, .s~! and a chlorophyll a content close to 4.5 %, suggesting
that lower chlorophyll a content in the culture with nutrient limitation was due to nitrogen de-
pletion. In non-limiting nutrient conditions, chlorophyll a content increases as MRPA decreases
regardless of the carbon source (Figure 5.6). In contrast, chlorophyll b and carotenoids, usually
implicated in photoprotection mechanisms, did not show significant changes between different

trophic modes.
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Pigment content in the biomass in autotrophy, photoheterotrophy and mixotrophy
T T

55 T T
I Chlorophyll a
[IChlorophyll b
S5 [ Carotenoids |7
4.5 b

Chl,, chly, carotenoids (% of biomass)
T

W ‘Wm 1 1

Autotrophy Photoheterotrophy Mixotrophy limited ~ Mixotrophy non limited

Figure 5.6 — Chlorophyll a, chlorophyll b and carotenoids content in the biomass in autotrophy, photoheterotro-
phy, mixotrophy limited and non-limited in nutrients

5.4 Discussion

The productivity in mixotrophy did not exceed the sum of productivities in photoautotrophy
and photoheterotrophy, consequently no synergy was highlighted between the autotrophic and
photoheterotrophic mode. This suggests that the simultaneous use of organic and inorganic
carbon occurs independently. This observation is consistent with previous results obtained in
autotrophic, heterotrophic, and mixotrophic cultures of green microalgae using acetate as the
organic carbon source, where the sum of productivities in autotrophy and heterotrophy was also
equal to the productivity in mixotrophy (Abiusi et al. 2020, Bouarab et al. 2004, Sim et al. 2019).
Similar findings were reported by Andruleviciute et al. (2014) and Song and Pei (2018) where
Scenedesmus sp. was grown on glycerin and xylose, respectively. However, another study based
on carbon and energy metabolic mechanisms in mixotrophy through C13 labeled metabolite

analysis reported in contrast a coordination or synergy between autotrophic and heterotrophic

243



Chapter 5 — Relative contributions of photoautotrophy and photoheterotrophy to mixotrophic
growth of Scenedesmus obliquus in synthetic wastewater

modes (Zhang et al. 2021). Yet, it is important to note that biomass productivity in mixotrophy
is always found to be higher than in photoautotrophy or in photoheterotrophy, implying a higher
biomass concentration in the mixotrophic culture and a lower penetration of light through the
culture. Limitation by light due to self-shading in mixotrophic cultures is then a key factor that
might lead to underestimating algal productivities in mixotrophy. In other words, if synergy
were occurring between autotrophic and heterotrophic modes, the productivity in mixotrophy
would possibly not exceed the sum of photoautotrophic and photoheterotrophic productivities

anyway because of limitation by light.

In photoautotrophy and mixotrophy, the MRPA was 9.5 and 6.9 ymol.gC; !.s™! respectively.
However, an optimum MRPA was determined for green microalgae Chlorella vulgaris to be
around 13-15 pmol.gC,l.s™! (Artu 2016). Below this value, the presence of a dark zone is
likely to impact algal productivity. Thus, both photoautotrophic and mixotrophic cultures were
probably limited by light. Biomass productivities might stagnate regardless of the carbon source
consumed. Self-shading turns out to be a relevant confounding factor when investigating the
contributions of different trophic modes. For further research, incident PFD should be adjusted
throughout the culture to compensate for self-shading and to reach similar MRPA in every

experiment.

This chapter also highlighted the capacity of S. obliquus to optimise the organic carbon
supply by reutilizing COs from acetate oxidation, as well as to reuse oxygen produced by pho-
tosynthesis for acetate oxidation, possibly through direct exchanges of oxygen and COs inside
the cell between the chloroplast and the mitochondria because of the low net Oy and COq pro-
duction rates (Figure 5.7). This phenomenon was also observed by Smith et al. (2015), Grama
et al. (2016), and Li et al. (2022), where Oz and CO2 exchanges occurred inside the cell. Another
study based on molecular approach also suggested the potential recovery of inorganic carbon

from acetate oxidation for Chlorella sorokiniana (Cecchin et al. 2018).

In this study, we retained acetate to simulate the organic carbon load in wastewater. As
explained in the Chapter 4, wastewater is composed of a complex matrix of organic compounds

that, for the majority, are less easily assimilable by microalgae than acetate. The contribution
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Figure 5.7 — Overview of Oz and CO> dynamics in autotrophy, photoheterotrophy and mixotrophy

of photoheterotrophy in S. obliquus mixotrophic growth could then be overestimated in the
present study compared to HRAP. However, the COs supply in this study was also higher than
the expected CO4y bacterial production rate in wastewater, suggesting that photoautotrophic

growth could also be overestimated compared to HRAP.

5.5 Conclusion

While productivity in mixotrophy was equal to the sum of productivities in photoautotrophy
and photoheterotrophy, those two growth modes were not supposed to occur totally indepen-
dently. Microalgae were able to optimize carbon sources by fully reutilizing inorganic carbon
from acetate oxidation for photoautotrophic growth and oxygen from photosynthesis for pho-
toheterotrophic growth. This possibly occurred through direct exchanges of oxygen and COs
inside the cell between the chloroplast and the mitochondria. While S. obliquus confirmed its
high affinity with acetate, microalgae are likely limited by assimilable organic carbon in wastewa-
ter and would benefit from inorganic carbon supply. In the same way, the oxygen production rate
was also dependent on COs availability, which enhanced the contribution of photoautotrophic
growth. In the context of wastewater treatment, the production of CO2 by bacteria should
improve algal growth, even if microalgae are able to use certain organic molecules as a carbon

source. Besides, contrary to microalgae, bacteria are not able to recover COs from organic carbon
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oxidation, which might benefit microalgae in case of competition for organic carbon. Symbiotic-
competitive interactions between microalgae and bacteria in HRAP are then expected. This
chapter constitutes a foundation for further investigations into the interaction of S. obliquus
with heterotrophic bacteria, notably regarding the role of bacteria in COs supply to S. obliquus,
as well as the role of microalgae in providing Os for bacterial growth in the presence of organic

carbon assimilable by microalgae.

Highlights

e Mixotrophy was found to give better biomass productivities when com-
pared to photoautotrophy and photoheterotrophy.

e Relative contribution of photoheterotrophy to mixotrophic growth of
S. obliquus was 26%.

e Organic carbon is not sufficient to cover microalgal needs in wastew-
ater and intrinsic source of COy from bacterial respiration is needed.

e Oxygen production by microalgae relies on COs supply.

e Microalgae-bacteria interactions in wastewater are expected to involve

a mix of symbiosis and competition.
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CHAPTER 6

FATE AND ROLE OF CARBON SOURCES IN
MICROALGAE-BACTERIA INTERACTIONS
IN SYNTHETIC WASTEWATER UNDER

SIMULATED SOLAR CONDITIONS

6.1 Introduction

The previous chapters provided insight into various issues related to microalgae-bacteria
consortia behaviour in HRAP. Chapter 3 showed that, in a large-scale HRAP such as Peter-
borough HRAP, dissolved oxygen, organic and inorganic carbon — key indicators of microalgal
and bacterial activity — were homogeneously distributed. This uniform distribution ensures that
these components are potentially available for both microalgal and bacterial growth. The oxy-
gen required for the bacterial degradation of organic carbon is produced photosynthetically and

efficiently homogenized in the pond by the paddlewheel.

However, data available in the literature suggest that microalgae could utilize certain or-
ganic molecules present in wastewater as a carbon source, simultaneously with inorganic carbon
produced by the oxidation of organic matter resulting from both microalgal and bacterial ac-
tivities. Nevertheless, because bacterial growth kinetics are faster than those of microalgae and

bacteria can consume a wider range of organic compounds, it is currently assumed that het-
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erotrophic bacteria are the primary consumers of organic carbon in HRAP systems. However,
previous studies have demonstrated that microalgae have a strong affinity with certain organic
molecules frequently found in wastewater such as volatile fatty acids or simple sugars, which
can influence their response to diurnal variations of light (see Chapter 4). Moreover, Chapter
5, which investigated the relative contributions of photoautotrophy and photoheterotrophy to
the mixotrophic growth of Scenedesmus obliquus in synthetic wastewater, confirmed that the
presence of an organic carbon source consumable by microalgae had a significant impact on Oq
and COq balances. It also showed that S. obliquus growth is effectively limited by organic carbon

in wastewater and benefits from an external COy supply.

In HRAP, COsq is naturally supplied by bacteria. Considering that microalgae could poten-
tially consume part of the organic carbon available in wastewater, interactions between microal-
gae and bacteria are expected to be a combination of competition and symbiosis. Synergistic
relationships between microalgae and heterotrophic bacteria have already been observed (Russel
et al. 2020, Su et al. 2012). However, given the complexity of trophic interactions within the
microalgae-bacteria consortium, the fate of the carbon consumed, both organic and inorganic,
between microalgal and bacterial biomass is still understudied. Moreover, as illustrated by the
dissolved oxygen concentration measured in Peterborough HRAP over 24 hours (Figure 6.16),
the photosynthetic response of microalgae is subject to light fluctuations along the day-night
cycle. Therefore, it is essential to understand the consumption and/or production dynamics of
02 and CO4 over a 24-hour period to better comprehend the functioning of interactions between

microalgae and bacteria in a HRAP.

Open systems like HRAP are subject to external biological contaminations. Consequently,
they host natural consortiums formed of a diversity of bacterial and microalgal species. In addi-
tion, wastewater is a complex mixture containing carbohydrates, lipids, proteins, volatile fatty
acids, minerals, metals, potential toxic compounds and suspended solids. Studying microalgae-
bacteria interactions in such a complex system while overcoming inter-competition between
different microalgal species or bacterial species, potential toxicity of wastewater molecules or

specific affinity of organic molecules with given microorganisms can then be highly challenging.
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Considering the complexity of the consortium of microorganisms present in a HRAP, it
was decided to conduct a study at laboratory scale in a controlled photobioreactor, coupled to
modelling work, in order to study the role and fate of the carbon source during microalgae-
bacteria interactions in simulated solar conditions, approaching then the conditions encountered
in HRAP systems. A preliminary theoretical approach based on modelling of a microalgae-
bacteria coculture system under simulated solar conditions was then established. This model
combined a radiative transfer model, which predicts light availability within the PBR, with a
kinetic growth model for microalgae and bacteria, organic carbon being consumed exclusively by
bacteria. The goal was to evaluate the behaviour of the coculture when microalgae are strictly
photoautotrophic. This was completed by experiments where axenical microalgae (Scenedesmus
obliquus) and chemoheterotrophic bacteria (Escherichia coli) were co-cultivated in a torus PBR,
simulating a solar cycle and using synthetic wastewater. A stoichiometric analysis combined
with data reconciliation was used to quantify carbon, nitrogen and oxygen fluxes within the
microalgae-bacteria system. Finally, the relevance of using laboratory-scale photobioreactors to
simulate microalgae-bacteria interactions in HRAP is discussed by comparing the conditions

obtained in the PBR experiments with those in the large-scale HRAP in Peterborough.

6.2 Material and methods

e Modelling
A radiative model coupled to a kinetic model was implemented in Matlab 2022b, as described
in Chapter 2. The dilution rate was set to 0.008 h™' and organic carbon in the inlet to 260

mgC.L~!. Light was supplied to simulate a day-night cycle (Figure 6.1).

e Experimental setup and culture conditions

As detailed in Chapter 2, axenical strains of the microalga Scenedesmus obliquus and the
bacterium E. coli were cocultivated continuously in a sterile 1.4 L torus photobioreactor (PBR)
on synthetic wastewater under simulated solar conditions. The culture conditions are summa-

rized in Table 6.1. In the first experiment, acetate was used to simulate the organic load in
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wastewater and supplied at a concentration of 130 mgC.L=! (SWW acetate x1). In the second
experiment, the acetate supply was doubled to 260 mgC.L~! (SWW acetate x2) to prevent any
effects of organic carbon limitation on the symbiosis. In the third experiment, glucose was used
as the organic carbon source at a concentration of 130 mgC.L™! to investigate the impact of the
nature of the organic molecule on the symbiosis (SWW glucose x1). Synthetic wastewater was
prepared according to Appendix A. In each experiment, pH was regulated at 7.5 by hydrochlo-
ric acid (HCI) injections. Sterile air was continuously injected into the PBR at a flow rate of
30 ml.min~!, both to mimic the mass transfer rate observed in real-scale HRAP and for the
needs of gas analysis at the outlet. The dilution rate was set at 0.008 h™!, within the range of

dilution rates applied in real-scale HRAP.

SWW x1 - SWW x2 - SWW x1 -
Acetate Acetate Glucose
Carbon sources Sodium acetate Sodium acetate Glucose
130mgC.L~1! 260mgC.L~1! 130mgC.L~!
. pH 7.5 with HC1 pH 7.5 with HC1 pH 7.5 with HCI
pH regulation o C c
injections injections injections
Culture Synthetic Synthetic Synthetic
. wastewater wastewater
medium wastewater

concentrated x2

concentrated x2

Gas injection

Air (30 ml.min~1)

Air (30 mlL.min—1)

Air (30 ml.min—1)

Microorganisms

S. obliquus + E.

S. obliquus + E.

S. obliquus + E.

coli coli coli
Incident . . .
iradiance Day-night cycle Day-night cycle Day-night cycle
Dilution rate 0.0083 h~! 0.0083 h—1 0.0083 h—1
Temperature 23°C 23°C 23°C

Table 6.1 — Culture conditions for experiments imitating HRAP conditions

Figure 6.1 presents the light intensity applied to the culture over 24 hours, simulating solar

conditions.

e Data collection

02 and CO2 molar fractions in the gas phase were measured using online gas chromatogra-
phy, while dissolved oxygen in the liquid phase was monitored online using a probe. Biomass
concentration, E. coli count, turbidity, pigments, inorganic and organic carbon, NHI, PO;O’[,

and SOi_ are measured offline daily on a 30 mL culture sample. Subsequently, algal and bacte-
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Figure 6.1 — Diurnal variation of the incident PFD

rial productivities, oxygen and carbon dioxide production and consumption were deduced from
these measurements. As explained in Chapter 2, a stoichiometric analysis coupled with data
reconciliation established based on carbon, nitrogen and redox balances was used to estimate

the fate of carbon, oxygen and nitrogen within the consortium.

6.3 Results

6.3.1 Theoretical approach of microalgae-bacteria interactions
6.3.1.1 Calibration of the kinetic model for S. obliquus

As presented in Chapter 2, the model used to predict microalgae-bacteria interactions in a
torus PBR fed with acetate allows to simulate both the abiotic phase (light and gas-liquid mass
transfers) and the biotic phase (microalgal and bacterial kinetic growth). While the parameters
used for modeling the abiotic phase are usually well-known, the growth parameters associated
with the biotic phase, notably S. obliguus maximum specific rate for maintenance .J,,, half-

saturation constant for photon trapping by photosynthesis and maintenance inhibition by light
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K and K’, and maximal pigment molar fraction Tp;g, Were determined experimentally.
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Figure 6.2 — Experimental (black dots) and modeled (dotted line) biomass concentration Cxr, pigment con-

centration Cpig and pigment content wy;y for 2 batch cultures of S. obliquus (a) at 100 umol.m™2.s™* (b) at 800

pmol.m~2.s7*

The parameters J,,, K, K’ and Ty were identified by fitting the modeled biomass and
pigment concentration with the experimental data obtained from two batches of S. obliquus,
which were irradiated with light intensities of 100 and 800 pymol.m~2.s~!. The experimental
and modeled results are presented in Figure 6.2, demonstrating a good fit between the model
and experimental data. The optimized parameter values obtained from this fitting process were:
Jm =0, K =57.719 pmol.m~2.s7!, K/ =1 ymol.m~2.s~! and T, = 0.1486. Note that .J;, value
was set to 0 as the experimental batch of S. obliquus demonstrated that this strain could reach
high biomass concentrations (2 g.L™!) under low light (100 gmol.m~2.s™!) without reaching a,
plateau, suggesting that this strain was not sensitive to dark zones. As .J,,, = 0, K’ becomes then
a non-sensitive parameter. Maximal pigment content x};, was very high (14 %), which might be
a consequence of the very low MRPA in the batch culture when biomass concentration reaches

2 g.L 7! at an incident irradiance of 100 gmol.m~2.s 1.
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The S. obliquus kinetic model using these values was then validated. Model parameters for
E. coli growth were taken from the literature (references are indicated in the Chapter 2) as E.

coli is a well-known microorganism.

6.3.1.2 Modeling of a S. obliquus-E. coli coculture

The model was used to simulate algal and bacterial growth in coculture over a day-night
cycle, applying a dilution rate D=0.008 h~! and a organic carbon concentration in the inlet of 260
mgCorg.L_l. As illustrated in Figure 6.3a, bacterial biomass dominated the consortium. Algal
biomass fluctuated between 0.09 g.L~! at the end of the night to 0.12 g.L.~! at midday, while
bacterial biomass remained constant at a concentration of 0.42 g.L.~!. Figure 6.3b illustrates that
bacteria reached the same biomass concentration when grown alone and in coculture. Note that
in these simulations, organic carbon was the limiting parameter for bacterial growth, with a very
low value of 0.11 mgC,,4.L ™1 reached at stabilized state. As Oy was not the limiting parameter,
bacteria did not rely on microalgae for Oy production. In contrast, microalgae reached lower
biomass (0.04 g..=!) when grown alone compared to coculture with bacteria. This is due to the
fact that during the daytime, microalgae were limited by TIC which is solely supplied by bacteria.
Because microalgae depended on bacteria for TIC but bacteria did not rely on microalgae for Os,
synergy between the organisms was not observed numerically. This hypothesis will be justified
further.

Besides, the question of the impact of the dilution rate on the ratio of algal and bacterial
biomass was raised. At a dilution rate of 0.008 h™!, algal biomass account for 22 % of the total
biomass and reached a maximum of 25 % at a dilution rate of 0.004 h—!. The ratio between
algal and bacterial biomass is thus only slightly sensitive to dilution rate. This limited sensitivity
can be explained by the dependence of microalgal growth on bacteria for TIC production. A
dilution rate that disadvantages the bacteria, i.e. low dilution rates (0.004 h—! in this example),
reduces bacterial productivity, which directly decreases COgy production and consequently, mi-
croalgal growth. As a result, microalgal growth decreases simultaneously with bacterial growth,

maintaining the relative ratio of the populations.
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Figure 6.3 — (a) Modeled microalgal and bacterial biomass in coculture in day-night cycle, D=0.008 h™",
Corg=260 mgC.L™" (b) Modeled biomass in day-night cycle, D=0.008 h™!, Co,,=260 mgC.L~"! when microalgae
were grown alone (left) and when bacteria were grown alone (right)

The Figure 6.4 represents the dynamics of DO, TIC, microalgal growth rate 144, microalgal

volumetric Os production rate rps , and microalgal volumetric COs production rate rooo

alg alg
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simulated over a 24-hour cycle. The time is expressed in hours with sunrise occurring at ¢ = 0.
These simulations illustrate the interplay between light availability and the metabolic activities
of microalgae, as well as the dependence of microalgae on bacteria for inorganic carbon, par-
ticularly COs, which is critical for their growth. The simulated data provide insights into the
diurnal variations in the microalgal-bacterial consortium, highlighting the complexity of their

interactions in a controlled environment.

After sunrise, microalgal growth rate jiq;, increased sharply up to 0.3 h~! due to the rise
of light intensity. Simultaneously, microalgal volumetric Oz production rate rog,,, increased to
1.67 mol.m™3.h~! while microalgal volumetric COy production rate rc02,, dropped to -1.50
mol.m~3.h~!. Within 2 hours after sunrise, DO reached 30 mg.L.~! (a similar concentration was
reached in Peterborough HRAP, Figure 6.16) and TIC dropped to zero. After TIC dropped to
zero, microalgae were strongly limited in carbon. The growth rate then dropped to 0.01 h™1,
inducing a drop in rpg,, to 0.052 mol.m™3.h~! and a decrease in DO to 9.5 mg.L~! from
2 hours after sunrise to midday. Microalgal growth rate was then dependent on TIC, which
remained close to zero until sunset. Algal growth rate remained then stable until sunset. Just
before sunset, light decreased below 20 pumol.m~2.s7!, the threshold fixed for the start of algal
decay in darkness. The growth rate then dropped to -0.02 h=! for the nighttime. Algal decay in
darkness involves respiration and thus relies on Oy. However, Oy dropped to 5 mg.L~! at night,
which slowed down the decay from the middle of the night until sunrise due to Oz limitation.
This explains the slight decrease in O2 uptake and the rise in DO at the end of the night. TIC
was continuously produced during the night, reaching 12.5 mg.L~! before sunrise. Microalgae
consumed the TIC accumulated during the night and the COs produced by bacteria during the
first 2 hours after sunrise. During the daytime, because microalgal carbon needs were higher
than the bacterial production of CO3 (rco2,,., = 0.035 mol.m~3.h~1), no TIC was accumulated
in the liquid phase during the day. On the contrary, oxygen production by microalgae broadly

covered bacterial needs (rpg,,,, = -0.028 mol.m*3.h*1).

In the end, DO was directly influenced by rog,,, which depended on the growth rate paiy-

Those parameters presented then a similar trends. Without TIC limitation, the DO curve would
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be expected to follow a bell-shaped curve similar to light intensity. Instead, it shows a short peak
early in the morning, followed by a stabilization phase and a drop after sunset. Thus, the model
demonstrated that DO was affected by TIC variations and that, in this case, COs production

by bacteria was insufficient to meet the carbon needs of the microalgae.
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Figure 6.4 — First column: modeled DO, microalgal O2 production rate ro2,,, and microalgal growth rate piaig;

second column: TIC and microalgal CO2 production rate rcoz,,,

The model also allowed to calculate Oy and COs transfer rates through liquid and gas
phases. The mass transfer coefficients Krapgs = 1.32 h™! and Kraco2 = 1.12 h™!, chosen for

their representativeness of HRAP (Bello et al. 2017, Le Gouic 2013), are significant and indicate
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that gas-liquid transfer could influence the accumulation of O2 and COg in the liquid phase.
Figure 6.5 shows the transfer rates of Oy and COg in mol.h™!, respectively Noo and Ngos. A
negative value of Npo or Nopg indicates that the gas is primarily transferred from the liquid to
the gas phase, while a positive value indicates transfer from the gas to the liquid phase. Figure 6.5
illustrates that Np2 and Nopg were negative throughout the day-night cycle, meaning that Oq
and COsg produced by microalgae and bacteria tended to be lost in the gas phase. However,
this phenomenon is unlikely to impact TIC limitation for microalgae as the COs transfer rate
from the liquid to the gas phase Noo2 (-0.008 mol.m™3.h~!) is 6.3 times lower than the COs
consumption rate of microalgae (-0.05 mol.m~3.h~!) during periods when microalgal growth was

limited by TIC.
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Figure 6.5 — Modeled Os and COs volumetric transfer rates NOs and NCO,

In the end, no complete synergy was observed in the model simulating the coculture of S.
obliquus and E. coli when considering an organic carbon source utilized exclusively by bacteria.
Algal growth was lower than expected in comparison to the usual biomass ratio in an HRAP, and
bacteria did not rely on microalgae since they were limited by organic carbon and not by oxygen.
The gas-liquid oxygen transfer was sufficient to meet bacterial oxygen needs, which is unlikely
to occur in an HRAP. The following experimental investigation in the torus PBR is expected

to provide insights that will confirm the behaviour observed with the model and identify the
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missing elements necessary to accurately simulate microalgae-bacteria interactions in HRAP.

6.3.2 Experimental investigation of microalgae-bacteria interactions
6.3.2.1 Biomass productivities

Experimentally, total biomass achieved a productivity of 2.1 gzm~2.d~! in the coculture sup-
plied with acetate at a concentration of 130 mgC.L™!, 4.5 g.m~2.d~! in the coculture supplied
with acetate at a concentration of 260 mgC.L~!, and 1.1 g.m~2.d~! in the coculture supplied with
glucose at a concentration of 130 mgC.L~!. These productivities are below the expected values
based on Peterborough HRAP performances, which are estimated to be around 9.1 gm=2.d~!
(0.3 g.L.=! of microalgal suspension estimated from suspended solids and chlorophyll @ measure-
ments, at a HRT of 10 days and a depth of 30 cm) (Figure 6.6). NH}, PO3~, and SO?~ were
present in excess in each of the three cocultures.

Biomass achieved an organic carbon consumption of 19.8 mgCo,«g.L_1 471 40.1 mng,g.L_1 471
and 14.2 mgCo,ﬂg.L_l.d_1 in the coculture supplied with 130 mgC.L~! of acetate, 260 mgC.L~! of
acetate, and 130 mgC.L~! of glucose, respectively (Figure 6.7). Doubling acetate supply doubled
the acetate consumption and the biomass productivity.

Microalgae and bacteria represented respectively 71 % and 29 % of the biomass in the
coculture supplied with 130 mgC.L~! acetate, compared with 73 % and 27 % in the coculture
supplied with 260 mgC.L~! acetate (Figure 6.8). S. obliquus already demonstrated a strong
affinity for acetate in Chapter 5 and clearly dominated the consortium here, suggesting that
microalgae and bacteria were competing for acetate but with an advantage for microalgae.

In contrast, in the coculture using glucose as the carbon source, global biomass productivity
was very low (1.1 g.m~2.d~!). Bacteria dominated the consortium, and microalgae could not
grow. Low microalgal growth was likely due to a limitation by TIC and induced low oxygen pro-
duction, low dissolved oxygen in the culture and limitation of bacterial growth by oxygen. Thus,
bacteria reached low biomass concentration of 0.1 g.L.~!, producing low CO5 thus enhancing the
limitation of microalgal growth by TIC. In the model presented in Section 6.3.1.2, where organic

carbon was consumed only by bacteria, microalgae were also in minority (22 %) while bacteria
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Figure 6.6 — Surface biomass productivities in Peterborough HRAP and in torus PBR supplied with synthetic
wastewater with 130 mgC.L™" of acetate, 260 mgC.L™" of acetate and 130 mgC.L™" of glucose

dominated the consortium (78 %) (Figure 6.3).

The Figure 6.9 represents algal and bacterial biomass along the day-night cycle in the cocul-
ture supplied with acetate at 260 mgC.L~!. At night, a biomass loss of approximately 0.025 g.L "
was observed, corresponding to 5 % of the biomass. Bacterial biomass remains relatively stable
throughout the day-night cycle. The loss of biomass at night is then attributable to a decrease
in microalgal growth rate due to the predominance of the respiration process (Le Borgne and

Pruvost 2013).

6.3.2.2 O3 and CO, dynamics in day-night cycle

Investigations into oxygen and carbon dynamics along the day-night cycle were conducted
on the coculture supplied with 260 mgC.L~! of acetate, where the limitation by organic carbon

was unlikely.
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Figure 6.9 — Diurnal variations of total, microalgal and bacterial biomass in synthetic wastewater supplied with
260 mgC.L™" of acetate. Black line is the irradiance, orange dots the total biomass, green dots microalgal biomass
and purple dots the bacterial biomass

6.3.2.2.1 Dissolved oxygen

As illustrated on the Figure 6.10, dissolved oxygen levels dropped to 1.5 mg.L~! during the
night due to algal and bacterial respiration, reaching their peak value of 5.8 mg.L~! approx-
imately 3 hours after sunrise. Then, dissolved oxygen declined until midday before stabilizing
around 2.7 mg.L~!. This observation is consistent with the rapid increase in algal biomass fol-
lowing sunrise. Following sunset, dissolved oxygen levels decreased again and stabilized around
1.5 mg.L~! for the period of the night. Moreover, the experimental DO curve closely resembles

the DO curve generated by the model presented in Section 6.3.1.2 (Figure 6.4). The model re-
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vealed that the decrease in DO immediately after the morning peak was caused by a decline in
algal growth rate due to inorganic carbon limitation, which was quickly consumed after sunrise.
As predicted by the model, DO remained stable in the afternoon as algal growth was limited by

inorganic carbon, and then drops close to sunset when light became the limiting factor.
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Figure 6.10 — Diurnal variations of dissolved oxygen in a coculture supplied with synthetic wastewater with
260 mgC.L™" of acetate (in red) compared to the model (in grey)

Photosynthetically produced dissolved oxygen is found to be influenced by diurnal variations
of light and reached low values (below 2 mg.L.~!) for a period of 10 hours at night, potentially
leading to oxygen limitation for both microalgae and bacteria at night. Note that dissolved
oxygen does not drop to 0 mg.L~! due to aeration, which mimics mass transfer observed in
raceways and to permit gas analysis. To assess the impact of aeration on dissolved oxygen
availability, aeration was stopped at the end of the culture. Without aeration, DO concentrations

L at

exhibited higher amplitude, rising to 9 mg.L~! during the day and dropping to 0 mg.”
night. While stopping aeration did not affect bacterial biomass, microalgal biomass decreased
from 0.42 g.L7! to 0.29 g.L !, potentially due to oxidative stress during the day and oxygen

limitation at night.
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6.3.2.2.2 Dissolved organic and inorganic carbon

As illustrated on the Figure 6.11, total inorganic carbon concentration in the coculture
reached 25.7 mgC.L~! at the end of the nighttime due to algal and bacterial respiration, before
dropping and stabilizing at 18.2 mgC.L~! during the first 3 hours after sunrise due to the fixation
of CO3 by photosynthesis. This result is consistent with the rise in algal biomass observed just
after sunrise. The variations of TIC throughout the day-night cycle are very similar to the TIC
variations observed in the model. Modeled TIC increases during the night up to 12 mgC.L™1,
then drops quickly within 2 hours after sunrise before stabilising at a low value (Figure 6.4).

This suggests that, in the experiment, microalgae were also limited in TIC from a few hours

after sunrise.
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Figure 6.11 — Diurnal variations of total inorganic carbon (TIC) and total organic carbon (TOC) in a coculture
supplied with synthetic wastewater with 260 mgC.L™" of acetate

The model allowed to state that COq transfer from the liquid to the gas phase due to air
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injection did not significantly impact TIC limitation for microalgae, the transfer rate being much
lower than microalgal COs consumption rate. Yet, in the experiment, TIC concentration was not
impacted by stopping the aeration at the end of the experiment, demonstrating experimentally

that TIC variations throughout the day-night cycle were not artificially buffered by the aeration.

In contrast, variations of organic carbon observed along the day-night cycle are not consistent
across several cycles and consequently do not seem to be correlated with light. While an increase
in chemoheterotrophic activity by microalgae would be expected at night to compensate for the
absence of light as an energy source, Figure 6.10 shows very low dissolved oxygen concentration
at night, potentially limitating heterotrophic activity and acetate consumption at night for
both microalgae and bacteria, explaining the absence of significant variations in organic carbon
concentration in the coculture throughout the day-night cycle. In the model where organic
carbon was consumed only by bacteria, organic carbon also remained constant throughout the

day-night cycle due to bacteria limited by organic carbon.

6.3.2.2.3 Net volumetric O and CO; production rates

While the measurements of dissolved oxygen and total inorganic and organic carbon con-
centrations is crucial for estimating the availability of oxygen and carbon for microorganisms in
the culture, net O and CO2 production rates can be deduced by considering the Os and CO4
concentrations measured in the gas phase. These measurements provide valuable insights into
the metabolic activities of microorganisms and help in understanding the dynamics of oxygen
and carbon exchange between the liquid and gas phases.

The Figure 6.12 illustrates how the net volumetric Oy production rate, rOs, changes through-
out the day-night cycle. After sunset, rO5 drops and stabilizes around -0.064 mol.m™3.h~!, indi-
cating a net consumption of oxygen at night. After sunrise, rOs rises quickly and becomes positive
when light exceeds 150 gumol.m~2.s~ L. It reaches its peak value (0.15 mol.m~3.h~1) in the morn-
ing when light reaches approximately 400 gmol.m~2.s~!. However, as light intensity continues
to increase up to 700 gmol.m~2.s~!, 1Oy starts to drop and stabilizes around 0.04 mol.m=3.h~!

in the afternoon. As light decreases below 225 pmol.m™2.s7!, rO, starts dropping again and
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becomes negative when light falls below 150 pumol.m™2.s7!. At this point, dissolved oxygen in
the culture becomes limiting and rO stabilizes around -0.064 mol.m~3.h~!. Note that the rOs
obtained experimentally present a shape similar to modeled rpg,,, with a peak early in the
morning followed by a stabilised phase until sunset. This behaviour is attributed to TIC limita-
tion after the rapid consumption of available TIC in the early hours after sunrise, as indicated
by the drop in TIC observed in the early morning (Figure 6.11). Additionally, both before sun-
rise and after sunset, rOs becomes negative when light levels drop below 150 pgmol.m=2.s7 1,
corresponding to a Mean Rate of Photons Absorption of 6.4 umol.g~!.s™!, which reflects light
availability in the culture. Overall, photosynthetic activity compensates for algal and bacterial

1 s~1, which is the case for most of the day.

respiration when the MRPA exceeds 6.4 pmol.g™

Dynamics of the net volumetric COs production rate rCOq are also influenced by diurnal
variations of light. Throughout the nighttime, rCO2 progressively increases from -0.0053 to
0.03 mol.m™3.h~! due to algal respiration. Note that bacterial respiration is expected constant
throughout the day-night cycle as bacteria were limited by organic carbon and not oxygen.
Then, rCO progressively decreases to -0.0053 mol.m™3.h~! from sunrise to sunset due to COs
fixation by photosynthesis. In the model where organic carbon is consumed only by bacteria,
rCOs shows similar behaviour as rOs, with a sharp drop early in the morning. However, in
the experimental data, variations in COy production show less amplitude, potentially due to
microalgae reusing the COs they produced while consuming acetate. Despite microalgae fixing
CO2 through photosynthesis during the day, rCOo predominantly takes positive values, even

during daylight hours. This continuous positive value of rCO2 can be attributed to the ongoing

conversion of acetate into COs by both microalgae and bacteria throughout the day-night cycle.

6.3.2.3 Carbon mass balance

Establishing a carbon mass balance between the carbon supplied to the culture (inlet) and
the carbon measured in the culture (outlet) is crucial for understanding the contribution of
microalgae and bacteria to carbon fluxes in the coculture. The distribution of carbon into the

biomass, the gas phase, and the liquid phase in both the inlet and the outlet is summarized in
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Figure 6.12 — Net O3 and CO2 volumetric production rates along the diurnal cycle in a coculture supplied with
synthetic wastewater with 260 mgC.L™! of acetate

Table 6.2 and Figure 6.13. In this analysis, elemental compositions of S. obliquus and E. coli

were given by Garcia-Moscoso et al. (2015) and Folsom and Carlson (2015) respectively.

The error on the carbon balance, reflecting the disparity between the carbon fluxes in the
inlet and in the outlet, was 33.5 % for the coculture supplied with 130 mgC.L~! of acetate
and 6.5 % for the coculture supplied with 260 mgC.L~! of acetate. The error in the first case
(33.5%) raises concerns about the reliability of the measurements. Data reconciliation would be

necessary to facilitate the interpretation of carbon distribution in this coculture.

Nevertheless, the carbon balance in the second coculture display a low error between the
carbon supplied to the culture and the carbon recovered in the outlet (6.5 %), allowing a first
interpretation and estimation of the carbon fate within the consortium. As illustrated in Fig-
ure 6.13, the main source of carbon in the inlet is acetate, corresponding to a carbon flux of 68.3
mgC.L~'.d~!. The 6.1 mgC.L~'.d~! of inorganic carbon in the inlet is attributable to the 0.04 %

of CO3 present in the air injected into the PBR. Within the PBR (outlet), 83 % of the organic
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Figure 6.13 — Carbon balance showing the repartition of carbon supplied between the biomass, the liquid phase
and the gas phase in the coculture supplied with (a) SWWx1 (130 mgC.L~" of acetate) (b) SWWx2 (260 mgC.L~*

of acetate)

carbon supplied as acetate is consumed by microalgae and bacteria (comprising 61 % and 22 %,

respectively). The inorganic carbon flux in the gas phase increases by 49 % compared to the

inlet due to COq release after acetate oxidation for biomass growth. The produced inorganic

carbon is also found to be dissolved in the liquid phase (3.5 mgC.L=t.d~1).

SWWx2 Acetate = 260 mgC/L | SWWx1 Acetate = 130 mgC/L
Inlet Outlet Inlet Outlet
(mgC/L/d) (mgC/L/d) | (mgC/L/d) (mgC/L/d)
Carbon' in the total 0 56.8 0 926.9
biomass
Carbon' in the algal 0 415 0 10.1
biomass
Carbon in the 0 15.3 0 7.8
bacterial biomass
Corg (liquid phase) 68.3 9.8 35.7 5.6
Cinorg (liquid phase) 0 3.5 0 3.6
Cinorg (gas phase) 6.1 9.1 6.1 19.7
Total 74.4 79.2 41.8 55.8
Error 6.5% 33.5%

Table 6.2 — Carbon balance showing the repartition of carbon supplied between the biomass, the
liquid phase and the gas phase in the coculture supplied with 130 and 260 mgC.L~! of acetate
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6.3.2.4 Data reconciliation-based stoichiometric analysis

Establishing the reactions occurring in the reactor is crucial for discriminating between
microalgae and bacteria contributions to organic carbon consumption and inorganic carbon
consumption and production. Moreover, each measurement carries an uncertainty, leading to
non-closed mass balances. In order to improve the analysis of the experimental fluxes, a stoi-
chiometric analysis was added. The reactions assumed to occur in the reactor are as follows, based
on elemental analysis of S. obliquus and E. coli from studies by Garcia-Moscoso et al. (2015)
and Folsom and Carlson (2015) respectively.

Algal photoautotrophy (during the daytime):

COs + 0.16 NH3 + 0.6985 HoO — CH{.877Ng.1600.478 + 1.11 O9 (6.1)

Algal photoheterotrophy (during the daytime):

0.5C3H409 4+ 0.16 NH3 — CH; 877Np.1600.478 + 0.1103 O2 + 0.3015 H,O (6.2)

Algal chemoheterotrophy (during the nighttime):

CoH405 + 0.16 NH; + 0.8895 Oy — CH;j §77N0.1600 478 + 1.3 Hy0 + CO4 (6.3)

Bacterial chemoheterotrophy (during the daytime and nighttime):

0.625 CoH409 + 0.368 NH3 + 0.324 O — CH;{ 74Np.2030¢.43 + 1.16 H,O + 0.4 COy (6.4)

Data reconciliation allows for corrections to be applied to the measured rates of acetate,
CO4, NHs, O9, algal and bacterial biomass, while considering constraints imposed by the known
stoichiometric relationships for S. obliquus photoautotrophic and photoheterotrophic growth
and FE. coli chemoheterotrophic growth, as well as their respective yield coefficients for acetate,

found in the literature. This process, based on a pseudo steady-state assumption, enables the
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assessment of carbon fluxes between algal biomass, bacterial biomass, dissolved organic carbon,

and dissolved inorganic carbon.

This analysis focuses on two distinct stable phases along the day-night cycle, the first at
the end of the afternoon and the second at the end of the night. The Figure 6.14 illustrates
the reaction rates in the coculture supplied with 130 mgC.L~! of acetate and the Figure 6.15
in the coculture supplied with 260 mgC.L~! of acetate, during the daytime and the nighttime.
Each reaction is represented by a different color: photoautotrophic algal growth in green, pho-
toheterotrophic algal growth in brown, and chemoheterotrophic bacterial growth in purple. The
reactants are placed at the beginning of the arrows, while the products are at the end. This
diagram provides insight into the carbon fluxes within the system during both daytime and

nighttime phases.
e During the day

In both experiments with 130 mgC.L~! (SWWx1) or 260 mgC.L~! (SWWx2) of acetate, S.
obliquus and E. coli are clearly in competition for organic carbon. During the daytime, acetate
is consumed at 69% and 67% by microalgae and at 31% and 33% by bacteria, in SWWx1
and SWWx2 respectively. This distribution remains consistent regardless of the acetate supply.
Besides, NHj is predominantly consumed by microalgae, representing 69 % in both SWWx1 and
SWWx2. This aligns with previous observations indicating a similar microalgae-to-bacteria ratio
in SWWx1 and in SWWx2 (Figure 6.8). The stoichiometric analysis confirms that the higher
microalgal productivity compared to bacterial productivity observed previously (Figure 6.8) is
attributed to higher acetate consumption by microalgae.

The contribution of photoautotrophy to microalgal growth was 8 % in SWWx1 and 21 % in
SWWx2, while photoheterotrophy accounts for 92 % and 79 %, respectively. This is supposedly
due to the higher bacterial biomass production in SWWx2 (from 0.023 to 0.049 mol.m=3.h~!)
enhanced by a higher acetate supply and producing more inorganic carbon (from 0.0053 to
0.0121 mol.m~3.h~1), which is then fixed by microalgae through photosynthesis at a rate of

0.032 mol.m3.h1.

The increase in supplied acetate enhances both photoheterotrophic and photoautotrophic mi-
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croalgal growth (represented by the brown arrows on the Figure 6.15) but also photoautotrophic
microalgal growth (represented by the green arrows). This finding is consistent with dissolved
oxygen measurements. Despite doubling the biological oxygen demand in SWWx2, the average
dissolved oxygen concentration remained similar to that in SWWx1. This suggests an increased
contribution of photoautotrophic growth to compensate for the increased oxygen demand due

to higher acetate supply.

For a same amount of biomass produced, photoautotrophic growth produces ten times more
oxygen than photoheterotrophic growth. However, according to the stoichiometric analysis, in
SWWx1 oxygen is produced at 46% by photoautotrophy and at 54% by photoheterotrophy.
This is due to the very high contribution of photoheterotrophy to global algal growth (92%). On
the contrary, in SWWx2 where the contribution of photoautotrophy to algal growth is higher,
oxygen is produced at 73% by photoautotrophy and at 27% by photoheterotrophy. Only 34% and
20% of the oxygen thus produced by microalgae is consumed by bacteria in chemoheterotrophy
in SWWx1 and SWWx2 respectively, leading to positive net oxygen production of the coculture
during the daytime. Microalgal production of oxygen is then confirmed to be sufficient to cover
bacterial needs, even while photoautotrophy is not the dominant growth mode. This explains why
stopping aeration in the PBR at the end of the experiment did not affect bacterial growth. The
oxygen production by microalgae was indeed sufficient to cover bacterial needs. Note that the
same observation aligns with the results from the model, where bacteria exclusively consumed
organic carbon. This suggests that microalgal oxygen production in the presence of light is

sufficient, regardless of whether organic carbon is available for microalgae or not.

In the end, microalgae and bacteria exhibit a strong competition for acetate during the day-
time. The competition for acetate , by inhibiting bacterial growth, seems to limit the production
of CO9, the CO, fixation by microalgae and the photoautotrophic growth. This hypothesis is
supported by the higher contribution of photoautotrophic growth in SWWx2 when acetate sup-
ply and acetate concentration available in the culture are higher and competition for this carbon

source supposedly lower.

In the model where organic carbon was exclusively consumed by bacteria, total biomass
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was equivalent to biomass measured in the torus PBR where acetate was predominantly con-
sumed by microalgae. This indicates that while competition for acetate affects the distribution
of carbon between algal and bacterial biomass, it does not significantly impact the total biomass

production.
e At night

In the absence of light, microalgal growth relies on chemoheterotrophic reaction. The organic
carbon source utilized by the microalgae can either be external to the cell (acetate in this case)
or the internal carbon stock of the cell. Measured acetate consumption rate is not significantly
different at night and during the day, suggesting that acetate consumption by microalgae is
maintained during the nighttime and that acetate was the organic carbon source utilized in
chemoheterotrophy by microalgae. As chemoheterotrophy is the only mechanism supporting
algal growth at night, competition for acetate is intensified compared to the daytime. At night,
acetate is consumed at 81% and 64% by microalgae in SWWx1 and SWWx2 respectively. As
microalgae does not produce oxygen at night, microalgae and bacteria compete for oxygen.
Microalgae still dominate the consortium at night, and oxygen uptake at night is attributable

at 92% and 83% to microalgae in SWWx1 and SWWx2 respectively.

While the experimental discrimination of algal and bacterial biomass based on total dry
weight and bacterial plate count did not permit to observe slight variations of the biomass compo-
sition along the day-night cycle, the stoichiometric analysis reveals that sole chemoheterotrophic
microalgal growth on acetate at night does not permit to maintain the microalgal productivity
reached during the day. The experiment does not permit to state if the carbon source utilized by
microalgae at night was only acetate or if the microalgae was also consuming its internal carbon
stocks. The hypothesis of internal carbon stock consumption for microalgal cell maintenance
at night could be supported by the slight decrease in biomass concentration at the end of the
night (5%, Figure 6.9). In the model where organic carbon is not consumed by microalgae, a
low total biomass loss of 5.6 % was observed as well, suggesting that acetate availability does
not necessarily prevent algal decay in darkness conditions by inducing heterotrophic growth and

that microalgae consume its internal carbohydrates stocks.
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Figure 6.14 — Acetate, TIC, O2 and NH; fluxes (in mol.m™®.h™') in S. obliquus-E. coli coculture with 130
mgC.L™! of acetate supply during the daytime and the nighttime
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mgC.L™" of acetate supply during the daytime and the nighttime
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6.3.2.5 Comparison with oxygen and carbon measured in Peterborough HRAP

The experimental setup used in this study to investigate the fate and role of carbon sources
in microalgae-bacteria interactions aimed to mimic the conditions of light and carbon availability
in a real-scale HRAP by using a laboratory-scale torus PBR. However, to simplify the system for
better understanding microalgae-bacteria interactions mechanisms, synthetic wastewater with
a single source of organic carbon, acetate, was used. Estimating to what extent the cocultures
in the torus PBR were representative of the conditions observed in a real-scale HRAP is essen-
tial to inform on the relevance of using laboratory PBR to study large-scale systems from the
perspective of wastewater treatment.

Table 6.3 compares the maximal concentrations of dissolved oxygen and average TIC and
TOC concentrations measured during the daytime in Peterborough HRAP with the values mea-

sured in the torus PBR.

Peterbor- Torus - Torus - Torus -
ough HRAP Acetate 130 Acetate 260 Glucose 130
mgC.L~! mgC.L! mgC.L~!
Maximal value of
dissolved oxygen 23 5 6 1
(mg.L71)
TIC (measured
during the day) 23 18 18 6
(mgC.L™1)
TOC (measured
during the day) 37 27 51 56
(mgC.L~1)

Table 6.3 — Dissolved oxygen, total inorganic and organic carbon measured during the day in
Peterborough HRAP and cocultures in the torus PBR

Very high concentrations of dissolved oxygen were reached in the Peterborough HRAP
(23 mg.L~1), while dissolved oxygen only reached 5 to 6 mg.L~! in the cocultures using ac-
etate in the torus PBR. This difference is likely due to the significant consumption of acetate
by microalgae in the torus PBR, reducing the net oxygen production in the culture, as demon-
strated in Chapter 5. This is confirmed by the stoichiometric analysis and suggests that, in
HRAP, microalgal growth is mainly autotrophic. In an HRAP fed with real wastewater, acetate

and other molecules easily assimilable by microalgae would contribute only approximately for
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10-15 % of the total organic load of raw wastewater, as explained in Chapter 4. However, this
figure might be much higher after anaerobic pretreatment that favours VFA production. The
contribution of microalgae to heterotrophic activity would be lower and oxygen production rate
would be higher in the HRAP fed with real wastewater than in the torus PBR fed with syn-
thetic wastewater using acetate. Moreover, the dissolved oxygen curve in Peterborough HRAP
(Figure 6.16) is a bell-shaped curve that follows diurnal variations of light along the day, while
the dissolved oxygen curve in the torus PBR presents a peak in the morning followed by a
stabilization phase and a drop after sunset, due to an exisiting limitation in TIC for microalgae
occurring shortly after sunrise. This suggests that microalgae are not limited by TIC in the
Peterborough HRAP, confirming that CO2 production by bacteria in the Peterborough HRAP
is sufficient to meet algal needs, unlike in the torus PBR. experiments. Besides, the concentration
of inorganic carbon in the torus PBR was slightly lower (18 mgCinorg.L 1) than in Peterborough
HRAP (23 mngO,«g.Lfl). This confirms that the experiments in the torus PBR did not permit

reproduction of the synergy expected.
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Figure 6.16 — Dissolved oxygen concentration in Peterborough HRAP over 24h
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The concentrations of organic carbon in the coculture on synthetic wastewater in the torus
PBR (27 and 51 mgCoyy.L 1) were comparable to organic carbon measurements in Peterborough
HRAP (37 mgCy.L71). However, the organic carbon measured in Peterborough HRAP is ex-
pected to be non-biodegradable carbon, given that the Biological Oxygen Demand, which corre-

sponds to the fraction of the organic load degradable by microorganisms, was low (18 mgOy.L~1).

6.4 Discussion

6.4.1 Investigation of carbon and oxygen fate in a coculture in day-night

cycle

e Microalgae-bacteria ratio

Microalgae-bacteria consortium in the cocultures SWWx1 and SWWx2 was dominated by
microalgae. This tendency is likely due to the strong affinity of S. obliquus for acetate. However,
a significant dominance of microalgae over bacteria is often reported in HRAPs. Safi et al. (2016)
reported that in HRAPS, the particulate carbon was not dominated by active heterotrophic com-
ponents, including bacteria and grazers, and stated that a balanced HRAP contained >60 %
of microalgae, <20 % of bacteria, and <3 % of grazers. Cromar and Fallowfield (1992) deter-
mined that microalgal biomass accounted for 40 % of the total dry weight of a sample from an
HRAP fed with aerobically pre-treated pig slurry, with the remaining 60 % comprising organic
detritus and bacteria. However, in the model where only bacteria were consuming the organic
carbon, bacteria represented 78 % of the total biomass compared to 22 % for microalgae, which
is not representative of most HRAPs. The model revealed here that the relatively high microal-
gae/bacteria ratio observed in HRAP cannot be reproduced using a model that considers only
one microalgal specie, one bacteria specie and one organic carbon source consumable only by
bacteria. Microalgal growth relies thus on more complex mechanisms than the ones considered
in the model.

The dominance of one microorganism over another one, either in the simplified system such

as the coculture investigated in the present study or in a real-scale HRAP, is also expected to
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depend on the hydraulic retention time. Bacteria have a much shorter generation time than mi-
croalgae, thus they are favored by relatively short HRT compared to microalgae when cultivated
in continuous mode. In contrast, a long HRT, as applied in HRAPs and in the experiments
presented in this study, could disadvantage bacteria compared to microalgae. Modeling work de-
signed to test the impact of dilution rate on microalgae-bacteria ratio showed very little effect of
the dilution rate due to the dependence of microalgae on bacteria. This might be more relevant

in HRAPs were interdependence between the microorganisms is expected during the daytime.

e Dynamics along day-night cycles

In photoautotrophic conditions, studies have reported microalgal biomass losses ranging from
6 to 20 % over a 10-hour night (Artu 2016, Hindersin et al. 2014). Similarly, a microalgal biomass
loss of 1 % per hour was observed following a light transition from 765 to 75 ymol.m~2.s7! in a
photoautotrophic culture of Chlorella vulgaris (Bonnanfant et al. 2021). However, in the present
study where microalgae were grown in mixotrophy in the presence of acetate, a lower biomass
loss of 5 % was observed over 10 hours of darkness. This result is consistent with the conclusions
drawn in Chapter 4, where organic carbon was found to reduce algal biomass loss during the

dark phase. However, this hypothesis is contradicted by the model predictions, which suggest

similar biomass loss even when organic carbon is not consumed by microalgae.

Algal and bacterial biomass measurements present a significant uncertainty as both mea-
surements are indirect. They rely on total dry weight and on bacterial count and the correlation
establish with bacterial biomass. As suggested by the large error bars in the Figure 6.9, variations
in algal and bacterial biomass along the day-night cycle are in the range of the measurement
uncertainty. Consequently, this method does not enable the observation of significant diurnal

variations in bacterial and algal biomass.

Online measurements revealed diurnal variations in dissolved oxygen, with levels dropping
to 1 mg.L~! at night and rising to 6 mg.L~" a few hours after sunrise. These periods of dark-
ness correspond to low DO concentrations, potentially leading to oxygen limitation for both

microalgae and bacteria. However, due to the limited precision of algal and bacterial biomass
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measurements, the effect of oxygen limitation at night on their biomass could not be clearly
observed. In Peterborough HRAP, dissolved oxygen tends to be limiting at the end of the night
as well, but it exceeds 20 mg.L~! at midday. The lower dissolved oxygen concentration measured
in the cocultures compared to a real-scale HRAP is likely due to the utilization of acetate as
a carbon source, which is more easily assimilable than other compounds present in wastewa-
ter. This hypothesis is supported by Sforza et al. (2018), who reported higher oxygen demand
in microalgae-bacteria consortium in synthetic wastewater when acetate was used as a carbon

source compared to meat extract or peptone.

Similarly, dissolved inorganic carbon concentration varied diurnally. TIC concentration in-
creased by 20 % (SWWx1) and 38 % (SWWx2) at night due to microalgal respiration in the
dark and dropped during the first 3 hours after sunrise due to CO» fixation by photosynthesis.
Le Gouic et al. (2021) estimated that microalgae were limited in inorganic carbon when TIC
< 1 mM, yet DIC was close to this value in the torus PBR experiments. Limitation by TIC
was also confirmed by the model with an organic carbon supply of 260 mgCyy.L 1. Dissolved
inorganic carbon concentration in Peterborough HRAP during the day was 1.9 mM on average,
but diurnal variations of TIC were not measured. Sutherland et al. (2021) reported that TIC
varied from 1 mM at midday to 3 mM at the end of the night in a real-scale HRAP, which is in

the range of the values obtained in the torus PBR in the present study.

Finally, there was no significant variations of organic carbon over the day-night cycle, suggest-
ing that acetate consumption was not impacted by darkness or by light-dependant mechanisms
(photoautotrophy). This result is coherent with the conclusions drawn in Chapter 5, where

photoautotrophic and photoheterotrophic algal growth were found to occur independently.

In conclusion, similar dynamics were observed in the model and in the torus PBR experi-
ments, which allowed the identification of limitation by TIC for microalgae. This suggests that
CO4 production by bacteria was not sufficient to cover algal needs in the torus PBR experi-
ment. Even while predominantly consuming acetate as a carbon source, microalgae would still

be sensitive to TIC limitation and would benefit from COs production by bacteria.
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e Carbon and oxygen fate in the consortium

The stoichiometric analysis coupled to a data reconciliation approach allowed an estimation
of the contributions of each microorganism and growth mode to carbon and oxygen fate, which
was a relevant approach given the redundancy of the information available. However, the el-
ementary compositions of S. obliquus and E. coli used in this method were sourced from the
literature and were not determined for the specific strains and experimental conditions applied
in the cocultures. Moreover, the E. coli yield coefficient for acetate was also taken from the lit-
erature. For future studies, measuring the elemental composition and stoichiometric parameters
of each microorganism, grown under conditions similar to those in the experiment, would be

necessary.

The capacity of S. obliquus to utilize acetate as a carbon source suggests that microalgae
did not mainly rely on bacteria for carbon. Indeed, photoautotrophic growth contributed only
8 % and 21 % to algal growth in SWWx1 and SWWx2 respectively. Nevertheless, in SWWx2,
enhanced CO3 produced by bacteria significantly enhanced photoautotrophic algal growth com-
pared to SWWx1, suggesting that microalgae still benefit from bacterial production of COs,
while competing with them for acetate. Microalgae and bacteria were in competition for acetate,
however according to the stoichiometric analysis bacteria still produces CO2 that is consumed
by microalgae and microalgae still produces Oo that is consumed by bacteria, suggesting a mu-
tual benefit between microalgae and bacteria. In addition, the model, where organic carbon was
consumed only by bacteria, showed that in these conditions the coculture partly improves total
biomass compared to monoculture due to microalgae relying completely on bacteria for carbon
supply in the model. Similarities in the behaviour of oxygen and CO; in the model and in the
coculture on acetate allowed for the identification of a limitation by inorganic carbon in the
coculture on acetate, even while acetate was the main carbon source for microalgae according to
the stoichiometric analysis. Even while microalgae and bacteria were in competition for acetate,

microalgal growth also partly relied on bacteria for the production of COs.

Furthermore, contradictory results on the necessity of adding external CO2 to HRAP to

cover microalgal needs are reported in the literature (Ruas et al. 2020, Shayesteh et al. 2021,
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Young et al. 2019b). DIC concentrations measured in HRAP (Sutherland et al. 2021) exceed
the concentration of 1 mM, below which microalgae would be limited by inorganic carbon (Le
Gouic et al. 2021). Moreover, as explained in Chapter 4, light is often the limiting parameter
to microalgal growth in HRAP. These elements suggest that sparging COs in HRAP would
present only limited benefits, especially considering the additional operational costs associated
with this system. However, the capacity of microalgae to use organic carbon as a carbon source
questions the fate of the CO9 produced by bacteria and the efficiency of carbon removal by the
biomass. Yet, in the present study, even while using an organic carbon source easily consumable
by microalgae such as acetate, the net CO2 production, which can be seen as the flux of non-
utilized COgz lost in the gas and the liquid phase, is very low (0.01 mol.m~3.h~1), suggesting
an efficient use of the inorganic carbon by the coculture. The optimisation of the carbon source
and its affinity towards cultivated microorganisms emerges as a key factor in the efficiency of
microalgae-bacteria consortium for wastewater treatment, providing crucial information about

the necessity to add external COs to the HRAP.

6.4.2 Relevance of using torus PBR to simulate HRAP

e Choice of the carbon source

Approximately 45 mgCO,ﬂg.L_l was measured in Peterborough HRAP; however, the biodegrad-
able fraction of the remaining organic carbon is unknown. As suggested in Chapter 4, further
studies should focus on the characterisation of the main organic molecules present in wastewa-
ter and in the outlet of the HRAP as well as their availability for different microorganisms to
evaluate the limitations of both microalgae and bacteria in organic carbon. In SWWx1, organic
carbon was limiting in the coculture and led to a strong competition between S. obliguus and
E. coli for acetate, which is unlikely to occur in real HRAP. In SWWx2, acetate concentra-
tion was doubled to observe the behaviour of the consortium in non-limiting organic carbon
conditions, but microalgae dominated the consortium in both cases, highlighting that the low
growth of F. coli was due to the fact that acetate is more suitable for S. obliguus than for FE.

coli. Moreover, the same experiment using glucose as the carbon source led to very low algal

280



6.4. Discussion

growth and total biomass, with bacteria dominating the consortium. In the end, using only one
organic carbon source led to domination of the consortium by the specie with the highest affinity
for the substrate. For further research, the composition of the synthetic wastewater in labora-
tory experiments should be more representative of the biodegradability of the organic load in
HRAP operated in real conditions. In wastewater, certain molecules as polysaccharides for ex-
ample can only be consumed by bacteria, limiting microalgal heterotrophic growth and allowing
heterotrophic bacteria to grow without competition on organic carbon with microalgae (Sforza
et al. 2018), enhancing the contribution of autotrophic growth, the production of oxygen by
microalgae, and of inorganic carbon by bacteria, which is beneficial for the symbiosis. Besides,
organic compounds require more or less oxygen for their degradation. For example, pollutants
like methane and methanol require more Oz in the system than glucose to be degraded (Russel
et al. 2020), influencing O9 availability in the consortium and microalgae-bacteria interactions

(Figure 6.17).

As part of a study investigating microalgae-bacteria gas exchanges in wastewater, Sforza et
al. (2018) utilized a synthetic wastewater composed of 38 % acetate, 36 % meat extract and 26 %
peptone. Despite the presence of simple (acetate) and complex (meat extract) compounds, the
biological oxygen demand of the synthetic medium was higher than real wastewater, suggesting
the biodegradability of the compounds utilized was not representative of real wastewater either.
Prepared according to Nopens et al. (2001), the synthetic wastewater used by Robles et al. (2020)
and Casagli et al. (2021) for feeding HRAP was more complex and comprised six different
organic compounds: 31 % starch, 29 % milk powder, 15 % acetate, 13 % yeast extract, 7 % soy
oil and 4 % peptone. The fraction of acetate is coherent with domestic wastewater composition
reported by Huang et al. (2010), where volatile fatty acids represent 11 % of the total COD.
With this medium, simple sugars are supplied by milk powder and proteins by peptone, milk
powder and yeast and would represent respectively 10 % and 25 % of the organic load, which
is coherent as well with the composition of domestic wastewater. In this synthetic wastewater,
starch represents the organic fraction consumable by bacteria but not by microalgae. Again, the

biodegradability of different groups of organic molecules by different groups of microorganisms
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needs to be investigated to better understand the complexity of HRAP systems.

e Light attenuation

The Mean Rate of Photons Absorption in Peterborough HRAP was estimated around 6 gmol.g=.s71,
considering an algal biomass concentration around 0.3 g.L~!, a depth of 0.3 m and an average
incident irradiance over 24 hours of 500 ymol.m~2.s~!, based on light measurements completed
in summer. However, the MRAP was found much higher in the cocultures in the torus PBR,
with 18 gmol.g='.s7! in SWWx1 and 9 pmol.g~!.s~! in SWWx2 due to the lower reactor depth
in the torus PBR. Higher biomass productivity and higher dissolved oxygen concentration were
then expected in the torus PBR than in Peterborough HRAP due to higher light availability,

however the opposite was observed. This result suggests that biomass productivity, oxygen, and

carbon cycle rely on a more complex system than initially expected.

e Conclusion on the relevance of using torus PBR

The algal and bacterial biomass measurements lacked precision to reveal subtle variations
in behaviour along the day-night cycle. However, online analysis of gas and liquid phases, fa-
cilitated by a well-mixed, controlled, and equipped torus PBR, provided valuable information
on biomass dynamic response to light variations. In addition, Chapter 3 demonstrated that
large-scale HRAPs are well-mixed and that oxygen, inorganic carbon, and organic carbon are
not impacted by depth, width, or distance from the paddlewheel in a large-scale HRAP. Con-
sequently, using a well-mixed PBR such as torus PBR to simulate HRAP remains relevant.
However, the design of these laboratory-scale experiments reveals to follow a model that is too
simplified to fully account for the phenomena actually involved in contributing to the effec-
tiveness of an HRAP. Using acetate alone was inadequate for simulating wastewater organic
load due to its high affinity with microalgae, which is not representative of microalgae’s affinity
with most of wastewater organic molecules. Moreover, different microalgae and bacteria species
have varying affinities with organic molecules, making a consortium composed of a variety of
microalgae and bacteria species more appropriate than a single microalgal and bacterial specie.

Additionally, while the present study focused on the carbon cycle, the nitrogen cycle is maybe
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also crucial for understanding microalgae-bacteria interactions. As demonstrated in Chapter 3,
nitrifying bacteria that convert NHJ (microalgae preferred nitrogen source) to NO; and NO3

are significant in HRAP and could impact microalgal growth.

Analysis of the DO dynamics in the model and in the experimental cocultures, that turned
out to be similar, revealed that the modeled and experimental cocultures were limited by TIC.
This demonstrates that, in these models, TIC limitation occurs whether microalgae-bacteria
ratio is in favour of microalgae or bacteria and whether organic carbon is consumed by microalgae
and bacteria. Yet, DO dynamics observed in Peterborough HRAP showed no TIC limitation in
the HRAP. The bell-shaped DO curve was typically associated with a limitation by light rather
than TIC. Besides, the microalgae-bacteria ratio obtained in the model (low microalgae) was far
from the ratio observed in HRAP, this being due to microalgae limited by TIC in the model and
not in the HRAP. In conclusion, overly simplified systems like the model and the experiments
in the torus using acetate or glucose are not fully suitable to simulate a complex system such
as a HRAP. In the end, the system used to simulate HRAP should not be limited in TIC or
in DO and present a microalgae proportion close to 2/3 of the biomass (Safi et al. 2016) to be

considered representative.
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Figure 6.17 — Factors determined by experimental conditions influencing Oz, CO2 and organic carbon availability
in a laboratory PBR
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6.5 Conclusion

Instead of a symbiotic interaction, microalgae and bacteria were found to compete for ac-
etate, which favoured microalgae, while using glucose favoured only bacteria in the lab-scale
experimental setup designed to study microalgae-bacteria interactions that could occur in an
HRAP. Besides, no complete synergy could be observed in the model where organic carbon was
consumed only by bacteria, which is the generally accepted mechanism. These results suggest
that overly simplified systems like the model or the experiment in the torus using a sole organic
carbon source, a sole microalgae strain and a sole bacteria strain did not permit recreation of
the interactions as encountered in HRAP. This is supported by the observation that the total
biomass productivity obtained in the torus was far from the productivity measured in Peterbor-
ough HRAP.

A portion of the phenomena necessary to fully explain this synergy is still to be explored.
The synergy observed in HRAP seems to rely on a more complex system than a simple coculture,
in which a variety of bacterial strains are able to degrade a variety of organic molecules as a
result of their specific affinities. The level of simplification of the system turns out to be crucial
while simulating large-scale HRAP systems in a laboratory photobioreactor. Both microalgal and
bacterial populations (including nitrifiers) and organic carbon source should be complexified to
enable accurate simulation of microalgae-bacterial interactions in HRAP.

Despite significant differences in the conditions between the laboratory-scale torus PBR
and Peterborough HRAP, our results have enabled a better understanding of the nature of
microalgae-bacteria interactions in a coculture under dynamic light conditions simulating solar
conditions, demonstrating the relevance of the proposed approaches. While experiments with ac-
etate demonstrated that microalgae contribute to organic load removal traditionally attributed
solely to bacteria, this study also revealed that the choice of the organic carbon source was ex-
tremely relevant when studying microalgae-bacteria interactions, significant photoheterotrophic
contribution being observed with acetate but not with glucose. Therefore, investigating the re-
spective affinities of microalgae and bacteria towards various organic carbon sources present in

HRAPs would be an interesting perspective toward a better understanding of HRAP functioning.
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Nevertheless, both the torus PBR and modelling turned out to be relevant tools for studying
interactions between microorganisms in HRAP system. As detailed in Chapter 4, a combination
of controlled laboratory studies and outdoor large-scale operational high rate algal ponds should
be conducted to comprehensively investigate the complex mechanisms involved.

Moving forward, while previous chapters focused on microalgae-bacteria interactions related
to the removal of organic and mineral pollutants, Chapter 7 will address pathogen removal,
another major issue in wastewater treatment. While oxygen is essential in microalgae-bacteria
interactions, it also plays a crucial role in pathogen disinfection in HRAPs by enabling the
production of Reactive Oxygen Species that damage microbial and viruses structure. Moreover,
despite the well-mixed nature of the Peterborough HRAP, field measurements revealed a strong
attenuation of solar radiations throughout the reactor depth, potentially impacting solar inacti-
vation of pathogens. Chapter 7 will focus on the impact of microalgae on the solar inactivation
of indicator viruses in HRAPs, with the perspective of improving pathogen removal efficiency in

HRAP systems.

Highlights

e Photoheterotrophic contribution depends on the organic carbon
source.

e In coculture in dynamic conditions, microalgal growth relies on bacte-
rial production of COs.

e The model predicted similar dynamics to the ones observed in HRAP.
e Complex carbon source mixtures and algal and bacterial populations
should be used to simulate HRAP more representatively.

e Further research should focus on the biodegradability of wastewater

compounds by microalgae and bacteria.
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CHAPTER 7

IMPACT OF MICROALGAE ON INDICATOR
VIRUSES SOLAR INACTIVATION IN HRAP
IN THE PERSPECTIVE OF IMPROVING
PATHOGENS REMOVAL IN HRAP

SYSTEMS

7.1 Introduction

Nowadays, pathogens removal constitutes the most crucial challenge of wastewater treat-
ment worldwide. Pathogens conveyed by wastewater are responsible for diseases such as cholera,
dysentery, typhoid, intestinal worm infections and polio. Poor wastewater pathogens removal
contributes both to spreading those diseases and to enhancing antimicrobial resistance (World
Health Organisation 2022). In classical wastewater treatment systems, pathogens are removed
by tertiary treatments such as chlorination, UV irradiation or ozonation, when necessary (Lian
et al. 2018). In High Rate Algal Ponds, pathogens can be removed by solar disinfection. Ul-
traviolet radiations from the sun generate photochemical modifications of microorganisms and
viruses DNA and RNA, causing the inhibition of DNA replication and transcription and the

interruption of cell division. Microalgae are generally highly resilient to UV damages due to
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efficient biosynthesis of photoprotectant and antioxidant molecules, DNA repair mechanisms,
migration through the water column and biofilm formation capacities (Rastogi et al. 2020).
On the contrary, solar radiations significantly improve the inactivation of E. coli, MS2 virus,
echovirus and norovirus compared to darkness. Park et al. (2021) reported that, in an outdoor
pond, the inactivation of those pathogens was 10 times slower in darkness than when exposed

to sunlight.

However, microorganisms and virus DNA can be repaired by a photolyase enzyme after ir-
radiation, causing their regrowth (Putois 2012). Consequently, irradiation of wastewater by UV
must be coupled to processes assisting pathogens inactivation. Bolton (2012) reported synergis-
tic effects of dissolved oxygen, pH and sunlight in pathogen inactivation in Waste Stabilisation
Ponds. Yet, algal biomass is higher in HRAP than in WSP, causing higher turbidity and reducing
UV penetration throughout the 30 cm-depth wastewater column. However, pH and photosyn-
thetically produced dissolved oxygen are also expected to be higher in HRAP than in WSP due
to higher algal biomass and photosynthetic activity. Besides, the molecules present in the pond
can also act as photosensitisers and contribute to disinfection process. Photosensitizers are light
absorbing compounds that transfer their energy to other molecules leading to the formation of
Reactive Oxygen Species that can damage microorganisms and virus membranes and capsid
proteins. Photosensitisers are either exogenous, including humic substances, photosynthetic pig-
ments and dissolved organic matter, or endogenous, including cells able to absorb wavelengths
between 290 and 750 nm (Bolton et al. 2011). The effect of photosensitisers from wastewater cou-
pled to high pH and DO on indicator microorganisms and viruses inactivation was reported as
significant in the presence of UVA (Bolton 2012). However, the contribution of photosensitisers

from microalgae compared to photosensitisers from wastewater is still poorly studied.

Besides, microalgae appeared to be the main contributor to absorbance in a 70 cm depth
pond containing wastewater and microalgae (Bolton 2012). As mentioned in the Chapter 3, in
Peterborough HRAP, both turbidity and chlorophyll a concentration were high, suggesting that
microalgae would actually be the main contributor to attenuation of the suns’ radiation along

the pond depth. However, as reported in the Chapter 3, Peterborough HRAP also shows a very
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high suspended solids concentration (1 g.L.~!) that would be composed of only approximately
30% of microalgae, the remaining fraction being organic detritus likely to be responsible for
sun radiations attenuation. Moreover, inactivation by UV radiations was reported to be less
efficient at higher suspended solids concentrations (Lazarova et al. 1999). While organic detritus
impact pathogens inactivation by reducing sun radiations penetration in the pond, they would
also favour the adsorption of viruses, protecting them from the radiations. In winter 2020,
Peterborough HRAP exibited a log reduction value of 1 for coliphage viruses and 2.26 for E. coli
along with an E. coli concentration of 3.68 log;opMPN.100ml~! ! in the outlet (Sam Butterworth
and Howard Fallowfield, personnal communication), which complies with Australian regulations
for irrigation of non food crops but not for irrigation of food crops or public gardens. The
contribution of both wastewater and microalgae to sun radiation attenuation in Peterborough
HRAP is then still unclear, as well as its direct effect on pathogens inactivation (Figure 7.1).
Evaluating the impact of microalgae on pathogens inactivation would be useful for the design
of a tertiary treatment system targeting pathogens and would contribute to the optimisation of

pathogens removal in HRAP.

This study aims at determining the impact of microalgae and wastewater on inactivation
process in terms of sun radiations attenuation and ROS production. Sun radiations include
UVB (280-315 nm), UVA (315-400 nm) and visible light (400-800 nm). UVB, that cause direct
damage to RNA, was reported to be the predominant mechanism associated with disinfection
by sunlight (Lian et al. 2018), however UVB measurements in Peterborough HRAP showed that
this range of radiation does not penetrate the pond surface due to high turbidity. Visible light
experiences lower attenuation in the pond but generally show negligible effect on pathogens
inactivation (Bolton 2012). The present study will then focus on the effect of UVA, that were
detected in the volume of Peterborough HRAP and reported to enhance pathogens inactivation
(Bolton 2012) but of which role is well less understood than UVB. In this study, irradiation of

samples with UVA is completed in controlled and sterile conditions in a UVA cabinet.

Viruses constitute a major issue for public health, notably because only one of few viral

1. MPN = Most Probable Number
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matter

Created in BioRender.com bio

Figure 7.1 — Interactions of factors influencing disinfection in HRAP

particles can lead to an infection and because viruses are usually more resistant than bacteria

to disinfecting agents. Viruses are found in very large quantities in HRAP. Hisee et al. (2020)

09.5 08.5

reported a viral load of approximately 10%°.ml~! of virus-like particles and 108°.ml~! of large
virus-like particle in Kingston-on-Murray HRAP (South Australia). For those reasons, this study

will focus on the inactivation of viruses.

The coliphage virus MS2, a widely used indicator for the presence of coliphages in wastewater,
was chosen as the model pathogen. This F-RNA coliphage is used extensively to determine likely
virus inactivation rates when validating disinfection rates of wastewater treatment systems. MS2
virus also presents a simple composition (Kuzmanovic et al. 2003), is non pathogenic, have similar
resistance to antimicrobial agents to human pathogenic viruses (e.g., poliovirus, influenza A, and
rhinovirus) and is easy of preparation and assay (Woo et al. 2010). This virus constitutes then an
interesting model microorganism for studying inactivation in wastewater. MS2 is an icosahedral
virus that belongs to the Leviviridae family. It is a non-enveloped and single stranded RNA virus
of very small size (27 nm, Dedeo et al. (2011)). 32 pores of 2 nm each on the virus capside allow

the diffusion of small molecules (Dedeo et al. 2011). MS2 also present a protein A for binding to
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E. coli F-pilus (Zhong et al. 2016). MS2 infection of E. coli down regulates TCA cycle, altering
bacterial cell growth and biosynthesis of the cell wall (Jain and Srivastava 2009).

Firstly, the contribution of both microalgae and wastewater to UVA attenuation through
30 cm depth and the impact on MS2 inactivation will be estimated in sterile 250 ml quartz-lid
bottles. Secondly, the impact of exogenous photosensitisers from microalgae extract and wastew-
ater and of endogenous photosensitisers from microalgal cells on MS2 inactivation under UVA
irradiation will be investigated in sterile 250 ml quartz-lid bottles. In this part, L-histidine will be
used to inhibit the inactivation effects of singlet oxygen produced from photosensitisers exposed
to UV radiations (Méndez-Hurtado et al. 2012). The impact of each factor (UVA attenuation
and the presence of photosensitisers) will be compared in order to determine if the presence
of microalgae globally enhances or inhibits coliphage indictor viruses inactivation compared to
wastewater. Thirdly, this statement will be verified by measuring MS2 inactivation in 30 cm

depth wastewater columns in the presence or absence of microalgae.

7.2 Material and methods

e Effect of UVA attenuation

As illustrated in the Figure 7.2, the depth averaged UVA irradiances G3ocmpos G3oemyyw and
G30em . Were obtained by measuring UVA irradiance throughout a 30 cm-depth column of RO
water, anaerobically pretreated wastewater and microalgae at a concentration close to microalgal
biomass concentration in Peterborough HRAP, respectively. As explained in the Chapter 2,
wastewater was sampled at the outlet of Peterborough HRAP and microalgae was isolated from
Peterborough HRAP then grown in BBM until reaching chlorophyll a concentration measured in
Peterborough HRAP. Incident irradiance was 22 W.m ™2, which corresponds to the average UVA
irradiance measured over 3 days per months in winter between 2008 and 2011 on a roof in Old
Reynella, South Australia (S35°5'56.3” E138°3225.9”) (Bolton 2012) and was then considered
as the value of reference as Australian standards for HRAPs evaluation are based on winter
performances.

To determine disinfection rate in optically clear water at the respective depth averaged
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irradiances, G3oempo, G3oemyw and Gaoem . Were then applied as incident UVA irradiances
on 250 ml RO water inoculated with MS2 in quartz lid bottles. A sample was taken aseptically
every 12 h during 50 h for MS2 concentration determination and calculation of inactivation

rates. Each condition was tested in triplicates.

1 Measurement of UVA attenuation by RO water, microalgae and wastewater

UVA LEDs 5
* Gy=22 W.m? ; v

N N R
I I |
Y ) 1
S N 1 ~NL
Graduated bar
30 cm 30 cm 30 cm
UV meter
UVA sensor @
RO water Microalgae Wastewater
G3001117RO GBOcmi/\LG G300m7WW

2 Determination of disinfection rates of MS2 in optically clear RO water at depth averaged incident irradiance

GsocmfRo, G300m7ALG and G}OcmﬁWW

UVA LEDs
G3OCm_RO G3()anAL('} G30cm_WW
Quartz cap
MS2 + RO water —», I4 om

—» Determination of MS2 inactivation rates

Figure 7.2 — Experimental plan for investigation of effect of UVA attenuation by microalgae and wastewater on
MS2 inactivation by UVA

e Effect of photosensitisers

As illustrated in the Figure 7.4, MS2 was incubated in 250 ml of RO water, BBM, 0.45
pm filtered wastewater, microalgae extract (microalgae heated at 80°C then 0.45 pm filtered)
and microalgae. The objective was to have same depth averaged irradiance for all substrates
within a 4 cm depth i.e. G4cmR0/BBM ~Gacmpw ~Gacmpxrr ~Gaemare- This required varying
the incident UVA irradiance and in situ measurement of attenuation within a 4 cm depth of

substrate above the measuring probe (as shown in Figure 7.3). Table 7.1 synthesises the UVA
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irradiance values measured over the sample depth after determining the incident irradiance (in
red) so the average UVA intensity (in bold) is approximately equal to 9 £ 0.5 W.m~2 in RO

water, BBM, filtered wastewater, microalgae and microalgae extract.

1  Determination of depth-averaged UVA irradiances Gy ro, Go_arg> Go_extr @2nd Go ww

UVA LEDs N ’ N R
¥ Go ro = 8.8 Wm? ¥ Go arg=27.7 Wan® ; Go pxre = 124 Wm? ; Gy ww = 16.8 W
UV meter E E E
Graduated bar — | 4 cm 4em
UVA sensor ——— i i
. Heated + filtered "
RO water Microalgae microalgae Filtered wastewater
BBM
G i Gien G L i
4cm_RO ~ T4em_ALG ~ 4cm_EXTR I~ G4cmfww

Figure 7.3 — Experimental plan for investigation of effect of ROS from microalgae and wastewater on MS2
inactivation by UVA - Determination of depth-averaged irradiance

RO water . Microalgae Filtered

Depth and BBM Microalgae extracgt; wastewater

0 cm 8.8 27.7 12.4 16.8

1 cm 8.7 10.9 11.1 12.5

2 cm 8.3 3.8 8.6 8.8

3 cm 8.8 1.4 7.3 5.4

4 cm 8.8 0.3 6.4 3.9
Average 8.7 8.8 9.2 9.5

Table 7.1 — UVA irradiance (in W.m~2) over 4 cm-depth RO water/BBM, microalgae, microalgae
extract and filtered wastewater after adjusting incident UVA irradiance (at depth = 0 cm, in
red) to obtain similar average irradiance over the 4 cm depth (in bold)

MS2 incubated in RO water, BBM, 0.45 um filtered wastewater, microalgae extract and
microalgae were irradiated (Figure 7.4) respectively with the previously obtained (Figure 7.3)
depth averaged irradiances Gog,, Goggrs Gowws Gogxrr and Go,,.. Each experiment was
completed in triplicate and with and without L-histidine. Added at a concentration of 20 mmol,
L-histidine inhibits the effects of the ROS singlet oxygen produced by photosensitisers when

irradiated with UV. As illustrated in Figure 7.5, the singlet oxygen binds to L-histidine and is
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2 Irradiation of MS2 in RO water with G o, Go arg» Go gxtr and Gy ww with and without L-histidine

UVA LED!
) G()fR(): Go A= G(U:‘XTRz G(LRO: G071{0:
8.8W/m? 27.7TW/m? 12.4W/m? 8.8W/m? 16.8W/m?

Quartz cap

I4 cm

MS2 + RO water MS2 + microalgae ~ MS2 + microalgae extract MS2 + BBM MS2 + filtered
wastewater
Go_ro™ Go_ac= Go_gxtr= Go_ro= Go_ro=
8.8W/m? 27.7TW/m? 12.4W/m? 8.8W/m? 16.8W/m?

I4 cm

MS2 + RO water MS2 + microalgae ~ MS2 + microalgae extract MS2 + BBM MS2 + filtered
+ L-histidine + L-histidine + L-histidine + L-histidine wastewater
+ L-histidine

— Determination of MS2 inactivation rates

Figure 7.4 — Experimental plan for investigation of the effect of ROS from microalgae and wastewater on MS2
inactivation by UVA - Irradiation of MS2

consequently inefficient for the inactivation of microorganisms.

A sample was taken aseptically every 12 h during 50 h for MS2 concentration determination
and calculation of inactivation rates. Singlet oxygen effect on MS2 inactivation was then deduced
by difference from the inactivation rate obtained with and without L-histidine.

: .

Singlet Oxygen

-

Endoperoxide

4 intermediate
+
H20

Histidine

Figure 7.5 — Mode of action of L-histidine for the inhibition of the effects of singlet oxygen (Méndez-Hurtado
et al. 2012)

Figure 7.6 details the components present in each medium and the associated photosensitis-

ers. The purpose of this study is to estimate the impact of ROS from wastewater and microalgae
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on MS2 inactivation, represented in brown and green in Figure 7.6. However, some components
contained in the MS2 inoculum (organic molecules from the TSA agar plate) and in the BBM
used for growing microalgae (nitrates and EDTA) are expected to act as photosensitisers and
to contribute significantly to MS2 inactivation, leading to potential overestimation of the con-
tribution of ROS to MS2 inactivation. Consequently, inactivation rates determined in RO water
and in BBM constitute the baselines of the inactivation rates obtained in filtered wastewater

and microalgae respectively.

RO water Filtered wastewater BBM Microalgae extract Microalgae
H,0 H,0 H,O H,0 H,0
Inoculum MS2 Inoculum MS2 Inoculum MS2 Inoculum MS2 Inoculum MS2

Organic and BBM nutrients BBM nutrients BBM nutrients
mineral
molecules from Molecules
WW extracted from
microalgae

Figure 7.6 — Composition of the different media used in experiments investigating the effect of ROS from
wastewater and microalgae on MS2 inactivation

While the global inactivation rate Kpor is measured from the experiments without L-
histidine, the inactivation rate Kggr is measured from the experiments with L-histidine where
the effects of ROS are inhibited. The inactivation rate Krog attributable to ROS is then given

by the following formula:

Kros = Kror — Kusr (7.1)

e Integration experiments:

The third series of experiments aims at evaluating the global impact of microalgal cells on
MS2 inactivation in a 30 cm depth wastewater column. As illustrated in the Figure 7.7, MS2
was inoculated in 30 cm depth anaerobically pretreated wastewater columns with and without

microalgae and irradiated with UVA at Gg = 22 W.m 2. A sample was taken aseptically every
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12 h during 50 h for MS2 concentration determination and calculation of inactivation rates.

Each condition was tested in triplicates, with and without L-histidine.

UVA LEDs

¥ Go=22 Wam? f
-

30 cm

MS2 + wastewater MS2 + wastewater MS2 + wastewater MS2 + wastewater
+ microalgae + microalgae + L-histidine
(6mg.L" Chl-a) (6mg.L" Chl-a) + L-histidine

— Determination of MS2 inactivation rates

Figure 7.7 — Experimental plan for investigation of the effect of microalgae on MS2 inactivation in a 30 cm
depth wastewater column

7.3 Results

7.3.1 Effect of UVA attenuation by wastewater and microalgae on MS2 in-

activation
7.3.1.1 UVA attenuation by RO water, wastewater and microalgae

The Figure 7.8 shows the impact of depth on UVA intensity in RO water, wastewater and
microalgae culture at an incident irradiance of 22 W.m?. The strongest attenuation of UVA
radiation was observed in the microalgae culture, where UVA radiation was completely absorbed
below 6 cm depth. In wastewater, UVA radiations are completely attenuated below 9 cm depth,
while in RO water UVA radiation was still detected (9 W.m~2) at the bottom of the column.
The depth averaged UVA irradiances were 12.9 W.m~2, 2.5 W.m~2 and 2.1 W.m~2 in the 30 cm
depth RO water, wastewater and microalgae columns respectively. Those values correspond to

the average UVA intensities at which viruses would be exposed to in a 30 cm depth column of
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RO water, wastewater and microalgae culture respectively.
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Figure 7.8 — UVA attenuation in a 30 cm-depth column of (a) RO water (b) anaerobically pretreated wastewater
(c) microalgae culture. Dotted lines correspond to the averaged UVA irradiance.

7.3.1.2 MS2 inactivation rates under different UVA irradiances

The UVA intensities Gsoempo = 12.9 W.m™2, Gaoemyy = 2.6 W.m™2 and Gsoem, o = 2.1
W.m ™2, determined experimentally as described in the Section 7.3.1.1, were applied to RO water
samples inoculated with MS2 to investigate the effect of UVA attenuation by wastewater and
microalgae on MS2 inactivation. The inactivation rates are represented in the Figure 7.9. The
changes in MS2 concentration over 50 h that were used for the calculation of the inactivation

rates K are presented in the Appendix D.

297



Chapter 7 — Impact of microalgae on indicator viruses solar inactivation in HRAP in the
perspective of improving pathogens removal in HRAP systems

The control experiment in darkness revealed a very low MS2 decay rate (0.0068 h~!) in the
absence of UVA radiations in RO water. This value is of the same order of magnitude as the
MS2 inactivation rate of 0.005 h~! measured in dark conditions in RO water by Bolton (2012).
In comparison, the MS2 inactivation rate at UVA irradiances of G3pemp, = 12.9 W.m™2 was
0.084 h=1, 0.043 h™! for Gsoemyyy = 2.5 W.m™2 and 0.023 h™! for Gsoem, e = 2.1 W.m™2.
The turbidity attributable to wastewater or microalgae induced then respectively a reduction
of 48.8% and 72.6% in the inactivation rate of MS2 compared to a clear medium such as RO

water.

0.1

0.09 -
0.08+ + 8

0.07 J

0.06 - b

0.05F b

0 |

0.03 - b

K (hY

0.02 - b

0.01r b

R 3 O Y Y

0W/m? 129Wm?>  25W/m? 2.1 W/m?

Figure 7.9 — MS2 inactivation rates K in h™" obtained in RO water at UVA incident irradiances equivalent
to the respective depth averaged irradiance obtained at an incident irradiance of 22 W.m ™2 within 30 cm-depth
columns of RO water, wastewater and a microalgal suspension.

7.3.2 Effect of ROS from wastewater and microalgae on MS2 inactivation

MS2 inactivation in the presence of ROS (without L-histidine) and in the absence of ROS
(with the addition of L-histidine) from wastewater and microalgae while irradiated with respec-

tive depth averaged UVA irradiances (Section 7.3.1.1) was investigated. The inactivation rates

298



7.3. Results

are shown in the Figure 7.10. The evolution of MS2 concentration over 50 h that were used for

the calculation of the inactivation rates K are presented in the Appendix D.
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Figure 7.10 — MS2 inactivation rates K with and without L-histidine in RO water, 0.45 um filtered wastewater,
BBM, heated and 0.45 pm filtered microalgae culture and microalgae culture irradiated respectively with with
adjusted UVA intensities Go,, = 8.8 W.m™2, Goyyy = 16.8 Wm™2, Gogpyy = 8.8 Wem™2, Gopypp = 124
W.m™2? and Go,, . = 27.7 W.m™?2

In RO water, the inactivation rate K was 0.0042 h~! in the presence of L-histidine and
0.0082 h~! in the absence of L-histidine. RO water is considered free of photosensitisers, conse-
quently the inactivation rates with and without L-histidine were expected to be similar. However,
traces of organic molecules from agar plates may be in the MS2 inoculum and could have acted
as photosensitisers in this experiment. The contribution of ROS to MS2 inactivation in this
experiment was, however, very low (0.0040 h™!) and comparable with the dark inactivation rate
(0.0068 h—1), suggesting that UVA per se does not inactivate viruses efficiently and that a sig-
nificant amount of photosensitiers are needed to produce ROS and damage the viral particles.
In addition, as illustrated in the Figure 7.10, inactivation rates with L-histidine in RO water,

wastewater, BBM, microalgae and microalgae extract were all similarly low compared to the
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inactivation rates obtained without L-histidine, highlighting the major contribution of ROS to

MS2 inactivation regardless of the medium.

The Figure 7.10 shows that the MS2 inactivation rate in filtered wastewater (0.022 h~!)
was higher than in RO water (0.0082 h™1). Filtered wastewater contained a significant amount
of organic carbon (65 mgCyry.L™!) compared to RO water (Figure 7.11), suggesting that the
higher inactivation rate in filtered wastewater was due to a higher production of ROS induced

by the presence of organic molecules acting as photosensitisers in filtered wastewater.
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Figure 7.11 — Dissolved organic carbon in RO water, 0.45 um filtered wastewater, BBM, heated and 0.45 pum
filtered microalgae culture and microalgae culture

The highest MS2 inactivation rate (0.176 h=!) was obtained in the presence of microalgal
cells without L-histidine, even while the dissolved TOC in the microalgae medium, attributable
to EDTA added to the BBM, was only 37 mgCoy.L™! (lower than in filtered wastewater).
Here, MS2 inactivation by ROS was not correlated with dissolved organic carbon concentration,
suggesting that microalgal cells themselves induce the production of singlet oxygen that signifi-

cantly impact MS2 inactivation. The MS2 inactivation rate in microalgae extract, obtained by
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heating then filtering at 0.45 um a microalgae culture, reached 0.088 h~!. This inactivation rate
is half that measured in the presence of microalgal cells but four times higher than in filtered
wastewater. This result suggests a significant impact of organic compounds contained inside the
microalgal cells (pigments, carbohydrates...) on MS2 inactivation. The BBM used for growing
microalgae contains nitrates, EDTA and traces of organic molecules from the MS2 inoculum
which are expected to act as photosensitisers in the samples with microalgal cells and microal-
gae extract. However, the MS2 inactivtaion in BBM reached only 0.020 h—!. The contribution of
photosensitisers from BBM and MS2 inoculum to MS2 inactivation in the presence of microalgal
cells and in microalgae extract was then estimated at 11% and 23% respectively (Figure 7.12).
This result confirms that the high MS2 inactivation rates obtained in the presence of microalgal
cells and in microalgae extract was mainly due to photosensitisers from microalgae and only lit-
tle to the BBM in which they were suspended during the experiment. In the end, ROS mediated
disinfection was the highest in the microalgal suspension, followed by the microalgae extract,

the wastewater, the BBM and the RO water.
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Figure 7.12 — Contribution of water + MS2 inoculum and BBM to the total MS2 inactivation (without L-
histidine) in filtered wastewater, microalgae extract and microalgae experiments

The Figure 7.11 shows that TOC content in the microalgae extract (41 mgCorg.L71) is
not significantly higher than in BBM (40 mgCyy.L™1) or microalgae culture (37 mgCory.L1),

despite microalgae were heated at 80 °C. However, the very low quantity of organic molecules
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extracted from microalgae induced a higher MS2 inactivation rate than the organic molecules

from wastewater, despite the TOC content was higher in wastewater (65 mgCorg.L71).

7.3.3 Balance between positive and negative impact of microalgae and wastew-

ater on MS2 inactivation

The two series of experiments presented above aimed at discriminating and evaluating the
impact of microalgae and wastewater on MS2 inactivation through UV attenuation and ROS
production.

The Figure 7.13 shows that the reduction of UVA penetration through the water column
due to microalgae induced a reduction of -0.061 h~! on the MS2 inactivation rate compared
to the control with RO water. However, the production of ROS by microalgal cells induced an
increase of 4-0.153 h™! on the MS2 inactivation rate compared to the control with RO water. The
negative impact of microalgae on MS2 inactivation rate due to the reduction of UVA penetration
through the water column would then be significantly compensated by its inherent capacity to

produce ROS that enhance MS2 inactivation.

‘ Il Effet of UV attenuation on K [l Effect of ROS on K
0.2 B

0.15F

0.1F

-0.05+

-0.1 : :
Microalgae Wastewater

Figure 7.13 — Negative impact of microalgae and wastewater on inactivation rate due to UV attenuation (in
red) and positive impact of microalgae and wastewater on inactivation rate due to ROS production (in green)
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However, it is not the case for wastewater. The reduction of UVA penetration through the
water column due to wastewater turbidity induced a reduction of -0.041 h~! on the MS2 inacti-
vation rate compared to the control with RO water. The production of ROS by photosensitisers
found in wastewater induced an increase of +0.005 h~! on the MS2 inactivation rate compared
to the control with RO water. The negative impact of wastewater on MS2 inactivation rate due
to the reduced UVA penetration through the water column would then not be compensated by

the production of ROS attributable to wastewater organic molecules.

7.3.4 MS2 inactivation in a 30 cm depth wastewater column

The results presented in the previous section suggest that the presence of microalgae would
globally enhance MS2 inactivation in wastewater, despite their strong contribution to UVA
attenuation over a 30 cm depth water column. In order to confirm this hypothesis, 30 cm depth
wastewater columns were inoculated with MS2, with and without microalgae and with and

without L-histidine and placed under UVA radiations.

As illustrated in the Figure 7.14, MS2 inactivation rate was slightly higher in the wastew-
ater column that did not contain microalgae (0.014 h=!) than in the column with microalgae
(0.010 h™!). In addition, MS2 inactivation rates with and without L-histidine were very sim-
ilar in both experiments (0.013 and 0.014 h~! without microalgae; 0.012 and 0.010 h~! with

microalgae), suggesting a very low impact of ROS in MS2 inactivation in those experiments.

Measurement of UVA intensity along the depth of the columns with and without microalgae
revealed that, in wastewater alone, UVA was completely attenuated below 9 cm depth, against
1 cm in wastewater added with microalgae (Figure 7.15). Consequently, 97% of the volume of
the column containing microalgae was not irradiated by UVA. This observation could explain
why the inactivation rates obtained in the UVA-irradiated 30 cm depth columns containing

microalgae were only slightly higher than the inactivation rate obtained in darkness (0.0068 h=1).
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Figure 7.14 — MS2 inactivation rates K with and without L-histidine in wastewater and wastewater added with
microalgae, irradiated with 22 W.m~2 UVA
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Figure 7.15 — UVA attenuation in 30 cm depth wastewater columns containing or not microalgae

7.4 Discussion

7.4.1 Effect of UVA attenuation

The experiment conducted in darkness confirmed that MS2 exhibited negligible decay rate

over 50 h at 20°C in RO water. This confirms that significant MS2 decay observed when samples
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were irradiated with UVA was actually due to UVA. UVA attenuation attributable to both
microalgae and wastewater highly impacted MS2 inactivation, with 40% of the reduction in
inactivation rate attributable to wastewater turbidity and 60% to microalgae turbidity. Note
that as a single-stranded RNA virus (Dedeo et al. 2011), MS2 is less resistant to UV disinfection
than double stranded RNA/DNA viruses that are able to repair their genome (Li et al. 2009).
Further investigation should imply double stranded RNA /DNA viruses to validate the result on

more resistant type of viruses.

7.4.2 Effect of ROS production

In RO water, filtered wastewater, BBM, microalgae and microalgae extract, the inactivation
rates of viruses with L-histidine, that inhibits the effects of ROS, were close to inactivation
rates measured in darkness. This result suggests that sole UVA does not permit to inactivate
viruses. Rattanakul and Oguma (2017) also reported that UV treatment alone did not induce
damage in the target genome and that MS2 was not removed. Indeed, Davies (2003) reported
that viruses lack a bound chromophore within their protein structures that would act as an
endogenous photosensitiser and permit inactivation in the absence of exogenous photosensitisers,
explaining why MS2 would survive to sole UV treatment. However, the viral capside of MS2 is
permeable and MS2 is sensitive to damages by ROS that cross the capside (Majiya et al. 2018),
which was confirmed by the present study. Indeed, the MS2 inactivation rate was higher in
filtered wastewater, BBM, microalgae and microalgae extract, all containing photosensitisers,
than in RO water. However, inactivation rates in the media containing photosensitisers were also
slightly higher than in RO water when L-histidine was added to the media, while L-histidine was
supposed to inhibit ROS. L-histidine inhibits only one type of ROS, the singlet oxygen, which
is the ROS most commonly formed. However, other forms such as hydroxyl radical HOe can
also be present depending on the media and enhance MS2 inactivation even in the presence of
L-histidine, which might explain the small differences in MS2 inactivation between the different
media even in the presence of L-histidine.

Photosensitisers from wastewater induced only a slight increase in MS2 inactivation rate

305



Chapter 7 — Impact of microalgae on indicator viruses solar inactivation in HRAP in the
perspective of improving pathogens removal in HRAP systems

compared to the control experiment in RO water. In contrast, a previous study reported that
wastewater could produce significant concentrations of ROS (Dong and Rosario-Ortiz 2012), the
main type of ROS produced by organic matter being singlet oxygen (*O3) and hydroxyl radical
(HOe) (Niu et al. 2014). In wastewater, both organic carbon and nitrate can act as photosensitis-
ers. Dong and Rosario-Ortiz (2012) reported that nitrates and organic carbon from wastewater
presented similar capacity to form ROS by photolysis. In Peterborough HRAP, nitrates rep-
resent only 9.2 mgN.L~!, against 36.7 mgC.L~! for organic carbon. The main contributor to

photosensitisers in Peterborough HRAP is then most likely organic carbon.

In contrast, microalgal cells attained a significantly higher MS2 inactivation rate than organic
compounds in wastewater. This finding is consistent with a previous study (Niu and Croué
2019) that demonstrated that organic matter from algae (AOM) was an efficient photosensitiser
that produced significantly more ROS than terrestrial sourced organic matter due to aromatic
protein-like and soluble microbial substances found in AOM. Xinjie et al. 2019 reported that
native pathogens from wastewater were inactivated both by ROS that were released by the
microalgae and by high dissolved oxygen concentration. In addition, Cho et al. (2022) reported
that NADPH oxidase, located on the algal cell surface structure of the marine genus Chattonella
sp. (Raphidophyceae), could be responsible for the production of extracellular ROS production
by this microalgae. These studies suggest that ROS could be produced not only by extracellular
compounds released by microalgae but also through reactions occurring with the microalgal cell

wall directly.

In the experiment with microalgae extract, the amount of TOC extracted from microalgae
was very low, even while a first extraction test by heating microalgae at 80°C increased the
dissolved TOC by more than 40%. The first extraction test was done on a microalgae sample
in exponential phase of growth, while in this study microalgae was in a stationary phase, which
might have increased the resistance of the cell wall to extraction by heating. However, MS2
inactivation rate in the microalgae extract was still much higher than in BBM and filtered
wastewater, showing that the effect of ROS on inactivation is not necessarily correlated with the

TOC content. The specific capacity of the molecules to act as photosensitisers might be of more
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significant relevance. As well, molecules extracted from microalgae other than TOC could have
acted as photosensitisers in this experiment (nitrogen species for example). A potential release
of carotenoids with a protector effect against the oxidation of MS2 by ROS is also possible,
but probably marginal regarding the low carotenoids content in microalgae (less than 1% of the
total dry weight, Bonnanfant et al. (2021)). Further investigation should include a more efficient
method for extracting TOC from microalgae, notably by using microalgae in their exponential

phase.

Furthermore, one of the purposes of the present study was to investigate the impact of
microalgae as a photosensitiser on MS2 inactivation. However, the presence of microalgal cells
is often associated with high dissolved oxygen concentrations. Bolton (2012) demonstrated that
increasing DO from 0 et 8.5 mg.L ™! did not have any effect on MS2 inactivation. While increasing
the range of dissolved oxygen to 25 mg.L~! would be relevant regarding the conditions observed
in HRAP, dissolved oxygen was consequently not controlled in the samples in the present study.
Moreover, dissolved oxygen was expected low as UVA radiations are not photosynthetically
active radiations. Nevertheless, for future research, the significant capacity of microalgal cells to
produce ROS should be confirmed by ensuring similar dissolved oxygen concentration than in

the control.

Moreover, in the experiments aiming at exploring the effect of ROS from microalgae and
wastewater on MS2 inactivation, the applied UVA irradiance was depth averaged according to
the turbidity of the medium. Consequently, higher incident UVA intensity was applied on the
samples with microalgae than on the samples with microalgae extract, filtered wastewater, BBM
or RO water to compensate for the higher turbidity. Samples were continuously mixed using a
shaking waterbath, however this system does not permit perfect mixing and slight sedimentation
of microalgal cells was observed, which could have increased the exposition of viruses to UVA
and led to potential over-estimation of the impact of microalgae on MS2 inactivation by ROS
production. However, samples were re-homogenised every 12 h at the moment of sampling to
reduce this risk. Adjusting incident UVA irradiances to compensate for medium turbidity was

necessary to decorrelate the effects of UVA attenuation and ROS production on viruses inacti-
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vation. This method is based on the average UVA intensity over the samples depth, however the
samples are shaken but not perfectly mixed and surface effects can occur. Nevertheless, samples
with microalgae extract presented a higher inactivation rate than filtered wastewater even while
the incident UVA irradiance applied on the microalgae extract (12.4 W.m~2) was lower than the
incident UVA irradiance applied on the filtered wastewater (16.8 W.m~2), showing that adjusted
UVA incident irradiances did not erase the effect of ROS.

Finally, the constant exposition of samples to UVA radiations raises the question of the
stability of the microalgae sample throughout the experiment. Yet, Rastogi et al. (2020) re-
ported that microalgae were highly resilient to UV damages by means of repair mechanisms,
anti-oxidant system, biosynthesis of UV protectants (mycosporine-like amino acids (MAAs), scy-
tonemin (Scy), carotenoids and polyamines). However, in the sample with microalgae extract,
their is a possibility that the chlorophyll and other pigments or organic compounds progressively
degraded during the 50 h experiment. For further investigation, the main factors affecting viruses
inactivation such as turbidity, chlorophyll, TOC, dissolved oxygen and pH should be measured

along the experiment to ensure for consistency and conservation of the experimental conditions.

7.4.3 Impact of microalgae in 30 cm depth columns

Adding microalgae to a 30 cm depth wastewater column did not improve MS2 inactiva-
tion, which contradicts the hypothesis arising from the two first sets of experiments, where the
negative impact of microalgae on MS2 inactivation rate due to the reduced UVA penetration
appeared to be compensated by its inherent capacity to produce ROS. Yet, UVA measurement
inside the column containing wastewater and microalgae revealed that UVA was completely at-
tenuated below 1 cm depth only. It is important to note that ROS production is enhanced by
UV radiations, yet microalgal capacity to form ROS cannot be expressed while UVA does not
penetrate the column. The inter-dependance between UVA and ROS production explains why,
in more realistic conditions, ROS production cannot necessarily compensate UVA attenuation.

In addition, non-filtered wastewater was used in the experiments in the columns. The very

low MS2 inactivation rate measured in the columns compared to the first two sets of experiments
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might also be due to suspended solids offering protection to viruses against UVA, even in the
surface area where UVA radiations are still detected (Brahmi et al. 2010). This phenomenon
is representative of what happens in HRAP, but this cofounding factor was not considered in
the two first sets of experiments. In addition, even while UVA measurements in the field in
Peterborough HRAP showed similar conditions as in the columns (UVA radiations were fully
attenuated below 0.5-1 cm depth, see Chapter 3), the columns were not stirred (except every 12 h
before sampling) while Peterborough is well-mixed. Inactivation might have been underestimated
in the columns compared to HRAP. However, note that the reverse phenomenon was reported
by Park et al. (2021), where higher removal rates where obtained in the presence of suspended

solids due to the absorption of viruses on solid particles.

To conclude, the strong inherent capacity of microalgae to produce ROS that successfully
improves the inactivation of viruses suggests that the implementation of a thin-film system as
a tertiary treatment downstream the HRAP could enhance the penetration of sun radiations
and the production of ROS by microalgae for improving pathogens disinfection. Hawley and
Fallowfield (2016) reported encouraging results using an inclined pond wall with a culture depth
of a few millimeters only. While the model system permitted a significant enhancement of MS2
inactivation compared to normal pond conditions, the operation of the system on the field
did not observe a significant improvement of pathogens removal. Further research should then
focus on the constraints raised by the operation of those thin-film systems targeting pathogens
removal in real conditions. Indeed, thin-film systems present a very low depth that could impact
turbulence and potentially reduce the contact between viruses and microalgae, thus limiting the
efficiency of the process. Nevertheless, thin film system increase the MRPA associated with high
oxygen production that could possibly favour disinfection through oxidative stress. The number
of viral particles decreased from 10° to 0 in only 30 h in the presence of microalgal cells in the
experiments in the UV cabinet, which means that the retention time in the thin film system
could be relatively short, from a few hours to 2 days depending on the level of disinfection
wanted. This constitutes an important point regarding implementation of such a system at large

scale. HRT in thin film systems should indeed be short in order to treat significant volumes of
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wastewater despite the low depth.

7.5 Conclusion

Both microalgae and wastewater compounds contribute significantly to UVA attenuation in
a 30 cm depth HRAP. While photosensitisers from wastewater permit only a slight enhancement
of MS2 inactivation rate compared to RO water, microalgae showed a strong inherent capacity
to produce ROS that improved MS2 inactivation. However, microalgae did not improve MS2
inactivation in 30 cm depth wastewater columns. Indeed, 97% of the column was not irradiated
by UVA due to the very high turbidity, inhibiting ROS production by microalgae. Previous stud-
ies have suggested separating microalgae from the water for tertiary treatment of wastewater
targeting pathogens removal, however the present study demonstrated that microalgae could
greatly enhance MS2 inactivation by ROS, when UVA penetration was sufficient. This result
suggests that thin-layer systems including microalgae for tertiary treatment of wastewater could
favour both UV penetration and ROS production by microalgae for improving pathogens re-
moval. Enhancement of HRAP performances in terms of pathogens removal is necessary for
reaching water quality standards for reusing the treated water for the irrigation of a wider range
of crops, including food crops.

This study confirms the relevance of efficient vertical mixing raised in the Chapter 3, not
only for improving light availability for microalgae but also for permitting exposition of viruses

to UV radiations.

Highlights

e The contribution of ROS from wastewater to MS2 inactivation was
very low.

e When UVA penetration is sufficient, microalgae play a major role in
MS2 inactivation by ROS.

e Thin-film systems could be considered as tertiary treatments targeting

pathogens removal.
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GENERAL CONCLUSION

Classical wastewater treatment methods such as activated sludge have significant economic,
energetic and environmental impacts due to the high power consumption, the associated green-
house gas production and the sludge production. Alternative, sustainable and low-energy con-
suming treatment methods such as utilizing microalgae in HRAP are increasingly being consid-
ered as alternatives. Nevertheless, gaps persist in the literature regarding microalgae-bacteria

interactions concerning carbon sources and oxygen dynamics in HRAP.

Contribution of the thesis for understanding microalgae-bacteria

interactions in HRAP

This thesis proposed an integrative approach involving different study systems to investigate
microalgae-bacteria consortia in high-rate algal ponds, thereby shedding light on the relevance
of using laboratory photobioreactors to investigate interactions dynamics in large-scale HRAPs.

The 3D characterization of the large-scale HRAP in Peterborough revealed a serpentine 1 km
length HRAP was well-mixed, with homogeneous wastewater chemical and microbial composi-
tion. Key indicators of microalgal and bacterial activity such as dissolved oxygen, organic carbon
and inorganic carbon were uniformly distributed throughout the pond. Oxygen required for or-
ganic carbon degradation by bacteria was photosynthetically produced and efficiently mixed
by the paddlewheel within the pond. Overall, essential substrates for microalgal and bacterial
growth were consistently available across the length, depth, and width of the HRAP.

The assumption that organic carbon is solely consumed by bacteria in HRAPs has been
widely discussed in the literature. Cross-referencing wastewater composition with microalgae’s

affinity for organic molecules revealed that a small fraction (10-15 %) of the organic molecules
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present in wastewater may be assimilable by microalgae. This fraction is likely higher after pre-
treatment of the wastewater in an anaerobic pond, where volatile fatty acids easily assimilable by
microalgae are produced. This suggests that photoheterotrophic and chemoheterotrophic growth
of microalgae could be significant and potentially playing a relevant role in interactions with

bacteria.

Given the complex trophic interactions within microalgae-bacteria consortia, a study em-
ploying laboratory-scale controlled conditions with online measurements throughout day-night
cycles coupled with theoretical investigation using a model was chosen to provide a better un-
derstanding of microalgae-bacteria interactions. Cultivation of S. obliquus in photoautotrophy,
photoheterotrophy and mixotrophy revealed that organic carbon utilized by microalgae from
wastewater alone was insufficient to meet their needs, necessitating intrinsic CO9 from bacterial
respiration. This study also revealed that oxygen production by microalgae needed for bacterial
growth relied on available inorganic carbon. Significantly, co-cultivation of S. obliguus and FE.
coli using acetate as a carbon source demonstrated unexpected strong competition for acetate
instead of expected symbiosis. Stoichiometric analysis demonstrated that acetate was predom-
inately consumed by microalgae and that photoheterotrophy was the main growth mode of S.
obliquus. In contrast, in the simulations where exclusively bacteria were consuming the organic
carbon and in cocultures using glucose, bacteria dominated the culture while microalgal growth
was minimal. These findings show that the contribution of photoheterotrophy in the microalgae-
bacteria consortia depends on the carbon source used. Moreover, similarities in oxygen and COq
dynamics between the model and cocultures on acetate suggested that microalgal growth in
these conditions was impacted by inorganic carbon limitations even while acetate was the main
carbon source for microalgae, according to the stoichiometric analysis. Despite competition for
acetate between microalgae and bacteria, bacterial COs production also impacted microalgal
growth. Consequently, dissolved oxygen then consumed by bacteria was also dependant on COa,
which is coherent with the results issued from the cultures of S. obliquus in photoautotrophy,

photoheterotrophy and mixotrophy.

However, overly simplified systems such as models or experiments using single organic car-
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bon sources, microalgal strains and bacteria strains did not recreate the symbiosis expected in
HRAPs. As shown in our results, affinity towards carbon sources was found highly relevant in
the exchanges then created between populations. Future studies are then recommended to em-
ploy complex mixtures of carbon sources and mixed populations of algae and bacteria to better

simulate HRAP conditions.

Notwithstanding, the torus PBR and simplified microalgal-bacterium consortia turned out to
be relevant tools for studying HRAP behaviour. On one hand, online measurements provided key
information on Og and COg dynamics throughout day-night cycles. On another hand, while one
hypothesis of this work questioned the representativeness of well-mixed lab-scale experiments
like those carried out in the the torus PBR compared to potential heterogeneous large-scale race-
ways, 3D characterisation of the Peterborough HRAP indicated excellent mixing. This justified
the use of well-mixed lab PBRs such as the torus PBR to simulate real-scale systems. This re-
search demonstrated that a coupled kinetic and radiative model turned out to be a valuable tool
for understanding Os, CO9, algal and bacterial biomass dynamics throughout day-night cycles.
Although the model in our thesis was over-simplified compared to HRAP conditions and could
be consolidated, dissolved oxygen concentrations were found in agreement with measurements
conducted in HRAP. The trends were however different and highlighted a limitation by TIC
in the model while HRAP appeared to be limited by light. This tends then to emphasize that
hypotheses and underlying phenomena assumed in our model were close to the actual function-
ing of HRAP (i.e. organic carbon is consumed predominantly by bacteria), but that complex
underlying phenomena involved in the carbon fate in microalgae-bacteria consortium are still to
be elucidated (i.e. the absence of limitation by TIC in HRAP which is expected to be associated

with more complex synergistic mechanisms).

Moreover, modeling HRAP behaviour and its performances in terms of pollutant and pathogen
removal is extremely complex, requiring consideration of hydrodynamics, light and gas transfer,
microbial interactions with pollutants and disinfection mechanisms. These factors are generally
studied independently while this research developed and evaluated an integrative laboratory

approach to better understand physical, chemical and biological interactions in HRAPs.
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Penetration of solar radiations in the Peterborough HRAP was very low, questioning the
relative impact of microalgae on solar disinfection. Finally, lab experiments conducted in UV
cabinet on MS2 inactivation revealed that microalgae not only played a major role in trophic
interactions with bacteria but also significantly contributed to disinfection mechanisms by pro-

ducing ROS when exposed to UV radiation.

Research perspectives

The present work raised a few issues that could be considered as perspectives for future
research.

First, 3D characterisation of Peterborough suggested that nitrifiers could possibly be affected
by turbulence and mixing. Further investigations are needed to clarify associations amongst mix-
ing, turbulence, flocs size, nitrification and denitrification in micro anaerobic zones within flocs.
Nitrification was a significant process in Peterborough HRAP. Furthermore, nitrifiers potentially
compete with microalgae for TIC and their impact on the carbon fate of an HRAP needs to
be better understood. This work also raised the issue of the impact of suspended solids trans-
ferred from the anaerobic pond into the HRAP. Suspended solids impact light availability for
microalgae, oxygen and inorganic carbon availability for nitrifying bacteria and UV penetration
responsible for pathogens disinfection. The design of anaerobic ponds could be improved to avoid
short circuiting that would cause the discharge of excessive suspended solids directly into the
HRAP.

The chemical composition of anaerobically pre-treated wastewater considering main groups
of molecules (poly-di-mono saccharides, VFA, lipids, proteins...) and their affinity with different
groups of microorganisms (microalgae, different strains of heterotrophic bacteria, denitrifying
bacteria...) should be characterised. Once the availability of the main groups of organic molecules
found in pre-treated wastewater for microorganisms is determined, the lab experiments can
be complexified by establishing a representative synthetic wastewater and selecting different
strains representative of the main trophic groups of microorganisms encountered in HRAP. A

consequence of increasing the complexity of the system is that more advanced technologies for
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monitoring and analysis such as flow cytometry or genomic analysis will be required instead of
non-selective methods such as dry weight or agar plates. This would permit precise estimations
of the evolution of the biomass for each strain.

Also, identifying kinetic parameters for microalgae in photoheterotrophy and chemoheterotro-
phy would be necessary in order to include photoheterotrophy and chemoheterotrophy in the
model. Knowing that a more complex system will be considered, kinetic parameters of different
types of bacteria on different substrates should also be identified. Combining lab experiments
and modeling would then enable an estimate of the relative contribution of microalgal photo-
heterotrophy /chemoheterotrophy to carbon and oxygen balance. This might provide insight for
the optimisation of the carbon source, with a final aim of avoiding costly COs injections in the
pond. Besides, further research in real conditions is needed. Large scale HRAPs present addi-
tional constraints that laboratory photobioreactors can mitigate. Therefore, a combination of
laboratory-controlled studies, which evaluate the relevance of different factors within the system,
and outdoor, large scale operational HRAPs should be conducted to comprehensively investigate
the complex mechanisms involved in HRAPs.

Finally, highlighting of the key role of microalgae in disinfection process through ROS pro-

duction suggests that thin film systems targeting pathogens removal should be further explored.

Research perspectives

e Correlations between mixing, turbulence, flocs, micro-anaerobic zones,
O2/CO4 and nitrification.

e Characterisation of organic molecules and their affinity with microor-
ganisms.

e Complexification of lab experiments and models in terms of organic
molecules and populations.

e Exploration of the interest of a thin film system targeting pathogens

disinfection.
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Towards low tech wastewater treatment systems: different levels

of acceptance worldwide

Beyond the scientific issues raised throughout this thesis, working both in France and in
South Australia prompted consideration of the obstacles to the implementation of HRAP at
large scale worldwide. In South Australia, HRAPs were adopted as wastewater treatment sys-
tems in Peterborough, Kingston-on-Murray, and soon in Barrossa valley. New Zealand have
also implemented large-scale HRAP treating real wastewater in Cambridge and Christchurch.
In contrast, in France, HRAP were not adopted at all as wastewater treatment systems. The
very different level of acceptance of HRAP among countries though presenting similar level of

development raise the question.

Of course, the climate in Mediterranean regions of France and Europe is less favourable
for growing microalgae than in Australia. However, high dissolved oxygen concentrations were
measured in Peterborough HRAP even in winter on a cloudy day, demonstrating that microalgae
are able to keep the pond oversaturated in oxygen even with low light. On the contrary, one
of the main differences between France and Australia is the density of population, with 124
inhabitants/km? in France against 3 inhabitants/km? in Australia (The World Bank 2021).
Sparsely populated countries such as Australia are definitely more adapted for implementing
large-scale HRAP than countries with a denser population such as France. In addition, it is
problematic in France to question the replacement of systems such as activated sludge that, in
the end, seems efficient. Moreover, the operation of HRAP does not require costly high-tech
equipment, which might present a too low financial interest for companies. France and Australia
also experience different level of pressure on the water resource due to the different climate, which
causes diverging behaviours regarding water management. In France, only 1% of the wastewater
is reused for irrigation, against 40% in South Australia. France has set an objective of 10% of
water reuse before 2030, which suggests that the intensification of global warming and water

stress might accelerate the adoption of wastewater treatment using microalgae in France.

Adopting low-cost wastewater treatment systems in developing countries can also be chal-
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lenging. There are numerous examples of attempts of implementation of high-tech wastewater
treatment solutions in developing countries by developed countries. In most of cases, the lack of
technical and financial local means does not permit a long-lasting functioning of the wastewater
treatment system implemented, which is rapidly unused because it is too expensive to run and
maintain with the local means. Low-tech solutions requiring low energy and low maintenance

such as HRAP are much more appropriate in these cases and should be considered worldwide.
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CULTURE MEDIUM COMPOSITION

Raw formula | Concentration (g/L)
NaNOs 1.5
MgSOy, 7THy0 0.23
CaClg, 2H20 0.025
Additive 1 1 ml
Additive 2 1 ml
EDTANay, 2H,0 0.050
FGSO4, 7H20 0.014
KoHPO4 0.150
KH2POy4 0.123
NaHCOs3 1.26

Table A.1 — Composition of BBM-nitrate medium

Raw formula | Concentration (g/L)
ZnS0,, TH,O 0.222
CO(NOg)Q, 6H20 0.044
CuSOy 0.079
H3BO3 2.86
MnClg, 4H20 1.81

Table A.2 — Composition of additive 1

Raw formula

Concentration (g/L)

NasMoOy

0.22

Table A.3 — Composition of additive 2
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Raw formula | Concentration (g/L)
KH>PO4 15
NaCl 2.5
NasHPO4 33.9
NH,4CI )

Table A.4 — Composition of M9 medium for E. coli cultivation

Concentration | Concentration
Raw formula for SWWx1 for SWWx2
(g/L) (g/L)
NH,4CI 0.3 0.6
MgSO4, 7H20 0.2 0.4
CaClg, 2H20 0.074 0.148
Additive 1 1 ml 2 ml
Additive 2 1 ml 2 ml
NaCH3COOH 0.44 0.88
EDTANay, 2H,0 0.050 0.1
FeSO,4, 7TH2O 0.014 0.028
KHsPOy 0.063 0.126

Table A.5 — Composition of synthetic wastewater, classical (SWWx1) and concentrated
(SWWX2)
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APPENDIX B

SCHUMPE COEFFICIENTS FOR THE

EFFECT OF SALINITY ON Oy SOLUBILITY

H; Value
H; — NH4 -0.704
H; — Cl 0.8466
H;, — Mg -0.3014
H; — SO4 0.4592
H; — Ca 0.3026
H,— K -0.5894
H; — HPO4 0.477
H, — H2PO4 | 0.997
H; — Na -0.5688
H, - HCO3 1.076

Table B.1 — Schumpe coefficients H; at 23°C for each ion
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ArPENDIX C

UVA INTENSITY VARIATION IN THE

WATERBATH

0 30cm

27.4

Average = _J
27.5 W/m?

27.0 L Average =
27.7 WIm?2

28.7

Figure C.1 — UVA intensity variation in the waterbath inside the UV cabinet and position of
the 6 samples
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APPENDIX D

MS2 CONCENTRATION CURVES
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Figure D.1 — MS2 concentration over 50h irradiated with (a) Gggrr = 0 W.m 2, (b) Gmeangro

=129 Wm 2, (¢) Greanyy = 2.5 Wam™2, (d) Grcangyee = 2.1 W.m™2
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Figure D.2 — MS2 concentration over 50h in (a) RO water, Go,, = 8.8 W.m™2, (b) Filtered
wastewater, Goy,, = 16.8 W.m™2, (c) BBM, Go,p,, = 8.8 W.m™2, (d) Microalgae extract,
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Figure D.3 — MS2 concentration over 50h under Gy = 22 W.m™2 in a 30-cm depth column of
(a) Wastewater (b) Wastewater + microalgae
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Résumé : Les high rate algal ponds (HRAP) sont
des systémes de traitement des eaux usées peu
énergivores ou les microalgues produisent I'oxy-
géne pour la dégradation aérobie de la matiere
organique par les bactéries. Cette thése propose
une approche intégrative impliquant différents sys-
temes d’étude pour étudier les interactions au
sein du consortium microalgues-bactéries dans de
tels sytémes. Lhypothése selon laquelle le car-
bone organique est consommé uniquement par
les bactéries a été discuté dans la littérature,
soulevant I'hypothése d’une croissance microal-
gale hétérotrophe significative impactant potentiel-
lement les interactions avec les bactéries. Au re-
gard de la complexité des interactions trophiques

dans le consortium microalgues-bactéries, une
étude en photobioréacteur (PBR) de laboratoire en
conditions contrdlées utilisant de I'acétate comme
source de carbone organique et couplée a une ap-
proche de modélisation a été conduite. Ces outils
se sont avérés sursimplifiés, cependant ce travail
a révélé que les interactions entre les microalgues
et les bactéries en high rate algal pond pourraient
étre plus complexes qu’une simple synergie repo-
sant sur des échanges d’O, et de CO,. Par ailleurs,
les microalgues ont joué un réle majeur non seule-
ment dans les interactions trophiques avec les bac-
téries mais également dans les méchanismes de
désinfection par la production d’espéces réactives
a 'oxygéne.

Title: Towards a better understanding of kinetic interactions between microalgae and bacteria - From

lab to large-scale high rate algal pond

Keywords: high rate algal pond, photobioreactor, carbon, oxygen, mixotrophy

Abstract: High rate algal ponds (HRAP) are low-
energy consuming wastewater treatment systems
where microalgae provide the oxygen to bacte-
ria for aerobic degradation of organic matter. This
thesis propose an integrative approach involving
different study systems to investigate interactions
within the microalgae-bacteria consortium in high
rate algal ponds. The assumption that organic car-
bon is consumed solely by bacteria in HRAP has
been discussed in the literature, raising the hypoth-
esis that heterotrophic growth of microalgae could
be relevant and potentially impacting the interac-
tions with bacteria. Considering the complexity of

trophic interactions inside the microalgae-bacteria
consortium, a study in laboratory photobioreactor
in controlled conditions using acetate as the or-
ganic carbon source and coupled to a modeling
approach was conducted. These tools turned out
to be oversimplified, however this work revealed
that interactions between microalgae and bacteria
in high-rate algal ponds would be more complex
than a simple synergy relying on O, and CO, ex-
changes. Besides, microalgae played a major role
not only in trophic interactions with bacteria but
also in disinfection mechanisms through Reactive
Oxygen Species production.
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