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ABSTRACT 

Aquaculture activities have developed in recent years due to the necessity to feed an 

increasing human population. Nowadays aquaculture represents more than 50 % of the total 

fish produced. The salmonids production sector is the most important freshwater aquaculture 

sector in Europe, being the rainbow trout one of the most produced species.  

The implementation of freshwater aquaculture activities demands large water volumes 

that, in Mediterranean regions, are difficult to access. Recirculating aquaculture systems 

(RAS) are an option to reduce water usage and improve pollutant removal helping to boost 

aquaculture production. However, the application of RAS increases the nutrient and organic 

matter concentrations in fish ponds being the major harmful pollutants the ammonium and 

nitrite. Therefore, the ammonium and nitrite removal is crucial to ensure fishes health and 

consequently, their adequate production. When the water usage is extremely high (such as 

intensive rainbow trout farms) the traditional biofilters used in RAS are not able to manage 

these flows. Thus, technologies able to achieve good removal performances at extremely high 

flows have an especial interest in this sector such as the aerobic granular sludge (AGS) based 

technology. 

Therefore, the main goal of this PhD thesis is to provide a technological solution based 

on AGS to treat and reuse large flows of extremely low-strength wastewater streams, like 

those produced in aquaculture. This knowledge will help to increase the water availability of 

freshwater facilities with RAS. In this context, this research aims at studying the development 

of AGS in continuous flow granular reactors (CFGR) and the performance of the system for 

the treatment of extremely low-strength aquaculture trout farm effluents, while efficiently 

retaining the biomass inside the reactor. 

The results obtained in this thesis highlight that successful granulation is possible treating 

high influent flows at extremely low-strength conditions as those of the RAS. The AGS could 

be cultivated and retained in CFGRs operated at laboratory and pilot scale. Several biological 

processes such as heterotrophic oxidation, denitrification, partial denitrification, nitrification, 

anammox and photosynthesis took place in these CFGRs. Besides, the effluents obtained from 

these units fulfilled the water quality requirements of the fish farms to reintroduce them into 

the fish ponds. In the pilot CFGR (installed in the trout farm treating the water from the fish 

ponds), nitrification was the main biological process that removed ammonium and nitrite 

from the recycling water. This oxidative process decreased de dissolved oxygen (DO) 

concentration in the water that needs to be aerated before re-entering the fish ponds. As an 

alternative successful bioaugmentation of the AGS with microalgae was achieved in a CFGR 

that provided an effluent with a high DO concentration reducing the needs for aeration. 

In conclusion, based on the research carried out in this thesis, a technological solution 

based on AGS has been developed to treat and reuse aquaculture streams and will help define 

the operational strategies and desings of full-scale CFGRs to deal with large flows of 

extremely low-strength streams. In addition, a patent for this technology has currently being 

applied for and the Spanish Patent Office accepted its application.  
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ABBREVIATIONS AND ACRONYMS 

 

AGS: Aerobic granular sludge 

ALR: Ammonium Loading Rate 

AOB: Ammonium Oxidizing Bacteria 

ARR: Ammonium Removal Rate 

CFGR: Continuous Flow Granular Reactor 

CFR: Continuous Flow Reactors 

COD: Chemical Oxygen Demand 

DO: Dissolved Oxygen 

EPS: Extracellular Polymeric Substances  

F: Flow 

GTM: Grupo Tres Mares factory 

HETact: Heterotrophic Activity 

HPLC: High Performance Liquid Chromatography 

HRT: Hydraulic Retention Time 

IC: Inorganic Carbon 

NOB: Nitrite Oxidizing Bacteria 

NPR: Nitrite Production Rate 

NRR: Nitrate Removal Rate 

OLR: Organic Loading Rate 

ORR: Organic Removal Rate 

PN-AMX: Partial  Nitritation - Anammox 

RAS: Recirculating Aquaculture System(s) 

RBC: Rotating Biological Contactor 

SBR: Sequencing Batch Reactor 

SAA: Specific Anammox Activity 

SDA: Specific Denitrifying Activity 
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SRT: Sludge Retention Time 

SVI: Sludge Volume Index 

TF: Trickling Filters 

TN: Total Nitrogen 

TOC: Total Organic Carbon 

TSS: Total Suspended Solids 

VSS: Volatile Suspended Solids 

Vup: Up-flow velocity 
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RESUMO 

Capítulo 1. Introdución e contexto 

A produción acuícola aumentou nos últimos anos pola necesidade de alimentar unha 

poboación humana crecente. De 1990 a 2012 a captura de peixes salvaxes aumentou menos 

do 10%. Pero durante este mesmo período, a produción de acuicultura aumentou máis de 

cinco veces, representando actualmente máis do 50% do total de peixe producido. 

A actividade da acuicultura de auga doce leva asociada a unha demanda elevada de 

recursos hídricos, os cales nas rexións mediterráneas como España, son escasos. Ademais as 

restricións para o uso de auga doce son cada vez maiores xa que hai que respetar o caudal 

ecolóxico de ríos e acuíferos. Neste contexto, para reducir o volume de auga empregado e 

mellorar a eliminación de contaminantes, pódense empregar os sistemas de recirculación en 

acuicultura (do inglés Recirculating Aquaculture Systems, RAS). É importante destacar que 

Europa é a rexión do mundo que máis peixe de acuicultura consome e o sector de produción 

de salmónidos é o máis importante, dentro da acuicultura de auga doce, sendo a troita unha 

das especies máis producidas. A aplicación de RAS estudouse no sector de produción de 

troitas para reducir as necesidades de auga e manter a produción deste peixe. Non obstante, a 

aplicación de RAS leva asociado un aumento da concentración de nutrientes e materia 

orgánica nas explotacións de acuicultura. A partires da súa aplicación demostrouse que 

permiten incrementar a produción de peixe dentro das piscifactorías. 

Os principais contaminantes nocivos para os peixes que se acumulan nun RAS son os 

compostos de nitróxeno. Dentro destes os máis perigosos son o amonio e o nitrito e as súas 

especies non ionizadas que son o amoníaco libre (AL) e o ácido nitroso libre (ANL), 

respectivamente, que están en equilibrio químico na auga que depende da temperatura e o pH. 

O AL e o ANL son os compostos máis perigosos porque teñen unha maior solubilidade e 

poden atravesar as membranas biolóxicas dos peixes máis facilmente que as formas iónicas. O 

nitrito é máis nocivo que o amonio. Non obstante, o nitrito aparece en concentracións máis 

baixas en RAS. Polo tanto, a eliminación do amonio e o nitrito é crucial para asegurar a saúde 

dos peixes e a súa correcta produción.  

O método tradicional para tratar e reempregar a auga en RAS basease na aplicación de 

biofiltros de discos rotativos, filtros de area e filtros de goteo. Estes eliminan os 

contaminantes de nitróxeno e sólidos en suspensión. Nestes filtros desenvólvese unha 

biopelícula de bacterias heterótrofas e nitritificantes que tratan a auga eliminando a materia 

orgánica e o nitróxeno que contén. Non obstante, cando a auga empregada circula con 

elevados caudais no sistema (como sucede nas granxas intensivas de troita) o tempo de 

retención hidráulica (TRH) do biofiltro non é dabondo para eliminar os contaminantes que 

coneñen nitróxeno. Polo tanto, as tecnoloxías capaces de lograr boas eliminacións aplicando 

curtos TRH teñen un interese especial para este sector. 
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Relativo aos procesos biolóxicos baseados na actividade bacteriana, o principal desafío 

aplicado ás correntes de acuicultura de auga doce é ser capaces de tratar os altos caudais de 

auga con baixas concentracións de nutrientes (compostos nitroxenados). Nesta liña, as 

tecnoloxías baseadas en lamas granulares aerobias (LGA) reteñen moi ben a biomasa e 

acumulan grandes concentracións desta no sistema e polo tanto poden procesar caudais de 

auga elevados. Polo tanto, esta tecnoloxía permite operar con valores do TRH relativamente 

curtos, reducindo a área precisa para a súa implantación, que é limitada nas plantas de 

acuicultura para xestionar estes caudais de auga. O emprego de LGA en reactores para o 

tratamento de augas residuais urbanas e industriais ten demostrada a súa eficacia. Pero a súa 

utilización para tratar caudais extremadamente altos con concentracións de nitróxeno e 

materia orgánica extremadamente baixos, como é o caso dos efluentes acuícolas, non foi 

estudado ata a data de comezo desta tese.  

Polo tanto, o obxectivo deste traballo de investigación é estudar a granulación da biomasa 

en condicións aerobias e a operación de reactores granulares de fluxo continuo (RGFC) para o 

tratamento de efluentes de acuicultura con concentracións de contaminantes extremadamente 

baixas. Debido á necesidade de manexar fluxos grandes para poder levar a cabo o tratamento 

da auga de recirculación nas granxas de acuicultura, este traballo centrarase por unha banda 

na boa retención da biomasa granular cando se opera a baixos TRH e por outra na súa 

capacidade de eliminación do amonio e nitrito. Os resultados obtidos axudarán a optimizar e 

mellorar a dispoñibilidade de auga das instalacións RAS de auga doce. 

En particular, esta tese pretende afondar na comprensión do proceso buscando respostas 

ás seguintes preguntas: 

• É posible acadar o proceso de granulación da biomasa en condicións aerobias en 

presencia de concentracións de contaminantes extremadamente baixas 

empregando reactores de fluxo continuo a escala de laboratorio? Cales son as 

mellores condicións operativas para facelo? Cál é o mellor deseño do reactor para 

conseguilo? É posible operar un RGFC con valores do TRH moi curtos (menos de 5 

min)? Cales son os procesos biolóxicos e os microorganismos implicados? 

 

• As configuracións estudiadas no laboratorio son escalables a planta piloto? Cal é 

o rendemento do tratamento in situ de efluentes de acuicultura? Ocorren os mesmos 

procesos biolóxicos que na escala de laboratorio? A estabilidade e o rendemento do 

reactor son mellores ou peores que na escala de laboratorio? Cales son os procesos 

biolóxicos e os microorganismos implicados?  

 

• É posible aforrar osíxeno nun RGFC no que se tratan augas con concentracións 

de contaminantes extremadamente baixas mediante a bioaumentación da LGA? 

A combinación da nitritación parcial e anammox son procesos axeitados? O consorcio 

microalga-bacteria é axeitado para este fin? Poden operar de xeito estable estes 
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microorganismos cando tratan auga doce de sistemas de acuicultura? Cales son os 

procesos biolóxicos e os microorganismos implicados? 

 

• Son as solucións tecnolóxicas desenvolvidas viables tecnicamente? Están as 

concentracións de amonio, nitrito, AL e ANL do efluente obtido do reactor por 

debaixo dos valores tóxicos para os peixes? Como son as eficiencias acadadas en 

comparación cos tratamentos tradicionais de RAS? 

 

Capítulo 2. Materiais, métodos e equipos 

Neste capítulo proporcionouse unha descrición detallada dos métodos analíticos 

empregados para determinar os parámetros convencionais na caracterización das augas 

residuais e da biomasa granulara aerobia. Os parámetros máis típicos da fase líquida como a 

temperatura, o pH, a concentración de carbono orgánico total (COT), a concentración das 

especies nitroxenadas (amonio, nitrito e nitrato) ou a concentración de sólidos en suspensión 

totais e volátiles medíronse seguindo as instrucións do “Standard Methods”. A maiores 

incluíronse tamén outros parámetros como a concentración de anións, catións e carbono 

inorgánico (CI). 

Neste capítulo detalláronse tamén as metodoloxías empregadas para a caracterización da 

biomasa granular aerobia para determinar a súa sedimentabilidade (Índice Volumétrico de 

Lamas, IVL), a densidade e o tamaño de partícula dos gránulos aerobios. Ademais, 

describíronse as técnicas de caracterización das actividades biolóxicas da biomasa: actividade 

heterótrofa, oxidante de amonio, oxidante de nitrito, desnitrificante, anammox e fotosintética. 

A maiores, presentáronse tamén neste capítulo os cálculos empregados para determinar os 

parámetros que permiten analizar os resultados obtidos ao longo da tese. 

 

Capítulo 3. Optimización de reactores de lamas granulares en continuo para o 

tratamento de correntes acuícolas de concentración extremadamente baixa. 

Tal e como se describiu no Capítulo 1, os métodos tradicionais de eliminación de materia 

orgánica e nitróxeno en RAS non son capaces de facer fronte a caudais de auga contaminada 

extremadamente altos de xeito eficaz. Por isto xurde a idea de empregar a tecnoloxía de LGA 

para este cometido, xa que esta é capaz de tratar altos caudais precisando dunha baixa 

superficie de implantación, especialmente mediante a aplicación de reactores CFGR. A 

dificultade é que, como tamén se menciona no Capítulo 1, a tecnoloxía LGA non ten sido 

estudada para concentracións contaminantes extremadamente baixas como son as de 

acuicultura de auga doce. 

Polo tanto o Capítulo 3 buscou determinar cales son as mellores condicións operativas 

para formar biomasa granular tratando correntes de acuicultura de auga doce en RGFC. Ó ser 

a primeira aproximación, este traballo realizáronse a escala de laboratorio. Para este propósito 

leváronse a cabo catro experimentos en dous reactores con xeometría diferente en canto á súa 

relación altura/diámetro. Ambos reactores tiñan un volume de 1,4 L. O primeiro reactor 
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presentaba unha relación altura/diámetro maior (15,6) polo tanto era máis alto e estreito e 

puido traballar a velocidades ascensionais maiores mentres que o segundo era máis baixo e 

ancho (3,2) e operábase a velocidades ascensionais menores, podendo así avaliar a retención 

de lamas en función deste parámetro. En tódolos experimentos empregouse como 

alimentación un medio sintético cunhas concentracións extremadamente baixas que simulaban 

a corrente de recirculación da empresa de produción de troita Grupo Tres Mares S.L. (Situada 

en Lires, Cee - A Coruña).  

Nos 4 experimentos avaliáronse os efectos das condicións operacionais (velocidade 

ascensional, TRH, emprego de aire, axitación mecánica e variación do fluxo de entrada) sobre 

o proceso de granulación da biomasa. O primeiro logro deste traballo foi que o proceso de 

granulación cunha boa retención da biomasa foi acadado a valores de TRH moi curtos (5 min) 

e con concentracións na alimentación extremadamente baixas (2,5 mg N-NH4
+/L e 8 mg C/L). 

Ademais, acadáronse unhas porcentaxes de eliminación do 65 % para o COT e do 20 % para 

o amonio. O alto caudal de alimentación imposto, que implicou un unha alta velocidade 

ascensional da auga no reactor (de ata 8,5 m/h), e o uso de axitación mecánica favoreceron a 

granulación das lamas. Os resultados obtidos nestes experimentos foron a chave para o deseño 

e definición das condicións operativas dos reactores que se operaron despois a escala 

laboratorio (Capítulos 4 e 6) e piloto (Capítulo 5). Polo tanto, este primeiro traballo, axudou 

a optimizar as condicións operativas dos RGFC necesarias para lograr a granulación da 

biomasa cando se tratan correntes de acuicultura de auga doce ou outras correntes con 

características semellantes. 

 

Capítulo 4. Emprego dun reactor de lodo granular continuo (RGFC) para o tratamento 

de efluentes da acuicultura de auga doce. 

Tal e como se describe no Capítulo 3, atopáronse as configuracións e condicións 

operacionais óptimas para producir LGA tratando correntes de acuicultura de auga doce neses 

experimentos. A duración dos experimentos foi inferior a un mes, mentres que as tempadas de 

seca nas que é preciso recircular auga nas granxas acuícolas ten unha duración de entre 3 e 4 

meses. Polo tanto no Capílulo 4, buscouse o modo de conseguir a operación estable durante 

este período de tempo no reactor de laboratorio. Neste capítulo tamén se investigan en maior 

profundidade as características dos gránulos formados así como a eliminación de compostos 

de nitróxeno e os procesos biolóxicos polos que se leva a cabo mediante ensaios de actividade 

das lamas. 

Polo tanto, o obxectivo deste capítulo foi a avaliación dun reactor RGFC para tratar 

correntes de acuicultura de auga doce a escala de laboratorio de xeito estable durante 3 - 4 

meses. O reactor tiña unha proporción altura/diámetro elevada (15,3), cun volume de 2,0 L e 

foi operado cun TRH de 5 min e unha velocidade ascensional de 11 m/h (condicións 

operacionais dun dos experimentos con mellor resultado do Capítulo 3). A alimentación foi 

tamén un medio sintético que imitaba a auga de recirculación dunha planta acuícola (1,9 - 2,6 

mg N-NH4
+/L) e a temperatura variou entre 17 e 25 ºC. O RGFC foi inoculado con lamas 
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activadas procedentes da balsa biolóxica da depuradora urbana de Calo (Teo-Santiago de 

Compostela). Acadouse a granulación das lamas en tan só 7 días, e en consecuencia 

melloraron as propiedades de sedimentación do lodo debido á alta velocidade ascensional de 

11 m/h e o curto TRH fixado de 5 min. O reactor presentou gránulos maduros despois de 32 

días acadando un diámetro medio de 1,9 mm no día 63. As eficiencias de eliminación de 

amonio foron de aproximadamente de entre o 10 e o 20 % con taxas de eliminación de 90,0 

mg de N-NH4
+/(L·d). Os principais procesos biolóxicos que tiveron lugar no RGFC foron a 

eliminación do amonio por asimilación heterótrofa (non foi detectada actividade nitrificante 

nos ensaios de actividade) e a desnitrificación. Esta última as veces levábase a cabo de xeito 

incompleto o que provocou a acumulación de nitrito no RGFC en certos momentos 

operacionais.  

Este traballo fíxose en colaboración coa Universidade Católica Portuguesa (UCP) do 

Porto, onde utilizaron o mesmo tipo de auga cun reactor granular pero no seu caso de tipo 

secuencial. Comparando ambos sistemas, o reactor en continuo do Capítulo 4 (RGFC) 

acadou taxas de eliminación de amonio 6 veces máis altas que o reactor secuencial operado na 

UCP, sendo axeitado para tratar caudais extremadamente altos. 

Polo tanto este traballo validou e ampliou os resultados acadados no Capítulo 3 e probou 

que a operación deste tipo de reactores é estable durante toda unha estación seca (100 días). 

Estes resultados motivaron a viabilidade de escalar o sistema a planta piloto no Capítulo 5.  

 

Capítulo 5. Emprego dun reactor RFGC a escala piloto para o tratamento de augas 

residuais de sistemas de recirculación acuícolas de carga extremadamente baixa. 

Unha vez coñecidas as condicións óptimas de operación e de ter acadada unha 

experiencia de operación estable cunha duración de 100 días (Capítulo 3 e Capítulo 4) 

decidiuse escalar o sistema a tamaño piloto. A principal limitación deste traballo foi que non 

se dispuña de ningún reactor piloto cunha proporción altura/diámentro semellante á do reactor 

do Capítulo 4. Polo tanto decidiuse empregar outra das configuracións de éxito do Capítulo 

3 cunha proporción altura/diámentro menor (3,8). 

O obxectivo do Capítulo 4 foi a avaliación da operación dun reactor RGFC piloto para o 

tratamento de correntes acuícolas de auga doce tratando a auga da propia planta acuícola. Este 

experimento levouse a cabo durante dúas estacións secas consecutivas (período de 100 días de 

verán cada unha) para obter suficientes datos e demostrar que os resultados son reproducibles. 

O reactor tiña un volume de 30 L e foi operado a valores do TRH de entre 11 e 68 min, con 

velocidades ascensionais de entre 0,6 e 3,8 m/h. O reactor foi alimentado cunha corrente de 

recirculación da piscifactoría Grupo Tres Mares que tiña concentracións de amonio e materia 

orgánica extremadamente baixas (0,12 - 1,84 mg N-NH4
+/L e 2,2 - 8,14 mg C/L), máis 

incluso que nos experimentos de laboratorio.  

Aplicáronse dúas configuracións diferentes durante este estudo. A primeira configuración 

consistiu nun RGFC alimentado dende a parte inferior, sendo a velocidade ascensional a única 
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forza presente para expandir e mesturar as lamas. Neste caso a baixa velocidade ascensional 

causada pola baixa relación altura/diámetro do reactor causou unha baixa expansión das 

lamas. En consecuencia tiveron lugar episodios de perda de lamas co efluente e as 

porcentaxes de eliminación de amonio, nitrito e materia orgánica foron baixos. A segunda 

configuración incorporou un axitador mecánico e unha malla  na parte superior para mellorar 

a mestura e a retención das lamas, respectivamente. Esta nova configuración foi previamente 

aplicada con éxito no cuarto experimento do Capítulo 3.  

A configuración con axitador mecánico e malla foi óptima en termos de retención de 

lamas e da mellora da eliminación de amonio e nitrito. Mesmo a estas baixas concentracións, 

acadouse a granulación das lamas nuns 55 días e acadando un diámetro medio dos gránulos de 

0,47 mm, cun índice volumétrico de lamas de 79 mL/g TSS caracterizadas cunha velocidade 

de sedimentación de 3,39 m/h. Acadáronse porcentaxes de eliminación de amonio e nitrito de 

ata o 81 e o 100 %, respectivamente. Polo tanto a eliminación de amonio (que é un dos 

maiores problemas nos RAS) foi moitísimo mellor que nas experiencias de laboratorio. Isto 

puido deberse a que neste caso sí que se detectou actividade nitrificante na biomasa, 

indicando a presencia de bacterias oxidantes de amonio e de nitrito. 

Ademais neste capítulo tamén demostrouse a viabilidade técnica do sistema xa que a 

eliminación acadada no RGFC en termos de concentracións de compostos nitroxenados foi 

maior que as concentracións habituais de amonio e de nitrito xerados no efluente acuícola sen 

tratar. Isto fai que a implantación a escala real deste sistema sexa axeitada para manter a 

concentración destes compostos por debaixo dos niveis tóxicos para as troitas. 

 

Capítulo 6. Son os procesos PN-Anammox e/ou os consorcios microalga-bacteria 

alternativas viables para aforrar osíxeno en RGFC tratando correntes líquidas da 

acuicultura de auga doce? 

Nos capítulos anteriores demostrouse a viabilidade técnica de cultivar gránulos de 

biomasa aerobios e eliminar os compoñentes nitroxenados perigosos mediante reactores 

RGFC para tratar correntes líquidas de acuicultura de auga doce. Pero en tódolos 

experimentos a concentración de osíxeno disolto (OD) no efluente era moi baixa, sendo este 

outro dos parámetros de calidade da auga máis importantes e críticos na acuicultura. Polo cal, 

cando os sistemas RAS funcionan como sistemas pechados en explotacións acuícolas 

intensivas de auga doce, a concentración de OD nas correntes de auga producidas diminúe ata 

niveis insuficientes para os peixes e faise precisa a osixenación da auga.  

Polo tanto o obxectivo no Capítulo 6 foi tratar de mellorar a tecnoloxía RGFC 

desenvolvida nos Capítulos 3, 4 e 5 para que ademais de eliminar os contaminantes de 

nitróxeno tamén se poida aforrar ou incluso producir osíxeno. Para isto avaliouse o potencial 

de dúas alternativas de procesos biolóxicos que operaban en dous reactores. Unha baseada no 

emprego de biomasa que levaba a cabo os procesos de nitrificación parcial e Anammox 

(Aquammox RGFC) e outra na que se desenvolveu un consorcio de lamas microalga-bacteria 

(AquaMab RGFC). Ambos reactores a escala de laboratorio operáronse in situ na planta do 
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Grupo Tres Mares alimentados co efluente acuícola xa utilizado no Capítulo 5, que contiña 

concentracións extremadamente baixas de amonio e materia orgánica (0,34 - 1,39 mg N-

NH4
+/L e 3,3 - 7,7 mg C/L). En ambos reactores as condicións operacionais fixadas foron 

semellantes ás da planta piloto, con valores do TRH curtos de entre 14 e 87 min. 

O Aquammox RGFC foi capaz de eliminar ata o 68% e o 100% de amonio e nitrito, 

respectivamente, pero o nitrato acumulouse no efluente tratado. Ademais, co tempo, os 

gránulos do Aquammox RGFC perderon a súa integridade e a actividade anammox 

desapareceu. Neste reactor tivo lugar a nitrificación completa de amonio a nitrato como 

principal proceso biolóxico de transformación de nitróxeno. Por iso o efluente resultante tiña 

unha concentración de OD baixa, inferior a 1 mg O2/L, sendo unha concentración demasiado 

pequena para a supervivencia dos peixes. 

Por outra banda, a bioaumentación do sistema con microalgas tivo éxito no AquaMab 

RGFC. Os gránulos inoculados no sistema procedentes da planta piloto actuaron como 

soporte para o crecemento das microalgas que tamén procedían das balsas da propia 

piscifactoría. A cor dos gránulos tornou de marrón claro a verde escuro en apenas 5 días 

dende a adición do cultivo de microalgas. O reactor AquaMab RGFC foi capaz de eliminar 

ata 77 % e 80 % de amonio e nitrito respectivamente, e ademais foi capaz de eliminar un 15 

% da concentración total de nitróxeno. Demostrouse que o reactor AquaMab RGFC pode 

producir osíxeno suficiente para manter o proceso de nitrificación e incrementar a 

concentración de OD no efluente ata 9 mg O2/L mentres que no reactor piloto operando so 

con bacterias esta era inferior a 1 mg O2/L (Capítulo 5). 

Polo tanto, este traballo pode axudar a optimizar as condicións operativas dos reactores 

RGFC mediante a bioaumentación con microalgas para acadar unha eliminación eficaz dos 

contaminantes de nitróxeno e producir osíxeno tratando correntes de acuicultura de auga doce 

ou outras correntes con características semellantes. 

 

Capítulo 7. Discusión xeral e conclusións 

Neste capítulo integráronse e discutironse conxuntamente tódolos resultados obtidos ó 

longo do desenvolvemento da tese, intentando responder ás preguntas expostas na introdución 

sobre a granulación de lamas activadas e ó tratamento de efluentes de acuicultura de auga 

doce mediante reactores de tipo continuo para o seu reemprego.  

Todo o coñecemento xerado ó longo da presente tese pretendeu proporcionar ferramentas 

e estratexias para o deseño e operación de sistemas baseados en RGFC para a súa aplicación á 

acuicultura de auga doce e outros sectores que teñan que tratar/recuperar altos caudais de 

efluentes con concentracións extremadamente baixas (Capítulo 7). Os resultados obtidos 

indican que é posible acadar unha granulación exitosa con altos caudais en condicións de 

concentracións de amonio e COT extremadamente baixas. A lama granular pode ser cultivada 

e retida en RGFC a escala de laboratorio e piloto. Durante as etapas de operacións ensaiadas 

co RGFC tiveron lugar varios procesos biolóxicos como a oxidación heterótrofa de materia 
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orgánica, a desnitrificación (completa e parcial), a nitrificación, o proceso anammox e a 

fotosíntese. Ademais, o efluente obtido cumpriu as características de calidade precisas para as 

piscifactorías de auga doce. No RGFC piloto (situado na piscifactoría de troita do Grupo Tres 

Mares), o principal proceso biolóxico de eliminación de amonio e nitrito foi a nitrificación. 

Este proceso de oxidación causou a redución da concentración de osíxeno disolto do efluente. 

Non obstante, conseguiuse a bioaumentación dos LGA (procedentes do RGFC piloto) con 

microalgas de xeito que o efluente xerado coa súa actividade presentaba unha alta 

concentración de osíxeno disolto mantendo as eficiencias de eliminación de amonio e nitrito. 

Por último, describíronse diferentes posibilidades para investigacións futuras sobre esta 

temática. A estratexia de bioaumentación con microalagas seguida no AquaMab RGFC 

parece ser a mellor forma de continuar a liña de investigación. Polo tanto, son necesarios máis 

experimentos para verificar a estabilidade do proceso. Ademais, para reducir a demanda de 

enerxía do reactor, debe avaliarse o emprego de luz solar para levar a cabo o proceso de 

bioaumentación coas microalgas e a posterior operación do reactor. Tendo en conta que o 

sistema de tratamento da auga recirculada na planta acuícola é imprescindible no verán, a 

dispoñibilidade de luz solar é alta polo que é tecnicamente viable. Dado que o proceso de 

granulación levou máis de 50 días na planta piloto co RGFC, outro enfoque interesante que se 

podería estudar no futuro é o uso de zeolitas como núcleo para acelerar o desenvolvemento 

das LGA a escala piloto. Ademais, as zeolitas tamén poden adsorber o amonio na súa 

superficie creando unha concentración positiva de gradiente de amonio no interior dos 

gránulos.  

Finalmente, a transformación dos estanques de peixes baleiros en RGFC podería ser outra 

alternativa interesante, tendo en conta que a dispoñibilidade de área para construír sistemas de 

tratamento nas piscifactorías ás veces é reducida. Neste caso, un RGFC tubular máis pequeno 

podería usarse para cultivar os gránulos e estaría conectado cos estanques que actuarían a 

modo de reactor continuo. Esta configuración ten moitas vantaxes como unha gran redución 

dos custos de construción a gran escala. Ademais, a profundidade dos estanques é inferior a 1 

m nas instalacións do Grupo Tres Mares, polo que a radiación solar penetraría ben ata o fondo 

dos estanques permitindo a actividade fotosintética das microalgas no consorcio bacteria-

microalga.  
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1.1. RECIRCULATING AQUACULTURE SYSTEMS 

1.1.1 Aquaculture perspectives 

Worldwide, pollution of the soil, the water and the atmosphere is increasing. One of the 

main causes is the larger demand for food to feed the growing world population. This demand 

generates an increase in the intensity of food production (Chowdhury et al., 2010; Turcios and 

Papenbrock, 2014). Consequently, one of the biggest current challenges is to be able to feed 

this growing population, which is estimated to reach 9,000 million people a year in 2050 

(FAO, 2020). All this, in a very current context, such as climate change, the depletion of 

resources and the growing economic and financial concern that this generates. 

In this context, aquaculture has become a strategic sector of food production, since the 

capture of wild fish is no longer a sustainable option, both economically and environmentally. 

Aquaculture activities have been rising in recent years due to the necessity to feed an 

increasing human population. From 1990 to 2012, the wild fish capture increased by less than 

10% while aquaculture production increased by more than five times, representing nowadays 

over 50% of the total fish produced (Figure 1.1) (FAO, 2020; Krause et al., 2015). In 2014 the 

contribution of aquaculture to the supply of fish for human consumption, for the first time 

exceeded the tons of wild fish caught for consumption (FAO, 2020). The forecast for the year 

2030 shows a constant increase in food production associated with aquaculture. On the other 

hand, the production of food by capture will remain stable or even decrease. It is predicted 

that in 2030 about 60% of the fish will be produced in aquaculture systems (World Bank, 

2013).  

 

Figure 1.1. World capture fisheries and aquaculture production from 1950 to 2018. Source: 

FAO. 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action. 

Rome.  
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1.1.2 Recirculating freshwater aquaculture systems 

Inland freshwater aquaculture activities have a high water demand from natural nearby 

water streams that, in certain regions like Mediterranean countries, is scarce. Competition for 

this resource will increase with its increasing scarcity, thus affecting the continued 

development of aquaculture activities. The use of recirculating aquaculture systems (RAS) is 

an intensive way of fish production which reduce water use by 90 - 99 % and requires less 

than 1% of the area compared to traditional extensive ponds (Ebeling and Timmons, 2012). 

Nowadays, the number of aquaculture farms with RAS is constantly growing. Norway and 

Canada are among the countries with the largest fish production through aquaculture farms 

with recirculation systems. The United States and northern Europe feature large numbers of 

these farms. The most common farmed species in this type of facility are salmon, tilapia, 

trout, eel, turbot, catfish and shrimp (Badiola et al., 2018; Martins et al., 2010a). Salmonids 

production is one of the most important freshwater aquaculture sectors in Europe, with 

rainbow trout as one of the most produced species (EUROSTAT, 2018). The use of RAS in 

the rainbow trout production sector reduces freshwater usage while maintaining fish 

production (Pulkkinen et al., 2019, 2018; Suhr and Pedersen, 2010) 

RAS allow controlled environments with predictable growth rates and harvesting dates. 

Despite reducing more than 90 % of water usage, RAS generate large volumes of polluted 

effluents containing suspended solids, nitrogen and phosphorus, as well as micropollutants 

such as antibiotics and hormones. These parameters together with factors such as temperature, 

salinity, pH, and dissolved oxygen (DO) concentrations are monitored in RAS as well. 

Among these parameters, the suspended solid wastes are commonly filtered and removed 

using filtering technologies. Liquid oxygen or aeration systems are applied to maintain 

sufficient DO levels for fish survival. In addition, the closed water flow in the RAS involves 

an increase of nitrogen compounds, organic matter and phosphorous concentrations (Crab et 

al., 2007) that are not removed easily in the filtering systems and thus hinder the continuous 

fish production. For aquaculture to be sustainable as a solution to the large requirements for 

food in the world, issues related to continuous production in aquaculture must be solved. In a 

closed system, the pollutant concentrations increase due to water recycling reaching 

concentrations that can be inhibitory or lethal for fishes. Nitrogen compounds released by fish 

metabolism transform into nitrogen species such as ammonium, nitrate and nitrite. 

Ammonium and nitrite in the water, even in low concentrations, are toxic to fish and the 

presence of high nitrate concentrations can cause eutrophication in the receiving bodies. 

Ammonium is the largest nitrogenous waste in highly intensive aquaculture systems with 

concentrations over 1.5 mg N/L (Crab et al., 2007; Ghasemi et al., 2018; Turcios and 

Papenbrock, 2014). 

Ammonium released due to fish activity is in equilibrium, that is influenced by pH and 

temperature, with the free ammonia (FA, NH3) (Anthonisen et al., 1976). Both species can be 

toxic to fish, however, FA is more harmful because it presents higher lipid solubility and 

consequently it can diffuse through the biological membranes easier than the ammonium ions 

(Körner et al., 2001). Ammonium and FA can replace oxygen molecules inside fish gills 



Introduction and context 

 

17 
 

causing hypoxia. While ammonium concentrations over 0.78 mg NH4
+-N/L can be toxic for 

rainbow trout in medium-term exposures (15 days), concentrations over 0.021 mg NH3-N/L 

are toxic as FA (Liao and Mayo, 1972). Nitrite is even more toxic than ammonium and 

follows the same behaviour. The free nitrous acid (FNA, HNO2), unionized compound in 

equilibrium with nitrite ion, induces methemoglobinemia which is the oxidation of the 

hemoglobin Fe(II) to Fe(III) causing hypoxia and cyanosis (Smith 1975). Russo et al. (1981) 

demonstrated that concentrations between 0.06 and 0.12 mg NO2-N/L caused 50 % of 

lethality on rainbow trout. Their study also shows that FNA was toxic even at lower 

concentrations due to its liposolubility. Russo et al. (1981) reported that the exposition to 0.3 - 

2.4 µg HNO2-N/L for 96 h caused 50 % of lethality on rainbow trout.  

The success of RAS depends on the quality of the water that is produced and further used 

to refill the fish tanks. In this way, the DO concentration in water is critical both to fish health 

and growth performance in aquaculture fish tanks. When RAS operate in a close circuit, the 

DO concentration in the water stream decreases. The DO concentration should be high 

enough to guarantee adequate fish growing conditions and is usually over 6 - 8 mg O2/L to 

ensure the production of salmonids, like the rainbow trout (Ebeling and Timmons, 2012). 

Moreover, low DO concentrations reduce the fish respiration efficiency, especially when high 

carbon dioxide (CO2) concentrations are dissolved in the water. Nevertheless, water 

oxygenation requires ponds aeration or liquid oxygen addition so the maintenance of adequate 

DO levels is important for both technical and economic reasons. The oxygenation costs 

represent up to 13 % of the total operational cost of the fish farm facility (Timmons and 

Ebeling, 2010). Therefore, when developing rainbow trout RAS to remove the ammonium 

and nitrite and provide enough DO concentration are crucial to ensure fish health and growth 

maintenance. 

1.1.3 Water treatment in RAS 

Different methods are used to treat aquaculture effluents for subsequent recirculation. 

The methods range from conventional physical, chemical and biological methods, to more 

complex methods such as multitrophic systems (Turcios and Papenbrock, 2014). The most 

commonly used methods for treating water in aquaculture systems can be divided into ponds 

and reservoirs or biofilters. 

Ponds and reservoirs are used in facilities with a large available surface for implantation 

and that do not generate a very high flow. The treatment consists of storing the water from the 

aquaculture ponds in reservoirs for long periods, allowing natural physical, chemical and 

biological processes to occur, thus improving the quality of the water. This type of treatment 

requires imposing hydraulic residence times longer than 7 days (Idris et al., 2010) and 

applying aeration to the sediments accumulated in the reservoirs through mechanical mixing 

and mechanical aerators. This type of lagoon systems are very inexpensive, but they need 

large areas of land for implantation and a strict control of the aerobic conditions to prevent the 

appearance of anaerobic conditions (Crab et al., 2007; Gregory et al., 2010; Martins et al., 

2010). 
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Biofilters are used in intensive RAS with high water flow demands. In these systems, 

coarser solids are removed by sedimentation or mechanical filtration. In the case of the finest 

particles, the most used processes are those to remove fats and proteins by flotation with 

dissolved air or using a skimmer.  

In addition, in biofilters a biofilm layer grows attached on the surface of the filling media 

where biological processes like nitrification and denitrification take place to remove nitrogen 

compounds. The most common biofilter systems are Rotating Biological Contactors (RBC), 

Trickling Filters (TF) and Fluidized Bed Reactors (FBR) (Crab et al., 2007; Ebeling and 

Timmons, 2012; van Rijn et al., 2006). 

The RBC is a fixed bed bioreactor comprising circular plates aligned in series on a central 

axis within a waterlogged chamber where the recycled water stream flows (Figure 1.2a). In 

RBC approximately half of each plate surface is submerged while the other half is exposed to 

the air. Furthermore, the plates rotate slowly to expose the biofilm either to the water 

containing the nutrients or to the air, which provides the oxygen required for the aerobic 

biological processes. Thus, the RBC are self-aerated systems, that have low operating costs 

maintaining aerobic treatment conditions. However, the RBC, in comparison with FBR, 

present several disadvantages due to the mechanical nature of their operation and the weight 

increase of the disks due to biofilm growth and the high cost per unit. 

a) b) 

  

Figure1.2. a) Aquaculture RBC picture. Source: Grupo Tres Mares S.L.; b) Aquaculture TF 

picture. Source: Wikimedia Commons, the free media repository. 

The TF are biofilm reactors with beds of fixed rock/plastic media where the recycled 

stream trickles across the height of the unit (Figure 1.2b). An aerobic biofilm is attached to 

the plastic support media and dissolved nutrients are transformed by the biological processes 

like nitrification. Moreover, the water is oxygenated by the trickling action. TF are widely 

applied in aquaculture due to their easy operation and construction, their self-aerating 

performance and moderate cost (in comparison with RBC). Besides, the TF can remove 

dissolved CO2 by the striping associated with the trickling action. Nevertheless, the TF 

presents several disadvantages such as water loss by evaporation and filter clogging. 

In FBR the water flows through the spaces in sand or tiny plastic bead. The bed is 

expanded in volume by the imposed water inflow velocity resulting in a well-mixed media. 
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This operational condition favours the existence of a large specific surface area for nutrients 

transfer inside the reactor and good DO diffusion inside the biofilm characterized with high 

nitrification capacity. At the same time, the FBR present relatively low construction costs. 

Nevertheless, the FBR had high operational costs due to the energy consumed to fulfil the 

pumping requirements to fluidize the bed. Moreover, the FBR are difficult to maintain due to 

the biofouling episodes caused by the suspended solids present in the water. 

To attain the required water quality, tertiary treatments such as ozonization and 

ultraviolet irradiation are frequently used to remove pathogens and oxidize organic matter, 

especially in sensitive areas of the farm like fingerlings ponds (Martins et al., 2010). 

In addition to the previous considerations, there are aquaculture facilities where the water 

demand is extremely high, such as in intensive rainbow trout facilities. The production of 

rainbow trout requires the use of high water flows to avoid fish mortality (Timmons and 

Ebeling, 2010). Therefore, the RAS water treatment must be able to deal with extremely high 

flows, resulting in the use of systems with such short hydraulic retention times (HRT) that 

ammonium and nitrite cannot be fully removed from the water. Thus, the development of new 

technologies which can provide accurate removal performances at such short HRT is of 

special interest in this sector. 

1.2. AEROBIC GRANULAR SLUDGE 

Aerobic granules are microbial aggregates formed without carrier materials that settle 

significantly faster than conventional activated sludge (CAS) and do not coagulate under 

reduced hydrodynamic shear (De Kreuk et al., 2005). In aerobic granular sludge (AGS) 

systems, the microorganisms self-immobilize forming compact aggregates with excellent 

settling properties with proven resistance to a range of toxic compounds while keeping the 

main nutrient removal processes (Amorim et al., 2016; Ramos et al., 2017). AGS presents 

such biomass physical properties that enhance its retention inside the reactors with mass 

transfer capacity better than that of biofilms in biofilters. Furthermore, the AGS morphology 

enables that aerobic, anaerobic, and anoxic layers co-exist inside the granules due to different 

oxygen diffusion, allowing that full carbon and nutrient removal processes take place within a 

single reactor (Dobbeleers et al., 2017). Usually, AGS presents low values of sludge volume 

index (SVI30), below 60 mL/g TSS with SVI30/SVI10 ratios over 0.8. The SVI30 indicates the 

biomass settling capability and its value is lower in AGS than in conventional activated 

sludge (above 100 mL/g TSS) due to the higher compactness and density of AGS. The 

minimum average particle diameter to consider a biomass aggregate as granular biomass is 

usually chosen as 0.2 mm. Moreover, at least 80 % of the total mass of the biomass must 

correspond to the granular fraction to consider the granulation process successful (De Kreuk 

et al., 2005). AGS based technology requires then a surface for implantation smaller than 

conventional activated sludge treatments. It also needs much smaller building areas than RAS 

ponds. Besides, it does not need the presence of carrier materials to form the aggregates and 

the systems based on AGS can treat larger flows than RBC, TF and FBR. Thus, to select the 
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AGS technology to apply to RAS water can be adequate to the needs of such aquaculture 

farms where the land available is limited.  

1.2.1 Biological processes in AGS 

Inside the aerobic granules microorganisms maintain their relative position forming 

layers or areas with specific populations and appropriate environments for the biological 

processes (Bengtsson et al., 2018). The granules present these different environmental 

conditions depending on the diffusion of oxygen, nutrients and organic matter in their interior. 

The DO penetration inside the granules creates aerobic external layers where the oxidizing 

processes (nitrification and heterotrophic organic matter oxidation processes) take place and 

anoxic/anaerobic internal layers where the reduction processes (denitrification and anammox 

processes) occur (Figure 1.3). These are the same biological processes that occur in the 

aquaculture biofilms created in RBC, TF and FBR as well, but in AGS the biomass is self-

attached without the necessity of carrier material.  

1.2.1.1 Nitrogen removal 

Nitrogen is an essential nutrient that microorganisms use for multiple vital functions, 

such as synthesizing proteins or replicating their genetic information and thus being able to 

reproduce. However, excess nitrogen in wastewater is the main cause of environmental 

pollution when it is discharged into natural water bodies. One of the biggest problems in 

aquatic systems is eutrophication, which consists in the proliferation of certain organisms (for 

example, algae) due to the excessive supply of nutrients.  

The Nitrification is a biological process that occurs under aerobic conditions that 

consists of two consecutive stages carried out by two different groups of bacteria: ammonium 

oxidizing bacteria (AOB), responsible for the oxidation of ammonium to nitrite (Eq. 1.1), and 

nitrite oxidizing bacteria (NOB), which carry out the oxidation of nitrite to nitrate (Eq. 1.2) 

(Figure 1.3). These microorganisms obtain their energy from the reduced oxidation states of 

nitrogen. They are also autotrophs and do not need an external source of organic carbon, but 

instead use CO2 as a carbon source. The AOB belong to different genera of Nitrosomonas, 

Nitrosospira, Nitrosovibrio, Nitrosolobus and Nitrosococcus. While NOB comprises 

microbial populations of Nitrospira, Nitrobacter, Nitrococcus and Nitrospina. Besides, there 

are Nitrospira species known as Comammox (Complete Ammonia Oxidiser) bacteria, that 

can perform in a single step the complete ammonium oxidation to nitrate. The oxidation of 

ammonium to nitrite consumes about three times more oxygen than the oxidation of nitrite to 

nitrate. It is also an acidifying process since two protons are generated per mole of oxidized 

ammonium when it is converted to nitrite. So the pH of the media inside the reactor decreases 

due to the nitrification process. 

𝐍𝐇𝟒
+ + 𝟏, 𝟓 𝐎𝟐 → 𝐍𝐎𝟐

− + 𝟐 𝐇+ + 𝐇𝟐𝐎                                       (𝐄𝐪. 𝟏. 𝟏) 

NO2
− + 0,5 O2 → NO3

−                                                      (Eq. 1.2) 
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The heterotrophic denitrification process consists in the reduction of the nitrite or 

nitrate present to nitrogen gas under anoxic conditions (Figure 1.3). Since it is carried out by 

heterotrophic microorganisms, this process requires the presence of an organic carbon source 

as electron donor. The reduction of nitrate to nitrogen gas takes place in several consecutive 

stages where nitrite, nitric oxide (NO) and nitrous oxide (N2O) are generated as intermediates. 

The denitrifying bacteria belong to different genera such as Pseudomonas, Comamonas, 

Paracoccus, Bacillus, Rhizobium, Xanthomonas, Flavobacterium, Enterobacter, 

Denitrobacilus, Acetobacter, Hyphomicrobium, Azoarcus, Zoogloea, Acidovorax, etc. The 

denitrification stages from nitrate are described in Eq. 1.3 to 1.6, being acetic acid (in this 

case) the carbon source (Vázquez-Padín et al., 2009). 

2 CH3COOH + 8 NO3
− → 4 CO2 + 8 NO2

− + 4 H2O                                (Eq. 1.3) 

CH3COOH + 8 NO2
− + 2 H2O → 2 CO2 + 8 NO + 8 OH

−                        (Eq. 1.4) 

CH3COOH + 8 NO → 2 CO2 + 4 N2O + 2 H2O                                   (Eq. 1.5) 

                   CH3COOH + 4 N2O → 2 CO2 + 4 N2 + 2 H2O                               (Eq. 1.6) 

In this process, hydroxyl ions (OH-) are generated, causing an increase of pH of the 

medium. In addition, a considerable amount of organic matter is needed for it to be carried 

out. Below a C/N ratio of 3.5, an external addition of organic matter to the medium is 

necessary to complete the denitrification process (Buys et al., 2000a). 
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Figure 1.3. Biological processes that may take place inside a granule for organic matter and 

nitrogen removal; Aerobic layer ■ and anoxic layer ■. (Adapted from Amorim et al. (2016)). 

*AOB: Ammonium Oxidizing Bacteria; NOB: Nitrite Oxidizing Bacteria; AMX: Anammox. 

Anammox (AMX) process consists of the anaerobic oxidation of ammonium to nitrogen 

gas (Figure 1.3). The anammox bacteria can oxidize ammonium in the absence of oxygen 

with nitrite as the terminal electron acceptor following the stoichiometry described by Lotti et 

al. (2014) (Eq. 1.7). The Anammox bacteria belong to six genera of bacteria: Candidatus 

Brocadia, Kuenenia, Jettenia, Scalindua, Anammoxoglobus and Anammoximicrobium.  This 

process is completely autotrophic reducing by 100 % of the organic matter requirements in 

comparison with the conventional denitrification process. In this process, hydrogen ions (H+) 

are consumed, causing an increase in the pH of the medium.  

NH4
+ + 1.146 NO2

− + 0.071 HCO3
− + 0.057 H+ → 0.986 N2 + 0.161 NO3

−

+ 0.071 CH2O0.5N0.15 + 2.002 H2O                                                             (Eq. 1.7) 

The nitrification-denitrification combined processes are the conventional way to 

remove the nitrogen pollutants in most of the urban an industrial wastewater treatment plants. 

The process comprises the ammonium oxidation to nitrate (Eq. 1.1 and 1.2) consuming 2 mol 

of oxygen per mol of ammonium. Afterwards, the anoxic reduction of nitrate (being the 

electron acceptor instead oxygen) to nitrogen gas takes place consuming organic matter (Eq. 
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1.3 - 1.6). The global stoichiometry for the nitrification-denitrification processes is 

represented in Eq. 1.8. 

NH4
+ + 0.625 CH3COOH + 2 O2 + HCO3

− → 0.5 N2 + 3.75 H2O + 2.25 CO2       (Eq. 1.8) 

The partial denitrification (PD) process occurs when denitrification is incomplete and 

the reduction of nitrate stops in the first stage of the process (Eq. 1.3) producing the nitrite 

accumulation. This process saves 80 % of organic matter in comparison with the conventional 

nitrification-denitrification processes (Li et al., 2016). Some microorganisms are described as 

partial denitrifyers like Acidovorax, Thauera and Methyloversatilis. There are several 

operational conditions to achieve partial nitrification such as the presence of low C/N ratios, 

short HRT and pH control (Cao et al., 2017; Du et al., 2016). 

The partial nitritation-Anammox (PN-AMX) combined processes represent a shortcut 

in the nitrogen cycle and are an innovative alternative to the conventional nitrification-

denitrification process. They reduce the requirements for DO compared to the conventional 

nitrification-denitrification processes being less energy-demanding (Jetten et al., 2005). In the 

PN-AMX combined processes, only half of the ammonium is oxidized to nitrite to convert the 

nitrite and remaining ammonium anaerobically to nitrogen gas. The global stoichiometry for 

the PN-AMX processes is represented in Eq. 1.9.  

NH4
+ + 0.85 O2 + 1.11 HCO3

− → 0.44 N2 + 0.11NO3
− + 2.56 H2O + 1.11 CO2     (Eq. 1.9) 

Thus, the oxygen consumed by PN-AMX processes is three times lower than that 

required for the conventional nitrification-denitrification processes (Van Hulle et al., 2010). 

The partial denitrification-Anammox (PD-AMX) combined processes is another 

shortcut and innovative alternative to the conventional nitrification-denitrification processes. 

The PD is an alternative to the partial nitritation to produce the nitrite needed for the 

Anammox bacteria. This process can reduce in approximately 80 % the amount of organic 

matter required for the nitrification-denitrification processes. Besides, the PD-AMX processes 

avoid the nitrate accumulation produced during the AMX process (Eq. 1.7) achieving a better 

quality of effluent in terms of nitrate concentration. 

All the previous biological processes can be combined among them to achieve several 

pathways of nitrogen removal in AGS depending on the operational conditions (Figure 1.3), 

like nitrification-denitrification, partial nitritation-Anammox and partial denitrification-

Anammox. 

1.2.1.2 Organic matter removal 

There are several ways to remove biodegradable organic matter aerobically in AGS such 

as biological oxidation, cellular assimilation for growth or storage as biopolymers. In the 



Chapter 1 

 

24 
 

storage process, the organic matter is transformed into polyhydroxyalkanoates (PHA) that acts 

as an electron donor which can be used when the external carbon source is depleted (Serafim 

et al., 2004). Besides, in anaerobic conditions phosphorous can be stored by polyphosphate 

Accumulating Organisms (PAO) and organic matter by Glycogen Accumulating Organisms 

(GAO). Moreover, in anoxic conditions, the organic matter can be degraded by denitrifying 

organisms as shown before (Eq. 1.3 - 1.6).  

The biodegradable organic matter contained in water streams needs to be hydrolysed into 

dissolved organic matter before it diffuses into the granules. Thus, in AGS the hydrolyzation 

process takes place on the granule surface (de Kreuk et al., 2010). Afterwards, the dissolved 

organic matter is consumed in the outer layer of the granule where the aerobic heterotrophic 

microorganisms are located while in the inner core of the granule the organic matter is 

consumed by the denitrifying microorganisms. 

 

1.3 GRANULATION DRIVING FORCES 

Up to now, the AGS systems developed for the treatment of wastewater were mostly 

operated as sequencing batch reactors (SBR). Nevertheless, continuous flow reactors (CFR) 

have certain advantages over SBRs such as an easier operation and control, and large scale 

high-flow treatment capacity. However, their biomass retention capacity is worse than in 

SBRs (Kent et al., 2018). The most important forces to achieve a proper granulation in 

wastewater treatment systems are the application of a feast-famine regime, a short settling 

time, a high substrate loading rate and a high hydraulic and shear stress (Nancharaiah and 

Kiran Kumar Reddy, 2018). However, some of these operational conditions well studied in 

SBRs but difficult to impose in CFRs. 

Hydraulic and shear stress 

This factor is related to cell collisions as a force to aggregate. The main forces which 

cause cell collisions/interactions are water flow and aeration. These forces also promote the 

production of extracellular polymeric substances (EPS). The EPS are conformed by proteins, 

glycoproteins, polysaccharides and lipids that increase the hydrophobicity of the 

microorganisms which can attach together forming aggregates (Lee et al., 2010) and thus 

facilitates the initiation of the granulation process (Gao et al., 2011a; Nancharaiah and Kiran 

Kumar Reddy, 2018). Besides, these forces have an important role in the shape and size of the 

granules being more stable and compact when exposed to high hydraulic and shear stress 

(Wilén et al., 2018). Moreover, high shear stress improves the wash-out of filamentous 

bacteria (Devlin et al., 2017). Despite filamentous bacteria can merge flocs improving their 

compactness, the excessive growth of filamentous bacteria can suppose the loosing of granule 

integrity declining the reactor performance and causing the collapse of the system (Lee et al., 

2010). The hydraulics forces are directly related to the reactor configuration. Therefore, the 

height/diameter (H/D) ratio exerts an important role on shear stress and consequently on 
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granules shape and compactness. For example, a reactor with large H/D ratio may induce the 

cultivation of regular and spherical granules (Liu et al., 2005). 

Biomass settling velocity 

To produce AGS is important to retain the biomass with fast settling velocity inside the 

reactor, while the flocculent sludge with slow settling velocity is washed out. 

In SBRs the granulation process is promoted by applying a short settling time. Under 

these conditions, only the dense aggregated microorganisms remain inside the reactor while 

the flocks with low density are washed-out from the reactor (de Sousa Rollemberg et al., 

2018). Moreover, this strategy also helps to select the aggregates with more hydrophobicity as 

a consequence of EPS production under stress conditions (Gao et al., 2011a). 

Since continuous flow granular reactors (CFGRs) operate in continuous mode without 

feeding and settling stages a short settling time cannot be applied. In these systems, the 

imposed up-flow velocity (Vup) of the liquid is another important stress condition to enhance 

the aggregates formation. The value of the up-flow velocity depends on the feeding flow 

applied from the bottom of the reactor. The Vup is directly proportional to the influent flow 

and inversely proportional to the flux cross section of the reactor. Performing at high Vup leads 

to such stress conditions where only the biomass able to aggregate, in granules for example, 

and increase its density remain inside the system (Malamis et al., 2013; Val del Río et al., 

2015). Thus, the biomass settling velocity must be at least the same as the Vup to remain 

inside the reactor and provide the conditions for the accurate development of the biological 

processes. 

Feast-Famine regime 

The feast-famine regime occurs when high concentrations of organic substrate are applied 

at a short period of time. Thus, during the reaction phase the substrate is present in the liquid 

media for a relative short period (feast stage) and once it is consumed the biomass is exposed 

to starving conditions (famine stage). Under these alternating conditions only those organisms 

able to storage endogenous carbon (as PHA for example) can grow during the famine stage 

(Beun et al., 2002, 2000). Moreover, the feast famine alternation provoke the increase of the 

aggregates hydrophobicity enhancing their attachment to form the granular biomass (Liu et 

al., 2005). Besides, the stress of the famine stage increases the production of EPS which also 

improves the granulation process (Gao et al., 2011a).  

Minor granulation factors 

The granulation process was achieved at a wide ranges of DO concentration (0.7 - 6.0 

mg O2/L) (Liu et al., 2005). Thus, DO concentration is not a critical parameter in AGS 

formation. Nevertheless, low DO concentrations usually promote the development of 

filamentous bacteria. Similar behaviour occurs with the organic loading rate (OLR). 

Granulation process was accomplished at wide ranges of OLRs from 1 to 15 g COD/(L·d) 
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(Gao et al., 2011a; Li et al., 2008; Szabó et al., 2017). In general, high OLRs tend to promote 

a fast granulation with large size aggregates, while low OLRs cause slow granulation with 

small granules, long start-up periods and filamentous bacteria overgrowth (Li et al., 2011; Ni 

et al., 2009). A successful granulation process was achieved with several influent 

compositions (Gao et al., 2011a). Thus, the characteristics of the wastewater treated is not a 

major factor to accomplish granulation as long as it contains biodegradable compounds. 

Nevertheless, the relative ratios among the main pollutants in the wastewater (COD, N, P, 

etc.) influence the microorganism developed in the aggregates and as a consequence the 

biological processes that take place. For example, when the treated stream has high nitrogen 

plus enough organic matter concentrations the nitrifying and denitrifying microorganisms 

develop. Finally, the sludge retention time (SRT) although is not a decisive parameter in the 

granulation process is important to develop certain biological processes. Controlling the SRT 

may help to granules stabilisation and to the promotion of nitrifying microorganisms by 

imposing SRTs up to 4 - 7 days (Wagner et al., 2015; Winkler et al., 2012). On the other 

hand, too long SRTs can favour the development filamentous bacteria and granules 

disaggregation.  

1.3.1 Granulation in Continuous Flow Reactors 

Since CFGRs do not perform in cycles some granulation driving forces are difficult to 

apply like feast/famine regime or short settling periods. Therefore, one of the main challenges 

in CFGRs granulation is the application of the needed selection pressures that has to be done 

by assaying novel configurations. Moreover, the solids retention, the settling velocity 

optimization and the hindrance of the granules extrusion in the recirculating pumps are also 

important challenges in CFGRs. Taking into account the continuous operation of CFGRs, the 

main driving forces to achieve the biomass granulation are the settling velocity or particle size 

or both. Some authors also applied the feast-famine regime, the hydraulic stress, the granular 

biomass recirculation, the use of filamentous bacteria or the bioaugmentation as other 

granulation driving forces in these configurations (Kent et al., 2018).  

There are many bioaugmentation strategies to boost the granulation process and stability 

in CFGRs such as inoculation with AGS from SBRs, with biofilms, with microorganism that 

produce more EPS and with temporarily inorganic carriers. All these strategies achieve 

successful CFGR performances (Jin et al., 2008; Sajjad et al., 2016; Wang and Peng, 2008; 

Xin et al., 2017). 

In addition, the presence/development of filamentous bacteria can promote/improve the 

granulation process in CFGRs even without imposing the settling velocity or particle size 

pressures (Chen et al., 2017). In this case, the filamentous bacteria act like a "glue" for the 

biomass to attach forming granules. This mechanism is an alternative to EPS production, 

since operating in continuous mode makes it difficult to impose the operational conditions 

that increase the EPS production (settling time and feast/famine regime). 
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Systems based on the settling velocity as selection pressure  

When the settling velocity is the driving force for biomass granulation it is imposed by 

using internal or external separators and it is the most common configuration used in CFGRs. 

The most common internal separators are the three-phase solid-liquid-gas separator which 

was inspired in those used in up-flow anaerobic sludge blanket (UASB) reactors (Figure 1.4) 

(Val del Río et al., 2015; Xin et al., 2017; Yang et al., 2014). The three-phase separator is 

placed at the top of up-flow reactors. In cylindrical reactors it has a conic shape and is placed 

upside down opposing its upper section to the water flow. In this way, it generates a small 

crossing area between the reactor and the separator for the effluent and the biomass to leave 

the reactor. Thus, in the inner zone of the separator the liquid-gas separation takes place while 

in the outer zone the solid-liquid separation by decantation occurs. Besides, these up-flow 

reactors can have a constant section or a variable one. In the latter ones, the diameter of the 

reactor increases at the top to reduce the imposed Vup improving the performance of the 

separator (Figure 1.4b) (Val del Río et al., 2015). In the case of external separators they are 

normally baffled units where the granule selection occurs via decantation (Zou et al., 2018). 

However, since two units are necessary this configuration requires larger implantation areas. 

Li et al. (2016) used an external separation tank with outlets at different heights to control the 

settling time and the biomass selection (Figure 1.4c). One of the main disadvantages of the 

external solid-liquid separator is that the granules need to be recirculated to the reactor, and in 

the process, they are disaggregated by extrusion of the pumps. 

a) b) c) 

 
 

 

 

Figure 1.4. CFGR configurations where granulation is based on the biomass settling velocity: 

a) with constant diameter (Adapted from Xin et al. (2017)); b) with diameter increase in the 

separator zone (Adapted from Val Del Río et al. (2015)); with external settler as separator 

(Adapted from Li et al. (2016)). 
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Systems based on the particle size as selection pressure 

These configurations base the biomass separation on the use of a sectional sieve that 

retains the large aggregates while allows the small flocs to pass through. The sieve can be 

located directly at the top of the reactor (Wang and Peng, 2008) (Figure 1.5a) (in the case of 

up-flow reactors) or in a separate unit that as a consequence increases the total volume of the 

system. This sieve must retain particles with diameters above 0.2 mm (the minimum diameter 

to consider an aggregate as a granule). Liu et al. (2012) achieved granulation using an external 

unit provided with a sieve that retains particles of diameters over 0.1 mm (Figure 1.5b). Liu et 

al. (2014) demonstrated that the time needed for the biomass granulation in a SBR and a 

CFGR provided with an external sieving unit was approximately the same (20 - 25 days). This 

separation strategy allows the cultivation of high diameter granules however, if it is the only 

granulation driving force, the biomass will present low settling properties. 

a) b) 

  
Figure 1.5. CFGR configurations were granulation is based on the biomass particle size: a) 

without external unit (Adapted from Wang and Peng (2008)); b) with external unit (Adapted 

from Liu et al. (2012)). 

Systems based on the application of the Feast-Famine regime  

Since CFGRs are operated in continuous mode the feast-famine regime cannot be applied 

as a selection pressure like in SBRs. However, this regime can be imposed in CFGRs by using 

two reactors in series and a settler (Cofré et al., 2018). In this case, the volume ratio between 

reactors corresponds to the feast/famine length ratio. Besides, the Vup imposed in the settler 

served to control the settling velocity like in SBRs. 

Systems based on hydraulic/shear stress 

These configurations apply shear forces that depend on the flow behaviour inside the 

reactor. To increase the shear forces in up-flow reactors one strategy is to establish a circular 

flow by the existence of a raiser and a downcomer or provide external aeration. Nevertheless, 

the reactor shape seems not to be important since Hasebe et al. (2011) achieved granulation in 
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CFGRs either with rectangular or cylindrical shapes. Besides, shear forces cause biomass 

collisions that improve their aggregation and influence their shape and structure (Gao et al., 

2011). 

 

1.4 GRANULATION WITH LOW-STRENGTH WASTEWATER 

There are several studies where AGS, in laboratory and pilot scale reactors, is applied to 

the treatment of low-strength wastewater but only a few of them were performed in CFGRs 

(Table 1.2). AGS based technologies are of interest to be applied for the treatment of low-

strength streams as they reduce the operational costs and require small construction land areas 

(We et al., 2020). Despite that the application of high OLRs has been recognised to facilitate 

the granulation process, AGS present high resistance to starvation conditions (Liu et al., 2007; 

Peyong et al., 2012). Liu et al. (2007) reported the fast recovery of the settleability and 

pollutants removal after exposing AGS to low-strength conditions. However, granular 

biomass cultivation is difficult under these conditions.  

Table 1.2. Research studies performing AGS at low-strength conditions. 

*n.d.: No data 

  

Study Reactor 

type 

AGS properties Influent Composition Removal 

Efficiencies  

  Average 

diameter (mm) 

SVI30   

(mL/g TSS) 

COD 

(mg/L) 

NH4
+ 

(mg N/L) 

 

COD (%) 

 

NH4
+ (%) 

Liu et al. 

(2007) 

SBR 0.55 78 200 

 

50 79 

 

98 

Peyong et 

al. (2012) 

SBR 2.60 80 - 165 42 - 180 

 

12 - 27 100 

 

n.d. 

Coma et 

al. (2012) 

SBR 1.70 60 - 80 406 

 

51 80 - 85 

 

75 - 84 

Sguanci et 

al. (2019) 

SBR n.d.  28 290 

 

n.d. 78 - 93 

 

n.d. 

Awang et 

al. (2017) 

SBR 0.41 - 0.83  41 - 87 86 - 231 

 

23 - 53 69 

 

83 

Yang et al. 

(2014) 

CFR 0.90  38 - 225 100 - 250 

 

18 - 49 80 - 90 

 

60 

Zhou et al. 

(2012) 

CFR 0.64  40 220 - 550 

 

23 - 75 75 - 83 

 

82 

Sun et al. 

(2019) 

CFR 0.3 - 3.4  64 - 109 89 

 

28 62 - 81 

 

99.5 
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Thus, several strategies are applied to boost the granulation process during the start-up of 

reactors that will treat low loaded wastewater. Some of these alternatives are the use of 

medium-strength synthetic media during this period, the seed of the unit with previously 

cultivated granules, the shorten of the HRT or even the application of heat (We et al., 2020). 

Addition of organic carbon compounds like acetate is commonly used to improve and recover 

the granulation process and also to enhance nitrogen and phosphorous removal (Coma et al., 

2012; Peyong et al., 2012). Sguanci et al. (2019) added sodium acetate and potassium 

dihydrogen phosphate to low-strength municipal wastewater in order to facilitate the 

formation of the aggregates in an SBR. Nevertheless, the addition of these substrates increase 

the operational costs of the process and is impossible to use them to extremely high flows like 

in the case of freshwater of freshwater RAS. Another common strategy to improve 

granulation in these conditions is to increase the OLR by shortening the cycle length which 

means reducing the HRT (Awang et al., 2017; de Kreuk and van Loosdrecht, 2006). Awang et 

al. (2017) reported that the process becomes more stable when the HRT was shorten. This 

HRT reduction is conducted by increasing the number of cycles in SBRs and by increasing 

the inflow to CFRs. The inoculation of previously cultivated granules also enhances the 

biomass retention performance treating low strength wastewater. Several authors succeeded 

with this strategy using preserved granules (Awang et al., 2017) or even crushed granules 

(Coma et al., 2012). 

1.4.1 Granulation in CFGR at low-strength conditions 

As it was mentioned before CFGRs are easier to operate, have lower operational costs 

and can treat higher flows than SBRs. Nevertheless, only a few studies research on the 

application of CFGRs facing low-strength conditions at laboratory-scale (Table 1.2). Yang et 

al. (2014) cultivated granules in an airlift CFR seeded with biofilm sludge from a biofilter and 

achieved fast biomass granulation (25 days) using low-strength wastewater (100 - 250 mg 

COD/L) as feeding. In this study, the granules achieved an average diameter of 0.90 mm. The 

COD removal was up to 90 % but the TN removal was only 10 % probably due to the lack of 

denitrification. Zhou et al. (2012) also cultivated granules in an airlift CFGR. In this case, the 

feeding was composed of 23 - 75 mg NH4
+-N/L and 220 - 550 mg COD/L. These authors 

managed to form AGS with an average diameter of 0.64 mm in only 20 days and the COD 

removal was up to 83 %. 

CFGRs start-up treating low-strength wastewater at large scale was studied by Sun et al. 

(2019). These authors succeeded in cultivating AGS at pilot- and full-scale treating low-

strength urban wastewater (28 mg N/L and 89 mg COD/L) in a plug-flow CFGR. In this 

study, they achieved granules of 3.4 and 0.3 mm with values of SVI30 of 64 and 109 mL/g 

TSS at pilot and full-scale, respectively. The ammonium and organic matter removal 

percentages achieved in this research work were up to 99 % and 81 %, respectively. 
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1.5 OXYGEN SAVINGS BY GRANULAR BIOMASS BIOAUGMENTATION 

Generally, aeration is the major operational cost in wastewater biological treatment 

systems. It can amount to between 45 and 75 % of the energy costs in the wastewater 

treatment plant (WWTP) (Rosso et al., 2008). Moreover, the DO concentration is a key 

parameter in aquaculture production as it is required to ensure fish health and production. In 

fact, many aquaculture facilities aerated the water in the RAS via air diffusers or liquid 

oxygen injection to guarantee a DO concentration high enough to preserve the fish health 

(Timmons and Ebeling, 2010). Thus, technologies and biological processes able to reduce or 

avoid the needs for oxygen consumption are interesting to minimise the operational costs 

related to the oxygenation of the ponds.  

1.5.1 Partial nitritation-Anammox processes 

The combination of partial nitritation and anammox (PN-AMX) processes leads to 

important reductions of DO requirements compared to conventional nitrification–

denitrification processes (Jetten et al., 2005). In PN-AMX systems, only 50 % of the 

ammonium is oxidized to nitrite that are subsequentially converted anaerobically to nitrogen 

gas (Figure 1.6). Thus, the oxygen consumed by PN-AMX processes is three times lower than 

that required for the conventional nitrification-denitrification processes (Van Hulle et al., 

2010). The existence of anammox bacteria in moving bed biofilters treating freshwater from 

RAS has been proven by van Kessel et al. (2010). Thus, the PN-AMX processes when 

developed in granular sludge systems are an interesting alternative to diminish the oxygen 

consumption in freshwater RAS. Several studies showed the potential of the PN-AMX 

processes to treat low and medium ammonium concentration wastewater (concentrations in 

the range 8 - 70 mg NH4
+-N/L) (Gilbert et al., 2014; Hendrickx et al., 2012; Isanta et al., 

2015). However, to the knowledge of the authors, no research study has tackled the treatment 

of extremely low loaded water streams such as that of freshwater aquaculture in a PN-AMX 

system. 

 

Figure 1.6. Scheme of nitrogen transformations for PN-AMX processes. 
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1.5.2 Microalgae-bacterial consortium 

Another alternative to reduce the costs of water oxygenation is the use of systems based 

on a microalgae-bacterial consortium (Ahmad et al., 2019; Huang et al., 2015). This 

consortium creates symbiotic relationships among microbial populations to benefit each other. 

While nitrifying and aerobic heterotrophic bacteria employ the oxygen generated by 

microalgae (photosynthesis), the CO2 generated by bacterial respiration is used in microalgae 

metabolism (Zhang et al., 2021) (Figure 1.7). Moreover, it is expected that the DO produced 

by microalgae photosynthesis is enough for the metabolism of bacterial populations in non-

aerated reactors (Foladori et al., 2018; Petrini et al., 2018; Yang et al., 2018). Thus, in 

comparison with conventional AGS systems where biological processes are performed mainly 

by bacterial populations, the consortium microalgae-bacteria allows the reduction in the 

oxygenation costs while simultaneously minimizing the CO2 emissions. In this way, this 

technology is expected to reduce greenhouse gases emissions (Zhang et al., 2021). 

 

Figure 1.7. Scheme of the processes taking place in microalgae-bacterial consortia. 

When the treatment of the water aquaculture facilities is based only on microalgae 

cultures, it is necessary to operate the system at long HRTs (1 day or longer) to accumulate 

enough biomass to achieve good pollutant removal performances (Liu et al., 2019). Thus, 

with the use of microalgae in the form of granules could retain the microalgae in the system 

enhances and shorter HRTs can be applied. Fan et al. (2021) used an SBR with granular 

sludge comprising microalgae-bacteria consortia to treat water from aquaculture facilities and 

achieved ammonium removal efficiencies of 85 %. Ahmad et al. (2019) studied the 

performance of a microalgae-bacteria consortium in a continuous granular reactor without 

aeration supply. These authors reported a poor nutrient removal performance after stopping 

the aeration and the need of applying intermittent aeration to recover the system efficiency. 
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1.5. OBJECTIVES AND STRUCTURE 

The main objective of the present PhD thesis is described together with the identified 

research questions, which are then converted into research objectives in this section. Finally, 

the structure of the PhD thesis is presented.  

1.5.1. Main objective 

The main objective of this PhD thesis is to provide a technological solution based on 

AGS process to treat and reuse large flows of extremely low-strength wastewater streams. 

This knowledge will help to optimise and improve the water availability of freshwater RAS 

facilities in the aquaculture sector. 

1.5.2. Research questions 

To reach the main objective of the present thesis and understand the knowledge gaps 

existing on granulation at low-strength conditions, several research questions were thought 

up: 

• Is it possible to achieve granulation of the biomass in aerobic conditions facing 

extremely low-strength conditions with continuous flow reactors at laboratory-

scale? What are the best operational conditions to do it? What is the best reactor 

design to accomplish it? Is it possible to perform a CFGR at HRT extremely shorts 

(below 5 min)? What are the biological processes and the microorganism involved? 

• Are the laboratory-scale configurations scalable to pilot-scale? What is the 

efficiency of the system treating in situ aquaculture effluents? Do occurs the same 

biological processes as at laboratory-scale with synthetic media? Are the reactor 

stability and performance better or worse than laboratory-scale? What are the 

biological processes and the microorganism involved? 

• Is it possible to save oxygen in a CFGR treating extremely low-strength 

aquaculture effluents through AGS bioaugmentation? Are the combination of 

partial nitritation-anammox proper processes to incorporate? Is microalgae-bacterial 

consortium adequate to incorporate? Are these operational configurations stable in 

freshwater RAS conditions using these types of microorganisms? What are the 

biological processes and the microorganism involved? 

• Are the developed solutions technically viable? Are the effluent concentrations 

achieved under toxic values for fish in terms of ammonium, nitrite, FA and FNA? 

How are the efficiencies achieved in comparison with the traditional RAS treatments?  
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1.5.3. Research objectives 

After a solid revision of the available bibliography, the lack of information about aerobic 

granulation at extremely low-strength conditions (< 10 mg TOC/L and 2.5 mg NH4
+-N/L) was 

detected. Therefore, the previous research questions were converted to the following research 

objectives: 

• To define the best operational conditions to achieve granulation in CFGRs treating 

extremely low-strength wastewater. 

• To assess these conditions and the stability of the system at laboratory and pilot-scale 

and determine their technical viability. 

• To select the best option to boost the system in terms of oxygen saving.  

1.5.4. Thesis structure 

In Chapter 1 a revision of the state-of-the-art about current aquaculture trends and 

treatments, AGS, low-strength conditions and CFGRs is presented. Then the summary of all 

material and methods used in the present thesis is described in Chapter 2. Afterwards several 

operational conditions are investigated at laboratory scale in Chapter 3 to achieve granulation 

in aerobic conditions treating extremely low-strength synthetic media. The performance of 

two CFGRs with different layouts is evaluated in four experiments where different 

operational conditions are tested. Moreover, the effects of the upflow velocity, HRT, aeration, 

mechanical stirring, solid-liquid separator design and inflow distributors are analyzed. 

The stability and performance of lab-scale CFGRs are evaluated in Chapter 4. A CFGR 

is operated using one of the two best operational conditions identified in Chapter 3 for 100 

days fed with a synthetic media mimicking the composition of freshwater from RAS. During 

the experimental period the ammonium and organic matter removal efficiencies and the 

biomass physical properties and activities are monitored. 

In Chapter 5 the system is upgraded to pilot-scale (30 L) and installed in a RAS trout 

farm facility. The stability of the process and the ammonium and organic matter removal 

performances are evaluated during two consecutive dry seasons (summers of years 2018 and 

2019, approximately 200 days). Some operational changes are addressed during these 

experiments to improve the CFGR performance following the key outcomes of Chapter 3. 

Chapter 6 is focused on identifying a strategy to minimize de oxygen consumption of 

two laboratory-scale CFGRs located at the RAS of the trout farm facility. The development of 

PN-AMX granular biomass and microalgae bioaugmentation of AGS are tested in separated 

experiments. The oxygen profiles are monitored during these experiments. 

Finally, in Chapter 7 the assessment of the potential of AGS developed in CFGRs to 

treat freshwater streams from RAS and the achievements of the present thesis on aerobic 

granulation treating extremely low-strength conditions in CFGRs are integrated. Suggestions 

for future research are also provided based on the identified research gaps and opportunities.
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2.1. ANALYSIS OF THE LIQUID PHASE 

Liquid samples were characterized by measuring different physical-chemical parameters. 

The pH and dissolved oxygen (DO) concentrations were measured in raw samples as soon as 

possible after their collection. The methods used to determine the concentrations of the 

measured nitrogen, organic and inorganic compounds in the wastewater were applied to liquid 

samples filtered (0.45 µm, MF-Millipore, Millipore) previously to remove the solids, as 

indicated in the Standard Methods (APHA/AWWA/WEF, 2012).  

 

2.1.1. pH 

The pH is a key parameter measured in wastewater biological treatment systems, since its 

control is important to maintain the activity of the microorganisms involved in the different 

treatment processes. The pH measurements of the raw samples were performed with an 

electrode (Hamilton Flushtrode) connected to a pH-meter (GLP-22, Crison Instruments). The 

sensitivity of the instrument is ± 1 mV, corresponding to 0.01 pH units. The electrode was 

calibrated at room temperature with two standard buffer solutions of pH 7.02 and 4.00, 

respectively. 

 

2.1.2. Dissolved Oxygen (DO) and Temperature 

A DO portable meter (Hach Lange, model HQ40d) with a membrane-covered galvanic 

dissolved oxygen sensor (LDO101 probe) was used to measure the DO concentration in the 

liquid media inside the operated laboratory-scale reactors. The DO probes were equipped with 

a thermopar that measures the temperature. 

 

2.1.3. Ammonium (NH4
+) 

Ammonium was determined spectrophotometrically by an analytical method based on the 

production of indophenol blue by the reaction of ammonia ion with salicylate and 

hypochlorite in the presence of sodium nitroprusside (Bower and Holm-Hansen, 1980). This 

method uses compounds less toxic than the phenol-hypochlorite method described in the 

Standard Methods (APHA/AWWA/WEF, 2012). The characteristic blue colour produced 

makes the assay useful for the direct, visual quantification of ammonium in culture systems.  

Reagents preparation  

• Reagent A: this solution was prepared by mixing 0.28 g/L of sodium nitroprusside 

(Na2[Fe(CN)5NO]) and 440 g/L of sodium salicylate (C7H5NaO3) in distilled 

water. 
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• Reagent B: this solution was prepared by mixing 18.5 g/L of sodium hydroxide 

(NaOH) and 120 g/L of sodium citrate (Na3C6H5O7) in distilled water. 

• Reagent C: this was a commercial solution of sodium hypochlorite (NaClO) with 

a concentration 5% w/w. 

• Reagent D: this solution was prepared by mixing 7 parts of reagent B and 1 part 

of reagent C. Reagent D was stable for 1 hour after preparation. 

Determination procedure  

Firstly, 600 µL of reagent A and 1 mL of reagent D were added to 5 mL of filtered 

sample. The reaction time is fixed between 2 - 3 hours. The samples must be protected from 

light. The measurement of the coloured sample was done with a spectrophotometer 

(Shimadzu UV-1800) at a wavelength of 640 nm. The concentration was given by comparison 

of the obtained absorbance with the values of the calibration curve (Figure 2.1). 

Calibration curve  

A stock solution of 10 mg NH4
+/L was prepared. Afterwards, diluted samples of this 

stock were prepared so as to generate a reliable calibration curve in the range 0.000 - 0.933 

mg NH4
+-N/L. Then, the absorbance of each sample was measured with the 

spectrophotometer and related to the NH4
+ concentration (in terms of NH4

+-N/L) by means of 

the calibration curve (Figure 2.1). 

 

 

Figure 2.1. Calibration curve for the determination of the ammonium concentration. 

Where axis “x” represents the absorbance of the measured sample and axis “y” the 

ammonium concentration (mg NH4
+-N/L). 
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2.1.4. Nitrite (NO2
-) 

Nitrite was determined spectrophotometrically by a method based on the production of a 

reddish-purple azo dye at pH 2.0 - 2.5 by coupling diazotized sulphanilamide with N-(1-

naphthyl)-ethylenediamine dihydrochloride (NED dihydrochloride). This procedure 

corresponds to the method 4500-NO2
--B (Colorimetric Method) described in the Standard 

Methods (APHA/AWWA/WEF, 2012). 

Reagents preparation  

• Sulphanilamide: 10 g of sulphanilamide (C6H8N2O2S) were dissolved in 100 mL 

of concentrated HCl and 600 mL of distilled water. After cooling, the volume was 

filled up to 1 L with distilled water. 

• NED: 0.5 g of NED (C10H7NHCH2CH2NH2 · 2 HCl) were dissolved in 500 mL of 

distilled water. 

Determination procedure 

A volume of 0.1 mL of each reagent was added to 5 mL of sample. The minimum 

reaction time for the stabilisation of the colour was 20 minutes. The measurement of the 

coloured sample was done in the spectrophotometer (Shimadzu UV-1800) at a wavelength of 

543 nm. The concentration was given by comparison of the obtained absorbance with the 

values of the calibration curve Figure 2.2.  

Calibration curve  

A stock solution of 10 mg NO2
-/L was prepared. Then, diluted samples of this stock were 

prepared so as to generate a reliable calibration curve, in the range of 0 - 0.25 mg NO2
--N/L. 

Then, the absorbance of each sample was measured with the spectrophotometer and related to 

the NO2
- concentration (as mg NO2

--N /L) by means of the calibration curve (Figure 2.2).  

 
Figure 2.2. Calibration curve for the determination of the nitrite concentration. 
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Where axis “x” represents the absorbance of the sample measured and axis “y” the nitrite 

concentration (mg NO2
--N/L). 

 

2.1.5. Nitrate (NO3
-) 

Nitrate concentration was determined by the measurement of UV absorption of the liquid 

sample at a wavelength of 220 nm. Because dissolved organic matter may also absorb at 220 

nm and NO3
- does not absorb at 275 nm, a second measurement at 275 nm was used to correct 

the value of absorbance measured for NO3
- determination. This procedure corresponds to the 

method 4500- NO3
--B (Ultraviolet Spectrophotometric Screening Method) described in the 

Standard Methods (APHA/AWWA/WEF, 2012). 

Reagents preparation  

• HCl 1 N: 8.3 mL of HCl (37%, w/v, 1.19 g/L) are dissolved in 100 mL of distilled 

water. 

• Sulfamic acid: this is a commercial chemical reagent (H3NSO3). 

Determination procedure   

A volume of 100 µL of HCl 1 N was added to 5 mL of sample. Then, the absorbance of 

each sample was measured at 220 and 275 nm with the spectrophotometer (Shimadzu UV-

1800) and the NO3
- concentration (as NO3

--N/L) was calculated by using the calibration curve 

(Figure 2.3). The absorbance corresponding to nitrate was obtained by subtracting two times 

the absorbance reading at 275 nm from the reading at 220 nm, following Eq. 2.1:  

Absorbance (NO3
− −N) = Abs220 − 2 · Abs275   Eq. 2.1  

 

Interferences 

The known interferences of this method are the organic matter and the nitrite. The 

interference due to the presence of the organic matter in the sample is resolved by taking into 

account the absorbance related to nitrate at the second wavelength (275 nm), while the 

interference by nitrite is avoided by adding a small amount of sulfamic acid before the 

addition of the HCl 1 N. 
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Calibration curve 

A stock solution of 10 mg NO3
-/L was prepared. Afterwards, diluted samples of this stock 

were prepared so as to generate a reliable calibration curve, in the range of 0 - 3 mg NO3
--

N/L. Then, the absorbance of each sample was measured with the spectrophotometer and 

related to the NO3
- concentration (as NO3

--N/L) by means of the calibration curve (Figure 

2.3). 

 

Figure 2.3. Calibration curve for the determination of the nitrate concentration. 

Where axis “x” represents the difference between the absorbance at 220 nm and double the 

absorbance of the sample at 275 nm (  Eq. 2.1), and axis “y” represents the nitrate 

concentration (mg NO3
--N/L). 

 

2.1.6. Total nitrogen (TN) 

The TN was determined in a total organic nitrogen analyzer (Shimadzu TOC-LCSN) 

equipped with a luminescence detector. All the nitrogen presented in the sample was 

catalytically oxidized to nitrous oxide (N2O). The instrument was connected to an automated 

sampler (Shimadzu, ASI-L). The TN concentration was determined from the amount of N2O 

produced during the combustion of the sample at 720 °C, using platinum immobilized over 

alumina spheres as a catalyst. The N2O produced was optically measured with the 

luminescence detector after being cooled and dried. High purity air was used as carrier gas 

with a flow of 150 mL/min. A curve comprising at least four calibration points in the range of 

0 to 28 mg NH4
+/L, using NH4

+ (1000 mg/L, Merck) as standard, was used for TN 

quantification (Figure 2.4). 
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Figure 2.4. Calibration curve for the determination of the TN concentration. 

 

2.1.7. Total Organic Carbon (TOC) and Inorganic Carbon (IC) 

The Total Organic Carbon (TOC) is a direct expression of total organic content of the 

sample. The TOC is independent of the oxidation state of the organic matter and does not 

measure other organically bound elements, such as nitrogen (proteins, aminoacids...), 

hydrogen and inorganics that can contribute to the oxygen demand measured as COD 

(APHA-AWWA-WPCF, 2012). To determine the quantity of organically bound carbon, the 

organic molecules must be broken down and converted to a single carbon molecular form that 

can be measured quantitatively. Thus, the TOC concentration was determined by a Shimadzu 

analyzer (TOC-LCSN) connected to an automated sampler (Shimadzu, ASI-L). TOC 

concentration was determined as the difference between the Total Carbon (TC) and the 

Inorganic Carbon (IC) concentrations. The TC concentration was determined from the amount 

of CO2 produced during the combustion of the sample at 720 °C, using platinum immobilized 

over alumina spheres as a catalyst. The IC concentration was obtained from the CO2 produced 

in the chemical decomposition of the sample with HCl (1 M) at room temperature. The CO2 

produced was optically measured with a non-dispersive infrared analyzer (NDIR) after being 

cooled and dried. High purity air was used as carrier gas with a flow of 150 mL/min. Two 

curves comprising at least four calibration points in the range of 0 to 40 mg C/L, one using 

potassium phthalate (C8H5KO4) as standard for TC (Figure 2.5) and another a mixture of 

sodium carbonate and bicarbonate (Na2CO3/NaHCO3, 3:4 w/w) for IC (Figure2.6), were used 

for quantification. 
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Figure 2.5. Calibration curve for the determination of the TC concentration. 

 

Figure 2.6. Calibration curve for the determination of the IC concentration. 

 

2.1.8. Inorganic ions 

The anions nitrite, chloride (Cl-), bromide (Br-), phosphate (PO4
3-), sulphate (SO4

2-), and 

the cations lithium (Li+), sodium (Na+), potassium (K+), magnesium (Mg2+) and calcium 

(Ca2+) were determined by ion chromatography (IC) with an Advanced Compact IC system 

(861, Metrohm), equipped with a CO2 suppressor (MCS 853, Metrohm) and a sample 

processor/injector (838, Metrohm). Anions were determined with a Metrosep A column Supp 

5 (250 × 4.0 mm) and a mobile phase (buffer) with 3.2 mM Na2CO3 and 1.0 mM NaHCO3 at 

a flow rate of 0.7 mL/min. Cations were determined with a column (250 × 4.0 mm) (Metrosep 

C3, Metrohm) and nitric acid 3.5 mM as a mobile phase at a flow rate of 1 mL/min. The 

injection volume of the sample was 20 µL and data collection was done by using the 

Processor software IC Net 2.3. 

Reagents preparation 

• Mobile phase for anions: Na2CO3 3.2 mM (339.2 mg Na2CO3 in 100 mL of 

deionized water) and NaHCO3 1.0 mM (84 mg NaHCO3 in 1000 mL of deionized 

water). 
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• Mobile phase for cations: Nitric acid 3.5 mM (0.243 mL of nitric acid 65% in 

1000 mL of deionized water). 

• Standard commercial solutions for anions and cations, with commercial stock 

concentrations of 1 g/L for all the corresponding solutions. 

Determination Procedure 

Table 2.1 shows the calibration ranges for the determination of the different inorganic ion 

concentrations, which define the proper dilutions with distilled water of the samples in order 

to fit these ranges. 

Table 2.1. Calibration ranges for the different inorganic ions (mg/L) measured by ion 

chromatography. 

Anions Lower 

value 

Higher 

value 

 Cation Lower 

value 

Higher 

value Cl- 1.0 100  Li+ 0.05 5 

NO2
- 0.05 5  Na+ 1.5 150 

NO3
- 0.5 50  NH4

+ 0.1 10 

Br- 0.2 20  K+ 0.5 50 

PO4
3- 0.5 50  Mg2+ 0.5 50 

SO4
2- 1.5 150  Ca2+ 0.5 50 

 

2.2. ANALYSIS OF THE GAS PHASE 

The composition of the gas phase was analyzed at the end of the specific denitrifying 

activity (SDA) and specific anammox activity (SAA) batch tests (see Section 2.3.5). The data 

from the composition of the gas phase, especially the proportions of N2 and CO2, allows 

correcting the experimental results for the SAA and SDA values. 

The gas composition (N2, CH4, CO2, N2O and H2S) was determined by gas 

chromatography (HP, 5890 Series II) equipped with a Thermal Conductivity Detector (TCD). 

The stainless steel column was 2 m long with an external diameter of 1/8” and it was filled 

with Porapack Q (mesh 80/100). The temperatures of the injector, column and detector were 

110, 35 and 110 °C, respectively. Helium was used as carrier gas with a flow of 15 mL/min. 

The sample volume (1 mL) was injected through a septum into the injection port of the 

instrument. The calibration was performed with two standard mixtures of gases (CH4: 66%; 

CO2: 30%; N2: 2%; H2S: 2% and/or CH4: 50%; CO2: 17.5%; N2: 29%; N2O: 2%; H2S: 1.5%) 

by a response factor method, using the CO2 as a reference gas. 
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2.3. BIOMASS CHARACTERIZATION 

2.3.1. Solids Concentration 

Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) were determined 

following the methods 2540D and 2540E, respectively, described in the Standard Methods 

(APHA/AWWA/WEF, 2012). 

Determination procedure 

For the determination of TSS, a selected well-mixed sample volume (a residue between 

2.5 and 200 mg) was filtered through a tared glass fiber filter (Whatman, GF/C, 4.7 cm of 

diameter, 1.2 µm of pore size) and the residue retained on the filter was dried to a constant 

weight (approximately during 2 h) at 103 - 105 °C until achieving a constant weight. The 

increase in weight of the filter represents the TSS content of the sample. 

To determine the VSS, the residues from method 2540D (APHA/AWWA/WEF, 2012) 

were burnt at 550 °C for half an hour to remove all the organic fraction until achieving 

constant weight. The weight lost during ignition corresponds to the volatile fraction, since 

only a small amount of inorganic salts is decomposed and volatilized at that temperature. This 

determination offers a rough approximation of the amount of organic matter present in the 

solid fraction of the wastewater and the sludge. 

 

2.3.2. Sludge Volume Index (SVI) 

The Sludge Volume Index (SVI) was determined according to the procedure specified in 

the Standard Methods (APHA/AWWA/WEF, 2012). The SVI is the volume in mL occupied 

by 1 g of a suspension after 30 minutes of settling, determined according to Eq. 2.2. 

SVI (mL/TSS) =  
Vsettled biomass

TSS
                                             Eq. 2.2 

Where Vsettled biomass is the volume of the settled bed of sludge after a fixed time of settling 

(mL/L) and TSS is the Total Suspended Solids concentration of the sludge (g TSS/L). In the 

case of granular biomass, this parameter was measured after 5 (SVI5) and 30 (SVI30) min of 

settling. 
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2.3.3. Granule Density  

The biomass density (as mass of granules per volume of granules) was determined using 

the method described by Beun et al. (2002). Firstly, a known amount of a homogenous 

biomass sample was taken from the reactor and weighed (W2) in a graduated cylinder 

previously tared (W1). Then, a known amount of the supernatant was removed from the 

sample, and the cylinder was weighed again (W3). A known volume of dextran blue solution 

(1 g/L) was added to the cylinder with the sample, in a volume ratio of about 1:1 (W4). The 

sample and the dextran blue solution were mixed and subsequently, granules were allowed to 

settle. A sample of the supernatant (Abs1) and of the original dextran blue solution (Abs0) 

were taken and measured spectrophotometrically at a wavelength of 620 nm. Then, the 

volume occupied by the biomass in the sample was calculated, since dextran blue only 

diffused in water and not into the biomass granules (Eq. 2.3). 

 

ρ (g VSS/Lgranule) = VSS ·  
W2 −W1

W4 −W1 − ( 
Abs0
Abs1

· (W4 −W3))

                     Eq. 2.3 

 
Where ρ is the density of the granules (g VSS/Lgranule), VSS is the Volatile Suspended 

Solids concentration of the initial sample (g/L), W1 is the weight of the empty graduated 

cylinder (g), W2 is the weight of the graduated cylinder with sample (g), W3 is the weight of 

the graduated cylinder with sample after the removal of the supernatant (g), W4 is the weight 

of the graduated cylinder after dextran blue addition (g), Abs0 is the absorbance of the 

dextran blue solution and Abs1 is the absorbance of the mixture between the sample and 

dextran blue. 

 

2.3.4. Average granule diameter 

The diameter of the granules was measured using an Image Analysis procedure (Tijhuis 

et al., 1994). Images of the granular sludge were taken with a digital camera (Coolsnap, Roper 

Scientific Photometrics) combined with a stereomicroscope (Stemi 2000-C, Zeiss). The 

digital image analysis was made with the program Image ProPlus®. The procedure of average 

diameter determination was as follows:  

1. Definition of the range of colours corresponding to the area of interest in the image, i.e. the 

granules (Manual or Automatic), and delimitation of each aggregate.  

2. Selection of the measurements of interest.  

3. Exportation of the data of interest selected with the software to a worksheet (Excel). The 

average diameter obtained from the programme corresponded to the mean feret diameter of 

the granules. The feret diameter was estimated as an average value from the shortest and the 

longest measured segments of each granule.  
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2.3.5. Specific Denitrifying Activity (SDA) and Specific Anammox Activity (SAA) 

The batch assays used to estimate the specific denitrifying activity (SDA) of the biomass 

were performed according to the methodology described by Buys et al. (2000) and the batch 

assays used to estimate the specific anammox activity (SAA) of the biomass were performed 

according to the methodology described by Dapena-Mora et al. (2007). Both methodologies 

are based on the measurement throughout time of the overpressure generated by the nitrogen 

gas produced in completely closed vials, although the total and liquid volumes were 38 and 25 

mL, respectively. The overpressure in the headspace was measured using a differential 

pressure transducer 0 - 5 psi, linearity 0.5% of full-scale manufactured by Centerpoint 

Electronics. The biomass concentration inside the vials was fixed at the beginning of the 

experiment at approximately 1 - 3 g VSS/L. 

Table 2.2. Summary of the operational conditions of the batch assays for the determination of 

the SDA and SAA of biomass samples. 

Parameter Units SDA SAA 

Liquid volume mL 25 25 

Headspace mL 13.5 13.5 

Temperature °C 20 20 

g COD/g N g/g 4 --- 

NH4
+ mg N/L --- 70 

NO2
- mg N/L --- 70 

NO3
- mg N/L 50 --- 

Sodium acetate mg COD/L 200 --- 

Initially, the biomass was washed three times with phosphate buffer (0.143 g KH2PO4/L 

and 0.747 g K2HPO4/L). The washing step was performed by adding the phosphate buffer to 

the biomass, shaking the mixture and allowing the biomass to settle, then withdrawing the 

supernatant and adding again phosphate buffer. A minimum substrate ratio of 4 g COD/g N 

was ensured in the liquid medium for the SDA assays, according to Buys et al. (2000) (50 mg 

NO3
--N/L and 200 mg COD/L (as sodium acetate)). The initial concentrations of substrates at 

the beginning of the SAA batch test were fixed as 70 mg NH4
+-N/L and 70 mg NO2

--N/L 

(Dapena-Mora et al., 2007) (Table 2.2). 

After filling the vials up to 25 mL with the washed biomass, the gas and liquid phases 

were purged with inert gas (helium) to remove the oxygen from the bulk liquid and 

headspace, with a minimum purging time of 5 min per vial. The vials were subsequently 

placed in a thermostatic shaker (HWY-200D, Labolan Technics), fixing the agitation speed at 
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250 rpm and the temperature to 20 °C. The biomass in the vials was acclimated for at least 1 

hour before the batch test began. 

The production of biogas (N2 and CO2) was determined in the gas phase as the increment 

of pressure in the headspace of the vials, measured by means of the pressure transducer 

device. The calculations for the estimation of the SDA and SAA values are further detailed in 

Section 2.5.3. 

SAA and SDA calculations 

The maximum SAA and SDA were estimated from the maximum slope of the curve 

described by the cumulative biogas production throughout time, and related to the 

concentration of biomass in the vials. The biogas production rate was calculated from the 

maximum slope of the curve describing the pressure increase in the vial throughout time (α, 

atm/min), following Eq. 2.4: 

 

d(biogas)

dt
(
mol biogas

min
) = α

VG

R · T
 Eq. 2.4  

 

Where VG is the volume of the gaseous phase (L), R the ideal gas coefficient 

(atm·L/mol·K), and T the temperature (K). Since the SAA and SDA are referred to the 

production of nitrogen gas, its production rate was calculated from the biogas production rate 

taking into account the molar fraction for the N2, following Eq. 2.5: 

 

d(N2)

dt
(

mol (N2)

min
) =

d(biogas)

dt
· XN2

 Eq. 2.5  

 

The SAA and SDA were calculated from the biogas production rate and the biomass 

concentration in the vial (X, g VSS/L) using Eq. 2.6: 

 

SAA and SDA (
g N2 − N

g VSS · d
) =

dN2/dt

X · VL

28 g N

1 mol N2

1440 min

d
 Eq. 2.6  

 

Where VL is the volume of the liquid phase (L). 
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2.3.6. Heterotrophic (HETact) and nitrification activities (AOBact and NOBact) 

The batch assays used to estimate the biomass aerobic activities were performed by 

respirometry according to the methodology described by López-Fiuza et al. (2002). These 

assays were performed to follow the specific aerobic heterotrophic activity (HETact), as well 

as ammonium (AOBact) and nitrite (NOBact) oxidizing activities. First, the biomass was 

washed three times with phosphate buffer (0.143 g KH2PO4/L and 0.747 g K2HPO4/L). The 

washing step was performed by adding the phosphate buffer to the biomass, shaking the 

mixture and allowing the biomass to settle, then withdrawing the supernatant and adding 

again phosphate buffer. The initial concentrations of substrates at the beginning of the batch 

test were fixed as 70 mg NH4
+-N/L for AOBact, 70 mg NO2

--N/L for NOBact and 100 mg 

COD/L for HETact (Dapena-Mora et al., 2007). Moreover, to avoid nitrifying activity during 

the HETact test, 0.01 mmol/L of allylthiourea was added. All batch activity tests were 

conducted at 20 ºC, in triplicate. The DO concentration was measured using a biological 152 

oxygen monitor (BOM, Ysi Inc. model 5300), equipped with oxygen selective probes (YSI 

5331). The biomass concentration inside the vials was fixed at the beginning of the 

experiment at approximately 1 - 3 g VSS/L and it was acclimated for at least 1 hour before the 

batch test began at 20 °C. 

2.3.7. Microalgae and bacteria consortium activities 

The batch assays used to estimate simultaneously the maximum specific ammonium 

oxidation activity and the maximum specific microalgae oxygenation activity of microalgal-

bacterial consortia were performed according to the methodology described by Vargas et al. 

(2016). A respirometer biological 152 oxygen monitor (BOM, Ysi Inc. model 5300), 

equipped with oxygen selective probes (YSI 5331) was used. The methodology is based on 

the measurement throughout time of DO concentration consumed by the biomass in a vessel 

with 250 mL of total liquid volume providing light with a 300 lumens led device. First, the 

biomass was washed three times with phosphate buffer (0.143 g KH2PO4/L and 0.747 g 

K2HPO4/L). The washing step was performed by adding the phosphate buffer to the biomass, 

shaking the mixture and allowing the biomass to settle, then withdrawing the supernatant and 

adding again phosphate buffer. Afterwards, the biomass was submitted to aeration to reach 

DO saturation conditions and then the aeration was stopped and the following activities were 

measured in the following order: (1) endogenous activity in dark conditions, which gives the 

bacteria oxygen consumption for metabolism; (2) maximum oxygenation activity of the 

microalgae present in the biomass, measured in the presence of light; (3) AOB activity 

determined in dark conditions and with addition of ammonium source; (4) oxygenation 

capacity of the microalgae-bacteria consortium when AOB activity is present with addition of 

ammonium source and presence of light. The DO concentration was measured using an 

oxygen portable meter (Hach Lange, model HQ40d) with a membrane-covered galvanic 

dissolved oxygen sensor (LDO101 probe). The biomass in the vials was acclimated for at 

least 1 hour before the batch test began at 20 °C. 
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2.4. MICROBIOLOGICAL ANALYSES 

Total genomic DNA was extracted using the Stool DNA Isolation KIT (Norgen. Thorold, 

Canada). Total DNA concentrations were quantified in a Qubit fluorometer (Thermo Fisher 

Scientific Waltham, MA, USA) and DNA purity was checked using Nanodrop 

spectrophotometer (Thremo Fisher Scientific). The V3V4 hypervariable region for Bacteria 

was amplified using  Bakt_341F (5’ CCT ACG GGN GGC WGC AG 3’) and Bakt_805R (5’ 

GAC TAC HVG GGT ATC TAA TCC 3’) (Herlemann et al., 2011). DNA metabarcoding 

analyses of the region were carried out by AllGenetics & Biology SL (www.allgenetics.eu). 

Bioinformatic analysis of NGS (Next Generation Sequencing) data was performed using 

the Microbial Genomics module (version 21.1) work-flow of the CLC Genomics workbench 

(version 21.0.3). Raw sequences were filtered to remove low-quality reads and then clustered 

into Operational Taxonomic Units (OTUs) at 97% cutoff for sequence similarity and 

classified against the non-redundant version of the SILVA SSU reference taxonomy database 

(release 132; http://www.arb-silva.de) (Quast et al., 2013). Further assays were performed to 

the most abundant bacterial OTUs (above 0.5% of the total observed OTUs). Community 

structure variations were visualized using the principal component analysis (PCoA). Distance-

based constrained redundancy analysis (db-RDA) was applied to find the operational 

parameters that better explained the diversity observed in the unconstrained PCoA, based on 

the pairwise weighted UniFrac distances matrix.  

 

2.5. CALCULATIONS 

2.5.1. Hydraulic Retention Time (HRT) and Sludge Retention Time (SRT)  

The Hydraulic Retention Time (HRT), which measures the average length of time that a 

soluble compound remains in the reactor, was calculated following Eq 2.7: 

 

HRT (d) =
Vuseful
Finfluent

 Eq. 2.7  

 

Where Vuseful is the useful volume (L) for the biological processes inside the reactor (i.e., 

the total liquid volume), Finfluent is the volumetric feeding flow (L/min). 

The Sludge Retention Time (SRT), which measures the average time that the biomass 

remains inside the reactor, was calculated following Eq. 2.8: 

SRT (d) =
Xr
Xeff

· HRT Eq. 2.8  

 

Where Xr is the biomass concentration in the reactor (g VSS/L) and Xeff is the biomass 

concentration of the effluent (g VSS/L). 

http://www.arb-silva.de/
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2.5.2. Nitrogen related calculations 

Ammonium Loading Rate (ALR) 

The ammonium loading rate (ALR) was calculated from the following Eq. 2.9: 

𝐴LR(
mg NH4

+ − N 

L · d
) =

(NH4
+ − N)

inf

HRT
 Eq. 2.9  

 

Where (NH4
+-N)inf is the concentration of ammonium in the influent (mg N/L) and HRT 

the hydraulic retention time (d). 

Nitrite Loading Rate (NLR) 

The nitrite loading rate (NLR) was calculated from the following Eq. 2.10: 

NLR (
NO2

− − N 

L · d
) =

(NO2
− − N)inf
HRT

 Eq. 2.10  

 

Where (NO2
--N)inf is the concentration of nitrite in the influent (mg N/L) and HRT the 

hydraulic retention time (d). 

 

Nitrite Production Rate (NPR) 

The nitrite production rate (NPR) was calculated from the following Eq. 2.11: 

NPR (
NO2

− − N 

L · d
) =

(NO2
− − N)eff − (NO2

− − N)inf
HRT

 Eq. 2.11  

 

Where (NO2
--N)inf is the concentration of nitrite in the influent, (NO2

--N)eff is the 

concentration of nitrite in the effluent (mg N/L) and HRT the hydraulic retention time (d). 
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Ammonium Removal Rate (ARR) 

The ammonium removal rate (ARR) was calculated from the following Eq. 2.12: 

𝐴RR(
mg NH4

+ − N 

L · d
) =

(NH4
+ − N)

inf
− (NH4

+ − N)
eff

HRT
 Eq. 2.12  

 

Where (NH4
+-N)inf is the concentration of ammonium in the influent, (NH4

+-N)eff is the 

concentration of ammonium in the effluent (mg N/L) and HRT the hydraulic retention time 

(d). 

 

Nitrate Removal Rate (NRR) 

The nitrate removal rate (NRR) was calculated from the following Eq. 2.13: 

NRR(
NO3

− − N 

L · d
) =

(NO3
− − N)inf − (NO3

− − N)eff
HRT

 Eq. 2.13 

 

Where (NO3
--N)inf is the concentration of nitrate in the influent, (NO3

--N)eff is the 

concentration of nitrate in the effluent (mg N/L) and HRT the hydraulic retention time (d). 

 

Free Ammonia (FA) and Free Nitrous Acid (FNA) concentrations 

The concentrations of FA (NH3) and FNA (HNO2) were calculated according to 

Anthonisen et al. (1976) in Eq. 2.14 and Eq. 2.15: 

FA (
mg NH3 − N

L
) =

(NH4
+ − N) · 10

pH

(e6344/(273+T) + 10
pH)

 Eq. 2.14  

 

FNA (
mg HNO2 − N

L
) =

(NO2
− − N)

(e−2300/(273+T) · 10
pH)

 Eq. 2.15  

 

Where T is the temperature (°C), (NO2
--N) is the concentration of nitrite and (NH4

+-N) is 

the concentration of ammonium. 
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2.5.2. Carbon related calculations 

Organic Loading Rate (OLR) 

The Organic Loading Rate (OLR), which indicates the organic matter load applied to the 

reactor system, was calculated from Eq. 2.16 and expressed in terms of TOC. 

𝑂LR(
mg TOC

L · d
) =

(TOC)inf
HRT

 Eq. 2.16  

 

Where (TOC)inf is the concentration of TOC in the influent (mg C/L), and HRT the 

hydraulic retention time of operation of the reactor (d). 

 

2.5.3. Mass Balances 

DO consumed by heterotrophic bacteria 

The mass of DO consumed (DOconsumed) was estimated as the difference between the total 

COD removed (CODremoved) and the COD theoretically consumed for denitrification 

(CODdenitrification) (Eq. 2.17). The ratio of 2.85 g COD/g NO3
--N was chosen according to the 

stoichiometric expression using acetate as electron donor for denitrification (Eq. 2.18). The 

consumed nitrate was calculated as the difference between the influent and the effluent 

concentrations. 

DOconsumed(mg COD/L) =  CODremoved − CODdenitrification                           Eq. 2.17 

5 CH3COONa + 8 NO3
⁻ + 8 H+ 

                
→     10 CO2 + 4 N2 + 9 H2O + 5 NaOH                 Eq. 2.18 

 

Ammonium consumed for cellular growth 

The ammonium nitrogen consumed for biomass growth was estimated by mass balances 

(Eq. 2.19). For this calculation, the theoretical biomass yield (YX/COD) of 0.6 g CODbiomass/ g 

CODremoved was used. The ratio of 1.42 g COD/g C5H7O2N was used to convert COD, 

corresponding to the biomass stoichiometry of C5H7O2N (Eq. 2.20). 

NH4
+ −N (g N) =  (CODremoved ∗  Y X

COD

)
g C5H7O2N 

1.42 g CODbiomass

14 g N

113 g C5H7O2N 
      Eq.  2.19 

C5H7O2N + 5 O₂  
                
→     5 CO2 + 2 H2O + NH3                                                      Eq. 2.20
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CHAPTER 3 

OPTIMIZATION OF CONTINUOUS GRANULAR SLUDGE 

REACTORS (CFGR) FOR THE TREATMENT OF EXTREMELY 

LOW-STRENGTH AQUACULTURE STREAMS 

 

SUMMARY 

Technological solutions able to treat extremely high flows at short hydraulic retention times 

(HRT) are needed to be implemented in freshwater aquaculture facilities to maintain fish 

health and production. The goal of the present study is to determine the best operational 

conditions to form granular biomass treating freshwater aquaculture streams in laboratory-

scale Continuous Flow Granular Reactors (CFGR). Four experiments were carried out in two 

reactors with different height/diameter (H/D) ratio. In all experiments an extremely low-

strength synthetic medium simulating a freshwater aquaculture stream was used as feeding 

media. The effects on the biomass granulation process of operational conditions such as 

influent distribution, aeration, liquid flow ascensional velocity (Vup) and mechanical stirring 

were evaluated. Biomass granulation and retention was successful at extremely short HRT (5 

min) and with influent concentrations of 8 mg C/L and 2.5 mg NH4
+-N/L. Removal 

efficiencies of 65 % for  total organic carbon (TOC) and 20% for ammonium were reached. 

The imposed high inflow Vup (8.5 m/h) and the use of mechanical stirring favoured the 

biomass granulation. The results obtained in these experiments facing extremely low-strength 

conditions can help to optimize the operational conditions of CFGRs needed to achieve 

biomass granulation when treating freshwater aquaculture streams. 
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3.1 INTRODUCTION 

Aquaculture activities require high amounts of water and generate large volumes of 

effluents containing suspended solids, nitrogen and phosphorus, as well as micro-pollutants 

such as antibiotics and hormones. Therefore, the use of recycling aquaculture systems (RAS) 

is recommended to avoid the continuous use of freshwater, at the same time that the produced 

RAS stream is treated. However, in conventional RAS the ammonium and nitrite 

concentrations increase progressively, and these compounds are toxic to fish even at low 

concentrations (< 2 mg N/L) (Liao and Mayo, 1972; Russo et al., 1974; Thurston et al., 1981).  

In RAS, attached biofilters remove nitrogen pollutants and suspended solids (Martins et 

al., 2010). However, when the used water volumetric flows are high, the hydraulic retention 

time (HRT) applied in biofilters is too short to remove properly the nitrogen pollutants. 

Therefore, the research about new technologies able to perform at short HRT to avoid too 

large reactor units will be useful to treat the huge flows required in the freshwater aquaculture 

sector. 

The use of continuous flow granular reactors (CFGR) is an interesting alternative to 

traditional RAS biofilters. In CFGR, the microorganisms self-immobilize forming compact 

aggregates due to the stress provoked by the water flow ascensional velocity (Vup) (Kent et 

al., 2018). Besides, the granular biomass presents excellent settling properties and perform 

nutrient removal processes accurately (Amorim et al., 2016; Ramos et al., 2017). In addition, 

since the available land in freshwater fish farms is limited, CFGR can be an adequate 

technology due to their lower surface requirements for implantation in comparison with 

conventional activated sludge systems (CAS). 

However, the granulation process in continuous systems facing medium and low-strength 

conditions is difficult to achieve (Kent et al., 2018). Only a few research studies accomplishes 

biomass granulation successfully in CFGR facing low-strength conditions at laboratory scale 

(Yang et al., 2014; Zhou et al., 2012) and none of these studies deals with so extremely low-

strength wastewater. Thus, before its application in freshwater fish farms to carry out 

experiments at laboratory scale is still needed to define the best CFGR configurations for the 

granulation process. 

From the above mentioned background, the main aim of this chapter is to evaluate four 

different configurations of CFGR for the treatment of aquaculture extremely low-strength 

stream. The objective of the present study is to determine the best reactor configurations to 

cultivate granular sludge at short HRT for organic matter and ammonium removal from 

aquaculture wastewater.  
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3.2 MATERIALS AND METHODS 

3.2.1 Experimental setup and seeding sludge  

Four different laboratory-scale CFGR configurations were tested in experiments (E1, E2, 

E3 and E4) implemented in two different reactors (R1 and R2) for the treatment of extremely 

low-strength freshwater aquaculture synthetic streams (Table 3.1).  

Both reactors consisted of a column-type Plexiglas® reactor with a working volume of 

1.4 L and a 3-phase (gas-liquid-solid) separator in the upper zone (Figure 3.1). The reactors 

R1 and R2 presented different height to diameter ratio (H/D) of 15.6 and 3.2 cm/cm, 

respectively. In all experiments, the feeding media was pumped to the reactor from the bottom 

in a continuous mode, favoring the mixture. The effluent was removed continuously from the 

reactor top by liquid overflow. The up-flow velocity was imposed by the influent flow and the 

section of the reactor. Temperature and pH were not controlled. The room temperature varied 

from 17 to 21 ºC. The pH value was imposed by the dilution water used (tap water) 

characterized by pH values ranging from 6.4 to 6.8. 

Table 3.1. Configuration and main features of each experiment carried out in CFGR. 

In experiments E1 and E2 the reactor was aerated. The time elapsed with and without 

aeration was between 10 seconds every 3 hours and 1 minute every 30 minutes. In 

experiments E3 and E4 no external aeration was supplied (Table 3.1), and the DO 

concentration was that of the influent ranging from 5 to 8 mg O2/L.   

Ex. Reactor Days HRT 

(min) 

H/D ratio 

(m/m) 

Vup 

(m/h) 

Main Features 

E1 R1 24 4.9-6.5 15.6 6.4-8.5 Bottom spherical distributor; mixing 

by aeration and Vup variation 

E2 R1 17 5.5-9.6 15.6 4.7-8.3 Bottom metallic distributor and sieve 

at the top; mixing by aeration and 

Vup variation 

E3 R2 27 3.5-10.4 3.2 1.4-2.7 Bottom spherical distributor; mixing 

only by Vup variation 

E4 R2 31 6.0-10.9 3.2 1.3-2.3 Sieve at the top; mixing by 

mechanical stirrer and Vup variation 
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Ex. E1) Ex. E2) 

  

Ex. E3) Ex. E4) 

  

Figure 3.1. Diagrams of both reactors in the four experiments: Ex. E1; Ex. E2; Ex. E3; and 

Ex. E4. 
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In all of the experiments the laboratory-scale CFGR was inoculated with activated sludge 

from the secondary treatment of an urban wastewater treatment plant (Silvouta; Santiago de 

Compostela). The initial biomass concentration in the reactor ranged between 2 - 6 g VSS/L 

in the different experiments. 

3.2.2 Synthetic media and Operational strategy  

The feeding media of both reactors was prepared mimicking the extremely low-strength 

composition of a trout farm recycling stream (Grupo Tres Mares S.L.). The concentrations of 

ammonium, nitrate and total organic carbon (TOC) were around 2.5 mg NH4
+-N/L, 1.7 mg 

NO3
--N/L and 8 mg C/L, respectively. The large amounts of water used to feed the CFGR (to 

simulate the high flow of a trout farm) made it necessary to prepare a concentrated (Figure 1) 

which was diluted with tap water in a volumetric ratio of 1:77 to obtain the feeding media. In 

all experiments, the CFGRs were operated in continuous mode at short HRTs (3.5 - 10.9 

minutes). Consequently high up-flow velocities (Vup) were applied that have associated 

applied hydrodynamic stresses which cause that only the biomass able to aggregate in 

granules can be retained inside the reactor.  

3.2.3 Analytical methods 

Liquid phase determinations were carried out to measure pH, ammonium, nitrite, nitrate, 

and TOC concentrations. Solid phase determinations were carried out to measure biomass 

concentration and SVI. All these determinations were performed with the methods described 

in Chapter 2. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Selection of hydrodynamic operational conditions 

The first part of this study consisted of carrying out a series of short term hydrodynamic 

tests (duration between 1 to 4 days) in R1 inoculated with activated sludge biomass, which 

served as a basis for establishing the operational conditions for the reactors operation. Initially 

in R1, when introducing the feed through the reactor bottom, the feeding media was not 

homogeneously distributed. Therefore, two layers of spherical glass particles were placed at 

the bottom of the reactor. The lower layer of small spheres  (diameter 1 mm) and the upper 

layer of large spheres (diameter  5 mm) to avoid influent preferential paths. Since, the 

suspension of the biomass was not good enough, two new options were evaluated: i) to 

recirculate the effluent to increase the liquid up-flow velocity or ii) to introduce intermittent 

aeration to the reactor every three hours. The results from the experiments showed that 

aeration performed better than recirculation in terms of avoiding biomass wash-out episodes. 

Finally, the effect of changing the feeding flow (between 0.159 - 0.291 L/min) was evaluated, 

to determine how the consequent variations in the Vup affected the reactor biomass 

distribution in height.  
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The flow range applied was enough to expand the sludge blanket. Moreover, these 

previous hydrodynamic tests showed that one of the most important factors for the successful 

granulation of the biomass was that the inoculum from the WWTP was fresh (storage period 

shorter than 10 days). Results from these short experiments serve to define the operational 

strategies and conditions to be tested in the present study that were: the application of high 

Vup to maintain the biomass bed expanded and the use bottom disruption systems to avoid 

preferential pathways. 

3.3.2 Influent distribution and variable aeration (E1) 

After the preliminary hydrodynamic tests, experiment E1 was conducted, which lasted 24 

days. In this experiment the utility of glass spheres at the bottom of the reactor was evaluated 

to optimize the feeding distribution and favour the sludge bed expansion. During this 

experiment, the air flow used to mix the reactor was variable depending on the biomass bed 

expansion. The Vup was very high being up to 8.49 m/h. According to other previous studies a 

high Vup (0.5 - 1.1 m/h) is needed in the system to achieve a proper granulation. Once 

granules are formed it can be reduced (0.1 - 0.2 m/h) to maintain stable conditions for 

denitrification to take place inside the granules (Val Del Río et al., 2015). Nevertheless, in the 

present study to continue the operation at short HRT values of 5 min (high Vup) was required 

to treat the large water flows typical of the freshwater aquaculture farms. 
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a) b) c) 

   

d) e) f) 

   
  

Figure 3.2. Images of CFGR biomass inside the reactor in E1: a) day 1, b) day 9 and c) day 

19; in E2: d) day 1, e) day 12 and f) day 17.  

At the beginning of the experiment E1, the biomass aggregated in flocs in only a few 

hours (Figure 3.2a). Afterwards, granules formed because of the hydrodynamic stress present 

in the system due to the high Vup applied (6.41 m/h) (Figure 3.2b). Once the granules were 

formed, biomass growth as biofilm in the bottom (attached to the spheres) was larger than that 

of the biomass in suspension, making difficult the reactor maintenance. In addition, the 

biomass experienced frequent events of wash out due to the high Vup. This behaviour also 

made difficult to maintain the stable reactor operation. Finally, the massive growth of biofilm 

at the bottom of the reactor caused poor mixing and consequently, the operation was ended 

(Figure 3.2c). 

A high organic loading rate (OLR) was applied which ranged from 1500 to 2500 mg 

TOC/(L·d) at this operational conditions (Figure 3.3a). The TOC removal was of 

approximately 40% at the beginning of the operation, but at the end it decreased to 20%. This 
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removal percentage indicates that there was TOC degradation by heterotrophic bacteria. 

Figure 3C shows that the ammonium removal was around 10% for an ammonium loading rate 

(ALR) between 500 - 900 mg NH4
+-N/(L·d). Taking into account the TOC removal, mass 

balances indicate that this ammonium removal was mainly by assimilation due heterotrophic 

biomass growth.  

Thus, in experiment E1 the TOC and ammonium removal percentages (Figures 3.3a and 

3.3c) were generally higher at the beginning of the operation, caused by the presence of 

biomass forming flocks and granules. Afterwards, both removal percentages decreased due to 

the biomass wash-out and led to the destabilization of the granular system (Figure 3.2c). 

Despite of the good results of the preliminary test, during a longer operation a biofilm rapidly 

developed over the spheres placed at the bottom and caused the formation of preferential 

paths for the influent. Thus, the spheres were not effective for the efficient distribution of the 

influent flow. These experiments helped to understand the key factors of the application of 

this technology in freshwater aquaculture. For this reason, in the experiment E2, the system to 

distribute the inflow was modified. 
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a) b) 

 
 

c) d) 

  

Figure 3.3. OLR (■), TOC removal (□), ALR (●) and ammonium removal (○) profiles 

throughout reactors operation; a) and c) corresponding to E1 experiment; b) and d) 

corresponding to E2 experiment. 

3.3.3 Influent distribution and biomass retention with variable aeration (E2) 

In experiment E2, a round metal distributor (Figure 3.4) provided with holes was placed 

at the bottom of the reactor, to improve the distribution of the feeding flow. In addition, a 

sieve was included in the upper part of the reactor to avoid the biomass wash-out. The 

experiment E2 lasted 17 days. Unlike in E1, at the beginning of the operational period a lower 

Vup was imposed (4.72 m/h) to avoid biomass wash-out and it was increased up to 8.3 m/h to 

expand the reactor biomass bed. This Vup increase was progressively and lasted four days. 
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Figure 3.4. Round metal baffle added to the reactor in experiment E3. 

At the beginning of the operation, the biomass quickly aggregated as flocs. In addition, an 

improvement in the inflow distribution was observed with the metal distributor in comparison 

to E1 (test with the spheres). Granules appeared inside the reactor after only 3 days of 

operation. Moreover, the granules of experiment E2 (Figure 3.2e) visually settled better than 

granules from E1. The biomass in the form of granules colonized the reactor, but at the same 

time biofilm grew on the reactor walls. Finally, this biofilm overgrew suspended biofilm 

making impossible to operate the reactor in stable conditions and the reactor was stopped 

(Figure 3.2f). The biofilm development made the daily maintenance of the reactor difficult. 

Although, in experiment E2 the metallic baffle made this task much easier than in experiment 

E1 with the spheres. 

Regarding the pollutants removal, there was a progressive increase in the TOC and 

ammonium removal percentages until the reactor failure due to the appearance of biofilm on 

the walls. In this experiment the reactor achieved TOC and ammonium removals up to 65.9 

and 19.8 %, respectively. The obtained TOC and ammonium removal percentages (Figure 

3.6b and 3.6d) can be related to the fast biomass aggregation in granules. The experiments E1 

and E2 showed that the operation of R1 presented poor performance when reaching a Vup of 

8.3 m/h, achieved with the applied HRT of 5 min.  

3.3.4 Influent distribution (E3) 

In experiment E3, that lasted 27 days, a new reactor was used (R2) with a diameter larger 

than in R1. Then at the same imposed HRT the achieved Vup was lower than in R1. Initially 

the biomass formed flocs, although it took longer (several days) than in previous experiments 

E1 and E2 (Figure 3.5a). In addition, granules were not formed probably due to the lack of 

enough hydrodynamic stress associated to the low imposed Vup. As the diameter of the reactor 

increased, Vup was significantly lower (between 1.42 - 2.67 m/h). Since the biomass was not 

sufficiently expanded, it was compacted forming a thick layer that ended up floating and 

being washed-out from the reactor (Figure 3.5b). 
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a) b) 

  

c) d) e) 

   

Figure 3.5. Images of CFGR biomass performance in experiment E3: a) day 10, b) day 21; In 

experiment E4: c) day 1 d) day 18, e) day 23.  

The highest values of TOC and ammonium removal occurred between days 12 and 23 

with values up to 60 and 10 %, respectively (Figures 3.6a and 3.6c). The maintenance of 

reactor R2 was much easier than in R1 since biomass washed out events in the effluent were 

less frequent and the biofilm did not grow fast. However, the larger diameter did not favour 

the expansion of the bed which is crucial to improve the mass transfer and consequently to 

favour the pollutants removal. Therefore, a mechanical stirrer was implemented in the reactor 

to improve mixing. 
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3.3.5 Mechanical mixing and biomass retention (E4) 

In experiment E4 that took place for 31 days, a mechanical stirrer was implemented to 

minimise the presence of preferential paths and favour the mass transfer and increase the 

pollutants removal. The stirring speed was fixed at 30 - 40 rpm to maintain the biomass bed 

expanded as much as possible avoiding wash-out episodes with the effluent.  

a) b) 

  

c) d) 

  

Figure 3.6. OLR (■), TOC removal (□), ALR (●) and ammonium removal (○) profiles 

throughout reactors operation; a) and c) corresponding to E3 experiment; b) and d) 

corresponding to E4 experiment. 

The biomass aggregated forming flocs in only one day (Figure 3.5c). Then, granules were 

formed after 9 days favoured by the applied hydrodynamic stress of the Vup (1.25 m/h) and 

the mechanical stirring (45 rpm). The initial granules were dense and small (Figure 3.5d). 

Nevertheless, a jelly biofilm grew on the surface of the granules, that increased in size 
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progressively and lost their good settleability. Finally, the initial core of the small granules 

disappeared inside the jelly biofilm which caused the loss of the operational stability (Figure 

3.5e). 

TOC removal reached the 70% (Figure 3.6b) while ammonium removal was of 15% 

(Figure 3.6d) being slightly higher than 20% in the first 10 days. The progression in 

ammonium and TOC removal was similar: high removal percentages were achieved at the 

beginning of the operational period (first 10 days), and afterwards its decreased under 20% of 

TOC and 10 % of ammonium. This better removal efficiency at the beginning is correlated to 

the increase of size biomass aggregates at the first operational days. The removal efficiencies 

achieved were of 70% and 20% for TOC and ammonium, higher than in experiment E3.  

3.3.6 Comparison of the evaluated conditions 

The experiments carried out with R1 (large H/D ratio) were performed applying Vup 

range of values much broader than those applied in R2. Consequently, the biomass wash-out 

episodes were more frequent in R1 (E1 and E2).  

In experiment E3, the Vup was progressively increased to maintain biomass bed 

expanded, achieving the shortest HRT values of all the experiments (down to 3.5 min). The 

limit maximum value of Vup was achieved when the biomass was completely washed out 

from the system and thus the HRT value had to be increased again. Finally, in experiment E4 

the Vup was lower than in E3 due to the use of mechanical stirring. The stirrer avoided the 

biomass cake formation and its wash-out with the effluent. The shorter HRT applied in this 

experiment was of 6 min. 

Table 3.2. Results and performance of the four experiments in reactors R1 (E1 and E2) and 

R2 (E3 and E4). 

*Maximum removal percentages achieved during the experiments. 

Experiment NH4
+ Removal 

(%)* 

TOC Removal 

(%)* 

Granulation 

Time (d) 

Cause of Experiment Failure  

E1 10.8 51.7 4 Growth of a thick biofilm at 

reactor bottom  

E2 19.8 65.9 3 Growth of a filamentous 

biofilm at reactor walls 

E3 9.4 53.2 - Sludge bed unexpanded 

E4 21.2 65.3 9 Growth of a suspended jelly 

biofilm 
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The two experiments with the best removal performances were experiments E2 and E4 

(Table 3.2). These two experiments are modifications of previous experiments in reactors R1 

and R2 to improve the reactors performance. The experiment E3, was the only one where 

granules were not completely formed, probably due to the deficient expansion of the biomass 

bed caused by the low Vup applied. The reason of the malfunction of the reactors tends to be 

the same in all experiments, which is the biomass structure desestabilization due to the 

appearance of a gelatinous biofilm: at the bottom of the reactor (E1), on the walls (E2) or the 

growth of the granule size due to the appearance of a jelly cover that made the granules dense 

core disappear (E4).  

In all cases, except experiment E3, the granular biomass was formed in only a few days 

(between 3 and 9 days) (Table 3.2). There are few studies on the granulation in CFGR facing 

low-strength wastewater operated at laboratory scale (Yang et al., 2014; Zhou et al., 2012). 

However, in none of them the treated flows presented extremely low amonium and organic 

matter concentrations. In these studies the pollutants concentrations were in the ranges of 20 - 

70 mg N/L and 50 - 250 mg COD/L. The granulation process in experiments E1, E2 and E4 

was faster than the reported in those previous studies (20 - 25 days). The granulation times in 

the present study were very shorter in comparison with other acetate-fed granular systems that 

dealt with larger OLR of 9000 - 21300 mg TOC/(L·d), like in Val del Rio et al. (2013) who 

needed between 15 - 21 days to see the first granules in a reactor. Although applied OLR in 

the present study was of 2500 - 3000 mg TOC/(L·d) results from experiments E1 and E2 

indicate that high Vup decreased the time required for biomass aggregation. A similar 

behaviour was observer in other previous studies (Val del Río et al., 2015). The required 

decrease of the Vup in experiment E4 needed to be compensated by the implementation of a 

mechanical stirrer to impose the appropriate stress conditions to promote the biomass 

aggregation. 

 

3.4. CONCLUSIONS 

Successful retention of the biomass and granule formation was achieved in a CFGR, 

despite the extremely short applied HRT (5 min). Experiments designed to favour the influent 

distribution and biomass retention (E2 and E4) provided the best removal efficiencies of 65 % 

for TOC and 20% for ammonium. 

The imposed hydrodynamic conditions in the CFGR, such as high inflow Vup or the 

implementation of mechanical stirring favour the biomass granulation, but if their limit values 

are exceeded destabilization events occur.  

The CFGR operation in extreme conditions, such as Vup higher than 8 m/h and extremely-

low concentrations (< 8 mg TOC/L and < 2.5 mg NH4
+-N/L), can cause excessive growth of  

a jelly biofilm making necessary a daily reactor maintenance and regular cleaning to avoid 

conduction obstructions. 
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The performance of short-term (selection of hydrodynamic operational conditions) and 

mid-term experiments (E1, E2, E3 and E4) in CFGR facing extremely low-strength stream 

helped to optimize the operational conditions to obtain biomass granulation when treating 

freshwater aquaculture streams. However, longer experiments where stable conditions are 

maintained need to be developed to tune operational conditions and to provide the required 

information for the scale-up of this technology. 
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CHAPTER 4 

 

CONTINUOUS GRANULAR SLUDGE REACTOR (CFGR) FOR 

THE TREATMENT OF FRESHWATER AQUACULTURE 

EFFLUENTS 

 

SUMMARY 

This chapter evaluates the stability and performance of a CFGR reactor which was 

operated to treat freshwater aquaculture streams at laboratory-scale during approximately the 

same length than a complete dry season (98 days). The CFGR, operated with the 

configuration optimized in Chapter 3, was inoculated with activated sludge and it was fed 

with a synthetic medium mimicking an aquaculture recycling water (2.5 - 2.9 mg N/L and 5.8 

- 14.0 mg TOC/L). Biomass granulation occurred in only 7 days, improving the settling 

properties due to a high up-flow velocity of 11 m/h and an applied HRT of 5 min. The reactor 

presented mature granules after 32 days, achieving an average diameter of 1.9 mm at day 63. 

The CFGR ammonium removal efficiencies were of approximately 10 - 20%, with 

ammonium removal rates of 90.0 mg NH4
+-N/(L·d). The organic matter was removed mainly 

by heterotrophic aerobic oxidation, while the ammonium removal occurred only by cellular 

growth. The system presented also denitrification, which was sometimes incomplete and 

caused nitrite production. The CFGR achieved high ammonium removal rates at very short 

HRT (5 min), being suitable for treating extremely high flows like the ones produced in 

recirculating aquaculture systems.  
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4.1 INTRODUCTION 

As it was reviewed in Chapter 1 nitrogen compounds are major harmful water pollutants 

for fishes. Rainbow trout mortality increases when ammonium concentration is over 2.3 mg 

NH4⁺-N/L (Liao and Mayo, 1972). Nitrite is even more harmful than ammonium, with 

concentrations ranging from 0.14 - 0.15 mg NO2
⁻-N/L, causing approximately 50% of 

mortality on rainbow trout (Russo et al., 1974). In recirculating aquaculture systems (RAS), 

adequate ammonium and nitrite removal is crucial to ensure fish health and consequently, its 

production. The most frequent water treatments used in RAS are the rotating biological 

contactors (RBC), trickling filters (TF) and bed filters (BF). Nevertheless, when the water 

usage is extremely high, such as in intensive rainbow trout farms, the hydraulic retention time 

(HRT) imposed in these systems is frequently not long enough to remove the nitrogen 

pollutants. Thus, technologies able to achieve good removal performances at short HRT have 

a special interest in this sector, like those in which good biomass retention is promoted. 

Aerobic granular sludge (AGS) based technologies can be an interesting alternative to 

traditional biofilters used in RAS. In AGS systems, the microorganisms self-immobilize 

forming compact aggregates with excellent settling properties, and have proved resistance to a 

range of toxic compounds while keeping the main nutrient removal processes (Amorim et al., 

2016; Ramos et al., 2017). AGS presents great biomass retention properties and higher 

removal performance and lower operational costs in comparison with biological aerated filters 

(Di Iaconi et al., 2005). AGS technology requires a building area smaller than conventional 

activated sludge treatments, thus its application can be adequate to the needs of such 

aquaculture farms where the land area available is limited.  

Several studies on the successful use of AGS to treat low-strength wastewater in terms of 

chemical oxygen demand (COD) and nitrogen (between 42 - 231 mg COD/L and 12 - 53 mg 

N/L, respectively) removal at laboratory scale have been reported (Awang et al., 2017; 

Peyong et al., 2012; Sguanci et al., 2019). Awang et al. (2017) reported that, by shortening the 

cycle length (reducing the HRT), the process becomes more stable due to the organic loading 

rate (OLR) increase. However, the nitrogen concentrations commonly found in freshwater 

aquaculture wastewater are much lower (0.3 - 2.0 mg NH4
+-N/L) (Ebeling and Timmons, 

2012) than those of these studies. 

In other hand, the AGS systems are commonly operated as sequential batch reactors 

(SBR), which are not adequate to treat the high flows of aquaculture farms, because the 

necessity to have big intermediate tanks. For this reason, the use of continuous flow granular 

reactors (CFGRs) is preferable. Moreover, CFGRs have certain advantages over SBR such as 

an easier operation and control, and large scale high-flow treatment capacity. However, the 

biomass retention capacity in CFGR is lower than that in SBR (Kent et al., 2018). Yang et al. 

(2014) cultivated AGS in an airlift CFGR achieving removal performances of 30% for total 

nitrogen (TN) and of 75% for COD, and fast biomass granulation (25 days) using low-

strength wastewater (20 - 45 mg NH4
+-N/L and 100 - 250 mg COD/L) as inflow. Taking into 
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account the extremely high flows of the fattening zones in freshwater aquaculture farms and 

the short availability of construction areas, the CFGR system can be an interesting compact 

technology to operate at very short HRT.  

Therefore, the main aim of this chapter is to study the performance of a CFGR (following 

the operational configuration E2 from Chapter 3 for the treatment of extremely low-strength 

RAS effluents. The challenge of the study is to accumulate enough AGS inside the reactor 

with appropriate settling properties to cope with the short HRT imposed to treat large flows, 

to remove the nitrogen compounds and produce effluents suitable for recirculation in 

aquaculture farms.  

 

4.2 MATERIALS AND METHODS 

4.2.1 Experimental setup, seeding sludge and synthetic media 

The CFGR consisted of a 2 L methacrylate cylinder with a 3-phase (gas-liquid-solid) 

separator in the upper zone and a H/D ratio of 15.4 (Figure 4.1). The reactor was not aerated, 

and the DO concentration was that of the feeding, ranging from 6.3 to 8.1 mg O2/L. The 

feeding media, pumped through the reactor bottom in a continuous mode, was the mechanism 

to expand the biomass bed inside the reactor, favouring the mixture (same configuration than 

experiment E2 of Chapter 3). The effluent was removed continuously from the reactor top by 

liquid overflow. The up-flow velocity (Vup), imposed by the influent up-flow rate in the 3-

phase separator, defined the settling velocity of the biomass particles that remained in the 

system. Temperature and pH were not controlled. Room temperature varied from 17 to 22 ºC. 

The pH value was imposed by the dilution water (tap water) and ranged from 6.3 to 6.9. 

  



Laboratory scale CFGR long term experiment for RAS 

77 
  

a) b) 

 
 

Figure 4.1. CFGR configuration: a) real image; b) schematic diagram. 

The CFGR was inoculated with activated sludge from the secondary treatment of an 

urban wastewater treatment plant (Silvouta; Santiago de Compostela) with an initial biomass 

concentration of 2.4 g VSS/L. The seeding sludge had a Sludge Volume Index (SVI) of 135 

mL/g TSS. The specific heterotrophic and denitrifying activities of the seeding sludge were 

78 ± 10 mg COD/(g VSS·d) and 38 ± 1 mg N2-N/(g VSS·d), respectively. This inoculum did 

not present detectable Aerobic Oxidizing Bacteria (AOB) nor Nitrite Oxidizing Bacteria 

(NOB) activities. 

The CFGR feeding media was prepared mimicking the composition of the water recycled 

in a trout farm facility (Table 4.1). To simulate it the recycling wastewater from an intensive 

freshwater aquaculture facility of Grupo Tres Mares (GTM) in the northwest of Spain was 

collected and analysed. 
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Table 4.1. Composition of the synthetic media used as feeding and operational conditions of 

CFGR.  

HRT: Hydraulic Retention Time; OLR: Organic Loading Rate; ALR: Ammonium Loading Rate;  

TOC: Total Organic Carbon. 

4.2.2 Operational strategy  

During the first 5 days of operation the CFGR was operated with a HRT of 5.2 min. The 

Vup was 8.1 m/h, achieved by applying an influent up-flow of 285 mL/min, selected as the 

minimum to only allowing the biomass able to aggregate in flocks and granules to remain 

inside the reactor. From day 5 onwards, the feeding flow was progressively increased to 385 

mL/min (HRT of 8.1 min), which led to a Vup of 11.02 m/h. The CFGR was operated in these 

conditions for 98 days. The large amounts of water used to feed the CFGR made it necessary 

to prepare a concentrated media (A and B, Figure 4.1) which was diluted with tap water in a 

ratio of 1:77 mL/mL. Variations in the feeding media composition were caused by the 

seasonal variations of the dilution tap water (Table 4.1). The tap water supplied contained 2.4 

mg Ca2+/L and 0.8 mg Mg2+/L. Both cationic species accounted for a concentration of salt of 

0.19 meq/L, indicating soft water conditions. Thus, the equivalent CaCO3 concentration was 

approximately 24.6 mg/L. Therefore, alkalinity was very low and consequently, the pH was 

slightly acid. Dissolved oxygen concentration depended also on the tap water composition, 

with concentrations close to saturation conditions throughout all the operational period (8 - 6 

mg O2/L). 

4.2.3 Activity batch tests 

Apart from to have a longer and more stable reactor performance than the achieved with 

the CFGR configuration in Chapter 3, the aim of this chapter is to understand the nitrogen 

removal mechanisms which occurs in the system at extremely low-strength RAS conditions. 

Thus several batch assays were performed throughout the reactor operation (described in 

Parameter Units CFGR 

Operation time d 98 

pH --- 6.3 - 6.9 

Temperature C 17 - 22 

Inflow L/d 355.9 - 554.4 

HRT min 5.2 - 8.1 

Vup m/h 8.05 - 11.02 

OLR mg TOC/(L·d) 2022 - 2594 

ALR mg NH4
+-N/(L·d) 690 - 800 

NH4
+ mg N/L 2.5 - 2.9 

NO3
- mg N/L 1.5 - 2.0 

TOC mg C/L 5.8 - 14.0 

PO4
3- mg P/L 0.42 - 0.80 
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Chapter 2). Specific denitrifying activity (SDA) was measured following the gas and liquid 

phase, to know the evolution of nitrogen compounds in the liquid media (nitrate and nitrite) as 

described by Santorio et al. (2019). Moreover, respirometric assays were performed to follow 

the specific aerobic heterotrophic activity (HETact), as well as ammonium (AOBact) and nitrite 

(NOBact) oxidizing activities. 

4.2.4 Analytical methods 

Liquid phase determinations were carried out to measure pH, ammonium, nitrite, nitrate, 

and TOC concentrations. Solid phase determinations were carried out to measure biomass 

concentration, SVI, settling velocity, granule density and granule diameter. Moreover, 

biomass samples were taken to perform the microbiological populations analysis following 

Herlemann et al. (2011). All these determinations were performed with the methods described 

in Chapter 2. 

4.3. RESULTS AND DISCUSSION 

4.3.1 Organic matter and phosphorous removal 

In the CFGR, the applied organic loading rate (OLR) was about 1,990 mg TOC/(L·d) and 

the overall organic carbon removal efficiency was approximately 45%, increasing up to 70% 

(Figure 4.2b). This resulted in a competitive organic removal rate (ORR), between 894 – 

1,390 mg TOC/(L·d) (Figure 4.2b), in comparison with other heterotrophic granular systems 

(Carrera et al., 2019). The high specific heterotrophic activity was confirmed by respirometric 

assays. In fact, it increased from 78 ± 10 mg COD/(g VSS·d) in the inoculum, to 999 ± 27 mg 

COD/(g VSS·d) after 44 days of operation. This HETact within the reactor continued to 

increase up to 1749 ± 116 mg COD/(g VSS·d) on day 78.  

Despite the dissolved oxygen (DO) concentration being close to saturation in the feeding 

media (8.1 - 9.6 mg O2/L), mass balances showed that all of it was consumed to oxidize the 

organic matter. The TOC consumed was represented in Figure 4.2a in terms of chemical 

oxygen demand (COD) in order to make these mass balances. Therefore, the COD removed 

(CODremoved) was approximately 8 - 10 mg COD/L and the COD necessary for denitrification 

(CODdenitrification), taking into account the nitrate consumed (Figure 4.4a), was 0.28 - 0.42 mg 

COD/L. Thus, the concentration of COD oxidized (difference between CODremoved and 

CODdenitrification) matches with the DO concentration available in the influent indicating that all 

the DO was consumed in CFGR.  

  



Chapter 4  

80 
   

a) 

 

b) 

 
Figure 4.2. Organic matter removal profile throughout reactor operation. COD influent 

(♦) and effluent (◊) concentrations; b) TOC removal rate (■) and removal percentage (x). 

The phosphate concentration in the influent was 0.8 mg PO4
3--P/L, and in the effluent it 

remained under the detection limit of the analytical method on several operational days 

analyzed. From the concentrations in the effluent (the days when it could be detected) it was 

determined that approximately 12% of the phosphorus in the feeding was removed. All 

phosphate consumed was probably necessary for biomass growth, taking into account the 

COD removal observed, and considering C5H7O2NP0.15 as the biomass elemental composition. 

The continuous aerobic feeding in CFGR did not promote PAO development, and 

consequently, phosphorus was consumed only due to heterotrophic cellular growth. 

Although the organic matter and phosphate concentrations measured in the trout factory 

(8 mg TOC/L and 0.8 mg PO4
3-/L) are not toxic to fish, in a recycling system these 

concentrations will presumably tend to increase by accumulation, causing problems such as 

oxygen depletion and fish mortality. Thus, the TOC and phosphorus removal achieved could 

avoid the concentration increase of these pollutants, allowing for water recycling. 
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4.3.2 Nitrogen removal and transformation 

a) 

 

b) 

 

Figure 4.3. Ammonium removal performance: a) Ammonium influent (♦) and effluent (◊) 

concentrations and removal percentage (x) in CFGR; b) Ammonium Removal Rate (ARR, □). 

The horizontal dashed line represents the ammonium toxic concentration for fishes. 

The CFGR performed stable, in terms of nitrogen removal/transformation efficiencies 

during 98 days, fed with aquaculture-like synthetic media (Figure 4.3a and 4.3b). The 

ammonium concentration decreased by approximately 0.3 mg NH4
+-N/L, from the feeding 

media to the effluent. Overall, the ammonium removal efficiency was low, approximately 

10%, achieving values up to 20% (Figure 3b). Nevertheless, taking into account the high 

applied ammonium loading rate (ALR) of 690 - 800 mg NH4
+-N/(L·d), associated with the 

extremely short HRT, this removal percentage led to average ARR values of 90 mg NH4
+-

N/(L·d), reaching values of up to 180 mg NH4
+-N/(L·d) (Figure 4.3b). Mass balances indicate 

that the carbon consumed was enough to assimilate all the ammonium removed. Thus, all 

ammonium consumption during CFGR operation seemed to serve for heterotrophic growth. 
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a) 

 
b) 

 
Figure 4.4. Evolution of nitrite and nitrate concentrations, where the horizontal dashed line 

represents the nitrite toxic concentration for fishes. a) Nitrate influent (■), effluent (□) and 

nitrite effluent (○) concentrations; b) Nitrate removal rate (NRR, ♦) and nitrite production rate 

(NPR, ◊).  

The nitrate concentration in the effluent decreased slightly along the whole operation, 

with removal percentages between 3 - 25% (Figure 4.4a). During the first 48 days, the nitrate 

removal rate (NRR) ranged from 15 to 100 mg NO3
⁻-N/(L·d), decreasing thereafter to 3 - 30 

mg NO3
--N/(L·d) (Figure 4.4b). Thus, denitrification took place in the CFGR due to the low 

DO concentration achieved inside the reactor (calculated by mass balances). Besides, this 

result matches the C/NO3
--N ratio of 4 mg/mg that allows denitrification activity (Buys et al., 

2000b). Despite nitrite was absent from the feeding media, it was detected in the effluent 

(0.03 - 0.10 mg N/L) (Figure 4.4a), although it always remained below the toxic level for 

rainbow trout. The nitrite production rate (NPR) was higher during the first 48 operational 

days, producing up to 26 mg NO2
--N/(L·d). From that moment on, the NPR decreased to 3 mg 

NO2
--N/(L·d). Therefore, once the granules matured (see section 4.3.3), the nitrite 

concentration decreased to below 0.05 mg NO2
--N/L. This decrease could be related to a 
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lower oxygen diffusion in mature granules, facilitating complete denitrification instead of 

partial denitrification. 

Throughout the reactor operation, the ARR and NRR were higher than the NPR, 

indicating that each process separately could account for the nitrite production. To identify 

which of the processes was responsible for the NPR, batch activity experiments to determine 

AOB, NOB and denitrifying activities were carried out. The AOB and NOB activities of the 

CFGR biomass were measured on operational days 44 and 76 by respirometric tests. In both 

cases, no AOB nor NOB activities were detected, showing that the CFGR biomass was not 

able to oxidize neither ammonium to nitrite nor nitrite to nitrate. These results reinforce the 

hypothesis that ammonium consumption in the CFGR only served for biomass growth. 

Although the sludge used as inoculum performed the nitrification-denitrification processes in 

the urban wastewater treatment plant, its nitrifying activity was presumably not enough to be 

detected by the respirometric assays. Thus, the low AOB and NOB activities during the 

operational period can be related to this fact, combined with a competition for the dissolved 

oxygen with the heterotrophic bacteria that use it for organic matter oxidation. 

 

 

 

 

 

 

Figure 4.5. Evolution of nitrite (○), nitrate (■), and total nitrogen (▲) concentrations 

throughout the liquid phase denitrifying test performed with the CFGR reactor biomass on 

day 78. 

Since AOB activity in batch tests was not significant, the nitrite production observed 

inside the CFGR could be associated with incomplete denitratation. For this reason a 

denitrifying liquid phase test was conducted on day 78 showing a high SDA in terms of 

nitrate consumption of 980 ± 53 mg NO3
--N/(g VSS·d) (Figure 4.5). During the test, nitrite 

transient accumulation occurred, with a specific production rate of 451 ± 16 mg NO2
--N/(g 

VSS·d). Therefore, the biomass was enriched preferentially in microorganisms able to reduce 

nitrate to nitrite. Considering this nitrite production capacity of the biomass, all the nitrate 
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could be reduced to nitrite inside the reactor. Nevertheless, the reactor denitratation activity 

was lower due to the high DO concentration. 

The high DO concentrations in the influent should promote the development of AOB and 

NOB microorganisms. However, the absence of significant activity for these processes 

indicated that all the oxygen was consumed by the heterotrophic bacteria, avoiding 

nitrification. The high SDA of the biomass shows that the promotion of denitrifying activity 

by decreasing the DO influent concentration could improve the nitrate removal.  

4.3.3 Biomass properties  

The formation of granules from flocculant activated sludge was achieved successfully in 

the CFGR by applying high liquid Vup. The Vup was increased gradually from 8.1 to 11.0 m/h 

during the first four days of operation. Consequently, the sludge bed expanded favouring 

substrate mass transfer while the flocks with less density were washed out with the effluent. 

As a result, the biomass aggregated forming granules that started to appear on day 7, showing 

that this strategy (following one of the successful configurations developed in Chapter 3) 

promoted a fast granulation. The initial granules were almost translucid with a jelly-like 

appearance (Figure 4.7a). Afterwards, the development of new biomass in the granule body, 

as a dense core, was observed on day 32 (Figure 4.7b ). Since the reactor was not 

mechanically aerated, this result showed that the hydraulic forces (the high up-flow velocity 

imposed by a short HRT and the reactor’s design) were crucial to promote the rapid biomass 

aggregation. This result proved that it is possible to obtain mature granules facing extremely 

low-strength concentrations with this configuration. 

When mature granules were accumulated inside the CFGR, their particle diameter and 

density were measured. The granule average diameter was 1.9 mm (Figure 4.7c), with a 

density of 7.12 g VSS/Lgranule. Moreover, the measured SVI30 was 312 mL/g TSS on day-78, 

which is below the SVI30 of the seeding sludge and matches the low-density values of the 

granules. Additionally, SVI1 was 321 mL/g TSS which means a ratio of 0.97 SVI30/SVI1, 

indicating a fast settling velocity. Only a few studies performed the treatment of low-strength 

wastewater with AGS in a continuous flow reactor at laboratory scale (Yang et al., 2014; 

Zhou et al., 2012). However, they did not treat such extremely low pollutant concentrations as 

the present study (approximately 20 - 70 mg N/L and 50 - 250 mg COD/L). The fast 

granulation achieved in the CFGR fits the granulation times reported in those studies (20 - 25 

days). However, the granule diameter achieved by these authors was between 0.6 - 0.9 mm, 

and in the case of the present CFGR, particle size was larger. Besides, these studies reported 

low SVI30 of approximately 38 - 40 mL/g TSS (typical of AGS reactors) when external 

aeration was supplied to the system. In fact, Yang et al. (2014) reported a high SVI (225 mL/g 

TSS) when the oxygen availability was limited in certain operational periods. Therefore, the 

lack of dissolved oxygen can be the cause for the particular structure of the granules in the 

present CFGR, which involves a high SVI. Nevertheless, despite the high SVI value, the 
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settling properties of the granules were good enough to keep the biomass inside the system 

even with the extremely high Vup applied. 

a) b) 

  

c)  

    

 

Figure 4.7. Images of the granules of the CFGR reactor on days 7 (a), 32 (b) and 74 (c) of 

operation. The size bar indicates 2 mm. 

4.3.4 Study of the bacterial communities 

During the reactor performance CFGR biomass was sampled to study the bacterial 

communities, the first one on day 27 (L-27) and the second one on day 74 (L-74) (Figure 4.8). 

On day 27, the granules still present part of a jelly appearance and the partial denitrification 

was higher, while, on day 74, the granules were more compact with lower nitrite production 

and higher heterothophic activity. Neither on L-27 nor L-74 were detected nitrifying 

populations (Nitrosomonas, Nitrosospira, Nitrosococcus, Nitrobacter, Nitrococcus, 

Nitrospira...). These results confirms the hypothesis that all the ammonium removed in the 

CFGR was for cellular growth. 
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Figure 4.8. Most abundant taxa during the CFGR performance with abundances higher than 

1%. 

*C: Class; G: Genus; Sp: Specie. 

Several denitrifying groups were detected such as Zoologea oleivorans, Zoologea caeni, 

Acidovorax, Haliangium. The sum Zoologea oleivorans and Zoologea caeni was around a 9% 

in L-27 and it increased to 40% in L-74 indicating the denitrifying improvement after 

granules inner core growth and consequently increased the anoxic layer. The Acidovorax 

genus abundance was 1 and 9 % in L-27 and L-74, respectively. Those bacteria can perform 

partial denitrification and it might be the microorganisms which cause the nitrite 

accumulation (Miao et al., 2017). Moreover, the Haliangium population abundance was 55 

and 2 % in L-27 and L-74, respectively. This population can perform denitrification in 

presence of nitrite (Mcilroy et al., 2016). Thus, the Haliangium decreasing in L-74 can be 

attributed to the lower nitrite production in the reactor. 
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Besides, Zoologea and Acidovorax populations are related with improvement of the 

granulation process. The CFGR also presented Acinetobacter (1% in L-74) and 

Flavobacterium (4 and 3% in L-27 and L-74, respectively) populations which also benefits 

the granulation (Xia et al., 2018). Finally, Flavobacterium also appears in aquaculture streams 

(Bartelme et al., 2019) and Rivicola pingtungensis (11% in L-27) appears in soft water rivers 

(Sheu et al., 2014), indicating that when mimicking the freshwater feeding some populations 

related with aquaculture are developed. 

4.3.5 Technical viability and comparison with a SBR performance 

Nitrogen species present in the water are especially harmful to fish, with ammonium and 

nitrite and their unionized forms (free ammonia and free nitrous acid, respectively) the most 

dangerous compounds. Ammonium removal or transformation into less harmful compounds 

is mandatory to allow water recirculation inside a trout farm. The present chapter is based on 

a study performed in collaboration with the Universidade Católica Portuguesa (Porto) where 

they operated an SBR using a similar synthetic medium but inoculating with previously 

cultivated mature AGS.  

The SBR ammonium removal (close to 100 %) was better than in the CFGR (10 – 20 %). 

Nevertheless, the ARR was 90.0 mg NH4
+-N/(L·d) in the CFGR compared to the 14.5 mg 

NH4
+-N/(L·d) in the SBR. These differences were mainly caused by the feeding strategy 

adopted and consequently the imposed HRT. The shorter HRT of the CFGR did not allow for 

the development of nitrifying bacteria and the ammonium was consumed only by cellular 

assimilation. However, nitrification-denitrification occurred in AGS-SBR. The phosphorous 

removal followed a similar behaviour as ammonium. In CFGR only 6 - 12% was consumed, 

mostly due to cellular growth, while in the SBR the phosphate removal was 40 - 100%, 

attributed to PAO activity.  

Comparing the ammonium removal performances achieved in CFGR and SBR (10 - 20% 

in front of 100%), the air insufflation in CFGR could improve nitrification since oxygen is 

limited and it is mostly consumed by heterotrophic bacteria. Nevertheless, it is important to 

highlight that the major CFGR operational cost is the feed pumping which is already 

necessary for aquaculture farms to maintain the water circulation of the RAS. Thus, the 

operational cost related to aeration would increase due to electric consumption. Besides, the 

aeration could reduce biomass retention performance operating at this extremely low HRT, 

even with the 3-phase separator. 

Rotating biological contactors (RBC), trickling filters (TF), and bed filters are frequently 

used in RAS. Suhr and Pedersen (2010) studied a fixed bed biofilter and a moving bed 

biofilter, treating the effluent of a rainbow trout RAS, and reported ARRs of 92 and 231 mg 

NH4
+-N/(L·d), respectively. Miller and Libey (1985) reported ARR between 9 - 38 and 2 - 40 

mg NH4
+-N/(L·d) in RBC and TF, respectively. The ammonium removal percentages in RBC 

were in the range of 74 - 82%, and 23 - 51% in TF. Thus, the AGS-SBR achieved removal 
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rates higher than those reported for TF and RBC, while CFGR achieved similar values to 

those of a fixed bed biofilter. Even though the ARR of the moving bed biofilter reported by 

Suhr and Pedersen (2010) was significantly higher than that of the CFGR, the HRT was also 

longer (20 - 85 min). As the moving bed biofilter treated smaller water flows, it will require a 

larger implantation area than the CFGR.  

Apart from saving freshwater capture, the implementation of RAS in trout aquaculture 

farms is important in Mediterranean countries, which suffer from water shortage, especially in 

the summer period. The dry season lasts 3 - 4 months, and in this period the available volume 

of water in the nearby freshwater sources (rivers or lakes) diminishes, limiting the fish 

production of the plants. Thus, this is the period when trout farms in such conditions recycle 

the water. Therefore, operation length of 98 days (this chapter) can be long enough to 

understand if reactor performance fulfil the fish plant necessities. The CFGR produced 

granules from activated sludge in only 7 days and was able to treat large flows, which is 

essential in freshwater aquaculture farming.  

Overall, the CFGR can be suitable for the treatment of extremely low-strength freshwater 

aquaculture streams aiming at their recycling. Despite the lower removal capacity, the 

ammonium concentration was reduced around 0.2 - 0.3 mg N/L in the effluent. Tahar et al. 

(2018) monitored the ammonium concentration profile of a flow-through rainbow trout farm, 

showing an average increase of 0.13 mg N/L between the inlet and the outlet. Therefore, the 

estimated ammonium production of a trout farm (0.13 - 0.30 mg N/L) could be removed by 

the CFGR, avoiding ammonium concentration increase in the recycled water. Thus, the 

CFGR could fulfil the extremely high water flow necessities of a RAS farm with sufficient 

quality to ensure trout health.  

 

4.4 CONCLUSIONS 

A CFGR was performed stable facing an extremely low-concentrated influent (2.5 mg 

NH4
+-N/L and 8.0 mg TOC/L) at short HRT (5min) during 98 days. The processes occurring 

preferentially were heterotrophic growth, denitrification and denitratation. Te ammonium 

removal was 10 - 20% and it was consumed for biomass growth, with average ARR of 90.0 

reaching 180 mg NH4
+-N/(L·d). At laboratory scale, the CFGR produced effluents with 

nitrogen concentrations below the toxic levels for fish with a chemical quality appropriate as 

recycling flow in the aquaculture farm. The CFGR produced an effluent with moderate 

chemical quality but compatible with recycling water quality needed for the fish fattening 

area, and was able to treat larger flows.  

The formation of granular biomass was feasible in only 7 days by applying large liquid 

up-flow velocities to a CFGR showing a rapid adaptation to freshwater aquaculture 

conditions. Besides, these results at laboratory scale will help to ascertain the stability and 

viability of CFGR at pilot-scale in a real freshwater aquaculture environment (Chapter 5).
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CHAPTER 5 

 

PILOT-SCALE CONTINUOUS FLOW GRANULAR REACTOR 

FOR THE TREATMENT OF EXTREMELY LOW-STRENGTH 

RECIRCULATING AQUACULTURE SYSTEM WASTEWATER 

 

SUMMARY 

To avoid toxic ammonium and nitrite concentrations in aquaculture systems is crucial to 

maintain the fish production. When recirculating aquaculture systems (RAS) operate in 

freshwater farms during the dry seasons, the concentrations of these pollutants increase. The 

objective of the present study is the evaluation of a Continuous Flow Granular Reactor 

(CFGR) for the treatment of freshwater RAS stream at pilot-scale during two consecutive dry 

seasons. The CFGR was fed with a extremely low-strength recirculation stream of a trout 

farm (0.12 - 1.84 mg NH4
+-N/L and 2.2 - 8.14 mg C/L). Two different configurations were 

evaluated. The first configuration consisted on a CFGR fed from the bottom, being the up-

flow velocity the only shear force to mix the biomass. The second configuration incorporated 

a mechanical stirrer and a sieve to improve the biomass mixing and retention. The CFGR was 

operated at short hydraulic retention times (HRT) which ranged from 11 to 68 min. The 

configuration with a mechanical stirrer and sieve was optimal in terms of biomass retention 

and nitrogen removal performance. Despite the low nitrogen and organic matter 

concentrations, granulation was achieved in 55 days, with an average granule diameter up to 

0.47 mm. Ammonium and nitrite removal percentages up to 81 and 100 % were achieved, 

respectively. The ammonium and nitrite production rate in the trout farm were lower than the 

removal achieved by the CFGR, which makes the implementation of this system appropriated 

to maintain the concentration of these compounds below toxic levels for rainbow trout.  
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5.1 INTRODUCTION 

Compared with other forms of production, recirculating aquaculture systems (RAS) 

reduce water usage and improve waste management and nutrient recycling boosting 

aquaculture production (Martins et al., 2010b). Trout production is one of the most extended 

freshwater aquaculture sectors in Europe. Thus, the application of RAS in intensive rainbow 

trout farms is been studied to satisfy the production demand (Pulkkinen et al., 2019, 2018; 

Suhr and Pedersen, 2010). However, the closed water flow in the RAS has associated an 

increase of nitrogen compounds, organic matter and phosphorous concentrations (Crab et al., 

2007). In RAS, ammonium and free ammonia (FA) are in an equilibrium which is influenced 

by pH and temperature (Ebeling and Timmons, 2012). Both species can be toxic to fish, 

however, FA is more harmful because it has higher lipid solubility and consequently it can 

diffuse through the biological membranes easier than the ammonium ions (Körner et al., 

2001). While ammonium concentrations over 1.25 mg NH4
+-N/L are toxic for rainbow trout, 

concentrations over 0.021 mg NH3-N/L are toxic as FA (Liao and Mayo, 1972). Regarding 

nitrite, in equilibrium with free nitrous acid (FNA), it is more toxic than ammonium. Russo et 

al. (1981) demonstrated that concentrations between 0.06 - 0.12 mg NO2-N/L caused 50 % of 

lethality on rainbow trout. Their study also shows that FNA was toxic even at lower 

concentrations due to its liposolubility. Therefore, RAS are developed to remove the 

ammonium avoiding nitrite accumulation as a crucial aspect to ensure fish health. 

To reduce these pollutants concentrations, the use of biofilters in RAS is widely applied 

(Martins et al., 2010a) where heterotrophic and nitrifying bacteria are developed for this 

purpose (Blancheton et al., 2013). With respect to their application Suhr and Pedersen (2010) 

showed that biofilters operated in rainbow trout RAS require hydraulic retention times (HRT) 

between 85 - 150 min to oxidize all the ammonium. However, when the water flow demand is 

extremely high (such as in rainbow trout production) the hydraulic retention time (HRT) must 

be as short as possible, to avoid the use of enormous biological reactors that might limit this 

conversion.  

Aerobic granular sludge (AGS) based technologies appear as an alternative to traditional 

attached biofilters in RAS, due to its biomass retention properties and potentially exposed to 

better mass transfer conditions. In AGS systems the microorganisms are self-immobilised in 

aggregates, with better settling properties and tolerance than conventional activated sludge to 

toxic compounds, such as pharmaceuticals (Adav et al., 2008). Furthermore, in reactors 

operated in aerobic conditions the presence of anoxic (internal) and aerobic (external) layers 

allow the simultaneous occurrence of anoxic and aerobic processes inside the granules 

(Dobbeleers et al., 2017). Besides, AGS technology requires a small implantation area which 

is crucial in freshwater aquaculture farms. AGS has been widely investigated for the treatment 

of urban and industrial wastewater and is one of the biotechnologies in expansion (Gao et al., 

2011b). Up to now, AGS technologies have not been widely studied in aquaculture systems, 

where the very low pollutant concentrations (C and N) and high flows are a challenge. 
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There are some studies about the AGS start-up treating low-strength wastewater (between 

35 - 320 mg COD/L and 10 - 55 mg N/L) at pilot scale (Derlon et al., 2016; Guimarães et al., 

2017; Ni et al., 2009; Sun et al., 2019). However, the pollutant concentrations of freshwater 

aquaculture streams are much lower (5 mg COD/L and 0.30 - 0.81 mg N/L) (Hambly et al., 

2015; Tahar et al., 2018). Most of these studies at pilot scale were carried out in sequencing 

batch reactors (SBR). Only Sun et al. (2019) succeeded to cultivate aerobic granules treating 

low-strength wastewater in a pilot-scale continuous flow granular reactor (CFGR). The 

continuous reactors have certain advantages over SBRs such as a robust operation and a larger 

treatment capacity (Kent et al., 2018) which is essential to treat the large aquaculture flows. 

We et al. (2020) highlighted the interest of evaluating the aerobic granulation process in 

continuous systems (especially in terms of the nutrient transformations) as a conclusion of 

their critical review about AGS technologies for the treatment of low-strength wastewater.  

In this context, this chapter explores the first research study that tackles the application of 

CFGR at pilot scale for the treatment of extremely low-strength wastewater in an aquaculture 

trout farm. This chapter benefits from all "know how" achieved in the previous Chapters 3 

and 4 in terms of operational conditions biomass retention. Since treating large flows is 

mandatory to allow water recirculation inside the plant, the present research work is focused 

on biomass retention and granulation at short HRT. Moreover, nitrogen species 

transformations and removal are also followed to evaluate the viability of the system to 

produce effluents with enough quality to protect fish health and enhance its production. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Trout farm performance 

The experiments were developed with a pilot plant comprising a CFGR installed in an 

intensive rainbow trout farm (Figure 5.1) located in the northwest of Spain (Grupo Tres 

Mares S.L.). The factory takes the water for the process from a near river at a flow in the 

range 1 - 3 m3/s. This water flows through the fish ponds and it is discharged to the seaside 

containing negligible nitrogen, organic matter concentrations and suspended solids. During 

dry seasons the river flow decreases and, consequently, the availability of water for the farm 

does as well. Thus, the water stream is recirculated inside the plant (RAS system) to keep the 

flow constant allowing trout feeding and avoiding fish stress. However, with this 

recirculation, the ammonium and organic matter concentrations increase daily due to fish 

metabolism. Since the fish tanks are aerated part of the ammonium excreted is oxidised to 

nitrite and nitrate, therefore also the nitrogen oxides concentrations increase. The RAS of this 

farm comprises a treatment system based on six rotatory biofilters. However, facing the 

extremely high recirculation flows (up to 10,800 m3/h) this treatment is only able to separate 

suspended solids, while the nitrogen compounds are not removed. If the recirculation is 

extended in time the ammonium (daily rise up to 0.1 - 0.2 mg N/L) and nitrite concentrations 
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increase to toxic values causing fish mortality. Consequently, the water is more polluted and 

fish production is limited during these periods. 

 
Figure 5.1. Aerial image of the intensive rainbow trout farm Grupo Tres Mares S.L.(Lires, A 

Coruña). 

5.2.2 Reactor set-up and seeding sludge 

Since the fish farm only recirculates water during dry seasons the pilot plant was operated 

in two independent experiments corresponding to two consecutive summers (years 2019 and 

2020, respectively). In both experiments a pilot-scale CFGR, with an effective volume of 30 

L, was evaluated for the treatment of the recirculation stream from the trout farm (Figure 

5.2c). The reactor dimensions were inner diameter of 22.4 cm and total height of 88.5 cm. 

In the first experiment (Summer 2019), several reactor configurations and operational 

parameters were tested to find the optimal performance. Initially, the reactor was not provided 

with aeration and the feeding media was pumped through the bottom in a continuous mode. 

This configuration was similar to the experiment E2 of Chapter 3 an to the laboratory scale 

reactor of Chapter 4 but with a lower H/D ratio (3.95) due to the pilot plant characteristics. 

Thus, the feeding up-flow was the mechanism to expand the biomass bed inside the reactor 

(Figure 5.2a). Throughout the operational period, a mechanical stirrer was added to improve 

the mixture, favor the mass transfer and increase the hydraulic shear forces. The mechanical 

stirrer performed at low rotational speed (40 rpm) and presented a cross vane near to the 

reactor bottom to avoid an excessive sludge bed expansion. Simultaneously, a sieve was 

integrated at the upper part of the reactor to prevent biomass wash out (Figure 5.2b). This 

configuration was similar to the experiment E4 of Chapter 3. The sieve screen was able to 

retain particles with diameters above 0.1 mm being a particle size granulation driving force. 

The effluent was discharged continuously from the top of the reactor by overflow. In the 
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second experiment (Summer 2020), the reactor was operated during the whole period with the 

best configuration found in the first experiment (Figure 5.2b). 

a) b) 

 

 
 

c)  

 

 

Figure 5.2. Layouts of both CFGR configurations: (a) without sieve and mechanical stirrer; 

(b) with sieve and mechanical stirrer; c) Pilot plant distribution and water flow. 
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and the pH values ranged from 5.1 - 5.7 and 5.6 - 6.4 in the first and second experiments, 

respectively. The dissolved oxygen (DO) concentration was variable due to the trout tanks 

oxygenation and varied between 2.9 and 6.4 mg O2/L and 4.7 and 9.6 mg O2/L in the first and 

in the second experiments, respectively. 

The pilot CFGR was seeded with secondary sludge (Figure 5.3a) collected from the 

biological treatment of a wastewater treatment plant (WWTP) (near to Santiago de 

Compostela). The achieved initial biomass concentration was of 1.22 and 4.94 g TSS/L in the 

first and second experiments, respectively. This seeding sludge was characterized before the 

reactor start-up in terms of sludge volume index (SVI). The maximum heterotrophic, 

ammonium oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) activities of the 

sludge were also determined.  

5.2.3 Operational conditions 

Operational strategy 

Since trout farming needs the use of technologies able to treat its recycling water as fast 

as possible due to the high water flow requirements, short HRT values were imposed during 

the reactor operation (between 11.2 - 68.2 minutes). With this stress conditions, only the 

biomass able to aggregate in flocks and granules could remain inside the reactor.  

 First experiment  

The CFGR operation in the first experiment was divided into three stages depending on 

the nitrogen conversion performance, (Table 5.1). 

During Stage I (day 1 - 15) the ammonium and organic matter concentrations in the 

feeding remained relatively constant. At the beginning the imposed feed flow was fixed at 

45.6 L/h, which resulted in an HRT of 39.5 min and an up-flow velocity (Vup) of 1.1 m/h. 

Then, to keep the sludge bed expanded, the feeding flow was increased progressively and on 

day 14 it was of 160 L/h (HRT of 11 min and a Vup of 3.8 m/h).  

During Stage II (day 16 - 55) the reactor suffered salinity and starvation shocks. The 

salinity shocks occurred when the trout farming plant used seawater to keep the water levels 

of the trout tanks stable, due to the scarcity of freshwater from the river in dry season periods. 

The CFGR experienced the salinity shocks during two episodes (days 16 - 18 and days 25 - 28 

of operation). Consequently the Na+ concentration increased from 9 (usual freshwater 

concentration) to 780 mg Na+/L. On the other hand, the starvation shocks occurred during 

sporadic rainy days, when the trout farm turned off the recirculation and took the water back 

from the river (days 35 - 40 and days 48 – 49 of operation). Therefore, the concentration of 

ammonium and organic matter in the water fed to the reactor decreased rapidly. To improve 

the biomass retention, the HRT was increased to 14.2 min and consequently, the Vup 

diminished to 3 m/h. 
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In Stage III (day 56 - 91), a mechanical stirrer was placed inside the reactor to expand the 

sludge bed and a sieve was fixed at the top to retain the biomass aggregates. Moreover, on day 

56 the reactor was re-inoculated with 90% (in volume) of new seeding sludge from the same 

WWTP origin of the inoculum, corresponding to the remaining 10% (in volume) the biomass 

enriched in the previous stages. At the beginning of Stage III the HRT was 32.3 min to reduce 

the Vup allowing the adaptation of the new inoculated biomass to the system conditions. Then 

the feeding flow was increased gradually up to 108.6 L/h and consequently the HRT was of 

16 min. 

Table 5.1. Operational conditions and influent characteristics of the CFGR in both 

experiments. 

Experiment First Second 

Operational Stage Stage I Stage II Stage III Single-stage 

Main feature Start-up 

Salinity and 

starvation 

shocks 

Reinoculation, Mechanical 

stirrer and sieve at the top 

of the reactor 

Mechanical stirrer 

and sieve at the top 

of the reactor 

Days 0 - 15 16 - 55 56 - 91 1 - 99 

Temperature (ºC)* 20.0 - 22.1 18.8 - 23.0 18.4 - 22.7 16.4 - 26.4 

Dissolved oxygen 

(mg O2/L)* 
5.1 - 6.1 1.7 - 6.2 3.0 - 6.4 4.7 - 9.6 

pH* 5.8 - 6.1 5.7 - 6.2 5.8 - 6.2 5.7 - 6.5 

TOC (mg C/L)* 2.2 - 3.3 3.2 - 7.9 4.13 - 8.14 2.8 - 7.7 

IC (mg C/L)* 1.3 - 2.4 0.5 - 2.5 0.6 - 2.5 0.4 - 2.4 

NH4
+ (mg N/L)* 0.52 - 0.76 0.12 - 1.00 0.14 - 1.84 0.32 - 1.44 

NO2
- (mg N/L)* 0.01 - 0.05 0.01 - 0.22 0.01 - 0.13 0.04 - 0.34 

NO3
- (mg N/L)* 0.78 - 1.01 0.66 - 1.23 0.81 - 1.24 2.20 - 2.95 

Feeding flow  

(L/h) 

46 - 72 (day 0-3) 

120 -160 (day 4-15) 

160 (day 16-18) 

126 (day 19-55) 

56 - 120 (day 56-68) 

77 - 109 (day 69-91) 

26 - 54 (day 1-65) 

27 - 40 (day 66-91) 

HRT (min) 
39.5 - 25.0  

15.0 - 11.2  

11.2  

14.2  

32.3 - 14.9 

23.4 - 16.6 

68.2 - 33.3 

45.5 - 66.7 

Up-flow velocity 

(m/h) 

1.1 - 1.7  

2.9 - 3.8  

3.8 

3.0 

1.3 - 2.9 

1.8 - 2.6 

0.6 - 1.3 

0.6 - 0.9 

HRT: hydraulic retention time; TOC: total organic carbon. 

*Influent values 
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Second experiment  

This second experiment was performed with the CFGR configuration which provided the 

best results in the previous experiment: using the mechanical stirrer to expand the biomass 

bed and the sieve at the top to improve the biomass retention (tested in Stage III). In this 

operational period (summer 2020) occurred less rainy periods than in the first experiment 

(summer 2019) and, consequently the CFGR suffered fewer starvation shocks. The HRT was 

between 68.2 - 33.3 min and consequently the Vup was lower (0.6 - 1.3 m/h) than in the first 

experiment (Table 5.1). In this second experiment the pilot plant operated for 99 days without 

the necessity of biomass reinoculation. 

5.2.4 Activity batch tests 

As well as Chapter 4, the aim of this chapter is to understand the nitrogen removal 

mechanisms which occurs in the CFGR at extremely low-strenght RAS conditions this time 

facing in situ real conditions. Thus respirometric assays were performed throughout the 

reactor operation described in Chapter 2 to follow the specific aerobic heterotrophic activity 

(HETact), as well as ammonium (AOBact) and nitrite (NOBact) oxidizing activities. 

5.2.5 Analytical methods 

Liquid phase determinations were carried out to measure DO, pH, ammonium, nitrite, 

nitrate, TOC and IC concentrations. Solid phase determinations were carried out to measure 

biomass concentration, SVI, settling velocity and granule diameter. Moreover, biomass 

samples were taken to perform the microbiological populations analysis following Herlemann 

et al. (2011). All these determinations were performed with the methods described in Chapter 

2. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Granulation process and biomass retention 

Granule formation 

Considering the high flows of freshwater used in aquaculture farms to apply a HRT value 

as low as possible is needed to be able to operate a moderate volume reactor. In the present 

research work the applied HRT was between 11 and 68 min. This short HRT value was 

required also to achieve the biomass granulation process with such a low-strength wastewater 

as it helped to increase the organic (OLR) and nitrogen loading rates (NLR). Short HRT 

values are commonly applied in the treatment of low-strength wastewater with granular 

sludge (Awang et al., 2017; de Kreuk and van Loosdrecht, 2006; Liu et al., 2007), although 

the values used, in the range of 5.6 - 8 h, are still too long for aquaculture effluents treatment. 

Besides, large feeding flows involve a fast Vup which favours the formation of aggregates 

with better settleability at low-strength conditions (Derlon et al., 2016). The initial up-flow 



Chapter 5 

98 
    

velocity was fixed at 1.1 m/h as this value was assumed to impose the appropriate 

hydrodynamic conditions to promote the granulation process (Borzacconi et al., 1999). 

During the first experiment, aggregates of flocculent biomass appeared in Stage I at day 

10. These aggregates remained in the reactor throughout the duration of Stages I and II. 

Nevertheless, the granulation process was not achieved taking into account the poor biomass 

settling properties (SVI10/SVI30 ratio under 0.8) and the small size of the aggregates (below 

0.2 mm) (Pronk et al., 2015). Thus, during more than 55 days mature granules were not 

observed probably due to the low organic matter and nutrient concentrations that difficulted 

the granulation process. In addition, in the first experiment the initial concentration of the 

seeding sludge was of 1.02 g VSS/L, probably too low to facilitate the achievement of a stable 

granulation. Inoculation with high sludge concentration (20 g VSS/L) was reported to 

accelerate the granulation process treating low-strength wastewaters (Su et al., 2012). 

Moreover, the biomass washing episodes, occurred for example in rainy days 24 and 41, 

contributed to the delay of the granulation process. In this sense, Pronk et al. (2015) proposes 

to operate granular reactors with a flexible HRT to control biomass washing episodes 

associated to rainy periods. This flexible strategy is crucial at fast Vup, otherwise severe 

biomass washout episodes would take place (Derlon et al., 2016). Therefore, in the present 

study the HRT was lengthened in rainy periods and shortened in dry ones. For example, on 

day 68 of the first experiment it rained and the HRT was increased from 14.9 to 23.4 min with 

the consequent Vup reduction. However, despite this reduction, the solids concentration in the 

reactor diminished from 1.94 to 1.38 g VSS/L. This biomass washing can be attributed to the 

OLR and NLR decrease due to dilution of the used water with rainwater. Between days 63 

and 73 the OLR and NLR values were reduced around 50 and 33 %, respectively.  

In Stage III, after the reinoculation of a 90% of the reactor volume (with a biomass 

concentration of 2.64 mg TSS/L) and the sieve incorporation, the flocculent biomass started to 

be more compact as a result of the biomass retention improvement. Afterwards, the SRT was 

around 4.9 d, which means that it is possible to achieve nitrifying bacteria activity (Val Del 

Río et al., 2013). Wagner and da Costa (2013) reported that ammonium oxidisation efficiency 

increased from 15 to 70 % when the SRT augmented from 3 to 7 days in a SBR treating low-

strength domestic wastewater.  

Independent granules appeared on day 72 in the first experiment indicating that with the 

operational change (mechanical stirrer and sieve at the top) the formation of the granules was 

promoted, needing only 14 days after the change. An average granules diameter value of 

0.31 ± 0.11 mm was measured on day 79 (Figure 5.3b). 

In the second experiment, despite the application of the optimized configuration 

including mechanical stirrer and sieve at the top, the granulation process was slower. 

Aggregation of flocculent sludge started before day 7. However, 37 days were necessary to 

observe the first aggregates and 55 days to observe the first independent granules. Although 
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the ammonium and nitrite removal performances were much higher in this experiment than in 

the first one, and taking into account the larger concentration of the seeding sludge (4.25 g 

VSS/L), the time to granulate the biomass was longer (55 days) than in previous Stage III (14 

days). This fact can be directly related to the longer HRT applied which caused a lower Vup 

(0.6 - 1.3 in front of 1.1 - 3.8 m/h). Besides, the SRT fluctuated between 3.2 - 14.5 d due to 

the variable biomass concentrations in the effluent. The average granules diameter value was 

of 0.47 ± 0.18 mm on day 85 (Figure 5.2c). 

a) b) 

  
                                     c)  

 

 

Figure 5.3. Images of the CFGR biomass: (a) seeding sludge, (b) on day 79 of the first 

experiment and (c) on day 85 of the second experiment. The size bar indicates 2 mm. 

Only in a few research works managed to cultivate granular sludge with low-strength 

wastewater successfully at pilot scale. However, in none of them succeeded with the 

granulation at these extremely low concentrations (2.8 - 7.7 mg C/L and 0.32 - 1.44 mg NH4
+-

N/L). Ni et al. (2009) treated municipal wastewater with concentrations of 35 - 120 mg 

COD/L and 10 - 40 mg NH4
+-N/L, and observed the first granules after 80 days of operation 

with a similar diameter as those from the present study (0.3 mm). They also reported that at 

day 120 the average granule diameter increased to 0.4 mm. Their results suggest that longer 
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operational periods allow to form bigger granules as it could happen when water recirculation 

in the farm is used in longer dry seasons. Zou et al. (2018) treating municipal wastewater 

containing organic matter and nitrogen concentrations of 125 ± 36 mg COD/L and 19 - 4 mg 

NH4
+-N/L, respectively, obtained the first granules after 61 days of operation in a continuous 

flow reactor. Nevertheless, they added sludge-based micropowder (20 µm) to accelerate the 

granulation. In the previous Chapter 4, Santorio et al. (2021) achieved granules with a 

diameter of 1.9 cm in a CFGR treating extremely low-strength wastewater (simulating an 

aquaculture effluent). Nevertheless, the previous research work was performed with a 

laboratory-scale reactor fed with synthetic wastewater with concentrations of 5.8 - 14.0 mg 

TOC/L and 2.5 - 2.9 mg NH4
+-N/L, higher than in the present Chapter. Therefore, the strategy 

evaluated in the present study was suitable to achieve granules, taking into account the 

challenge of treating extremely low-strength aquaculture effluents in the same farm plant, 

where it varies in composition and experiencing shock episodes (rain and salinity) that cannot 

be controlled as at laboratory scale. 

Biomass retention 

The main challenge in treating aquaculture streams with these high flows and extremely 

low-strength composition through a CFGR is the biomass retention. With the up-flow velocity 

as the only mechanism to stir the biomass and keep the bed expanded (Stages I and II of first 

experiment) to avoid biomass wash out was difficult. Thus, during Stages I and II, influent 

changes, like salinity increase or dilution by rain, caused biomass wash out in several 

operational days. This fact affected the biomass adaptation to these stream conditions in a 

negative way.  

On day 3 of the first experiment, the sludge remained in the reactor lower part. Therefore, 

the feeding flow was increased to 72 L/h which resulted in an HRT of 25 min and a Vup of 1.7 

m/h. The sludge settleability continued improving and the feeding flow was augmented 

consequently. After 7 days from the inoculation, the biomass sedimentation velocity was 0.19 

m/h and 63 days later was 0.26 m/h (Figure 3a).  

With the shocks occurrence (of salinity and starvation), the alternation of biomass wash 

out episodes and biomass accumulation at the bottom of the reactor was usual during Stage II, 

reducing the removal capacities of the system. These problems caused notable biomass loss 

inside the reactor. While during the saline shocks the biomass retention was worse due to the 

increase of the water density, during starvation periods (by rainy episodes) it was worse due 

to cellular decay. To face these problems, on day 19 the HRT was lengthened to 14.2 min to 

reduce de Vup to 3 m/h and to maintain the biomass inside the reactor. Even with the Vup 

reduction, approximately 90% of the biomass was lost at the end of Stage II. These results 

showed that imposed operational changes were necessary to increase biomass retention and 

mass transference. 
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In Stage III with the sieve incorporation the biomass aggregates retention improved. 

Thus, a sedimentation velocity of 2.92 m/h was achieved on day 85. Therefore, although the 

biomass settling improvement took place in all operational stages, during stage III this 

increase was more marked (Figure 5.4a). 

a) 

 

b) 

 

Figure 5.4. Biomass sedimentation velocity curves: a) First experiment day 7 (▲), day 63 

(●), day 85 (■); b) Second experiment day 1(♦), day 8 (■), day 15 (▲), day 21 (˟), day 30 (ж), 

day 36 (●), day 48 (+), day 55 (○), day 65 (□), day 78 (∆), day 84 (◊). 
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In the second experiment the biomass settling improvement was faster . The seeding 

sludge presented a sedimentation velocity of 0.02 m/h and on day 30 it increased to 0.26 m/h, 

indicating the benefits of the mechanical stirrer and the sieve. The sedimentation velocity 

continued improving up to 3.39 m/h on day 84 (Figure 5.4b). 

This upgrade was similar for the SVI. In the first experiment, the inoculum presented a 

SVI30 of 343 mL/g TSS which is high to keep the biomass inside the CFGR. However, on day 

7 it went down to 244 mL/g TSS showing a fast adaptation to the CFGR conditions. 

Moreover, the SVI30 improved on day 83 achieving a value of 108 mL/g TSS (Figure 5.5a). 

The second experiment presented the same trend. While the inoculum had a SVI30 of 461 

mL/g TSS on day 36 it was of 153 mL/g TSS. This SVI30 improvement continued, being 79 

mL/g TSS on day 84 (Figure 5.5b). 
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a) 

 

b) 

 

Figure 5.5.Evolution of the biomass sludge volumetric index values at minute 10 (■) and 

minute 30 (■) during the reactor operation. (a) first experiment and (b) second experiment. 

This amelioration is related to a more stable operation after the mechanical stirrer and 

sieve incorporation. Derlon et al. (2016) reported that stable granulation during the treatment 

of low-strength wastewater was only observed applying a low hydrodynamic shear. Thus, this 

stirrer operated at the minimum velocity (40 rpm), which was enough to expand the sludge 

bed minimizing the shear stress. 
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These results are similar to the SVI30 reported by Guimarães et al. (2017) (109 mL/g TSS) 

in a granular sludge reactor for nutrient removal from low-strength domestic wastewater. 

Besides, it is important to highlight that the SVI30 to SVI10 ratio which indicates the granule 

formation status and the biomass settling properties. While in the inoculum this ratio was 

0.53, for the first experiment it increased to 0.82 on day 83 (Figure 5.5a). This SVI30/SVI10 

ratio was even higher in the second experiment (0.95). These results match the faster 

sedimentation velocity achieved in these periods. Therefore, results showed the capability of 

the CFGR system to improve aggregates settling properties treating freshwater aquaculture 

streams at a very low HRT. In addition, this configuration showed the fast adaptability of the 

biomass to be retained in the reactor with the Vup increase. 

 

Figure 5.6. Total suspended solids concentration in the CFGR second experiment (●) and 

effluent solids concentration (○). 

Another reason for the biomass wash out episodes might be the mass transfer limitations 

associated to the low pollutant concentrations. At this respect it is important to point out that 

considering the half-saturation constant of AOB (kNH4) and NOB (kNO2) determined by 

Manser et al. (2005), of 0.14 mg NH4
+-N/L and 0.17 - 0.28 mg NO2

--N/L, respectively, during 

Stage II the ammonium and nitrite influent concentrations were lower than the kNH4 and kNO2 

indicating a poor mass transfer and a limitation in the growth yield. Thus, these conditions 

could cause biomass washing episodes. Stage III was the most stable in terms of nitrogen 

conversions, probably due to the biomass retention improvement, showing that the 

introduction of the stirrer and the sieve improved the reactor performance as well.  

In the second experiment, although the inoculated concentration was higher (4.94 g 

TSS/L) it decreased rapidly during the first two days presenting relatively high solid 

concentrations in the effluent up to 69 mg TSS/L (Figure 5.6). Afterwards, the reactor 

biomass concentration remained stable at approximately 2.0 g TSS/L for 50 days (Figure 5.6). 

Afterwards, the biomass concentration decreased ranging between 1.52 - 0.72 g TSS/L. These 

results match with the influent ammonium concentration decrease taking place after day 50 
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(Figure 5.7). The range of TSS concentrations reported by other studies operating granular 

pilot plants treating low-strength wastewater streams was 8 - 10 g TSS/L (de Kreuk and van 

Loosdrecht, 2006; Ni et al., 2009). Nevertheless, the organic matter and nitrogen influent 

concentrations in these studies were more than twenty times higher. Thus, the CFGR biomass 

was well retained in both experiments and was directly related to the ammonium influent 

concentration being the mechanical stirrer and sieve crucial for this purpose.  

5.3.2 Nitrogen conversions 

First experiment  

Ammonium concentrations in the feeding were variable throughout the operation of the 

first experiment (Figure 5.7). This behaviour was caused by changing weather, with more 

rainy periods than which are usual in the summer season. Therefore, on some days like 48 and 

86 the ammonium concentration was below 0.15 mg NH4
+-N/L. However, during the longest 

dry period (day 49 to 80) the ammonium concentration increased from 0.14 to 1.84 mg NH4
+-

N/L. The introduction of seawater in the trout farm caused a similar dilution effect and a 

significant salt increase. After the first and second salinity shocks (days 15 and 24, 

respectively) the ammonium concentration diminished from 0.77 to 0.68 and from 1.00 to 

0.45 mg NH4
+-N/L, respectively.  

Nitrite present in the influent to the CFGR is produced by the oxidation of ammonium 

inside the fish plant (tanks and pipes), but its accumulation is relevant only when the 

recirculation is applied. In the first operational days, the nitrite concentration in the influent 

was almost zero. However, as the recirculation went by, it started to increase and was 

detectable from day 10 onwards. Nevertheless, when rainy periods started, ammonium and 

nitrite concentrations decreased. For example on day 48 the nitrite concentration was of 0.01 

mg N/L (Figure 5.7). It is important to consider that nitrite is extremely toxic for fishes even 

at low concentrations. Russo et al. (1974) reported that nitrite concentrations between 0.06 to 

0.12 mg NO2
--N/L caused a 50 % of mortality in rainbow trout. 

The nitrate concentration of the water used in the farm is similar to that in the near river 

or a little bit higher due to the nitrification inside the fish ponds. Thus, the nitrate influent 

concentration was stable, being between 0.81 - 1.25 mg NO3
--N/L throughout all the 

performance period. Despite the influent fluctuations in composition and the salinity shocks, 

the CFGR developed nitrification activity. Throughout the CFGR operation, nitrate 

concentrations increased in the effluent showing the presence of ammonium oxidizing 

bacteria (AOB) and nitrite oxidizing bacteria (NOB) (Figure 5.7).  

Mass balances calculated between influent and effluent indicate that all ammonium and 

nitrite removed fits with the nitrate produced. Thus, the denitrification process did not occur 

in the reactor and the ammonium assimilated to heterotrophic growth was very low. The lack 

of organic matter the electron donor was responsible for the absence of denitrification 

(Guimarães et al., 2017). Moreover, the high oxygen concentration near to saturation most of 
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the operational time and the small diameter of the granules prevented the existence of anoxic 

layers deep enough inside the granules where the denitrification could take place. De Kreuk et 

al. (2005) reported the same performance in granules operated in an SBR where nitrogen 

removal took place via denitrification. Considering the nitrification as the only process of 

nitrogen transformation, it caused a pH decreasing during operation due to IC consumption. 

During almost all stage III the pH values decreased approximately 0.15 units in the effluent 

respect to the influent. Besides, the inorganic carbon was consumed in the CFGR indicating 

the occurrence of the autotrophic processes. These results indicated that pH and oxygen 

profiles can be used to monitor the CFGR performance. 

 

Figure 5.7. Ammonium influent (■) and effluent (□) concentrations, nitrite influent (▲) and 

effluent (∆) concentrations and nitrate influent (-) and effluent (+) concentrations in first 

CFGR experiment. Inhibitory ammonium concentration for fishes is 0.78 mg N/L (···), 

inhibitory nitrite concentration is 0.06 mg N/L (▬). 

The ammonium removal was relatively stable during Stage I. The system was able to 

remove up to 43 % of ammonium in this stage, achieving an ammonium removal rate (ARR) 

of 22 mg NH4
+-N/(L·d). The CFGR was capable to reduce the ammonium concentration to an 

average value of 0.21 mg NH4
+-N/L during this stage (Figure 5.7). These results show that the 

reactor biomass was adapted rapidly to the extreme conditions of low ammonium 

concentration.  
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At the end of Stage I the nitrite began to appear in the feeding and during the first days of 

stage II it increased rapidly achieving a value of 0.22 mg NO2
--N/L (day 22) with a removal 

efficiency of 38% in the system. The ammonium removal performance during stage II was 

low at percentages between 9 % and 0 %. Therefore, the ARR was lower too with values 

between 10 and 0 mg NH4
+-N/(L·d). Nevertheless, when the reactor was not affected by a 

salinity shock or starvation period, for example on day 37, was able to remove 60 % of 

ammonium with an ARR of 45 mg NH4
+-N/(L·d). 

After the configuration change, the ammonium removal was stabilized in stage III with 

ARR of 39 mg NH4
+-N/(L·d) and removal percentages near to 50 % were achieved. Since the 

feeding concentration of ammonium increased gradually during this stage the removal 

percentages decreased with values between 7 to 13 % (days 76 to 80). However, the ARR was 

approximately 20 mg NH4
+-N/(L·d). Thus, the improvement of biomass retention (Figures 

5.4a and 5.5a) led to a better performance in ammonium oxidation. 

At the beginning of Stage III, the nitrite concentration in the influent increased again up 

to 0.22 mg NO2
--N/L. During this stage, the reactor was able to remove up to 78% of nitrite. 

Despite the short HRT values, the results show that there was no nitrite accumulation during 

the operation. This behaviour could be related to the DO concentration and the granular size. 

The shorter the granule diameter, the higher the specific surface; consequently, the oxygen 

flux towards the biofilm surfaces is improved and facilitates the complete nitrification. Thus, 

with the high DO value (close to saturation) and the small granule diameter of 0.31 mm a high 

O2 flux is ensured. Similarly, Bartrolí et al. (2010) reported nitrite accumulation at high DO 

concentration in nitrifying granules. They attributed this nitrite production to a 

DO/ammonium ratio below 0.35 g O2/g NH4
+-N. However, in the present study, the 

DO/ammonium ratio ranged from 1.4 to 51.6 indicating that the complete ammonium 

oxidation to nitrate is favoured.  

Summarizing, on day 4 (Stage I) nitrification appeared inside the reactor, showing the 

fast adaptation of the seeding sludge to the farm water composition. The nitrification 

remained constant until the beginning of Stage II, then the salinity shock occurred which 

diminished the nitrate conversion. This result indicates that salinity shocks affect AOB and 

NOB activity severely. With the stirrer incorporation (Stage III) the mass transfer inside the 

reactor was improved. Consequently, the ammonium nitrification to nitrate was enhanced in 

terms of stability achieving a nitrate concentration increase up to 0.6 mg NO3
--N/L. 

As it was mentioned before, on day 76 the nitrate concentration in the effluent was much 

lower than in the influent which indicates that on this day denitrification activity took place 

inside the reactor. This result matches with the oxygen concentration which was close to 0 

mg/L, providing the anoxic conditions required to denitrify. Therefore, denitrifiers were 

present too in the reactor. However, there was no apparent denitrifying activity during most of 

the reactor performance due to the existing operational conditions.  
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Second experiment  

The second experiment resulted in a better performance in terms of ammonium and nitrite 

removal (Figure 5.8). The occurrence of salinity shocks and rainy events (starvation) was less 

more frequent than in the previous summer. This fact resulted in a less variable ammonium 

influent concentration. Besides, the configuration with the sieve and mechanical stirrer 

allowed to maintain a good performance despite these events. Again, the main process 

developed in CFGR was nitrification showing that this process is favourable facing freshwater 

aquaculture conditions. Moreover, mass balances confirm that the sum of ammonium and 

nitrite consumed matched with the nitrate produced. Therefore, the ammonium consumed for 

cellular growth was very low. This result corresponds with the slow growth of the biomass 

inside the reactor (Figure 5.6). Besides, pH and inorganic carbon concentration decreased in 

the effluent (in comparison with the influent) like in the previous experiment.  

 

Figure 5.8. Ammonium influent (■) and effluent (□) concentrations, nitrite influent (▲) and 

effluent (∆) concentrations and nitrate influent (-) and effluent (+) concentrations in the 

second CFGR experiment. Inhibitory ammonium concentration for fishes is 0.78 mg N/L 

(···), inhibitory nitrite concentration is 0.06 mg N/L (▬). 

The reactor biomass rapidly adapted to freshwater aquaculture conditions achieving 

ammonium removal percentages up to 80 % and ARR of 20.8 mg NH4
+-N/(L·d) during the 
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first 16 days. From day 16 to day 48, the ammonium removal fluctuated between 11 - 51 %. 

This decrease could be related to lower DO and IC influent concentrations (Figure 5.9) since 

both are substrates necessaries for the nitrification process. From day 48 until the end of the 

operation the ammonium removal increased up to 81 %. This increase can be associated with 

better biomass settling properties (Figures 3b and 4b) and lower ammonium influent 

concentrations (0.32 - 0.95 mg N/L) being the maximum ARR achieved of 16.4 mg NH4
+-

N/(L·d). 

 

Figure 5.9. Dissolved oxygen influent (▲) and effluent (∆) concentrations, inorganic carbon 

influent (●) and effluent (○) concentrations and ammonium removal percentage (···) in 

second CFGR experiment. 

Nitrite removal percentages of 80 - 100 % were achieved during most of the CFGR 

operation. Since nitrite is one of the most dangerous compounds to rainbow trout, this result 

enhances the potential of this technology for the treatment of freshwater aquaculture streams. 

Nitrite influent concentration ranged between 0.08 - 0.35 mg N/L and the effluent 

concentration was under toxic value (0.06 mg N/L) throughout all the operation except on day 

19. 
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5.3.3 Free ammonia and free nitrous acid 

Since FA and FNA are more harmful to the fishes and the nitrifying populations than 

ammonium and nitrite themselves, it is important to avoid their accumulation in the plant. 

Temperature and pH have a crucial role in the equilibrium between the ionized and unionized 

forms of both compounds (Anthonisen et al., 1976). Thus, FA and FNA concentrations were 

evaluated in this study (Figure 5.10). 

The water in the trout plant has low pH (5.1 - 6.4) due to the low IC concentration of 

river water. This condition moves the chemical balance to the formation of the acid species 

like FNA ( a C. Anthonisen et al., 1976). Therefore, FA concentrations were much lower than 

FNA ones, despite the ammonium concentrations were higher than nitrite ones throughout all 

operation (Figure 5.7). During the first experiment, FA concentrations were around 0.5 - 0.25 

µg NH3-N/L in the influent, being the concentration in the effluent up to 60 % lower (Figure 

5.10a). Since the nitrification took place in the CFGR during both experiments, the pH values 

of the effluent were around 0.1 - 0.4 units lower than in the influent. Thus, the FA removal 

was higher than the ammonium removal due to the pH decrease in the CFGR. However, when 

the pH increased this effect was lower, even the FA increased in the effluent like in day 76 of 

the first experiment (Figure 5.10a). On the other hand, the FA concentrations were higher in 

the second experiment due to the higher pH (Figure 5.10c). Nevertheless, the FA 

concentrations were between 56 and 94 % lower in the effluent due to the high ammonium 

removal. These FA concentrations have no toxic effects on rainbow trout. Thurston et al. 

(1981) reported that it was necessary 96 µg NH3-N/L to cause toxicity and negative effects on 

motility. Therefore, in both experiments, the FA concentration in the effluent does not 

represent a threat to rainbow trout if recirculation is maintained, mainly due to the low pH of 

operation. 
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a) b) 

  

c) d) 

  

Figure 5.10. Influent (♦), effluent (□) FA concentrations in CFGR, a) first experiment, c) 

second experiment; Influent (x), effluent (○) FNA concentrations in CFGR, b) first 

experiment, d) second experiment. FNA concentrations inhibitory for fishes (▬). 

FNA concentrations were approximately of 0.06 - 2.2 µg HNO2-N/L in the influent of the 

first experiment, achieving values up to 6.2 µg NH3-N/L (Figure 5.10b). The FNA 

concentration decreased in a range of 15 - 100 % in the effluent, being lower than nitrite 

removal (80 - 100 %) due to the pH decrease between influent and effluent (0.2 - 0.4 pH 

units). Nevertheless, in the second experiment, the FNA concentration decreased to almost 

zero in the effluent due to the high nitrite removal (Figure 5.10d). Russo et al. (1981) reported 

that the exposition to 0.3 µg HNO2-N/L for 96 h caused toxicity to the rainbow trout. Despite 

the CFGR reactor nitrite removal, during the first experiment FNA concentrations were higher 

than the toxic value several days during the operation. However, this problem was solved on 

the second experiment operating with a longer HRT, and after the implementation of the 
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mechanical stirrer and a sieve. Only on day 27, the FNA effluent concentration was over toxic 

value for rainbow trout. 

Regarding the inhibitory effect on the nitrifying populations of FA and FNA, Vadivelu et 

al. (2007) reported inhibitory values of 16 mg NH3-N/L and 0.4 mg HNO2-N/L on 

Nitrosomonas sp. culture; and 0.1 mg NH3-N/L and 24 µg HNO2-N/L on Nitrobacter sp. 

culture. In addition, Blackburne et al. (2007) reported inhibitory values of 40 µg NH3-N/L and 

30 µg HNO2-N/L on Nitrospira sp. culture. Therefore, even in the worst scenario of this 

research work (0.38 µg NH3-N/L and 5.02 µg HNO2-N/L), the FA and FNA concentrations 

during the operation were low enough to avoid AOB and NOB inhibition. 

5.3.4 Activities of the CFGR biomass 

The conversions of nitrogen species during the operation indicated the occurrence of 

nitrifying activity inside the CFGR. This oxidizing activity was promoted when the stirrer was 

incorporated apparently by a mass transfer improvement. Furthermore, when DO 

concentration was low, some denitrifying activity was detected inside the CFGR. 

Since fish farms need high DO concentration in the water, it is expected that inside the 

reactor this concentration is high too. However, during a few days this concentration was 

lower due to the oxygen consumption by the sludge inside the tubing system of the pilot plant. 

Nevertheless, this effect is not expected at full scale with high diameter pipes. Therefore, the 

characteristics of this freshwater aquaculture stream seem to promote the AOB and NOB 

bacteria activities when is treated with the CFGR configuration proposed, confirmed by batch 

activity tests (Table 5.2). 

Table 5.2. Summary of respirometric assays activities of the CFGR first experiment. 

Day 

Heterotrophic activity  AOB activity NOB activity Suspended Solids* 

mg COD/(g VSS·d) mg NH4
+-N/(g VSS·d) mg NO2

--N/(g VSS·d) g VSS/L 

0 129.3 ± 13.8 38.3 ± 0.4 No activity 0.93 ± 0.04 

72 39.6 ± 11.1 50.2 ± 3.4 No activity 0.66 ± 0.03 

85 No activity 27.9 ± 1.6 35.6 ± 3.6 1.31 ± 0.18 

* Suspended solids concentration in the assay 
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Table 5.2 shows that the seeding sludge had good heterotrophic activity and also 

presented AOB activity. Nevertheless, no activity was detected regarding NOB. This 

behaviour could be attributed to a poor performance of the sludge in the STP. The AOB 

activity increased from 38.3 ± 0.4 to 50.2 ± 3.4 mg NH4
+-N/(g VSS·d) on day 73 matching 

with the reactor operation, which these days had a high nitrate production (Figure 5.7). On 

day 85 AOB activity decreased to 27.9 ± 1.6 mg NH4
+-N/(g VSS·d), this result also fitted the 

reactor operation that these days presented a low nitrate production due to ammonium 

concentration decrease in the influent (Figure 5.7).  

On the other hand, the CFGR did not present NOB activity by respirometric assays on 

day 72. This result does not match with the nitrate production during the operation. This could 

be due to the low suspended solids concentration of the batch assay (0.66 mg VSS/L). 

Previous experiments showed that at low VSS concentrations to measure the NOB activity is 

difficult with the respirometric method (Ginestet et al., 1998). Nevertheless, the assay of day 

85 showed a NOB activity of 35.6 ± 3.6 mg NO2
--N/(g VSS·d), therefore with a higher VSS 

concentration (1.31 g VSS/L) in the vial the activity is measurable.  

Regarding heterotrophic activity, the inoculum presented a high potential with 129.3 ± 

13.8 mg COD/(g VSS·d). However, this activity decreased to 36.9 ± 11.1 mg COD/(g VSS·d) 

on day 73 and completely disappeared at day 85.This behaviour matches with the TOC 

removal of the reactor which was frequently insignificant (Figure 5.11). Therefore, the CFGR 

promotes the AOB and NOB populations activity when treating this type of freshwater 

aquaculture streams over the heterotrophic populations. 

5.3.5 Organic matter removal 

The organic matter concentration measured in the freshwater aquaculture stream of the 

farm was extremely low (2.2 - 8.1 mg TOC/L) being not toxic for fishes. Nevertheless, the 

organic matter can be oxidized consuming the DO present in the ponds. This effect increases 

the aeration costs of the farm. Moreover, the lack of electron donors can affect the 

microbiological processes developed in the reactor performance. Thus, the TOC concentration 

was measured during both CFGR experiments.  

The organic matter removal performance fluctuated a lot in both experiments. In several 

days the concentration in the effluent was higher than in the influent of the CFGR, indicating 

biomass wash up episodes. Since the TOC influent concentration is extremely low this effect 

is more evident. This effect was observed frequently during both experiments indicating poor 

heterotrophic removal performance.  
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a) 

 

b) 

Figure 5.11. Influent (◊), effluent (+) TOC concentrations and TOC removal percentage (▬) 

of the CFGR. a) First experiment; b) Second experiment. 

In the first experiment (Figure 5.11a), the organic matter concentration in the feeding 

remained stable (approximately of 3 - 4 mg C/L) from the start-up to day 27. Afterwards, the 

TOC concentration began to increase and became more variable with values from 3.9 to 8.1 

mg C/L. In addition, the TOC removal percentage fluctuated during all operation alternating 

values from 55 % to 0 %. When the removal percentage was zero (in figure 5.11) indicated 

that TOC was produced by cellular decay. This behaviour is typical during reactor start-ups 

due to the absence of adapted biomass wash out. In the CFGR this fact was observed during 

the start-up and occurred in several operational days. The respirometric assays confirm the 
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hypothesis of a poor heterotrophic performance showing that the heterotrophic activity 

disappeared from the inoculum to day 85 (Table 5.2). 

However, in the second experiment (Figure 5.11b) the cellular decay process did not 

occur during the start-up. The TOC removal was approximately 33% in the first days. This 

better start-up can be attributed to the different operational conditions (HRT, stirring, sieve) 

and slightly higher concentrations of ammonium and TOC in the influent. Afterwards, the 

TOC removal fluctuated between 0 - 50 %. From day 55 onwards, the removal was very low 

indicating again that this system does not promote heterotrophic processes facing extremely 

low strength freshwater aquaculture wastewater. 

Peyong et al. (2012) studied the inhibition by FA and FNA over the heterotrophic activity 

of AGS for the treatment of low-strength wastewater. The study reported inhibitory values of 

40 mg NH3-N/L and 15 μg HNO2-N/L. Thus, the FA and FNA could not cause heterotrophic 

inhibition (Figure 5.10). Besides, the half-saturation coefficient for heterotrophic biomass (ks) 

ranged from 2.5 - 4 mg COD/L according to Kappeler and Gujer (1992). Therefore, the low 

pH and the lack of organic matter should be factors that caused this activity decay.  
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5.3.6 Study of the bacterial communities 

 

Figure 5.12. Most abundant taxa during both experiments performances with abundances 

higher than 1% . 

*C: Class; O: Order; F: Family; G: Genus; Sp: Specie. 

During both experiments biomass was sampled to study the bacterial communities. In the 

first one, samples was taken on day 0 (P1-0, inoculum), on day 24 (P1-24), on day 53 (P1-53) 

and on day 82 (P1-82). In the second experiment, samples were taken on day 0 (P2-0, 

inoculum), on day 27 (P2-27), on day 58 (P2-58) and on day 91 (P2-91). Unlike the 

laboratory experiment (Chapter 4), in this case nitrifying groups were detected in both pilot 

plant experiments. In the first experiment Nitrospira P1-0 abundance was 0% indicating 

absence or abundances under detection levels in the inoculum. However, the Nitrospira 

abundance increased progressively being 1.0, 1.2 and 2.0% in P1-24, P1-53 and P1-82, 

respectively. On the other hand, in the second experiment Nitrospira P2-0 abundance was 

1.8% indicating that this population was active in the inoculum already. In this case, the 
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Nitrospira abundance increased to 3.0% by the end of the experiment (P2-91). Besides, 

Nitrosomonadaceae (Nitrosomonas, Nitrosospira...) also increased their relative abundance in 

the first experiment up to 0.8% in P1-24 and P1-53. In the second experiment, the abundance 

of this populations were lower (around 0.1%). 

Since Nitrospira is a NOB microorganism, the high nitrite removal (80 - 100%) in both 

experiments matches with these abundances. This result matches with Bartelme et al. (2017) 

that reported between 2 - 5 % of microorganisms in a freshwater RAS biofilter were 

Nitrospira. Nevertheless, the high ammonium removal achieved should be carried out by 

Nitrosomonadaceae (AOB) which presented low abundance. Since mass balances indicated 

that major part of the ammonium and nitrite removed were converted in nitrate, the 

ammonium removed could not be by heterotrophic growth. Thus, the low abundance of 

Nitrosomonadaceae was enough to oxidize the ammonium or Nitrospira carried out the 

complete ammonium oxidation (Comammox) process which is the complete nitrification in 

one step (Daims et al., 2015). Considering that Comammox process is promoted in low 

substrate concentration conditions and biofilm presence (Daims et al., 2015), the freshwater 

RAS characteristics and the granulation of the present chapter match with this hypothesis. 

Besides, Commamox Nitrospira was previously detected in freshwater aquaculture RAS by 

Bartelme et al. (2017) and specifically in rainbow trout RAS by Suurnäkki et al. (2020). 

Either Nitrosomonadaceae or Nitrospira are commonly present in RAS biofilters being a 

key populations to avoid the ammonium and nitrite accumulation (Auffret et al., 2013). 

Therefore, the increase of the abundances of this microorganisms in the CFGR (especially in 

the first experiment) can be attributed to a bioaugmentation of the reactor biomass with 

nitrifying populations which were already present on the trout farm streams. These hypothesis 

might explain the absence of the nitrifyers in the laboratory scale experiment (Chapter 4) fed 

with a synthetic influent. 

The denitrifying populations such as Comamonas, Bacillus, Enterobacterales 

(Aeromonas and Kluyvera) and Pseudomonas (Lu et al., 2014) disappeared almost completely 

in both experiments. High abundance of Comamonas were present in the inoculum P1-0 

(35.8%) being the most abundant group. Nevetheless, Comamonas abundance decreased to 

0.2% in P1-24 and kept this low value in P1-53 and P1-82. Same behaviour occurred with 

Bacillus, Enterobacterales (Aeromonas and Kluyvera) and Pseudomonas. The Aeromonas, 

Kluyvera and Pseudomonas abundances in P1-0 were 6.5, 8.4 and 2.3%, respectively and 

disappeared completely in P1-24, P1-53 and P1-82.  

Despite the same origin of the biomass, the bacterial communities were fairly different 

between both inoculums (Figure 5.13). Proteobacteria represented 70 % of the total bacterial 

community in the first inoculum (P1-0) while in the second one (P2-0) was only the 20% 

Nevertheless, Actinobacteriota and Chloroflexi phylum presented significantly higher 

abundances on the second experiment inoculum (Figure 5.13). Thus, a lot of microorganisms 

present in the first experiment of these were not detected in the second experiment inoculum 
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and they were not developed during the reactor performance. Therefore, the freshwater RAS 

conditions of the trout farm and the reactor configuration and performance do not allow to 

growth denitrifying populations independently of the seeding sludge composition. The not 

detection of denitrifying microorganisms in both experiments match with the mass balances 

about nitrate production.  

 

Figure 5.13. Most abundant  phylum during both experiments performances with abundances 

higher than 1%. 

Besides, several populations related with granulation and aquaculture conditions were 

detected. Flavobacterium is related with the improvement of granulation process and is also 

related with RAS (Bartelme et al., 2019; Xia et al., 2018). The abundance of Flavobacterium 

increased from 0.2% to 12.0% from P1-0 to P1-53. Saprospiraceae was present in P1-24, P1-

53, P1-82, P2-27 and P2-58 with abundances between 2.3 and 0.5% and it is also related with 

a proper granulation. Same behaviour occurred with Sphingomonadaceae with abundances 

between 1.6 and 0.4%. Moreover, Rhizobiales was present in P1-24, P1-53, P1-82, P2-27, P2-

58 and P2-91 with abundances between 2.8 and 0.8% and this population appeared in other 

RAS studies (Bartelme et al., 2019). Finally, Bryobacter increased its abundance in both 

experiments achieving abundances of 1.9 and 6.1% in P1-82 and P2-91, respectively. This 

population is associated to organic matter degradation in soils (Cheng et al., 2020).   
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5.3.7 Technical viability  

The CFGR was able to reduce the ammonium concentration in 0.20 - 0.70 mg NH4
+-N/L 

during the second experiment, while the daily ammonium concentration increased with the 

recirculation progress was approximately 0.05 - 0.20 mg NH4
+-N/L (Figure 5.8). Besides, 

Tahar et al. (2018) monitored the ammonium concentration in a flow-through trout farm, 

reporting an increase of 0.13 NH4
+-N/L between the beginning and the end of the farm 

sampling points. Therefore, a full-scale CFGR would provide an effluent with an ammonium 

concentration below 0.78 mg NH4
+-N/L to be recirculated to the fish tanks, which is the 

maximum toxic concentration acceptable in a long exposition for rainbow trout (Liao and 

Mayo, 1972). 

Moreover, the CFGR operational conditions are appropriated to avoid nitrite 

accumulation as well as to reduce its concentration, which is crucial to maintain fish 

production avoiding fish toxicity during all the second experiment and Stage III of the first 

experiment (Figure 5.7 and 5.8). This indicates that the operation with a sieve and a 

mechanical stirrer was crucial to avoid toxic levels. 

The most widely treatment systems applied in RAS are the rotating biological contactors 

(RBC), the trickling filters (TF) and the fluidized bed reactor (FBR). Miller and Libey (1985) 

studied the performances of these systems in the RAS of a freshwater farm. They achieved 

and ARR between 2 - 40 and 9 - 38 mg NH4
+-N/(L·d) in TF and RBC, respectively. The 

ammonium removal in FBR were in the range of 8 - 32 %, 74 - 82 % in RBC and 23 - 51% in 

TF. Thus, the CFGR achieved ammonium removal percentages up to 81 %, higher than those 

reported for these conventional systems (FBR and TF), and similar ARRs of 16 - 45 mg 

NH4
+-N/(L·d). Therefore, the CFGR appears as a competitive alternative to the conventional 

treatment systems applied in freshwater RAS. 

 

5.4 CONCLUSIONS 

A pilot-scale CFGR was used to treat extremely low-strength RAS stream (0.1 - 1.8 mg 

NH4
+-N/L; 0 - 0.4 mg NO2

--N/L; 3 - 8 mg TOC/L) at very short HRT values (16 - 40 min). 

The experiments performed indicate that the configuration with a mechanical stirrer and sieve 

(at the top) was the optimal for improving the biomass retention inside the CFGR and, 

consequently, the ammonium and nitrite removal performance. 

Despite the low concentrations, granulation was achieved in 55 days, with an average 

granule diameter of 0.47 ± 0.18 mm using the optimized configuration (second experiment). 

The biomass retention improved in both experiments, achieving SVI30 of 79 mL/g TSS with 

SVI30/SVI10 ratio of 0.95 and a sludge settling velocity of 3.39 m/h on the second one. 
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Ammonium and nitrite removal percentages up to 81 and 100 % were achieved, 

respectively. The CFGR performance promoted AOB and NOB populations over 

heterotrophs. This result was confirmed by respirometric assays. The denitrification process 

did not occur during almost all operation due to the high DO concentration. Daily ammonium 

and nitrite concentrations increase in the trout farm were lower than the removal of these 

compounds by the CFGR. Thus, the recirculation would be sustainable, avoiding toxic levels, 

when using a full-scale reactor.  
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CHAPTER 6 

 

ARE PN-ANAMMOX AND MICROALGAE-BACTERIAL 

BIOMASS IN CFGR FEASIBLE OXYGEN SAVING 

ALTERNATIVES WHEN FACING EXTREMELY LOW-

STRENGTH FRESHWATER AQUACULTURE STREAMS? 

SUMMARY 

When recirculating aquaculture systems (RAS) perform as closed systems in intensive 

freshwater aquaculture farms, the DO concentration in the produced water streams decreases 

to levels insufficient for the fish and water oxygenation becomes necessary. This chapter 

investigates the potential of two Continuous Flow Granular Reactors, one based on Partial 

Nitrification-Anammox biomass (Aquammox CFGR) and the other on Microalgae-Bacterial 

biomass (AquaMab CFGR), as RAS technologies for oxygen saving or production. Both 

reactors were applied onsite to treat the extremely low-strength effluents from a freshwater 

trout farm (0.34 - 1.39 mg NH4
+-N/L and 3.3 - 7.7 mg C/L. Both reactors operated at short 

hydraulic retention times (HRT) which ranged from 14 - 87 min. The Aquammox CFGR, 

removed up to 68% and 100% of ammonium and nitrite, respectively, but nitrate accumulated 

in the treated effluent. Over time the Aquammox granules loss their integrity and the specific 

anammox activity disappeared. In Aquammox CFGR, complete nitrification took place and 

the resulting effluent had a DO concentration below 1 mg O2/L. The microalgae 

bioaugmentation was successful in the AquaMab CFGR, with the granules colour changing 

from light brown to dark green. The AquaMab CFGR removed up to 77% and 80% of 

ammonium and nitrite present in the incoming stream, respectively, and was able to remove a 

15 % the total nitrogen concentration. Moreover, AquaMab CFGR biomass could produce 

oxygen to levels appropriate to maintain the nitrification process and to produce an effluent 

with DO concentration up to 9 mg O2/L, which could be advantageous to reduce the 

operational costs dispended with the oxygenation processes in the trout farm. 

This chapter was redrafted after the following submitted publication:  

Sergio Santorio*a, Angeles Val del Rioa, Catarina L. Amorimb, A.T. Couto b
, Luz Arreguic, 

Paula M. L. Castrob, Anuska Mosquera-Corrala. (2022). aCRETUS Institute, Department of 

Chemical Engineering, Universidade de Santiago de Compostela, 15782, Santiago de 

Compostela, Spain. bUniversidade Católica Portuguesa, Escola Superior de Biotecnologia, 

4169-005 Porto, Portugal. cGrupo Tres Mares, S.L. Lires s/n, E-15270 Cee, A Coruña, Spain. 

"Are PN-Anammox and microalgae-bacterial biomass in continuous-flow granular reactors 

feasible oxygen saving alternatives when facing extremely low-strength freshwater 

aquaculture streams? Bioresource Technology, ISSN: 0960-8524. Submitted. 
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6.1. INTRODUCTION 

The success of RAS depends on the quality of the water that is produced and further used 

to refill the fish tanks. In this way, the dissolved oxygen (DO) concentration in water is 

critical both to fish health and growth performance in aquaculture fish tanks. Thus, in 

intensive aquaculture farms the water DO level should be continuously monitored. When 

RAS operate in closed circuit, the DO concentration in the water stream decreases while the 

pollutant concentrations increase (Crab et al., 2007). The DO concentration should be high 

enough to guarantee adequate fish growing conditions and is usually over 6 - 8 mg O2/L to 

ensure the production of salmonids, like the rainbow trout (Ebeling and Timmons, 2012). 

Moreover, low DO concentrations reduce the fish respiration efficiency, especially when high 

carbon dioxide (CO2) concentrations are present. Nevertheless, water oxygenation is costly so 

the maintenance of adequate DO levels is important for both technical and economic reasons. 

Apart from the DO concentration, the presence of pollutants like nitrogen compounds need to 

be carefully monitored and controlled. Among them, ammonium is the main form of nitrogen 

accumulated in the water flowing in the RAS, which is oxidized to nitrite in the aerated fish 

tanks. FA and FNA accumulation, that depends on the ammonium and nitrite concentrations, 

cause fish mortality by hypoxia because they diminish the haemoglobin capacity to transport 

oxygen (Russo et al., 1981). To reduce ammonium and nitrite concentrations (and 

consequently FA and FNA, respectively), the use of nitrifying biofilters in RAS is widely 

applied (Martins et al., 2010a). As nitrification consumes oxygen, these filters are aerated to 

ensure enough DO concentration in the return stream to maintain the fish health.  However, 

this largely increase the farm operational costs, representing about 13 % of the total cost of 

the fish farm facility (Ebeling and Timmons, 2012). 

On the other hand, to treat the large water flows used in aquaculture, compact systems 

need to be developed with a relatively low footprint to minimize the surface destined for their 

implantation. Novel technologies based on AGS were studied to remove nitrogen compounds 

as an alternative to traditional biofilters in RAS (Chapters 3, 4 and 5) demonstrated that 

pilot-scale CFGR with AGS can remove up to 81 % of ammonium and 100 % of nitrite 

present in the incoming water stream operating at short HRT of 30 minutes. However, the 

effluent DO concentration was below 1 mg O2/L (Chapters 4 and 5). Thus, implying the 

need for an oxygenation/re-aeration step like in the traditional RAS biofilters. Therefore, 

alternative technologies based on granular sludge need to be explored to simultaneously 

produce water streams with adequate levels of nitrogen and dissolved oxygen which can then 

lead to more acceptable economic practices in land-based aquacultures. 

The combination of partial nitritation and anammox (PN-AMX) processes lead to 

important reductions of DO requirements compared to conventional nitrification–

denitrification processes (Jetten et al., 2005). In the PN-AMX system, only 50 % of the 

ammonium is oxidized to nitrite to convert the nitrite and ammonium anaerobically to 

nitrogen gas. Thus, the oxygen consumed by PN-AMX processes is three times lower than 

that required for the conventional nitrification-denitrification processes (Van Hulle et al., 
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2010). The existence of anammox bacteria in moving bed biofilters treating freshwater 

recirculating aquaculture systems has been proved by van Kessel et al. (2010). Thus, the PN-

AMX processes with granular sludge could be an interesting alternative to reduce the oxygen 

consumption in freshwater RAS. Several studies showed the potential of the PN-AMX 

processes to treat low strength wastewater at low temperatures (Gilbert et al., 2014; 

Hendrickx et al., 2012; Isanta et al., 2015). However, to the knowledge of the authors, no 

research study has tackled the treatment of extremely low loaded water streams such as that of 

freshwater aquaculture in a PN-AMX system. 

Another alternative to reduce the costs in water oxygenation is the use of systems based 

on microalgae-bacterial consortia (Ahmad et al., 2019; Huang et al., 2015; Quijano et al., 

2017). This consortium creates symbiotic relationships that benefit both microbial 

populations. While nitrifying and heterotrophic bacteria employ the oxygen generated by 

microalgae (photosynthesis), the CO2 generated by bacterial respiration is used in microalgae 

metabolism (Zhang et al., 2021). Moreover, it is expected that the DO produced by 

microalgae photosynthesis is enough for the metabolism of bacterial populations in non-

aerated reactors (Foladori et al., 2018; Petrini et al., 2018; Yang et al., 2018). Thus, in 

comparison with conventional AGS comprising mainly bacterial populations applied for 

wastewater treatment, the consortium microalgae-bacteria allows the reduction in the 

oxygenation costs while simultaneously minimizes the CO2 emissions. In this way this 

technology is expected reduce greenhouse gases emissions (Zhang et al., 2021). 

When the aquaculture treatment is based only on microalgae cultures, it is necessary to 

operate the system at long HRT (1 day or longer) to accumulate enough biomass to achieve 

good pollutant removal performances (Liu et al., 2019). Thus, with the use of microalgae in 

the form of granules could be an interesting alternative to retain the microalgae in the system 

allowing to perform at shorter HRT. Fan et al. (2021) applied microalgae-bacterial granular 

sludge to treat aquaculture water achieving an ammonium removal efficiency of 85 % in a 

sequencing batch reactor (SBR). Ahmad et al. (2019) studied the performance of a 

microalgae-bacterial granular continuous reactor without aeration supply, reporting a poor 

nutrient removal performance after stopping the aeration and the need of applying intermittent 

aeration to recover the system efficiency. 

The aim of the present chapter is to study the performance of two reactors based on 

granular sludge: one inoculated with PN-AMX biomass and the other with microalgae-

bacterial biomass. We hypothesise that both alternatives are low footprint systems able to 

produce water streams with chemical quality with low oxygen consumption, and thus feasible 

to be applied as RAS in a rainbow trout farm. In an on-site approach, the systems were 

operated in continuous mode (CFGR) and at short HRT (< 40 min) for the treatment of 

extremely low-strength effluents produced in the fish farm (< 1.4 mg NH4
+-N/L). As the 

nitrogen and DO concentration are critical water quality parameters in aquaculture, the 

present research mainly focus on both requirements to evaluate the suitability of both 

proposed systems.  
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6.2. MATERIALS AND METHODS 

6.2.1 Experimental setup and operational conditions 

Two laboratory-scale reactors were operated in situ in a rainbow trout farm (salmonid 

specie) for the treatment of extremely low-strength freshwater aquaculture recirculating 

wastewater. The reactors were run consecutively during the summer period, first the 

Aquammox CFGR for 67 days and afterwards the AquaMab CFGR for 33 days (Figure 6.1a 

and 6.1b, respectively. 

        a) b) 

  

Figure 6.1. a) Aquammox CFGR reactor; b) AquaMab CFGR. 

Both reactors consisted of a 2.3 L cylinder with a 3-phase (gas-liquid-solid) separator in 

the upper zone. Mixing in both reactors was achieved by mechanical stirring (40 - 100 rpm) 

and no aeration was provided. The trout farm water stream was continuously pumped from 

the reactor bottom. The treated effluent was discharged from the reactor upper zone by liquid 

overflow. Temperature, pH and DO concentration inside reactors were not controlled but 

measured, mainly depending on the trout farm water streams (Table 6.1). For the AquaMab 

CFGR operation, a white LED light strip (300 lumens) was placed around reactor walls to 

facilitate microalgae growth. 
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Table 6.1. Operational conditions of the Aquammox and Aquagran CFGRs. 

 Aquammox CFGR AquaMab CFGR 

Operation length (days) 67 33 

Type of biomass PN-AMX Microalgae-bacteria 

*T (ºC) 17.3 - 25.5 11.4 - 22.3 

*DO (mg O2/L) 3.9 - 8.4 5.4 - 11.4 

*pH 5.3 - 6.2 6.0 - 6.4 

*TOC (mg /L) 4.16 - 7.71 3.34 - 6.07 

*NH4
+ (mg N/L) 0.35 - 1.39 0.34 - 0.71 

Feeding flow (L/h) 3.6 - 9.6 2.7 - 4.6 

HRT (min) 14.4 - 38.3 30.7 - 86.8 

Up-flow velocity (m/h) 0.6 - 1.5 0.4 - 0.7 

DO: Dissolved Oxygen; HRT: Hydraulic Retention Time; T: Temperature; TOC: Total Organic Carbon. 

*Values of the influent stream 

Since treating flows as high as possible is mandatory to operate reactors in freshwater 

RAS (Chapter 1), short HRT values were imposed to both reactors. The Aquammox and 

AquaMab HRTs ranged between 14.4 - 38.3 and 30.7 - 86.8 min, respectively. With this 

stress conditions, only the biomass able to aggregate in flocs and/or granules could remain 

inside the reactor. The DO concentrations in the incoming water streams (between 2.9 - 9.6 

mg O2/L) should be enough to promote the nitrifying activity, without the necessity of 

external aeration.  

6.2.2 Seeding sludge and microalgae bioaugmentation strategy 

The Aquammox CFGR was inoculated with PN-AMX granular biomass from a full-scale 

ELAN® reactor treating the effluent from an anaerobic sludge digester of a municipal 

wastewater treatment plant located in Guillarei (Tui, Spain) (Morales et al., 2015). The initial 

seeding sludge concentration inside the reactor was of 3.6 g VSS/L and it presented a Sludge 

Volume Index (SVI) of 53 mL/g TSS. The specific anammox activity (SAA) of the seeding 

sludge was of 352 ± 48 mg N2-N/(g VSS·d). 

The AquaMab CFGR was inoculated with AGS from a pilot-scale CFGR treating the 

water from the RAS in an aquaculture fish farm located in Lires (Cee, Spain) (Same as 

Chapter 5). The initial seeding sludge concentration inside the reactor was of 0.6 g VSS/L,  

presenting a SVI of 105 mL/g TSS. The specific denitrifying activity (SDA) of the seeding 

sludge was of 51 ± 4 mg N2-N/(g VSS·d). After 8 days of the reactor start-up, a suspended 

microalgae consortium composed by strains isolated from the facility (Couto et al. 2021) was 

added to the reactor. The bioaugmentation was performed inoculating 1.4 L of a suspended 
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microalgae consortium with a concentration of 0.25 g VSS/L. Since the microalgae culture 

had poor settling properties, to promote its retention inside the reactor the microalgae culture 

was added to the AquaMab CFGR in one pulse and the influent feeding was stopped for 12 

hours to avoid the biomass wash out. During this period the mechanical stirrer continued 

working maintaining the reactor mixing to favour the contact between microalgae and 

granules. Afterwards, the HRT shortening was progressive to reach a value of 30.7 min (Vup = 

0.7 m/h) 16 days after microalgae addition.  

6.2.3 Activity batch tests 

The maximum SDA and SAA was determined according to the manometric method 

described respectively in Chapter 2. Moreover, respirometric assays were performed (only in 

AquaMab CFGR) to determine the maximum specific ammonium oxidation activity and the 

maximum specific microalgae oxygenation activity (Chapter 2).  

6.2.4 Analytical methods 

Liquid phase determinations were carried out to measure DO, pH, ammonium, nitrite, 

nitrate, TOC and IC concentrations. Solid phase determinations were carried out to measure 

biomass concentration, SVI, settling velocity and granule diameter. Moreover, biomass 

samples were taken to perform the microbiological populations analysis following Herlemann 

et al. (2011). All these determinations were performed with the methods described in Chapter 

2. 

 

6.3. RESULTS 

6.3.1. Nitrogen transformations  

In the Aquammox CFGR, during the first 42 days of operation the ammonium and nitrite 

influent concentration ranged between 0.71 - 1.39 mg NH4
+-N/L and 0.04 - 0.87 mg NO2

--

N/L, respectively (Figure 6.1a). During the first 23 operational days of this period, the 

ammonium removal was variable with percentages between 0 and 32 %. Afterwards, the 

ammonium removal was more stable ranging from 22 to 38 %. From day 42 onwards, the 

ammonium influent concentration decreased to values below 0.4 mg NH4
+-N/L and the 

removal percentages varied in the range of 18 - 68 % and achieving ammonium removal rate 

(ARR) up to 18.4 mg NH4
+-N/(L·d). 

The nitrite removal performance followed a similar behaviour and the achieved removal 

percentages were higher than those of the ammonium. During the first operational days, nitrite 

removal was between 0 and 82 %. From day 22 until the end of the operation the nitrite 

removal was in average approximately 70 %, reaching values up to 100 %. 

Nitrate was produced in Aquammox CFGR, as the concentration in the effluent was 

higher than in the feeding stream. The nitrate production was directly correlated with 
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ammonium and nitrite disappearance. This behaviour is illustrated with the results from days 

of operation 13, 42, or 49 when more nitrate was produced (Figure 6.2a). Mass balances 

indicated that the sum of the consumed ammonium and nitrite nitrogen was similar to the 

nitrate nitrogen concentration increase in the effluent, which indicates that nitrification to 

nitrate is the process taking place instead of the partial nitritation and anammox processes. 

a) b) 

  

Figure 6.2. Ammonium influent (■) and effluent (□) concentrations, nitrite influent (♦) and 

effluent (◊) concentrations and nitrate influent (●) and effluent (○) concentrations on the 

Aquammox CFGR (a) and on the AquaMab CFGR (b). 

In AquaMab CFGR, before the microalgae addition (the first 8 days of operation), the 

ammonium and nitrite removal percentages were around 50 - 60 %, respectively (Figure 

6.2b). In this period the nitrate concentration was higher in the effluent than in the influent 

and corresponded to the ammonium and nitrite concentrations consumed. After the 

microalgae addition, the ammonium and nitrite removal percentages slightly increased, 

ranging from 53 - 77 % and 20 - 80 %, respectively. Besides, after the microalgae addition 

AquaMab CFGR achieve ARR up to 12.0 mg NH4
+-N/(L·d). However, the nitrate nitrogen 

produced was below the value of the sum of ammonium and nitrite nitrogen amounts 

consumed. From day 18 to day 24, the nitrate nitrogen concentration in the effluent was below 

the one of the influent, corresponding to a 15 % of the total nitrogen (TN) removal.  

6.3.2 Organic and inorganic carbon removal and pH profile 

In Aquammox CFGR, the TOC concentration in the influent ranged between 4.1- 7.7 mg 

C/L throughout all the operational period. Only in the last days of operation, from day 40 

onwards, TOC removal was observed (Figure 6.3a), registering on the remaining days TOC 

effluent concentrations higher than that in the influent. This concentration increase was up to 

2.5 mg C/L. Regarding inorganic carbon (IC), the influent concentration decreased 

progressively from 2.71 to 0 mg C/L from the star up to day 29, remaining like that until day 
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42. Afterwards, the IC influent concentration increased and was in the range of 0.57 – 0.91 

mg C/L until the end of the operation. The IC was consumed in the Aquammox CFGR at 

percentages of 7 - 34 % in the first 29 days. After day 42 onwards, this removal increased to 

100 % (Figure 6.3a). 

In AquaMab CFGR, the TOC concentration ranged between 3.1 - 6.3 mg C/L during all 

the operation and the TOC removal was between 0 – 18 % (Figure 6.3b). The IC influent 

concentration was around 0.9 mg C/L most of the time and its consumption was 

approximately of 100 % (Figure 6.3b). 
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a) b) 

  

c) d) 

  
e) f) 

  
Figure 6.3. TOC influent (▲) and effluent (∆)concentrations and IC influent (●) and effluent 

(○)concentrations on the Aquammox CFGR (a) and AquaMab CFGR (b). The pH value at the 

influent (♦) and effluent (◊) of the Aquammox CFGR (c) and AquaMab CFGR (d). The DO 

concentration at the influent (■) and effluent (□) of the Aquammox CFGR (e) and AquaMab 

CFGR (f). The dotted lines (···) in figures c-f represent the ammonium removal. The vertical 

dashed line in figures b, d and f represents the addition of the microalgae suspended 

consortium. 
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The pH value in the influent ranged between 5.3 - 6.2 and 6.0 - 6.4 in the Aquammox and 

AquaMab, respectively (Figure 6.3c and 6.3d) which is near to the average pH of the 

freshwater in the region. In Aquammox, the pH decreased approximately 0.1 - 0.7 units in the 

effluent during most of the operation (Figure 6.3c). Only in the first 7 days of operation the 

pH was higher in the effluent than in the influent. In AquaMab, two behaviours were 

observed. In the first 16 days, the pH was lower in the effluent and this pH decrease was 

higher before microalgae addition. After day 18 onwards, the pH value in the influent and 

effluent was nearly the same, or eventually it was higher in the effluent (day 24) (Figure 

6.3d). 

6.3.3 Dissolved oxygen concentration performance 

The DO concentration in the influent of both reactors was that present in the water from 

the fishponds, ranging from 3.9 - 8.2 and 2.6 - 10.8 mg O2/L in the Aquammox and the 

AquaMab, respectively (Figure 6.3e and 6.3f). In Aquammox, during all the operational 

period, the DO content at the effluent was lower than that at the reactor entrance. Until day 42 

this difference was significantly higher than that observed on the remaining days, with the DO 

concentration in the effluent achieving levels below 1 mg O2/L (Figure 6.3e). Afterwards, this 

consumption decreased presenting a DO effluent concentration of approximately 3.4 mg O2/L. 

On the other hand, in the AquaMab CFGR, two distinct DO concentration profiles were 

observed. In the first days, the DO concentration decreased about 55 - 81 % during the 

treatment process, with DO effluent concentrations of 1.5 - 3.4 mg O2/L (Figure 6.3f). After 

microalgae addition, an inversion of the DO profile was observed, registering DO effluent 

concentrations higher those in the influent. After microalgae bioaugmentation, the AquaMab 

CFGR presented DO effluent concentrations up to 9.4 mg O2/L. 

6.3.4 Biomass batch activities 

The inoculum of the Aquammox CFGR presented a SAA of 352 ± 48 mg N2-N/(g 

VSS·d) but, this anammox activity disappeared completely over operation. On day 66, the 

reactor biomass presented a SDA of 0 mg N2-N/(g VSS·d).  

The AGS inoculum of the AquaMab CFGR which consisted of biomass from a pilot-

scale CFGR treating aquaculture streams,  presented a SDA of 51 ± 4 mg N2-N/(g VSS·d). 

After 12 days of the bioaugmentation with the microalgae consortium the SDA of the biomass 

disappeared completely on day 20, .  

Respirometric assays were carried out to determine the maximum AOB activity and the 

photosynthetic activity of the microalgae-bacterial biomass developed in the AquaMab 

CFGR. Figure 6.4 depicts the respirogram chart obtained for the biomass collected on day 32. 

First the biomass endogenous activity (in dark conditions and without any substrate) was 

determined as 127.9 mg O2/(g VSS·d). Afterwards, light was provided to determine the 

maximum oxygenation activity of the microalgae present in the biomass, which was of 372 

mg O2/(g VSS·d). The biomass AOB activity was determined through the addition of 
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ammonium, in dark conditions, which was of 47.9 mg NH4
+-N/(g VSS·d). Finally, the 

oxygenation capacity of the microalgae-bacterial biomass when AOB activity is co-occurring 

was determined after adding ammonium to the batch reactor in the presence of light, as 239.4 

mg O2/(g VSS·d). 

 

Figure 6.4. Profile of DO concentration (▲) during a respirometric assay of the AquaMab 

biomass on day 32. 

 

6.3.4 Biomass performance 

In the Aquammox CFGR, mature granules collected from a full-scale PN-AMX ELAN 

reactor were used as inoculum, whereas in AquaMab CFGR the inoculum was the AGS from 

a pilot-scale CFGR treating the extremely low-strength wastewater of the same farm (Chapter 

5). 
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a) d) 

  

b) e) 

  

c) f) 

  
Figure 6.5. Images of the Aquammox CFGR biomass on days 0 (a), 34 (b) and 66 (c) of 

operation and  of the AquaMab CFGR biomass AGS inoculum (d), microalgae inoculum (e) 

and biomass 10 days after bioaugmentation (f). The size bars indicate 2 mm (a, b, c, d and f) 

and 0.26 mm (e). 
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In Aquammox CFGR, the initial granules had an intense red appearance with a dense 

core and an average diameter of 1.37 mm (Figure 6.5a). After 34 days facing the extremely 

low-strength conditions of the aquaculture effluent, the PN-AMX granules lost the intense red 

colour and dark zones appeared on their surface (Figure 6.6b and Figure 6.7a). Afterwards, 

the granules started to lose their integrity and they disaggregated becoming dark in colour and 

small in size. By the end of reactor operation, the biomass had a dark brown colour and a 

flocculent appearance (Figure 6.5c). 

In Aquagran reactor, the initial AGS granules had a brown appearance and an average 

diameter of 0.36 mm (Figure 6.5d). On the other hand, the microalgae inoculum had a 

flocculent green appearance (Figure 6.5e). After one day from the microalgae addition, the 

brown granules started to acquire a green colour shade and along operation the green colour 

tone of most of the granule surface was intensified to dark green (Figure 6.5f and Figure 

6.6b). Five days after microalgae bioaugmentation, the average granule diameter decreased to 

0.31 mm (day 13) but a tendency to granules increase in size was observed and on day 25 

their average diameter was of 0.46 mm (Figure 6.5f). 

a) b) 

  
Figure 6.6. Image of the Aquammox granule on day 34 (a) and image of AquaMab granules 

on day 18 (b). The size bar indicates 0.26 mm. 

An improvement of the biomass settling properties was observed throughout AquaMab 

operation. The AGS inoculum presented a SVI30 of 105 mL/g TSS and a SVI30/SVI5 ratio of 

0.54. Four days after microalgae addition (day 12), the SVI30 decreased to 67 mL/g TTS and 

the SVI30/SVI5 ratio improved to 0.90 indicating that the biomass required 5 minutes to 

almost complete its settling. This improvement on their settling properties continued until the 

end of the experiment with SVI values between 62 - 75 mL/g TSS and  SVI30/SVI5 ratios 

between 0.82 - 1.00 (Figure 6.7a). The settling velocity followed a similar decreasing 

behaviour. The inoculum and the biomass on day 3 presented a settling velocity of 3.59 and 

3.39 m/h, respectively. After 5 days of microalgae addition (day 13), this velocity increased to 

6.03 m/h. Afterwards, the granules settling velocities ranged 5.84 and 6.24 m/h (Figure 6.7b). 

Moreover, the physical properties of the resulting mixed microalgae-bacterial granules that 

was developed improved throughout reactor operation. The granule diameter increased from 
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0.36 to 0.46 mm probably due to the formation of a new algae external layer. Additionally, 

the SVI30 and the settling velocity of the developed granules also improved from 105 to 62 

mL/g TSS and from 3.59 to 6.24 m/h, respectively. Then the separation of biomass from the 

treated effluent was easy, as already reported by Quijano et al. (2017). This improvement 

showed that the AquaMab CFGR can perform at shorter HRT after microalgae 

bioaugmentation being able to retain microalgae within the system performing at high influent 

flow. 

a) b) 

 
 

Figure 6.7. Evolution of the AquaMab biomass settling performance: a) Sludge volume index 

values at minute 1 (■), minute 5 (■), minute 10 (■) and minute 30 (■) during the reactor 

operation; b) Biomass sedimentation velocity curves on day 1 (◊), day 3 (□), day 13 (∆), day 

18 (x), day 25 (ж) and day 33 (○). 

The AquaMab CFGR was able to retain the biomass inside the system. The initial solids 

concentration was 0.56 and 0.15 g TSS/L of AGS and microalgae, respectively. Four days 

after microalgae addition, the solids concentration increased to 0.74 g TSS/L and a tendency 

to progressively increase was observed achieving the maximum  solids content of 1.27 g 

TSS/L on days 25. On the last operational days, the solids concentration in the reactor 

dropped to 0.27 g TSS/L due to the high decrease of influent temperature under 12 ºC. 
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6.3.5 Study of the Aquammox CFGR bacterial communities 

 

Figure 6.8. Most abundant taxa during both experiments performances with abundances 

higher than 1% present in Aquammox CFGR. 

*Ph: Phylum; C: Class; O: Order; F: Family; G: Genus; Sp: Specie. 

During the Aquammox CFGR performance biomass was sampled to study the bacterial. 

Samples were taken on day 0 (An-0, inoculum), on day 33 (An-33) and on day 64 (An-64). 

The sum of Ca_Brocadia populations (anammox bacteria) slightly decreased from 5.1 (An-0) 

to 4.6 % (An-64). However, the Ca_Brocadia_caroliniensis abundance increased from 0.6 to 

1.1% while the Ca_Brocadia_sapporoensis abundance decreased from 1.9 to 0.3%. 

Regarding nitrifying populations, Nitrospira An1 abundance was 0.2% and increased 

progressively to 0.4% (An-33) and 3.7% (An-64). The Nitrosomonas abundance was 0.5% in 

An-0 and disappeared in An-33 and An-64.  
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Regarding other populations that increased their abundance can be highlighted the 

Defluviimonas (from 0.1 (An-0) to 6.6% (An-33)). Also, the abundance of 

Sphingomonadaceae increased from 0.0% (An-0) to 5.6% (An-64) and same behaviour 

occurred with Rhizobiales and Rudaea abundance which increased from 0.0 (An-0) to 3.8 and 

11.9%, respectively in (An-64). Other populations like Ignavibacteria, Anaerolineaceae and 

Denitratisoma with abundances of 25.1, 20.8 and 7.2%, respectively in the inoculum, were 

under detection limits in An-64. 

 

6.4. DISCUSSION 

6.4.1 Effect of RAS extremely low-strength water streams in PN-AMX processes 

During Aquammox CFGR operation, nitrification was the main process taking place and 

the biomass was able to oxidize up to 68 and 100 % of the ammonium and nitrite fed, 

respectively. Total nitrogen removal did not occur. In fact, the observed ammonium removal 

rate (ARR) was of 18.4 mg NH4
+-N/(g VSS·d). This was a relatively high AOB activity that 

was already present in the inoculum while the NOB activity, absent in the inoculum, was 

developed during the Aquammox system operation. The high DO concentrations in the 

influent could result in the NOB proliferation. Since nitrifying bacteria are autotrophic 

microorganisms, this result matches with the high IC consumption, especially after day 42 

(Henze et al., 2008). The SAA of the biomass was of 352 mg N2-N/(g VSS·d), a typical 

activity of PN-AMX granules, but over time it completely declined as shown by the nitrogen 

mass balance that showed that the sum of the ammonium and nitrite removed corresponded to 

the nitrate produced and the SAA test conducted on day 66.  

The lack of anammox activity and the development of NOB activity justified the 

Aquammox biomass performance in terms of nitrogen removal. Also, the characteristic red 

colour of anammox biomass, caused by the presence of heme c proteins (Cytochrome c 

coenzymes) and the SAA (Kang et al., 2018) present in the inoculum, progressively declined 

over reactor operation and the biomass turned into dark brown granules. Furthermore, since 

anammox biomass metabolism causes basification, the lower pH value in the effluent 

compared to that in the influent also points out the low anammox activity. Besides, the TOC 

concentration was higher in the effluent than in the influent in many operational days 

presumably due to biomass decay. Moreover, the granules completely disaggregated to 

flocculent biomass at the end of the operation as probably this biomass could not adapt to the 

RAS extremely low-strength water conditions. Overall, this poor biomass performance 

resulted in a highly variable ammonium and organic matter removal performance, showing 

that the PN-AMX process is not an adequate technology to be applied in RAS. The high DO 

influent concentration together with the extremely low ammonium and nitrite concentrations 

in the water streams produced at the facility are probably the main factors leading to the poor 

performance of the Aquammox reactor. Despite the DO effluent concentration was below 2 

mg O2/L which theoretically should be low enough for PN-AMX processes to occur in 
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granular systems, the DO concentration in the influent was near to saturation (around 8 mg 

O2/L) which can fully penetrate the granules (Morales et al., 2015). Moreover, the low 

ammonium and nitrite concentrations can favour the oxygen diffusion into the granule core, 

due to its low consumption, losing anoxic conditions which are necessary for the growth of 

the anammox bacteria. Besides, the PN-AMX granules came from the treatment of an 

anaerobic digester effluent (540 - 1045 mg NH4
+-N/L) (Morales et al., 2015). Thus, the 

granular biomass could have been severely affected by the change to an extremely low-

strength stream influent and probably was not able to adapt to such conditions in a short 

period of time. 

The anammox populations slightly decreased, only the Ca_Brocadia_sapporoensis 

almost disappeared indicating that this population could not adapt to freshwater aquaculture 

conditions. While Ca_Brocadia_caroliniensis abundance slightly increase to 1%. However, 

the mass balances inside the reactor and the batch anammox activity tests indicated the 

absence of anammox process. Thus, Ca_Brocadia_caroliniensis activity was very low at 

these conditions. Following the same behaviour than CFGRs of Chapter 5, Nitrospira 

abundance increased progressively and the Nitrosomonas abundance was almost 0%. This 

could be attributed to the presence of comammox process as same as on Chapter 5. 

Moreover, the abundance increase of Defluviimonas, Sphingomonadaceae and Rhizobiales 

can be related with the presence of these microorganism on aquaculture conditions (Bartelme 

et al., 2019). Finally, the disappear of Ignavibacteria and Anaerolineaceae (with abundances 

higher than 20% in the inoculum) can be related with the low-strength conditions since these 

populations usually appeared in anammox reactors and are related with cellular hydrolysis 

processes performing at high SRT conditions (Bhattacharjee et al., 2017). 

The FA concentrations in the influent ranged 0.1 - 0.6 µg NH3-N/L being much lower 

than the inhibition values for anammox bacteria (20 - 40 mg NH3-N/L) (Jin et al., 2012). 

However, the low influent pH in these water streams may displace the nitrite equilibrium to 

high FNA levels even at the low nitrite concentrations observed. As a result, the influent FNA 

concentrations in Aquammox CFGR were between 0.1 - 1.9 µg HNO2-N/L. Fernández et al. 

(2012) reported that FNA concentrations over 1.5 μg HNO2/L caused a decline of the nitrogen 

removal efficiency and a destabilization of the anammox process. Therefore, the low pH and 

the consequently the high FNA concentrations in the aquaculture streams could have affected 

the anammox process. Additionally, according to Strous et al., 1999, the ammonium and 

nitrite affinity constants for anammox processes are below 0.15 mg NH4
+-N/L and 0.05 mg 

NO2
--N/L. Thus, the ammonium and nitrite concentrations in the aquaculture streams were 

high enough for the Anammox process to occur at its maximum rate.  

As far as authors know, any research study has been reported for the treatment of such 

extremely low nitrogen concentrations in freshwater RAS with a PN-AMX system. Van 

Kessel et al. (2010), through mass balance calculations, proved the presence of anammox 

activity in moving bed biofilters treating freshwater from RAS. Nevertheless, the authors 

could not identify anammox strains in the biomass by bacterial 16S DNA massive sequencing 
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analysis. Thus, in the present study, the Aquammox CFGR performance showed that granular 

biomass performing the PN-AMX processes could hardly adapt to treat RAS effluents. Since 

the nitrification (nitritation and nitratation) took place in the reactor, the strategy to remove 

nitrogen and reduce the oxygen consumption via PN-AMX processes was not sucessful. 

6.4.2 AGS bioaugmentation with microalgae to treat RAS extremely low-strength 

water in a CFGR 

A successful bioaugmentation of AGS with microalgae was achieved despite the low 

nutrients and carbon concentrations in the aquaculture water streams, the short HRT applied 

during reactor operation and the poor settling properties of the suspended microalgae 

consortium. The adopted strategy of mixing the cultures without feeding the reactor (12 h) 

and shortening the HRT in the first days after microalgae addition, probably allowed that the 

microalgae attached to the existent granules, that rapidly acquired a green colour shade in 

only one day. Over reactor operation, the granules green colour intensification indicated that 

the microalgae cultures could colonize the granule surface and there proliferate. 

After microalgae addition, no major changes were observed in  the ammonium and nitrite 

removal efficiencies, which reached up to 77 % and 80 % of removal, respectively. However, 

after microalgae addition, the AquaMab reactor improved nitrate removal performance. Fan et 

al. (2021) applied microalgae-bacterial granular sludge to treat aquaculture effluents 

achieving an ammonium removal of 85 %. Nevertheless, the reactor was fed with synthetic 

media that contain higher carbon and nutrients concentrations (280 mg COD/L, 11.4 mg 

NH4
+-N/L and 9.9 mg NO2

--N/L), operated in SBR operational mode, applied longer HRTs (8 

h) and the inoculum was microalgae-bacterial granules previously cultivated. Thus, the 

present study is the first one where AGS was bioaugmented successfully with microalgae in a 

continuous reactor facing in-situ aquaculture effluents, which physical chemical 

characteristics slightly varied over time depending on the rearing and the weather conditions. 

Previous studies indicate that when the aquaculture treatment is based only in microalgae 

cultures, it is often necessary to perform at long HRT (24 h) to achieve a proper nutrient 

removal performance (Liu et al., 2019). Nevertheless, in the present study, the microalgae-

bacterial biomass performed properly at extremely short HRT of approximately 30 min. 

Ahmad et al. (2019) applied microalgae-bacterial granular sludge to treat medium-strength 

synthetic wastewater in a continuous reactor,  without aeration. Unlike the present study, a 

drop in the TN removal performance was observed after stopping the aeration and the 

recovery of the system performance was achieved by applying intermittent aeration.  

Some authors suggested that the DO generated by microalgae through photosynthesis 

could be inadequate for bacteria to use (Ahmad et al., 2017; Tang et al., 2016; Zhang et al., 

2018). However, in the present study, the oxygen produced by microalgae seemed to be used 

by bacteria since the reactor performance concerning nitrogen removal and biomass settling 

properties slightly improved after microalgae bioaugmentation. 
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After the formation of the mixed bacterial-microalgae granules, nitrate removal 

increased. In the AquaMab, before the microalgae addition, the nitrate production 

corresponded to the ammonium and nitrite consumption. In Chapter 5 the same behaviour in 

the pilot-scale CFGR (from where the inoculum for the AquaMab CFGR was taken) was 

reported. However, after microalgae addition, the nitrifying mass balances did not match, 

being the nitrate produced below than the ammonium and nitrite oxidised or even presenting a 

lower nitrate concentration in the effluent than in the influent. Since the SDA completely 

declined after bioaugmentation, the nitrate consumption cannot be associated with the 

denitrification process. This SDA loss could be related with the excess of oxygen in the 

system  due to the microalgae photosynthetic activity, thus causing higher oxygen diffusion 

through the inner core of the granules. Thus, nitrate consumption can be associated mainly 

with microalgae growth since nitrate is one of the nitrogen forms that these microorganisms 

can use to grow (De-Bashan et al., 2004). The evolution of the pH profile also supports this 

hypothesis. Before microalgae addition the pH decreased inside the reactor indicating the 

presence of nitrifying metabolism. However, after microalgae addition, the pH remained at 

the same value either influent and effluent or was higher at the effluent. This indicates the 

microalgae consumed dissolved CO2 causing water basification. 

This nitrate consumption capacity of the AquaMab biomass reactor could avoid its 

accumulation in a long-term RAS performance. This fact has several positives aspects like the 

decrease of the concentration of nitrate in the water to be discharged to the nearby river and 

coast, minimising potential environmental problems such as eutrophication. Additionally, the 

potential excess of microalgae biomass produced inside the reactor could be valorised as a 

high added-value product and as the microalgae are growing in the form of granules this will 

turn their separation from the liquid fraction easier (Zhang et al., 2021). 

Finally, one of the most important aspects of AquaMab for RAS treatment application is 

the production of an effluent with high DO level. The presence of microalgae within the 

biomass led to an increase of the DO concentration in the effluent compared to that on the 

influent, maintaining a high ammonium and nitrite removal performance. On some 

operational days, this DO concentration in the effluent reached oxygen saturation levels of 9.4 

mg O2/L which surpass the requirements for rainbow trout of 6 - 8 mg O2/L (Ebeling and 

Timmons, 2012). The respirometric test showed that DO concentration increases due to 

microalgae activity simultaneously to bacterial nitrification. Considering that the RAS farms 

(like Grupo Tres Mares) must oxygenate the water of the ponds with liquid oxygen or aerating 

devices, this treatment system could reduce the oxygenation farm costs while concomitantly 

reducing the ammonium and nitrite concentrations which are target pollutants to be removed 

if water recirculation for the ponds is aimed for. Thus, the strategy of bioaugmenting AGS 

with microalgae not only reduces the oxygen requirements of the treatment process but also 

allowed to reduce the need of water oxygenation for reuse. The use of solar light instead of 

LED devices should be studied in future research works to diminish the energy costs of this 

technology validating its application at larger scales. 



PN-Anammox or microalgae bioaugmentation for O2 saving in CFGRs?  

141 
  

6.5 CONCLUSIONS 

 Two technologies based on PN-AMX biomass (Aquammox CFGR) and microalgae-

bacterial biomass (AquaMab CFGR) were studied as alternatives to reduce the oxygen 

requirements to treat extremely low-strength aquaculture streams. Both reactors were operated 

at short HRT (14 - 86 min) and low ammonium and organic matter concentrations (0.3 - 1.4 

mg N/L and 3.3 - 7.7 mg C/L). 

The Aquammox CFGR, inoculated with PN-AMX biomass, removed up to 68 and 100 % 

of ammonium and nitrite, respectively, but nitrate accumulated in the system. In addition, the 

PN-AMX processes were not able to be maintained when facing the conditions of freshwater 

aquaculture, since the granules loss their integrity resulting in flocculent dark-brown biomass. 

Moreover, the biomass SAA disappeared completely. Nitrification process took place, instead 

of the partial nitritation, and, as a result, the DO effluent concentration was very low (below 1 

mg O2/L). Therefore, the Aquammox CFGR was not adequate to properly treat RAS 

freshwater streams to be reused in the farm. 

On the other hand, the Aquagran reactor, after microalgae addition, was successful in the 

development of the granules which colour turned from light brown to dark green over time. 

Moreover, the biomass settling properties improved throughout operation achieving a SVI30 

of 62 mL/g TSS and a settling velocity of 6.24 m/h. Although microalgae bioaugmentation 

just slightly improved ammonium and nitrite removal that achieved up to 77 % and 80 % of 

removal, respectively, the presence of microalgae within the biomass was beneficial to reduce 

in 15 % the TN removal. Finally, the AquaMab CFGR biomass proved its capacity to produce 

oxygen enough to maintain the nitrification process and to increase the effluent DO 

concentration near to saturation values (8 - 9 mg O2/L). Therefore, the developed microalgae-

bacterial granules showed to be an excellent process to increase DO concentration in the 

treated water while reducing the ammonium and nitrite concentrations under toxic limits 

which is especially important if water recirculation in the farm is aimed for. 
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7.1 MAIN OUTCOMES OF THE THESIS 

Inland freshwater aquaculture activities demand large amounts of freshwater that 

normally obtain from natural water sources that, in certain regions, are scarce. Salmonid 

production represents the most important freshwater aquaculture sector in Europe, with 

rainbow trout as one of the most produced species. The use of recycling aquaculture systems 

(RAS) in rainbow trout farms reduces the water usage while maintaining fish production 

(Pulkkinen et al., 2019, 2018; Suhr and Pedersen, 2010). However, the application of RAS 

provokes the increase of nutrients and organic matter concentrations in the recirculating water 

streams. The major harmful water pollutants to the fish are ammonium and nitrite. Thus, an 

adequate removal of ammonium and nitrite is crucial to ensure fish health and production 

when RAS are implemented. Biofilters are frequently used for suspended solids removal. 

Moreover, in these biofilters nitrifying biofilms are developed to remove nitrogen pollutants. 

When the water usage is extremely high, such as in intensive rainbow trout farms, the HRT of 

these biofilters is not long enough to achieve the nitrogen pollutant removal. Thus, 

technologies able to achieve good removal performances at short HRTs have a special interest 

in this sector. 

Therefore, the present thesis focuses on the development, optimisation and scale-up of 

continuous flow granular reactors (CFGRs) based on aerobic granular sludge (AGS) for the 

treatment and recirculation of freshwater from RAS, characterised by its extremely low-

strength conditions. Considering the large flows that need to be treated in the aquaculture 

farms, the present research focuses on the development of technologies characterized by their 

biomass retention and short hydraulic retention times (HRTs) while simultaneously remove 

the ammonium and nitrite efficiently. The main conclusions of the chapters with experimental 

results within this thesis are detailed below: 

In particular, this thesis tries to better understand the CFGR performance by looking for 

answers to the following questions: 

• Is it possible to achieve granulation of the biomass in aerobic conditions facing 

extremely low-strength conditions with continuous flow reactors at laboratory-scale? 

What are the best operational conditions to do it? What is the best reactor design to 

accomplish it? Is it possible to perform a CFGR at HRT extremely shorts (below 5 min)? 

What are the biological processes and the microorganism involved? 

• Are the laboratory-scale configurations scalable to pilot-scale? What is the 

efficiency of the system treating in situ aquaculture effluents? Do occurs the same biological 

processes as at laboratory-scale with synthetic media? Are the reactor stability and 

performance better or worse than laboratory-scale? What are the biological processes and the 

microorganism involved? 

• Is it possible to save oxygen in a CFGR treating extremely low-strength 

aquaculture effluents through AGS bioaugmentation? Are the combination of partial 
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nitritation-anammox proper processes to incorporate? Is microalgae-bacterial consortium 

adequate to incorporate? Are these operational configurations stable in freshwater RAS 

conditions using these types of microorganisms? What are the biological processes and the 

microorganism involved? 

• Are the developed solutions technically viable? Are the effluent concentrations 

achieved under toxic values for fish in terms of ammonium, nitrite, FA and FNA? How are 

the efficiencies achieved in comparison with the traditional RAS treatments?  

7.1.1 Laboratory-scale CFGR development and optimization to treat freshwater from 

RAS. 

As described in Chapter 1, AGS based technologies can be explored as an alternative to 

traditional biofilters used in RAS. AGS is easily retained in the reactor systems performs in 

general better in terms of removal efficiencies and with relatively low operational costs in 

comparison with biological aerated filters. AGS technologies occupy a surface are for 

implantation smaller than conventional activated sludge systems, thus its application can be 

adequate to the needs of such farms where the land area available is limited.  

Several studies on the successful use of AGS lab-scale systems treating low-strength 

wastewater in terms of chemical oxygen demand (COD) and nitrogen concentrations (42 - 

231 mg COD/L and 12 - 53 mg N/L, respectively) have been reported (Awang et al., 2017; 

Peyong et al., 2012; Sguanci et al., 2019). However, the nitrogen concentrations commonly 

found in freshwater aquaculture wastewater are much lower (0.3 - 2.0 mg NH4
+-N/L) (Ebeling 

and Timmons, 2012) than those of the previously reported studies. CFGRs have certain 

advantages over SBRs such as an easier operation and control, and capacity to treat high-

flows (Kent et al., 2018). Taking into account the extremely high flows in freshwater 

aquaculture farms and the short availability of surface for implantation, the CFGR systems are 

suitable compact technologies for this purpose as they operate at very short HRT.  

Thus, Chapter 3 and Chapter 4 presented the results of the experiments carried out to 

assess and optimize the operation of different CFGR configurations at lab-scale treating 

extremely low-strength aquaculture streams. In all the experiments, a synthetic medium with 

an extremely low load that simulated the recirculation steam of the trout production company 

Grupo Tres Mares S.L. was used as the influent medium (2.5 mg NH4
+-N/L and 8 mg 

TOC/L). 

In Chapter 3 the best operating conditions and reactor configuration are defined to 

produce granular biomass when treating freshwater aquaculture streams in CFGR reactors at 

laboratory scale. Four experiments were performed in two reactors of 1.4 L with different 

H/D ratios. The first reactor with the higher H/D ratio of 15.6 was slender and functioned at 

faster Vup, while the second was shorter (3.2) and operated at slower Vup. These differences 

between both units made it possible to evaluate the biomass retention based on this parameter.  
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Through the four experiments, the effects of the operating conditions (Vup, HRT, 

aeration, mechanical agitation and disruption of the influent flow) on the biomass granulation 

process were evaluated. The first achievement of this research work was that the process of 

granulation and biomass retention were successfully achieved at extremely short HRTs (5 

min) and with extremely low substrates concentrations. In addition, removal percentages of 

65 % for TOC and 20 % for ammonium were reached. The high feed flow imposed, which 

involved a fast Vup (up to 8.5 m/h), and the use of a mechanical stirrer favoured the 

granulation of the biomass. The results obtained in these experiments were crucial for the 

design and the definition of the laboratory CFGR operational conditions described in Chapter 

4. 

Chapter 4 shows the results of a relative long-term operation of a CFGR. The 

characteristics of the granules formed as well as the removal of nitrogen compounds and the 

development of the biological processes taking place were investigated. Stable performance 

of a CFGR treating freshwater aquaculture effluents at laboratory scale was maintained for 3 - 

4 months. The reactor had a high H/D ratio of 15.3, operated at a HRT of 5 min which led to a 

fast Vup of 11 m/h (following the second experiment conditions of Chapter 3). The CFGR was 

inoculated with activated sludge from a biological treatment of a WWTP. Biomass 

granulation occurred in just 7 days, and consequently its sedimentation properties improved 

due to the imposed Vup and short HRT. Mature granules, average diameters of 1.9 mm, were 

observed inside the reactor after 32 days from inoculation. Ammonium removal efficiencies 

were approximately 10 to 20% with ARR of 90.0 mg NH4
+-N/(L·d). The main biological 

processes taking place in the CFGR were the removal of ammonium by heterotrophic 

assimilation (no nitrification was detected) and denitrification, which sometimes was 

incomplete causing nitrite accumulation. Therefore this research work validates and expands 

the results achieved in Chapter 3 and proves that the operation of CFGR is stable throughout 

a dry season period (approximately 100 days).  

The results from Chapter 3 and Chapter 4 proved the feasibility of scaling up the 

system to pilot plant in Chapter 5 and to the CFGR experiments with PN-AMX and 

microalgae in Chapter 6.  

7.1.2 CFGR scale-up to pilot size 

Despite, there are some studies about AGS systems treating low-strength wastewater at 

pilot scale (between 35 - 320 mg COD/L and 10 - 55 mg N/L) (Derlon et al., 2016; Guimarães 

et al., 2017; Ni et al., 2009; Sun et al., 2019), the pollutant concentrations of freshwater 

aquaculture streams are much lower (5 mg COD/L and 0.30 - 0.81 mg N/L) (Hambly et al., 

2015; Tahar et al., 2018). Most of these studies at pilot scale were carried out in SBRs. Only 

Sun et al. (2019) succeeded to cultivate aerobic granules treating low-strength wastewater in a 

pilot-scale CFGR. Besides, We et al. (2020) highlighted the interest of evaluating the aerobic 

granulation process in continuous systems (especially in terms of the nutrient transformations) 

as a conclusion of their critical review about AGS technologies for the treatment of low-

strength wastewater. 
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Thus, once the best operational conditions were defined (Chapter 3) and the stable 

operation of a CFGR was maintained for 100 days (Chapter 4), in Chapter 5 the system was 

scaled up to pilot size. The initial limitation of this scale up was that a reactor with similar 

H/D ratio as that used in Chapter 4 was not available at pilot size. Thus, it was decided to use 

another of the successful configurations in Chapter 3 with a lower H/D ratio of 3.8 which 

corresponded to an existing reactor. 

In Chapter 5 a pilot-scale CFGR was evaluated to treat freshwater aquaculture streams 

installed in the trout farm facility. This experiment was conducted for two consecutive dry 

seasons (100 days each) to obtain more information and to verify that the results are 

reproducible. The reactor had a working volume of 30 L and was operated at HRTs between 

11 and 68 min, with Vup between 0.6 and 3.8 m/h. The reactor was fed with the water stream 

of the RAS of the fish farm, Grupo Tres Mares S.L., containing 0.12 - 1.84 mg NH4
+-N/L and 

2.2 - 8.14 mg TOC/L.  

Two different configurations were applied during this study. The first configuration 

consisted of a CFGR fed from the bottom, with the Vup being the only force to expand and 

mix the biomass. However, due the low Vup caused by the H/D ratio of the reactor, the 

expansion of the biomass applying this configuration was not efficient for the biomass to 

occupy the reactor and consequently there were episodes of sludge loss and the removal rates 

of ammonium, nitrite and organic matter were low. The second configuration incorporated a 

mechanical stirrer and a sieve on top to improve the biomass mixing and retention. This new 

setting was successfully applied in the previous fourth experiment of Chapter 3. 

The configuration with a mechanical stirrer and sieve was better in terms of biomass 

retention and improved ammonium and nitrite removal efficiencies. Even at these low 

concentrations, the granulation of the biomass was achieved in approximately 55 days, with 

an average granule diameter of 0.47 mm, a sludge volume index of 79 mL/g TSS and a 

settling velocity of 3.39 m/h. Ammonium and nitrite removal percentages of up to 81 and 100 

% were achieved, respectively. Therefore ammonium removal (which is one of the biggest 

problems in RAS) was much better than in the laboratory experiments. This may be due to the 

fact that in this case nitrifying activity was detected in the biomass, indicating the presence of 

ammonia oxidizing bacteria that convert ammonium to nitrite. 

Finally, results from Chapter 5 also demonstrate the technical feasibility of the system as 

the ammonium and nitrite concentrations present in the water stream from the RAS were 

lower than the potential removal capacity of the CFGR. These results support the feasibility 

of the full scale implementation of this system to keep the concentration of these compounds 

below toxic levels for trout. 
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7.1.3 Optimizing the oxygen availability with PN-AMX and microalgae-bacteria 

consortium 

The dissolved oxygen (DO) concentration is one of the most important and critical water 

quality parameter in aquaculture. When RAS perform as closed systems in intensive 

freshwater farms, the DO concentration in the produced water streams decreases to levels 

insufficient for the fish survival and water oxygenation becomes necessary. Since nitrification 

consumes oxygen, these filters are aerated to ensure enough DO concentration in the return 

stream. However, the aeration increases the farm operational costs, representing about 13 % 

of the total cost of the fish farm facility (Ebeling and Timmons, 2012). Chapter 4 and 

Chapter 5 demonstrated that CFGR can remove the ammonium, nitrate (Chapter 4) and 

nitrite (Chapter 5) present in freshwater RAS systems. However, the DO concentration of the 

treated water was below 1 mg O2/L in these experiments. Thus, this situation implyed the 

need for an oxygenation/re-aeration step like in the traditional RAS biofilters. 

The results from the experience with the PN-AMX processes lead to important reductions 

of DO requirements compared to conventional nitrification-denitrification processes (Jetten et 

al., 2005). In the PN-AMX system, only 50 % of the ammonium is oxidized to nitrite to 

convert the nitrite and ammonium remaining anaerobically to nitrogen gas. The existence of 

anammox bacteria in moving bed biofilters treating freshwater RAS has been proven by van 

Kessel et al. (2010). Thus, the PN-AMX processes with granular sludge could be an 

interesting alternative to reduce the oxygen consumption.  

The development of a microalgae-bacterial consortium in the CFGR also reduces the 

costs in water oxygenation (Ahmad et al., 2019; Huang et al., 2015; Quijano et al., 2017). 

This consortium creates symbiotic relationships that benefit both microbial populations. 

While nitrifying and aerobic heterotrophic bacteria employ the oxygen generated by 

microalgae (photosynthesis), the CO2 generated by bacterial respiration is used in microalgae 

metabolism (Zhang et al., 2021). Thus, the consortium microalgae-bacteria allows the 

reduction in the oxygenation costs while simultaneously minimizes the CO2 emissions.  

Therefore, the aim of Chapter 6 was to explore the CFGR technology improvement 

developed in Chapters 3, 4 and 5 to remove nitrogen compounds and also save or even 

produce oxygen. Two systems were evaluated, the Aquammox CFGR (based on PN-AMX 

biomass) and the AquaMab CFGR (based on a microalgae-bacterial consortium). Both 

reactors were applied at lab scale in situ in the fish farm facilities to treat the water stream 

from the RAS with 0.34 - 1.39 mg NH4
+-N/L and 3.3 - 7.7 mg TOC/L. Both reactors followed 

operational conditions similar to those of the pilot plant in Chapter 5, with short HRTs 

(between 14 and 87 min). 

Aquammox CFGR was able to remove up to 68 % and 100 % of the ammonium and 

nitrite of the water, respectively, but nitrate accumulated in the produced effluent. In addition, 

over time, the PN-AMX granules lost their integrity and the specific anammox activity 

completely declined. Complete nitrification took place in this reactor as the main biological 



Chapter 7 

150   
    

process. Furthermore, the resulting effluent had a DO concentration below 1 mg O2/L, being 

too low for the fish survival. 

On the other hand, bioaugmentation with microalgae was successful in the AquaMab 

CFGR. Granules from the pilot plant CFGR were used as carriers for microalgae to attach. 

The colour of the granules changed from light brown to dark green in just 5 days since the 

inoculation of the microalgae culture indicating a successful colonization of microalgae. The 

AquaMab CFGR was able to remove up to 77 % and 80 % of ammonium and nitrite, 

respectively, and 15% of the total nitrogen concentration through nitrate removal. In addition, 

in the AquaMab CFGR reactor the microalgae produced enough oxygen to maintain the 

nitrification process and increase the DO concentration in the effluent up to 9 mg O2/L. 

Therefore, results from Chapter 6 can help optimize the operating conditions of CFGRs 

with microalgae to achieve effective removal of nitrogen contaminants and produce oxygen 

treating water streams from freshwater RAS or other streams with similar characteristics. 

7.1.4 Comparison between different CFGRs treating water streams from RAS  

Along this thesis several CFGRs were operated with different configurations and 

operational conditions (Table 7.1). The granulation process successfully occurred treating 

extremely low-strength freshwater aquaculture effluents at laboratory and pilot-scale. 

Moreover, experiments with novel technologies based on PN-AMX and microalgae were 

studied to boost the oxygen performance.   

Table 7.1. Performance of the different CFGRs treating water streams from RAS. 

 
Laboratory 

CFGR* 
Pilot CFGR** Aquammox CFGR AquaMab CFGR 

Type of biomass 
Heterotrophs 

Denitrifiyers 

Nitrifyers PN-AMX 

NOB 

Microalgae-bacteria 

Nitrifyers 

NH4
+ Removal (%) 20  81  68 77 

NO2
- Removal (%) Production 100 100 80 

NO3
- Accumulation No Yes Yes No 

Effluent DO (mg O2/L) 0.0 - 1.0 0.0 - 2.3 0.5 - 3.5 7.2 - 9.4 

HRT (min) 5 11 - 68 14 - 38 31 - 87 

ARR (mg NH4
+-N/(L·d)) 90 45 18 12 

*Laboratory scale CFGR from Chapter 4 

**Pilot scale CFGR from Chapter 5 

One relevant output of this thesis is that the results achieved at laboratory scale were very 

different from those of the pilot one treating the water stream from the RAS in the farm 

facility. Despite treating lower concentrated wastewater and the external negative factors 
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(weather, salinity shocks...), the performance of the Pilot CFGR was much better in terms of 

ammonium and nitrite removal. These results can be related with several factors present in 

pilot experiments such as the presence of nitrifying populations in the biomass, lower nitrogen 

concentrations and performance at longer HRTs. Since the Laboratory CFGR mimicked the 

trout farm effluent, the nitrifyers development in pilot CFGR could be related with the 

previous presence of these populations in the RAS water and with the availability of some 

trace compounds from the river.  

Another important factor was the imposed HRT which was at least more than two fold 

higher in the Pilot CFGR resulting in a lower ARR and consequently the availability of longer 

"time" to remove the same amount of ammonium. However, the shorter HRT (5 min) in the 

Laboratory CFGR could be the key to achieve the granulation process much faster (7 days 

compared to more than 50 days). Moreover, this shorter HRT could be the cause to form 

granules with higher diameter (1.9 in front of 0.47 mm) due to the higher Vup (11 m/h). Since 

both reactors presented a low DO availability, the higher average diameter of the granules in 

the laboratory CFGR could generate an thicker anoxic inner layer that promoted the 

denitrifyers development. 

Despite the ammonium and nitrite removal efficiencies being better than in the 

Laboratory CFGR, the Aquammox CFGR could not keep the PN-AMX process stability in 

freshwater RAS at long term operation. This can be related to several factors like the high 

influent DO concentration, the low temperature, the extremely low concentration of 

ammonium and nitrite and the competition with NOB that might be present in RAS. As a 

result, the Aquammox CFGR did not reduce the oxygen consumption in comparison with the 

Pilot CFGR. Therefore, taking into account that the removal performances of the Pilot CFGR 

were better, the granulation with activated sludge in this unit is an option better than the use 

of a PN-AMX CFGR in freshwater RAS. 

Regarding the performances of the pilot CFGR and the AquaMab CFGR, both studies 

were performed in the same rainbow trout farm and at the same dry season being highly 

comparable. The best ammonium and nitrite removal performances were achieved with the 

Pilot CFGR (Table 7.1). However, both systems provided an effluent quality good enough for 

RAS in terms of ammonium and nitrite concentrations, which are below the toxic limits for 

rainbow trout: 0.78 mg NH4
+-N/L (Liao and Mayo, 1972) and 0.06 mg NO2

--N/L (Russo et 

al., 1974). As a conclusion, the AquaMab CFGR showed to be the only technology able to 

avoid the nitrate accumulation in RAS (Table 7.1). Besides, it is the only configuration tested 

with the capacity to oxygenate the water, thus reducing the oxygenation requirements for its 

further reuse in the fish ponds. 

As it was mentioned in Chapter 1, nowadays the most widely applied treatment systems 

in RAS are the rotating biological contactors (RBC), the trickling filters (TF) and the fluidized 

bed reactor (FBR). Miller and Libey (1985) studied the performances of these systems in the 

RAS of a freshwater farm. They achieved ammonium removal percentages in the range of 8 - 
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32 % in FBR, 74 - 82 % in RBC and 23 - 51% in TF. Thus, the Pilot CFGR and the AquaMab 

CFGR achieved ammonium removal efficiencies higher than those reported for these 

conventional systems. Therefore, these novel CFGR technologies appear as a competitive 

alternative to the conventional treatment systems applied in freshwater RAS. 

 

7.2 RESEARCH GAPS AND FUTURE PERSPECTIVES 

Despite the long way went through in the present thesis in terms of CFGR development 

and AGS operation treating extremely low-strength conditions, more research is needed 

before implementing this technology at full-scale. The AquaMab CFGR configuration and the 

bioaugmentation strategy seems to be the best way to continue this research line.  

Longer experiments and at larger scale (30 - 100 L) are needed with AquaMab CFGR to 

verify the stability of the process. Moreover, the short HRT imposed in the AquaMab CFGR 

near to the values used in Laboratory CFGR (5 min) should be studied to achieve better 

performances in terms of ARR and diminished the surface area required for implantation. 

Besides, in order to reduce the reactor energy demand, the LED light system should be 

replaced with sunlight to carry out the microalgae bioagumentation process and the forward 

performance of the photosynthetic reactor. Taking into account than the treatment system to 

operate the RAS in the fish farm is needed in summer, the sunlight availability is high during 

this period, and the LED light system should be necessary only during nights. 

Since the granulation process took more than 50 days in the Pilot CFGR, another option 

that might be studied in the future is the use of carrier materials such as zeolites to enhance 

and achieve the granulation process at pilot scale. Moreover, zeolites can also adsorb the 

ammonium in their surface creating a positive ammonium gradient concentration in the carrier 

surface where the biomass attaches being useful to implement in RAS (Ghasemi et al., 2018; 

Guo et al., 2018).  

Finally, the use of empty fish ponds to implement the CFGR technology can be another 

interesting alternative. Sometimes the available areas for new constructions in fish farms is 

scarce. However, sometimes some of the fish ponds are not in use and can be converted in a 

CFGR raceway reactor easily. In this case, a small tubular CFGR could be used to cultivate 

the granules and it would be connected with the CFGR raceway to provide the seeding sludge. 

This configuration has many advantages like a reduction of the building costs at full-scale. 

Besides, the pond depth is lower than 1 m in GTM facilities being CFGR raceways a possible 

configuration to benefit of the sunlight radiation. Nevertheless, prior to implementation 

several experiments must be carried out before the implementation of these new 

configuration. 
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Aquaculture activities had been raising in recent years and 
nowadays represent more than 50 % of the total fish produced. 
However, the implementation of freshwater aquaculture 
activities had associated high water demand making necessary 
the development of new technologies to reuse their effluents.

In this thesis, it was explored a technological solution based on 
aerobic granular sludge process to treat and reuse large 
flows of extremely low-concentrated aquaculture streams. It 
was achieved successful granulation and high-quality effluents 
in continuous flow reactors at laboratory and pilot scale. This 
knowledge can help to optimise and improve the water 
availability of aquaculture facilities. 
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