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ABSTRACT 

Enhanced biological phosphorus removal (EBPR) is the most economic and 

sustainable option used in wastewater treatment plants (WWTPs) for phosphorus 

removal. In this process it is important to control the competition between polyphosphate 

accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs), since 

EBPR deterioration or failure can be related with the proliferation of GAOs over PAOs. 

This thesis is focused on the effect of operational conditions (volatile fatty acid (VFA) 

composition, dissolved oxygen (DO) concentration and organic carbon loading) on PAO 

and GAO metabolism. The knowledge about the effect of these operational conditions on 

EBPR metabolism is very important, since they represent key factors that impact WWTPs 

performance and sustainability. Substrate competition between the anaerobic uptake of 

acetate and propionate (the main VFAs present in WWTPs) was shown in this work to be 

a relevant factor affecting PAO metabolism, and a metabolic model was developed that 

successfully describes this effect. Interestingly, the aerobic metabolism of PAOs was not 

affected by different VFA compositions, since the aerobic kinetic parameters for 

phosphorus uptake, polyhydroxyalkanoates (PHAs) degradation and glycogen production 

were relatively independent of acetate or propionate concentration. This is very relevant 

for WWTPs, since it will simplify the calibration procedure for metabolic models, facilitating 

their use for full-scale systems. The DO concentration and aerobic hydraulic retention time 

(HRT) affected the PAO-GAO competition, where low DO levels or lower aerobic HRT 

was more favourable for PAOs than GAOs. Indeed, the oxygen affinity coefficient was 

significantly higher for GAOs than PAOs, showing that PAOs were far superior at 

scavenging for the often limited oxygen levels in WWTPs. The operation of WWTPs with 

low aeration is of high importance for full-scale systems, since it decreases the energetic 

costs and can potentially improve WWTP sustainability. Extended periods of low organic 

carbon load, which are the most common conditions that exist in full-scale WWTPs, also 

had an impact on PAO and GAO activity. GAOs exhibited a substantially higher biomass 

decay rate as compared to PAOs under these conditions, which revealed a higher survival 

capacity for PAOs, representing an advantage for PAOs in EBPR processes. This 

superior survival capacity of PAOs under conditions more closely resembling a full-scale 

environment was linked with their ability to maintain a residual level of PHA reserves for 

longer than GAOs, providing them with an effective energy source for aerobic 

maintenance processes. Overall, this work shows that each of these key operational 
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conditions play an important role in the PAO-GAO competition and should be considered 

in WWTP models in order to improve EBPR processes. 

 

KEYWORDS: Enhanced biological phosphorus removal; polyphosphate accumulating 

organisms; glycogen accumulating organisms; substrate competition; dissolved oxygen 

concentration; organic carbon load.  
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RESUMO 

A remoção biológica de fosforo (EBPR) é a opção mais económica e sustentável 

usada nas estações de tratamento de águas residuais (ETARs) para a remoção de 

fósforo. Neste processo é importante controlar a competição entre os organismos 

acumuladores de fósforo (PAOs) e os organismos acumuladores de glicogénio (GAOs), 

uma vez que a deterioração ou falha do EBPR pode estar relacionada com a proliferação 

dos GAOs em relação aos PAOs. Esta tese tem como objectivo estudar o efeito das 

condições operacionais (composição dos ácidos gordos voláteis (AGV), concentração de 

oxigénio dissolvido (OD) e a carga de carbono orgânico) no metabolismo dos PAOs e 

GAOs. O conhecimento sobre o efeito destas condições operacionais no metabolismo do 

EBPR é muito importante, uma vez que representam fatores-chave com impacto no 

desempenho e sustentabilidade das ETARs. A competição pelo substrato entre acetato e 

propionato (os principais AVG presentes nas ETARs) em anaeróbiose, mostrou ser um 

fator relevante que afeta o metabolismo dos PAOs, e foi desenvolvido um modelo 

metabólico que descreve com sucesso este efeito. Os resultados indicaram que o 

metabolismo aeróbio dos PAOs não foi afetado pelas diferentes composições dos AGV, 

uma vez que os parâmetros cinéticos aeróbios para a absorção de fósforo, degradação 

de polihidroxialcanoatos (PHA) e produção de glicogénio foram relativamente 

independentes da concentração de acetato e propionato. Este aspecto permitirá 

simplificar os procedimentos de calibração dos modelos metabólicos, facilitando o seu 

uso em ETARs de grande escala. A concentração de OD e o tempo de retenção 

hidráulico (TRH) aeróbio afetam a competição entre PAO e GAO, onde baixos níveis de 

OD ou menores TRH aeróbio foram mais favoráveis para os PAOs do que para os GAOs. 

De facto, o coeficiente de afinidade para o oxigénio foi significativamente maior para os 

GAOs do que para os PAOs, mostrando que os PAOs têm vantagem competitiva na 

utilização de oxigénio, mesmo para os níveis limitantes de oxigénio que frequentemente 

ocorrem em ETARs. A operação das ETARs com baixos caudais de arejamento é muito 

importante para os sistemas de grande escala, uma vez que diminui os custos 

energéticos e pode, potencialmente, melhorar a sustentabilidade das ETARs. Longos 

períodos de operação com baixa carga de carbono orgânico, que são as condições mais 

comuns existentes em ETARs, também têm impacto na atividade dos PAOs e GAOs. Os 

GAOs exibiram uma taxa de decaimento de biomassa substancialmente maior do que os 

PAOs, sob estas condições, revelando a elevada capacidade de sobrevivência dos 

PAOs, e consequentemente vantagem em processos EBPR. Esta capacidade de 
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sobrevivência dos PAOs, em condições que se assemelham às condições em grande 

escala, foi relacionada com a sua capacidade de manter um nível residual de reservas de 

PHA durante mais tempo que os GAOs, proporcionando-lhes uma fonte eficiente de 

energia para os processos de manutenção aeróbios. Em geral, este trabalho mostra que 

cada uma das condições operacionais estudadas desempenha um papel importante na 

competição entre PAO e GAO e deve ser considerada nos modelos das ETARs, a fim de 

melhorar os processos EBPR.  

 

PALAVRAS-CHAVE: Remoção biológica de fósforo; organismos acumuladores de fósforo; 

organismos acumuladores de glicogénio; competição de substrato; concentração de 

oxigénio dissolvido; carga de carbono orgânico. 
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1.1 MOTIVATION 

The concern with water quality problems worldwide has led to the improvement 

of wastewater treatment processes, such as the enhanced biological phosphorus 

removal (EBPR) process. This process has been used to remove phosphorus from 

wastewater and, consequently, control eutrophication.  

In EBPR process it is necessary to control the competition between 

polyphosphate accumulating organisms (PAOs) and glycogen accumulating organisms 

(GAOs), since GAOs are linked to the instability and deterioration of the EBPR 

process. Thus, it is important to find strategies which favour the proliferation of PAOs 

and suppress the growth of GAOs. Although, the impacts of several environmental and 

operational factors on this competition have been studied during the last years, the 

effect of other critical factors on PAO and GAO metabolism are still unknown. Since a 

combined acetate/propionate feed, low DO levels, high aerobic retention times (HRT) 

and low organic loading represent situations commonly encountered in wastewater 

treatment plants (WWTPs), the impact of these factors on the PAO-GAO competition 

were addressed in this work for the first time. 

The main goals of this thesis were to: 

1. Study the effect of different ratios of acetate and propionate on the 

anaerobic and aerobic kinetics of PAOs. 

2. Study the effect of different DO levels on the PAO - GAO metabolism 

through short- and long-term tests, and the impact of extended aerobic HRTs on the 

microbial community in an EBPR system. 

3. Assessment of the effect of a prolonged low carbon loading (mimicking a 

full-scale situation) on PAO and GAO metabolism and the impact of this factor on PAO 

and GAO activity and survival. 

This knowledge is important to improve the prediction capability of the impact of 

these important parameters on EBPR performance, and optimise process activity and 

stability. 
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1.2 THESIS OUTLINE 

The thesis includes six chapters, describing the work developed during this PhD 

project.  

In the current chapter (chapter 1) the motivation and objectives of this thesis is 

presented. In chapter 2 a brief review concerning the EBPR process and PAO-GAO 

competition is provided. The research work performed during this PhD thesis has 

resulted in three scientific articles, presented in Chapters 3, 4 and 5, respectively. Each 

of these chapters is constituted by introduction, description of materials and methods, 

discussion of the results obtained and main conclusions. 

Chapter 3 presents the study regarding the effect of a combined 

acetate/propionate feed on PAO metabolism. In this chapter, the effect of different 

ratios of acetate and propionate on anaerobic and aerobic kinetics of PAOs was 

addressed in order to better describe PAO activity through metabolic modelling. 

Chapter 4 and 5 describe the studies performed to assess the effect of two 

critical operational conditions on the PAO-GAO competition. The aim of chapter 4 is to 

assess the impact of aeration on this competition. The effect of different DO 

concentrations on PAO and GAO aerobic metabolism, as well as the impact of 

increased aerobic retention time (from 3h to 9h) was studied. In chapter 5, the 

difference between anaerobic and aerobic activity of PAOs and GAOs, as well as their 

survival, under a prolonged low carbon load is discussed. 

In chapter 6 the main conclusions of this PhD project are presented, as well as 

some suggestions for future work.
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The sustainability of wastewater treatment plants (WWTPs) is an important 

issue and depends on the economic, social and environmental factors, where the 

selection and interpretation of these factors depends on the geographic area and 

demographic situation (Molinos-Senante et al., 2012; Muga and Mihelcic, 2008). The 

environmental effects in WWTPs, which can be positive or negative,  are related with 

the energy consumption, utilisation of chemical reagents, sludge generation and 

emission of atmospheric pollutants (Molinos-Senante et al., 2012). Thus, in WWTPs 

the energy inputs necessary to achieve high quality wastewater effluent, as well as 

potentially negative environmental side-effects of the process (e.g. greenhouse gas 

production), should be minimised to improve the WWTPs sustainability.  

The nutrients or contaminants removal from wastewater can be done through 

physical, chemical or biological processes or by combination of those. Comparing all, 

the biological process is the most economic, sustainable and efficient, so the use of 

this process to remove the organic matter, phosphorus and nitrogen from wastewater 

presents an advantage over the other options.  

Phosphorus is an essential nutrient for the living organisms since it is part of 

adenosine triphosphate molecule (ATP) (molecule responsible for energy source in 

cellular processes), desoxyribonucleic acid (DNA) (biological molecule that contain the 

genetic material information), and the phospholipids in the cell membrane and the 

skeleton of all vertebrates (Filippelli, 2008). However, the excess of phosphorus in 

water systems promotes the proliferation of algae and other photosynthetic 

microorganisms, a process known as eutrophication (Seviour et al., 2003). This 

phenomenon creates one of the largest water quality problems worldwide. 

Eutrophication increases the water purification costs, interferes in the recreational and 

conservational value of impoundments, is harmful to aquatic life, and eutrophic water 

supplies cannot be used for drinking purposes, since it is sub-lethal for humans due to 

the presence of algal toxins (Mullan et al., 2002). For these reasons, it is important and 

necessary to control eutrophication in water systems, and phosphorus removal from 

wastewater is considered to be the best strategy (Wang et al., 2013). As phosphorus is 

the limiting nutrient for algae growth (Mullan et al., 2002), eutrophication is more 

affected by high phosphorus levels than high nitrogen levels. Thus, there is a growing 

awareness worldwide to minimise the emissions of phosphorus to water systems and, 

consequently, improve wastewater treatment.   
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2.1 ENHANCED BIOLOGICAL PHOSPHORUS REMOVAL (EBPR)  

Enhanced biological phosphorus removal (EBPR) is a biological process used 

for phosphorus removal from wastewater without the use of chemical precipitants, 

becoming a sustainable and economic option for wastewater treatment (Lopez-

Vazquez et al., 2009b; Oehmen et al., 2007). In this process, the activated sludge is 

recirculated through anaerobic and aerobic/anoxic conditions to promote the 

enrichment of polyphosphate accumulating organisms (PAOs), which are the bacteria 

responsible for the EBPR process (Figure 2.1). One of the most important groups of 

PAOs is Candidatus Accumulibacter phosphatis, as these microorganisms are able to 

store P as intracellular polyphosphate. Phosphorus removal from wastewater is 

obtained through the harvesting of PAOs containing polyphosphate in waste activated 

sludge (Oehmen et al., 2007).  

  

Influent
Waste activated 

sludge (WAS)Return activated sludge (RAS)

Anaerobic 
reactor

Aerobic /Anoxic 
reactor

Settler 

Effluent Prefermenter

 

Figure 2.1 – Conceptual design of the EBPR process. 

 

These PAOs, contrarily to other ordinary aerobic heterotrophs, have the ability 

to take up the volatile fatty acids (VFAs) in anaerobic conditions, and store them as 

polyhydroxyalkanoates (PHAs). The energy required for VFA uptake is provided by 

hydrolysis of intracellular polyphosphate, which results in phosphorus release into the 

bulk medium. The reducing power necessary for PHA formation and storage is largely 

produced by the glycolysis of glycogen (Figure 2.2), although recent studies have 

increasingly recognized the role of the tricarboxylic acid (TCA) cycle anaerobically in 

the generation of reducing equivalents (Lanham et al., 2013; Majed et al., 2012; Pijuan 

et al., 2008; Zhou et al., 2009). A decrease in glycogen concentration and 

polyphosphate content is observed anaerobically, along with an increase in 

phosphorus and PHA concentrations (Figure 2.3). In aerobic conditions, PAOs use the 

stored PHA as energy source for phosphorus uptake and polyphosphate storage, 

glycogen production and biomass growth (Figure 2.2), leading to the decrease of PHA 
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content and the increase of glycogen and polyphosphate content (Figure 2.3) (Oehmen 

et al., 2007). The major fraction of phosphorus removal achieved by the EBPR process 

is obtained through aerobic conditions. However, in anoxic conditions, some PAOs (i.e. 

denitrifying PAOs) are able to remove phosphorus from wastewater using nitrate or 

nitrite, instead oxygen, as electron acceptors.  

 

Anaerobic conditions Aerobic/anoxic conditions 

PO4
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VFA
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Biomass
growth

Gly

ATP

PP

 

Figure 2.2 – Anaerobic and aerobic/anoxic metabolism of PAOs (Gly: Glycogen; PP: 

polyphosphate; PO4
-3

-P: orthophosphate). 
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Figure 2.3 – Schematic representation of carbon and phosphorus transformation in the EBPR 

process (PP: polyphosphate; PO4
-3

-P: orthophosphate). 

 

The EBPR process has several advantages comparing with conventional 

activated sludge treatment. One of them is that, when EBPR is operated successfully, 

it is possible to remove >90% of influent phosphorus, while using conventional 

activated sludge the removal lies between 20 – 40% (Mullan et al., 2002). Relatively to 

sludge production, the EBPR process is also advantageous, due to the fact that it 
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produces 20% less sludge when compared with chemical precipitation (Mullan et al., 

2002; van Loosdrecht et al., 1997). Since it produces less sludge, the EBPR process is 

more cost-effective, achieving a reduction of 25% in energy costs (Mullan et al., 2002). 

Furthermore, EBPR is an environmentally friendly process, since the use of chemical 

precipitants is not necessary.  

Nevertheless, the performance of this process is frequently represented as 

unstable and unreliable. In several EBPR plants process upsets were observed, 

leading to deteriorated performance and failure, resulting in violations relative to 

discharge regulations (Oehmen et al., 2007). Often, these deteriorations are 

compensated by the addition of chemical precipitants, to avoid excess P discharges, 

but this increases the costs and sludge production, as described above. These process 

upsets can be related with external factors, such as high rainfall, nutrient limitation or 

excessive aeration that affect the intracellular polymers (PHAs and glycogen) and, 

consequently, the phosphorus removal efficiency (Brdjanovic et al., 1998; Oehmen et 

al., 2007). The presence of nitrate in the anaerobic reactor can also affect the EBPR 

performance, since the presence of nitrate and VFAs simultaneously induces the 

proliferation of ordinary heterotrophic denitrifiers that grow faster than PAOs, 

decreasing the availability of VFAs for PAOs, and consequently, decreasing 

phosphorus removal (Puig et al., 2007). However, the deterioration, suboptimal 

operation or failure of EBPR process can also be related with the presence of another 

group of microorganisms, known as glycogen accumulating organisms (GAOs) (Lopez-

Vazquez et al., 2009b). The most important group of GAOs is Candidatus 

Competibacter phosphatis, which belongs to the Gammaproteobacteria-GAOs group. 

Like PAOs, these organisms thrive under anaerobic and aerobic conditions, however 

they are not able to store polyphosphate (Oehmen et al., 2007). GAOs also have the 

ability to take up VFAs in anaerobic conditions and store them as PHAs. However, as 

GAOs are unable to accumulate polyphosphate, the energy and reducing power for 

VFA uptake and PHA formation comes from glycogen hydrolysis (Figure 2.4). For this 

reason it is observed a decrease in intracellular glycogen content and an increase in 

PHA concentration (Figure 2.5). Under aerobic conditions, GAOs utilise the PHA for 

cell growth and glycogen replenishment (Figure 2.4), resulting in an increase in 

glycogen concentration and consequent PHA decrease (Figure 2.5) (Dai et al., 2007; 

Oehmen et al., 2007). As GAOs compete with PAOs for the anaerobic uptake of VFAs 

without contributing to phosphorus removal, they are undesirable organisms in EBPR 

systems (Oehmen et al., 2007). This competition causes the increase of VFAs 
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requirements, so the minimisation of GAO growth in EBPR systems is very important 

because it increases the cost-effectiveness of this process (Oehmen et al., 2007). 
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Figure 2.4 – Anaerobic and aerobic/anoxic metabolism of GAOs (Gly: Glycogen). 
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Figure 2.5 – Schematic representation of GAO carbon transformation in the EBPR process 

(PO4
-3

-P: orthophosphate). 

 

Accumulibacter PAOs (Crocetti et al., 2000) and Competibacter GAOs (Crocetti 

et al., 2002; Kong et al., 2002) are both present in full scale plants. While the presence 

of Accumulibacter has been observed in most plants, the relative fraction of 

Competibacter varies with the type of WWTP (Lanham et al., 2013; Saunders et al., 

2003; Zhang et al., 2011). Another group of GAOs, known as Defluviicoccus vanus-

related GAOs (Dv-GAOs) and belonging to the Alphaproteobacteria-GAOs, was also 

detected in full-scale systems, however in low abundance (Burow et al., 2007; Meyer et 

al., 2006). Dv-GAOs comprise four clusters: cluster I and II (Meyer et al., 2006; Wong 

et al., 2004), which are the most studied,  and cluster III (Nittami et al., 2009) and IV 
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(McIlroy and Seviour, 2009), which were discovered more recently. Tetrasphaera are 

another group of organisms that are present in WWTP, often at higher abundances 

than PAOs, and participate in EBPR (Nguyen et al., 2011). However, these organisms 

only have a partial PAO phenotype, since they take up phosphorus and store it as 

polyphosphate, but do not take up VFAs or store PHAs, thus they are still considered 

putative PAOs (Kristiansen et al., 2013; Nguyen et al., 2011). In EBPR processes 

identification of the microbial community, mainly which type of PAOs and GAOs are 

present, can be used to help optimise the wastewater treatment, since knowing the 

population present in the sludge, it is possible to operate the systems using the optimal 

operational conditions for this specific population and improve the performance of the 

wastewater treatment.  

 

2.2 PAO-GAO COMPETITION: IMPACT FACTORS  

In EBPR processes it is necessary to control the microbial competition between 

PAOs and GAOs in order to minimise the growth of GAOs and to achieve a high 

efficiency in phosphorus removal. Several environmental and operational factors have 

been often studied and identified as key factors in the PAO-GAO competition. These 

factors are: pH, temperature, VFA composition of the wastewater, sludge age, the ratio 

of phosphorus to organic carbon in the influent and the substrate feeding rate. 

 

2.2.1 PH EFFECT 

Several studies showed that a higher pH (> 7.25) is more beneficial for PAOs,  

improving the phosphorus removal efficiency and, consequently, the EBPR 

performance (Filipe et al., 2001; Oehmen et al., 2005a; Schuler and Jenkins, 2002). 

Filipe et al. (2001) observed that at pH of 7.25, the specific acetate uptake rate was the 

same for PAOs and GAOs. However when the pH in the anaerobic zone was 

maintained lower than 7.25, GAOs take up acetate faster than PAOs, while at pH 

higher than 7.5, PAOs removed acetate faster than GAOs. In this study, it was also 

observed that, for a complete phosphorus removal, it was necessary to assure a 

minimum pH value of 7.25 in the system. Thus, increasing the pH in the anaerobic 

zone promotes the improvement of phosphorus removal processes, since the 

conditions for an efficient use of the VFAs available for phosphorus removal are 

created. Oehmen et al. (2005a) observed that at a pH of 7.0, Competibacter was the 
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dominant population in an acetate-fed reactor, while Alphaproteobacteria-GAOs was 

the dominant population in a propionate-fed reactor. When the pH was increased to 8, 

the population of GAOs decreased in both reactors and the P removal increased, 

showing that PAOs have an advantage over GAOs at high pH. Zhang et al. (2005) 

observed a decrease in phosphorus removal and a shift in microbial community when 

the pH was changed from 7.0 to 6.5. At 7.0, the phosphorus removal efficiency was 

99%, while after 14 days at pH 6.5, the phosphorus removal efficiency decreased to 

17%. In the Lopez-Vazquez et al. (2009b) study it was observed that, when acetate or 

propionate was supplied as carbon source, PAOs only proliferated over GAOs at high 

pH (7.5). However, when acetate and propionate were present simultaneously, PAOs 

proliferated over GAOs independently of the pH applied. Fukushima et al. (2010), 

through the operation of three reactors, observed an Accumulibacter decline and a 

deterioration of EBPR activity after a pH reduction from 7.9 to 6.5 (in two reactors) and 

6.5 to 6.0 (in one reactor) . However, the Competibacter population seemed to not be 

affected by either of these pH reductions. Weissbrodt et al. (2013) studied the effect of 

several factors on aerobic granular sludge and verified that, under alkaline conditions 

(pH > 7.3),  Accumulibacter were selected, achieving a high phosphorus removal 

efficiency. 

These studies showed that pH is an important factor in PAO-GAO competition, 

and a high pH (7.0 - 8.0) can promote an advantage for PAOs over GAOs, improving 

the phosphorus removal efficiency and, consequently, the EBPR performance. 

Nevertheless, the excessive pH can be detrimental for EBPR process and there is a 

pH limit where this control strategy will be not effective (Oehmen et al., 2007).  

 

2.2.2 TEMPERATURE EFFECT 

Several lab-scale studies showed that low temperatures improve the EBPR 

performance (Erdal et al., 2003; Panswad et al., 2003; Whang and Park, 2002, 2006). 

Whang et al. (2002, 2006) showed that, at 20ºC, PAOs were the dominant population 

due to their high specific anaerobic acetate uptake at this temperature. Nevertheless, 

GAOs were the dominant population at 30ºC due to a kinetic advantage in anaerobic 

acetate uptake, which can lead to eventual failure of EBPR systems. Panswad et al. 

(2003) observed a change in abundance from PAOs to GAOs when the temperature 

increased from 20 to 32.5ºC, which agrees with the increase of phosphorus 

concentration in the effluent and the decrease of phosphorus content in the sludge. In 
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this study, it was also found that, the specific phosphorus release rate increased with 

the temperature increase, while the specific phosphorus uptake rate decreased. Erdal 

et al. (2003) suggested that PAOs were favoured over GAOs at low temperatures, 

since a higher phosphorus removal and lower glycogen transformations were observed 

at 5ºC than at 20ºC. These authors also suggested that, at 5ºC, PAOs can dominate 

the EBPR system through changing their metabolic pathway. Lopez-Vazquez et al. 

(2009a) showed that GAOs were unable to maintain their activity at low temperatures 

even when subjected to low influent phosphorus concentrations, and at higher influent 

phosphorus concentrations PAOs consistently outcompeted GAOs. Through metabolic 

modelling predictions, Lopez-Vazquez et al. (2009b) also showed that PAOs were the 

dominant organisms at low temperatures (10ºC), independently of the carbon source 

and pH applied, since GAO metabolism was inhibited at this temperature. At high 

temperature (30ºC), GAOs (Competibacter and Alphaproteobacteria-GAO) were the 

dominant organisms. However, if a 75-25% acetate to propionate ratio and a pH value 

not lower than 7.0 are applied, it is possible to suppress the proliferation of GAOs at 

high temperatures. Ren et al. (2011) also investigated the impact of temperature 

variation on the PAO-GAO competition during EBPR acclimatisation. Under 

temperature variations from 22ºC to 29ºC and then to 14ºC, the domination of PAOs 

deteriorated, and the advantage of PAOs at low temperatures was not observed unlike 

other studies. Alphaproteobacteria-GAO and Gammaproteobacteria-GAO were more 

adaptable to the temperature changes and were the dominant organisms at the end of 

the study, even when the temperature was 14ºC. This study showed that the 

temperature variation during the enrichment process has a higher impact on PAOs 

than on GAOs. Using aerobic granular sludge, Weissbrodt et al. (2013) selected 

Competibacter organisms through higher mesophilic temperatures (>25ºC), while 

Accumulibacter were selected under low mesophilic temperatures (<20ºC).  

These experimental evidences suggested that GAOs are able to outcompete 

PAOs under high temperatures. This implies that the PAO-GAO competition in EBPR 

systems may be more problematic in warm climates, and during the summer season. 

 

2.2.3 VFA COMPOSITION AND SUBSTRATE FEEDING RATE EFFECT 

The VFA composition has been shown to have an impact on the competition 

between PAOs and GAOs. The most common VFA present in the EBPR systems is 

acetate, though in systems where prefermenters exist, propionate is often present in 
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substantial quantities (Oehmen et al., 2007). Propionate also seems to be a more 

favourable carbon source to achieve successful EBPR (Chen et al., 2004; Oehmen et 

al., 2006; Wang et al., 2010)  

Oehmen et al. (2005b), through short-term tests, observed that in a 

Competibacter GAO reactor enriched with acetate, GAOs were inefficient in taking up 

propionate, while Accumulibacter PAOs were able to take up acetate and propionate at 

similar rates. Alphaproteobacteria-GAOs dominated the reactor fed with propionate 

and were able to take up acetate at a rate that was 45% of their propionate uptake 

rate. Both types of GAOs showed a slower response than PAOs to carbon source 

changes, suggesting that the alternation between acetate and propionate can control 

the GAOs proliferation, as observed in the study of Lu et al. (2006). Through long-term 

studies, Oehmen et al. (2006) observed an unstable phosphorus removal in a reactor 

enriched with acetate, due to the competition between Accumulibacter and 

Competibacter for acetate uptake. However, a high and stable phosphorus removal 

and low phosphorus concentration in the effluent was observed when propionate was 

used as carbon source.  

The metabolic model developed by Lopez-Vazquez et al. (2009b) showed that, 

when acetate and propionate are simultaneously supplied (75-25 and 50-50% acetate 

to propionate), PAOs were favoured over GAOs. However, when acetate or propionate 

is supplied as sole carbon source, PAOs only presented an advantaged when the pH 

was 7.5. Nevertheless, the real effect of a combined acetate/propionate feed on PAO 

metabolism is still unclear, even though it represents a common situation in most 

EBPR plants and a potentially effective way of minimising GAOs.  

The substrate feeding rate is another factor that affects the competition 

between PAOs and GAOs. Tu and Schuler (2013) studied the effect of acetate feeding 

rate with high (>7.4) and low (6.4 – 7.0) pH. Under high substrate feeding rate and high 

pH, PAOs dominated the system. However, when the pH decreased to low values, 

GAOs dominated the system. Decreasing the acetate feeding rate (at low pH), but 

maintaining the total acetate load fed, PAOs recovered their activity and dominated the 

system. This suggests that the substrate loading rate is a more significant factor 

affecting the PAO-GAO competition than pH. Ahn et al. (2007) demonstrated that high 

organic loading rate promotes the proliferation of glycogen-accumulating metabolism 

organisms over PAOs. When the organic loading rate increased, the PAO population 

decreased (from 83.8 ± 4.9 to 32.2 ± 16.2%) and the phosphorus concentration in the 

effluent increased, suggesting an increase in GAO activity. 
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2.2.4 SLUDGE AGE EFFECT 

The sludge age also appears to be an important operational factor affecting the 

PAO-GAO competition although different studies yielded contradictory results. The 

study of Li et al.  (2008b) demonstrated that an increase in the sludge age promotes 

the reduction of phosphorus removal. Whang and Park (2006) observed that, at 30ºC 

and 10 days, GAOs were able to outcompete PAOs. Decreasing the sludge age for 5 

days, GAOs coexisted with PAOs, displaying an unstable EBPR performance, although 

the EBPR efficiency improved. However, decreasing the sludge age to 3 days, the 

EBPR efficiency was improved and the EBPR performance was stable, possibly due to 

the higher anaerobic acetate uptake rate of PAOs. Therefore, when temperature is 

higher than 20ºC, it is possible to manipulate the sludge age to recover of EBPR 

efficiency when GAOs become the dominant population. Li et al. (2008b) found a 

higher phosphorus removal efficiency (>90%) at a sludge age of 8.3 days than a 

sludge age of 16.6 days (<85%). The sludge age also affected the sludge settleability, 

where the higher sludge age had a negative impact on the sludge settling.  

Zhu et al. (2013) operated a humus soil sequencing batch reactor (HS-SBR) to 

study the effect of 3 different sludge ages (5, 10 and 15 days) on phosphorus removal 

efficiency. They observed a higher phosphorus removal (97.3%) at a sludge age of 10 

and 15 days than that with a sludge age of 5 days (82.7%). Therefore, a short sludge 

age (<5 days) showed an adverse affect on phosphorus removal, whereas a sludge 

age between 10 and 15 days did not affect the phosphorus removal. This study 

showed that a relatively long sludge age exerted a useful effect on the phosphorus 

removal in the HS-SBR. Lee et al. (2007) also found that a high sludge age increased 

the phosphorus removal efficiency. With a sludge age of 20 days, they obtained a 

phosphorus removal efficiency of 93%, which was higher than that obtained with a 

sludge age of 15 days (78%). Further study would be useful to better establish the 

influence of sludge age on EBPR performance, and its impact on the PAO-GAO 

competition. 

 

2.2.5 PHOSPHORUS TO ORGANIC CARBON RATIO EFFECT 

The ratio of phosphorus to organic carbon (P/C) in the effluent is considered an 

important factor in the competition between PAOs and GAOs (Liu et al., 1997; Yagci et 

al., 2003). Liu et al. (1997) showed that using a high P/C ratio (20/100), PAOs could 

accumulate a high polyphosphate content, they have a faster acetate uptake rate and 
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thus they could outcompete GAOs. Reducing the ratio to 2/100, the polyphosphate 

content decreased, leading to an eventual proliferation of GAOs over PAOs. Both 

organisms could coexist if a median P/C ratio was applied, since the energy pool of 

PAOs was not enough for a complete acetate uptake, leaving acetate available for 

GAOs. Panswad et al. (2007) showed that a higher P/C ratio could promote the 

proliferation of PAOs. The increase of the P/C ratio from 0.02 to 0.16, promoted the 

increase of mass fraction of PAOs (from 0.1-0.15 to 0.47-0.71) and the decrease of 

mass fraction of GAOs (from 0.83-0.88 to 0.26-0.50). Hsu et al. (2013) studied the 

long-term effect of a high  P/C ratio in acetate and propionate fed reactors. They 

observed that a phosphorus rich influent promoted the deterioration of phosphorus 

metabolism, being this deterioration affected by the carbon source used. Using acetate 

as carbon source, the high phosphorus loading suppressed PAOs, and GAOs became 

the dominant population. However, using propionate as carbon source, it was observed 

a proliferation of PAOs. These results showed that, with high phosphorus loading, 

propionate is a more suitable substrate to achieve a PAO enrichment. In the study of 

Zhu et al. (2013) a high  P/C ratio (P/C = 0.1) promoted the proliferation of PAOs in the 

humus soil sequencing batch reactor. However, the phosphorus removal efficiency 

increased when the P/C ratio decreased from 0.1 to 0.0125. While high P/C ratios 

generally lead to higher PAO abundances, a balance must be achieved to ensure 

sufficient organic carbon to achieve phosphorus removal. 

 

2.2.6 OTHER FACTORS 

The effect of other factors on the PAO-GAO competition, such as dissolved 

oxygen (DO) concentration, aerobic hydraulic retention time (HRT) and prolonged low 

carbon loading, has never been systematically studied.  

Several studies have shown that PAOs can be selected over GAOs at low (0.5 

mg O2/L) and high (> 3 mg O2/L) DO concentrations (Lemaire et al., 2006; Oehmen et 

al., 2005b; Pijuan et al., 2004). Other studies were operated at very low DO 

concentrations (0.15 – 0.45 mg O2/L), achieving a variable phosphorus removal 

efficiency (61% - 99%) (Li and Chen, 2011; Li et al., 2008a; Zheng et al., 2009). 

However, in these studies the effect of DO concentration on the microbial community 

and their metabolism was not addressed, thus it is still unknown how the DO level 

impacts the PAO-GAO competition and EBPR efficiency.  
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In Brdjanovic et al. (1998) it was observed that, in short-term tests, an 

excessive aeration promoted the deterioration of EBPR process, due to the high 

consumption of PHAs. However, the impact of a prolonged aerobic period on the 

competition between PAOs and GAOs and EBPR performance is still unknown. 

Some studies showed that low organic loading periods, which occur mainly 

during weekends, can affect the EBPR performance, observing a decrease in 

phosphorus removal efficiency (Carucci et al., 1999; Temmink et al., 1996). However, 

the effect of prolonged low organic periods on the PAO-GAO competition was not yet 

addressed. Since low DO levels, high aerobic retention times and low organic loading 

represent situations commonly encountered in WWTPs, further study is necessary to 

assess their impact on the PAO-GAO competition and EBPR performance. 

 

2.3 METABOLIC MODELLING OF THE PAO-GAO COMPETITION 

Metabolic modelling of biological wastewater treatment is an interesting tool that 

can be used for optimisation and prediction of process performance, and as a 

supporting tool for design (Lopez-Vazquez et al., 2009b). Activated sludge models 

(ASM) and metabolic models have been used to describe EBPR processes, and their 

combination have been used to simulate the behaviour of full-scale EBPR plants 

(Oehmen et al., 2007). The ASM models only describe the bulk biochemical 

transformations of soluble and particulate compounds in the sludge (Oehmen et al., 

2007), while the metabolic models use the metabolic pathways to describe the 

biochemical interactions that take place within the cells, providing a finer scale 

definition of the biological process and a more detailed description of the treatment 

systems (Oehmen et al., 2010). The key difference between these two models is the 

determination of the yield coefficients. While in ASM models the yield coefficients are 

determined experimentally, in metabolic models they are calculated theoretically 

through substrate, energy and reducing power balances (Oehmen et al., 2007). In 

order to understand the interactions and the competition between PAOs and GAOs, 

some authors developed metabolic models where the impact of different parameters 

was studied independently (Whang et al., 2007; Yagci et al., 2003, 2004, Zeng et al., 

2003). Lopez-Vazquez et al. (2009b) studied the effect of 3 parameters (carbon 

source, pH and temperature) simultaneously and differentiated the biomass in 3 

separate groups (Accumulibacter-PAO, Competibacter-GAO and Alphaproteobacteria-

GAO). Using this model, which was calibrated and validated using data from enriched 
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PAO and GAO cultures, the metabolic activities associated with each culture was well 

described and enabled greater insight into how combinations of operational factors can 

influence the EBPR process. Oehmen et al. (2010) expanded the metabolic model 

developed by Lopez-Vazquez et al. (2009b) in order to incorporate the competition 

between PAOs and GAOs under sequential anaerobic/anoxic/aerobic conditions, which 

are representative of most full-scale EBPR plants. 

Metabolic models may be an important, flexible and useful tool to understand 

the interactions between bacterial populations under different environmental and 

operational conditions, in order to optimise the EBPR process and improve the 

phosphorus removal efficiency. Furthermore, these metabolic models are useful to 

predict the behaviour of PAOs and GAOs depending on the operational conditions and 

wastewater characteristics. The effect of new factors on the PAO-GAO competition 

should be incorporated into metabolic models in order to further improve their 

prediction ability. As the metabolic models offer a better understanding of the complex 

microbial interactions that take place in activated sludge systems, their application to 

real WWTPs can be a useful tool to improve WWTP processes.  
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3 THE EFFECT OF SUBSTRATE COMPETITION 

ON THE METABOLISM OF POLYPHOSPHATE 

ACCUMULATING ORGANISMS (PAOS) 

 

SUMMARY: The type of carbon source present in the wastewater is one factor that 

affects the competition between polyphosphate accumulating organisms (PAO) and 

glycogen accumulating organisms (GAO) and therefore, the efficiency of the enhanced 

biological phosphorus removal (EBPR) process. This study investigated the impact of 

the carbon source composition on the anaerobic and aerobic kinetics of PAOs and the 

EBPR performance of an 85% PAO enrichment. When both acetate (HAc) and 

propionate (HPr) were present, propionate was depleted more quickly, with a constant 

uptake rate of 0.18 ± 0.02 C-mol/(C-mol biomass·h), while the acetate uptake rate 

decreased with an increase in propionate concentration, due to the substrate 

competition between acetate and propionate. The metabolic model for PAOs was 

modified to incorporate the anaerobic substrate competition effect. The aerobic rates 

for phosphorus (P) uptake, glycogen production and polyhydroxyalkanoates (PHA) 

degradation were within the same range for all tests, indicating that these rates are 

essentially independent of the acetate and propionate concentration, simplifying the 

calibration procedure for metabolic models. The metabolic model applied to describe 

the anaerobic and aerobic activity agreed well with the experimental data of HAc, HPr, 

P, PHA and biomass growth. The low glycogen consumption observed suggest that 

some reducing equivalents were generated anaerobically through the TCA cycle. The 

3 
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results of this work suggest that the propionate uptake kinetics by PAOs can provide 

them an advantage over GAOs in EBPR systems, even when the propionate fraction of 

the influent is relatively low. 
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3.1 INTRODUCTION 

Enhanced biological phosphorus removal (EBPR) is one of the most 

economical and sustainable processes used for the removal of phosphorus from 

wastewater. Phosphorus removal is achieved by recirculating the sludge through 

anaerobic and aerobic/anoxic conditions to promote the enrichment of activated sludge 

with polyphosphate accumulating organisms (PAO), the bacteria responsible for EBPR. 

One highly important group of PAOs in EBPR systems is Candidatus Accumulibacter 

Phosphatis. These PAOs are able to take up volatile fatty acids (VFAs) during the 

anaerobic phase and store them as polyhydroxyalkanoates (PHAs), which are 

consumed aerobically or anoxically to achieve P removal. However, there is another 

group of microorganisms, known as glycogen accumulating organisms (GAO) that 

compete with PAOs for the anaerobic uptake of VFAs without contributing to P removal 

(Oehmen et al., 2007). Thus, in EBPR processes, it is necessary to control the 

competition between PAOs and GAOs in order to optimise the phosphorus (P) removal 

efficiency.  

The PAO-GAO competition can be influenced by several factors, such as, pH, 

temperature, the phosphorus (P) to VFA ratio, VFA loading rate and the VFA 

composition of the wastewater (Filipe et al., 2001; Liu et al., 1997; Lopez-Vazquez et 

al., 2009; Tu and Schuler, 2013). Acetate (HAc) (Chen et al., 2005; Hollender et al., 

2002; Levantesi et al., 2002; Oehmen et al., 2005b; Onuki et al., 2002; Wang et al., 

2010) and propionate (HPr) (Chen et al., 2005; Oehmen et al., 2005b, c, Pijuan et al., 

2004; Wang et al., 2010) have been widely studied as carbon sources in EBPR 

processes, since they are the most abundant VFAs present in wastewater. However, 

the efficiency that PAOs and GAOs use these VFAs differs. Oehmen et al. (2005b) 

showed that the HPr uptake rate of Competibacter, an important group of GAOs, is 

very slow as compared to its HAc uptake rate, so a HPr feed can be used to control the 

growth of these GAOs in EBPR systems. Indeed, high Accumulibacter PAO fractions 

and good EBPR performance have been observed with HPr as the sole carbon source 

(Guisasola et al., 2007; Oehmen et al., 2005c; Pijuan et al., 2004). Nevertheless, 

another group of GAOs (Defluviicoccus vanus) has also been found to be competitive 

with Accumulibacter PAOs, particularly for HPr uptake (Lanham et al., 2008; Meyer et 

al., 2006; Oehmen et al., 2005a). Dai et al. (2007) have found that Defluviicoccus 

vanus GAOs prefer HPr to HAc when both substrates are present simultaneously, 

though it is still unclear if a similar situation exists for Accumulibacter PAOs.  
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Lopez-Vazquez et al. (2009) developed a metabolic model that incorporates 

HAc and HPr as carbon sources as well as their effect on PAO-GAO competition. In 

this model, the kinetic parameters were estimated from PAO and GAO enriched 

cultures, where HAc or HPr was fed as the sole organic substrate during culture 

enrichment. Through the calibrated model, the effect of different ratios of HAc to HPr 

(100-0, 75-25, 50-50, 0-100%) was evaluated through simulation studies. According to 

the simulation results, PAOs exhibit an advantage over GAOs when HAc and HPr are 

simultaneously supplied (75-25 and 50-50% HAc-HPr) as compared to cases where 

only HAc or HPr is fed. Nevertheless, the effect of a combined HAc-HPr feed on the 

metabolism of PAOs has not yet been studied in detail experimentally, even though it 

represents a common situation in most EBPR plants and a potentially effective way of 

minimising GAOs. Due to this limitation, it remains unclear how the effect of a 

combined VFA feed impacts the anaerobic and aerobic kinetic parameters and how 

any carbon source preferences that exist for PAOs should be modelled under these 

frequently encountered situations. This provided the motivation for the present study, 

which investigated the effect of a combined feed with different ratios of HAc to HPr, in 

order to 1) understand its impact on the anaerobic kinetics of PAOs, particularly with 

regards to substrate competition effects, 2) evaluate its impact on the kinetics of the 

subsequent aerobic phase, where significant differences have been suggested from 

enriched PAO cultures with either HAc or HPr, and 3) describe PAO activity with a 

combined HAc and HPr feed through metabolic modelling. It is expected that this study 

will improve the capacity of metabolic models to describe and predict the performance 

of EBPR processes.   

 

3.2 MATERIALS AND METHODS 

3.2.1 SBR ACCLIMATISATION WITH PAOS 

A sequencing batch reactor (SBR - see Appendix H) with 2L of working volume 

was seeded from a lab-scale reactor enriched in PAOs. Each cycle consisted of 6 

hours, with a 2 hour anaerobic period, 3 hour aerobic period and 1 hour settle/decant 

period. One liter of synthetic medium was fed during the first 5 minutes of the 

anaerobic phase in each cycle, resulting in an initial COD concentration in the reactor 

of 200 mg/L, with 75% acetate and 25% propionate, and a phosphate concentration of 

20 mg/L. The hydraulic retention time (HRT) was 12 hours and the solid retention time 

(SRT) was 8 days. The 1L synthetic medium was composed of 250 mL of solution A 
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and 750 mL of solution B. Solution A contained per liter: 2.55 g C2H3O2Na.3H2O, 270µL 

C3H6O2, 0.59 g NH4Cl, 0.95 g MgSO4.7H2O, 0.44 g CaCl2.2H2O, 11.7 mg allyl-N 

thiourea (ATU, a nitrification inhibitor), 31.7 mg ethylene-diaminetetraacetic (EDTA) 

and 3.17 mL of a micronutrients solution. The micronutrient solution (based on 

Smolders et al. (1994)) contained per litre: 1.5 g  FeCl3.6H2O, 0.15 g  H3BO3, 0.03 g 

CuSO4.5H2O, 0.18 g KI, 0.12 g MnCl2.4H2O, 0.06 g  Na2MoO.2H2O, 0.12 g  

ZnSO4.7H2O, 0.15 g  CoCl2.6H2O. Solution B contained per liter: 124.1 mg K2HPO4 

and 96.8 mg KH2PO4.  

To maintain anaerobic conditions, argon was bubbled into the reactor at a flow 

rate of approximately 15 mL/min. During the aerobic phase, the air flow rate was 

maintained at approximately 0.2 L/min. The temperature was controlled at 20 ± 1ºC 

and pH at a maximum of 7.5 and averaged 7.2 ± 0.3 in the anaerobic and aerobic 

zones, by automatic addition of 0.1M HCl. 

 

3.2.2 BATCH EXPERIMENTS 

Five batch tests were performed to study the effect of different ratios (100-0%, 

75-25%, 50-50%, 25-75%, 0-100%) of acetate to propionate (HAc:HPr). The batch 

tests were operated under similar conditions to those in the SBR, where 300 mL of 

SBR sludge was taken at the end of the aerobic phase for each batch test. In the 

beginning of the anaerobic phase, 300 mL of synthetic medium was fed with the 

different HAc:HPr ratios, resulting in an initial VFA concentration of 200 mg COD/L. 

Each batch test consisted of a 2 hour anaerobic period and a 3 hour aerobic period. 

Samples were obtained at various points throughout the cycle and analysed by 

the chemical methods described below.  The determination of total suspended solids 

(TSS) and volatile suspended solids (VSS) was performed at the end of the aerobic 

period. Fluorescence in situ hybridisation (FISH) sampling was performed at the end of 

the anaerobic and aerobic periods. 

 

3.2.3 CHEMICAL AND MICROBIAL ANALYSIS 

Phosphate was determined by a colorimetric method implemented in a flow 

segmented analyser (Skalar 5100, Skalar Analytical, The Netherlands). For total 

phosphate, an acid digestion of a sample from the end of the aerobic period was 

performed with 0.3 M H2SO4 and 73 mg/L of K2S2O8 and analysed using the flow 



3. THE EFFECT OF SUBSTRATE COMPETITION ON THE METABOLISM OF 

POLYPHOSPHATE ACCUMULATING ORGANISMS (PAOS)  

32 

 

segmented analyser. To determine the poly-phosphate content, the supernatant 

phosphate concentration was subtracted from the total phosphate concentration 

obtained by the sample digestion. The concentration of VFAs in the supernatant was 

determined by liquid chromatography (HPLC) with an Aminex HPX-87H column 

(BioRad) and an IR detector. Sulphuric acid (0.005 M) was used as eluent at a flow 

rate of 0.6 mL/min and 50ºC operating temperature. Glycogen was determined as 

described by Lanham et al. (2012) (conditions: 2 mg biomass, HCl 0.9 M and 3h of 

digestion time), using a CarboPac PA10 column (Dionex), equipped with an 

amperometric detector. The analysis was performed at 30ºC, with sodium hydroxide 

(NaOH 18 mM) as eluent, at a flow rate of 0.8 mL/min. PHAs were determined by gas 

chromatography (GC) using the method described by Lanham et al. (2013b) using a 

Bruker 430-GC gas chromatograph equipped with a FID detector and a BR-SWax 

column (60m, 0.53mm internal diameter, 1 µm film thickness, Bruker, USA). For TSS 

and VSS determination, standard methods were applied (APHA/AWWA, 1995). 

Fluorescence in situ hybridisation (FISH) was used to identify the population present in 

the sludge and was performed as specified in Amann (1995). The oligonucleotide 

probes used in FISH were: EUBMIX, comprising EUB338, EUB338-II and EUB338-III 

(Amann et al., 1990; Daims et al., 1999) to target all bacteria; PAOMIX (PAO 651, 462 

and 846) to target Accumulibacter (Crocetti et al., 2000); ACC-I-444 and ACC-II-444 to 

target Accumulibacter type I and II, respectively (Flowers et al., 2009); GAOMIX  

(GAOQ989 and GB_G2) to target Competibacter (Crocetti et al., 2002; Kong et al., 

2002) and Defluviicoccus vanus related GAOs were targeted through probes 

TFO_DF218 and TFO_DF618 for cluster I (Wong et al., 2004); DF988 and DF1020 for 

cluster II (Meyer et al., 2006); DF1013 and DF1004 for cluster III (Nittami et al., 2009) 

and DF181A and DF181B for cluster IV (McIlroy and Seviour, 2009). FISH 

quantification was performed by image analysis of 20 micrographs taken with a Zeiss 

LSM 510 Meta confocal laser scanning microscope. The biomass volume of 

Accumulibacter and Competibacter in relation to other Bacteria was calculated as the 

area covered by the specific probes divided by the area covered by EUBMIX. The 

standard error of the mean was calculated as the standard deviation divided by the 

square root of the number of images. 

 

3.2.4 MODEL DESCRIPTION 

The model used in this study was based on previous metabolic models 

developed by Lopez-Vazquez et al. (2009) and Oehmen et al. (2010). The substrate 
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competition that occurs when HAc and HPr are simultaneously present was 

incorporated into the model based on the experimental results, as shown later.  

The stoichiometric matrix, anaerobic and aerobic stoichiometric parameters and 

kinetic expressions for PAOs are detailed in Appendix A–E. This model was 

implemented in Aquasim (Reichert, 1994) and defined the PAO activity in a sequencing 

batch reactor with alternating anaerobic-aerobic stages. 

 

3.2.5 MODEL CALIBRATION AND VALIDATION 

For the calibration of the model, four kinetic parameters were adjusted: the VFA 

uptake rate (qVFA), glycogen production rate (qGlycogen), PHA degradation rate (qPHA) and 

poly-P formation rate (qPO4-PP). The experimental data obtained from the five batch 

tests were used during model calibration, where the parameter estimation for the 

anaerobic and aerobic metabolism was performed separately in order to avoid error 

propagation. The initial concentration of VFA, PHA, P and glycogen was estimated 

simultaneously to each kinetic parameter in the anaerobic and aerobic phases. The 

initial polyphosphate concentration was determined as the steady-state polyphosphate 

concentration. The model validation was obtained through simulation of experimental 

results from all batch tests using the average of each kinetic parameter determined 

during calibration. 

A long-term simulation was performed using the validated model developed in 

this study, in order to examine its ability to predict the steady-state activity. The initial 

concentrations of HAc, HPr, P, polyphosphate, PHA, glycogen and active biomass 

used in this simulation correspond to the initial concentrations from the 75-25% HAc-

HPr batch test, which is similar to the operational conditions of the parent SBR. The 

simulation was executed for an operational period of 24 days (96 cycles), which 

corresponds to 3 SRT. 

 

3.2.6 ERROR ANALYSIS 

Percent error was calculated using the normalized root mean squared deviation 

(NRMSD), through the following equation:   
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     (3.1) 

 

where xmeas and xpred correspond to the measured and predicted concentrations for 

each parameter (VFA, P, PHA and glycogen) and xmeas,min and xmeas,max correspond to 

the minimum and maximum measured concentrations.  

 

3.2.7 ANAEROBIC STOICHIOMETRIC CALCULATIONS  

The anaerobic stoichiometry of each batch test was determined as the ratio of 

the maximum rates of P release, glycogen hydrolysis, polyhydroxybutyrate (PHB), 

polyhydroxy-2-methylbutyrate (PH2MB), polyhydroxyvalerate (PHV), polyhydroxy-2-

methylvalerate (PH2MV) and PHA production, per VFA uptake. These rates and their 

respective standard deviations were determined through SigmaPlot 11 (Systat 

Software Inc.). The standard deviation of the anaerobic stoichiometry was determined 

through the calculation of error propagation for division using the following equation: 

 

z
y

Δy

x

Δx
Δz

22
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
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
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      (3.2) 

 

where Δz corresponds to the error of the anaerobic stoichiometric ratio, Δx 

corresponds to the standard deviation of the P release, glycogen hydrolysis, PHB, 

PH2MB, PHV, PH2MV or PHA production rates, Δy corresponds to the standard 

deviation of the VFA uptake rate, x corresponds to the P release, glycogen hydrolysis, 

PHB, PH2MB, PHV, PH2MV or PHA production rates, y corresponds to the VFA uptake 

rate and z corresponds to the value of the anaerobic stoichiometric ratio. 

ATP and redox balances were also performed on the experimental data. The 

ATP balance percentage was defined as the ratio of ATP production (through 

polyphosphate hydrolysis and glycogen degradation) per ATP consumption (for VFA 

uptake). The redox level of all reactants (VFA, glycogen and polyphosphate) and 

products (PHA and phosphate) were also calculated, and the redox balance 
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percentage was defined as the ratio of the products per reactants. These calculations 

were based on the equations proposed by Smolders et al. (1994) and Oehmen et al. 

(2005c), for acetate and propionate, respectively.    

 

3.3 RESULTS AND DISCUSSION 

3.3.1 SBR PERFORMANCE AND CULTURE CHARACTERISATION 

The strategy of feeding acetate and propionate combined in a proportion of 75-

25%, on a COD basis, successfully selected a PAO enrichment, as shown by FISH 

quantification. Accumulibacter PAOs were the dominant organisms present in the 

sludge, representing 85 ± 2% of all bacteria, although Competibacter GAOs were also 

present, but in much lower abundance (17 ± 7%) (Figure 3.1). Defluviicoccus vanus 

GAOs were not detected. This enrichment was attained after two months of SBR 

operation, when steady state conditions were achieved. A P removal efficiency of 

approximately 99% was observed, as well as a clear PAO phenotype regarding P, PHA 

and glycogen cycling. The average P concentration in the effluent was 0.64 ± 0.26 mg 

P/L. The P release and P uptake were 64.6 ± 10.8 mg P/L and 93.4 ± 9.7 mg P/L, 

respectively, during this period, with an average Prelease/VFAuptake ratio of 0.35 ± 0.14 P-

mol/C-mol. 

This population structure is in agreement with Lopez-Vazquez simulations 

(2009) that predict an enrichment of about 85% of PAOs and about 15% for GAOs, 

when the carbon source is a mixture of 75-25% HAc-HPr. This is the first time that this 

result is experimentally validated, suggesting that the presence of propionate, even at 

only 25% of the COD fed, may have contributed to the enrichment of PAOs in 

detriment of GAOs. In order to investigate the kinetic impact of VFA mixtures, batch 

tests with different ratios of HAc to HPr were performed after this 2 month period of 

reactor steady state operation with good P removal. 
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Figure 3.1 – Illustrative FISH image of the abundance of a) Accumulibacter, targeted by 

PAOmix and b) Competibacter, targeted by GAOmix. Specific populations are in magenta and 

other bacteria are in blue. Bar = 10 µm. 

 

3.3.2 ANAEROBIC METABOLISM 

Complete VFA uptake was observed in all batch tests, as can be observed in 

Figure 3.2. As observed in the studies of Oehmen et al. (2005b) and Pijuan et al. 

(2004), the maximum acetate and propionate uptake rates were similar when each 

substrate was fed individually (Table 3.1). However, when both substrates were fed, 

although HAc and HPr were taken up simultaneously (Figure 3.2b, c, d), HPr was 

depleted more quickly in each test. The maximum propionate uptake rate was similar in 

all batch tests where it was present (average 0.18 ± 0.02 C-mol/(C-mol biomass·h)). In 

contrast, the HAc uptake rate decreased from 0.21 ± 0.02 to 0.06 ± 0.01 C-mol/(C-mol 

biomass·h) as the initial HPr fraction increased (Table 3.1). This shows that PAOs 

exhibit a preference for HPr uptake as compared to HAc when both substrates are 

present simultaneously. A preference for HPr uptake could be related to the fact that 

PAOs require less energy from polyphosphate hydrolysis and glycogen degradation 

per C-mol of HPr uptake as compared to acetate (Table 3.2). Furthermore, PAOs could 

possess a higher substrate affinity for HPr as compared to HAc (i.e. lower Ks) through 

independent substrate transport mechanisms, or substrate competition could exist for a 

common transport mechanism for both HAc and HPr. 
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Figure 3.2 – Comparison of anaerobic experimental results (acetate (○), propionate (X), P (+), 

PHAs (Δ) and glycogen (□)) and model description (solid line) obtained in the five batch tests. 

Each batch test had a different proportion of acetate and propionate: a: 200 mg COD HAc/L; b: 

150 mg COD HAc/L and 50 mg COD HPr/L; c: 100 mg COD HAc/L and 100 mg COD HPr/L; d: 

50 mg COD HAc/L and 150 mg COD HPr/L; e: 200 mg COD HPr/L. 
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Table 3.1 – Acetate and propionate uptake rates for batch tests carried out with different 

acetate and propionate fractions. 

 

HAc:HPr  

mg COD/L 
% HAc-HPr 

qHAc 

C-mol/(C-mol biomass·h) 

qHPr 

C-mol/(C-mol biomass·h) 

a 200:0 100-0 0.21 ± 0.02 - 

b 150:50 75-25 0.15 ± 0.01 n.d. 

c 100:100 50-50 0.07 ± 0.01 0.17 ± 0.01 

d 50:150 25-75 0.06 ± 0.01 0.20 ± 0.01 

e 0:200 0-100 - 0.18 ± 0.01 

n.d.: not determined, the number of data points was insufficient to calculate a rate due to rapid 
propionate depletion 
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In order to better understand if the observed preference for HPr vs HAc uptake 

was due to different substrate affinities or to substrate competition, two additional 

anaerobic batch tests were performed, in parallel, with 50 mg COD/L of HAc and 150 

mg COD/L of HPr (i.e. identical to the 25-75% HAc-HPr test) fed simultaneously, and 

50 mg COD/L of HAc fed as single substrate. If the substrate affinity hypothesis was 

true, the HAc uptake rate would be the same in both tests, while if the substrate 

competition hypothesis was true the HAc uptake rate would be higher when HAc was 

fed alone. As can be observed in Figure 3.3, the acetate uptake rate was slower when 

HPr was present (0.07 C-mol/(C-mol biomass·h)) as compared to the test with acetate 

alone (0.17 C-mol/(C-mol biomass·h)). This result supports the validity of the substrate 

competition hypothesis where substrate competition was the main factor causing the 

decreased HAc uptake at higher HPr fractions, and not a difference between the 

affinity for HAc and HPr substrates.  
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Figure 3.3 – VFA profiles in anaerobic batch tests to study the substrate competition and affinity 

hypotheses.  

 

As the maximum propionate uptake rate was similar for all tests with HPr 

addition (Table 3.1), a constant value of qsmax_PAO_HPr = 0.18 ± 0.02 C-mol/(C-mol·h) 

was implemented in the propionate uptake kinetic expression of the model (see 

Appendix D for full expression). In accordance with the experimental observations, the 

maximum acetate uptake parameter (qsmax_PAO_HAc) was a function of the propionate 

concentration (SHPr), as defined below: 

SHPr > KS_HPr_PAO: qsmax_PAO_VFA - qsmax_PAO_HPr = qsmax_PAO_HAc 

SHPr ≤ KS_HPr_PAO: 0.22 C-mol/(C-mol·h) = qsmax_PAO_HAc 
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where KS_HPr_PAO is the half-saturation coefficient for propionate uptake (KS_HPr_PAO = 

KS_HAc_PAO = 0.001 C-mmol/L) (Oehmen et al., 2010) and qsmax_PAO_VFA is the maximum 

total VFA uptake rate, which was found to be 0.25 ± 0.02 C-mol/(C-mol·h) in this study. 

The acetate uptake parameter (qsmax_PAO_HAc) was used in the anaerobic acetate uptake 

equation, as shown below: 
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     (3.3) 

 

Interestingly, the maximum VFA uptake rate was higher when both HAc and 

HPr were present, as compared to when either substrate was present alone. This was 

also observed for Defluviicoccus vanus GAOs (Dai et al., 2007) and suggests that, 

although there is competition for the two substrates, some synergetic effects also 

occur. As observed in the present study, Defluviicoccus vanus GAOs prefer HPr to 

HAc (Dai et al., 2007), and their HPr uptake rate was higher than obtained for PAO 

culture. Thus, a mixture of acetate and propionate (75-25% HAc-HPr) can present an 

advantage for PAOs over both Competibacter and Defluviicoccus vanus GAOs. 

The model was able to describe very well the anaerobic experimental results for 

acetate and propionate uptake, P release, PHA production and glycogen consumption, 

as shown in Figure 3.2. The NRMSD between the model predictions and experimental 

data was 7% for acetate, 7% for propionate, 7% for P, 9% for PHA and 11% for 

glycogen.  

The anaerobic transformations associated with HAc and HPr uptake by PAOs 

(i.e. P release, glycogen consumption, PHA production) relative to 1 C-mmol of VFA 

uptake are presented in Table 3.2, where metabolic model predictions based on either 

HAc or HPr uptake are shown for comparison purposes. It can be observed that with a 

higher HPr fraction, less P is released, less glycogen is consumed and, in general, less 

PHA is produced, which is also the trend predicted by the metabolic models of HPr vs 

HAc. The glycogen transformations were generally lower than the metabolic model 

predictions, which could suggest that reducing equivalents may also be generated 

through the TCA cycle (Lanham et al., 2013a; Majed et al., 2012; Zhou et al., 2010). 

The ATP and redox balances of the experimental data are also presented in Table 3.2. 
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While the balances were reasonably closed in the case of 75-25% HAc-HPr (97% and 

85% for the ATP and redox balance, respectively), some deviations were observed for 

the other tests, particularly the redox balance. This could be explained by the fact that 

these balances assume steady-state conditions, which is not necessarily a valid 

assumption after a short-term change in the carbon source composition. The % acetyl-

CoA and % propionyl-CoA for each batch was also presented in Table 3.2 and were 

determined using equations 3.4 and 3.5 (Zeng et al., 2003): 
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As can be observed by these results, the composition of PHAs is concordant 

with the change of carbon source, where an increase in the % propionyl-CoA was 

found with the increase of HPr concentration.  

   

3.3.3 AEROBIC METABOLISM 

The experimental data and model predictions for P, PHAs and glycogen 

obtained during the aerobic phase are represented in Figure 3.4. In all tests, P was 

removed to below 0.01 mg P/L at an average maximum rate of 0.048 ± 0.005 P-mol/(C-

mol biomass·h). This result showed that the P uptake rate was independent of the 

carbon source ratio used and the PHA fractions were used with identical efficiency for 

P removal. The average ratio of VSS/TSS for the five batch tests was 0.71 ± 0.06 

gVSS/gTSS, while the poly-phosphate content of the sludge was 12.3 ± 2.3%. Both 

data indicate the storage of polyphosphate by PAOs within the sludge, as also shown 

in previous studies (Oehmen et al., 2005a). 

The kinetic parameters of the metabolic model that describe the P uptake and 

poly-P formation, PHA degradation and glycogen production are presented in Table 

3.3. The kinetic rates for HAc are higher than the kinetic rates for HPr, as also 

observed in previous studies (Lopez-Vazquez et al., 2009). This result could be related 
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to the fact that less glycogen was consumed and less P was released during the 

preceding anaerobic period with HPr (Table 3.2), thus less glycogen was produced and 

there was less P to taken up in this experiment and less PHA was required for 

glycogen replenishment and P uptake. Nevertheless, the parameters obtained in the 

five experiments were within the same range (Table 3.3) and the parameters did not 

present a trend related with the variation of carbon source. Thus, the average of each 

kinetic parameter was used to validate the model, with the exception of the very low 

qglycogen with 100% HPr. The parameter for P uptake and poly-P formation (qPO4-PP) was 

comparatively stable regardless of the carbon source used, unlike the predictions of 

the Lopez-Vazquez et al. (2009) model. This fact could be due to the enrichment of the 

PAO culture with a mixture of HAc and HPr (75-25% HAc-HPr), unlike other studies for 

model development and validation, that only used HAc or HPr as the sole carbon 

source. The fact that the qPO4-PP parameter was the most stable (Table 3.3), while the 

glycogen production and biomass growth rates varied slightly with the PHA 

degradation rate, suggests that PAOs tend to prioritise P uptake, while sacrificing 

glycogen production and cell growth, at lower intracellular PHA levels.      

The carbon and phosphorus transformations can be well described by the 

kinetic parameters found in the model (Figure 3.4), with the exception of the batch test 

with only propionate as carbon source, where a high difference between the modelled 

and experimental glycogen data was observed, likely due to the low anaerobic 

glycogen consumption as described above. The NRMSD for the aerobic estimation of 

PHA, glycogen and P was 10%, 10% and 5%, respectively. 

The results of this study suggest that the kinetic parameters for PHA, glycogen 

and P are independent of HAc and HPr concentration. This is of high relevance when 

modelling WWTPs, since the carbon source is usually a mixture of HAc and HPr (with a 

higher HAc fraction), facilitating the use of a constant set of kinetic parameters in most 

situations of WWTP operation. 
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Figure 3.4 – Profile of aerobic P (+), PHAs (Δ) and glycogen (□) transformations and model 

predictions (solid line) for all batch tests. The feed solution for each test was: a) 200 mg COD 

HAc/L; b) 150 mg COD HAc/L and 50 mg COD HPr/L; c) 100 mg COD HAc/L and 100 mg COD 

HPr/L; d) 50 mg COD HAc/L and 150 mg COD HPr/L; e) 200 mg COD HPr/L. The model 

description was obtained through Aquasim simulations, using one parameter set to describe the 

PHA, P and glycogen profiles (Table 3.3).



3. THE EFFECT OF SUBSTRATE COMPETITION ON THE METABOLISM OF 

POLYPHOSPHATE ACCUMULATING ORGANISMS (PAOS)  

45 

 

 

N
o
te

: S
ta

n
d

a
rd

 d
e
v
ia

tio
n
 fo

r in
d
iv

id
u
a

l b
a
tc

h
 te

s
ts

 w
a
s
 d

e
te

rm
in

e
d

 th
ro

u
g
h

 A
q

u
a
s
im

, a
n
d
 th

e
 m

o
d
e

l s
ta

n
d
a
rd

 d
e
v
ia

tio
n
 c

o
rre

s
p
o

n
d

s
 to

 th
e

 
s
ta

n
d
a
rd

 d
e
v
ia

tio
n
 o

f th
e
 a

v
e
ra

g
e
 o

f e
a
c
h

 p
a
ra

m
e
te

r. 

 

1
0
0
%

 H
P

r 
(O

e
h
m

e
n

 e
t a

l., 

2
0
1
0
) 

1
0
0
%

 H
P

r 

(L
o
p
e
z
-V

a
z
q
u
e
z
 

e
t a

l., 2
0
0
9
) 

1
0
0
%

 H
A

c
 

(L
o
p
e
z
-V

a
z
q
u
e
z
 

e
t a

l., 2
0
0
9
) 

M
o
d
e

l 

(T
h
is

 s
tu

d
y
) 

0
-1

0
0
%

 
H

A
c
-H

P
r 

2
5
-7

5
%

 
H

A
c
-H

P
r 

5
0
-5

0
%

 

H
A

c
-H

P
r 

7
5
-2

5
%

 
H

A
c
-H

P
r 

1
0
0
-0

%
 

H
A

c
-H

P
r 

  

T
a
b

le
 3

.3
 –

 A
e
ro

b
ic

 k
in

e
tic

 p
a
ra

m
e
te

rs
 o

f th
e
 m

o
d

e
l u

s
e
d
 in

 th
is

 s
tu

d
y
. 

0
.3

0
 

0
.3

3
0

 

0
.8

0
0

 

0
.2

3
 ±

 0
.0

6
 

0
.1

4
 ±

 0
.0

1
 

0
.2

8
 ±

 0
.0

1
 

0
.2

7
 ±

 0
.0

1
 

0
.1

9
 ±

 0
.0

1
 

0
.2

6
 ±

 0
.0

2
 

C
-m

o
l/(C

-m
o

l b
io

m
a
s
s
·h

) 

q
P

H
A
 

0
.0

1
5
0

 

0
.0

0
8

 

0
.0

1
5

 

0
.0

0
3
0
 ±

 0
.0

0
0
7

 

0
.0

0
0
5
 ±

 0
.0

0
0
3

 

0
.0

0
3
7
 ±

 0
.0

0
0
9

 

0
.0

0
2
8
 ±

 0
.0

0
0
6

 

0
.0

0
3
5
 ±

 0
.0

0
0
5

 

0
.0

0
2
1
 ±

 0
.0

0
1
0

 

C
-m

o
l/(C

-m
o

l b
io

m
a
s
s
·h

) 

q
G

ly
c
o

g
e
n  

0
.0

0
3
8

 

0
.0

0
2

 

0
.0

2
0

 

0
.0

0
7
3
 ±

 0
.0

0
0
9

 

0
.0

0
6
1
 ±

 0
.0

0
1
4

 

0
.0

0
7
1
 ±

 0
.0

0
2
6

 

0
.0

0
7
2
 ±

 0
.0

0
1
4

 

0
.0

0
7
2
 ±

 0
.0

0
1
1

 

0
.0

0
8
7
 ±

 0
.0

0
2
0

 

P
-m

o
l/(C

-m
o

l b
io

m
a
s

s
·h

) 

q
P

O
4
-P

P  

- - - 

0
.0

5
0
 ±

 0
.0

2
3

 

0
.0

2
8
 ±

 0
.0

0
0

 

0
.0

7
2
 ±

 0
.0

0
1

 

0
.0

6
9
 ±

 0
.0

0
1

 

0
.0

2
3
 ±

 0
.0

0
0

 

0
.0

6
0
 ±

 0
.0

0
1

 

C
-m

o
l/(C

-m
o

l b
io

m
a
s
s
·h

) 

B
io

m
a
s
s

 g
ro

w
th

 ra
te

 



3. THE EFFECT OF SUBSTRATE COMPETITION ON THE METABOLISM OF 

POLYPHOSPHATE ACCUMULATING ORGANISMS (PAOS)  

46 

 

3.3.4 LONG-TERM SIMULATION RESULTS 

The long-term simulation results confirmed the model robustness, since after 3 

SRT the VFA, PHA and P concentrations remained relatively well described and 

comparable to the experimental data (Figure 3.5). However, the glycogen 

concentration was observed to decrease after the 24 days of simulation. This could be 

related with the fact that the model did not incorporate reducing equivalents generated 

by the anaerobic TCA cycle, but only through glycogen degradation, leading to higher 

predicted glycogen consumption and, consequently, a decrease in glycogen 

concentration. The difficulty in achieving a consistently good description of glycogen 

dynamics in PAOs is well recognised in the literature (Brdjanovic et al., 2000; Lopez-

Vazquez et al., 2009; Meijer et al., 2002; Van Veldhuizen et al., 1999). Recently, 

Lanham et al. (2014) proposed the incorporation of the anaerobic TCA cycle into the 

PAO model to describe their results using full-scale wastewater sludge, which could be 

considered in future studies. Nevertheless, in addition to the good description of the 

VFA, PHA and P, the biomass growth was also well described. After 96 cycles, the 

simulated biomass concentration remained relatively stable, varying less than 5%, with 

a concentration of 61.33 C-mmol/L and 59.47 C-mmol/L in the 1st and 96th cycle, 

respectively. Overall, the long-term simulation study supported the applicability of the 

estimated kinetic parameters of the model. 
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Figure 3.5 – Comparison between long-term simulation (solid lines) results obtained in the 1
st
 

and 96
th
 cycle and the experimental data (points: acetate (○), propionate (X), P (+), PHA (Δ), 

glycogen (□), polyphosphate (PP) (grey line)). 
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3.3.5 IMPLICATIONS FOR FULL-SCALE SYSTEMS 

Supplementation of the VFA content of the wastewater influent is often 

performed in WWTPs through prefermentation, and occasionally through external 

carbon dosing. The results of this study suggest that even relatively small increases in 

the propionate fraction can be advantageous for EBPR performance. Thomas et al. 

(2003) showed that the addition of molasses to the prefermenter, instead of direct 

supplementation with acetic acid, improved P removal, likely due to the increase in 

propionate fraction and elimination of GAOs. Molasses addition to prefermenters may 

be a more cost-effective solution to increase the propionate fraction of wastewater 

influents, due to the high costs associated with direct propionate supplementation.  

The metabolic model of this study is more able to describe the behaviour of 

PAOs fed with mixed VFAs as compared to previous work. Indeed, while acetate is 

generally the most abundant VFA fraction present in most WWTPs, propionate is often 

present as well, which may have a significant impact on the microbial population 

selection and performance of the plant. Moreover, the finding that the aerobic kinetic 

parameters are insensitive to changes in carbon source implies a simpler calibration 

procedure when applying metabolic models to describe the behaviour of full-scale 

WWTPs. This suggests that plants employing occasional carbon dosing to the system 

(thereby changing the carbon source fractions) would not require re-calibration when 

accounting for the impact of this procedure on process performance. 

 

3.4 CONCLUSIONS 

An SBR was enriched with Accumulibacter PAO, using a combined feed of 

acetate and propionate (75-25% HAc-HPr), achieving good EBPR performance. The 

batch tests showed that propionate was depleted more quickly when both carbon 

sources are present, with an uptake rate similar for all batch tests (0.18 ± 0.02 C-

mol/(C-mol biomass·h)), while the acetate uptake rate decreased with the increase of 

propionate concentration from 0.21 ± 0.02 to 0.06 ± 0.01 C-mol/(C-mol biomass·h). 

The difference between the acetate and propionate uptake rates for the PAO culture is 

due to the competition between these two substrates. The use of a combined carbon 

source feed (75% acetate and 25% propionate) seems more advantageous for PAOs 

over Competibacter and Defluviicoccus vanus GAOs, due to the high enrichment of 

PAOs (85 ± 2%) obtained in this study. The metabolic model obtained through the 

introduction of the anaerobic substrate competition effect described very well the 
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experimental data for carbon uptake. The aerobic kinetic parameters for PHA, 

glycogen and P were shown to be relatively independent of the concentration of 

acetate or propionate, showing that in WWTPs the metabolic model parameters do not 

need to be changed as a function of the VFA source.  
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4 THE IMPACT OF AERATION ON THE COMPETITION 

BETWEEN POLYPHOSPHATE ACCUMULATING 

ORGANISMS AND GLYCOGEN ACCUMULATING 

ORGANISMS 

 

SUMMARY: In wastewater treatment plants (WWTP), aeration is the major energetic 

cost, thus its minimisation will improve the cost-effectiveness of the process. This study 

shows that both the dissolved oxygen (DO) concentration and aerobic hydraulic 

retention time (HRT) affects the competition between polyphosphate accumulating 

organisms (PAOs) and glycogen accumulating organisms (GAOs). At low DO levels, 

Accumulibacter PAOs were shown to have an advantage over Competibacter GAOs, 

as PAOs had a higher oxygen affinity and thus largely maintained their aerobic activity 

at low DO levels, while GAO activity decreased. Bioreactor operation at low DO levels 

was found to increase the PAO fraction of the sludge. Furthermore, an increase in 

aerobic HRT (at a DO level of 2 mg O2/L), promoted the proliferation of GAOs over 

PAOs, decreasing the EBPR efficiency. Overall, this study shows that low aeration can 

be beneficial for EBPR performance through selecting for PAOs over GAOs, which 

should be incorporated into WWTP models in order to minimise energetic costs and 

improve WWTP sustainability. 

4 
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4.1 INTRODUCTION 

In wastewater treatment plants (WWTPs), the economic, environmental and 

social factors should be considered in order to improve process sustainability (Molinos-

Senante et al., 2012; Muga and Mihelcic, 2008). Improving the energetic efficiency of 

WWTPs is central to this theme, as minimising energetic inputs both lowers operational 

costs and reduces indirect greenhouse gas emissions. Several factors contribute 

towards WWTP energy consumption, where the aeration requirements are typically the 

most significant. Indeed, it has been estimated that the aeration requirements 

correspond to 45-75% of WWTP energetic costs (Rosso et al., 2008), so it is 

necessary to decrease the oxygen requirements in order to improve the cost-

effectiveness of the WWTP.  

Enhanced biological phosphorus removal (EBPR) is an economic and 

sustainable process used to remove phosphorus (P) from wastewater. In this process, 

it is necessary to control the competition between polyphosphate accumulating 

organisms (PAOs) and another group of microorganisms known as glycogen 

accumulating organisms (GAOs) (Oehmen et al., 2007). Minimising the growth of 

GAOs improves the efficiency of organic carbon and oxygen utilisation for P removal, 

thus minimising P effluent concentrations.  

The competition between PAOs and GAOs, and consequently the efficiency of 

EBPR, can be affected by several factors, such as pH (Filipe et al., 2001; Lopez-

Vazquez et al., 2009; Weissbrodt et al., 2013; Zhang et al., 2007), temperature (Lopez-

Vazquez et al., 2009; Weissbrodt et al., 2013; Whang and Park, 2006), volatile fatty 

acids (VFA) composition of the wastewater (Lopez-Vazquez et al., 2009; Oehmen et 

al., 2006), sludge age (Whang and Park, 2006) and the ratio of P to organic carbon in 

the influent (Liu et al., 1997). However, the effect of aeration on the PAO-GAO 

competition has never been systematically studied.  

Previous studies have shown that PAOs can be selected over GAOs at 

dissolved oxygen (DO) concentrations of about 0.5 mg/L (Lemaire et al., 2006), and 

high DO concentrations > 3 mg/L (Oehmen et al., 2005; Pijuan et al., 2004), achieving 

successful EBPR operation. Griffiths et al. (2002) performed morphological 

observations of WWTP sludges and hypothesised that the DO concentration could 

affect the quantity of tetrad forming organisms thought to be GAOs. Numerous studies  

(Li and Chen, 2011; Li et al., 2008; Zheng et al., 2009), have operated EBPR systems 

at very low DO concentrations (0.15 - 0.45 mg/L), with variable P removal efficiency 
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achieved (61% - 99%). However, none of these studies have investigated the effect of 

DO concentration on the microbial community and their metabolism, thus it is still 

unknown how the DO level impacts the PAO-GAO competition and EBPR efficiency.  

Furthermore, it is not only the DO concentration that can affect the success of 

EBPR, but also the length of the aerobic period. Brdjanovic et al. (1998) showed 

through a series of short-term tests that extended aerobic periods can promote the 

deterioration of the EBPR process through excessive consumption of their internal 

storage polymers. Since both PAOs and GAOs depend on the consumption of storage 

polymers such as polyhydroxyalkanoates (PHA) aerobically, it is unclear if increased 

PHA consumption would be more beneficial for PAO or GAO. Thus it is important to 

study the impact of aerobic hydraulic retention time (HRT) on the competition between 

PAOs and GAOs, since its effect on the microbial selection of PAOs vs GAOs is not yet 

known.  

In this study, the effect of aeration on the competition between PAOs and GAOs 

was investigated for the first time. For this purpose, batch tests of enriched PAO and 

GAO cultures were performed at different DO levels, in order to determine how the 

aerobic kinetics of each population varies as a function of the DO concentration. 

Moreover, long-term tests were performed to assess the performance and microbial 

population of each system operated at different DO levels. Finally, the impact of the 

aerobic HRT on the microbial population and EBPR performance was also studied. 

This knowledge will contribute towards the understanding of the competition between 

PAOs and GAOs as a function of both the DO concentration and the aerobic HRT. This 

could lead to the development of strategies to minimise WWTP energetic costs, 

improving the EBPR efficiency, and enabling greater sustainability of these processes.   

 

4.2 MATERIALS AND METHODS 

4.2.1 SBR OPERATION 

Two sequencing batch reactors (SBR - see Appendix H) with 2L of working 

volume were operated to obtain enriched cultures of PAOs and GAOs. The reactors 

were seeded with sludge from a wastewater treatment plant in Lisbon, Portugal. Each 

cycle consisted of 6 hours, with a 2 hour anaerobic period, 3 hour aerobic period and 1 

hour settle/decant period. Both reactors were fed, during the first 5 minutes of the 

anaerobic phase, with one liter of synthetic medium and were operated with a hydraulic 
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retention time (HRT) of 12 hours and a solids retention time (SRT) of 8 days. The initial 

chemical oxygen demand (COD) concentration in each reactor was 200 mg/L, where 

the PAO reactor contained a mixture of  acetate (HAc) and propionate (HPr) as carbon 

source (75-25% HAc-HPr), while the GAO reactor was fed with only HAc. The 

difference in carbon source fed to each system was based on a previous study (Lopez-

Vazquez et al., 2009) that predicted that PAOs would proliferate with a 75-25% HAc-

HPr ratio and GAOs would proliferate with only HAc. The 1L synthetic medium was 

composed of 250 mL of solution A and 750 mL of solution B. Solution A contained per 

liter, in both reactors: 0.59 g NH4Cl, 0.95 g MgSO4.7H2O, 0.44 g CaCl2.2H2O, 11.7 mg 

allyl-N thiourea (ATU, a nitrification inhibitor), 31.7 mg ethylene-diaminetetraacetic 

(EDTA), 3.17 mL of a micronutrients, 2.55 g C2H3O2Na.3H2O and 270µL C3H6O2 in the 

PAO reactor or 3.40 g C2H3O2Na.3H2O in the GAO reactor. The micronutrient solution 

(based on Smolders et al.(1994)) contained per litre: 1.5 g FeCl3.6H2O, 0.15 g H3BO3, 

0.03 g CuSO4.5H2O, 0.18 g KI, 0.12 g MnCl2.4H2O, 0.06 g Na2MoO.2H2O, 0.12 g 

ZnSO4.7H2O, 0.15 g CoCl2.6H2O. Solution B contained per liter: 124.1 mg K2HPO4 and 

96.8 mg KH2PO4 in the PAO reactor and 7.50 mg K2HPO4 and 5.86 mg KH2PO4 in the 

GAO reactor. In both reactors, the temperature was controlled at 20 ± 1ºC. pH was 

controlled, by automatic addition of 0.1 M HCl, at 7.5 and 7.0 for PAO and GAO 

reactors, respectively, which is also consistent with previous predictions for the 

selection of PAOs and GAOs, respectively (Lopez-Vazquez et al., 2009). To ensure 

anaerobic conditions in the reactors, argon was bubbled at a flow rate of approximately 

15 mL/min. In the aerobic phase, the dissolved oxygen was maintained at 8 ± 0.2 mg 

O2/L (with continuous aeration) or controlled at 2 ± 0.2 mg O2/L using an on/off control 

valve. Both reactors were operated for >3 SRT at the aforementioned conditions with 

continuous aeration before commencing DO control at 2 mg O2/L. Operation with DO 

control continued for >3 SRT prior to performing the batch tests detailed below. The 

objective of this decrease in DO concentration to 2 mg O2/L was to mimic the DO level 

often experienced in full-scale EBPR plants.  

The SBRs were monitored through routine sampling of volatile fatty acids 

(VFAs), P, PHAs and glycogen along the anaerobic/aerobic cycles. Total suspended 

solids (TSS) and volatile suspended solids (VSS) samples were taken at the end of the 

aerobic phase, while fluorescence in situ hybridisation (FISH) samples were taken at 

the end of both the anaerobic and aerobic phases. 
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4.2.2 BATCH EXPERIMENTS AT DIFFERENT DO LEVELS 

After the SBRs were operated at DO = 2 mg O2/L for > 3 SRT, five aerobic 

batch tests were performed to study the effect of different DO concentrations (0.6 ± 0.1, 

1.0 ± 0.2, 2.1 ± 0.2, 3.1 ± 0.1 and ~8 mg O2/L, respectively) on each culture. In order to 

estimate the oxygen affinity coefficient, two additional batch tests were performed for 

the PAO culture at 0.3 ± 0.1 and 0.1 ± 0.0 mg O2/L, respectively. Waste sludge (500 

mL) was taken from the PAO or GAO reactor at the end of the anaerobic phase for 

these tests. The DO concentration was controlled using an on/off valve in all 

experiments except at a DO of ~8 mg O2/L, which was achieved through continuous 

aeration. The pH was controlled at 7.5 and 7.0 for PAOs and GAOs, respectively.   

Samples for PHA, glycogen, and phosphate (in the case of PAOs) quantification 

were taken at various points over time and analysed by the methods described below. 

Samples for TSS, VSS and FISH analysis were obtained at the end of the experiment.  

 

4.2.3 EFFECT OF AEROBIC HYDRAULIC RETENTION TIME (HRT)  

The effect of increasing the aeration period on the PAO SBR was also studied. 

The cycle time was increased from 6h to 12h in this reactor, consisting of a 2 hour 

anaerobic period, 9 hour aerobic period and 1 hour settle/decant period. The HRT and 

SRT were 1 and 16 days, respectively. The SRT was increased to 16 days in order to 

maintain a constant biomass concentration and avoid biomass washout, thereby 

maintaining constant the food to microorganism ratio (F/M) during the study, since this 

ratio can affect the EBPR stability (Ahn and Park, 2008). The DO concentration was 

controlled at 2 ± 0.2 mg O2/L, while other operational conditions (e.g. pH and 

temperature), feed composition and sampling procedures were identical to those 

detailed in section 4.2.1. 

 

4.2.4  CHEMICAL ANALYSIS 

The TSS, VSS, PHA, glycogen, phosphate and total phosphate were 

determined as described in section 3.2.3 – Chapter 3. 

Error bars represented in the figures correspond to the error of the PHA and 

glycogen method determined in Lanham et al. (2012, 2013) and the standard deviation 

of P and VFA analysis. The standard deviation of the anaerobic transformations and 
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VSS/TSS ratio were determined through the calculation of error propagation as 

described in section 3.2.7 - Chapter 3.  

 

4.2.5 MICROBIAL ANALYSIS 

Fluorescence in situ hybridisation (FISH) was performed as described in section 

3.2.3 – Chapter 3. The probes used were: EUBMIX (EUB338, EUB338-II and EUB338-

III), PAOMIX (PAO 651, 462 and 846); GAOMIX (GAOQ989 and GB_G2); 

Defluviicoccus vanus-related GAOs cluster I (TFO_DF218 and TFO_DF618), cluster II 

(DF988 and DF1020), cluster III (DF1013 and DF1004) and cluster IV (DF181A and 

DF181B). 

 

4.2.6 PARAMETER ESTIMATION 

To estimate the aerobic kinetic parameters (qPHA, qGlycogen and qPP) of PAOs and 

GAOs, a previously developed metabolic model (Lanham et al., (2014); Oehmen et al., 

2010) was used. The equations describing the PHA degradation (equation 4.1), 

glycogen production (equation 4.2) and poly-P formation (equation 4.3) of PAOs, and 

the PHA degradation (equation 4.4) and glycogen production (equation 4.5) of GAOs 

are shown below (see Table 4.1 for definition of components and parameters): 
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Table 4.1 – Parameter description and kinetic coefficients for Accumulibacter PAO and 

Competibacter GAO (Lanham et al., (2014); Oehmen et al., 2010). 

Parameter Description Value Units 

qPAO,PHA,OX 
PHA degradation rate for PAOs -

a 
C-mol/(C-mol.h) 

qPAO,GLY,OX Glycogen production rate for PAOs -
a 

C-mol/(C-mol.h) 

qPAO,PO4_PP,OX P-uptake rate for PAOs -
a 

C-mol/(C-mol.h) 

qGAO,PHA,OX PHA degradation rate for GAOs -
a 

C-mol/(C-mol.h) 

qGAO,GLY,OX Glycogen production rate for GAOs -
a 

C-mol/(C-mol.h) 

XPAO Biomass concentration of PAOs - C-mmol/L 

XPAO,PHA PHA concentration in PAO - C-mmol/L 

XPAO,Gly Glycogen concentration in PAO - C-mmol/L 

XPAO,PP Poly-phosphate concentration in PAO - C-mmol/L 

XGAO Biomass concentration of GAOs - C-mmol/L 

XGAO,PHA PHA concentration in GAO - C-mmol/L 

XGAO,Gly Glycogen concentration in GAO - C-mmol/L 

SPO4 P concentration in the bulk liquid - P-mmol/L 

SO2 Oxygen concentration - mg/L 

fPAO,PHA Fraction of PHA in PAO - C-mol/C-mol 

fPAO,GLY Fraction of glycogen in PAO - C-mol/C-mol 

fPAO,,PP Fraction of poly-P in PAO - C-mol/C-mol 
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fGAO,PHA Fraction of PHA in GAO - C-mol/C-mol 

fPAO,GLY Fraction of glycogen in GAO - C-mol/C-mol 

fPAO,GLY,max 
Maximum glycogen content per PAO 

biomass concentration 
0.8 C-mol/C-mol 

fPAO,PP,max 
Maximum poly-P content per PAO 

biomass concentration 
0.30 P-mol/C-mol 

fGAO,GLY,max 
Maximum glycogen content per GAO 

biomass concentration 
0.5 C-mol/C-mol 

KS,PHA Half-saturation coefficient for PHA 
0.13 (PAO) 

0.12 (GAO) 
C-mmol/L 

KS,GLY Half-saturation coefficient for glycogen 0.01 C-mmol/L 

KS,PP 
Half-saturation coefficient for poly-

phosphate (poly-P) 
0.01 P-mmol/L 

KS,PO4 
Half-saturation coefficient for 

orthophosphate 
0.01 P-mmol/L 

KS,O2 Half-saturation coefficient for oxygen 0.01 O2-mmol/L 

a
See Appendix F and G for estimation as a function of the DO concentration. 

 

The parameter estimation tool of Aquasim (Reichert, 1994) was used to 

estimate the maximum aerobic PHA degradation, glycogen production and P uptake 

rates for PAOs and GAOs from each batch test., The initial concentration of PHA, P 

and glycogen in aerobic phase was estimated simultaneously to each kinetic 

parameter. The estimated rate at each DO concentration was used to evaluate the 

relationship between the DO concentration and the aerobic kinetics as explained in 

section 3.2. The KS,PHA parameter was also estimated in this study, but did not vary 

significantly between the different batch tests (0.13 ± 0.03 C-mmol/L for PAOs and 0.12 

± 0.03 C-mmol/L for GAOs). All other parameters were equivalent to those proposed in 

previous studies (Lanham et al., (2014); Oehmen et al., 2010). The percent error 

between the model predictions and experimental data was determined through the 

normalised root mean square deviation (NRMSD) as described in section 3.2.6 - 

Chapter 3. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 PAO AND GAO SBR CHARACTERISATION AT TWO DIFFERENT DO LEVELS 

Each SBR was routinely monitored in order to characterise its performance with 

continuous aeration in the aerobic phase (DO ~8 mg O2/L) and with the DO controlled 

at 2 mg O2/L. Figure 4.1a (PAO) and 4.1b (GAO) present the SBR results where the 

DO concentration was maintained at 8 mg O2/L, while Figure 4.1c (PAO) and 4.1d 

(GAO) present the results obtained when the DO concentration was controlled at 2 mg 

O2/L. As expected, the VFAs were taken up in the anaerobic phase in each reactor and 

stored as PHA, with simultaneous glycogen degradation, while PHA degradation 

aerobically led to glycogen production. Anaerobic P release and aerobic P uptake was 

also observed in the PAO reactor. Interestingly, the quantity of P release and P uptake 

increased when the DO concentration decreased from 8 to 2 mg O2/L (Table 4.2), 

although a high P removal efficiency of 99 ± 1 % was achieved at both DO 

concentrations. The VSS/TSS ratio decreased with DO concentration decrease, which 

reflected the simultaneous increase in the content of inorganic polyphosphate in the 

sludge (Table 4.2). FISH quantification revealed that the PAO reactor was highly 

enriched in Accumulibater at both DO concentrations, while Competibacter were 

present in lower abundance (Table 4.2). However, Accumulibacter increased from 71 

to 90% and Competibacter decreased from 20% to <1% after the DO concentration 

was changed from 8 to 2 mg O2/L. The FISH results along with the P removal and 

polyphosphate storage by the sludge showed that the decrease in DO concentration 

was more advantageous for PAOs as compared to GAOs in this system.  
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Figure 4.1 – Profile of P and carbon transformations in the PAO reactor at DO concentrations of 

8 mgO2/L (a) and 2 mgO2/L (c) and carbon transformations in the GAO reactor at DO 

concentrations of 8 mgO2/L (b) and 2 mgO2/L (d) (VFA (□), PHA (Δ), P (◊), glycogen (○)).
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Table 4.2 – Comparison of the SBR-PAO and SBR-GAO at 2 and 8 mg O2/L.  

 PAO GAO 

 8 ± 0.2 mg O2/L 2 ± 0.2 mg O2/L 8 ± 0.2 mg O2/L 2 ± 0.2 mg O2/L 

TSS

VSS
 

(gVSS/gTSS) 

0.64 ± 0.09 0.57 ± 0.02 0.94 ± 0.08 0.96 ± 0.01 

Prelease (mg P/L) 45 ± 7 66 ± 11 - - 

Puptake (mg P/L) 78 ± 15 114 ± 15 - - 

% P 8.2 ± 2.8 15 ± 2 0.9 ± 0.4 1.0 ± 0.4 

Accumulibacter 

(%) 
71% (SEM: 9%) 90% (SEM: 1%) <1% <1% 

Competibacter 

(%) 
20% (SEM: 5%) 0.7% (SEM: 0.1%) 63% (SEM: 4%) 65% (SEM: 2%) 

 

The anaerobic transformations in the PAO reactor (i.e. P release, glycogen 

consumption, PHA production) relative to 1 C-mmol of VFA uptake are presented in 

Table 4.3. The P release per VFA uptake ratio was observed to increase substantially 

after the decrease in DO concentration from 8 to 2 mg O2/L, which agrees well with the 

increase in Accumulibacter PAOs at the expense of Competibacter GAOs. The total 

PHA production was observed to decrease slightly after changing the DO, while 

glycogen consumption increased, although both fractions were in the expected range 

for PAOs. The PHA composition (PHB, PHV, PH2MB and PH2MV) was also affected by 

the DO, along with the %Acetyl-CoA and %Propionyl-CoA (equations 4.7 and 4.8), 

where the lower DO concentration led to results that are more similar to those 

predicted by the PAO model with a 75-25% HAc:HPr carbon source fraction (Table 

4.3). The higher propionyl-CoA fraction observed at a DO concentration of 8 mg O2/L 

suggests greater activity by GAOs under this condition (Zeng et al., 2003), which 

agrees well with the FISH and performance results. 
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In the GAO reactor, the VSS/TSS ratio remained stable at approximately 0.95 

after the decrease of the DO concentration from 8 to 2 mg O2/L (Table 4.2), which 

agrees well with the very small quantity of inorganic P contained in the sludge (~1% at 

each DO level). FISH quantification showed that Competibacter was highly abundant 

(Table 4.2) at each DO concentration, while the Accumulibacter population was 

negligible. It should be noted that Defluviicoccus vanus-related GAOs were not 

observed in either reactor. The change in DO concentration therefore did not appear to 

impact the GAO population, perhaps due to the limited P concentration in the feed, 

ensuring that PAOs were not able to outcompete GAOs. The anaerobic 

transformations for the GAO reactor (i.e. glycogen consumption and PHA production) 

per C-mmol of VFA uptake are presented in Table 4.3 and show that while the 

glycogen consumption was similar at both DO concentrations, the PHA production 

decreased with the decrease of DO concentration. A possible explanation for this result 

could be related to the fact that when the DO concentration decreased, the aerobic 

PHA degradation also decreased, such that at the end of the aerobic period the PHA 

concentration at 2 mg O2/L was higher than at 8 mg O2/L (Figure 4.1b, d). 

Consequently, in the following anaerobic period, lower PHA production may have been 

necessary to approach their maximum PHA content, thereby leading to a lower 

PHA/VFA ratio. Nevertheless, the percentages of each monomer (PHB and PHV) and 

corresponding Acetyl-CoA and Propionyl-CoA fractions (equations 4.7 and 4.8) were 

similar in both situations and agreed with the anaerobic metabolic model predictions for 

GAOs (Zeng et al., 2003). Overall, the results from the 2 SBRs showed that the lower 

DO concentration appeared to be more advantageous for PAOs then for GAOs. 
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4.3.2 BATCH TESTS WITH DIFFERENT DO CONCENTRATIONS 

After acclimatisation of each culture to a DO concentration of 2 mg O2/L, which 

is a DO level routinely applied in WWTP, a series of aerobic batch tests were 

performed for each culture at different DO levels, in order to study the effect of DO 

concentration on the kinetics of PAO and GAO. The aerobic kinetic parameters (qPHA, 

qGlycogen and qP) were estimated according to the model equations presented in section 

4.2.6. Figure 4.2 and 4.3 present the experimental data and model description of each 

parameter for PAOs and GAOs, respectively, for each of the batch tests conducted. 

The calibrated parameters (see Appendix F and G) were found to describe well the 

aerobic metabolism of PAOs and GAOs. The normalized root mean squared deviation 

(NRMSD) for the aerobic estimation of PHA consumption, glycogen production and P 

uptake for PAO culture was 8%, 8% and 4%, respectively. For GAO culture, the 

NRMSD for PHA consumption and glycogen production was 6% and 6%, respectively. 

In the PAO reactor, at a DO concentration of 0.1 mg O2/L, the P uptake was not 

complete and glycogen was observed to be consumed during the cycle. This 

consumption can likely be explained by the necessity of energy generation for cell 

maintenance under this oxygen-limited condition. The energy for cell maintenance is 

typically generated aerobically through PHA degradation, as can be observed in the 

other experiments by the slow PHA degradation taking place once P uptake is 

completed and glycogen stabilises. Aerobic glycogen consumption for maintenance 

energy purposes has been previously observed in PAOs and GAOs (Lopez et al., 

2006; Lu et al., 2007; Vargas et al., 2013), although typically after PHA reserves are 

depleted. Indeed, Lanham et al. (2014) modified the PAO-GAO metabolic model to 

incorporate this degradation into the aerobic maintenance processes of PAOs and 

GAOs. Another possible explanation is the presence of anaerobic micro-niches within 

the flocs at this very low DO level, leading to glycogen degradation for anaerobic 

maintenance energy generation. 
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Figure 4.2 – Experimental results (PHA (green Δ), glycogen (red □) and P (blue ◊)) and model 

descriptions (solid lines) for PAOs at different DO concentrations. 

 

 



4. THE IMPACT OF AERATION ON THE COMPETITION BETWEEN POLYPHOSPHATE 

ACCUMULATING ORGANISMS AND GLYCOGEN ACCUMULATING ORGANISMS 

69 

 

0.00

5.00

10.00

15.00

20.00

25.00

0.00

5.00

10.00

15.00

20.00

25.00

2.00 3.00 4.00 5.00

P
H

A
s 

(C
-m

m
o

l/
L)

G
ly

co
ge

n
 (

C
-m

m
o

l/
L)

Time (h)

8 mg O2/L

 

0.00

5.00

10.00

15.00

20.00

25.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

2.00 3.00 4.00 5.00

P
H

A
s 

(C
-m

m
o

l/
L)

G
ly

co
ge

n
 (

C
-m

m
o

l/
L)

Time (h)

3.1 mg O2/L

 

0.00

5.00

10.00

15.00

20.00

25.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

2.00 3.00 4.00 5.00

P
H

A
s 

(C
-m

m
o

l/
L)

G
ly

co
ge

n
 (

C
-m

m
o

l/
L)

Time (h)

2.2 mg O2/L

 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

2.00 3.00 4.00 5.00 6.00

P
H

A
s 

(C
-m

m
o

l/
L)

G
ly

co
ge

n
 (

C
-m

m
o

l/
L)

Time (h)

1 mg O2/L

 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

2.00 3.00 4.00 5.00 6.00

P
H

A
s 

(C
-m

m
o

l/
L)

G
ly

co
ge

n
 (

C
-m

m
o

l/
L)

Time (h)

0.6 mg O2/L

 

Figure 4.3 – Experimental results (PHA (green Δ) and glycogen (red □)) and model descriptions 

(solid lines) for GAOs at different DO concentrations. 

 

Figure 4.4a and 4.4b present the aerobic kinetic parameters (qPHA, qGlycogen and 

qP) as a function of the DO concentration for PAOs and GAOs, respectively. The 

maximum specific aerobic metabolic rates of PHA consumption, P uptake and 

glycogen production for PAOs were relatively stable over a wide DO concentration 

range, decreasing more substantially in the 0.1 - 0.6 mg O2/L range. From the results 

shown in Figure 4.4b the maximum specific aerobic rates of GAOs continually 

increased as a function of the DO concentration over the tested range (0.6 - 8.0 mg 

O2/L). The testing of even higher DO levels (> 8 mg O2/L) would necessitate the supply 
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of pure oxygen, which is not practically feasible in WWTPs. Assuming that the kinetic 

rates of PAOs and GAOs are at a maximum at the oxygen saturation level with 

aeration (~8 mg O2/L), the P uptake rate of PAOs was reduced by 20% and the PHA 

consumption rate by 27% at a DO level of 0.6 mg O2/L, while the PHA consumption 

and glycogen production rates of GAOs were reduced by 77% and 88%, respectively, 

at 0.6 mg O2/L. This shows a distinct advantage for PAOs over GAOs at low DO levels, 

suggesting that EBPR systems should favour operation at low DO concentrations in 

order to minimise GAO activity.  
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Figure 4.4 – Aerobic kinetic parameters for PAO (a) and GAO (b) culture as a function of the 

DO concentration. 

 

The PAO and GAO oxygen affinity constant (KO2) for each variable (PHA 

consumption and glycogen production for PAOs and GAOs and poly-P formation for 

PAOs) were determined by fitting the experimental data to the Michaelis-Menten 

equation (equation 4.9), using SigmaPlot 11 (Systat Software Inc.) (see Figure 4.4):  

O2S,O2

O2
max

KS

S
qq


     (4.9) 

The KO2 for PAOs was calculated for glycogen production, PHA consumption 

and P uptake. When comparing the KO2 obtained for P uptake (0.27 ± 0.10 mg O2/L), 

PHA consumption (0.19 ± 0.06 mg O2/L) and glycogen production (0.35 ± 0.44 mg 

O2/L) for PAOs, the results were very similar and were in strong agreement with each 

other. For the case of GAOs, the KO2 for glycogen production (15.4 ± 7.2 mg O2/L) was 

much higher than for PHA consumption (5.26 ± 1.28 mg O2/L). These results show that 

PAOs have a much higher affinity for oxygen than GAOs. Furthermore, the high 

difference between the KO2 estimates for glycogen production and PHA consumption for 
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GAOs suggests that glycogen production is even more strongly influenced by the DO 

concentration, which may become a limiting factor for their survival in WWTPs. The 

high uncertainty associated with the KO2 estimates for GAOs, particularly that obtained 

for glycogen production, is due to their very low oxygen affinity. Since most of the data 

points are in the DO range of interest for WWTP operation, there is lower confidence 

when the KO2 is at such a high DO level. Indeed, the correlation shown in Figure 4.4b 

approaches that of a first-order relationship for GAO kinetics with respect to oxygen.  

Microorganisms can often be referred to as either “r” or “K” strategists, depending 

on their affinity for a substrate. Through the results obtained in this study it is possible 

to conclude that GAOs are “r” strategists, due to their low affinity for oxygen and high 

KO2 coefficient, while PAOs are “K” strategists, due to their high affinity for oxygen, and 

low KO2 coefficient. The high affinity of PAOs for oxygen is an important factor that can 

be used to determine EBPR performance at different DO levels. The DO concentration 

is a factor that can promote the proliferation of PAOs over GAOs, as found in this study 

(see section 4.3.1) and can consequently be used as a means of improving the 

efficiency of P removal. The differences in oxygen affinity of PAOs and GAOs should 

also be incorporated into EBPR models in order to optimise biological nutrient removal 

efficiency from WWTPs at minimal energetic costs.  

 

4.3.3 EFFECT OF AEROBIC HYDRAULIC RETENTION TIME (HRT) 

The aerobic HRT of a WWTP also impacts the aeration energetic input. The 

effect of extending the aerobic period on the PAO culture was monitored over a period 

of 43 days to examine if the aerobic HRT also influences the PAO-GAO competition, in 

addition to the DO concentration. Prolonging the aeration period clearly resulted in a 

lower amount of P release and P uptake (Figure 4.5a and 4.5b), leading to incomplete 

P removal. Table 4.4 presents the evolution of polyphosphate content (%P), P release 

and uptake and VSS/TSS ratio during this study. As can be observed, the %P 

decreased and the VSS/TSS ratio increased correspondingly, reflecting the depletion 

of polyphosphate stored by PAOs. As shown in Figure 4.5a, even after the first day of 

operation with the extended aerobic period, a secondary release of phosphorus was 

observed at the end of the aerobic phase, likely used as an energy source for cell 

maintenance once the PHA degradation was complete. This not only led to a higher 

quantity of P in the SBR effluent, but reduced the amount of poly-P available for VFA 

uptake in the subsequent anaerobic phase. This secondary release could explain why 
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GAOs were favoured with an extended aerobic HRT. As poly-P content of PAOs 

decreased over time, the VFA uptake by PAOs would decrease, leaving more VFA 

available for GAOs, thereby promoting their proliferation.  
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Figure 4.5 – Profile of carbon and P transformations in the PAO reactor on the 1
st
 day (a) and 

43
rd

 day (b) (VFA (□), PHA (Δ), P (◊), glycogen (○). 

 

Table 4.4 – Polyphosphate content and VSS/TSS ratio evolution for the reactor during the 

prolonged aeration period. 

Day %P 
P release 

(P-mmol/L) 

P uptake 

(P-mmol/L) VFA

P
 

TSS

VSS
 

1
st

 13.3 ± 0.1 4.59 ± 0.04 4.93 ± 0.04 0.76 ± 0.01 0.56 ± 0.12 

10
th

 10.5 ± 0.2 3.34 ± 0.01 3.48 ± 0.11 0.56 ± 0.02 0.66 ± 0.15 

18
th

 11.1 ± 0.3 2.57 ± 0.09 2.61 ± 0.09 0.43 ± 0.02 0.77 ± 0.07 

23
rd

 4.9 ± 0.1 1.68 ± 0.04 1.40 ± 0.06 0.28 ± 0.01 0.82 ± 0.10 

33
rd

 3.3 ± 0.1 0.67 ± 0.08 0.91 ± 0.10 0.11 ± 0.01 0.93 ± 0.02 

38
th

 1.0 ± 0.5 1.03 ± 0.10 0.80 ± 0.10 0.17 ± 0.02 0.89 ± 0.33 

43
rd

 5.7 ± 0.3 1.03 ± 0.11 0.90 ± 0.11 0.17 ± 0.02 0.88 ± 0.08 

Note: P/VFA is express in P-mol/C-mol and VSS/TSS in gVSS/gTSS. 
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Comparing the anaerobic carbon and P transformations for 1st and 43rd day 

(Table 4.5), it was observed that the decrease in P release per VFA uptake was 

accompanied by an increase in glycogen consumption and PHA production, 

suggesting increased GAO activity. FISH quantification showed that the population 

present in the reactor changed from a PAO-dominated biomass to a GAO-dominated 

biomass (Table 4.5). Overall, the results of this study showed that a longer aeration 

period affected the PAO-GAO competition, promoting the proliferation of GAOs over 

PAOs, and consequently leading to the deterioration of EBPR performance. 

 

Table 4.5 – Anaerobic carbon and phosphorus transformations and evolution of the PAO and 

GAO population in the reactor during the prolonged aeration period. 

Day 
VFA

PHA
 

VFA

Glycogen
 

VFA

P
 PAOs (%) GAOs (%) 

 1
st
  1.62 ± 0.36 0.45 ± 0.05 0.76 ± 0.01 87 ± 2 12 ± 2 

23
rd

    53 ± 4 45 ± 3 

43rd  1.93 ± 0.09 0.70 ± 0.07 0.17 ± 0.02 12 ± 2 51 ± 4 

Note: PHA/VFA and Glycogen/VFA are expressed in C-mol/C-mol and P/VFA is expressed in 

P-mol/C-mol. 

 

4.3.4 IMPLICATIONS FOR FULL-SCALE EBPR SYSTEMS  

The results obtained in this study show that more aeration (supplied either 

through maintaining a high DO level or an increased aerobic HRT) favours GAOs over 

PAOs. Therefore, it is advantageous for WWTPs to be operated at relatively low DO 

concentrations or with short aerobic zones, in order to minimise the growth of GAOs 

and improve P removal efficiency. Low aeration brings the added advantage of 

decreasing the energetic costs and improving the WWTP’s energetic sustainability.  

Nevertheless, it is necessary to consider all relevant factors that low DO 

concentrations can cause to full-scale systems. It is clear that sufficient aeration is 

needed to achieve not only complete P removal, but the aeration level supplied to 

WWTPs is also dependent on other biological processes, such as nitrification. 

Nitrification is affected by the DO concentration, where an inhibition of this process is 

often found at low DO levels. Ginige et al. (2013) observed that a decrease in DO 
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concentration from 2 to 0.8 mg O2/L promoted an increase in P removal efficiency, but 

a decrease in nitrification rates, likely due to oxygen limitation. Besides the decrease in 

nitrification rates, low DO concentrations have also been found to increase N2O 

emissions during nitrification (Kampschreur et al., 2009). Increased N2O emissions 

negatively impact the greenhouse gas emissions of the WWTP, since N2O is a very 

strong greenhouse gas (>300 times stronger than CO2) and has been found to have a 

substantial impact on the total greenhouse gas budget of WWTPs (Flores-Alsina et al., 

2014). Due to the impact of DO concentration on N2O emissions and nitrification rates, 

it is necessary to maintain sufficient DO during nitrification in order to minimise its 

inhibition and the resulting N2O emissions. Furthermore, low DO levels may lead to 

anaerobic/anoxic conditions in secondary clarifiers, promoting secondary P release 

(Mikola et al., 2009) or rising sludge caused by denitrification (Flores-Alsina et al., 

2010). The DO concentration has also been found to affect the sludge settleability. 

Martins et al. (2003) showed that, at low DO concentrations (≤ 1.1 mg O2/L), the sludge 

settleability was negatively affected, where the proliferation of filamentous bacteria was 

observed.  

Thus, it is important to determine the DO concentration that will improve EBRP 

and enable lower energetic costs without provoking operational problems. The 

knowledge gained from this work could be incorporated into WWTP models in order to 

optimise biological nutrient removal at minimal energetic costs. The application of such 

a model would enable the study of the effect of DO concentration on the competition 

between all relevant organisms, improving our capacity to optimise WWTPs.   

            

4.4 CONCLUSIONS 

The DO concentration is an important operational factor that affects the PAO-

GAO competition, where PAOs are favoured at low DO levels. PAOs possess a higher 

affinity for oxygen and showed a clear kinetic advantage over GAOs at low DO 

concentrations, thus EBPR systems should be operated at low DO levels to minimise 

the proliferation of GAOs. Operation at high DO levels was shown to lead to higher 

growth and activity of GAOs. A high aerobic HRT was shown to promote the 

proliferation of GAOs over PAOs, decreasing the P removal efficiency. Low aeration 

can not only improve EBPR performance, but decrease the energetic costs and 

consequently improve the cost-effectiveness of the WWTP. Incorporation of the oxygen 
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affinity of PAOs and GAOs into WWTP models could be highly useful to optimise 

EBPR processes. 
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5 THE SURVIVAL STRATEGIES OF POLYPHOSPHATE 

ACCUMULATING ORGANISMS AND GLYCOGEN 

ACCUMULATING ORGANISMS UNDER CONDITIONS 

OF LOW ORGANIC LOADING   

 

SUMMARY: Enhanced biological phosphorus removal (EBPR) is usually limited by 

organic carbon availability in wastewater treatment plants (WWTPs). Polyphosphate 

accumulating organisms (PAOs) and glycogen accumulating organisms (GAOs) were 

operated under extended periods with low organic carbon loading in order to examine 

its impact on their activity and survival. The decrease in organic carbon load affected 

PAOs and GAOs in different ways, where the biomass decay rate of GAOs was 

approximately 4 times higher than PAOs. PAOs tended to conserve a relatively high 

residual concentration of polyhydroxyalkanoates (PHAs) under aerobic conditions, 

while GAOs tended to deplete their available PHA more rapidly. This slower oxidation 

rate of PHA by PAOs at residual concentration levels enabled them to maintain an 

energy source for aerobic maintenance processes for longer than GAOs. This may 

provide PAOs with an advantage over GAOs in surviving the low organic loading 

conditions commonly found in full-scale wastewater treatment plants. 

5 
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5.1 INTRODUCTION 

In enhanced biological phosphorus removal (EBPR) wastewater treatment 

processes, polyphosphate accumulating organisms (PAOs) and glycogen 

accumulating organisms (GAOs) compete for the limited supply of organic carbon 

sources such as volatile fatty acids (VFAs) (Oehmen et al., 2007). Mixed culture 

enrichments containing PAOs and/or GAOs have been often used to study operational 

and environmental factors that impact the competition between these two groups of 

organims, such as carbon source composition, pH, temperature, sludge retention time, 

influent acetate to phosphorus (P) ratio and substrate feeding rate (Lopez-Vazquez et 

al., 2009; Tu and Schuler, 2013; Whang and Park, 2006). Nevertheless, the VFA load 

used in lab-scale systems is substantially higher than the typical load received at most 

full-scale wastewater treatment systems. The reason for this is that it is often desirable 

to achieve highly enriched cultures at the expense of the elimination of other 

organisms, such as autotrophs and ordinary heterotrophs, thus the VFA load under 

anaerobic conditions is increased to maintain high selectivity of the culture for PAOs 

and/or GAOs.  

The efficiency of the EBPR process is usually limited by the content of VFAs 

present in domestic wastewater (Barnard, 1984). Although the VFA content is 

dependent on the wastewater characteristics, their concentration in domestic 

wastewater typically lies between 10 and 74 mg COD/L (Siedlecka et al., 2008; 

Thomas et al., 2003; Zeng et al., 2006). Some studies have focussed on the effect of 

short-term (i.e. 1-3 d) decreases in organic load in an effort to simulate the decrease in 

organic load that occurs during weekends in many wastewater treatment plants (Ahn et 

al., 2006; Carucci et al., 1999; Miyake and Morgenroth, 2005; Temmink et al., 1996). 

Results have shown that after a rapid decrease in the initial organic carbon 

concentration (from 200-400 mg COD/L to levels between 10-100 mg COD/L), the 

EBPR performance deteriorated, most notably through a decrease in aerobic P uptake. 

Moreover, Temmink et al. (1996) observed a depletion in the polyhydroxyalkanoates 

(PHAs) pool, which affected the P uptake, since the aerobic P uptake rate is highly 

dependent on the level of PHA. Ahn et al. (2006) showed that an abrupt decrease in 

the organic concentration from 150 mg/L to 50 mg/L, PAOs could not adapt themselves 

to these sudden changes and the EBPR system became unstable. However, these 

studies did not evaluate the impact of prolonged low carbon loading periods on the 

metabolism of PAOs and GAOs, and consequently, the effect of this factor on the 

competition between both organisms. Knowledge about microbial competition under 
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stress conditions (such as low organic loading) is very important for EBPR systems, 

since it will contribute towards the development of strategies that will promote the 

proliferation of PAOs and, consequently, improve EBPR performance.  

Tu and Schuler (2013) studied the effect of lowering the acetate concentration 

in an EBPR system through decreasing the feeding rate, while maintaining the total 

acetate load to the bioreactor (i.e. 200 mg COD/L per cycle). With this approach, it was 

found that PAOs were able to outcompete GAOs. Nevertheless, the impact of long 

periods of low total organic carbon loading, such as those normally present in 

continuous full-scale WWTPs (e.g. with influent in the 10-74 mg COD/L range), has not 

been previously assessed. Under conditions of low total organic loading, the 

maintenance processes of PAOs and GAOs become increasingly crucial, since each 

group of organisms will experience an increased quantity of time in the absence of 

external carbon sources. This will lead to the consumption of their internal carbon and 

energy sources: polyhydroxyalkanoates (PHAs) and glycogen, as well as 

polyphosphate in the case of PAOs.  

Previous studies have investigated the effect of long-term starvation on PAOs 

(21 days) and GAOs (26 days) (Vargas et al., 2013), and have found that PAOs display 

a faster decay rate as compared to GAOs, while the specific acetate uptake capacity of 

PAOs is also decreased at a higher rate as compared to GAOs. While these tests 

focused on the response of each organism to extended periods without external carbon 

source, it is unclear if a similar response may be expectable under a situation of low 

organic loading, at a level close to that typically found in full-scale wastewater 

treatment plants (WWTPs). 

In the present study, the effect of prolonged low carbon loading on PAO and 

GAO metabolism was investigated for the first time in order to understand the impact of 

this factor on their activity and survival. 

    

5.2 MATERIALS AND METHODS 

In this study, two sequencing batch reactors (SBRs - see Appendix H) were 

operated initially under conditions of high organic concentration (VFAin = 200 mg 

COD/L) in order to enrich for PAOs in one SBR, and GAOs in the other. Then, each 

system was subjected to a decrease in the initial VFA concentration, to about 33 mg 

COD/L. This concentration was chosen since it is within the typical range observed in 

full-scale WWTPs.  
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5.2.1 PAO AND GAO PARENT REACTORS 

Two sequencing batch reactors (SBR) with 2L of working volume were operated 

to select for PAO and GAO, respectively, and were seeded from the lab-scale PAO 

and GAO reactors described in section 4.2.1 – Chapter 4. The SBRs operation and 

feed solution were the same described in section 4.2.1 – Chapter 4. In the PAO 

reactor, a mixture of acetate (HAc) and propionate (HPr) (75-25% HAc-HPr) was used 

and in the GAO reactor only HAc was fed. This was performed according to previous 

studies showing that mixed VFA feeds favour the growth of PAO over GAO, as 

compared to single substrates (Chapter 3; Lopez-Vazquez et al., 2009).  

In both SBRs, the hydraulic retention time (HRT) was 12 hours and the solid 

retention time (SRT) was 8 days. To maintain anaerobic conditions, argon was bubbled 

into the reactors at a flow rate of approximately 15 mL/min. During the aerobic phase, 

the dissolved oxygen (DO) concentration was controlled at 2.2 ± 0.4 mg O2/L for the 

PAO reactor and 1.9 ± 0.3 mg O2/L for the GAO reactor, using an on-off valve. The 

temperature was controlled at 20 ± 1ºC and pH was controlled at 7.3 ± 0.1 for the PAO 

reactor and 7.0 ± 0.0 for the GAO reactor, by automatic addition of 0.1M HCl. These 

conditions were maintained for >3 SRT in each system, 36 and 27 days for PAOs and 

GAOs, respectively. 

Monitoring of the SBRs involved samples taken at various time points for 

volatile fatty acids (VFAs), phosphorus (P), polyhydroxyalkanoates (PHAs) and 

glycogen. The total suspended solids (TSS) and volatile suspended solids (VSS) were 

sampled at the end of the aerobic phase, while fluorescence in situ hybridisation 

(FISH) samples were taken at the end of the anaerobic and aerobic phases. 

 

5.2.2 PAO AND GAO REACTORS WITH LOW ORGANIC LOAD 

The carbon source concentration was decreased to 32.7 ± 0.9 mg COD/L to 

study the effect of low organic load on PAO and GAO cultures, maintaining an identical 

HAc:HPr ratio in each system as indicated in Section 5.2.1. Due to the low organic 

load, the SRT was increased to 50 days to prevent biomass washout. Except for the 

VFA concentrations, the composition of solutions A and B as well as all other 

operational conditions were maintained identical to the parent reactors. Each system 

was operated for 29 days under these conditions. Samples taken for monitoring both 

SBRs were identical to that outlined in section 5.2.1. 
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5.2.3 CHEMICAL AND MICROBIAL ANALYSIS 

The VFAs, TSS, VSS, PHA, glycogen, phosphate and total phosphate were 

determined as described in section 3.2.3 – Chapter 3. Fluorescence in situ 

hybridisation (FISH) was performed as described in section 3.2.3 – Chapter 3. The 

probes used were: EUBMIX (EUB338, EUB338-II and EUB338-III), PAOMIX (PAO 

651, 462 and 846); GAOMIX (GAOQ989 and GB_G2); Defluviicoccus vanus-related 

GAOs cluster I (TFO_DF218 and TFO_DF618), cluster II (DF988 and DF1020), cluster 

III (DF1013 and DF1004) and cluster IV (DF181A and DF181B). 

 

5.2.4 DECAY RATES 

The active biomass concentration of PAOs and GAOs was determined as the 

VSS minus both the PHA and glycogen content. Biomass decay rates were determined 

using the active biomass concentration in g/L of PAOs or GAOs. The PAO and GAO 

anaerobic activity decay rates were determined using the anaerobic phosphorus 

release rate (PAOs) or glycogen consumption rate (GAOs). The aerobic activity decay 

rates for PAOs and GAOs were determined using the aerobic maintenance coefficient 

(mATP). Both the biomass decay and activity decay rates were calculated via the 

following equation, developed by Lesouef et al. (1992): 

 

d0

t

t

1

R

R
lnb 













      (5.1) 

 

where, b corresponds to the biomass/activity decay rate for PAOs or GAOs, R0 and Rt 

are the active biomass concentrations, phosphorus release rate (PAO), glycogen 

consumption rate (GAO) or aerobic maintenance coefficient (mATP) at time 0 and time t, 

respectively, and td is the duration of the experiment (29d). Previous studies 

investigating the effect of starvation conditions on PAOs and GAOs have also 

determined the biomass and activity decay rates through a similar methodology (Hao 

et al., 2010; Vargas et al., 2013). 

 

5.2.5 AEROBIC MAINTENANCE COEFFICIENT  

Aerobic maintenance processes of PAOs and GAOs have been found to be 

generated by PHA oxidation, or glycogen consumption following PHA depletion 
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(Vargas et al., 2013). Thus, the aerobic maintenance coefficient (mATP) for PAOs and 

GAOs was calculated either using the aerobic PHA degradation (mPHA) (equation 5.2 – 

see Lopez-Vazquez et al. (2009)) or aerobic glycogen consumption (mGlycogen) 

(equation 5.3 – see Lanham et al., (2014)) rates, as shown below (see Table 5.1 for 

definition of parameters):  

 

 
12

30β8β27λ6λm
m PHA

ATP

 
  (5.2) 











22

1
mm GlycogenATP


 (5.3) 

 

The PHA degradation rates were determined from the experimental data 

obtained in each sampling day after the soluble P had been depleted (PAOs) or after 

the glycogen concentration was stable (GAOs). The glycogen consumption rates were 

determined after PHA consumption ceased. 

 

Table 5.1 – Parameter description used for estimation of the aerobic maintenance coefficient 

(Oehmen et al., 2010). 

Parameter Description Value Units 

δ ATP produced per NADH oxidized 1.85 ATP-mol/NADH-mol 

λ Percentage of Acetyl-CoA* in PHA 
5

2e
d   C-mol/C-mol 

β Percentage of Propionyl-CoA* in PHA 
5

3e
f   C-mol/C-mol 

d Polyhydroxybutyrate (PHB) fraction in PHA 
PHA

PHB

X

X
 C-mol/C-mol 

e Polyhydroxyvalerate (PHV) fraction in PHA 
PHA

PHV

X

X
 C-mol/C-mol 

f 
Polyhydroxy-2-methylvalerate (PH2MV) 

fraction in PHA PHA

MVPH

X

X
2

 C-mol/C-mol 
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5.3 RESULTS AND DISCUSSION 

5.3.1 PAO AND GAO ENRICHMENT UNDER HIGH ORGANIC LOAD 

Firstly, each reactor was operated at a high initial organic concentration (200 

mg COD/L) in order to obtain enrichments of PAOs and GAOs, respectively, prior to 

the decrease in VFA concentration. Figure 5.1 presents the profile obtained for each 

reactor, showing a typical phenotype for PAO (Figure 5.1a) and GAO (Figure 5.1b). In 

both reactors, VFAs were completely consumed during the anaerobic phase and 

converted to PHA, through the energy and reducing power generated by glycogen 

consumption and P release (PAO reactor only). In the aerobic phase, PHAs were 

consumed to replenish glycogen and for biomass growth, in both cultures, and also for 

P uptake in the PAO reactor.  
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Figure 5.1 – Profile of carbon and phosphorus transformations for the PAO reactor (a) and 

carbon transformations for the GAO reactor (b) obtained under high organic loading (VFA (□), P 

(◊), PHA (Δ), glycogen (○), ammonium (+)). 

 

Over the experimental period, the net P release and P uptake for the PAO 

reactor were 3.3 ± 1.5 P-mmol/L and 4.3 ± 0.9 P-mmol/L, respectively, with an average 

Prelease/VFAuptake ratio of 0.5 ± 0.2 P-mol/C-mol. This behaviour is typical for enriched 

PAO cultures (Chen et al., 2004; Smolders et al., 1994). The average TSS and VSS, 

for the PAO reactor, was 3.52 ± 0.94 g/L and 2.28 ± 0.44 g/L, respectively, obtaining an 

average VSS/TSS ratio of 0.66 ± 0.08 gVSS/gTSS. For the GAO reactor, the TSS and 

VSS were 2.88 ± 0.17 g/L and 2.79 ± 0.18 g/L, respectively, obtaining a VSS/TSS ratio 

of 0.97 ± 0.01 gVSS/gTSS. This difference between the VSS/TSS ratios for PAOs and 

GAOs was expected due to the storage of polyphosphate in the case of PAOs only, 

and supports the high abundance of polyphosphate in the PAO reactor (12.3 ± 4.9%) 
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and low abundance in the GAO reactor (1.1 ± 0.4%). This agrees well with the FISH 

results, where Accumulibacter PAOs were the dominant organisms in the PAO reactor, 

representing 74 ± 4% of all bacteria, where Competibacter GAOs only represented 21 

± 1%. In the GAO reactor, the main organisms present were Competibacter GAOs, 

representing 73 ± 2% of all bacteria. Defluviicoccus vanus-related GAOs were not 

observed in either reactor.   

 

5.3.2 EFFECT OF LOW ORGANIC LOADING ON PAOS AND GAOS  

With the objective of studying the effect of low initial organic carbon 

concentrations on PAO and GAO metabolism, the initial VFA concentration was 

decreased directly from 200 mg COD/L to 32.7 ± 0.9 mg COD/L. As can be observed in 

Figure 5.2, the VFA consumption in the PAO reactor slowed down over time, while for 

the GAO reactor, the consumption of VFA remained similar along the study.  
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Figure 5.2 – Profile of VFA consumption for the PAO (a) and GAO (b) reactors obtained with 

low organic load (1st day (□); 8th day (Δ); 15th day (◊); 22nd day (○); 29th day (*)). 

 

The reason for the decrease in VFA uptake rate in the PAO reactor along the 

time may have been due to the depletion of intracellular polyphosphate. Figure 5.3a 

shows that a decrease in the quantity of phosphorus release and uptake were 

observed along the study, which was accompanied by a decrease in the 

polyphosphate content of the cells (Figure 5.3b), from about 27% to 1.5%, and an 

increase in the VSS/TSS ratio (0.56 gVSS/gTSS to 0.90 gVSS/gTSS). The depletion of 

polyphosphate content led to a lower quantity of P available for release, which would 

also decrease the capacity of PAOs to take up VFA anaerobically. 
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Figure 5.3 – Phosphorus profile for the PAO culture with low organic load (a) (1
st
 day (□); 8

th
 

day (Δ); 15
th
 day (◊); 22

nd
 day (○); 29

th
 day (*)) and the corresponding VSS/TSS ratio and total 

phosphorus concentration (b) (VSS/TSS (●); %P (▲)). 

 

 Figure 5.4 presents the PHA profiles for the PAO (a) and GAO (b) reactors. In 

the GAO reactor, a substantial decrease in the PHA storage accompanied the 

decrease in organic load, where the PHA was almost completely consumed during the 

aerobic phase, reaching an average final concentration of 0.2 ± 0.2 C-mmol/L between 

the 8th and 29th day. This complete aerobic consumption of PHA was unsurprising 

since PHA is widely recognised to serve as the primary carbon and energy source of 

PAOs and GAOs under aerobic conditions (Oehmen et al., 2007; Vargas et al., 2013). 

Nevertheless, a similar trend was not observed in the PAO reactor. The PHA profile 

remained similar throughout the study, where the aerobic PHA consumption was 

comparable to the PHA produced under anaerobic conditions. The average final PHA 

content of PAOs was observed to be 5.8 ± 1.3 C-mmol/L between the 8th and 29th day, 

which was significantly higher than the GAO SBR (0.2 ± 0.2 C-mmol/L). It should also 

be noted that all PHA fractions (i.e. PHB, PHV and PH2MV) remained in the same 

proportion at the end of the aerobic phase throughout the study, showing that there 

was not a preference to oxidise a specific PHA fraction. The reason for the difference 

in PHA depletion between PAOs and GAOs is unclear and requires further 

investigation regarding PAO and GAO metabolism (using e.g. advanced microbial 

ecology tools), but suggests that PAOs tend to avoid the complete exhaustion of their 

internal PHA, unlike GAOs. The PHA oxidation rate of PAOs is known to be dependent 

upon the PHA storage fraction of the organisms (Murnleitner et al., 1997), however, the 

results from this study suggest that the PHA oxidation rate is also dependent upon the 

quantity of PHA produced in the preceding anaerobic phase. Moreover, previous tests 

using full-scale EBPR sludge have also shown that PHA is not fully consumed under 
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aerobic conditions (Lanham et al., 2013), supporting the findings of this study. As 

discussed below, this difference in PHA oxidation profile under low organic loading 

may influence the capacity of PAOs and GAOs to survive under such conditions, which 

are commonly found in full-scale plants. 
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Figure 5.4 – PHA profile for the PAO (a) and GAO (b) reactors under low organic load (1
st
 day 

(□); 8
th
 day (Δ); 15

th
 day (◊); 22

nd
 day (○); 29

th
 day (*)). 

 

Glycogen profiles obtained for the PAO and GAO cultures are presented in 

Figure 5.5. In both cultures, a decrease in glycogen concentration between the 1st and 

8th day was observed, which remained relatively constant after the 8th day. After this 

day, the anaerobic consumption and aerobic production of glycogen was very low in 

the PAO culture, and only residual glycogen levels remained in the cells. In the GAO 

culture, the anaerobic consumption and aerobic production of glycogen was also very 

low after day 8, although the residual glycogen level was substantially higher in this 

system. Therefore, GAOs appeared to prioritise the preservation of their glycogen 

pools under low organic loading, while PAOs prioritised the preservation of their PHA 

pools. 
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Figure 5.5 – Glycogen profile for the PAO (a) and GAO (b) reactors under low organic load (1
st
 

day (□); 8
th
 day (Δ); 15

th
 day (◊); 22

nd
 day (○); 29

th
 day (*)). 

 

5.3.3 BIOMASS AND ACTIVITY DECAY OF PAO AND GAO 

The concentration of active biomass decreased along the study in both the PAO 

and GAO reactors (Figure 5.6), although only a ~20% reduction was observed in the 

PAO biomass (from 72.57 to 57.43 C-mmol/L), while the GAOs decreased by ~50% 

(from 102.46 to 52.36 C-mmol/L).  
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Figure 5.6 – Evolution of the active biomass concentration for PAOs and GAOs under low 

organic load (PAOs (■); GAOs (□)). 

 

Indeed, the biomass decay rate was approximately 4 times higher for GAOs 

then for PAOs (see Table 5.2). Vargas et al. (2013) also determined the biomass 

decay rates for PAOs and GAOs, however their results contrasted with those of this 
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study, where PAOs were observed to display a substantially higher decay rate as 

compared to GAOs. The differences in operational conditions between the two studies 

can likely explain this difference, since Vargas et al. (2013) performed their 

experiments under starvation conditions (i.e. no organic carbon addition), while in this 

study the reactor was maintained under low organic loading. The results from this work 

show that PAOs are more able to survive at low organic loading conditions than GAOs. 

The difference observed in biomass decay may be related with the fact that PAOs did 

not consume their entire PHA reserves, unlike GAOs. Thus, under aerobic conditions, 

GAOs would not have PHA available as an energy source for maintenance processes, 

although some glycogen was still present and likely partially used for aerobic 

maintenance. The aerobic maintenance coefficient for PAOs and GAOs decreased 

with the decrease of carbon concentration along the 29 days of the experiment. Under 

high organic load, the aerobic maintenance coefficient for PAOs and GAOs were 0.120 

mol ATP/(C-mol X.h) and 0.199 mol ATP/(C-mol X.h), respectively, decreasing to 0.026 

mol ATP/(C-mol X.h) (PAOs) and 0.079 mol ATP/(C-mol X.h) (GAOs) in the first day 

under low organic conditions. Between 8th and 29th day, the aerobic maintenance 

coefficient was 0.007 ± 0.003 mol ATP/(C-mol X.h) for PAOs and 0.010 ± 0.006 mol 

ATP/(C-mol X.h) for GAOs. As can be observed, the GAOs maintenance coefficient 

was higher than PAOs, showing that GAOs need more energy for aerobic 

maintenance. Since GAOs depleted their PHA and only contained glycogen for 

maintenance energy generation, their high biomass decay rate suggested that PHA 

was a more efficient substrate for aerobic maintenance processes. The lower biomass 

decay rates observed for PAOs suggests that preserving some PHA reserves in favour 

of e.g. glycogen may provide a competitive advantage to PAOs over GAOs under 

situations of low organic loading, such as those encountered in continuous full-scale 

WWTPs.  

Although PAOs were able to survive low organic loading conditions, their 

specific anaerobic activity decreased, and the aerobic phosphorus uptake achieved by 

the culture was very low. The anaerobic activity decay was determined in this study 

through the phosphorus release rate in the PAO reactor, and glycogen consumption 

rate in the GAO reactor. As can be observed by the results presented in Table 5.2, the 

PAO anaerobic activity decay rate was equal to that obtained by Lopez et al. (2006) 

and comparable with the study of Hao et al. (2010), although somewhat lower than in 

the study of Vargas et al. (2013). For the GAO culture, the anaerobic activity decay 

rate is within the same range that obtained by Vargas et al. (2013), although lower than 
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in the study of Hao et al. (2010) (Table 5.2). As previously mentioned, it is possible that 

the low organic loading applied in this study instead of the starvation conditions that 

were applied in these previous studies might had also affected the activity decay rates. 

As also discussed by Hao et al. (2010), the decay rate for GAOs is more difficult to 

determine than PAOs because it is determined through e.g. the glycogen consumption 

rate, and the presence of other microorganisms in the sludge that can consume 

glycogen or other carbohydrates may influence the result.  

 

Table 5.2 – Comparison of biomass and activity decay rates between PAOs and GAOs 

calculated using equation 5.1. 

  Anaerobic Aerobic 

 Reference PAOs GAOs PAOs GAOs 

Biomass decay rate (d
-1

) This study - - 0.006 0.025 

Biomass decay rate (d
-1

) Vargas et al. (2013) - - 0.029 negligible 

Activity decay (d
-1

) 

This study 0.15 0.08 0.051 0.100 

Lopez et al. (2006) 0.15 - - - 

Hao et al. (2010) 0.181 0.132 - - 

Vargas et al. (2013) 0.25 0.047 - - 

 

As in other studies, the anaerobic activity decay of PAOs was higher than that 

of GAOs, showing that low carbon loading can negatively affect PAOs activity, 

although PAOs appear better equipped to survive under this condition. Indeed, the 

difference in anaerobic activity decay rates for PAOs and GAOs may explain the 

difference in VFA uptake rate between PAOs and GAOs (Figure 5.2), since PAOs 

capacity to take up VFA decreased more than GAOs. Despite the capacity of PAOs to 

better survive over GAOs under periods of low organic loading, it is clear that sufficient 

organic carbon must be provided in order to ensure effective EBPR activity and P 

removal performance by PAOs. Furthermore, the higher aerobic maintenance 

requirements (and aerobic activity decay rate) of GAOs than PAOs may be a 

contributing factor to their higher biomass decay rate. It has been found that most 

heterotrophic and autotrophic organisms present in wastewater, including PAOs, decay 

much faster under aerobic conditions than under anaerobic or anoxic conditions 

(Hauduc et al., 2013; Lu et al., 2007; Siegrist et al., 1999). Thus, the higher aerobic 
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maintenance requirements of GAOs than PAOs may contribute more significantly than 

their inferior anaerobic maintenance requirements to their survival in wastewater 

treatment plants. 

Tu and Schuler (2013) demonstrated that PAOs proliferated over GAOs under 

continuous feeding as opposed to dump feeding, suggesting that PAOs possess a 

higher substrate affinity. This work further showed that PAOs are also less prone to 

decay under conditions of low total organic load, perhaps due to the preference of 

PAOs for maintaining PHA reserves instead of glycogen for maintenance energy 

purposes and their inferior aerobic activity decay rate. These results indicate that PAOs 

are more suited for long term survival under the typical low organic loads found in full-

scale WWTPs.  

 

5.4 CONCLUSIONS 

Extended periods of low organic loading affects the metabolism of PAO and 

GAO in different ways.  The biomass decay rate of GAOs was about 4 times higher 

than PAOs, showing that PAOs are better adapted to survive in low carbon loading 

conditions. The aerobic consumption of PHA was notably different for each culture, 

where PAOs tended to maintain a PHA reserve, while GAOs exhausted all of their 

PHA, which may have contributed to their higher biomass decay rate. PAOs appear 

better equipped to survive the conditions of low organic carbon load typically 

encountered in WWTPs as compared to GAOs. 
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6.1 GENERAL CONCLUSIONS  

In this thesis, the effect of operational parameters relevant to full-scale EBPR 

systems was studied with respect to their impact on the PAO-GAO competition, their 

metabolism and modelling. The results will contribute towards the improvement of 

EBPR processes by increasing our knowledge regarding the response of key 

microorganisms to these operational conditions, and our ability to describe and predict 

EBPR systems for process optimisation purposes. 

PAOs were observed to outcompete GAOs using a combined VFA feed with a 

ratio of 75-25% acetate to propionate, which is a VFA composition that commonly 

occurs in EBPR plants. Tests were performed at varying acetate:propionate ratios, in 

order to study the impact of substrate competition on the VFA uptake kinetics. A PAO 

metabolic model was modified in order to incorporate this substrate competition, and 

described well the experimental data observed. The aerobic kinetic parameters 

(phosphorus uptake, PHA degradation and glycogen production) were relatively 

independent of the concentration of acetate or propionate, showing that it is not 

necessary to change the metabolic model parameters as a function of the VFA source, 

which was proposed in earlier studies. This simplifies the metabolic model calibration 

procedure substantially, improving their applicability for full-scale EBPR process 

optimisation. The long-term simulation showed that the model developed in this work is 

robust, resulting in a good description of the process.  

PAOs presented an advantage over GAOs at low DO concentrations. This was 

determined through reactor operation at different DO levels and through the 

determination of the maximum specific aerobic metabolic rates as a function of the DO 

concentration for each group of organisms. PAOs were observed to have a 

substantially higher affinity for oxygen as compared to GAOs. Furthermore, an 

increase in the aerobic HRT promoted the proliferation of GAOs over PAOs, which also 

shows that low aeration favours PAOs. Low aeration can be achieved in EBPR 

processes either through operation at low DO levels, or through designing the system 

with smaller aerobic zones. This work showed that either of these strategies would be 

effective in decreasing GAO activity. 

Under low organic carbon loading conditions, the PAO and GAO metabolism 

was affected in different ways. The aerobic PHA oxidation of PAOs and GAOs 

proceeded differently, where PAOs tended to avoid complete exhaustion of their 

internal PHA reserves, while GAOs tended to consume all of their internal PHA 
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reserves, suggesting that these conditions may influence PAO and GAO survival. The 

higher aerobic maintenance requirements for GAOs promoted a higher biomass decay 

rate, suggesting that PHA is a more advantageous substrate for aerobic maintenance 

processes than glycogen. This faster decay rate of GAOs may provide a competitive 

advantage to PAOs in EBPR systems. This work showed that PAOs seem more able 

to survive under conditions of low organic carbon loading; however, it is necessary to 

ensure sufficient organic carbon in order to achieve good EBPR efficiency. 

 

6.2 FUTURE WORK 

Based on the work developed and on the results obtained, the following 

suggestions for future work can be proposed: 

Firstly, it is important to understand if the metabolic model developed in this 

work can be successfully applied to full-scale WWTPs. For this, a bioreactor using real 

wastewater should be operated in order to validate the metabolic model developed for 

substrate competition and also verify if the aerobic processes can be described by the 

aerobic parameters determined in this work. The PAOs advantage at low DO levels 

over GAOs should also be verified through bioreactor operation at low and high DO 

concentrations using real wastewater and similar initial quantities of PAOs and GAOs.  

As low DO concentrations can affect other WWTP processes besides EBPR 

(e.g. nitrification, N2O production, sludge settleability), the DO concentration of WWTPs 

should be optimised considering all relevant processes together to improve the cost-

effectiveness and overall sustainability of the system. For this purpose, a model should 

be developed and experimentally validated in order to better predict the impact of DO 

concentration on WWTP performance. This could involve the combination of metabolic 

and ASM models, incorporating the effect of DO on the PAO-GAO competition studied 

in this work. 

Since Tetrasphaera are PAO-related organisms and they are present in 

WWTPs often in higher abundances than PAOs, it would be interesting to understand 

their role in full-scale EBPR plants and study the competition between these organisms 

and other key organisms in activated sludge, such as other PAOs and GAOs. In order 

to improve phosphorus removal in EBPR processes, the optimal conditions (e.g. pH, 

temperature, dissolved oxygen concentration) for Tetrasphaera should be established, 
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as well as their relative contribution towards phosphorus removal and their ecological 

niche in WWTPs. 

Occasionally, the phosphorus concentration occurring in the treated effluent can 

be higher than that allowed by legislation, sometimes due to the secondary release of 

P in the clarifier, where it is necessary to reduce the phosphorus concentration further. 

Some types of nanoparticles, such as iron nanoparticles, are able to remove 

phosphorus from wastewater. It would be interesting to study their utilisation in WWTPs 

as a tertiary treatment or, eventually, their utilisation coupled to the biological 

treatment. Firstly, a cost-effectiveness study should be performed in order to determine 

the viability of this method as compared to standard chemical precipitation. The 

operational conditions (e.g. nanoparticle concentration and retention time) should be 

optimised, as well as the conditions necessary for nanoparticle recycling. Related 

studies could include the possibility of simultaneously removing other contaminants 

(e.g. metals or organic micropollutants) through these nanoparticles.



 

 

 

 

 

 

 

APPENDICES – CHAPTER 3 AND 4 



 

 

APPENDIX A. Stoichiometric matrix for Accumulibacter PAO 

Process 

Components 

1 2 3 4 5 6 7 8 

O2S  
HAcS  

HPrS  
PO4S  

PAOX  PHAPAO,X

 

GlyPAO,X

 
PPPAO,X

 

 Accumulibacter         

1 Anaerobic acetate uptake  -1  PAOPO4_Ac,Y   PAOAc_PHA,Y  
PAOGly_Ac,Y  

PAOPO4_Ac,Y  

2 
Anaerobic propionate 

uptake 
  -1 PAOPO4_Prop,Y   PAOProp_PHA,Y  

PAOGly_Prop,Y  
PAOPO4_Prop,Y  

3 Anaerobic maintenance    1    -1 

4 Aerobic PHA degradation O2_PHA_PAOY    PAOPO4_X,Y  
PAOPHA_X,Y  -1   

5 
Aerobic glycogen 

production 
O2_Gly_PAOY    PAOPO4_Gly,Y  

PAOX_Gly,Y   1  

6 Aerobic Poly-P formation O2_PP_PAOY    PAOPO4_PP,Y  
PAOX_PP,Y    1 

7 Aerobic maintenance OXPAO,m    PO4PAO,m  
PAOPHA_X,Y     

 

 

 

 

 



 

 

YO2_PHA,PAO = YPHA_X/YO2_X 

YO2_Gly,PAO = YPHA_X/(YO2_X .YPHA_Gly)-(1/YO2_Gly) 

YO2_PP,PAO = YPHA_X/(YO2_X .YPHA_PP)-(1/YO2_PP) 

mPAO,OX = (YPHA_X/YO2_X)-1 

YPO4_X,PAO = iBM,P .YPHA_X 

YPO4_Gly,PAO = iBM,P .YPHA_X/ YPHA_Gly 

YPO4_PP,PAO = iBM,P .(YPHA_X/ YPHA_PP)-1 

mPAO,PO4 = iBM,P .YPHA_X 

YX_Gly,PAO =YPHA_X/ YPHA_Gly 

YX_PP,PAO =YPHA_X/ YPHA_PP 

where: Units 




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


 C-mol/C-mol 

)12(

)30827(6
YPHA_PP










 P-mol/C-mol 

)42324(2

)30827)(64(3
YPHA_Gly










 C-mol/C-mol 

1

PHA_X

O2_X
4

RedoxBM

Y

1
.

4

RedoxPHA
Y


















 C-mol/O2-mol 

1

PHA_PP

O2_PP
Y

1
.

4

RedoxPHA
Y


















 P-mol/O2-mol 

1

PHA_Gly

O2_PP 1
Y

1
.

4

RedoxPHA
Y


















 C-mol/O2-mol 



 

 

APPENDIX B. Anaerobic stoichiometric parameters for Accumulibater PAO 

 

Parameter Value Units Description Source 

YAc_PHA,PAO 4/3 XPAO,PHB C-mmol 
PHA stored per 1 C-mmol 

acetate taken up 

Smolders et al. 

(1994a)  

YGly_Ac,PAO 1/2 C-mmol 
Glycogen consumed per  

1 C-mmol acetate taken up 

  Smolders et al. 

(1994a)  

YPO4_Ac,PAO 1/4 + αPAO,Ac P-mmol  
Poly-P consumed per 

1 C-mmol acetate taken up 

Smolders et al. 

(1994a)  

αPAO,Ac 1.1pH0.19   ATP-mmol 

ATP necessary to transport               

1 C-mmol acetate through 

cell membrane 

Smolders et al. 

(1994a) 

YProp_PHA,PAO 
0.56 X PAO,PHV + 0.67 

XPAO,PH2MV = 1.22 XPAO,PHA 
C-mmol 

PHA produced per  

1 C-mmol propionate  

taken up 

Oehmen et al. 

(2005a), 

Oehmen et al. 

(2005b) 

YGly_Prop,PAO 

 

1/3 

 

C-mmol 
Glycogen consumed per  

1 C-mmol propionate stored 

Oehmen et al. 

(2005a), 

Oehmen et al. 

(2005b) 

YPO4_Prop,PAO 0.4 P-mmol 
Poly-P consumed per  

1 C-mmol propionate stored 

Oehmen et al. 

(2005a), 

Oehmen et al. 

(2005b) 



 

 

APPENDIX C. Aerobic parameters for Accumulibacter PAO. 

 

Parameter PAO or GAO Units Description Reference 

mPHA 

 308276

12mATP



 

where 

mATP,OX = 0.019 ATPmol/(C-mol · h) 

C-mol/(C-mol · h) Aerobic maintenance coefficient on PHA 
Smolders et al. (1994b), 

Zeng et al. (2003) 

δ (YNADH_ATP) 1.85 ATP-mol/NADH-mol 
ATP produced per NADH oxidized 

(Aerobic P/O ratio) 

Smolders et al. (1994b), 

Lopez-Vazquez et al. 

(2009) 

K1 1.7 ATP-mol/C-mol 
ATP needed for biomass synthesis from 

Acetyl-CoA* 

Smolders et al. (1994b), 

Zeng et al. (2003) 

K2 1.38 ATP-mol/C-mol 
ATP needed for biomass synthesis from 

Propionyl-CoA* 
Zeng et al. (2003) 

ε 7 P-mol/NADH-mol 
Aerobic phosphate transport coefficient 

(PAO only) 
Smolders et al. (1994b) 

RedoxPHA 5c4.8b4.5a   
Number of  electrons 

per C-mol 
PHA degree of reduction 

Zeng et al. (2003) 

λ )(2b/5a  C-mol/C-mol Percentage of Acetyl-CoA* in PHA Zeng et al. (2003) 

β )(3b/5c   C-mol/C-mol Percentage of Propionyl-CoA* in PHA Zeng et al. (2003) 



 

 

a XPHB/XPHA C-mol/C-mol PHB fraction in PHA Zeng et al. (2003) 

b XPHV/XPHA C-mol/C-mol PHV fraction in PHA Zeng et al. (2003) 

c XPH2MV/XPHA C-mol/C-mol PH2MV fraction in PHA Zeng et al. (2003) 

RedoxBM PBM,NBM,OBM,HBM, i5i3i2i4   
Number of  electrons 

per C-mol 
Biomass degree of reduction 

Lopez-Vazquez et al. 

(2009) 

iBM,H 1.84 H-mol/C-mol Hydrogen content in biomass 
Lopez-Vazquez et al. 

(2009) 

iBM,O 0.50 O-mol/C-mol Oxygen content in  biomass 
Lopez-Vazquez et al. 

(2009) 

iBM,N 0.19 N-mol/C-mol Nitrogen content in  biomass 
Lopez-Vazquez et al. 

(2009) 

iBM,P 0.015 P-mol/C-mol Phosphorus content in  biomass 
Lopez-Vazquez et al. 

(2009) 

 



 

 

APPENDIX D. Kinetic expressions for Accumulibacter PAO (Meijer et al., 2002; Murnleitner et al., 1997; Oehmen et al., 2010) 

 

 Process Expression Switching functions 

1 
Anaerobic acetate 

uptake 
PAO

AcS,Ac

Ac
Ac_PHAPAO, X

KS

S
q 


  

fPHAs,PHAPAO,maxPHA,

PHAPAO,maxPHA,

GLYS,GLYPAO,

GLYPAO,

PPS,PPPAO,

PPPAO,

Kff

ff

KX

X

KX

X











 

2 
Anaerobic propionate 

uptake 
PAO

PropS,Prop

Prop

Prop_PHAPAO, X
KS

S
q 


  

fPHAs,PHAPAO,maxPHA,

PHAPAO,maxPHA,

GLYS,GLYPAO,

GLYPAO,

PPS,PPPAO,

PPPAO,

Kff

ff

KX

X

KX

X











 

3 
Anaerobic 

maintenance 
PAOANPAO, Xm   
















 O2S,O2

O2

PPS,PPPAO,

PPPAO,

KS

S
1

KX

X  

4 
Aerobic PHA 

degradation 
PAO

2/3

PHAPAO,PHA,OXPAO, Xfq   

O2S,O2

O2

fPHAS,PHAPAO,

PHAPAO,

KS

S

KX

X






 

5 
Aerobic glycogen 

production 
PAO

PAO,GLY

2/3

PHAPAO,PAO,GLY,OX X
f

1
fq   

O2S,O2

O2

PHAS,PHAPAO,

PHAPAO,

GLYS,GLYPAO,maxGLY,PAO,

GLYPAO,maxGLY,PAO,

KS

S

KX

X

Kff

ff









  

6 
Aerobic Poly-P 

formation 
PAO

PPPAOI,

OXPO4_PP,PAO, X
f

1
q   

O2S,O2

O2

SPO4S,PO4S,

PO4S,

PHAS,PHAPAO,

PHAPAO,

PPS,PPPAO,maxPP,PAO,

PPPAO,maxPP,PAO,

KS

S

KS

S

KX

X

Kff

ff












  

7 Aerobic maintenance PAOPHA,OXPAOI, Xm   
O2S,O2

O2

KS

S



 



 

 

APPENDIX E. Kinetic coefficients for Accumulibacter PAO. 

Kinetic coefficient Description Value Units Source 

AcS,K  Half-saturation coefficient for acetate 0.001 C-mmol/L Oehmen et al. (2010)  

PropS,K  Half-saturation coefficient for propionate 0.001 C-mmol/L Oehmen et al. (2010)  

PHAS,K  Half-saturation coefficient for PHA 0.02 C-mmol/L This study 

GLYS,K  Half-saturation coefficient for glycogen 0.01 C-mmol/L Oehmen et al. (2010)  

PPS,K  Half-saturation coefficient for poly-phosphate (poly-P) 0.01 P-mmol/L Oehmen et al. (2010)  

PO4S,K  Half-saturation coefficient for orthophosphate 0.01 P-mmol/L Oehmen et al. (2010)  

S,O2K  Half-saturation coefficient for oxygen 0.01 O2-mmol/L Oehmen et al. (2010)  

fPHAS,K  Half-saturation coefficient for the fraction of PHA in biomass 0.01 C-mol/C-mol Oehmen et al. (2010)  

maxPP,PAO,f  Maximum poly-P content per PAO biomass concentration 0.30 P-mol/C-mol Wentzel et al. (1989) 

maxPHA,f  Maximum PHA content per PAO biomass concentration 1.00 C-mol/C-mol Oehmen et al. (2010)  

maxPAO,GLY,f  Maximum glycogen content per PAO biomass concentration 0.8 C-mol/C-mol Lanham et al. (2014) 

mPAO,AN ATP necessary for anaerobic maintenance purposes of PAOs 2.35 P-mmol /(C-mol · h) 
Smolders et al. (1994a), 

Brdjanovic et al. (1998) 



 

 

 

APPENDIX F. Maximum specific aerobic metabolic rates for PAOs.  

 DO concentration (mg O2/L) 

 7.8 3.1 2.1 1.0 0.6 0.3 0.1 

qPHA (C-mmol/(C-mmol X.h)) 0.164 ± 0.008 0.152 ± 0.006 0.173 ± 0.008 0.118 ± 0.005 0.120 ± 0.005 0.111 ± 0.010 0.059 ± 0.005 

qGlycogen (C-mmol/(C-mmol X.h)) 0.0014 ± 0.0003 0.0045 ± 0.0005 0.0036 ± 0.0005 0.0020 ± 0.0003 0.0016 ± 0.0004 0.0020 ± 0.0011 <0.001 ± 0.0005 

qP (P-mmol/(C-mmol X.h)) 0.0118 ± 0.0010 0.0127 ± 0.0013 0.0138 ± 0.0015 0.0132 ± 0.0016 0.0094 ± 0.0023 0.0061 ± 0.0013 0.0037 ± 0.0004 

 



 

 

APPENDIX G. Maximum specific aerobic metabolic rates for GAOs. 

 

 

 DO concentration (mg O2/L) 

 8.1 3.1 2.2 1.0 0.6 

qPHA (C-mmol/(C-mmol X.h)) 0.508 ± 0.055 0.295 ± 0.011 0.226 ± 0.005 0.145 ± 0.007 0.118 ± 0.009 

qGlycogen (C-mmol/(C-mmol X.h)) 0.048 ± 0.007 0.023 ± 0.002 0.015 ± 0.001 0.012 ± 0.001 0.006 ± 0.001 
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APPENDIX H. SBR experimental apparatus 

 

pH

Mineral media 
with carbon 

source (75-25% 
HAc:HPr)

Argon/Air

HClPhosphorus 
source 

(20 mg P/L)

O2

Waste
activated

sludge
 

 

SBR cycle 

    

 

 Filling (5 min) 

 Anaerobic period (2 hour) 

 Aerobic period (3 hour) 

 Settle/decant period (1 hour) 
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