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RESUME  
 

Dans un contexte d’évolution de la STEP (Station d’épuration) vers la StaRRE (Station de 

Récupération des Ressources de l’Eau), le procédé de digestion anaérobie des boues d’épuration 

connait des développements croissants. Ce procédé peut être installé de manière conventionnelle en 

traitant les boues produites sur un site mais également de manière centralisée en traitant les boues 

des stations d’épuration voisines. Enfin, ce procédé peut également être précédé d’une étape de 

prétraitement comme l’hydrolyse thermique afin d’améliorer les performances de digestion anaérobie 

et de déshydratation. L’installation d’un digesteur résulte en la production d’un centrat, également 

appelé retours en tête ou flux secondaires, suite à la déshydratation des boues digérées. Ce flux peut 

contenir des quantités importantes d’azote et/ou de phosphore qui peuvent être accrues dans le cas 

de digesteurs centralisés ou lors de la présence d’un prétraitement. Il convient donc de valoriser ou de 

traiter ces flux pour d’une part ne pas détériorer les performances des installations de traitement des 

eaux résiduaires, et d’autre part maximiser les ressources qu’elles contiennent. L’objectif de la thèse 

était d’accroitre les connaissances sur les caractéristiques des flux secondaires et sur les possibilités 

de traitement de l’azote et de valorisation du phosphore contenus dans ces flux. Les résultats 

permettront d’apporter des éléments pour choisir un procédé de traitement de l’azote et du 

phosphore. 

La revue de la littérature a dans un premier temps permis de quantifier l’azote et le phosphore 

des flux secondaires pour différents types de digestion anaérobie (conventionnelle et avec hydrolyse 

thermique). Pour une digestion anaérobie mésophile conventionnelle, la concentration médiane 

d’azote ammoniacale est de 810 mg N-NH4/L et de 1890 mg N-NH4/L pour une digestion anaérobie 

avec hydrolyse thermique. Pour le phosphore, la quantité dans les flux secondaires peut varier de 1 à 

400 mg P-PO4/L et dépend du type de traitement du phosphore appliqué sur la file principale de 

traitement des eaux. Cependant, aucune différence entre la digestion conventionnelle et la digestion 

avec hydrolyse thermique n’a été observée pour la concentration en phosphate. Cette revue de 

littérature permet également de compiler les données sur les matières en suspension (MES), la 

demande chimique en oxygène (DCO) et sur les ions (Al3+, Ca2+, Cl-, Fe2+/3+, Mg2+, K+, Na+, SO4
2-). Une 

forte variabilité est constatée entre les stations d’épuration notamment pour les ions, avec une 

concentration qui s’étend de 10 à 320 mg/L pour les ions calcium et de 1 à 95 mg/L pour les ions 

magnésium. La variabilité pour ces deux ions peut être expliquée par la dureté de l’eau, différente 

d’une région à une autre, et à la précipitation de ces ions dans le digesteur. La revue s’intéresse 

également aux différents procédés existants pour le traitement et la valorisation de l’azote et du 

phosphore et souligne les caractéristiques des retours en tête qui pourraient impacter les 

performances de ces procédés. Parmi les procédés les plus développés, la récupération du phosphore 

sous forme de struvite peut voir ses performances diminuées dues à la présence élevée de matières 

en suspension et de calcium. Le procédé de nitritation partielle / anammox peut quant à lui être 

impacté par une multitude de composés et en particulier par les matières organiques et les matières 

en suspension.  

Dans un second temps, les paramètres d’un modèle de digestion anaérobie couplé à la 

précipitation du phosphore ont été ajustés. L’innovation apportée par ce travail de thèse porte sur la 

prise en compte la dureté de l’eau lors de l’étape de calage des constantes de précipitation. Les deux 

digesteurs étudiés présentent des concentrations en calcium, magnésium, phosphate et alcalinité 

différentes et sont opérés avec des boues de stations d’épuration à pleine échelle. La procédure de 

calage proposée inclut le calage de la fraction de DCO inerte et des constantes cinétiques de 
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précipitation par la méthode de Monte Carlo par chaînes de Markov. Une correction du modèle a été 

effectuée pour inclure la fraction de potassium, calcium et magnésium organique dans les boues afin 

de mieux représenter leurs concentrations dans les boues digérées.  Les résultats des simulations ont 

montré que les constantes cinétiques des minéraux MgCO3, CaCO3 et phosphate de calcium amorphe 

(ACP en anglais) impactent la concentration finale de phosphate, calcium, magnésium et d’alcalinité. 

L’identification d’un jeu de paramètre unique pouvant être appliqué aux deux digesteurs n’a pas été 

possible et un calage spécifique pour chaque digesteur a dû être réalisé. Les résultats de simulation 

donnent des valeurs de phosphate dans les boues digérées cohérentes quand les valeurs par défaut 

des constantes cinétiques de précipitation sont appliquées. En revanche, un ajustement des cinétiques 

de précipitation est nécessaire pour obtenir des concentrations en calcium et magnésium dans les 

boues digérées proches de celles mesurées, particulièrement dans le cas du digesteur présentant des 

concentrations élevées en calcium (207 mg/L) et magnésium (67 mg/L).  

Enfin, une étude de scénarios a été réalisée afin d’évaluer les quantités de phosphore et 

d’azote pour un digesteur centralisé mélangeant différents types de boues. Les boues diffèrent par le 

type de traitement de phosphore appliqué sur la file eau et par le niveau de concentration de calcium, 

magnésium et carbone inorganique (dureté de l’eau). Cette étude propose également une évaluation 

simplifiée des coûts opérationnels et du bilan carbone d’un procédé de récupération du phosphore 

sous forme de struvite et du traitement biologique de l’azote par nitrification/dénitrification et 

nitritation partielle/anammox dans la configuration un et deux étages. Le modèle calé précédemment 

pour différents niveaux de dureté de l’eau a été employé dans l’analyse de scenarios. Les résultats 

montrent que la quantité de phosphate dans les boues est impactée par le type de traitement du 

phosphore et par le niveau de dureté de l’eau. En effet, le digesteur avec des boues provenant de 

déphosphatation biologique présente les concentrations en phosphate les plus élevées dans les boues 

digérées. En revanche, pour ce même digesteur, la quantité de phosphate est divisée par un facteur 

2.4 lorsque la dureté de l’eau passe d’un niveau bas (concentration dans les boues de Ca2+ = 50 mg/L 

et Mg2+ = 20 mg/L) à haut (Ca2+ = 410 mg/L et Mg2+ = 166 mg/L). On note également que pour une 

dureté de l’eau basse ou moyenne, la récupération de phosphate dans les retours de digestion 

anaérobie de boues sans traitement spécifique du phosphore peut être considérée comme viable ([P-

PO4] > 50 mg/L). Ces résultats s’expliquent par des taux de précipitation important dans le digesteur 

pour de fortes duretés de l’eau. Concernant le traitement biologique de l’azote, une attention 

particulière doit être portée aux émissions de protoxyde d’azote qui dominent le bilan carbone des 

procédés de traitement des flux secondaires et en particulier dans le cas du procédé de nitritation 

partielle/anammox en deux étages.  
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ABSTRACT 
 

As the wastewater treatment plant (WWTP) evolves towards the Water Resources Recovery 

Facility (WRRF), the anaerobic digestion of sewage sludge is undergoing increasing development. This 

process can be operated conventionally, treating the sludge produced on one site, or centrally, treating 

sludge from surrounding facilities. The anaerobic digestion process can also be preceded by a pre-

treatment step such as thermal hydrolysis to improve anaerobic digestion and dewatering 

performance. The installation of a digester results in the production of a centrate, also called 

sidestreams or reject water, generated by the dewatering of digested sludge. This stream can contain 

significant quantities of nitrogen and/or phosphorus, which can be increased in the case of a 

centralised digester or when a pre-treatment is used. The aim of the thesis was to increase knowledge 

on the characteristics of sidestreams and on the potential routes for nitrogen and/or phosphorus 

treatment in these streams. The results will provide a basis for selecting a nitrogen and phosphorus 

treatment process. 

A throughout literature review was first made to quantify the nitrogen and phosphorus 

amounts in sidestreams for different types of anaerobic digestion (conventional and with thermal 

hydrolysis). For conventional mesophilic anaerobic digestion, the median concentration of ammonia is 

810 mg NH4-N/L and 1890 mg NH4-N/L for anaerobic digestion with thermal hydrolysis. For 

phosphorus, the concentration in sidestreams can vary from 1 to 400 mg PO4-P/L and depends on the 

type of phosphorus treatment applied in the water mainline. However, no difference in phosphate 

concentration was observed between conventional digestion and digestion with thermal hydrolysis. 

This literature review also compiles data on suspended solids (SS), chemical oxygen demand (COD) and 

ions (Al3+, Ca2+, Cl-, Fe2+/3+, Mg2+, K+, Na+, SO4
2-). There is a significant variability between the different 

facilities, particularly for ions, with concentrations ranging from 10 to 320 mg/L for Ca2+ and from 1 to 

95 mg/L for Mg2+. The variability for these two ions can be explained by water hardness, which varies 

from one region to another, and by the precipitation of these ions in the digester. The review also looks 

at the various existing processes that exist to treat or recover nitrogen and phosphorus, and highlights 

the characteristics of sidestreams that could have an impact on the performance of these processes. 

Among the most developed processes, the recovery of phosphorus in the form of struvite may see its 

performance diminished due to the high presence of suspended solids and calcium. The partial 

nitritation / anammox process can be impacted by a multitude of compounds and in particular by 

organic and suspended matter. 

Next, the parameters of an anaerobic digestion model coupled with phosphorus precipitation 

were adjusted. The innovative aspect of this doctoral work is the specific focus on the water hardness 

for the calibration of the precipitation constants. The two anaerobic digesters studied have different 

concentrations of calcium, magnesium, phosphate and alkalinity and are operated with full scale 

sewage sludge. The proposed calibration procedure includes calibration of the inert COD fraction and 

the precipitation kinetic constants using the Bayesian Monte Carlo method. A model correction was 

performed to include the fraction of organic potassium, calcium and magnesium in the sludge, in order 

to better represent their concentrations in the digested sludge. Simulation results showed that the 

kinetic constants of the minerals MgCO3, CaCO3 and Amorphous calcium phosphate (ACP) impact the 

final concentration of phosphate, calcium, magnesium and alkalinity. Identifying a single set of 

parameters that could be applied to both digesters was not possible, thus a specific calibration had to 

be carried out for each digester. The simulation results give consistent phosphate values in the 

digested sludge with default values of the precipitation kinetic constants. On the other hand, the 

precipitation kinetics had to be calibrated to obtain calcium and magnesium concentrations in the 
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digested sludge closed to the measured ones, particularly in the case of the digester with high calcium 

(207 mg/L) and magnesium (67 mg/L) concentrations. 

Finally, a scenario analysis was carried out to assess the phosphorus and nitrogen contents for 

a centralised digester mixing different types of sludge. The sludges differ by the type of phosphorus 

treatment applied in the water line and by the level of concentration of calcium, magnesium and 

inorganic carbon (water hardness). This study also provides a simplified assessment of the operational 

costs and carbon footprint of a process for phosphorus recovery in the form of struvite and for 

biological treatment of nitrogen by nitrification/denitrification and partial nitritation/anammox in one- 

and two-stage configurations. The model previously calibrated in the thesis for different levels of water 

hardness was used in the scenario analysis. The results show that the amount of phosphate in the 

sludge is impacted by the type of phosphorus treatment and the level of water hardness. Indeed, the 

digester with sludge from biological phosphorus removal has the highest phosphate concentrations in 

the digested sludge. On the other hand, for the same digester, the quantity of phosphate is divided by 

a factor of 2.4 when the water hardness goes from low (concentration in the sludge of Ca2+ = 50 mg/L 

and Mg2+ = 20 mg/L) to high (Ca2+ = 410 mg/L and Mg2+ = 166 mg/L). For low or medium water hardness, 

phosphate recovery in anaerobic sludge digestion sidestreams without specific phosphorus treatment 

can be considered technically and economically viable ([P-PO4] > 50 mg/L). These results can be 

explained by high precipitation rates in the digester at high water hardness levels. As far as biological 

treatment of nitrogen is concerned, particular attention needs be paid to nitrous oxide emissions, 

which dominate the carbon balance of sidestream processes, particularly in the case of the two-stage 

partial nitrification/anammox process. 
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1.1 From a wastewater treatment plant to a water resource recovery facility 
   

Before the 1970’s, the main purpose of conventional wastewater treatment plants (WWTPs) 

was the removal of suspended solids, the elimination of pathogens and the treatment of organic 

compounds. From 1970, the removal of nitrogen and phosphorus started to be addressed due to 

environmental concerns (Metcalf & Eddy Inc. et al., 2003). In France, these discharge standards from 

the European directive 91/271/EEC continue to be applied and more stringent standards are expected 

in the near future (Laperche, 2022). 

Following the Rio United Nations conference on environment and development in 1992, the 

concept of sustainable urban water management emerged (Larsen and Gujer, 1997). This was an 

opportunity to restate the functions of urban water including the integration of agriculture and 

nutrient cycles. Indeed, wastewater treatment plants are connected to nutrient cycles because part of 

nitrogen and phosphorus applied as fertiliser in agriculture ends up in wastewater. Historically, urban 

water management aimed to return nutrient to the countryside soil but this practice was lost with the 

introduction of cheap fertilizers (Cordell et al., 2009). The recent concerns of sustainable development 

and the development of circular economy concepts led to paradigm shift consisting in converting 

wastewater from an unwanted substance to a valuable resource (Bakan et al., 2022). As a result, 

WWTPs are now considered to be Wastewater Resource Recovery Facilities (WRRFs) from which 

valuable products can be covered. The wastewater sector started to  include the recovery of: water, 

nutrients (phosphorus, nitrogen and potassium), bioenergy (methane, biodiesel, bio-hydrogen), heat, 

cellulosic fibres, metals and a wide range of platform biochemicals (enzymes, extracellular polymers, 

volatile fatty acids, etc.) (Pradel et al., 2016; Varennes et al., 2023; Yadav et al., 2022). In particular, 

the industry has focused a lot of efforts on the recovery of nitrogen and phosphorus due to regulations 

and the obligation to reduce their concentrations before discharge in the environment (Latimer et al., 

2016).  

The recovery of nitrogen and phosphorus could contribute to the reduction of greenhouse gas 

(GHG) induced by the fertiliser production (Qadir et al., 2020). Conventionally, ammonia fertiliser is 

produced by the Haber–Bosch process, an energy intensive process contributing to approximatively 

1.5% of carbon dioxide emissions (Capdevila-Cortada, 2019). Part of nitrogen produced ends up in 

sewage from which it is removed from sewage biologically and returned to the air mainly in the form 

of dinitrogen gas (Khiewwijit et al., 2015). This treatment step also generates GHG emissions 

associated with energy (mainly for aeration) and chemical consumption as well as direct emissions of 

nitrous oxide (N2O), a by-product of biological nitrogen removal processes, having a global warming 

potential 273 times that of CO2 for a 100-year timescale (Pörtner et al., 2022). 

 

Phosphorous used in mineral phosphorus fertilisers come from phosphate rock and is classified 

as a critical raw material by the European Commission (Egle et al., 2016) as it is expected to be depleted 

within next 45–100 years (Sengupta et al., 2015). In such context, recycling nutrients from wastewater 

is regaining importance as it could fill 13.4% of the global demand for these nutrients in agriculture 

according to Qadir et al. (2020). 

 

To achieve this paradigm shift from a WWTP to a WRRF, one of the options is to consider the 

facility in a partition-release-recover configuration. This configuration relies on a first step of chemical 
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oxygen demand (COD) and nutrient accumulation in the solids, a second step of nutrient release with 

the anaerobic digestion process, and a final step of digested sludge treatment (D. J. Batstone et al., 

2015). This PhD work mainly focusses on the last step related to nitrogen and phosphorus management 

(recovery or treatment) in the liquid phase obtained after the dewatering of the digested sludge.  

 

1.2 Anaerobic digestion of sewage sludge and the emergence of sidestream 

management questions  
 

Anaerobic Digestion was developed for the first time in a wastewater treatment plant in 

England in 1895 to recover biogas to fuel street lamps in Exeter (Nanda and Sarangi, 2022). This process 

has been implemented more widely with the development of activated sludge systems due to the large 

volumes of sewage sludge generated and that needed to be reduced and stabilised (Moletta, 2008). In 

the context of resource recovery, AD has been evaluated as one of the most efficient technologies for 

bio-energy production (Vaneeckhaute et al., 2014). In addition, to boost AD and dewatering 

performance, several sludge pre-treatments have been developed (Carrère et al., 2010). Among them, 

the thermal hydrolysis process (THP) is the most applied technology and existing full-scale references 

have so far reported an enhancement of biogas production and organic matter removal after THP pre-

treatment (Kor-Bicakci and Eskicioglu, 2019). 

However, AD also concentrates the remaining nutrients in the digested sludge, more especially 

in the liquid phase of the sludge. Once dewatered, this liquid phase, also called sidestream, centrate, 

reject water or supernatant, is sent back to the main wastewater treatment line. This internal 

sidestream contains up to 25% of the total nitrogen load and up to 30% of the total phosphorus load 

to the facilities (Couturier et al., 2001; Grulois et al., 1993; Ueno and Fujii, 2001). Sludge pre-treatments 

increase the quantity of nitrogen in sidestream and can generate streams with high concentration of 

refractory compounds in the case of thermal hydrolysis process (Barber, 2016; Bougrier et al., 2008; 

Dwyer et al., 2008b). However, the total nitrogen and phosphorus loads can vary from one WWTP to 

another due to the different wastewater composition, to the treatment applied for nutrient and 

phosphorus removal in the mainstream treatment line and to the operating conditions of the digester 

(concentration of the sludge, temperature, etc.).  

High nutrient content in sidestreams can lead to increased energy consumption in the 

mainstream treatment line and degradation of effluent quality (Cullen et al., 2013; Janus and van der 

Roest, 1997; Preisner et al., 2020), especially when the facility operates close to full capacity. In such 

conditions, sidestream processes are good opportunities for upgrading nitrogen or phosphorus 

treatment capacity without needing to expand existing works (van Loosdrecht and Salem, 2006). 

Indeed it was suggested that managing sidestreams in mainstream treatment line is not always the 

most cost effective solutions because streams will be diluted and larger biological reactors and higher 

aeration demand may be required (Eskicioglu et al., 2018; Janus and van der Roest, 1997; Wett and 

Alex, 2003). Recovery processes in sidestreams could be highly efficient due to the high nutrient 

concentration (Latimer et al., 2016). Different sidestream processes have been developed and to 

choose the most appropriate one, an understanding of the different processes and tools as modelling 

to evaluate their impacts on the WRRF are paramount. Modelling is one of them.   
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1.3 Sidestream processes for nitrogen and phosphorus removal 
 

Sidestream processes generally address only one particular component (either nitrogen or 

phosphorus), thus the removal or recovery of both nutrients involve the implementation of a 

combination of processes. They lie on biological and physico-chemical mechanisms and have different 

levels of technology readiness while implying different operational costs. Figure 1.1 is based on the 

level of technological readiness levels (TRLs), from TRL 4 (technology validation in laboratory 

environment) for the bioelectrochemical system to the maximum level of TRL 9 (successful operations 

of the technology in real environment) for nitrification/denitrification. The classification according to 

operational costs has been done based on figures found in scientific literature (see appendix of Chapter 

1). Each process listed in Figure 1.1 is briefly described in the following paragraphs. 

 

  
Figure 1.1 – Classification of the different sidestream processes described in the literature according to their purpose 

(treatment or recovery), maturity and operational costs. Main references for the classification of the technologies: (1) 

Barua et al., 2019 ; (2) Eskicioglu et al., 2018 ; (3) Sengupta et al., 2015 ; (4) Eskicioglu et al., 2018 ; (5) Ye et al., 2018 ; (6) 

Bowden et al., 2015 ; (7) Lackner et al., 2014 ; (8) Le Corre et al., 2009 ; (9) Bowden et al., 2015 

 

1.3.1 Biological sidestream processes for N treatment 
In the literature, nitrification/denitrification, nitritation/denitritation, partial 

nitritation/anammox, aerobic digestion and algae production are the biological processes employed 

to remove nitrogen in sidestreams (Eskicioglu et al., 2018; Ye et al., 2018). They all have applications 

at pilot-scale or full-scale but the most applied one is the partial nitritation/anammox system (Lackner 

et al., 2014) because less oxygen and no biodegradable COD are required compared to 

nitritation/denitritation or nitrification/denitrification.  

Sidestream biological nitrogen removal by nitrification/denitrification has been mostly applied 

in sequencing batch reactors operated independently of the mainstream treatment line. However, 
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some applications were also developped to achieve bioaugmentation of the main line (Husband et al., 

2010; Krhutkova et al., 2006). This is the case of the BABE (Bio Augmentation Batch Enhanced) 

technology in which part of the return activated sludge is fed into sidestream reactor in order to treat 

nitrogen in sidestream but also to produce a biomass with a high nitryfing activity (Berends et al., 2000; 

Salem et al., 2004) which can then seed the main treatment line. This can be achieved thanks to the 

high nitrogen load with concentration of N-NH4 in the range of 800 to 1300 mg/L (Metcalf & Eddy Inc. 

et al., 2003) and elevated temperature in sidestreams. One of the system limit is the temperature 

shock between sidestreams and mainstream line (Bowden et al., 2015). 

Shortcut nitrogen removal can be achieved by selectively inhibiting nitrite-oxidizing bacteria 

while retaining the activites of ammonia-oxidizing bacteria and denitrifiers. This process, know as 

nitritation/denitritation process, reduces carbon requirement for denitrification by 40% and aeration 

energy demand for nitrification by 25% (Turk and Mavinic, 1986). The most well known commercialised 

technology is the SHARON process (Hellinga et al., 1998; Perret et al., 2018).  

The discovery of anaerobic ammonium oxidising (anammox) bacteria in the late 90s, let to the 

developpement of an energy and carbon efficient technology for nitrogen removal: partial nitritation 

and anammox (PN/A). It comprises two consecutive processes: ammonia-oxidising bacteria aerobically 

oxidise part of the ammonium load into nitrite (PN, Partial Nitritation), then anammox bacteria convert 

ammonia and nitrite formed to nitrogen gas and a small fraction of nitrate. Those two processes can 

be achieved in a single reactor (1-stage configuration) or in two separate reactors (2-stage 

configuration). Compared to conventional nitrogen removal through nitrification/denitrification, PN/A 

saves 60% of the aeration costs without a need for exogenous carbon dosing (Lackner et al. 2014). 

However, the process can be responsible of high N2O emissions (Schaubroeck et al., 2015).  

For algae production, the application at full scale is relatively scarce. This process allows the 

recovery of algae that can be used for biofuel production for example (Eskicioglu et al., 2018). 

However, this process is suitable in warm countries and the harvesting of the algale produced is still a 

complicated step of the process (Al Momani and Örmeci, 2020; Marazzi et al., 2019).  

 

1.3.2 Physico-chemical processes for N recovery 
Physico chemical processes have been developed with a focus on recovery rather than 

treatment. They are less implemented at full scale compared to biological processes and are mainly 

developed at pilot scale. Different solutions have been found in the literature: ammonia stripping and 

absorption, membrane filtration, ion exchange resin, electrodialysis and bio electrochemical systems 

(Eskicioglu et al., 2018; Ye et al., 2018). Ammonia stripping is based on the liquid gas equilibrium where 

ammonia from the liquid phase is transferred to the gas phase before being sent to an air scrubber for 

ammonia absorption into an acid. The recovered solution can be used as fertiliser but only one full 

scale application have been found in the literature (Sagberg et al., 2006).  

For membrane filtration, hollow fiber membrane contactor or reverse osmosis can be used. 

Only hollow fiber membrane contractor has been applied at full scale (Eskicioglu et al., 2018). Ammonia 

passes through the membrane and an acid is used as a draw solution to recover nitrogen. For ion 

exchange resin, electrodialysis and bio electrochemical system, only pilot-scale applications have been 

found (Sengupta et al., 2015). Electrodialysis process uses an electric current to migrate ions to the 

cathode or anode and trap them on ion exchange membranes and obtained a concentrated ammonia 

solutions (Ward et al., 2018). In bioelectrochemical systems, the oxidation of organics produces 
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electrons used as energy for the migration of NH4
+ ions from the anode to the cathode in order to 

maintain charge neutrality (de Fouchécour et al., 2022). In the cathode chamber, NH4 is transformed 

into NH3 thanks to the high pH value to be recovered (Nancharaiah et al., 2016). 

These processes have been developed more recently and their development is slow due to 

their energy requirements: around 26-28 kWh/kgN treated for ammonia stripping and 3 to 6 kWh/kgN 

treated for biolectrechemical system; while, PN/anammox and nitrification/denitrification has an 

energy consumption respectively of 4.2 kWh/kgN and 12 kWh/kgN treated (Barua et al., 2019; Ye et 

al., 2018). Considering that bioelectrochemical systems are not mature enough for full-scale 

applications, biological processes are more economical from an energy consumption perspective.  

 

1.3.3 Physico-chemical processes for P recovery 
For P recovery and treatment, the most applied process is based on precipitation mechanisms 

to recover P in the form of struvite (MgNH4PO4⋅6H2O) (Le Corre et al., 2009). This process was 

implemented first to help reduce struvite clogging issues in pumps and pipes (Kleemann et al., 2015) 

and is increasingly being seen as a recovery solution. In the literature, one full scale installation of 

calcium phosphate recovery (Eggers et al., 1991) rather than struvite have been found as well as an 

application of electrodialisys for P recovery at lab or pilot scale (Ward et al., 2018).  

 

1.3.4 Research needs for a better implementation of sidestream processes 
Nutrient removal in sidestreams could constitute a key element in the evolution of wastewater 

treatment plant towards a water resource recovery facility. Indeed, these streams are highly 

concentrated in nitrogen and phosphorus and a variety of processes are emerging at different scales 

to provide recovery solutions. However, the knowledge on sidestream characteristics are scattered 

and limited in the literature and they mostly address mainly one component: nitrogen or phosphorus 

without giving information of other characteristics. An effort must be made to gain a deeper 

understanding of these streams as the performance of processes could depend on other components 

or species as the ions (as for example: Ca2+, K+, Mg2+, Cl-, Na+, SO4
2-), total suspended solids or residual 

chemical oxygen demand. In view of recovery, most of these processes lie on physico-chemical 

equilibrium and could be impacted by the different ions in solution (Ye et al., 2018). The quality of 

sidestreams could indeed have consequences on process performance and on the quality of the 

recovered products (Lizarralde et al., 2019) but little research has been done to date. For example, the 

presence of calcium can impact the quality of struvite by also generating other minerals as calcium 

phosphates (Le Corre et al., 2005) but these different minerals are generally not included when 

assessing the potential for phosphorus recovery.  
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1.4 Evaluating sidestream process performance  
 

The assessment of sidestream process performance depends both on the performance of the 

process as such and on the impact that this process has on the entire WRRF. In scientific literature, 

most scenario analyses use effluent quality and operational costs including chemical and energy 

consumption to assess the suitability of a process (De Ketele et al., 2018; Fernández-Arévalo et al., 

2017a; Hodgson and Sharvelle, 2019). Additionally, many studies evaluate the potential for P recovery 

(Flores-Alsina et al., 2021; Lizarralde et al., 2019; Solon et al., 2017) and try to maximise it by optimising 

P release (Bouzas et al., 2019; Martí et al., 2017). While most of these studies are able to predict the 

quantity of struvite produced, its quality is seldom studied (Vaneeckhaute et al., 2018b). 

More recently, carbon footprint was considered to take into account the climate footprint of 

the facilities and the urgent need to reduce anthropogenic greenhouse gas emissions sources. For the 

evolution towards a WRRF, an effort has to be made to include the carbon footprint as a performance 

indicator in addition of operational aspects, effluent quality and resource recovery potential (Solon et 

al., 2019a).  

 

1.5 Ability of anaerobic digestion models to predict sidestream characteristics and 

evaluate sidestream management scenarios 
 

To evaluate scenarios with sidestream processes, many authors used mechanistic models, in 

particular anaerobic digestion models coupled with activated sludge models to simulate the whole 

WWRF. These models representing the whole plant are also called Plant Wide Models (PWM) and 

different libraries of models have been developed in the last years: the PWM approach detailed in 

Grau et al. (2007) and Lizarralde et al. (2015), the benchmark simulation model (Gernaey et al., 2014), 

the biological nutrient removal model (Barat et al., 2013), the PWM South Africa (Ikumi, 2020), and 

the generic nutrient recovery model (Vaneeckhaute et al., 2018b). 

However, ADM1 showed some limitations to correctly estimate pH and phosphate 

concentrations due to simplifying assumptions, such as considering solutions with ideal behaviour, or 

neglecting solid-liquid transformations (Batstone et al., 2012). In the first ADM1 version, the 

precipitation of phosphorus into the anaerobic digester where not considered which leads to an 

overestimation of phosphate in the digested sludge and resulting sidestreams. Therefore, in recent 

publications, this model was updated with a more comprehensive physico-chemical framework 

(Batstone and Flores-Alsina, 2022) including activity corrections for non-ideal behaviour and 

precipitation with phosphate of the following metals: calcium, magnesium, iron, aluminium. More 

extensive models have also been developed to describe interactions between sulphur, iron and 

phosphorus (Hauduc et al., 2019; Kazadi Mbamba et al., 2019; Solon et al., 2017), as well as more 

advanced precipitation models with particle size distribution of the minerals formed (Elduayen-Echave 

et al., 2019). In addition, to be able to calculate the carbon footprint of the different plants, models 

have been upgraded to describe N2O emissions (Flores-Alsina et al., 2011; Mannina et al., 2019; 

Massara et al., 2018). 

With these new extensions, recent studies have been able to validate the quantity of P in 

sidestreams and then assess different scenarios for P recovery. However, there is no information on 

the quality on the recovered product which is essential for marketing. In the work of Vaneeckhaute et 
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al. 2018, a sensitivity analysis was carried out to analyse the impact of the characteristics of the 

substrate fed to the digester on the performance of phosphorus and nitrogen recovery. The impact of 

calcium on the quality of the recovered struvite was demonstrated but the model was not validated 

using data from full-scale facilities. Models including the extensions with S/P/Fe and N2O emissions 

have not yet been applied to full-scale data and are generally used to compare different scenarios 

(Flores-Alsina et al., 2014; Solon et al., 2017).  

In conclusion, the evaluation of the potential of nutrient recovery in sidestreams using 

anaerobic digestion model coupled with the physico-chemical framework can be an interesting tool. 

However, this model has been developed recently and few full-scale applications have been published. 

Moreover, in these applications, the procedure for the calibration of the precipitation model 

parameters is not always specified. Therefore, there is no generic calibration procedure when applying 

this model to another application and the range of values in which the precipitation model parameters 

can vary is not clear.  In order to apply this model widely more full-scale applications are necessary, 

considering not only phosphorus but also other ions such as calcium and magnesium and studying the 

impact of the precipitation parameters on the model results. 

 

1.6 Research questions and thesis outline 
 

The objective of this doctoral research was to provide a framework for selecting a sidestream 

process depending on the types of sewage sludge and the resulting characteristics of sidestreams. In 

order to support the choice of a sidestream process for nitrogen and phosphorus treatment or 

recovery, an effort has been made to include not only operational performance indicators but also to 

focus on carbon footprint and on the quality of the product recovered in sidestreams. To establish this 

framework, the thesis is divided into 3 main chapters and focuses first on sidestream characteristics, 

then studies in detail the AD model coupled with precipitation mechanisms and ends with the use of 

this model to conduct a scenario analysis for a sludge line treating different types of sewage sludge. 

The content of each chapter is detailed below. 

Chapter 2 provides an analysis of the data collected in the literature on the characteristics of 

sidestreams (Figure 1.2). Concentration ranges for the different characteristics have been extracted 

and are analysed for a conventional mesophilic anaerobic digester with and without thermal hydrolysis 

pre-treatment. The impacts of sidestream characteristics and concentrations found in the literature 

on the performance of several treatment or recovery processes are discussed.  
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Figure 1.2 - Outline of chapter 2 

 

Chapter 3 investigates the calibration and validation of the anaerobic digestion model coupled 

with the physico-chemical framework with a focus on the precipitation models (Figure 1.3). The 

objective is not only to validate the quantity of phosphorus but also of magnesium and calcium in the 

digested sludge to obtain reliable estimation of the quantity and the quality of struvite that can be 

recovered in sidestreams. A systematic calibration procedure is applied to two different anaerobic 

digesters treating full-scale sludge with different concentrations of Ca, P, Mg and inorganic carbon.  

The parameters of the precipitation model to be calibrated are discussed. This chapter is based on the 

results of measurement campaigns from two other projects to which the PhD thesis was involved. The 

first project “DESINTEGBOUES”, led by INRAE, focuses on the analysis of the operation of a mesophilic 

anaerobic digester located at the Reventin Vaugris WWRF (France). The second project “MAGNYFOS”, 

led by CEIT, is about the assessment of phosphorus recovery potential in Tudela WRRF (Spain) in which 

the implementation of a thermophilic anaerobic digester is planned. 

Chapter 2

N/P treatment
or recovery

• What are the characteristics of sidestream?
• Which processes can be installed for sidestream treatment or recovery ?

• Is the performance of these processes affected by certain characteristics of sidestreams ?
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Figure 1.3 - Outline of chapter 3 

 

In Chapter 4, calibrated models of Chapter 3 are used to carry out a scenario analysis evaluating 

the impact of different sludge characteristics on different sidestreams management (Figure 1.4). 

Simulations of anaerobic digestion process are performed with sludge of different origins in terms of 

phosphorus treatment in the mainline, and containing different levels of Ca, Mg and inorganic carbon. 

Simulation results allowed calculating the quantity of nitrogen or phosphorus to be removed, the 

operational costs and the carbon footprint of a struvite recovery process and a nitrogen treatment unit 

by nitrification-denitrification or by partial nitritation / anammox. . The recovery of phosphorus as 

struvite has been selected because the process has been developed at full scale but still arise question 

about the interest for this process when the WRRF is operating without enhanced biological 

phosphorus removal or when the concentration of calcium is high. The biological nitrogen treatment 

with partial nitritation / anammox or by the conventional nitrification – denitrification process were 

also selected because they are both applied at full-scale but the issue with N2O emissions are known 

to be detrimental in the carbon footprint of such processes. This chapter was carried out in the 

framework of the Pierre Bénite (France) WWRF project which focussed on the implementation of a 

mesophilic anaerobic digester treating internal sludge and sludge from the surrounding WRRFs. 

Ultimately,  the findings of this chapter can serve as a basis for the choice of sidestream processes. 

 

Anaerobic
Digestion

Biogas

Chapter 3

• Does the anaerobic digestion model coupled with precipitation correctly predict 
sludge and sidestream characteristics ? 

• How can this model be calibrated to correctly predict the different concentration 
of ions in sidestreams?
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Figure 1.4 - Outline of Chapter 4 

 

Chapter 5 summarises each chapter and provide main conclusions of this doctoral work. The 

conclusion chapter first details the main findings of the literature review on sidestream processes and 

existing processes. For the AD model coupled with multiple mineral precipitation, recommendations 

for the calibration procedure and perspectives are provided. To help select a sidestream process, and 

especially, for phosphorus recovery and biological nitrogen treatment, the last chapter also discusses 

the important points to take into consideration. Areas for future research are highlighted, focusing on 

the possible evolution of plant-wide models to better predict sidestream characteristics.  

 

 

 

 

 

 

 

 

 

 

  

Anaerobic
Digestion

Biogas

N/P treatment
or recovery

Dewatering

Anaerobic
Digestion

Chapter 4

• How do different types of sludge and different water hardnesses influence the recovery 
potential in sidestreams ? 

• What is the influence of these anaerobic digestion sidestreams on the performance of N 
treatment and P recovery process ?
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CHAPTER 2 - SIDESTREAM CHARACTERISTICS IN WATER RESOURCE RECOVERY 

FACILITIES: A CRITICAL REVIEW 
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2.1 Abstract  
 

This review compiles information on sidestream characteristics that result from anaerobic 

digestion dewatering (conventional and preceded by a thermal hydrolysis process), biological and 

primary sludge thickening. The objective is to define a range of concentrations for the different 

characteristics found in literature and to confront them with the optimal operating conditions of 

sidestream processes for nutrient treatment or recovery. Each characteristic of sidestream (TSS, VSS, 

COD, N, P, Al3+, Ca2+, Cl-, Fe2+/3+,  Mg2+, K+, Na+, SO4
2-, heavy metals, micro-pollutants and pathogens) is 

discussed according to the water resource recovery facility configuration, wastewater characteristics 

and implications for the recovery of nitrogen and phosphorus based on current published knowledge 

on the processes implemented at full-scale. The thorough analysis of sidestream characteristics shows 

that anaerobic digestion sidestreams have the highest ammonium content compared to biological and 

primary sludge sidestreams. Phosphate content in anaerobic digestion sidestreams depends on the 

type of applied phosphorus treatment but is also highly dependent on precipitation reactions within 

the digester. Thermal Hydrolysis Process (THP) mainly impacts COD, N and alkalinity content in 

anaerobic digestion sidestreams. Surprisingly, the concentration of phosphate is not higher compared 

to conventional anaerobic digestion, thus offering more attractive recovery possibilities upstream of 

the digester rather than in sidestreams. All sidestream processes investigated in the present study 

(struvite, partial nitritation/anammox, ammonia stripping, membranes, bioelectrochemical system, 

electrodialysis, ion exchange system and algae production) suffer from residual TSS in sidestreams. 

Above a certain threshold, residual COD and ions can also deteriorate the performance of the process 

or the purity of the final nutrient-based product. This article also provides a list of characteristics to 

measure to help in the choice of a specific process.  

 

2.2 Highlights  
 

 The review provides concentration ranges for sidestream characteristics in WWRFs  

 THP mainly affects COD and N content in anaerobic digestion sidestream 

 The effect of THP on P is not significant due to precipitation inside AD 

 A list of characteristics to measure before selecting sidestream processes is given 

 

 

This chapter was published as: 

Devos, P., Filali, A., Grau, P., Gillot, S., 2023. Sidestream characteristics in water resource recovery 

facilities: A critical review. Water Res. 232, 119620. https://doi.org/10.1016/j.watres.2023.119620 
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2.3 Introduction  
 

Wastewater characteristics have been studied for decades because they are key to design and 

optimise the operation of wastewater treatment processes. The usual characteristics of urban 

wastewater (including total solids, organic matter, total nitrogen, total phosphorous and organic 

matter biodegradability) from different countries is well-documented, especially in view of process 

modelling (Rieger et al., 2012), and experimental methods to characterise the composition of 

wastewater have been established and benchmarked (Gillot and Choubert, 2010; van Loosdrecht et 

al., 2016). At the same time, there is a growing interest in the characterisation of both the solid and 

the liquid phase of sewage sludge. This interest is primarily motivated by the need to reduce sludge 

volumes and associated sludge management costs (Zhen et al., 2017) as well as to maximise their reuse 

as fertiliser (Kacprzak et al., 2017). One of the current concerns is the concentration of heavy metals 

and emerging contaminants when sludge disposal route is land application (Appels et al., 2010; Steele 

et al., 2022).   

As part of sewage sludge management in water resource recovery facilities (WRRFs), sludge 

thickening and dewatering units result in the production of different types of sidestreams, also called 

“reject water”, “centrate”, “supernatant” or “filtrate”, recycled into the main wastewater treatment 

line. The major concern about these streams arise with the overall tightening of WRRFs effluent 

standards (Preisner et al., 2020) and the development of anaerobic digestion (AD) that generates a 

nutrient-rich supernatant (Gourdet et al., 2017). In the context of a wastewater identified as a resource 

rather than a waste stream, AD has proved to be an essential technology as it reduces sludge volume, 

stabilises sludge and more importantly recovers energy as methane (Appels et al., 2011). Sidestreams 

in WRRFs equipped with AD can contain up to 25% of the total nitrogen load and 10% of the total 

phosphorus load to the facilities (Couturier et al., 2001; Grulois et al., 1993). This phosphorus load can 

be even higher (up to 30%) when enhanced biological phosphorus removal (EBPR) is implemented in 

the water line (Ueno and Fujii, 2001). Also, to boost AD and dewatering performance, several sludge 

pre-treatments have been developed (Carrère et al., 2010). Among them, the thermal hydrolysis 

process (THP) is the most applied technology and existing full-scale references have so far reported an 

enhancement of AD performance after THP pre-treatment (Kor-Bicakci and Eskicioglu, 2019).The main 

drawback of THP is that it generates streams with high concentration of refractory compounds and an 

increase in sidestream ammonia concentration (Barber, 2016; Bougrier et al., 2008; Dwyer et al., 

2008b). 

High nutrient content in sidestreams can lead to increased energy consumption and degradation 

of effluent quality (Cullen et al., 2013; Janus and van der Roest, 1997), especially when the facility 

operates close to full-scale capacity. In such conditions, sidestream processes are good opportunities 

for upgrading treatment capacity without needing to expand existing works (van Loosdrecht and 

Salem, 2006). The main biological processes for the treatment of nitrogen in sidestreams includes: 

nitritation-denitritation, nitrification-denitrification,  partial nitritation / anammox, bioaugmentation 

and algae production (Eskicioglu et al., 2018).  

Sidestream processes also offer an excellent opportunity for nutrient recovery, essential for 

sustaining the food production industry. Currently, nitrogen-based fertilisers are mainly produced by 

the energy-intensive Haber–Bosch process, while rock phosphate is the main raw material in 

phosphorus-based fertilisers (Nancharaiah et al., 2016; Shaddel et al., 2019). The implementation of 

these production routes on the long-term is questioned because (1) phosphorus depletion is expected 

by 2100 (Van Vuuren et al., 2010) and (2) fertilizers production currently accounts for more than 1% 

of the world's emissions of greenhouse gases (GHG) (Kehrein et al., 2020). Municipal wastewater is 
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thus an interesting nutrient-source as its nitrogen and phosphorus content accounts respectively for 

14% and 7% of the global fertilizer demand (Qadir et al., 2020). Several reviews present in detail the 

technologies available for nutrient recovery from wastewater. They are mainly based on physical, 

physicochemical, and bio-electrochemical mechanisms (Guilayn et al., 2020; Vaneeckhaute et al., 

2017; Ye et al., 2018). Struvite precipitation, ammonia stripping, membrane filtration, electrodialysis, 

bio-electrochemical system, ammonia and phosphate sorption are the most investigated processes. 

Performances of such processes depend on sidestream characteristics. Their efficiency, the capacity 

for nutrient removal, the energy and chemical consumption and the quality of recovered products 

have to be specified. The nutrient-based products must also comply with the current N and P fertilizer 

characteristics and legislation. In addition, to complete COD, N and P fractionation, the detailed ionic 

strength of sidestreams is necessary to correctly design and model treatment or recovery processes as 

they are mainly based on physicochemical reactions. This information is especially required as input of 

the new advanced plant wide models that couple biokinetics with physicochemical framework (Flores-

Alsina et al., 2015; Kazadi Mbamba et al., 2015a; Lizarralde et al., 2015; Solon et al., 2015; 

Vaneeckhaute et al., 2018b). 

Despite the growing interest in the implementation of sidestream processes, a complete 

characterisation of this stream is relatively scarce and sparse in the literature. Published data include 

phosphorus (Martí et al., 2017), nitrogen (Kassouf et al., 2020), COD fractionation (Noutsopoulos et 

al., 2018) and ionic composition (Bhuiyan et al., 2009). However, no synthesis compares sidestream 

characteristics from different WRRFs, considering a large number of components (solids concentration, 

COD, biodegradability, N, P, ions, heavy metals and ionic composition) that constitute wastewater 

(Metcalf & Eddy Inc. et al., 2003).  

This review article compiles and analyses literature data of sidestream characteristics from 

different locations in WRRFs. The aim is to bring knowledge on sidestream characteristics to assist in 

selection, design and modelling of sidestream processes. Data are questioned in order to choose the 

most optimal operating conditions of the main sidestream processes and to identify potential limits of 

application. Implications in terms of plant wide modelling are also mentioned, in order to improve 

sidestream description and nutrient recovery options. Finally, the need for data on characterisation of 

sidestreams are highlighted to support the development of processes that can improve environmental 

and economic impacts of WRRFs.  
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2.4 Literature Data Compilation  
 

The set of data used in this study results from the compilation of information from 87 documents 

(peer-reviewed and grey literature). The characteristics found have been classified according to the 

source of sidestreams: 

• biological sludge for sidestreams resulting from the thickening of biological sludge 

• primary sludge for sidestreams resulting from the thickening of primary sludge 

• anaerobic digestion for sidestreams resulting from the dewatering of digested sludge 

• THP anaerobic digestion for sidestreams resulting from the dewatering of digested sludge 

preceded by a thermal hydrolysis process (THP). 

The collection and description of the data can be found on the french repository “DataGouv” 

(https://doi.org/10.57745/FOHRHY). Only papers with clear information on sidestream sources were 

selected. Sidestreams from full-scale measurements only were included in the dataset. 

All figures presented in this document have been generated with RStudio software version 4.1.2. 

Most of the data is presented in the form of a violin plot overlaid on a boxplot. Outliers have been 

detected with the Bonferroni test (Bretz et al., 2010) for each boxplot when the p-value is below 5%. 

They are indicated in the figures (in grey) but are not included in the calculation of the median nor in 

the count of the total number of values. The different sources of sidestreams were statistically 

compared using the Kruskal-Wallis test. The pairwise comparison using the Wilcoxon test was also 

used to compare the impact of different WRRF configurations. In addition, correlations between 

different parameters were identified using the Spearman test. 

 

 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



36 

 

2.5 Sidestream Characteristics  
 

In the following, sidestream characteristics are first described in terms of major pollutants (TSS, 

COD and nutrients): concentrations and mass loads are analysed. The ionic composition of sidestreams 

are then described, as well as pH, alkalinity and temperature. Collected data mainly refer to streams 

from the anaerobic digestion of sewage sludge. A few data on sidestreams from primary or biological 

sludge thickening are also presented, when available.  

 

2.5.1 Major pollutants in sidestreams 

2.5.1.1 Concentration of Total Suspended Solids (TSS) and Volatile Suspended Solids (VSS) 
 Figure 2.1 presents the TSS concentrations in sidestreams from anaerobic digestion preceded or 

not by a THP. TSS concentrations are highly variable from one study to another. This variability is partly 

due to the sampling methodology as most of the values have been obtained on grab samples. There is 

no significant difference between both types of sidestreams which means that TSS concentration in 

sidestreams is mainly driven by other factors than the presence of a THP, such as the dewatering unit 

performance. Interestingly, most of the data compiled on anaerobic digestion sidestreams came from 

centrifuges. The centrifuge has a solid capture rate between 95% and 99% depending on sludge 

conditioning (Metcalf & Eddy Inc. et al., 2003). Considering a TSS concentration in digested sludge of 

25 g/L, the TSS concentration in sidestreams from an anaerobic digester would not exceed 1500 mg/L. 

Outliers in Figure 2.1 are much higher than this value, indicating that the centrifuge may sometimes 

underperform. Besides, variability of water content and particle size of sludge induced by sludge 

transport and storage can impact the demand for polymers, and therefore the performance of the 

dewatering unit (Andreoli et al., 2007; Henze and Comeau, 2008). Anaerobic digestion sidestream has 

a median VSS to TSS ratio of 70% (Figure 2.1 B). A value in the range of 55 – 75% is expected (Bowden 

et al., 2015) which corresponds to volatile solids (VS) range for digested sludge (Andreoli et al., 2007).  

 

 

Figure 2.1 - Literature data compilation of TSS (A) and VSS (B) in sidestreams from anaerobic digestion and from 

anaerobic digestion preceded by a THP 

  

A B
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2.5.1.2 Concentration of Chemical Oxygen Demand (COD)  
The concentrations of total COD and soluble COD are significantly different between anaerobic 

digestion and THP anaerobic digestion sidestreams (Figure 2.2). As for TSS, there is a large variability 

of COD concentration which is explained by the significant correlation between total COD and TSS. The 

difference of total COD concentration between both types of sidestreams is mainly due to the higher 

soluble COD concentration in THP anaerobic digestion sidestreams, induced by a higher solubilisation 

rate (Barber, 2016; Devos et al., 2020). Part of this additional soluble COD has been reported to be 

refractory compounds produced through the Maillard and Amadori reaction that also impacts the 

effluent COD of the WRRF. The amount of refractory compounds produced is dependent on the 

temperature of THP, and becomes significant at a temperature higher than 160°C (Toutian et al., 2020). 

For six facilities in Berlin (without sidestream processes) and for different THP temperatures the 

increase in effluent soluble COD was estimated to be in the range of 2 – 15 mg/L (Toutian et al., 2020). 

Another study reported that THP implementation in five facilities led to a 3 – 8 mg/L increase of 

effluent COD concentration, depending on the quantity of primary sludge versus the quantity of 

biological sludge (Svennevik et al., 2020).  

 

 

Figure 2.2 - Literature data compilation of Total COD (A) and Soluble COD (B) in sidestreams from anaerobic digestion 

and from anaerobic digestion preceded by a THP 

 

The concentration of total COD in biological sludge sidestreams and in the treated water are 

usually close except in the case of thickening unit malfunction. The concentration of COD in primary 

A

B
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sludge sidestreams is similar to wastewater and is in the range of 250 – 800 mg/L (Constantine, 2006). 

However, higher values of 823 mg/L (Roldán et al., 2020) and up to 4244 mg/L have been encountered 

probably due to sludge loss following a rain event in the gravity thickener (Noutsopoulos et al., 2018).  

 

2.5.1.3 Organic matter biodegradability in sidestreams  
Table 2.1 shows COD biodegradable fractions in sidestreams based on literature review. For a 

given type of sidestreams, results show a large variability explained on the one hand by varying 

methods employed to characterise the biodegradability and on the other hand by differences in 

operating conditions of AD and THP (T°C, sludge concentration, retention time). The fractionation of 

COD into different classes of biodegradability (slowly biodegradable, rapidly biodegradable, inert 

soluble and particulate) is essential for design, operation purposes and modelling (Gillot and Choubert, 

2010). However, more data are required to compare the sludge biodegradability after anaerobic 

digestion and THP anaerobic digestion sidestreams. Primary sludge thickening sidestreams has a 

biodegradable fraction similar to wastewater generally between 54 – 88 % (Gillot and Choubert, 2010) 

of total COD. The biodegradable fraction of biological sludge thickening sidestreams is similar to the 

one of treated wastewater which is generally 70 to 80% lower than the untreated wastewater.  

 

Table 2.1 - COD fractionation in sidestreams based on literature data 

Method Type of sidestream Biodegradable fraction 

(%total COD) 

Reference 

Ultimate BOD test Conventional AD 55% (Akhiar et al., 2017) 

Respirometry Conventional AD 14% (Im and Gil, 2019) 

N/A Conventional AD 15% (Liu et al., 2014) 

Respirometry Conventional AD 57% (Noutsopoulos et al., 2018) 

Continuous aeration of centrate THP + AD 27% (Gupta et al., 2015) 

Respirometry THP + AD 40% (Noutsopoulos et al., 2018) 

Respirometry Primary sludge 82% (Noutsopoulos et al., 2018) 

Respirometry Biological sludge 15% (Noutsopoulos et al., 2018) 
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2.5.1.4 Concentration of nitrogen species 
For conventional mesophilic anaerobic digesters, the resulting ammonium (N-NH4) 

concentration in sidestreams typically ranges from 400 mg/L to 1 300 mg/L (Metcalf & Eddy Inc. et al., 

2003) which is in line with present data (Figure 2.3). 

 

 

Figure 2.3 - Literature data compilation of ammonium ion concentrations in sidestreams from different sources of 

sidestreams 

 

Variability of N-NH4 can be linked to the quantity of wash water used in the dewatering unit 

(Metcalf & Eddy Inc. et al., 2003) and to AD operating conditions (sludge concentration, VS removal). 

N-NH4 is significantly higher in anaerobic digestion with THP compared to AD without THP, which is 

explained by the fact that THP favours (1) an increase in the sludge concentration in the digester due 

to reduced viscosity (Urrea et al., 2015), (2) a higher solubilisation rate (Dwyer et al., 2008a; Wilson 

and Novak, 2009) and (3) an increase in biodegradation of organic matter and therefore of proteins 

content (Bougrier et al., 2008). Likewise, increased release of ammonium in the digester is expected. 

It was reported that total ammonium release per mass of volatile solids removed is equivalent for 

conventional mesophilic AD and THP whatever the sludge type (Wilson et al., 2011). Soluble nitrogen 

in AD dewatering sidestreams is mainly in the form of ammonium and soluble organic nitrogen 

accounts for a maximum of 10% of soluble TKN. Of this soluble organic nitrogen fraction, 

approximately 50% is considered non-biodegradable. The soluble organic nitrogen is believed to be 

produced through cell metabolism and decay of the anaerobic bacteria and waste activated sludge. 

Therefore, typical digester sidestream will add approximately 0.2 mg/L of refractory dissolved organic 

nitrogen to the WRRF effluent (Metcalf & Eddy Inc. et al., 2003). A recent survey on soluble organic 

nitrogen content in treated wastewater reported an average final concentration of 0.93 mg/L with a 

range of 0 – 2.5 mg/L (Galvagno et al., 2016). Therefore, the non-biodegradable fraction brought by 

AD dewatering sidestreams will account for approximatively 25% of final organic nitrogen. This 

quantity can be higher with THP pre-treatment (Ahuja, 2015).  

As expected, N-NH4 concentration in biological sludge and primary sludge sidestreams is 

significantly lower compared to anaerobic digestion sidestreams. However, the formation of anaerobic 

zones in thickening units such as gravity thickener or dissolved air flotation can lead to sludge 

hydrolysis thus favouring ions release, which can explain outliers of 50 mg/L for biological sludge 
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sidestreams and 123 mg/L for primary sludge sidestreams (not clearly visible in Figure 2.3 due to the 

scaling). 

2.5.1.5 Concentration of phosphate 
Phosphate (P-PO4) concentration for different sources of sidestreams is shown in Figure 2.4. 

The concentration of phosphate in biological sludge and primary sludge sidestreams is significantly 

lower compared to anaerobic digestion sidestreams.  Outliers in Figure 2.4 with very high 

concentrations of phosphate (up to 180 mg/L) for biological sludge sidestreams was attributed by Barat 

et al. (2009) to the formation of anaerobic zones in the thickener. This phenomenon is unlikely to 

happen in fast thickening processes such as centrifuge, rotary drum or belt press (Wild et al., 1997). In 

addition, as THP increases phosphorus solubilisation, a higher phosphate content in AD dewatering 

sidestreams was expected compared to conventional digestion (Khunjar et al., 2019). Surprisingly this 

was not supported by literature data. Whilst the intracellular phosphorus can be released during THP, 

this phosphorus can be directly immobilized by metallic ions such as Mg2+, Fe2+/3+, Ca2+ and Al3+ (Han et 

al., 2020). Consequently, the phosphorus content in the THP return liquor does not differ from the one 

of conventional AD. This result was found without considering the different types of applied 

phosphorus treatment because more data is needed to complete this comparative analysis. 

 

 

Figure 2.4 - Literature data compilation of phosphate concentrations in sidestreams from different sources of 

sidestreams 

 

To investigate the high phosphate concentration variability in anaerobic digestion sidestreams, 

Figure 2.5 shows phosphate concentration according to the phosphorus treatment type installed in 

the water line: enhanced biological phosphorus removal (EBPR), chemical phosphorus removal, a 

combination of both biological and chemical phosphorus removal and no specific phosphorus 

treatment. Only WRRFs operated with EBPR lead to higher phosphate in anaerobic digestion 

sidestreams compared to chemical phosphorus removal and no specific phosphorus treatment. The 

high phosphate concentration range for biological phosphorus removal and the combination of 

biological with chemical phosphorus removal can be attributed to different level of precipitation inside 

the anaerobic digester and different iron dosage.  
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Figure 2.5 - Literature data compilation of phosphate concentrations in anaerobic digestion sidestreams for different 

type of phosphorus treatment 

 

2.5.1.6 Contribution to the inlet mass flows 
The flow of the different sources of sidestreams accounts for less than 5% of the total flow at 

the WRRF inlet (Figure 2.6). Mass flow of total COD and TSS also represent less than 5% of the total 

mass flow at WRRF inlet for biological sludge and anaerobic digestion sidestreams. Primary sludge can 

excess this 5% threshold, especially after a rain event. As expected, the highest sidestream 

contribution for total phosphorus and total nitrogen comes from anaerobic digestion sidestreams. 

Regarding the nitrogen mass flow, sidestreams from anaerobic digestion contribute on average to 17% 

of the nitrogen mass flow at the WRRF inlet, which is much higher than the contribution of biological 

sludge sidestreams (1%) and primary sludge sidestreams (3 – 8%). The variability of the nitrogen mass 

flow is due to the the wide range of N-NH4 concentration found in anaerobic digestion sidestreams 

and the different load of nitrogen at the WRRF inlet. Phosphorus mass flow depends on the type of 

phosphorus treatment implemented in the water line similarly to the concentration of phosphate in 

anaerobic digestion sidestreams. For WRRFs with EBPR, anaerobic digestion sidestreams can 

contribute up to 34% of the total phosphorus mass flow. Mass flow of total phosphorus from primary 

sludge sidestreams and biological sludge sidestreams can exceed 5% especially when the thickening 

unit favours the formation of anaerobic zones (gravity thickener, dissolved air flotation).  
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Figure 2.6 - Literature data compilation showing the contribution of the different sidestreams to the WRRF inlet mass 

flows 

 

2.5.2 Ionic composition of sidestreams 
Figure 2.7 shows the concentration of different ions in sidestreams from anaerobic digestion. 

The concentration of aluminium (Al3+) and iron ions (Fe2+/3+) is very low because these metals 

precipitate easily with phosphorus or sulphur (Wilfert et al., 2015). Only a high salt dosage can lead to 

residual iron or aluminium in the soluble phase. The addition of salts lead to a large variability of 

chloride (Cl-) concentration from one study to another. This variability can be explained by different 

dose of salts or chemicals applied within the WRRF but also during disinfection of potable water or in 

sewers (Howe et al., 2012). Calcium (Ca2+), magnesium (Mg2+), potassium (K+), sodium (Na+) and 

sulphate (SO4
2) concentrations depend on tap water characteristics that result from the distribution 

network, water source and treatment, geographical location and geology (Hori et al., 2021). The higher 

the concentration at the WRRF inlet, the higher the concentration in sidestreams. A study on tap water 

characteristics also indicated a positive correlation between Na+ and Cl- and between Ca2+, Mg2+ and 

alkalinity (Banks et al., 2015). Positive correlations between Ca2+ and Mg2+ and Na+ and Cl- have also 

been found in anaerobic digestion sidestreams with the dataset used in the present study (p value < 

5%).  
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Figure 2.7 - Literature data compilation of the different ions in anaerobic digestion sidestreams 

 

Table 2.2 shows typical ion concentrations for domestic wastewater. The concentration range 

are systematically more extensive in sidestreams with values that can be very different compared to 

wastewater. Sulphate concentration is lower in sidestreams compared to wastewater because sulphur 

is usually removed from wastewater to prevent H2S formation in the digester and it can also be 

stripped as H2S gas. For the other ions, the concentration in sidestreams may results from (1) the 

addition of industrial wastewater to be treated in the urban WRRF, (2) their accumulation in sludge 

and subsequent reaction of precipitation / dissolution in the digester and in the thickening or 

dewatering unit and (3) the addition of chemicals such as lime. For example, calcium concentration in 

wastewater can increase up to 500 – 1500 mg/L with industrial wastewater (Arabi and Nakhla, 2008). 

Besides, calcium, potassium and magnesium are present in wastewaters as organic or inorganic forms. 

These ions can accumulate in sludge and Ca2+ and K+ removal of 23% and 38% in wastewater has been 

observed in a WRRF in Iran (Hosseinipour Dizgah et al., 2018). Therefore, during anaerobic digestion, 

there is a release of ions which can then lead to precipitation as phosphates and carbonates of calcium 

and/or magnesium (Martí et al., 2008). Consequently, even if wastewater characteristics have an 

impact on the quantity of ions in sidestreams, the concentration of ions throughout the plant can vary. 

As an example, a WRRF performing nutrient removal reported Ca2+, Mg2+ and K+ concentrations of 

respectively 63, 12 and 284 mg/L in sidestreams; whereas, the concentration in wastewater was 

respectively of 131, 26 and 27 mg/L (Martí et al., 2017).  In the latter example, Ca2+ and Mg2+ have a 
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lower concentration in sidestreams compared to WRRF inlet but the opposite occurs for K+  because 

K+ do not precipitate in high extent in digester (Barat et al., 2009).  

 

Table 2.2 - Typical ion concentrations in wastewater 

Ions (mg/L) Concentration range in wastewater  (mg/L) Reference 

calcium 20 – 120 but with industrial wastewater 500 – 1500 mg/L (Arabi and Nakhla, 2008) 

magnesium 5 – 74 mg/L (Barat et al., 2009; Wilfert et al., 2016) 

potassium 11 – 32 mg/L (Metcalf & Eddy Inc. et al., 2003) 

sodium 50 – 250 mg/L (Arienzo et al., 2009) 

sulphate 24 – 72 mg/L (Metcalf & Eddy Inc. et al., 2003) 

 

2.5.3 Alkalinity, pH and Temperature 
Figure 2.8 presents alkalinity in sidestreams from anaerobic digestion and THP anaerobic 

digestion. A significant difference between both types of sidestreams is observed. The high alkalinity 

concentration in THP anaerobic digestion is due to the retention of carbon dioxide in the digester bulk 

liquid to balance the positively charged ammonium ion at the typical pH range of the digesters (Metcalf 

& Eddy Inc. et al., 2003). The correlation between alkalinity and ammonia has been confirmed with the 

set of data (p value < 5%). In addition, the mass N-NH4:alkalinity is similar between anaerobic digestion 

(0.24 ± 0.12) and THP anaerobic digestion (0.27 ± 0.2). The alkalinity in primary sludge and biological 

sidestreams (699 mg/L and 409 mg/L, respectively) are lower than anaerobic digestion sidestreams 

because of the lower ammonia concentration.  

 

 

Figure 2.8 - Literature data compilation of alkalinity in sidestreams from anaerobic digestion and THP anaerobic digestion 
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The pH values from anaerobic digester sidestreams (not shown) ranged from 6.6 to 8.6 

(median value of 7.8). This pH is in the high range of typical pH of digesters (6.5 – 7.5) (Paul and Liu, 

2012). The low pH values can be due to CO2 stripping in dewatering units (van Rensburg et al., 2003). 

pH in primary sludge and biological sludge sidestreams ranged from 6.3 to 7.6. 

The temperature in anaerobic digestion sidestreams is comprised between 18°C and 27°C. This 

reflects the cooling between the outlet of the anaerobic digester (35 - 38°C) and the dewatering unit. 

 

2.5.4 Heavy metals, micro-pollutants and pathogens 
Sidestreams valorisation through a nitrogen or a phosphorus based-product is possible only if 

the latter complies with the regulations with reference to trace elements, including heavy metals, 

micropollutants and pathogens (Rey-Martínez et al., 2022). Indeed, heavy metals can be incorporated 

into the crystal, in case of struvite recovery, reducing the purity of the product (Muys et al., 2020; Uysal 

et al., 2010). In Table 2.3, heavy metal concentrations in sidestreams are compared with their 

concentrations in wastewater. The concentrations in sidestreams can be higher than in wastewater 

due to the accumulation of metals in sludge. In terms of fluxes, a study reported that AD dewatering 

sidestreams load contributed to 10%, 10%, 15%, 10%, 5%, 10%, 10% of the load entering the WRRF for 

Cd, Cr, Cu, Hg, Ni, Pb and Zn, respectively (Yoshida et al., 2015).   
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Table 2.3 - Heavy metals concentration in anaerobic digestion sidestreams compared to concentrations in wastewater 

 
Ranges in 

sidestreams 
References 

maximum values in 

wastewater from 64 

WRRFs 
(Vriens et al., 2017) 

average values in 

wastewater from 6 

WRRFs 
(Choubert et al., 2011) 

Cadmium 

(Cd) 
0 – 0.017 (Ebbers et al., 2015; Karwowska et al., 2016) 

0.000365 0.00020 

Copper 

(Cu) 
0.025 – 0.1477 

(Bohutskyi et al., 2015; Ebbers et al., 2015; 

Karwowska et al., 2016; Ledda et al., 2015; 

Romero Villegas et al., 2017; Shao et al., 2019; 

Zhao et al., 2018) 

0.052 0.054 

Nickel (Ni) 0.01 – 0.2 
(Ebbers et al., 2015; Karwowska et al., 2016; 

Shao et al., 2019; Zhao et al., 2018) 0.067 0.0103 

Lead (Pb) 0.02 – 0.11 
(Ebbers et al., 2015; Karwowska et al., 2016; 

Zhao et al., 2018) 0.0019 0.0065 

Zinc (Zn) 0.014 – 0.28 

(Bohutskyi et al., 2015; Ebbers et al., 2015; 

Karwowska et al., 2016; Ledda et al., 2015; 

Romero Villegas et al., 2017; Shao et al., 2019; 

Uysal et al., 2010; Zhao et al., 2018) 

0.059 0.137 

Mercury 

(Hg) 
0.426 (Uysal et al., 2010) - 0.00040 

Chromium 

(Cr) 
0.01 – 0.0834 

(Shao et al., 2019; Uysal et al., 2010; Zhao et 

al., 2018) 0.0036 0.00109 

 

For organic micropollutants, information of their concentration in sidestreams have been 

found in the work of Yoshida et al. (2015) and Uysal et al. (Uysal et al., 2010) for the following species: 

bis(2- ethylhexyl)phthalate (DEHP), polychlorinated biphenyl (PCBs) and polycyclic aromatic 

hydrocarbons (PAHs)). The AD dewatering sidestreams load contribute to 15%, 5%, 30% of the load 

entering the WRRF for DEHP, PCBs and PAHs, respectively.  
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2.6 How do sidestream characteristics impact the choice of a 

treatment/valorisation process? 
 

2.6.1 Struvite precipitation 
Struvite (MgNH4PO4⋅6H2O) is a white crystalline substance precipitating in a theoretical molar 

ratio of 1:1:1 (NH4:PO4:Mg) (Le Corre et al., 2009). Struvite precipitation is usually used to recover 

phosphorus in AD dewatering sidestreams when P-PO4 concentration is above 50 mg/L (Wu and 

Vaneeckhaute, 2022). This process was implemented first to help reduce struvite clogging issues in 

pumps and pipes (Kleemann et al., 2015). The different technologies available on the market generally 

use a fluidised bed column reactor due to different solid and hydraulic retention time as well as to 

facilitate the recovery of struvite (Ghosh et al., 2019).  

Even if the performance of P recovery through struvite in sidestreams is over 90% (Jaffer et al., 

2002; Münch and Barr, 2001; Parsons et al., 2001; Yoshino et al., 2003), the overall plant-wide 

efficiency is lower than 50% (Muys et al., 2020). The recovered struvite can be applied directly to the 

field as a slow-release fertiliser if permitted and proven to be a favourable option for agricultural use 

(Melia et al., 2017). The pH at which struvite may precipitate is one of the main factors influencing the 

crystallisation process (Le Corre et al., 2009). The pH in a struvite precipitation reactor is usually 

between 7.5 (Liu and Qu, 2017) and 9.5 (Daneshgar et al., 2019) with optimal conditions around 8.5 

(Münch and Barr, 2001). As the pH in AD dewatering sidestreams is from 6.6 to 8.9, adding sodium 

hydroxide to adjust the pH above 8 can be required. Because Mg:P ratio from 1 to 2 enhances the 

degree of supersaturation (Desmidt et al., 2013), Mg is generally added to the precipitation reactor as 

magnesium chloride or magnesium oxide (Münch and Barr, 2001; Xavier et al., 2014). Consumption of 

high quantities of magnesium can limit the economic interest of struvite recovery technologies (Astals 

et al., 2021). Likewise, low-cost magnesium source have been envisaged such as magnesium from nano 

filtration of seawater (Shaddel et al., 2020). However, this option also brings others ions so a good 

knowledge of sidestreams is paramount before adding new sources of impurities (Lahav et al., 2013). 

Other parameters can affect the performance of struvite reactors. TSS above a concentration 

of 1000 mg/L (Barnes et al., 2007) has been reported to interfere with crystal growth by reducing the 

aggregation of crystals, hence their final size (Muys et al., 2020). TSS, even at a low concentration 

under 20 mg/L, can also adsorb to the surface of struvite crystals and decrease struvite purity (Desmidt 

et al., 2015; Ping et al., 2016). Not only TSS but VSS content can be responsible of a low phosphate 

removal efficiency because organic material can react with ions both on the media and on the surface 

of crystal nucleus (Ping et al., 2016; Tong and Chen, 2007). Other ions play a significant role in the 

purity of the final product. Indeed, amorphous calcium phosphate, brucite, magnesium phosphate, 

calcite, newberyite, K-struvite can precipitate in sidestreams (Musvoto et al., 2000b).  

The impact of Ca2+ in the purity of struvite depends on both Ca2+:P-PO4 and Ca2+:Mg2+ molar 

ratio as well as the initial P-PO4 concentration. For a Ca2+: Mg2+ molar ratio over 0.5, struvite is heavily 

impacted by calcium and co-precipitated with amorphous calcium phosphate and calcium carbonate 

(Korchef et al., 2011; Tao et al., 2016), even sometimes for a Ca2+:Mg2+ molar ratio between 0.2 and 

0.5 (Yan and Shih, 2016) and from ratio over 1 no struvite can be formed (Le Corre et al., 2005). If initial 

concentration of phosphate is higher than 60 mg/L, there is no influence of calcium on struvite 

precipitation for a Ca2+:Mg2+ molar ratio lower than 0.2. However, at concentration of phosphate lower 

than 40 mg/L, struvite was affected by the presence of calcium for every ratio of Ca2+:Mg2+.  

Consequently, calcium phosphate precipitation will be more interesting than struvite precipitation for 

wastewaters with low phosphate concentrations (Desmidt et al., 2013).  
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In addition, even if the heavy metals concentrations in sidestreams are very low, they can 

accumulate in the minerals precipitated. A concentration of mercury in sidestreams of 0.426 mg/L can 

result in a concentration of 4.23 mg/kg dry matter in struvite (Uysal et al., 2010) exceeding the limit of 

1 mg/kg dry matter (European Commission, 2019). As far as pathogens are concerned, struvite 

crystallisation selectively seem to exclude them, leaving them in the anaerobic digestion sidestreams 

(Muys et al., 2020).  

 

2.6.2 Partial nitritation – anaerobic ammonium oxidation (PN-anammox) 
The PN-anammox process is the most innovative worldwide applied technology for nitrogen 

removal in WRRFs in recent years. The technologies used at full-scale are single-stage or separate-

stage systems that can be divided into 3 goups: moving bed biofilm reactor, granular sludge processes 

or sequencing bed reactor (Lackner et al., 2014). In comparison to conventional nitrification - 

denitrification and to nitritation - denitritation, this process does not require supplemental carbon 

addition, consumes less oxygen (1.9 kg O2/kg N instead of 4.6 kg O2/kg N for nitrification-

denitrification) and has lower sludge production (Van Hulle et al., 2010). The process transforms a mix 

of NH4
+ and NO2

- into N2 and a small quantity of NO3
- according to the following equation (Ahn, 2006):  

𝑁𝐻4
+ + 1.32 𝑁𝑂2

− + 0.66 𝐻𝐶𝑂3
− + 0.13 𝐻+ → 0.066 𝐶𝐻2𝑂0.5𝑁0.15 + 1.02 𝑁2 + 2.03 𝐻2𝑂 + 0.26 𝑁𝑂3

− 

Under anoxic conditions, anaerobic ammonium oxidising bacteria (anammox) can oxidize 

ammonium to molecular nitrogen, using nitrite as the final electron acceptor and CO2 as carbon donor. 

The doubling time of anammox bacteria is about 10-12 days at 35°C (Talan et al., 2021); therefore 

reactors providing high biomass retention time such as biofilm reactors are often used. This process 

has been applied worldwide particularly in sidestreams from anaerobic digestion because these warm 

effluents with high nitrogen and low carbon content comply with optimal growth conditions of 

anammox bacteria (Kartal et al., 2010). However, process instability has been noted in connection with 

high or varying TSS concentration. Increased TSS load affects sludge withdrawal and consequently 

active biomass content in the reactor (Lackner et al., 2014). 

Inhibitions by soluble, colloids and particulate COD has also been reported in literature (Arora 

et al., 2021; Jin et al., 2012, 2016; Lackner et al., 2014; Talan et al., 2021). A low COD:N-NH4 ratio, 

generally lower than 2 (Lackner et al., 2014), is recommended for the operation of the PN-anammox 

process. Indeed, for a COD:N-NH4 ratio higher than 2, inhibition has been reported in a laboratory-

scale reactor with particulate COD concentration as low as 300 mg/L (Chamchoi et al., 2008) which is 

expected in sidestreams from anaerobic digestion. Particulate COD and colloidal COD were identified 

as the main inhibitory parameters that decreased aerobic ammonium oxidising bacteria (AOB) rate. 

Under high levels of colloidal matter, oxygen transfer efficiency decreased, resulting in limited 

dissolved oxygen availability and consequently a poor nitrification performance. This was resolved by 

improving the dewatering process through an optimised polymer dosing to capture the colloidal 

fraction. No decrease of anammox activity was observed during operation of the reactor as long as the 

soluble COD concentration remained below 2500 mg/L (Zhang et al., 2016). This value corresponds to 

a COD:N-NH4 ratio of 2.4 and creates inhibition of anoxic ammonium oxidizing bacteria due to 

competition with denitrifiying bacteria. Such competitions between heterotrophic bacteria that 

outcompete both AOB and anammox bacteria has been described by different authors, especially with 

THP and high COD content (Baeten et al., 2019; Molinuevo et al., 2009). To avoid such phenomena, a 

dilution was suggested to maintain a constant soluble COD concentration in the process and to 

decrease toxicity effects from refractory compounds especially for anaerobic digestion sidestreams 

preceded by THP that can reach elevated COD concentrations (Driessen et al., 2020). The potential 
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drawback of a higher dilution is the temperature drop (Zhang et al., 2016) below anammox optimal 

temperature growth rate of 30 – 40 °C (Shao et al., 2019).  

A pH of 7–8 was reported to be suitable for anammox activity (Talan et al., 2021) and in range 

for avoiding inhibition by free ammonia and free nitrous acid. The inhibition at high pH is caused by 

the increase of free ammonia; however, a low pH value enhances free nitrous acid inhibition. A free 

ammonia concentration of 20 mg/L (Fernández et al., 2012) or even lower  during process startup (Jung 

et al., 2007) can cause instability of the process (Figdore et al., 2011). This concentration is expected 

at a temperature of 27 °C, pH = 7.8 and a concentration of N-NH4 of 810 mg/L. Dilution and pH control 

is one solution to stabilise the operation of deammonification processes (Lackner et al., 2014; Ochs et 

al., 2021). A gradual start up for biomass acclimation is nevertheless possible up to 150 mg N-NH3/L 

(Aktan et al., 2012).  

Inhibition of anammox activity by phosphate was reported for a wide range of concentration: 

57.6 mg/L (Jin et al., 2012); 235 mg/L (Yang et al., 2019), 310 mg/L (Arora et al., 2021),  475 mg/L 

(Eskicioglu et al., 2018). However, the underlying mechanisms are still under debate and are likely to 

vary depending on many parameters such as: phosphate concentration, aggregate state (flocculated 

or densified biomass), pH conditions; degree of acclimation of the biomass and duration of the 

inhibition test (short vs long-term), among others. According to Zhang et al. (2017), the formation of 

dihydrogen phosphate ion, under weakly basic conditions and high phosphate concentration, may be 

responsible for the inhibition of the enzymes of the anammox reaction. This effect seems less 

pronounced in granules due to their multi-layer structure and higher extracellular polymeric 

substances levels that act as a protective layer for anammox bacteria. Biologically induced 

precipitation of calcium phosphate was confirmed in P/NA granular sludge  and could be an additional 

explanation for the higher tolerance to phosphate stress of granules compared to anammox flocs 

(Johansson et al., 2017).  

Although essential nutrients (Ca, K, Fe, Mg, Mn, Co, Cu, Mo, Ni, Zn) are usually sufficiently 

available in digested sewage sludge reject liquors (Burgess et al., 1999), fulvic and humic-like organic 

substances generated by the THP process are known for binding metal-ions, possibly reducing the 

bioavailability of essential trace elements (Zhang et al., 2018). Table 2.4 shows that Fe, Cu, Al and Zn 

content in sidestreams do not always meet the minimum requirements for biomass growth. To ensure 

optimal biological activity and growth of the biomass micronutrients, essential trace metals are 

sometimes dosed to the anammox reactor, especially for anaerobic digestion sidestreams with THP 

(Driessen et al., 2020). Besides, it has been reported that the specific anammox growth rate could be 

significantly enhanced by adding ferrous oxide (Zhang et al., 2022). High concentrations of heavy 

metals can inhibit anammox activity as it is reported in Table 2.4 but such elevated concentrations are 

not likely to be encountered in municipal WRRF sidestreams.  
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Table 2.4 - Comparison of trace elements requirements to inhibiting concentrations and concentrations found in anaerobic 

digestion sidestreams 

Trace elements Requirements 
 (Burgess et al., 1999) 

Inhibiting concentrations 
(Zhang et al., 2022) 

Concentrations in 
sidestreams from Table 2.2 

and Table 2.3 

Ca 0.4 – 1.4 - 10 – 321 
K 0.8 – 3 - 17 – 626 
Fe 0.1 – 0.4 - 0.04 – 32 
Mg 0.5 – 5.0 - 1 – 94 
Mn 0.01 – 0.05 - - 
Cu 0.01 – 0.05 4.2 0.01 – 0.1477 
Al 0.01 – 0.05 - 0.1 – 16 
Zn 0.1 – 1 6.76 0.014 – 0.28 
Mo 0.1 – 0.7 - - 
Co 0.1 – 5 - - 
Cd - 7 0 – 0.017 
Cr - 8.96 0.010 – 0.198 
Hg - 2.3 0.42 
Ni - 3.6 0.005 – 0.2 
Pb - 4.3 0.03 – 0.11 

 

Reduction of sulphate to H2S often occurs in anaerobic digestion processes (Forouzanmehr et 
al., 2022) and in anammox-based system (Arora et al., 2021) inducing the presence of sulphide in 
sidestreams. In addition, one should also mention that sulphate can be biologically reduced to sulphide 
(Bi et al., 2020). The concentration of sulphide is mitigated by the formation of insoluble metal sulfide 
complexes in the anaerobic digester (Forouzanmehr et al., 2021). The intermediate sulphide produced 
biologically was reported in a review to inhibit anammox activity starting from a concentration of 32 
mg/L  (Jin et al., 2013).  
 

2.6.3 Ammonia stripping   
Stripping of ammonia lies on the liquid-gas equilibrium where ammonia from the liquid phase 

is transferred to a gas phase in a packed tower. The ammonia gas is then sent to an air scrubber for 

ammonia absorption to an acid, generally sulphuric acid, in order to recover a solution of ammonium 

sulphate ((NH4)2SO4) (Boehler et al., 2015). This process has been applied at full-scale but it is generally 

not favourable from the energy and chemicals consumption point of view except for a niche market 

(Fernández-Arévalo et al., 2017b; Shaddel et al., 2019). The main bottlenecks of this process are scaling 

and fouling of the packing material, and the consequent high energy and chemical requirements. To 

avoid that, removal of Ca, Mg, carbonates and TSS is required (Gopalakrishnan et al., 2000). For a 

concentration of TSS higher than 1000 mg/L, a separation solid-liquid is required before entering the 

process (Vaneeckhaute et al., 2018a). The minimum alkalinity is 4000 mg/L as CaCO3 to satisfy the pH 

requirements by stripping out CO2 without the use of chemicals as NaOH (Vaneeckhaute et al., 2018c). 

The quantity of Cl- above 20 kmol/m3 (which corresponds to 564 mg/L) negatively impacts the NH3 

removal efficiency because it decreases the pH, while increasing the ionic strength of the solution 

(Vaneeckhaute et al., 2018c). As discussed in previous sections, these threshold levels can be reached 

in anaerobic digestion sidestreams and pre-treatment step is required when the conditions are not 

met for the correct operation of the process. Moreover, the minimum ammonia concentration for this 

process is 1000 mg/L to be economically viable (Wu and Vaneeckhaute, 2022). One study shows lower 

disadvantages by applying a thin film evaporator directly on digested sludge (Costamagna et al., 2020). 
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2.6.4 Emerging processes 
Three emerging technologies are briefly presented in the following section, together with the 

main sidestream characteristics that may impact their performance according to literature data. 

 

2.6.4.1 Membrane  
Hollow-fiber membrane contactor is a promising technology for N recovery. In this system, 

ammonia passes through a microporous hydrophobic membrane and a sulfuric acid solution is used as 

draw solution to recover N as a valuable product (Robles et al., 2020). This technology has been applied 

at full-scale in only one WRRF (Seco et al., 2018; Richter et al., 2020) but the presence of suspended 

solids and colloidal materials can make the use of membrane-based technologies for separate 

treatment of AD sidestream difficult due to membrane fouling (Eskicioglu et al., 2018; Metcalf & Eddy 

Inc. et al., 2003; Wäeger-Baumann and Fuchs, 2012). Nevertheless, the optimisation of the materials 

used and recent works have shown an application of membranes for nitrogen recovery directly in 

digested sludge (Rivera et al., 2022). Regarding the final nitrogen-based product obtained, it can be 

contaminated by other ions present in the original substrate; therefore membranes should be consider 

with additional steps (TSS, COD and foreign ions removal) to obtain a pure ammonia product (Darestani 

et al., 2017; Beckinghausen et al., 2020). Application of forward osmosis membrane or membrane 

distillation have not been found for sidestream application because of excessive fouling (Vu et al., 

2019).  

 

2.6.4.2 Electrodialysis, bioeletrochemical system and ion exchange resin  
Electrodialysis process uses an electric current to migrate ions to the cathode or anode and 

trap them on ion exchange membranes. A concentrated ammonia or phosphate solution is obtained 

(Ward et al., 2018). In bioelectrochemical systems, the oxidation of organics produces electrons used 

as energy for the migration of NH4
+ ions from the anode to the cathode in order to maintain charge 

neutrality (de Fouchécour et al., 2022). In the cathode chamber, NH4 is transformed into NH3 thanks 

to the high pH value to be recovered (Nancharaiah et al., 2016). Ion exchange systems use resins which 

can exchange an ion adsorbed on the resin surface with a specific cation or anion in the centrate 

(Huang et al., 2020). Performance of these systems depend on electrode, membrane and resin fouling 

because high calcium, magnesium, TSS and carbonate can lead to significant deposit as calcium 

carbonate, struvite or accumulation of colloidal particles (Beckinghausen et al., 2020; Feng et al., 2017; 

Mondor et al., 2009). For the bioelectrochemical system, the low COD content in sidestreams limits its 

development at full scale and this technology is best suitable for wastewater rather than centrate (Al-

Sahari et al., 2021). Phosphorus adsorption is also highly dependent of pH value because it affects the 

surface charges of the absorbent. The co-existing of different ions such as SO4
2 −, NO3

− and Cl− may 

inhibit P adsorption due to ions completion for the vacant adsorption sites (Song and Li, 2019; Ye et 

al., 2017). 

 

2.6.4.3 Algae production 
Microalgae-based wastewater treatment systems can be used for the removal of organic and 

inorganic carbon as well as for nutrients from wastewater (Al Momani and Örmeci, 2020). The main 

interest of this process lies in the production of a high growth rate algae biomass for biogas or biofuel 

production (Romero Villegas et al., 2017). The algae biomass has low carbon requirement which can 

be attractive for anaerobic digestion sidestreams treatment (Peralta et al., 2019). However, high 

content of TSS can negatively impact the growth of microalgae biomass because algal biomass can 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



52 

 

then compete with other bacteria for N, P and alkalinity (Marazzi et al., 2019). Another limit of this 

process is the design of the algae culture system as harvesting the biomass produced is still a 

challenging step (Zhao et al., 2018). 
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2.7 Discussion  
 

The selection of processes for nutrient treatment/recovery of anaerobic digestion sidestreams 

have been discussed based on current published information on their operation. Although of high 

importance, current literature review revealed that it is challenging to define operational limits of the 

processes with regards to sidestream characteristics based on full-scale data. Published data are 

indeed scarce, and most of the time only limited characteristics were evaluated or investigated. In 

addition, it is likely that reported threshold values for sidestream characteristics leading to a decrease 

of process performance or to an inhibition embed the effect of other operational parameters. It is 

therefore not excluded that process configuration, the way it is operated as well as the exposition time 

and the acclimation of the biomass to an inhibitor highly affects the range of reported values. This is 

especially critical when limited data are available.  

Based on literature data, Figure 2.9 presents the most important parameters to be measured 

before choosing a specific process. Comparison of the ranges of concentrations found and the list of 

sidestream characteristics shows that the range of concentrations from literature is large in 

comparison to the inhibition mentioned in the previous sections. Consequently, installation of a 

pretreatment step for TSS or COD removal for example can be required to ensure stable process 

performance.  

 

 

Figure 2.9 - Main characteristics of anaerobic digestion sidestreams and list of key characteristics for the implementation 

of sidestream processes  

 

Nutrient recovery in sidestreams, and especially in anaerobic digestion sidestreams seem 

promising but a well-defined product with high purity is required if recovery as fertiliser is considered. 

For example, organic farmers have a need for a pure nitrogen fertilizer, rather than a combination that 

includes P or K (Beckinghausen et al., 2020). As seen in previous paragraphs other ions and organic 

matter can impact the purity of the final recovered product or the efficiency of the process to obtain 

these products. Therefore, more investigations have to be carried out on the feasibility of producing a 

product with higher purity considering the full ionic composition of AD dewatering sidestreams 

(Shaddel et al., 2019). THP can, in addition to improving the performance of anaerobic digestion, 

improve the possibilities of recovering nitrogen because the N-NH4 content is higher in sidestreams 

List of characteristics to be measured before 
implementation of the process 

• TSS = [18 – 12600] mg/L 
• pH = [6,6 – 8,9]
• T°C = [18,4 – 26,8] °C
• sCOD = [40 – 8400] mg/L 

• P-PO4 = [0,14 – 554] mg/L 
• Alkalinity = [530 – 8000] mg CaCO3/L 
• Cl- = [30– 1217] mg/L 
• N-NH4 = [175 – 4100] mg/L 

Process Characteristics

Struvite precipitation TSS, pH, P-PO4, Ca2+:Mg2+

Partial Nitritation / 
Anammox

COD:N-NH4, P-PO4, pH, T°C  

Ammonia stripping Alkalinity, Cl-, N-NH4

Membrane TSS, N-NH4, P-PO4, Ca2+, Cl-, 
Mg2+, K+, Na+, SO4

2-

Electrodialysis, BES & 
IEX resin 

TSS, Alkalinity, P-PO4, N-
NH4, Ca2+, Mg2+

Algae production TSS, N-NH4, P-PO4
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compared to a conventional digester sidestream. However, this does not apply for P which is released 

as phosphate upstream of the AD through the THP but then precipitates in the digester with Ca2+ and 

Mg2+. The potential for P recovery upstream of AD needs to be more expanded as only a few examples 

exist to date (Bouzas et al., 2019).  Nutrient recovery from primary sludge and biological sludge 

sidestreams has not been extensively explored. Indeed, the concentrations of phosphorus and 

nitrogen are lower than in the anaerobic digestion sidestreams. However, nutrient content in these 

sidestreams can be interesting for the recovery in some specific cases; especially when there is a 

thickening unit with high retention time as the release of ions is stimulated. In such specific context, 

sidestreams can be joined together and the process installed on this sidestream combination (Latimer 

et al., 2016).  Overall, there is not always local demand for nitrogen or phosphorus fertiliser (Kehrein 

et al., 2020; Robles et al., 2020) and nutrient recovery technologies need a large quantity of energy 

and chemicals which induces higher environmental impacts (Pradel and Aissani, 2019).  

Future research should focus on the definition of evaluation criteria that take into account the 

WRRF performance, effluent quality and operation costs, but also the environmental impacts, the 

efficiency of the recovery process and purity and the destination of the final product. To do so, there 

is an urgent need to develop shared databases with updated information on recovery processes 

including performance and operating conditions because there is a lack of information on recovery 

processes in real conditions (Puchongkawarin et al., 2015). Plant-wide modelling could also help in the 

choice and comparison of different routes to treat or valorise sidestreams. Even if some models already 

include precipitation as struvite (Lizarralde et al., 2019) or ammonia stripping (Vaneeckhaute et al., 

2018b), they still need to be validated not only for the targeted nutrient but also considering the 

different compounds that can interact (Mg2+, Ca2+, Fe2+/3+, SO4
2-, K+, Cl-). Access to data from full-scale 

measurement campaigns is therefore essential in order to understand the full ionic distribution in 

different locations in the WRRF and to integrate new mechanisms into existing models.  
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2.8 Conclusions 
 

Sidestream processes are increasingly being optimised to mitigate their effects on the water 

treatment line but also to recover nutrients in water resource recovery facilities. The implementation 

of such processes depends on sidestream characteristics. Ranges of concentrations of the main 

components observed in sidestreams at full scale have been discussed. To aid in the development, 

design and optimum operation of sidestream processes, this critical review identified the following key 

points:   

1) Anaerobic digestion sidestreams contribute significantly to the nitrogen (17%) and phosphorus 

(11%) mass flows at the WRRF inlet. The quantity of phosphate in sidestreams depends on the 

type of applied phosphorus treatment with a median value of 33 mg/L for chemical 

phosphorus removal and of 167 mg/L for enhanced biological phosphorus removal.  

 

2) The concentration of COD, N and alkalinity are higher in THP anaerobic digestion sidestreams 

than conventional anaerobic digestion. However, there is no difference in the phosphorus 

content because the phosphate release during THP is directly immobilised by others ions (Ca2+, 

Mg2+, Fe2+/3+). Phosphorus recovery before anaerobic digestion should be considered in the 

presence of THP, and the quantity of Ca2+, Mg2+ and Fe2+/3+ should be quantified to assess the 

potential for P recovery.   

 

3) The variability of ion concentrations (Al3+, Ca2+, Cl-, Fe2+/3+,  Mg2+, K+, Na+, SO4
2-) depends on: (1) 

wastewater characteristics in particular the presence of industrial wastewater, (2) the use of 

chemicals such as iron chloride or lime and (3) dissolution and precipitation mechanisms in 

thickening or dewatering unit. The latter should be further investigated to better assess the 

impact of the full ionic composition on nutrient treatment or recovery.  

 

4) All the characteristics previously mentioned can have an impact on sidestream processes. 

However, the definition of a concentration range or threshold value to ensure the successful 

operation of these processes is not a straightforward task. Indeed, the information about 

inhibitions is sparse in the literature and depends on a lot of different parameters (reactor 

configuration, scale, biomass acclimatisation, operating conditions). This review provides a list 

of characteristics to be measured in order to select the most suitable sidestream process for 

each specific application. 

 

5) Future research should focus on further data acquisition, especially on the concentration of 

the different ions, to better assess the potential for nutrient recovery and to minimise the 

economic and environmental impact of WRRFs.  
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CHAPTER 3 - SYSTEMATIC CALIBRATION OF A SEWAGE SLUDGE ANAEROBIC 

DIGESTION MODEL WITH MULTIPLE MINERAL PRECIPITATION USING FULL 

SCALE DATA 
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3.1 Abstract  
 

Including multiple mineral precipitation in anaerobic digestion (AD) models is important to 

accurately assess the quantity of phosphates (P-PO4) in the liquid phase of digested sludge that can be 

recovered as a fertilizer in struvite precipitation reactors or by emerging processes such as ion 

exchange membranes. However, the performance of such processes is highly impacted by the 

presence of potassium (K+) or calcium (Ca2+) ions, which are most often neglected when validating 

precipitation models. The present study provides a calibration procedure of an AD model with multiple 

mineral precipitation using data from two ADs treating sludge with different biodegradability and 

concentration ranges of phosphorous (P), calcium (Ca), magnesium (Mg), potassium (K) and soluble 

inorganic carbon (SIC). This procedure includes the calibration of the inert COD fraction (fXI,COD) and 

kinetic precipitation constants (Kr) using Bayesian Monte Carlo techniques. A model correction to 

include the fraction of organic Ca, Mg and K in sludge was found necessary to better represent Ca2+, 

Mg2+ and K+ in digested sludge. Monte Carlo simulation results reveal that some kinetic constants 

(Kr,MgCO3, Kr,CaCO3 and Kr,ACP) have an impact on final P-PO4, Ca2+, Mg2+ and alkalinity simulation results. 

However, a unique parameter set for both anaerobic digesters cannot be identified. Consequently, a 

site-specific calibration has to be performed. If the model gives acceptable results for P-PO4 with 

precipitation parameters by default, Kr,MgCO3, Kr,CaCO3 and Kr,ACP values need to be calibrated to obtain 

accurate Ca2+ and Mg2+ concentrations in the digested sludge, especially in case of high water hardness.   

 

3.2 Highlights  
 An AD model including precipitation kinetics was validated on two different anaerobic 

digesters by adjusting only fXI,COD, Kr,CaCO3, Kr,MgCO3 and Kr,ACP. 

 A model correction to include the organic Ca, Mg and K fraction in sludge was required. 

 Precipitation models with parameters by default give a reasonable estimation of P-PO4 content 

in digested sludge but fail to describe Mg2+ and Ca2+ content. 

 Kr,CaCO3, Kr,MgCO3 and Kr,ACP need to be calibrated for each anaerobic digester to estimate 

accurately the amount of Mg2+ and Ca2+ especially when having high water hardness. 

 

 

This chapter was submitted as: 

Devos, P., Elduayen-Echave, B., Filali, A., Gillot, S., Grau, P., 2023. Systematic calibration of a sewage 

sludge anaerobic digestion model with multiple mineral precipitation using full-scale data. Submitted 

to Journal of Water Process Engineering. 
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3.3 Introduction  
 

In wastewater treatment, models describing the operation of anaerobic digesters have shown 

to be effective in estimating biogas production and digested sludge quantity either when studying the 

sludge line alone or when considering the interactions between water and sludge lines in plant wide 

models (PWM). Anaerobic digestion model 1 (ADM1) is the outcome of the IWA task group for 

mathematical modelling of anaerobic digestion processes on the development of a generic model for 

anaerobic digestion (Batstone et al., 2002). Since its first application, this model has been adapted and 

introduced into different model libraries such as: the PWM approach detailed in Grau et al. (2007) and 

Lizarralde et al. (2015), the benchmark simulation model (Gernaey et al., 2014), the biological nutrient 

removal model (Barat et al., 2013), the PWM South Africa (Ikumi, 2020), and the generic nutrient 

recovery model (Vaneeckhaute et al., 2018b). Original ADM1 includes biochemical reactions, acid-base 

equilibrium and liquid-gas transformations (Batstone et al., 2002). The model provided satisfactory 

results for the estimation of biogas production, solids removal and ammonium concentration in 

digested sludge (Astals et al., 2013; de Gracia et al., 2009; Razaviarani and Buchanan, 2015; Souza et 

al., 2013). 

However, ADM1 showed limitations to calculate pH and estimate phosphate concentration 

correctly, due to simplifying assumptions, such as considering solutions with ideal behaviour, or 

neglecting solid-liquid transformations (Batstone et al., 2012). Therefore, in recent publications, the 

model was updated with a more comprehensive physico-chemical framework (Batstone and Flores-

Alsina, 2022) including activity corrections for non-ideal behaviour and precipitation with phosphate 

of the following metals: calcium (Ca), magnesium (Mg), iron (Fe), aluminium (Al). More extensive 

models have also been developed to describe interactions between sulphur, iron and phosphorus 

(Hauduc et al., 2019; Kazadi Mbamba et al., 2019; Solon et al., 2017), as well as more advanced 

precipitation models with particle size distribution of the minerals formed (Elduayen-Echave et al., 

2019). 

Table 3.1 summarises the different publications on precipitation in AD models implemented in 

PWMs. In all references, precipitation kinetic constants have been fitted to batch experiments 

performed with synthetic water (Kazadi Mbamba et al., 2015a), anaerobic digestion sidestreams (van 

Rensburg et al., 2003) or digested sludge (Kazadi Mbamba et al., 2015b; Marti et al., 2008; Musvoto et 

al., 2000a). Once calibrated, models were applied to full-scale case studies with similar sludge 

characteristics (Flores-Alsina et al., 2021; Kazadi Mbamba et al., 2016; Martí et al., 2017; Roldán et al., 

2020) or used to simulate a single mineral precipitation (Lizarralde et al., 2019). As seen in Table 3.1, 

some of the modelling results were evaluated based on the concentration of phosphate in the digested 

sludge (Kazadi Mbamba et al., 2016; Lizarralde et al., 2019, 2015). Other authors evaluated the model 

performance through its ability to predict COD, SS, P (total, soluble and PO4-P), nitrogen (total, soluble, 

NH4-N, NO3-N) and total and soluble Ca, K and Mg concentrations in the effluent of the water line 

(Flores-Alsina et al., 2021; Martí et al., 2017; Roldán et al., 2020).  
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Table 3.1 - Summary of publications including an AD model with mineral precipitation in a plant wide model. Simulation 

results were obtained at steady state 

Reference Wastewater characteristics Minerals considered 

Calibrated 

parameters or 

reference of default 

parameters used 

Model performance on P-PO4  

(percentage deviation between 

measured and modelled values) 

 
Mg2+ 

(mg/L) 

Ca2+ 

(mg/L) 

K+ 

(mg/L) 

Inorganic 

carbon 

(mg/L) 

TP:TSS    

Lizarralde et al., 

2015 
90 25 176 183 NA Struvite Musvoto et al., 2000a 

 

12% 

 

Kazadi Mbamba 

et al., 2016 
53 47 35 75 0.024 

Struvite / Amorphous 

calcium phosphate / 

Calcium carbonate 

 

Kazadi Mbamba et 

al., 2015b 
22% 

Martí et al., 2017 27 132 27 NA 0.026 

Amorphous calcium 

phosphate 

/ Hydroxyapatite / 

Struvite / Newberyite / 

Vivianite / Strengite / 

Variscite / Calcium 

carbonate 

 

Barat et al., 2013 NA 

Lizarralde et al., 

2019 
10 5 176 95 NA Struvite 

Struvite kinetic 

constant (Kr,Stru) 

 

2% 

 

Roldán et al., 

2020 
66 133 38 NA 0.022 

Amorphous calcium 

phosphate / 

Hydroxyapatite / Struvite/ 

Newberyite / Vivianite / 

Strengite / Variscite / 

Calcium carbonate 

 

Barat et al., 2013 NA 

Flores-Alsina et 

al., 2021 
NA NA NA NA 0.02 

Struvite / Amorphous 

calcium phosphate / 

Calcium carbonate 

Kazadi Mbamba et 

al., 2015b 
NA 

  

However, as the concentration of P-PO4, Mg2+, Ca2+ and K+ are rarely measured at full-scale 

anaerobic digestors, there are no calibrated and validated precipitation models using full-scale data. 

In addition, not all models take into account the organic Ca, Mg, and K contained in primary and 

biological sludge but only consider the P, Mg and K associated with the poly-phosphate accumulating 

organisms. The differences are important because this implies that the release of Ca, Mg and K during 

the anaerobic digestion process is not systematically accounted. Both aspects are worked through in 

this contribution by (i) including the organic Ca, Mg and K fractions in the model and (ii) calibrating a 

mathematical model that combines the ADM1 and precipitation kinetics in a systematic way. This will 

help the assessment of technologies favouring circular economy as nutrient recovery processes 

(struvite precipitation, bioelectrochemical systems or ion exchange processes); they indeed require a 

good knowledge of the concentration of ions in digested sludge because they can interfere or inhibit 

the main mechanisms (Devos et al., 2023; Lizarralde et al., 2021).  
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Therefore, in this work, the effect of two different sludge and anaerobic digester 

characteristics on the capability of the model to predict biogas production, TS, VS, N-NH4, P-PO4 as well 

as Ca2+ and Mg2+ has been evaluated. The anaerobic digesters modelled have different operating 

conditions: temperature, hydraulic retention times and, especially, water hardness (Ca, Mg and 

inorganic carbon concentrations). This work proposes a systematic calibration procedure to obtain 

reliable simulation results especially for the concentration of P-PO4, Ca2+ and Mg 2+ in the digested 

sludge. 

  

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



62 

 

3.4 Material and Methods 
 

3.4.1 Anaerobic digesters  
The studied anaerobic digesters are part of 2 WRRFs treating mainly domestic wastewater with 

a part of industrial wastewater from food industry. WRRF 1 is located in France and includes one 

mesophilic digester of 3200 m3. The facility consists in a primary settler followed by a conventional 

activated sludge line for COD removal. The digester receives both thickened primary and biological 

sludges. WRRF 2 is located in Spain and part of the produced sludge is treated in one thermophilic 

pilot-scale digester (2.75 m3). The plant includes primary settling and trickling filters for COD removal 

and nitrification. Both types of sludge are thickened with a centrifuge and a fraction is sent to the pilot 

scale digester.  

 

3.4.2 Data collection and reconciliation 
Historical data of the different WRRFs included continuous monitoring of the two digesters 

with daily sludge and biogas flowrates. In average, two weekly measurements on different variables 

were also available at the AD inlet and outlet (Table 3.2). The dataset collected corresponds to 1.5 

years of data for WRRF 1 and 1 year for WRRF 2. In addition, a dedicated measurement campaign was 

carried out on each digester to obtain measured variables required for modelling, including COD and 

ion concentrations (Table 3.2). These periods are from day 62 to day 212 and from day 258 to day 288 

for WRRF 1 and WRRF 2, respectively.  

 

Table 3.2 - Description of the datasets collected for each anaerobic digester 
 

Historical data Data of measurement campaigns 

(grab samples) 

Size of the data set 

Variables measured each 

day 

Variables measured twice 

a week (grab samples) 

WRRF 1 
Sludge flowrate  

biogas production 

AD inlet : TS, VS 

AD outlet: TS, VS, pH, 

alkalinity 

AD inlet and outlet: COD (total and 

soluble), biodegradable COD, TS, 

TSS, VS, VSS, TKN, TP, N-NH4, P-

PO4, Ca, Mg, K, Na, Ca2+, Mg2+, K+, 

Na+, Cl-, Lipids, VFAs 

 

1,5 year (487 days) 

WRRF 2 Sludge flowrate 

AD inlet: TS, VS, pH, 

alkalinity, N-NH4, COD 

soluble 

AD outlet: TS, VS, pH, 

alkalinity, N-NH4, COD 

soluble, biogas production 

AD inlet and outlet: COD (total and 

soluble), COD biodegradable, TS,  

VS, TKN, TP, N-NH4, P-PO4, Ca2+, 

Mg2+, K+, Na+, Cl-, Lipids, VFAs 

1 year (365 days) 

 

The measurement campaigns and plant data were analysed following the methodology 

proposed by Rieger et al. (2012). Graphical tools as box-plot charts were applied and specific ratios 

(VSS:TSS, Ca2+:Ca, N-NH4:soluble TKN, etc.) were calculated and compared to usual ranges (Metcalf & 

Eddy Inc. et al., 2003) to check data and detect potential outliers. Then, the validation and 

reconciliation of the collected data was performed through mass balances of total COD, mineral matter 

and total phosphorus for WRRFs 1 and 2 as well as for total nitrogen, calcium, magnesium, potassium 

and sodium only for WRRF 1 thanks to a more complete dataset (see Supplementary Information 2). 
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To construct a continuous vector for anaerobic digester inlet and outlet, non-measured data for TS, VS 

and pH were estimated using a first-order interpolation. Specific ratios obtained during the 

measurement campaigns were used on these continuous TS and VS vectors to construct the input 

model component vector.  

 

3.4.3 Model Implementation  
The digesters were simulated using the mathematical model detailed in Grau et al. (2007) and 

Lizarralde et al. (2015) and implemented in the WEST software by MIKE DHI®. The model is based on 

the components characterisation in their elemental mass and charge density. The list of the 61 model 

components (dissolved, particulate and gaseous compounds) that form the state variable vector and 

associated formula is given in the “Supplementary Information” file. In this model, the original XC  has 

been differentiated into XC1 for the particulate complex substrate and XC2 for the cell decay products 

(Huete et al., 2006). 

The reactions included in this model are divided into three parts: biochemical, multiphase and 

chemical transformations. For anaerobic digestion, the selected biochemical transformations were: 

acidogenesis, acetogenesis, methanogenesis and phosphate accumulating organisms activity under 

anaerobic conditions. Additionally, extracellular transformations such as disintegration, enzymatic 

hydrolysis and endogenous respiration were considered. The model also considers multiphase 

transformations such as liquid-gas and liquid-solid reactions. All relevant acid-base and ion pairing 

reactions (chemical transformations) were incorporated based on the model components included in 

the biochemical, liquid-gas and liquid-solid models. Biochemical and multiphase transformations were 

described using ordinary differential equations, while chemical reactions were described using 

algebraic equations according to the Tableau method (Morel and Hering, 2013). For the model of the 

digester, three phases coexist: the aqueous, gas and solid phases. The interactions were defined 

between the aqueous and the gaseous phases and between the aqueous and the solid phases. This 

work is focused on the liquid-solid equilibrium, therefore, more details on these interactions is given 

in the next section.  

 

3.4.4 Precipitation model  
The precipitation and dissolution reactions considered in this work are the ones identified by 

Musvoto et al. (2000a,b) as the most common ones in WRRFs. These reactions include the following 

minerals: calcium carbonate (CaCO3), magnesium carbonate (MgCO3), amorphous calcium phosphate 

(ACP) (Ca3(PO4)2), struvite (MgNH4PO4.6H2O), K-struvite (MgKPO4.6H2O) and newberyite 

(MgHPO4.3H2O). The kinetic rate (ρ) proposed for precipitation in this work describes the mass transfer 

phenomena involved in the formation of solids: development of supersaturation and crystal growth. 

The kinetic rate (𝜌) in mol L-1 day-1 is expressed as follow:  

𝜌 = 𝐾𝑟 ∗ (𝐼𝐴𝑃
1

𝑣 − 𝐾𝑠𝑝

1

𝑣)
𝑛

            (1) 

Where:  

Kr: kinetic rate for precipitation (day-1) 

Ksp: solubility constant (mol L-1 base)  

IAP: ionic activity product (mol L-1)  
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n: the order of the reaction (-) 

v: total number of ions (-) 

For a general precipitation-dissolution reaction:  

𝑎𝐴 + 𝑏𝐵  ↔  𝐴𝑥𝐶𝑦           (2) 

If the ion activity product is higher than the solubility product, the solution is supersaturated and 

precipitation takes place; if not, dissolution occurs. The ionic activity product is as follows: 

𝐼𝐴𝑃 =  {𝐴}𝑎 ∗ {𝐵}𝑏           (3) 

Where:  

{A}: activity of species A (mol L-1) 

a: number of ions A  

The ionic strength is considered through the equation of Davies (Equation 5) to calculate the activity 

of each species as suggested in the work of Solon et al. (2015) and Capson-Tojo et al. (2020) when 

precipitation and anaerobic digestion are to be modelled because of the non-ideality of the solution.  

{𝐴} = 𝛾𝐴 ∗ [𝐴]            (4) 

𝐼 =
1

2
 ∑ [𝑖] ∗ 𝑧𝑖

2
𝑖            

            (5) 

log(𝛾𝑖) =  −𝐴𝐷𝐻 ∗ 𝑧𝑖
2 ∗ [

√𝐼

1+√𝐼
− 0.3𝐼]         (6) 

Where:  

I: Ionic strength (mol L-1) 

ADH: Debye-Hückel constant 

[A|: concentration of species A (mol L-1) 

γi: activity coefficient of species i (-) 

zi: charge of the species i (-) 

 

3.4.5 Substrate characterisation and fractionation  
Analyses performed on raw and digested samples collected during dedicated measurement 

campaigns are listed in Table 3.2. They were performed following standards methods (APHA, 2005). 

Sample supernatant was filtered through a 0.45 µm filter to analyse soluble compounds such as soluble 

COD (sCOD) and ions (Ca2+, Cl-, Mg2+, K+, Na+, SO4
2-, N-NH4, P-PO4). Biochemical potential (BMP) tests 

were conducted to determine biodegradable and inert COD fractions of the substrate according to the 

conventional procedure (Holliger et al., 2016). Total lipid content was determined through the 

percentage of hexane extractable materials (HEM) by the Soxhlet extraction method on dried sludge 

(Abdulhussein Alsaedi et al., 2022).  

The COD of the substrate was fractionated into the following model components:  SI, STVA, STBU, 

STPRO, STAC, SAA, SFA, SSU, XCH, XPR, XLi, XI. The other COD-based model components (SP, SH2, SCH4, SO2, XC1, 
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XC2, XN, XSU, XAA, XFA, XC4, XPRO, XAC, XH2, XPAO, XPHA, XP, GH2, GCH4, GO2) were set to 0. Unlike other authors 

(Astals et al., 2013; Baquerizo et al., 2021; de Gracia et al., 2009) who used the composite model 

components XC for COD fractionation, the particulate fraction of the substrate was defined herein as 

proteins, lipids, carbohydrates and inerts (XPR, XLi, XCH, XI). The removal of the Xc fraction has been 

recommended in several works as in the benchmark simulation model no. 2 (Nopens et al., 2009), in a 

review of ADM1 applications (Damien J. Batstone et al., 2015) and in a recent case study when dealing 

with sludge coming from WRRFs (Donoso-Bravo et al., 2020).  

The particulate COD fraction (XPR, XLi, XCH, XI) was calculated following the method proposed by 

Girault et al. (2012). The inert fraction was obtained considering the theoretical methane production 

of 350 NmL(CH4)  gCOD-1. Protein content was determined considering a ratio protein to organic 

nitrogen of 6.25. 

f𝑋𝐼,𝐶𝑂𝐷 =
𝐵𝑀𝑃(

𝑁𝑚𝐿 𝐶𝐻4
𝑔𝑉𝑆𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

)

350 (
𝑁𝑚𝐿 𝐶𝐻4

𝑔𝐶𝑂𝐷
)

∗ 𝑉𝑆 ∗ 
1

𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷
        

            (7) 

𝑋𝐼 =  f𝑋𝐼,𝐶𝑂𝐷 ∗ 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷         (8) 

f𝑋𝑃𝑅,𝐶𝑂𝐷 = 6.25
𝑔𝑝𝑟𝑜𝑡𝑒𝑖𝑛 

𝑔𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑁
∗ (TKN − TAN) ∗ 1.42 

𝑔𝑂2 

𝑔𝑝𝑟𝑜𝑡𝑒𝑖𝑛
∗

(1−𝑓𝑋𝐼,𝐶𝑂𝐷)

𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷
     

            (9) 

𝑋𝑃𝑅 =  f𝑋𝑃𝑅,𝐶𝑂𝐷 ∗ 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷         (10) 

f𝑋𝐿𝐼,𝐶𝑂𝐷 = 2.86 
𝑔𝑂2 

𝑔𝑙𝑖𝑝𝑖𝑑
∗ 𝐻𝐸𝑀 ∗ 

(1−𝑓𝑋𝐼,𝐶𝑂𝐷)

𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷
         (11) 

𝑋𝐿𝐼 =  f𝑋𝐿𝐼,𝐶𝑂𝐷 ∗ 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷        (12) 

f𝑋𝐶𝐻,𝐶𝑂𝐷 = 1 − f𝑋𝑃𝑅,𝐶𝑂𝐷 − f𝑋𝐿𝐼,𝐶𝑂𝐷 − f𝑋𝐼,𝐶𝑂𝐷          (13) 

𝑋𝐶𝐻 =  f𝑋𝐶𝐻,𝐶𝑂𝐷 ∗ 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑎𝑡𝑒 𝐶𝑂𝐷        (14) 

Where particulate COD refers to the difference between total and soluble COD, TKN to total Kjeldahl 

nitrogen and TAN to total nitrogen as ammonia.  

Regarding the soluble COD components (SI, STVA, STBU, STPRO, STAC, SAA, SFA, SSU), SI was set to 0 as 

it represents less than 1% of total COD (Astals et al., 2013); STVA, STBU, STPRO, STAC were obtained with 

analytical measurements and SAA, SFA, SSU  were calculated as follows (Girault et al., 2012):  

𝑆𝐴𝐴 =  𝑆𝐹𝐴 =  𝑆𝑆𝑈 =
1−(𝑆𝐼− 𝑆𝑇𝑉𝐴−𝑆𝑇𝐵𝑈−𝑆𝑇𝑃𝑅𝑂− 𝑆𝑇𝐴𝐶) 

3
       (15) 

Most of the ionic concentrations (SIP, SIN, SIC, SCa, SMg, SK, SCl, SNa, SNO3, SFe) were defined using 

the results of analytical measurements.  SIC is the sum of soluble CO2, HCO3
- and CO3

2-
 and was deducted 

from the value of alkalinity. SAlk was calculated according to the Tableau method (see Supplementary 

Information). The component XII was defined as the difference between TSS and VSS.   

For particulate inert phosphorus, as no specific analysis was carried on the speciation of 

phosphorus, the results of Saoudi et al. (2022) were applied to obtain an initial concentration of 

phosphorus bound to Ca (XACP) and to Fe (XFEPO4).  

Other input model components (SN2, XFeCl3, XFe(OH)3, XCaCO3 , XStru, XKStru, XNew, GCO2, GNH3, GN2, GO2, 

GH2O) have been set to 0 as they were assumed not present in feed sludge.  
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Once the reconciled dataset was obtained and the model input vector constructed, a control 

of the error induced by the fractionation from the characterisation of the substrate to the input model 

components was carried out. It consisted in performing a mass balance to check that the sum of the 

amount of COD, N, P, TSS attributed to the different model components corresponds to the total 

amount measured in the substrate. An error below 10% was considered acceptable as this corresponds 

to the experimental error.  

 

3.4.6 Calibration procedure  
Figure 3.1 summarises the different steps followed to calibrate the mathematical model. All 

simulations have been performed at steady state and for Steps 1 and 2, simulations have also been 

validated under dynamic conditions. Default values (Step 1) taken from ADM 1 were used for all kinetic 

parameters since they were originally determined for the digestion of municipal wastewater sludge 

(Batstone et al., 2002). For the precipitation model, the default values were taken from Ikumi and 

Harding (2020) as they were previously used for anaerobic digestion applications. The kinetic constants 

for precipitation have been calibrated only at steady state because the concentration of ions (P-PO4, 

Mg2+, Ca2+, K+) in the feed and digested sludge was stable according to measurement campaign data.  

The calibration of the stoichiometric fraction fXI,COD of the substrate (Step 2) was done for each 

anaerobic digester by varying fXI,COD in the range of [0.3 - 0.6]  determined from literature (Astals et al., 

2013; de Gracia et al., 2009; Fisgativa et al., 2020b, 2018; Metcalf & Eddy Inc. et al., 2003). Then, to 

highlight the impact of adding organic Ca, Mg and K on simulation results for the concentration of Ca2+, 

Mg2+ and K+, the model was modified to consider these fractions in the sludge (Step 3). The objective 

of steps 4 and 5 was to calibrate the precipitation kinetic constants Kr to fit Ca2+, Mg2+, P-PO4 and 

alkalinity. In step 4, an attempt was made to find a unique parameter set including Kr,CaCO3, Kr,MgCO3, 

Kr,ACP, Kr,Struvite, Kr,Kstruvite and Kr,Newberyite for both anaerobic digesters. Step 5 is also relative to the 

calibration of the precipitation kinetic constants but the calibration was done separately for each 

anaerobic digester.  

For Steps 2, 4 and 5, the calibration procedure is based on Bayesian Monte Carlo techniques. 

For Step 1, the fXI,COD value was incremented by 0.01 in the range of 0.3 to 0.6 (31 simulations). For 

Steps 4 and 5, the Latin Hypercube Sampling (LHS) sampling method was used because there is more 

than one parameter to calibrate. In similar contributions, a minimum number of simulations of 150 for 

each analysed model parameter has been recommended (Benedetti et al., 2011). In this study, 6 

parameters were selected (Kr,CaCO3, Kr,MgCO3, Kr,ACP, Kr,Struvite, Kr,Kstruvite and Kr,Newberyite), so at least 900 

steady-state simulations would be needed. To fine-tune the results, 2000 simulations for steps 4 and 

5 were done. The comparison between the experimental and simulation results was done using the 

posterior probability density function from the Bayes theorem as it was applied in the work of 

Elduayen-Echave et al. (2021). The posterior probability density function 𝑝(𝜃|𝑦) of the parameter set 

𝜃 for the experimental data 𝑦 was calculated as follows:  

𝑝(𝜃|𝑦) =  
𝑀(𝜃)−

𝑁𝑀
2

∑ 𝑀(𝜃)−
𝑁𝑀

2

            (16) 

𝑀(𝜃) =  ∑ |𝑒𝑁𝑘(𝜃)|
𝑁𝑜𝑏𝑠
𝑘=1 ²           (17) 

 

Where:  
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 𝜃 the parameter set, here fXI,COD for step 2 and Kr,CaCO3, Kr,MgCO3, Kr,ACP, Kr,Struvite, Kr,Kstruvite, Kr,Newberyite 

for steps 4 and 5  

 Nobs: number of output variables to fit. To calibrate fXI,COD, the following output variables were 

considered: biogas production, TSS, VSS, N-NH4  and alkalinity. To calibrate Kr,CaCO3, Kr,MgCO3, 

Kr,ACP, Kr,Struvite, Kr,Kstruvite and Kr,Newberyite, the following output variables were considered: Ca2+, 

Mg2+, K+ and alkalinity. 

 𝑒𝑁𝑘
(𝜃):  normalised difference between the measurement of each k variable and its 

corresponding simulation result. 

 NM: Adjustable parameter of the Bayes Theorem that is used to establish the relative weight 

for each parameter set. 

Once in Step 5, Step 2 was double-checked because the amount of precipitated minerals can impact 

TS, pH and alkalinity.  

 

Figure 3.1 - Description of the different steps of the calibration procedure 
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3.5 Results and discussion 
 

3.5.1 Differences between the two anaerobic digesters  
Mixed and digested sludge characteristics of WRRFs 1 and 2 are reported in Tables 3.3 and 3.4. 

Table 3.4 presents the results obtained with data from the measurement campaigns, while Table 3.4 

summarises historical data. Sludge from WRRF 2 has a solid concentration higher than WRRF 1 but a 

lower VS content, which results in a higher inert COD fraction (fXI,COD). Mixed sludge from WRRF 1 has 

a higher content of P and P-PO4 compared to WRRF 2. However, WRRF 2 is located in a region with 

hard water; consequently, very high content of Ca, Ca2+, Mg, Mg2+ and inorganic carbon can be 

observed in its mixed and digested sludge. The anaerobic digester of WRRF 1 was operated with a 

hydraulic retention time (HRT) of 41 days which is twice as high as its design value (around 20 days) 

but volatile solids removal remained in the expected range of 45 – 65% (Metcalf & Eddy Inc. et al., 

2003). Biogas production is in the conventional range according to biochemical methane potential 

values found in the literature (200 – 475 Nm3 kgVS-1) for both WRRFs (Guérin et al., 2017). 

 

Table 3.3 - Characteristics of mixed and digested sludge determined during the dedicated measurement campaigns (mean 

value ± standard deviation (number of data)) for WRRFs 1 and 2 

  WRRF 1 WRRF 2 

Parameter Unit Mixed sludge  Digested sludge Mixed sludge Digested sludge 

COD g COD g-1 VS 1.714 ± 0.03 (7) 1.524 ± 0.16 (9) 1.724 (1) 1.31 (1) 

sCOD g sCOD g-1 COD 0.041 ± 0.014 (9) 0.035 ± 0.012 (9) 0.17 (1) 0.40 (1) 

fXPR,COD g COD protein g-1 pCOD 0.275  ± 0.036 (11) NA 0.159 (1) NA 

fXLI,COD g COD lipids g-1 pCOD 0.063 (1)  NA 0.207 (1) NA 

fXCH,COD  g COD carbohydrate g-1 pCOD 0.382 (1) NA 0.209 (1) NA 

fXI,COD  g COD inert g-1 pCOD 0.3 (1) NA 0.43 (1) NA 

TKN g TKN g-1 TSS 0.062 ± 0.006 (9) 0.12 ± 0.006 (11) 0.095 (1) 0.134 (1) 

TP g P g-1 TSS 0.015 ± 0.003 (10) 0.029 ± 0.004 (11) 0.010 (1) 0.019 (1) 

Ca g Ca g-1 TSS 0.026 ± 0.004 (4) 0.051 ± 0.012 (4) NA NA 

Mg g Mg g-1 TSS 0.0027 ± 0.0006 (4) 0.0048 ± 0.002 (4) NA NA 

K g K g-1 TSS 0.0054 ± 0.0018 (4) 0.011 ± 0.003 (4) NA NA 

N-NH4  mg L-1 248 ± 48 (12) 1427 ± 48 (12) 817 (1) 1209 (1) 

P-PO4  mg L-1 105 ± 48 (11) 62 ± 12 (11) 36.7 (1) 6 (1) 

Ca2+ mg L-1 271 ± 59 (12) 67 ± 4.7  (12) 420 (1) 205 (1) 

Mg2+ mg L-1 43 ± 5.9 (12) 18 ± 7 (12) 109 (1) 67 (1) 

K+ mg L-1 154 ± 26 (12) 216 ± 18 (12) 76 (1) 102 (1) 

Na+ mg L-1 144 ± 20 (12) 143 ± 35 (12) 145 (1) 157 (1) 

Ca2+ : Mg2+ mol Ca mol-1 Mg 3.84 ± 0.69 (12) 2.86 ± 0.9 (12) 2.34 (1) 1.86 (1) 

Ca2+ : SIP mol Ca mol-1 P 2.42 ± 1.40 (11) 0.86 ± 0.14 (11) 8.85 (1) 27.1 (1) 
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Table 3.4 - Characteristics of mixed and digested sludge and operating conditions of WRRF 1 and 2 from historical data 

(mean value ± standard deviation (number of data)) 

  WRRF 1 WRRF 2 

Parameter Unit Mixed sludge  Digested sludge Mixed sludge Digested sludge 

Flowrate  m3 d-1 77.2 ± 6.2 (487/487)  0.12 ± 0.07 (365/365)   

TS  g L-1 49.4 ± 6.2 (136/149) 27.4 ± 3.2 (97/97) 42.4 ± 16 (143/153) 25.3 ± 11.4 (156/176) 

VS g VS g-1 TS 0.814 ± 0.038 (136/139) 0.688 ± 0.040 (95/95) 0.638 ± 0.097 (139/141) 0.543 ± 0.08 (154/174) 

pH  6.04 ± 0.3 (475/487) 7.32 ± 0.08 (67/67) 7.16 ± 0.28 (228/228) 8.16 ± 0.28 (195/195) 

Alkalinity mg CaCO3 L-1  4682 ± 459 (38/38) 5001 ± 1502 (175/175) 8216 ± 2095 (198/198) 

Biogas Nm3 d-1  1730 ± 291 (486/487)  1.358 ± 0.51 (159/159) 

      

 

3.5.2 Results of the calibration procedure   
All simulation results of calibration steps are summarised in Table 3.5 and 3.6 for WRRF 1 and 

2, respectively. Each step of the calibration procedure are discussed below.  
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Table 3.5 - Summary of simulation results for WRRF 1 

  

Experimental 
results 

Step 1 
All parameters by default 

Step 2   
Calibrated fXI,COD 

Step 3 
Step 2 + model correction to 

consider organic Ca, Mg 
and K 

Step 4   
Step 3 + joint calibration of 
Kr (same parameter set for 

both WRRFs) 

Step 5 
Step 3 + separated 

calibration of Kr (unique 
parameter set for each 

WRRF) 

Model parameters Unit 
      

fXI,COD - - 0.3 0.36 0.36 0.36 0.36 
Kr,CaCO3 day-1 - 0.5 0.5 0.5 0.3 21 

Kr,MgCO3 day-1 - 50 50 50 50 274 
Kr,ACP day-1 - 350 350 350 350 270 
Kr,Stru day-1 - 3000 3000 3000 3000 3000 

Kr,KStru day-1 - 100 100 100 100 100 
Kr,New day-1 - 0.05 0.05 0.05 0.05 0.05 

        
Model variables        

TS g L-1 26.3 ± 1.8 25 27  27.3 27.3 27.4 
VS g L-1 18.6 ± 1.5  15.8  17.9 17.9 17.9 17.9 
pH - 7.38 ± 0.08  7.43 7.41  7.38 7.38 7.38 

Alkalinity  mg CaCO3 L-1 5124 ± 254   5487 5178 4881 4879 4813 
N-NH4 mg L-1 1427 ± 47 1530  1423 1424 1424 1424 
Biogas Nm3 d-1 1836 ± 170  1980  1825 1827 1831 1831 
P-PO4 mg L-1 62 ± 12 59 57  45 45 63 

Ca2+ mg L-1 67 ± 5 54 59  79  79 67 
Mg2+ mg L-1 18 ± 7  14 16 23 23 18 

K+ mg L-1 215 ± 18   156 156  222  222  222  
XACP mg L-1 - 728 715 775 776 687 

XCACO3 mg L-1 - 2.9 3.5 8 5 121 
XStru mg L-1 - 0 0 0 0 0 

XMgCO3 mg L-1 - 97 91 298 298 316 
XNEW mg L-1 - 6.5 5.35 4 4 3 
XKStru mg L-1 - 0 0 0 0 0 
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Table 3.6 – Summary of simulation results for WRRF 2 

  

Experimental 
results 

Step 1 
All parameter by default 

Step 2   
Calibrated fXI,COD 

Step 3 
Step 2 + model correction to 

consider organic Ca, Mg 
and K 

Step 4   
Step 3 + joint calibration of 
Kr (same parameter set for 

both WRRFs) 

Step 5 
Step 3 + separated 

calibration of Kr (unique 
parameter set for each 

WRRF) 

Model parameters Unit 
      

fXI,COD - - 0.43 0.53 0.53 0.53 0.53 
Kr,CaCO3 day-1 - 0.5 0.5 0.5 0.3 0.12 

Kr,MgCO3 day-1 - 50 50 50 50 0.4 
Kr,ACP day-1 - 350 350 350 350 58 
Kr,Stru day-1 - 3000 3000 3000 3000 3000 

Kr,KStru day-1 - 100 100 100 100 100 
Kr,New day-1 - 0.05 0.05 0.05 0.05 0.05 

        
Model variables        

TS g L-1 41 ± 2.4 38.4   41.3  41.3 41.3 41 
VS g L-1 21.5 ± 1.1  17.7  20.5   20.4 20.5 20.5 
pH - 7.85 ± 0.02 7.87  7.87 7.85 7.85 7.86 

Alkalinity  mg CaCO3 L-1 10090 ± 439 10027 9801 9519 9677 9830 
N-NH4 mg L-1 1208 ± 87  1319 1220 1213 1220 1220 
Biogas Nm3 d-1 2.07 ± 0.23 2.71 2.35 2.32 2.30 2.30 
P-PO4 mg L-1 6 ± 2  3 3   3  2 6 

Ca2+ mg L-1 207 ± 42 119  118  130 168  239 
Mg2+ mg L-1 67 ± 3 6 6 7 7 63 

K+ mg L-1 102 75 75 115 115 115 
XACP mg L-1 - 1242 1247 1249 1253 1256 

XCACO3 mg L-1 - 596 599 631 534 351 
XStru mg L-1 - 0 0 0 0 0 

XMgCO3 mg L-1 - 341 341 514 513 333 
XNEW mg L-1 - 39 39 39 43 14 
XKStru mg L-1 - 0 0 0 0 0 
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3.5.2.1 Simulation with parameters by default and calibration of fXI,COD (Steps 1 and 2)  
For Steps 1 and 2, two periods were considered: the calibration, which corresponds to the 

measurement campaigns, and a validation period. The model was run first at steady state over the 

calibration period with the parameters set by default and using the fractionation of the model input 

components as described in section 2.5. Simulation outputs using these predetermined COD 

fractionation with fXI,COD = 0.3 for WRRF 1 and fXI,COD = 0.43 for WRRF 2 and resulted in an 

underestimation of TS and VS concentration in digested sludge as well as an overestimation of biogas 

production for both digesters. These results are in agreement with other studies that also used BMP 

results to define fXI,COD. and needed to increase this parameter at full-scale (Baquerizo et al., 2021; 

Mendes et al., 2015; Souza et al., 2013). In the present study, fXI,COD was increased from 0.30 to 0.36 

(+20%) for WRRF 1 and from 0.43 to 0.53 (+23%) for WRRF 2 using the fitness function described in 2.6 

and presented in Figure 3.2.  

 

Figure 3.2 - Posterior probability density function according to the value of fXI,COD for both WRRFs 

The model calibrated at steady state showed also good results under dynamic conditions for 

TS, VS in digested sludge as well as for biogas production for the overall validation period (Figure 3.3 

and Figure 3.4). The model described the global trend of all measured variables for both digesters. For 

WRRF 1, the model underestimates TS and VS concentrations from day 200. For WRRF 2, the model 

slightly overestimated TS and VS concentrations at the beginning of the period (day 1 – 200). Similar 

results were reported by Otuzalti et al. (2018) and could be attributed to a variation of the 

stoichiometric parameter fXI,COD  over a long-term period.  

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



73 

 

 

Figure 3.3 - Comparison of full-scale AD data and simulation results for the entire period for WRRF  

 

Figure 3.4 - Comparison of full-scale AD data and simulation results for the entire period for WRRF2 

 

3.5.2.2 Model modification to consider organic Ca, K, Mg in sludge (Step 3) 
Among the 6 minerals included in the model, only ACP, CaCO3, Newberyite and MgCO3 were 

produced during AD according to model results. The release of K+ in the digester, as well as Ca2+ and 

Mg2+, is well-known and expected when having a sludge from enhanced biological phosphorus removal 

because of the decay of polyphosphates (XPP) in anaerobic conditions (Martí et al., 2008). Despite the 

fact that WRRFs 1 and 2 do not have biological phosphorus removal treatment, a release of K+ was 

noted. Indeed, the model does not take into account the Ca, Mg and K incorporated in the biomass 

(XN, XH, XSU, XAA, XFA, XC4, XPRO, XAC, XH2, XPAO, XPHA, XP) unlike other models (Barat et al., 2013; Wild et al., 

1997). Consequently, calibrating the precipitation parameters could compensate the release of Ca2+ 
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and Mg2+ but not K+ as there is no K-Struvite present in the experimental conditions simulated. 

Therefore, a modification of the model was applied to take into account organic Ca, Mg and K in sludge 

according to the ratios proposed by Barat et al. (2009): 0.003 mg (K)  mg VSS-1; 0.004 mg (Mg)  mg VSS-

1; 0.002 mg (Ca)  mgVSS-1. Table 3.7 presents the resulting ionic balance. 

 

Table 3.7 – Mass balance of the cations in both anaerobic digesters 

 WRRF 1 WRRF 2 

Caorg released during AD   44 mg L-1 25 mg L-1 

Ca precipitated during AD (according to 

experimental results) 

  

248 mg L-1 

 

238 mg L-1 

Mgorg released during AD 88 mg L-1 51 mg L-1 

Mg precipitated during AD 

(according to experimental results) 

 

115 mg L-1 93 mg L-1 

Korg release during AD 66 mg L-1 38 mg L-1 

K precipitated during AD 

(according to experimental results) 

0 mg L-1 0 mg L-1 

 

For WRRF 1, the simulations provided good results for all ions, but kinetic constants for 

precipitation could be calibrated to gain accuracy in predicting the model output variables: Ca2+, Mg2+ 

and P-PO4.  For WRRF 2, simulations gave satisfactory results for P-PO4 (± 5 mg/L) and K+ but the model 

significantly underestimated both Ca2+ and Mg2+ concentrations, calling for an adjustment of the 

parameters that impact those concentrations.  

 

3.5.2.3 Joint calibration of Kr,CaCO3, Kr,ACP,  Kr,Stru, Kr,KStru, Kr,MgCO3, Kr,New for the two anaerobic 

digesters (Step 4) 
To calibrate the kinetic precipitation constants Kr,CaCO3, Kr,MgCO3, Kr,ACP, Kr,Struvite, Kr,Kstruvite and Kr,Newberyite 

the Bayesian Monte Carlo techniques were applied. For Monte Carlo simulations, the range of values 

for each parameter (Table 3.8) was set according to the literature and to obtain a realistic range of 

Ca2+, Mg2+ and P-PO4 concentrations according to Devos et al. (2023). 
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Table 3.8 – Range of values applied for Monte Carlo simulations 

Precipitation kinetic constants  Range of values (day-1) 

Kr,CaCO3 0 – 50  

Kr,MgCO3 0 – 500 

Kr,ACP 0 – 700  

Kr,Struvite 0 – 6000 

Kr,Kstruvite 0 – 200  

Kr,Newberyite 0 – 0.1  

 

From the results of Monte Carlo simulations of this joint calibration procedure, the posterior 

probability density function showed a relation only with Kr,CaCO3 but not with Kr,MgCO3, Kr,ACP, Kr,Struvite, 

Kr,Kstruvite nor Kr,Newberyite. Therefore, Figure 3.5 present Kr,CaCO3 result with the competing minerals (Kr,MgCO3 

and Kr,ACP). 

Figure 3.5 shows the best parameter sets to fit Ca2+, Mg2+, P-PO4 and alkalinity concentrations 

for both anaerobic digesters at the same time using the fitness function presented in the section 2.5. 

The size of the spheres represents the value of the posterior probability density function; the higher 

the value, the best the parameter set. From these figures, Kr,CaCO3 can be identified with an optimum 

value of 0.16 when selecting the best parameter set.  

 

 

Figure 3.5 - Repartition of the posterior probability density function according to the value of the kinetic constants Kr for 

both WRRF 1 and WRRF 2 

 

The simulation results obtained with the best set of parameters slightly improve the prediction 

for Ca2+ concentration in WRRF 2 without deteriorating WRRF 1 results. However, the optimisation 

with the joint parameter set was marginal and there were no improvements for the prediction of P-

PO4 and Mg2+. These findings showed the inability to find a single reliable parameter set for the two 

different anaerobic digesters. The precipitation model probably misses some relevant mechanisms. 

This hinders the possibility of obtaining a reliable parameter set that can work for different application 

cases. Therefore, site-specific calibration of the precipitation kinetic constants is needed for reliable 

predictions. Simulation with default parameter values for all Kr gave more reliable results for WRRF 1 

compared to WRRF 2. This is more likely due to the large differences in initial water hardness 
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(concentration of Ca2+ and Mg2+ in the initial sludge) and therefore to the initial saturation extent but 

also to different mixing conditions in both digesters (different reactor sizes).  

 

3.5.2.4 Separate Calibration of Kr,CaCO3, Kr,ACP,  Kr,Stru, Kr,KStru, Kr,MgCO3, Kr,New for each anaerobic 

digester (Step 5) 
The Bayesian Monte Carlo technique was applied again to each anaerobic digester in order to 

find the best Kr,CaCO3, Kr,ACP,  Kr,Stru, Kr,KStru, Kr,MgCO3, Kr,New values specific for each digested sludge 

concentrations of Ca2+, Mg2+ and P-PO4. The same ranges of values as for the joint calibration procedure 

(step 4) were used (Table 3.8). For both WRRFs, only the values of Kr,CaCO3, Kr,ACP, Kr,MgCO3  have an impact 

on the posterior probability density function. Thus, the results on Kr,Stru, Kr,KStru, and Kr,New were not 

shown. Figure 3.6 and 3.7 represent the values of the posterior probability density function according 

to Kr,CaCO3, Kr,MgCO3 and Kr,ACP for WRRF 1  and WRRF 2, respectively. 

 

 

Figure 3.6 – Repartition of the posterior probability density function according to the values of the kinetic constants for 

precipitation in the case of WRRF 1 

 

 

Figure 3.7 - Repartition of the posterior probability density function according to the values of the kinetic constants for 

precipitation in the case of WRRF 2 

 

For WRRF 1, the best parameter set is clearly identifiable with the representation of the best 

5 parameter sets in Figure 3.6. Simulation results with the best parameters set showed that the value 

of Kr,ACP was slightly changed from 350 to 270, the value of Kr,CaCO3 was increased from 0.5 to 21 and 

Kr,MgCO3 from 50 to 274. For WRRF 2, all precipitation constants Kr,CaCO3, Kr,MgCO3 and Kr,ACP needed to be 

reduced in a high extent: Kr,ACP from 350 to 58, Kr,MgCO3 from 50 to 0.4 and Kr,CaCO3  from 0.5 to 0.12. For 
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both WRRFs, ACP was the mineral formed in the highest quantity followed by CaCO3 and MgCO3 (Tables 

3.5 and 3.6). 

In both WRRFs, the values of Kr,CaCO3 and Kr,MgCO3 needed to be calibrated; they are directly 

linked to the water hardness. Future research is required to understand why the values of Kr,CaCO3 and 

Kr,MgCO3 seem to be correlated to initial water hardness and to what extend other variables such as 

reactor geometry or mixing conditions may affect their value. Nevertheless, the model with default 

value gave more reasonable results for WRRF 1 which has concentration of Ca2+, Mg2+ and alkalinity in 

digested sludge in the conventional range: 1 – 90 mg L-1 for SMg and 10 – 140 mg L-1 for SCa and 1000 – 

6300 mg CaCO3 L-1 for alkalinity (Devos et al., 2023). Particular attention must be devoted when the 

concentrations in digested sludge are outside this range, in order to reduce the uncertainty induced 

by Kr,crys values. 
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3.6 Conclusion  
 

An anaerobic digestion model with multiple mineral precipitation was calibrated for two case 

studies by adjusting a limited number of parameters. The main conclusions are as follows: 

1) The value of the stoichiometric parameter fXI,COD obtained experimentally with BMP needs to 

be increased by approximatively 25% to fit TS, VS, biogas production, N-NH4 and alkalinity 

concentrations in the ADs.  

 

2) A modification of the original model to include a fraction of organic K, Ca and Mg in the 

biomass allowed to obtain reliable K+ concentration in digested sludge. The release of ions 

from biomass was hidden for Ca2+ and Mg2+ due to the precipitation of these ions. This 

correction should be systematically included in the future if a good prediction of K+, Ca2+ and 

Mg2+ is sought.  

 

3) A Bayesian Monte Carlo technique was applied to identify which precipitation constants Kr 

must be adjusted to fit P-PO4, Ca2+ and Mg2+ concentrations in digested sludge and estimate 

their values. Kr,CaCO3, Kr,MgCO3 & Kr,ACP needed to be adjusted separately for each digester.  

 

4) The WRRF with lower Ca2+, Mg2+ and inorganic carbon concentrations in mixed sludge showed 

more reliable simulation results with precipitation kinetic constants by default. Nevertheless, 

estimated P-PO4 concentrations were in the good order of magnitude for both anaerobic 

digesters without any calibration of the precipitation kinetic constants.  

 

The calibration was necessary to reduce the uncertainty linked to the precipitation kinetics Kr  in 

order to use this model in future scenario analysis to optimise P recovery in the next chapter.  Results 

show the importance of calibrating the model especially when having high water hardness. This study 

highlights a link between the need for calibration and the initial Ca, Mg and inorganic carbon related 

to the water hardness but more experimental data and validation of AD model with multiple mineral 

precipitation would be required to confirm this observation. In addition, other operational conditions 

can also impact Kr as mixing and shear rates, pH, temperature and the presence of impurities. The 

variability of these kinetic constants leads to high uncertainty in simulation of precipitation reactions. 

More experimental data, especially on ion concentrations in the digesters, will be needed in the future 

in order to assign ranges of values for precipitation parameters Kr,crys  in relation to operating 

conditions. 
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CHAPTER 4 - EVALUATION OF SIDESTREAM MANAGEMENT FOR DIFFERENT 

SLUDGE CHARACTERISTICS AND WATER HARDNESS LEVEL 
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4.1 Abstract 
 

The increasing number of anaerobic digesters installed in water resource recovery facilities as 

well as the interest for centralised anaerobic digesters integrating sludge from surrounding facilities 

has raised questions about sidestream management. The recovery of phosphorus in the form of 

struvite in anaerobic digestion sidestreams has been studied in the literature for WRRFs with enhanced 

biological phosphorus removal without paying particular attention to the effect of the water hardness 

level (concentration of Ca2+ and Mg2+). The scenario analysis presented in this chapter aims to study 

the impact of different sludge characteristics (with varying PO4 content and P fractionation mainly) and 

different levels of water hardness on the quantity of phosphorus in sidestreams by using a validated 

anaerobic digester model. The scenario analysis included an assessment of the operational costs and 

carbon footprint of the anaerobic digestion process, the struvite recovery process, and the biological 

treatment of nitrogen by nitrification/denitrification and partial nitritation/anammox in one-stage and 

two-stage configurations. Results show that the amount of phosphate in digested sludge is impacted 

by both the type of phosphorus treatment applied and the water hardness level. Indeed, even if the 

sludge from enhanced biological phosphorus removal induces the highest phosphate concentration in 

sidestreams, the quantity is divided by 2.4 between sludge with low (concentration in the sludge of 

Ca2+ = 50 mg/L and Mg2+ = 20 mg/L)  and high (Ca2+ = 410 mg/L and Mg2+ = 166 mg/L) water hardness 

levels. For low and medium water hardness levels, the installation of a struvite recovery process can 

be viable for sludge from WRRF without specific phosphorus treatment because the phosphate 

concentration can be above 50 mg/L. These findings are explained by the precipitation during the 

aerobic digestion process encouraged by high concentrations of calcium, magnesium and inorganic 

carbon. For nitrogen treatment, the partial nitritation/anammox process can reduce the quantity of 

energy needed for the aeration but may also generate high N2O emissions especially in the two-stage 

configuration. With median emission factors from scientific literature, the N2O emissions of the 2-stage 

partial nitritation/anammox process is 3 and 3.5 times higher than respectively, 

nitrification/denitrification and 1-stage partial nitritation/anammox, which can jeopardise its benefits. 

 

4.2 Highlights  
 

 The quantity of phosphate in sidestreams from anaerobic digestion depends on the type of 

phosphorus treatment applied and on water hardness  

 The anaerobic digestion of sludge with biological phosphorus removal results in higher 

phosphate concentration in sidestreams compared to chemical phosphorus removal and no 

specific phosphorus treatment 

 For one type of phosphorus treatment the quantity of phosphate can be divided by 2 between 

low and high water hardness 

 The carbon footprint of partial nitritation/anammox in the 2-stage configuration results in high 

N2O emissions   

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



81 

 

4.3 INTRODUCTION 
 

Anaerobic digestion (AD) has been proved to be an efficient process to reduce the volume of sludge 

as well as to valorise carbon from sewage sludge (Appels et al., 2008). The obtained digested sludge is 

dewatered and results in the production of sidestreams with high nitrogen and phosphorus content 

(Wild et al., 1997). Since the beginning of AD implementation in water resource recovery facilities 

(WRRFs), sidestreams have been pointed out because additional operational costs and a decrease in 

the effluent quality can be observed (Fujimoto et al., 1991; Grulois et al., 1993; Teichgräber and Stein, 

1994). The impacts of anaerobic digestion sidestreams can be limited if the WRRF has been designed 

considering nitrogen and phosphorus flows from these streams. However, when an existing WRRF 

wants to implement an anaerobic digestion process, sidestream management can become a real 

challenge, especially if the WRRF operates close to its nominal capacity. In addition, the 

implementation of a centralised AD can be considered in some regions in order to process the sludge 

of nearby WRRFs on a single location. Such an installation emphasises the question of sidestream 

management as higher nitrogen and phosphorus mass flow should be treated in a same WRRF. 

To upgrade the treatment capacity without expanding WRRF reactors, several sidestream 

processes have been developed for nitrogen or phosphorus treatment (Van Loosdrecht and Salem, 

2006). The main biological processes for the treatment of nitrogen in sidestreams includes: 

nitrification-denitrification, nitritation-denitritation, partial nitritation/anammox, bioaugmentation 

and algae production (Eskicioglu et al., 2018). To initiate the recovery of nitrogen and phosphorus, 

physico-chemical processes are also considered: struvite precipitation, ammonia stripping, membrane 

filtration, electrodialysis, bio-electrochemical system, ammonia and phosphate sorption are the most 

investigated processes (Guilayn et al., 2020; Vaneeckhaute et al., 2017; Ye et al., 2018). Nevertheless, 

only partial nitritation/anammox (PN/anammox), nitrification/denitrification, nitritation/denitritation 

and phosphorus recovery as struvite have been implemented at full scale.    

To assess the relevance of implementing struvite recovery or PN/anammox, different scenario 

analyses have been presented in the literature and are listed in Table 4.1. These scenario analyses have 

been carried out using plant wide models that couple biokinetics with a physicochemical framework.  
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Table 4.1 – Literature review on scenario analyses including sidestream management 

Reference WRRF Scenarios Performance criteria 

Flores-Alsina et al. (2021) 

Full scale study with biological 
COD, N and P removal + AD 
(Plant at 50% of its capacity) 
 

Sludge line optimisation after 
the implementation of 
centralised AD on one full 
scale case study. Evaluation of 
scenarios with: thermal 
hydrolysis, struvite recovery, 
partial nitritation/anammox 
  

Operating costs 
Effluent quality 
Quantity of struvite recovered  

Roldán et al. (2020) 
Full scale study with biological 
COD, N and P removal + AD 
 

Evaluation of different 
scenarios with recovery of 
struvite upstream or 
downstream the AD  

Operating costs 
Effluent quality 
Quantity of struvite recovered 
Life cycle analysis 
Life cycle cost analysis 
 

Lizarralde et al. (2019) 
Full scale study with biological 
COD and P removal + AD 
 

Evaluation of the relevance of 
phosphorus recovery in the 
form of struvite  
 

Operating costs 
Effluent quality 
Quantity of struvite recovered  

Vaneeckhaute et al. (2019, 
2018b, 2018a) 

Virtual case study of AD to 
treat sludge and waste 
 

Evaluation of struvite 
recovery and ammonia 
stripping and absorption 
processes 
 

Operating costs 
Quantity of struvite recovered  

Fernandez-Arevalo et al. (2017) 

Virtual case study (benchmark 
simulation modelling – BSM): 
BSM1 with biological COD/N 
removal + AD 
 

Evaluation of scenarios with: 
thermal hydrolysis and partial 
nitritation/anammox 

Operating costs 
Effluent quality 
 

Solon et al. (2017) 

Virtual case study (benchmark 
simulation modelling – BSM): 
BSM2 with biological COD/N/P 
removal + AD 
 

Evaluation of the relevance of 
phosphorus recovery in the 
form of struvite  
 

Operating costs 
Effluent quality 
Quantity of struvite recovered  

Martí et al. (2017) 
Full scale study with biological 
COD, N and P removal + AD 
 

Evaluation of different 
scenarios with recovery of 
struvite upstream or 
downstream the AD 

Operating costs 
Effluent quality 
Quantity of struvite recovered  

  

In Table 4.1, the literature review shows that the scenario analyses were carried out on similar 

case studies; all studies with struvite recovery process have enhanced biological phosphorus removal 

(Bio-P) and there is no analysis for other types of phosphorus treatment. For all case studies that 

investigated struvite recovery, the process was found relevant to decrease operating costs and to 

improve effluent quality as well as to provide P fertiliser. For example, total phosphorus concentration 

in the effluent decreased from 6.4 to 1.5 mg/L after the implementation of a struvite reactor on the 

BSM2 plant configuration (Solon et al., 2017). In a scenario analysis applied to a full case study, total 

phosphorus concentration in the effluent decreased from 12 mg/L to 2 mg/L with struvite recovery for 

a centralised AD with thermal hydrolysis pre-treatment step (Flores-Alsina et al., 2021). Similarly, in La 

Sur WRRF, the implementation of a struvite reactor could reduce the consumption of iron dosage by 

50% (Lizarralde et al., 2019). However, in the different application cases, there is no information on 

the quantity of calcium throughout the WRRF while calcium can affect the quantity of phosphate in 

digested sludge. Indeed, Vaneeckhaute et al. (2018b) and Wild et al. (1997) found that the amount of 

calcium in sludge induced higher precipitation of ACP in the digester and therefore lowered potential 

P recovery in sidestreams. This was also observed in the previous chapter of the thesis where the AD 

model was validated to correctly predict phosphorus, calcium and magnesium content in sidestreams.  

Few studies evaluated the implementation of biological nitrogen treatment and more 

specifically, the PN/anammox process and when assessed, the process was not found beneficial to the 

effluent quality because the main wastewater treatment line had the capacity to treat the 
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supplemental nitrogen load from sidestreams (Fernández-Arévalo et al., 2017a). The lack of inclusion 

of PN/anammox processes in scenario analysis may be due to the relative higher N2O emissions that 

can have a negative impact on the carbon footprint of the facilities (Hauck et al., 2016) but also to the 

relative new development and applications of N2O models to full-scale plants (Spérandio et al., 2022).  

Assessing the impacts of implementing a centralised anaerobic digester have been studied in 

the work of Flores-Alsina et al. (2021) but the same type of sludge was considered for the surrounding 

facilities without including the variability of phosphorus treatment or different ion concentrations. 

Finally, except for one case study who integrates life cycle assessment (LCA), there is no carbon 

footprint evaluation of the different sidestream processes while Solon et al. (2019) for example 

highlighted the need to include some performance criteria related to environmental impacts and the 

quality of the recovered product. 

A model evaluation of a centralised anaerobic digester operated with sludge from different 

types of phosphorus treatment and for different Ca, Mg and SIC concentration was carried out. The 

management of the resulting streams by nitrogen treatment processes (nitrification/denitrification 

and PN/anammox) and a struvite recovery process was discussed considering both their operational 

costs and carbon footprint. Ultimately, the findings can serve as a basis for the choice of sidestream 

processes for a broader spectrum of sludge characteristics compared to literature. 
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4.4 Material and Methods  
 

4.4.1 Case study description 
The case study is based on the volume of sludge produced by an existing large WRRF having a 

primary settler and activated sludge lines for COD and N removal. Both sludge are thickened, then 

mixed and dewatered. This WRRF plans to implement a mesophilic AD to process both primary and 

biological sludge. This digester will operate at 50% of its capacity for a sludge retention time (SRT) of 

44 days. In a second phase, the WRRF is considering to process the sludge of the nearby facilities to 

reach the anaerobic digester nominal capacity of 100% (corresponding to an SRT of 22 days). The 

surrounding facilities treat phosphorus differently: without specific P treatment, with a combination 

of biological and chemical phosphorus removal (Bio+Chem P) or by chemical phosphorus removal only 

(Chem P). Then, the digested sludge will be dewatered to reach a concentration of 250 g/L.  

4.4.2 Definition of the scenarios  
The first scenario S01 (50%_WH_High) explores the impacts of sidestream management when 

treating only internal sludge. The sludge in S01 is mixed primary and biological sludge without specific 

P treatment and the concentrations of Ca2+, Mg2+ and soluble inorganic carbon (SIC) are high. 

The different levels of Ca2+, Mg2+ and soluble inorganic carbon (SIC) are presented in Table 4.2 

and have been defined based on literature data (Astals et al., 2013; Fisgativa et al., 2020a, 2018; 

Metcalf & Eddy Inc. et al., 2003). The molar ratio Ca:Mg was set at 1.5 for the 3 levels.  

 

Table 4.2 - Water hardness levels and associated concentration of Ca2+, Mg2+ and soluble inorganic calcium (SIC) 

 

Scenarios S02 (100%_WH_High), S03 (100%_Bio+ChemP_WH_High) and S04 

(100%_ChemP_WH_High) look at the impacts of adding external sludge from nearby facilities and mix 

them with internal sludge in order to reach 100% capacity of the digester: 

 The external sludge used in S02 (100%_WH_High) are considered to show the same 

characteristics as the ones of S01 (50%_WH_High) without phosphorus treatment and with 

high concentrations of Ca2+, Mg2+ and SIC. 

 The sludge in S03 (100%_Bio+ChemP_WH_High) is a mixture of primary and biological sludge 

with combined enhanced biological phosphorus (Bio-P) and chemical P (Chem-P) removal. The 

concentrations of Ca2+, Mg2+ and SIC are high. 

 The sludge in S04 (100%_ChemP_WH_High) is a mixture of primary and biological sludge with 

Chem-P removal. The concentrations of Ca2+, Mg2+ and SIC are high. 

Scenarios S05 (50%_WH_Medium), S06 (100%_WH_Medium), S07 

(100%_Bio+ChemP_WH_Medium) and S08 (100%_ChemP_WH_Medium) repeat scenarios S01, S02, 

S03 and S04 but with medium Ca2+, Mg2+ and SIC concentrations. Scenarios S09 (50%_WH_Low), S10 

(100%_WH_Low), S11 (100%_Bio+ChemP_WH_Low) and S12 (100%_ChemP_WH_Low) repeat 

scenarios S01, S02, S03 and S04 but with low Ca, Mg and SIC concentrations. Table 4.2 summarises the 

different scenarios with their different sludge mixture and water hardness levels.  

Water hardness levels Ca2+ (mg/L) Mg2+ (mg/L) SIC (mg/L) 

Low 50 20 50 
Medium 230 93 350 
High 410 166 1000 
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Table 4.3 – Summary of the different scenarios evaluated 

Anaerobic Digester External sludge High Ca/Mg/SIC Medium Ca/Mg/SIC Low Ca/Mg/SIC 

Conventional AD 
(50% capacity) 

 
Internal sludge 

(Mixed sludge - No 
specific P 

treatment) 
 

None S01 (50%_WH_High) S05  (50%_WH_Medium) S09 (50%_WH_Low) 

Centralised AD 
(100% capacity) 

 
Internal sludge 

(Mixed sludge - No 
specific P 

treatment) + 
External sludge 

Mixed sludge - 
No specific P 

treatment 
 

S02 
(100%_WH_High) 

S06 
(100%_WH_Medium)  

S010 
(100%_WH_Low) 

Mixed sludge – 
Combined Bio-

P & Chem P 
removal 

 

S03 
(100%_Bio+ChemP_WH_High) 

S07 
(100%_Bio+ChemP_WH_Medium) 

S11 
(100%_Bio+ChemP_WH_Low) 

Mixed sludge – 
chemical P 
treatment 

S04 
(100%_ChemP_WH_High) 

S08 
(100%_ChemP_WH_Medium) 

S12 
(100%_ChemP_WH_Low) 

 

4.4.3 Sludge characteristics  
The 12 evaluated scenarios are based on the characteristics of 3 types of mixed sludge: without 

specific phosphorus treatment, with enhanced biological phosphorus removal (Bio-P) coupled with 

chemical phosphorus removal (Bio+Chem-P) and only with chemical removal (Chem-P).  

The characteristics of the different sludge have been obtained from a steady-state simulation 

of a conventional WRRF with a primary settler and an activated sludge unit for carbon and nutrient 

removal. The simulations were run for 3 different types of phosphorus treatment while maintaining 

the same influent characteristics and the performance of nitrogen treatment, maintaining an identical 

sludge retention time for the aerobic and anoxic zone. The performance of the clarifier has also been 

kept constant and the effluent TSS concentration was fixed to 15 g/m3. The pH of the mixed sludge 

have been defined with mean ratios from literature (Astals et al., 2013; de Gracia et al., 2009; Fisgativa 

et al., 2020b, 2018; Metcalf & Eddy Inc. et al., 2003).  For simulation with biological and chemical or 

only with chemical phosphorus removal, the dosage of iron chloride was set to reach a total 

phosphorus concentration in the effluent of 1 g/m3.  Table 3 provides influent and effluent composition 

as well as reactor volume and sludge recycling flow. Table 4 shows the sludge characteristics obtained. 

The three different mixed sludge were thickened to a same total suspended solids concentration of 50 

g/L.  
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Table 4.4 - Design of the WRRF used in the simulation to obtain sludge characteristics 

 Simulation without P treatment Simulation with Bio-P and Chem-P 
removal 

Simulation with Chem-P removal 

Influent Flow = 24 000 m3/day 
COD = 500 g/m3 
TKN = 50 g/m3 
TP = 7.1 g/m3 

 
 

Primary settler TSS removal = 60% 
TSS out = 5000 g/m3 

 
 

Activated 
sludge unit 

vol. anoxic zone = 3000 m3 
vol. aerobic zone  = 7000 m3 
sludge recirculation = 100% 

 

vol. anoxic zone = 3000 m3 
vol. aerobic zone  = 7000 m3 

vol. anaerobic zone = 2000 m3 
sludge recirculation = 100% 

molar ratio Fe:P = 0.7 

vol. anoxic zone = 3000 m3 
vol. aerobic zone  = 7000 m3 

vol. anaerobic zone = 2000 m3 
sludge recirculation = 100% 

molar ratio Fe:P = 1.6 

 
Effluent TSS = 15 g/m3 

COD = 35 g/m3 
TN = 10 g/m3 
TP = 5.9 g/m3 

 

TSS = 15 g/m3 
COD = 35 g/m3 
TN = 10 g/m3 
TP = 1 g/m3 

 

TSS = 15 g/m3 
COD = 35 g/m3 
TN = 10 g/m3 
TP = 1 g/m3 

 

 

Table 4.5 – Characteristics of feed sludge used in the different scenarios 

 Unit Mixed sludge – No P 
treatment 

Mixed sludge – Bio-P 
and Chem-P removal 

Mixed sludge – Chem-P 
removal 

TSS g/L  50 50 50 
VSS:TSS gVSS/gTSS 0.79 0.74 0.70 

COD:VSS gCOD/gVSS 1.52 1.51 1.46 

TKN:VSS gTKN/gVSS 0.0661 0.0657 0.0655  

TP:VSS gTP/gVSS 0.013 0.0384 0.0343 

N-NH4:TKN gN-NH4/gTKN 0.0655 0.0655 0.0653 

P-PO4:TP gP-PO4/gTP 0.25 0.0767 0.0766 

pH - 6.2 6.2 6.2 

     
Fractionation total COD     

Protein - fXPR,COD g/gCOD 0.095 0.094 0.095 

Lipids - fXLI,COD g/gCOD 0.132 0.131 0.132 

Carbohydrates - fXCH,COD  g/gCOD 0.108 0.107 0.108 

Particulate inert - fXI,COD  g/gCOD 0.41 0.40 0.41 

Poly-hydroxy-alcanoates -
fXPHA,COD 

g/gCOD 0.0003 0.0019 0.0003 

Phosphorus accumulating 
bacteria - fXPAO,COD 

g/gCOD 0.0004 0.0625 0.0004 

Heterotroph bacteria - 
fXH,COD 

g/gCOD 0.23 0.17 0.23 

Nitrifying bacteria - fXN,COD g/gCOD 0.017 0.016 0.017 

Volatile fatty acids - 
fVFA,COD 

g/gCOD 0.0016 0.0016 0.0016 

Soluble biodegradable - 
fSS,COD 

g/gCOD 0.0047 0.0047 0.0047 

Soluble inert - fSSI,COD g/gCOD 0.0029 0.0029 0.0029 
 

 

Figure 4.1 represents the fractionation of phosphorus for the different types of sludge. 

Obviously, the mixed sludge without P treatment is characterised by the high fraction of P-PO4 

compared to the sludge with P treatment. The mixed sludge with Bio-P and Chem-P contains a high 
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polyphosphate fraction (XPP) due to the presence of polyphosphate accumulating organisms from the 

Bio-P sludge. The mixed sludge only with Chem-P removal shows the highest iron phosphate fraction 

(XFEPO4).  

 

 

Figure 4.1 – Phosphorus fractionation for the different types of sludge 

 

4.4.4 AD Model  
The digesters for the different scenario analysis were simulated using the mathematical model 

detailed in Grau et al. (2007) and Lizarralde et al. (2015) and implemented in WEST. This model is the 

same as the one used in Chapter 3 and includes biochemical, multiphase and chemical 

transformations. The precipitation model includes the following minerals: calcium carbonate (CaCO3), 

magnesium carbonate (MgCO3), amorphous calcium phosphate (ACP) (Ca3(PO4)2), struvite 

(MgNH4PO4.6H2O), K-struvite (MgKPO4.6H2O) and newberyite (MgHPO4.3H2O). Iron phosphate is 

included in sludge characteristics but no further precipitation or dissolution were included in the 

anaerobic digester model.  Default values taken from ADM 1 were used for all kinetic parameters since 

they were originally determined for the digestion of municipal wastewater sludge (Batstone et al., 

2002) except for the precipitation kinetic parameters Kr,CaCO3, Kr,MgCO3, Kr,ACP, Kr,Struvite, Kr,Kstruvite and 

Kr,Newberyite. For the latter, the parameter sets found in the Chapter 3 were used for the scenarios using 

sewage sludge with medium and high concentrations of Ca2+, Mg2+ and soluble inorganic carbon (SIC) 

concentrations. For the scenario analysis using sludge with low concentration of Ca2+, Mg2+ and K+, Kr 

values obtained by Musvoto et al. (2000) were used, as they were obtained for a low water hardness 

level.   

4.4.5 Evaluation Criteria  
Performance indicators were calculated for three different processes: anaerobic digestion, struvite 

recovery and nitrogen treatment through nitrification-denitrification and PN/anammox in a one stage 

or two stages configuration. These indicators include operational costs (chemical or energy), carbon 

footprint (greenhouse gas emissions – GHGs) as well as an estimation of the recovered struvite 

quantity (Figure 4.2). No criteria were linked to the dewatering unit because the impacts of the 

different types of sludge on the polymer dosage were neglected.  In addition, the anaerobic digestion 

funit was the only one to be modelled; struvite recovery, nitrification/denitrification, partial 
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nitritation/denitritation have been considered theoretically through stroichiometric coefficients. 

Therefore, the following assumptions and/or simplifications have been made:  

 The scope of this study is focussed on the sludge line of a WRRF and the interactions between 

the water and sludge lines have not been considered nor the final dewatered sludge 

treatment/disposal. Consequently, the quantity of sludge produced by 

nitrification/denitrification and partial nitritation/anammox was also neglected.  

 The dewatering unit produces dewatered sludge at a fixed concentration of 250 g/L.   

 The struvite recovery unit has a phosphorus removal performance of 90% (Ueno and Fujii, 

2001) 

 Nitrification has a performance of 90% (Metcalf & Eddy Inc. et al., 2003) 

 Denitrification has a performance of 80% (Metcalf & Eddy Inc. et al., 2003) 

 Partial nitritration has a performance of 100%  

 The anammox process has a performance of 80% (Lackner et al., 2014)  

In Figure 4.2, nitrogen treatment and phosphorus recovery processes are evaluated 

independently. However, P recovery and N treatment processes can been set up in series (Driessen et 

al., 2020). There is no consensus on whether to implement the struvite reactor before or after the 

biological nitrogen removal reactor. The configuration with the struvite reactor implemented 

upstream of the PN/anammox reactor has been favoured in full scale installations because the struvite 

reactor can mitigate variable BOD5 and TSS concentrations in sidestreams through settling and 

aeration incorporated into some technologies and therefore protect downstream PN/anammox 

system (Abma et al., 2010; Driessen et al., 2020). However, the configuration with PN/anammox 

upstream the struvite reactor was tested at pilot scale and ensured a good pH and temperature for 

the biological N treatment (Tuszynska and Czerwionka, 2021). For the scenario analysis, two 

configurations on the PN/anammox process were included: the one-stage process in which the 2 steps 

are conducted simultaneously in the same reactor and the two-stage process in which partial 

nitritation and anammox are performed in separate reactors.  

 

 

Figure 4.2 – Sludge line diagram and associated performance criteria for each unit 

The equations used to calculate the performance indicators once the simulations of the 

different anaerobic digestion scenarios performed are presented below.  
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4.4.5.1 Anaerobic Digestion  
The energy balance of the anaerobic digestion is performed using the production of biogas 

obtained from simulation and by calculating the heat energy required for sludge heating and electricity 

for sludge mixing. The different sources of greenhouse gas emissions considered are the consumption 

of electricity and the fugitive methane emissions. As the biogas produced by the digester is used to 

heat the sludge, greenhouse gas emissions for sludge heating are avoided.  

The calculations for energy balance are presented below:  

𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑓𝑟𝑜𝑚 𝑏𝑖𝑜𝑔𝑎𝑠 (
𝑘𝑊ℎ

𝑑𝑎𝑦
) = 𝑄𝐶𝐻4𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 (

𝑁𝑚3

𝑑𝑎𝑦
) ∗  11 (

𝑘𝑊ℎ

𝑁𝑚𝐶𝐻4
3 )     (1) 

The value of 11 (kWh/Nm3CH4) corresponds to the heat value of methane (Taboada-Santos et al., 

2019). 

𝐻𝑒𝑎𝑡 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝐴𝐷 (
𝑘𝑊ℎ

𝑑𝑎𝑦
) = (𝑇°𝐶𝐴𝐷 − 𝑇°𝐶𝑓𝑒𝑒𝑑𝑠𝑙𝑢𝑑𝑔𝑒) ∗ 𝑄𝑓𝑒𝑒𝑑 𝑠𝑙𝑢𝑑𝑔𝑒 (

𝑚3

𝑑𝑎𝑦
) ∗ 1000 (

𝑘𝑔

𝑚3
) ∗

4.1(
𝑘𝐽

𝑘𝑔 .°𝐶
)

3600 (
𝑘𝐽

𝑘𝑊ℎ
)
   (2) 

𝑇°𝐶𝐴𝐷 is the temperature of the mesophilic AD (38°C).  𝑇°𝐶𝑓𝑒𝑒𝑑𝑠𝑙𝑢𝑑𝑔𝑒 is the temperature of the sludge 

(15°C). The value of 4.1 (
𝑘𝐽

𝑘𝑔 .°𝐶
) is the sludge heat capacity. 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑚𝑖𝑥𝑖𝑛𝑔 (
𝑘𝑊ℎ

𝑑𝑎𝑦
) = 3 (

𝑘𝑊

𝑚3) ∗
24

1000
 (

ℎ

𝑑𝑎𝑦
) ∗ 𝑣𝑜𝑙𝐴𝐷(𝑚3)       (3) 

The value of 3 (
𝑘𝑊

𝑚3) is the energy required for sludge mixing according to Moletta (2008) and 𝑣𝑜𝑙𝐴𝐷 is 

the volume of the AD (32120 m3). 

For the carbon footprint (CF), the following assumptions are made:  

𝐶𝐹𝑓𝑢𝑔𝑖𝑡𝑖𝑣𝑒 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.03 (

𝑚𝐶𝐻4
3

𝑚𝐶𝐻4𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

3  ) ∗ 0.67 (
𝑘𝑔𝐶𝐻4

𝑚3
) ∗  

24

1000
 (

ℎ

𝑑𝑎𝑦
) ∗ 𝑄𝐶𝐻4 (

𝑁𝑚3

𝑑𝑎𝑦
) ∗ 30 (

𝑘𝑔𝐶𝑂2

𝑘𝑔𝐶𝐻4

)   (4)  

The value of 0.03 (
𝑚𝐶𝐻4

3

𝑚𝐶𝐻4𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

3  )  is the value of fugitive methane according to Solis et al. (2022). 

0.67 (
𝑘𝑔𝐶𝐻4

𝑚3 ) is the density of methane at 15°C (Metcalf & Eddy Inc. et al., 2003) and 30 (
𝑘𝑔𝐶𝑂2

𝑘𝑔𝐶𝐻4

) is the 

global warming potential to 100 years of methane (ADEME, 2023).  

𝐶𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛  (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.06 (

𝑘𝑔𝐶𝑂2

𝑘𝑊ℎ
 ) ∗ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑚𝑖𝑥𝑖𝑛𝑔 (

𝑘𝑊ℎ

𝑑𝑎𝑦
)    (5) 

0.06 (
𝑘𝑔𝐶𝑂2

𝑘𝑊ℎ
 ) is the CO2 emission relative to the French energy mix (ADEME, 2023). 

 

4.4.5.2 Nitrogen removal 
Oxygen requirements for nitrogen removal and the associated energy consumption are 

calculated based on stoichiometric ratios. 

𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦𝑁𝑖𝑡𝐷𝑒𝑛𝑖𝑡  (
𝑘𝑊ℎ

𝑑𝑎𝑦
) = 4.33 (

𝑔𝑂2

𝑔𝑁−𝑁𝐻4
 ) ∗ 𝑄𝑁−𝑁𝐻4

(
𝑘𝑔𝑁−𝑁𝐻4

𝑑𝑎𝑦
) ∗ 0.9 (

𝑘𝑔𝑁𝑛𝑖𝑡𝑟𝑖𝑓𝑦𝑒𝑑

𝑘𝑔𝑁−𝑁𝐻4𝑎𝑝𝑝𝑙𝑖𝑒𝑑

) ∗ 1.5 (
𝑘𝑊ℎ

𝑘𝑔𝑂2
) ∗

(10.5−2)

10.5
     (6) 

4.33 (
𝑔𝑂2

𝑔𝑁−𝑁𝐻4
 ) is the requirements of O2 for a full nitrification. 0.9 (

𝑘𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑘𝑔𝑁−𝑁𝐻4𝑎𝑝𝑝𝑙𝑖𝑒𝑑

 ) is the ammonia removal 

efficiency (Metcalf & Eddy Inc. et al., 2003). The value of 1.5 (
𝑘𝑊ℎ

𝑘𝑔𝑂2
) is the quantity of energy for the 

supply of 1 kg of O2 linked to aeration (Gillot et al., 2005). The value of 10.5 mg O2/L is the saturation 

concentration for a temperature of 20°C with a water height of 5 meters. The value of 2 mgO2/L is the 

dissolved oxygen concentration in the reactor.  

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



90 

 

𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦𝑃𝑁−𝐴 (
𝑘𝑊ℎ

𝑑𝑎𝑦
) = 1.85 (

𝑔𝑂2

𝑔𝑁−𝑁𝐻4
 ) ∗ 𝑄𝑁−𝑁𝐻4

(
𝑘𝑔𝑁−𝑁𝐻4

𝑑𝑎𝑦
) ∗ 1.5 (

𝑘𝑊ℎ

𝑘𝑔𝑂2
) ∗

10.5

(10.5−0.5)
    (7) 

1.85 (
𝑔𝑂2

𝑔𝑁−𝑁𝐻4
 ) is the consumption of O2 for the nitritation with 57% of N-NH4 load converted into N-NO2 

(Baumgartner et al., 2022). The efficiency of the partial nitritation stage was considered to be 100%. 

The value of 10.5 mg O2/L is the saturation concentration for a temperature of 20°C with a water height 

of 5 meters. The value of 0.5 and 1 mgO2/L are respectively the dissolved oxygen concentration in the 

reactor for the one-stage and two-stage PN/anammox configurations (Lackner et al., 2014; Liu et al., 

2020).  

The consumption of methanol as a carbon source for the denitrification as well as the consumption of 

alkalinity for both complete nitrification and denitrification and PN/anammox are calculated as 

follows: 

𝑄𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙𝑁𝑖𝑡𝐷𝑒𝑛𝑖𝑡
(

𝑘𝑔

𝑑𝑎𝑦
) =

(5.81 (
𝑔𝐶𝑂𝐷

𝑔𝑁−𝑁𝑂3
 ) ∗ 𝑄𝑁−𝑁𝑜3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

(
𝑘𝑔𝑁−𝑁𝑜3

𝑑𝑎𝑦
) ∗ 0.8 (

𝑘𝑔𝑁−𝑁𝑂3 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
𝑘𝑔𝑁−𝑁𝑂3 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

))

1.5 (
𝑔𝐶𝑂𝐷

𝑔𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙
) 

      (8) 

with 5.81 (
𝑔𝐶𝑂𝐷

𝑔𝑁−𝑁𝑂3
 )  the quantity of biodegradable COD needed for denitrification and based on 

stoichiometric reactions (Metcalf & Eddy Inc. et al., 2003). There is no need for biodegradable COD for 

the PN/anammox process.  

𝑄𝑁𝑎𝐻𝐶𝑂3 𝑁𝑖𝑡𝐷𝑒𝑛𝑖𝑡
(

𝑘𝑔

𝑑𝑎𝑦
) =

((7.09 (
𝑔𝐶𝑎𝐶𝑂3𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑔𝑁−𝑁𝐻4𝑐𝑜𝑛𝑠𝑢𝑚𝑚𝑒𝑑
 )) ∗ 𝑄𝑁−𝑁𝐻4𝑎𝑝𝑝𝑙𝑖𝑒𝑑

(
𝑘𝑔𝑁−𝑁𝐻4

𝑑𝑎𝑦
) ∗ 0.9 (

𝑘𝑔𝑁𝑛𝑖𝑡𝑟𝑖𝑓𝑦𝑒𝑑

𝑘𝑔𝑁−𝑁𝐻4𝑎𝑝𝑝𝑙𝑖𝑒𝑑
) − 3.57 (

𝑔𝐶𝑎𝐶𝑂3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑔𝑁−𝑁𝑂3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
 )∗ 𝑄𝑁−𝑁𝑂3(

𝑘𝑔𝑁−𝑁𝑂3
𝑑𝑎𝑦

) ∗ 0.8 (
𝑘𝑔𝑁−𝑁𝑂3 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
𝑘𝑔𝑁−𝑁𝑂3 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

))

1.22 (
𝑔𝑁𝑎𝐻𝐶𝑂3

𝑔𝐶𝑎𝐶𝑂3
) 

  

            (9) 

with 7.09 (
𝑔𝐶𝑎𝐶𝑂3𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑔𝑁−𝑁𝐻4
 ) the quantity of alkalinity needed for nitrification and 3.57 (

𝑔𝐶𝑎𝐶𝑂3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑔𝑁−𝑁𝑂3
 ) the 

quantity of alkalinity recovered from denitrification based stoichiometric reactions (Metcalf & Eddy 

Inc. et al., 2003)  

𝑄𝑁𝑎𝐻𝐶𝑂3 𝑃𝑁−𝐴
(

𝑘𝑔

𝑑𝑎𝑦
) =

((7.09 (
𝑔𝐶𝑎𝐶𝑂3𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑔𝑁−𝑁𝐻4𝑐𝑜𝑏𝑠𝑢𝑚𝑚𝑒𝑑
 ) ∗ 0.57  (

𝑔𝑁−𝑁𝑂2
𝑔𝑁−𝑁𝐻4

) ∗ 𝑄𝑁−𝑁𝐻4(
𝑘𝑔𝑁−𝑁𝐻4

𝑑𝑎𝑦
) − 24.23 ∗ 

14

100
(

𝑔 𝐶𝑎𝐶𝑂3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑔 𝑁 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
 ) ∗ 𝑄𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

(
𝑘𝑔𝑁𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

𝑑𝑎𝑦
) ∗ 0.8 (

𝑘𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑
𝑘𝑔𝑁𝑎𝑝𝑝𝑙𝑖𝑒𝑑

)))

1.22 (
𝑔𝑁𝑎𝐻𝐶𝑂3

𝑔𝐶𝑎𝐶𝑂3
) 

  

            (10)  

with 7.09 (
𝑔𝐶𝑎𝐶𝑂3𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑

𝑔𝑁−𝑁𝐻4
 ) the quantity of alkalinity needed and 24.23 (

𝑚𝑜𝑙 𝐶𝑎𝐶𝑂3𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

𝑚𝑜𝑙 𝑁 𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
 ) the quantity of 

alkalinity recovered from the anammox process based on stoichiometric reactions (Metcalf & Eddy Inc. 

et al., 2003). Same calculations have been made for one-stage and two-stage system assuming that in 

the two-stage system a recirculation will provide the alkalinity produced in the second step of the 

process.   

The carbon footprint for electricity and chemical consumption are calculated similarly for the three N 

treatment processes considered as follows:  

𝐶𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.06 (

𝑘𝑔𝐶𝑂2

𝑘𝑊ℎ
 ) ∗ 𝐴𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 (

𝑘𝑊ℎ

𝑑𝑎𝑦
)       (11) 

The value of 0.06 (
𝑘𝑔𝐶𝑂2

𝑘𝑊ℎ
 ) is the CO2 emission relative to the French energy mix (ADEME, 2023). 

𝐶𝐹𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.52 (

𝑘𝑔𝐶𝑂2

𝑘𝑔𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 ) ∗  𝑄𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙        (12) 
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The value of 0.52 (
𝑘𝑔𝐶𝑂2

𝑘𝑔𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙
 ) is the CO2 emission relative to the production of pure methanol (ADEME, 

2023) 

𝐶𝐹𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒  (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 1.2 (

𝑘𝑔𝐶𝑂2

𝑘𝑔𝑁𝑎𝐻𝐶𝑂3

 ) ∗ 𝑄𝑁𝑎𝐻𝐶𝑂3
        (13) 

The value of 1.2 (
𝑘𝑔

𝐶𝑂2

𝑘𝑔𝑁𝑎𝐻𝐶𝑂3

 ) is the CO2 emission relative to the production of pure NaHCO3 (ADEME, 

2023). 

The N2O emission factors (EF), which are the ratio of the N2O emission rate to the nitrogen 

removal rate, were defined based on a literature review. The details of the selected data are available 

in “Supplementary Information”. More data have been found for the one-stage PN/anammox 

compared to the two-stage system. Median EF is for the one-stage and two-stage system of 0.011 ±

0.0068 (
𝑘𝑔 𝑁−𝑁2𝑂

𝑘𝑔 𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑
) and 0.041 ± 0.02 (

𝑘𝑔 𝑁−𝑁2𝑂

𝑘𝑔𝑁−𝑁𝑂2𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

), respectively. The higher emissions from the two stage 

system is most likely related to the higher level of nitrite (N-NO2) concentration compared to the one 

stage system (Kampschreur et al., 2008). For nitrification/denitrification, only one extreme EF value of 

0.1 (
𝑘𝑔 𝑁−𝑁2𝑂

𝑘𝑔 𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑
)  was found. It was therefore not considered and we applied the EF of the one-stage 

PN/anammox system to the nitrification/denitrification system assuming that they had equivalent 

levels of nitrite concentration. The calculations of N2O emissions for each process is detailed below 

with 273 (
𝑘𝑔𝐶𝑂2

𝑘𝑔 𝑁2𝑂
) the global warming potential to 100 years of N2O (IPCC, 2021). 

𝑁2𝑂𝑁𝑖𝑡−𝐷𝑒𝑛𝑖𝑡 & 𝑃𝑁−𝐴𝑜𝑛𝑒𝑠𝑡𝑎𝑔𝑒  
(

𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 𝑄𝑁−𝑁𝐻4

(
𝑘𝑔 𝑁−𝑁𝐻4

𝑑𝑎𝑦
) ∗ 0.8 (

𝑘𝑔𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑

𝑘𝑔𝑁−𝑁𝐻4𝑎𝑝𝑝𝑙𝑖𝑒𝑑

) ∗ 0.011 (
𝑘𝑔 𝑁−𝑁2𝑂

𝑘𝑔 𝑁𝑟𝑒𝑚𝑜𝑣𝑒𝑑
) ∗ 1.57 (

𝑘𝑔𝑁2𝑂

𝑘𝑔𝑁−𝑁2𝑂
) ∗

273 (
𝑘𝑔𝐶𝑂2

𝑘𝑔 𝑁2𝑂
)            

            (14) 

𝑁2𝑂𝑃𝑁−𝐴𝑡𝑤𝑜𝑠𝑡𝑎𝑔𝑒𝑠
(

𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 𝑄𝑁−𝑁𝐻4

(
𝑘𝑔 𝑁−𝑁𝐻4

𝑑𝑎𝑦
) ∗ 0.57  (

𝑘𝑔𝑁−𝑁𝑂2
𝑑𝑎𝑦

𝑄 𝑁−𝑁𝐻4

 ) ∗   0.041 (
𝑘𝑔 𝑁−𝑁2𝑂

𝑘𝑔𝑁−𝑁𝑂2
) ∗ 1.57 (

𝑘𝑔𝑁2𝑂

𝑘𝑔𝑁−𝑁2𝑂
) ∗ 273 (

𝑘𝑔𝐶𝑂2

𝑘𝑔 𝑁2𝑂
)  (15) 

 

4.4.5.3 P treatment  
The struvite recovery process is based on the precipitation of P-PO4 with N-NH4 and MgCl2 in a 

molar ratio of 1:1:1 (NH4:PO4:Mg). To enhance the degree of supersaturation and therefore phosphate 

removal an addition of magnesium chloride is added in a molar ratio Mg:P-PO4 of 1.6 (Metcalf & Eddy 

Inc. et al., 2003). To reach the optimum pH concentration of 8.5, the quantity of sodium hydroxide 

needed was calculated using the chemical speciation part of the model.  

𝑀𝑔𝐶𝑙2 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (
𝑘𝑔

𝑑𝑎𝑦
) = 1.6 (

𝑚𝑜𝑙𝑀𝑔

𝑚𝑜𝑙𝑃
 ) ∗

𝑄𝑃−𝑃𝑂4(
𝑘𝑔𝑃−𝑃𝑂4

𝑑𝑎𝑦
)

31 (
𝑚𝑜𝑙

𝑔
)

∗ 0.9  (

𝑘𝑔𝑃𝑟𝑒𝑚𝑜𝑣𝑒𝑑
𝑑𝑎𝑦

𝑄𝑃−𝑃𝑂4

 )     (16) 

𝐶𝐹𝑀𝑔𝐶𝑙2 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.105 (

𝑘𝑔𝐶𝑂2

𝑘𝑔𝑀𝑔𝐶𝑙2

 ) ∗  𝑄𝑀𝑔𝐶𝑙2
         (17) 

The value of 0.105 (
𝑘𝑔𝐶𝑂2

𝑘𝑔𝑀𝑔𝐶𝑙2

 ) is the CO2 emission relative to the production of pure MgCl2 (ADEME, 2023). 

𝐶𝐹𝑁𝑎𝑂𝐻(50%)  (
𝑘𝑔𝐶𝑂2

𝑑𝑎𝑦
) = 0.587 (

𝑘𝑔𝐶𝑂2

𝑘𝑔𝑁𝑎𝑂𝐻50%

 ) ∗  𝑄𝑁𝑎𝑂𝐻50%
        (18) 

The value of 0.587 (
𝑘𝑔𝐶𝑂2

𝑘𝑔𝑁𝑎𝑂𝐻50%

 )  is the CO2 emission relative to the production of sodium hydroxide 

concentrated at 50% (ADEME, 2023). 
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4.6 Results  
 

The results of the 12 scenarios according to the selected performance criteria are presented 

below by unit process (anaerobic digestion, N treatment, P treatment).  

4.6.1 Anaerobic Digestion  
The 12 scenarios resulted in a similar biogas production around 72,500 kWh/day for the 

anaerobic digester at 50% capacity and around 125,000 kWh/day for the anaerobic digester at 100% 

capacity (Figure 4.3). The anaerobic digester at 100% capacity does not produce exactly the double of 

the anaerobic digester at 50% capacity because of the different sludge retention time. The low 

variability in biogas production can be explained by the fact that the same sludge concentration (50 

g/L) with similar COD to VSS ratio and biodegradability was considered in all simulations. The small 

variations are attributed to the differences of COD fractionation. Water hardness has no significant 

impact on the production of methane. All scenarios are energy self-sufficient thanks to the energy 

coming from the biogas.  

 

Figure 4.3 – Heat energy balance of the 12 scenarios evaluated 

The 12 scenarios have similar operational costs and CO2 balance with a carbon footprint of 795 

kgCO2/day for the anaerobic digester at 50% capacity and 1325 kgCO2/day for the anaerobic digester 

at 100% capacity (Figure 4.4). CO2 emissions for sludge heating are equals to 0 because part of the 

biogas produced is used to that purpose. CO2 emissions for the anaerobic digestion process unit are 

broadly due to fugitive methane emissions and very slightly due to electricity consumption. These 

figures represent a carbon footprint in the range of 4.5 to 5.7 kgCO2/MLwastewater which is in accordance 

with the range of 4 to 16 kgCO2/MLwastewater found in Wu et al. (2022). 
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Figure 4.4 – CO2 balance for the AD unit 

 

4.6.2 Nitrogen treatment 
The N-NH4 mass flows from the 12 scenarios are equivalent and the small variations observed 

can be explained with the same explanations as for biogas production (Figure 4.5). The concentration 

of N-NH4 resulting from the different AD simulations is between 1000 mg/L and 1100 mg/L which is in 

accordance with the data compilation by Devos et al. (2023). The quantity of nitrogen in sidestreams 

from the scenarios with the anaerobic digesters at 50% capacity is lower because the resulting flow of 

sidestreams is smaller than the anaerobic digesters at 100% capacity.  

 

Carbon footprint of AD

kgCO2 / day 
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Figure 4.5 – Mass flows of N-NH4 in sidestreams for the 12 evaluated scenarios 

 

Figure 4.6, 4.7 and 4.8 represent the carbon footprint for the three possible N treatment 

processes: nitrification-denitrification, one stage and two stages partial nitritation-anammox (PN/A). 

As the nitrogen mass flows are similar, there are no differences on the carbon footprint between the 

3 scenarios with AD at 50% capacity and between the 9 scenarios with AD at 100% capacity when 

considering one type of N treatment. Indeed, Figures 6 and 7 show that there is no chemical 

consumption and therefore no associated carbon footprint for PN/anammox processes compared to 

nitrification/denitrification. As expected, there is also is lower electricity consumption for 

PN/anammox. The calculations result in an energy consumption of between 3.5 and 3.7 kWh/kgNapplied 

for the PN/anammox process which in accordance with the range of 1.05 - 4.2 kWh/kgNapplied found in 

the review of Lackner et al. (2014). In comparison, the energy consumption for the 

nitrification/denitrification is of 7.2 kWh/kgNapplied. However, from an environmental point of view, the 

two-stage PN/anammox process is largely unfavourable compared to nitrification/denitrification and 

to the one stage PN/anammox due to the higher N2O emissions. In second position is the 

nitrification/denitrification process due to the higher chemical and electricity consumption compared 

to the one stage PN/anammox process.  
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Figure 4.6 – Contribution of chemicals, electricity and N2O emissions to the CO2 balance of the nitrification/denitrification 

process 
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Figure 4.7 - Contribution of chemicals, electricity and N2O emissions to the CO2 balance of the 1-stage partial 

nitritation/anammox process 
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Figure 4.8 - Contribution of chemicals, electricity and N2O emissions to the CO2 balance of the 2-stage partial 

nitritation/anammox process 

 

4.6.3 Phosphorus recovery as struvite  
The mass flows of P-PO4 generated for the 12 scenarios are different according to the types of 

sludge and to the different ion concentrations (Ca2+, Mg2+, SIC). Figure 4.9 shows that the 3 scenarios 

including Bio-P provide the highest potential for P recovery as struvite compared to the other types of 

sludge and regardless of the level of water hardness. However, between low and high level of water 

hardness, the potential for recovery is divided by more than 2 for a same type of sludge. This 

corresponds to a concentration of 127, 241 and 300 mg (P-PO4)/L for respectively high, medium and 

low water hardness level. Therefore, even if the scenarios with Bio-P removal sludge are the most 
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attractive, the scenarios with Chem-P removal sludge and without specific P treatment can also be 

economically viable if the water hardness of the sludge is low or medium. This is the case of scenarios 

S05, S06, S09, S10 and S12 that have a concentration of phosphorus in sidestreams higher than 50 

mg/L which corresponds to the economic viability threshold of Wu et al (2022). However, higher 

struvite recovery is associated with higher consumption of sodium hydroxide and magnesium chloride 

and therefore higher carbon footprint. The carbon footprint of the struvite recovery unit can vary 

between 201.4 kgCO2/day (S01) to 620 kgCO2/day (S11). 

 

  

Figure 4.9 - Mass flows of theoretical struvite production in sidestreams for the different evaluated scenarios 

The impact of the different water hardness levels on the potential for P recovery can be 

explained by precipitation mechanisms in the digester. Figure 4.10 shows that scenarios 01, 02, 03 and 

04 with high water hardness level have the highest amount of precipitated minerals compared to low 

and medium water hardness levels. Indeed, the saturation extent is higher due to the highest 

concentrations of Ca, Mg and SIC which leads to a more important precipitation of Ca2+ and Mg2+ with 

phosphorus. This quantity is even accentuated for scenarios with Bio-P removal sludge (S03, S07 and 

S11) due to the release of Mg and P-PO4 stored as polyphosphate. The minerals that precipitate mainly 

are Amorphous Calcium Phosphate (ACP) and MgCO3. CaCO3 is formed only with medium and high 

water hardness but its formation also depends on the concentration of P-PO4 due to the competition 

with ACP.  Struvite and newberyite (New) are formed only with Bio-P removal sludge because the 

release of Mg2+ and P-PO4 modifies the ratio Ca:Mg and Mg:P-PO4 which promotes struvite and 

newberyite formation. 
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Figure 4.10 – Repartition of the minerals precipitated during AD for the different scenarios evaluated 

The quality of the recovered product which can be defined by the percentage of pure struvite 

in the final product depends on the level of water hardness. High and medium water hardness levels 

will therefore tend to have a negative impact on the quality of the recovered product because the 

residual calcium concentration in sidestreams is high and can form ACP instead of struvite.  

Additional graphs are available in appendix to illustrate the potential for P recovery in 

sidestreams using different units (kg struvite / kg P AD inlet, kg P-PO4 / kg P AD inlet). A graph showing 

the fractionation of phosphorus in digested sludge is also presented in the appendix. 
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4.7 Discussion 
 

4.7.1 Initial sludge characteristics 
This scenario analysis was conducted using sludge characteristics obtained from a simulation 

of a WRRF treating conventional wastewater. This leads to a COD:VSS ratio of around 1.5 and an inert 

fraction of 0.4. The COD:VSS can be comprised in the range of 1.3 to 1.9  (Metcalf & Eddy Inc. et al., 

2003) and the inert fraction between 0.30 to 0.55 (Astals et al., 2013; de Gracia et al., 2009; Fisgativa 

et al., 2020b, 2018; Metcalf & Eddy Inc. et al., 2003). These ratios can significantly impact the quantity 

of biogas, nitrogen and phosphorus in sidestreams. Nevertheless, the impact of the different types of 

sludge, without P treatment, with Bio-P and Chem-P removal sludge or only Chem-P removal sludge, 

as well as the level of water hardness, will not modify the main conclusions of this study. The order of 

the scenarios for which P recovery could be the most interesting or the comparison of the different 

nitrogen treatments will remain but the final value of the CO2 emissions, the biogas production, the 

quantity of N or P in sidestreams may vary.  

 

4.7.2 Uncertainty of kinetic precipitation constants  
The values of kinetic precipitation constants obtained after the calibration done in Chapter 3 

have been used in this scenario analysis. Nevertheless, no calibration could be performed for an 

anaerobic digester with low water hardness and default values from Ikumi et al. (2020) were used. In 

previous chapter, the simulation results obtained with precipitation kinetic constants by default gave 

reasonable results for the estimation of P-PO4 but needed to be adjusted for Ca2+ and Mg2+ 

concentrations. In addition, the value of the kinetic precipitation constants does not depend only on 

the initial saturation extent, but also on the mixing conditions and reactor geometry. Consequently, 

there is an uncertainty for the values of kinetic precipitation constants that can induce a variation of 

P-PO4 content in digested sludge as well as that of Ca2+ and Mg2+ according to the value of the 

precipitation kinetic constants used.  

 

4.7.3 Sensitivity of CO2 balance to the emission factors  
The emission factors (EF) used to calculate fugitive emissions of methane and N2O are 

extremely variable. For the fugitive methane emissions, it ranged from 0.5% (ADEME, 2023) to 3% 

(Solís et al., 2022) of the methane produced. In this scenario analysis, the highest value was chosen 

but this value can be reduced if the WRRF has an efficient air treatment of the digested sludge.   

For nitrification/denitrification, the value of the EF for N2O emissions was considered the same 

as for the one stage partial nitritation/anammox. This hypothesis has been done because limited 

information was found on N2O emissions from activated sludge processes treating concentrated N 

streams, thus more measurements are required to further refine the value of the EF.  

In order to evaluate the sensitivity of the sludge line carbon footprint to the EF, calculations 

were performed using the minimum, median and maximum values from the literature (see 

supplementary information). These calculations are presented in Table 4.6 for only one scenario, 

Scenario S1 (50%_WH_High) but similar conclusions can be drawn for the remaining 11 scenarios. For 

the one-stage PN/anammox, the EF is in the range of 0.2 –2.7 gN2O/gTN removed; whereas, it is for 

the two-stage system of 3.3 – 7.12 gN2O/N-NH4 oxidised to N-NO2. Even if the range is widespread, 

N2O emissions from the two-stage PN/anammox remain higher than the one stage PN/anammox and 

nitrification/denitrification process when using the same level of EF (minimum, median or maximum). 
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However, between the minimum and maximum EF values, the carbon footprint can double for 

the two-stage PN/anammox and be multiplied by more than 10 for the two other processes 

(nitrification/denitrification and the one stage PN/anammox). Such differences should be considered 

in the assessment when selecting a sidestream process and be put in perspective to the overall WRRF 

carbon footprint. Such as concluded by Wu et al. (2022), N2O mitigation will be an important challenge 

to achieve carbon neutrality. 

 

Table 4.6 – Carbon footprint in kgCO2/day of feed sludge of the different biological nitrogen treatment according to the 

different N2O emission factor found in the literature.  

 Minimum EF Median EF Maximum EF 

Nitrification/Denitrification  433 2382 5847 

PN/anammox one stage 385 2117 5197 

PN/anammox two stage 5657 7028 12206 
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4.8 Conclusions  
 

This scenario analysis performed is based on a model of AD including multiple mineral precipitation 

with different types of sludge and different water hardness levels to predict the quantity of biogas, N 

and P content in sidestreams. Then, calculation of operating costs (energy and chemicals) as well as 

the potential for struvite recovery and CO2 balance have been performed to compare the different 

scenarios. The main conclusions are the followings:  

1) The type of phosphorus treatment applied in the water line (no specific treatment, biological 

phosphorus removal and chemical phosphorus removal) does not have a major impact on 

the quantity of biogas produced for a feed sludge with a same total solid concentration and a 

same COD:VSS ratio. All scenarios are energy self-sufficient for the AD process unit and GHG 

emissions are mainly due to fugitive methane emissions.  

2) The quantity of nitrogen in sidestreams, as for the biogas production does not depend on the 

type of phosphorus treatment applied in the WRRF nor on the level of water harness. The 

operating costs will be higher for the treatment of nitrogen by nitrification/denitrification 

process compared to partial nitritation/anammox due to more important oxygen and 

chemicals (methanol, alkalinity) requirements. However, from a carbon footprint point of 

view, the two stage partial/nitritation anammox system is responsible for higher emissions 

compared to nitrification/denitrification and one-stage anammox system.  

3) The quantity of phosphorus available in sidestreams for recovery as struvite depends on both 

the type of phosphorus treatment applied and the level of water hardness. The lower the 

water hardness level, the higher the quantity of phosphorus in sidestreams. Feed sludge with 

Bio-P removal presents the largest amount of phosphorus but this quantity is divided by 2 

between low and high water hardness level.  

 

This scenario analyses have been conducted only for a sludge line and the impacts of sidestreams 

on the main wastewater treatment lines have not been considered. In the future, an assessment of 

the WRRF as a whole could help to evaluate the potential benefits of sidestream treatment on the 

performance of the water line.  
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CHAPTER 5 – CONCLUSION AND PERSPECTIVES 
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5.1 General conclusion 
 

In the context of a paradigm shift from wastewater treatment to water resource recovery, 

urban facilities are increasingly considering sludge anaerobic digestion. This process provides different 

flows: a biogas, a digested sludge and a centrate, also called sidestreams, highly concentrated in 

nitrogen and phosphorus. To optimise the management of nitrogen and phosphorus throughout the 

entire water resource recovery facility (WRRF), the treatment or recovery of these nutrients may be 

relevant.  Despite a growing interest in sidestream processes such as nitrification/denitrification, 

partial nitritation/anammox or struvite recovery, poor attention has been paid to sidestream 

characteristics and full-scale installations are still relatively rare compared to the number of anaerobic 

digesters implemented. Indeed, even if high concentrations of nitrogen and phosphorus are expected, 

an important variation can be observed from one facility to another, especially for phosphorus. This 

lack of knowledge is even more critical for anaerobic digesters that receive different types of sludge 

from surrounding facilities or for anaerobic digesters preceded by a pretreatment as thermal hydrolysis 

process. Models to simulate anaerobic digestion and sidestream processes could be a useful tool to 

help predict nitrogen and phosphorus levels as well as assess treatment or recovery options. However, 

a limited number of data restrains the validation of these models and their applications for different 

configurations of WRRFs. The recent implementation of full-scale sidestream processes associated 

with limited knowledge of sidestream characteristics could explain the absence of guidelines to 

support the choice for treatment or recovery of nitrogen and phosphorus in sidestreams.  

The overall aim of this PhD study was to provide insights on sidestream characteristics and on 

the possible routes for nitrogen and phosphorus treatment or recovery. To start with, a comprehensive 

review of sidestream characteristics was performed (Chapter 2). It also includes the main treatment 

and recovery processes found in the literature, whatever their technology readiness levels. 

Concentration ranges of the different characteristics were obtained and allowed to understand in 

which extent sidestream characteristics can vary from one facility to another and how these 

characteristics can impact sidestream process performance. Then, a modified version of ADM1 

(anaerobic digestion model n°1) including precipitation mechanisms was studied in order to validate 

the prediction of phosphate concentration in sidestreams (Chapter 3). This chapter was essential to 

calibrate model parameters and to reduce the uncertainty on the precipitation kinetic constants using 

data from two different full-scale digesters. The results of Chapter 3 were then used in Chapter 4 for 

the scenario analysis including anaerobic digestion of sludge with different characteristics, depending 

on the phosphorus treatment used in the water line and on the wastewater hardness. The objective 

was to assess how sludge characteristics were impacting the choice of implementation of a struvite 

recovery process. In this chapter, two biological nitrogen treatments of sidestreams were also 

compared based on operational performance indicators and on carbon footprint.  The main 

conclusions related to these chapters are summarised in the following paragraphs. Potential future 

research directions are finally discussed.  
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5.2 State of the art of sidestream characteristics and existing processes 
 

Anaerobic digestion sidestreams are known to contain high concentrations of nitrogen and 

phosphorus. However, explaining the variability encountered from one facility to another is not 

obvious because there is poor information on other characteristics such as COD, TSS or ions (Ca2+, Mg2+, 

Na+, K+, SO4
2-, Cl- ). Chapter 2 provides concentration ranges for sidestream characteristics issued from 

conventional anaerobic digestion or anaerobic digestion preceded by a thermal hydrolysis process 

(Figure 1). This literature data compilation showed that nitrogen in sidestreams is mainly is the form 

of ammonia (N-NH4
+) except for anaerobic digesters with THP where a fraction of refractory dissolved 

organic nitrogen, yet not quantified, has been observed. Thermal hydrolysis processes also result in 

higher nitrogen concentration compared to conventional anaerobic digester. The variability of 

ammonia concentration between the different facilities can be explained by a different TSS 

concentration of AD feed sludge, AD performance and the type of dewatering unit that can be 

operated with different washing system resulting in different sidestream dilution. For phosphorus, the 

concentration ranges differ according to the type of phosphorus treatment applied in the water line 

(no specific P treatment, biological or chemical phosphorus removal). However, compared to 

ammonia, there is no significant increase of phosphate concentration when adding a THP. This can be 

explained by precipitation of P-PO4 in the digester with the ions that can also be released during the 

THP: Mg2+, Fe2+/3+, Ca2+ and Al3+. The different concentration of ions, and especially Mg2+ and Ca2+, can 

explain the variability between the different WRRFs for phosphate concentration with or without THP 

because they induce different levels of precipitation in the digester. For total COD and TSS, both 

characteristics are correlated and the variability is linked to the performance of the dewatering unit. 

However, for anaerobic digestion with THP the concentration of soluble COD is higher due to the 

important solubilisation with the THP but also to the higher sludge feed TSS concentration and the 

production of refractory COD compounds. 

All sidestream processes found in the literature for nitrogen or phosphorus treatment or 

recovery can be impacted by the different characteristics of anaerobic digestion sidestreams. A list of 

characteristics to be checked for each process in order to avoid counter- performances is given on 

Figure 5.1. The threshold values could not be obtained because they are case dependent and there is 

not enough published experience to generalise the values found in literature. However, knowing the 

value before the implementation can give an indication on concentration level of the characteristics 

that may impact the process and take preventive measures. This chapter has also shown that the most 

common implemented processes are struvite recovery, the nitrification/denitrification and the partial 

nitritation/anammox process. Other processes either consume a lot of energy (ammonia stripping, 

membrane) or they are still at a development stage and their implementation at full scale is still 

complicated (electrodialysis, bioelectrochemical system, ion exchange resin and algae production).  
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Figure 5.1 - Summary of the literature review on sidestream characteristics and processes 

 

5.3 Calibration of an AD model with multiple mineral precipitation 
 

The analysis of sidestream characteristics in Chapter 2 has shown that phosphate 

concentration in anaerobic digestion sidestreams depends on the type of phosphorus treatment 

applied in the WRRF. However, precipitation of phosphate in the digester can also occur and impact 

phosphate concentration in sidestreams. This precipitation rate is affected by the concentration of 

other ions in solution, in particular calcium and magnesium, because they can interact with phosphate 

or inorganic carbon ions. The literature review has also highlighted the importance of calcium and 

magnesium on the performance of sidestream treatment or recovery processes such as struvite 

recovery, membranes, ion exchange resins, electrodialysis or bio electrochemical system.  

In order to better predict the concentration of phosphorus in anaerobic digestion sidestreams, 

as well as the concentrations of magnesium and calcium, Chapter 4 focused on calibrating an ADM1-

based anaerobic digestion model coupled with multiple mineral precipitation mechanisms. This 

N-NH4 = [175 – 1800] mg/L 
Soluble COD = [40 – 1800] mg/L
Alkalinity = [530 – 5500] mg CaCO3/L

Struvite precipitation

• TSS, pH, P-PO4, K+, N-NH4, molar ratio Ca2+ : Mg2+

Partial Nitritation / Anammox

• molar ratio COD : N-NH4, P-PO4, pH, T°C

Ammonia Stripping

• Alkalinity, Cl-, N-NH4

Membrane

• TSS, N-NH4, P-PO4, Ca2+, Mg2+, K+, Na+, SO4
2-, Cl-

Electrodialysis, BES & IEX resin

• TSS, Alkalinity, N-NH4, P-PO4, Ca2+, Mg2+

Algae production

• TSS, N-NH4, P-PO4

N-NH4 = [1250 – 4000] mg/L 
Soluble COD = [1400 – 8400] mg/L
Alkalinity = [4700 – 6200] mg CaCO3/L

TSS = [18 – 12600] mg/L
P-PO4 (all P treatment types) = [0,14 – 550] mg/L
Total COD = [50 – 12000] mg/L
Mg2+ = [1 – 93] mg/L 
Ca2+ = [10 – 321] mg/L

List of sidestream processes & characteristics for which the 
concentration must be checked before implementation
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calibration was carried out using data from two full-scale anaerobic digesters with different feed sludge 

characteristics and different levels of water hardness (concentration of calcium, magnesium and 

inorganic carbon). The precipitation model includes 6 minerals (struvite, K-struvite, amorphous 

calcium phosphate, calcium carbonate, magnesium carbonate, newberyite) whose precipitations are 

represented by six differential equations. These equations lie on the saturation of ions in solution and 

a kinetic constant Kr. The Bayesian Monte Carlo method was used to identify which Kr constant needed 

to be adjusted in order to determine the phosphate, calcium and magnesium concentration in digested 

sludge.  

The results show that the constants linked to the precipitation of calcium carbonate, 

magnesium carbonate and amorphous calcium phosphate (Kr,CaCO3, Kr,MgCO3 and Kr,ACP, respectively) must 

be adjusted separately for each digester in order to fit the calcium and magnesium concentrations. In 

contrast, the simulated phosphate concentrations were already close to the observed values without 

adjustment of the Kr constants, for both digesters. The anaerobic digester with lower calcium and 

magnesium concentrations showed more consistent results without adjusting the precipitation kinetic 

constant Kr, suggesting that the calibration of the precipitation constants is particularly important 

when the water hardness is high. The inclusion of precipitation mechanisms when simulating an 

anaerobic digestion process is essential in order to obtain a consistent concentration of phosphate 

ions in the digested sludge. However, in order to reduce the degree of uncertainty of the precipitation 

kinetic constants, obtaining data on the concentrations of magnesium, calcium and phosphate is 

essential to consider while calibrating the anaerobic digestion model. 

 

5.4 Influence of sludge typology and water hardness on the potential for 

phosphorus recovery 
 

The recovery of phosphorus in the form of struvite from anaerobic digestion sidestreams is 

generally recommended for water resource recovery facilities with enhanced biological phosphorus 

removal since more release is expected in the anaerobic digester. However, there is no analysis in the 

literature of anaerobic digestion or centralised anaerobic digesters of sludge with different types of 

phosphorus treatment. In addition, water hardness (calcium and magnesium concentrations) are not 

presented as decision criteria in scenario analyses while these ions can impact the quantity of 

phosphate in digested sludge and therefore in anaerobic digestion sidestreams. Chapter 4 provides a 

scenario analysis for a sludge line consisting of an anaerobic digester designed to treat internal sludge 

but also to treat sludge from surrounding facilities. This scenario analysis was carried out for different 

levels of water hardness (calcium, magnesium and inorganic carbon concentration) and used the 

anaerobic digestion models validated in Chapter 3.   

Simulation results of the different anaerobic digester scenarios and simplified calculations of 

theoretical struvite production show that the centralised anaerobic digester including a part of sludge 

with biological phosphorus removal has the highest potential for P recovery in the form of struvite. On 

the other hand, for a same type of sludge, the amount of phosphate in the digested sludge can double 

if you move from a region with high water hardness to one with low water hardness. In addition, 

anaerobic digestion of sludge without specific phosphorus treatment can lead to phosphate 

concentrations that are compatible with an implementation of a struvite recovery unit for low or 

medium water hardness level. In conclusion, the decision criteria for implementing phosphorus 

recovery in the form of struvite should be based on the type of phosphorus treatment applied (without 
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specific phosphorus treatment, chemical and biological phosphorus removal) and on the level of water 

hardness.  

 

5.5 Choice of a process for biological nitrogen treatment  
 

The scenario analysis presented in Chapter 4 also includes the assessment of different 

biological nitrogen treatments: nitrification/denitrification adding an external carbon source, one-

stage and two-stage partial nitrification/anammox. A simplified carbon footprint assessment is 

presented because the literature highlights the important N2O emissions of the partial 

nitritation/anammox process. In addition, most of the scenario analysis with partial 

nitritation/anammox process found in the literature only evaluate operational costs (chemical and 

energy consumption) and do not include a CO2 balance.  

The carbon footprint of biological nitrogen treatment in Chapter 4 is based on the median 

value of N2O emission factors found in the literature. The results of this CO2 balance point out the 

elevated N2O emissions when applying a two-stage partial nitritation/anammox process compared to 

nitrification/denitrification and to one-stage partial nitrification/anammox processes. The resulting 

carbon footprint of the two-stage partial nitritation/anammox process is twice the one obtained with 

the other processes. However, partial nitritation/anammox processes also requires less energy and 

chemicals so the operational costs and indirect CO2 emissions are lower than the 

nitrification/denitrification scenario. In conclusion, the choice for a biological sidestream treatment 

cannot be based only on operational performance indicators but should also include the carbon 

footprint. This is paramount in order to come up with meaningful decisions for the evolution towards 

durable water resource recovery facilities.   

 

5.6. Perspectives  
 

5.6.1 Application of the precipitation model  
This doctoral research uses the precipitation model developed in the work of Lizarralde et al. 

(2015) and Musvoto et al. (2000a, 2000b) and takes into account the precipitation kinetic constants Kr 

from Ikumi et al. (2020). However, different versions and writing of the precipitation models exist in 

the literature which makes difficult the comparison of the kinetic constant values. In addition, the 

relatively scarce application of precipitation models leads to limited knowledge about the range of 

values that can be attributed to the precipitation kinetic constants. In future research, more 

experimental data, especially on ion concentrations in the digesters, will be needed in order to assign 

ranges of values for precipitation parameters Kr,crys in relation to operating conditions. To do so, 

experiments in controlled environment could be used to identify which operating conditions (water 

hardness, reactor form, mixing intensity or TSS concentration) has the greatest impact on the 

precipitation parameters Kr,crys These constants Kr,crys currently encompass many of these operating 

conditions and it is difficult to separate each effect when having full-scale data. To start with, a study 

of laboratory-scale AD pilots, varying only the types of sludge (with different water hardness Ca, Mg, 

P) could confirm that water hardness has an impact on the value of the Kr,crys as it has been highlighted 

in this doctoral work. For this kind of experiment, the measurements of total phosphorus, phosphate, 

magnesium (total and soluble), Ca (total and soluble), pH, TSS ,VSS, biogas production as well as the 
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identification of the different minerals precipitated in the anaerobic digester will be required. In 

addition, a standardisation of the precipitation model with a same writing and units could also be 

helpful to compare different simulation results. The version suggested in the general physicochemical 

model (Batstone and Flores-alsina, 2022) could be systematically used in the future.  

No struvite recovery reactor was simulated in this thesis because there was no monitoring data 

available for this technology and the validation of the model was not possible. A simulation would have 

provided the different minerals formed in the precipitation reactor. As with the precipitation in the 

anaerobic digester, access to data on phosphate, magnesium, calcium, alkalinity, pH as well as the 

identification of the minerals formed in the struvite recovery unit are essential to evaluate the 

potential and the quality of struvite recovery in future scenario analyses. 

In this work, the interactions only between phosphorus, magnesium, calcium and inorganic 

carbon were considered in the precipitation mechanisms. Iron phosphate and iron oxides minerals 

were also used in the characterisation of the sludge in a simplified way. However, more accurate 

descriptions of the interactions between phosphorus, iron and sulfur are now available and integrated 

into model libraries (Hauduc et al., 2019; Solon et al., 2017). Nevertheless, the validation of these 

model is not straightforward because there is poor information on sulfur, iron and phosphate 

throughout the entire WRRF. Lab pilot of anaerobic digester could also help to obtain more data and 

validate this recent model.  

In conclusion, precipitation mechanisms and interactions between phosphorus, magnesium, 

calcium, sulfur and iron have been integrated in recent model libraries but the validation and the 

application of the model is still scarce because of the lack of data and validation. Specific measurement 

campaigns and experiments under controlled environment to validate such models should be 

conducted in the future for different WRRF configurations and struvite recovery technologies. This is 

primordial to conduct reliable scenario analyses to optimise phosphorus recovery. 

 

5.6.2 Plant wide evaluation of sidestreams  
This work did not provide an assessment of the sidestream impacts on the entire WRRF 

functioning. However, a comparison of different sidestream treatment processes and their potential 

benefit for the WRRF cannot be made without considering the overall facility. Indeed, the conclusion 

on the performance of individual sidestream processes (energy and chemical consumption) can be 

different when the overall picture is viewed. Also, the impact of the nitrogen load from anaerobic 

digestion sidestreams on the nitrification and denitrification capacity of the WRRF is highly important. 

In addition, future plant wide simulations should consider the dynamics of streams. As an example, 

without sidestream treatment, the low concentrations of biodegradable COD during the night period 

associated with the high load of nitrogen from sidestreams could also impact the denitrification 

capacity.  

In existing plant-wide models, the inclusion of precipitation kinetics has been applied mainly 

for the anaerobic digestion process. However, precipitation can also happen in other locations in the 

WRRF and particularly, in primary clarifiers, digested sludge storage tank, tubes and centrifuge. A 

discrepancy of phosphate quantity between digested sludge and sidestreams can therefore be 

observed at full scale but this is not represented in the model. In addition, thickening units or sludge 

storage tanks with high sludge retention time can lead to the formation of anaerobic zone and ion 

release. This could have an impact on the quantity of phosphate not only in anaerobic digestion 
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sidestreams but also on primary sludge or biological sludge sidestreams. Considering these 

mechanisms in the models could improve the prediction for phosphorus recovery. 

 

5.6.3 Towards more integrated approaches  
The evolution towards water resource recovery facility implies the existence of a market for 

the recovered products. Grid injection or combined heat and power with the production of biogas has 

already been well developed and implemented at full-scale. However, there are still few application 

cases showing a complete circularity of nutrients (nitrogen and phosphorus) from recovery in 

wastewater to application as a fertiliser. Nonetheless, struvite has been proved to be a slow-release 

fertiliser and can even reduce the risk of eutrophication compared to conventional fertiliser (Mancho 

et al., 2023). The low application of struvite as fertiliser can be due to different aspects (technical, 

social, and economic) and disciplines (engineers, physical, biologists, political scientists and policy 

makers) that have to be considered throughout the value chain of the resource. The most important 

aspects are having appropriate regulations and local demand for the recovered resource. For 

phosphorus recovery, annexes II and IV of the Regulation (EU) 2019/1009 of the European Parliament 

and of the Council have been recently modified to add precipitated phosphate salts and derivates as a 

component material category in EU fertilising products with application from July 2022. For the market, 

the phosphorus world demand could not be entirely sustain phosphorus recovery from wastewater 

but the recovery as struvite from wastewater can contribute partially and locally to the demand (Kok 

et al., 2018).  

The integrated approaches that are able to include the potential for resource recovery in the 

WRRF, the need for this resource in surrounding areas, the existing market for this resource and all the 

costs relative to transport and resource transformation after the recovery in WRRF are the keys to 

achieve sustainable implementation of a WRRF. Without this complete integration, the water resource 

recovery facility could not be meaningful from a circular economy point of view. The challenge in the 

coming years is not only to make available data to enhance our model predictions but it is also to 

provide an efficient and sustainable end route of resource recovered from wastewater.  

In this work, an attempt has been made to include carbon footprint and to consider the ions 

that can interfere with the quality of the recovered product. In the future, model platforms that can 

indicate the compatibility of the recovered product with market needs as well as a more accurate 

calculation of the carbon footprint could enable a better assessment of nutrient recovery in WRRFs. 

However, the inclusion of new performance criteria in addition of effluent quality and operational 

costs index also create more complex multi-criteria optimisation problems to solve.  
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The table below summarizes the literature on sidestream processes used to establish figure S1.1. 

Table S1.1 - Summary of scientific literature on sidestream processes 

Processes Technology maturity Operational costs 

Nitrification/Denitrification Full scale1 g O2/g N-NH4 : 4.57 8 
g COD / g N-NO3 : 2.86 8 
4 – 12,5 kWh/ g N 6 

 
Nitritation/Denitritation Demonstration at full scale 2 g O2/g N-NH4 : 3.43 3 

g COD / g N-NO3 : 1.72 8 

 
PN-Deammonification Demonstration at full scale 3 g O2/g N-NH4 : 1.9 3  

0,8 – 4,2 kWh/kgN 3 

 
N stripping Demonstration at full scale 4 26 - 28 kWh/kgN 5,9 

 
Bioelectrochemical system Pilot at lab scale 5 3 – 5,8  kWh/kg N 5,9 

 
Algae production Pilot at full scale 6 -11%10 to –45%11 compared to energy 

consumption of  nitrification/denitrification  
 

Ion exchange resin Pilot at full scale 6 Zeolite dosing 71,4 g/g N-NH3 
6 

 
Membrane Pilot at full scale 6 -20% compared to N stripping energy 

consumption 12 

 

Struvite recovery Demonstration at full scale 7 Magnesium consumption: molar ratio Mg:P 
> 1.3 13  

 
1 Husband et al., 2010; Krhutkova et al., 2006; Salem et al., 2004 

2 Perret et al., 2018; Ramalingam et al., 2017 

3 Lackner et al., 2014 

4 Sagberg et al., 2006 

5 Ye et al., 2018 

6 Eskicioglu et al., 2018 

7 Le Corre et al., 2009 

8 Rieger et al., 2012 

9 Barua et al., 2019 
10 Marazzi et al., 2019 

11 Sheng et al., 2022 

12 Darestani et al., 2017 

13 Hanhoun et al., 2013 
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Chapter 2 is based on the collection of data from literature. This document describes the 

dataset organisation, the method for data collection and the value of the data. The dataset is not 

exhaustive and could be completed with new references. 

 

Data description 
 

As part of sewage sludge handling in WRRFs, sludge thickening and dewatering units result in 
the production of different types of sidestreams, also called reject water, which are usually recycled 
to the inlet of the wastewater treatment line. Even if the volumes of sidestreams are generally small, 
their concentrations in organic and inorganic matters may be different from the composition of the 
influent and may negatively impact the performance of the facilities. Relatively recent concerns arise 
with the overall tightening of WWRFs at created opportunities for nutrient recovery. This dataset thus 
compiles literature data of sidestream characteristics from different locations in WRRFs.  
 
This dataset is available in Data Gouv repository (https://doi.org/10.57745/FOHRHY) into 3 files:  

1) « sidestreams_data »: main data table with all sidestream characteristics (conventional 

parameters: TSS, COD, BOD5, Ammonium, Total Phosphorus, Phosphate), ions, pH, flow and metals  

2) List of references: complete list of references used in « sidestreams_data »  

3) Data column description: column description of the table « sidestreams_data »  

 
All figures presented in this document have been created with the RStudio software. The code 

is available in supplementary material.  
 

The dataset contains data from 87 documents:  

 75 peer reviewed papers  

 5 technical reports 

 5 conference proceedings  

 1 PhD thesis 

 1 master thesis.  

 

Each line of the sidestreams_data file corresponds to the concentration of one component or to 

the proportion of the total inlet flux of one component. It is considered in the following as one data. 

Figure S2.1 shows the breakdown of data according to sidestream sources. The distribution 

corresponds to the percentage of data (percentage of lines in the file “sidestream_data”) according to 

each sidestream source: 

- anaerobic_digestion for sidestreams resulting from the dewatering of digested sludge 

- biological_sludge for sidestreams resulting from the thickening of biological sludge 

- primary_sludge for sidestreams resulting from the thickening of primary sludge 

- THP_anaerobic_digestion for sidestreams resulting from the dewatering of digested sludge 

preceded by a thermal hydrolysis process (THP) 
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Figure S2.1 – Sidestream data by source 

Figure S2.2 and S2.3 present the number of occurrences of the different secondary treatment 
types and of the different phosphorus treatment types, respectively.  

 

   
Figure S2.25 – Secondary treatment types included in the dataset. NA means “information not available for the sample” 

 

 

Figure S2.3 – Phosphorus treatment types included in the dataset. NA means “information not available for the sample” 

 
The different dewatering and thickening equipment types found in the dataset are presented 

in Fifure S2.4, S2.5, S2.6. 
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Figure S2.4 – Distribution of the different dewatering equipment types for anaerobic digestion sidestreams (conventional 

anaerobic digestion and THP anaerobic digestion). NA means “information not available for the sample” 

 

 
Figure S2.5 - Distribution of the different dewatering equipment types for primary sludge sidestreams. NA means 

“information not available for the sample” 

 

 
Figure S2.6 – Distribution of the different thickening equipment types for secondary sludge sidestreams. NA means 

“information not available for the sample” 

 
Figure 2.7 shows the number of occurrences of the 66 characteristics included in the dataset. 
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Figure S2.7 – List of sidestream characteristics compiled in the dataset 

 
Figure S2.8 shows the number of occurrences of the different mass flows calculated when 

information on flows was available both at the inlet of the WRRF and for sidestreams.  
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Figure S2.8 – List of calculated mass flows 

 

Method for data collection  
 

To set up the dataset of sidestream characteristics, SCOPUS database was used. The reference 

section of the selected research articles were also screened. Few internal documents were also used 

to complete the dataset. 

The research query in SCOPUS was defined with a combination of expressions organised as follow:  

 Publications containing the expressions related to sidetreams: sidestream, side-stream, 

supernatant, centrate, filtrate, reject water, sludge liquor, liquid phase or fraction, (return, 

recycle, dewatering, thickening, concentrated, or enriched) followed by (liquor or flow or load 

or flux or stream).  

 Associated to the sidestreams location and context: "wastewater treatment plant" OR wwtp 

or "water resource recovery facility" OR sewage OR ((domestic or municipal or urban or 

sewage OR primary or biological or "waste activated" or digest*) PRE/1 (wastewater or 

effluent or sludge) 

Only papers with clear information on sidestream sources were selected. Sidestreams from full-

scale measurements only were included in the dataset. All characteristics of sidestreams coming from 

primary sludge thickening, waste activated sludge thickening, digested sludge dewatering were 

included. The digested sludge can be from conventional mesophilic anaerobic digestion or advanced 

anaerobic digestion with THP upstream of the digester. 

When available, information about the WRRF configuration have been identified. These 

information include:  

 the type of digester feed (primary sludge, biological sludge or mixed sludge) 
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 the type of phosphorus treatment (enhanced biological phosphorus removal, chemical, 

combination of biological and chemical or no treatment) 

 the type of secondary treatment: activated sludge or trickling filter  

 information on the thickening or dewatering equipment: centrifuge, belt filter press, draining 

drum, gravity thickener, dissolved air flotation  

 Pore size of the filters used to characterise the soluble forms: 0.45 µm or 0.2 µm.  

 Standard deviation: when available, standard deviation associated to sample size and 

measurement campaigns duration were provided.  

The results of the analysis from the literature were not modified. Only a standardisation to express 

the results with the same units was carried out. If not reported, the soluble elements were assumed 

to be the predominant ions species for the following elements: sNa as Na+, sCa as Ca2+, sK as K+, Mg as 

Mg2+, Fe as Fe2+, Cl as Cl-, Al as Al3+. When possible, the contribution of sidestreams to the total load 

was calculated as follows:  

 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤[𝑖] =
𝐹𝑙𝑜𝑤𝑠𝑖𝑑𝑒𝑠𝑡𝑟𝑒𝑎𝑚∗[𝑖]𝑠𝑖𝑑𝑒𝑠𝑡𝑟𝑒𝑎𝑚

𝐹𝑙𝑜𝑤𝑖𝑛𝑙𝑒𝑡𝑊𝑅𝑅𝐹
∗[𝑖]𝑖𝑛𝑙𝑒𝑡𝑊𝑅𝑅𝐹

+𝐹𝑙𝑜𝑤𝑠𝑖𝑑𝑒𝑠𝑡𝑟𝑒𝑎𝑚∗[𝑖]𝑠𝑖𝑑𝑒𝑠𝑡𝑟𝑒𝑎𝑚
∗ 100   

Where:  

 Mass flow [i] represents the mass flow brought by sidestreams compared to the inlet mass 

flows of the WRRF in %  

 Flow sidestream : flow of sidestream expressed as m3/day 

 [i] sidestream : concentration of the characteristic [i] in sidestream expressed as g/L or mg/L 

 Flow inlet WWRF : total flow at the inlet of the WRRF expressed as m3/day 

 [i] inlet WWRF :  concentration of the characteristic [i] at the inlet of the WRRF expressed as g/L or 

mg/L 

 

Value of the data 
 
• This dataset presents a large data collection of sidestream characteristics in WRRFs. Data have 
been standardised (same units) and classified according to the WRRF configuration (type of secondary 
treatment, type of specific phosphorus treatment, dewatering or thickening equipment). 
 
• For the first time, this dataset provides information on conventional characteristics of 
wastewater (e.g., Total Suspended Solids, Chemical Oxygen Demand) but also on the ionic strength, 
metal concentrations and organic matter biodegradability at full scale. This may be valuable for 
modellers or designers of sidestream treatment or recovery technologies that usually need 
information especially on the physico-chemical equilibria. 
 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



144 

 

• This dataset allows the generation of average values and concentration ranges of the different 
characteristics according to the source of sidestreams and the configuration of the WRRF. This can be 
interesting for the development and the assessment of sidestream treatment or recovery technologies 
(e.g., phosphorus recovery as struvite, partial nitritation/anammox).  
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List of model components 

 

Variable name Formula Description Unit

1 SH2O H20 Water gH2O/m3

2 SO2 O2 Dissolved oxygen gO2/m3

3 SALK H
+ Total hydrogen gH/m

3

4 SIP H2PO4- Total inorganic phosphorus gP/m3

5 SIN (NH4)+ Total inorganic nitrogen gN/m
3

6 SIC CO2 Total inorganic carbon gC/m3

7 STVA C5H10O2 Total valerate gCOD/m3

8 STBU C4H8O2 Total butyrate gCOD/m3

9 STPRO C3H6O2 Total propionate gCOD/m3

10 STAC C2H4O2 Total acetate gCOD/m3

11 SCa Ca2+ Total dissolved calcium gCa/m3

12 SMg Mg2+ Total dissolved magnesium gMg/m3

13 SNa Na
+ Total dissolved sodium gNa/m3

14 SK K+ Total dissolved potassium gK/m3

15 SCl Cl- Chloride gCl/m3

16 SFe Fe
3+ 

/
 
Fe

2+ Soluble iron gFe/m3

17 SSU C6H12O6 Monosacarides gCOD/m
3

18 SAA C4H6.101.2N Aminoacids gCOD/m3

19 SFA C16O2H32 Long chain fatty acids (LCFA) gCOD/m
3

20 SH2 H2 Dissolved hydrogen gCOD/m3

21 SCH4 CH4 Dissolved methane gCOD/m
3

22 SN2 N2 Dissolved nitrogen gN/m
3

23 SNO3 (NO3)- Nitrates gN/m3

24 SI C7H9.1O2.65NP0.05 Soluble inerts gCOD/m3

25 SP C5H6.9O2NP0.1 Lysis soluble product gCOD/m
3

26 XC1 CXHXOXNPX Composites gCOD/m
3

27 XC2 C5H6.9O2NP0.1 Decay products gCOD/m3

28 XCH C6H9.95O5P0.05 Carbohydrates gCOD/m3

29 XPR C4H6.1O1.2N Proteins gCOD/m3

30 XLI C51H97.9O6P0.1 Lipids gCOD/m3

31 XH C5H6.9O2NP0.1 Heterotrophic bacteria gCOD/m
3

32 XN C5H6.9O2NP0.1 Nitrifying bacteria gCOD/m
3

33 XSU C5H6.9O2NP0.1 Sugar degrading bacteria gCOD/m3

34 XAA C5H6.9O2NP0.1 Aminoacid degrading bacteria gCOD/m
3

35 XFA C5H6.9O2NP0.1 LCFA degrading bacteria gCOD/m3

36 XC4 C5H6.9O2NP0.1 VAL/BUT degrading bacteria gCOD/m3

37 XPRO C5H6.9O2NP0.1 Propionate degrading bacteria gCOD/m3

38 XAC C5H6.9O2NP0.1 Acetate degrading bacteria gCOD/m
3

39 XH2 C5H6.9O2NP0.1 Hydrogen degrading bacteria gCOD/m3

40 XI C7H9.1O2.65NP0.05 Particulate inert gCOD/m3

41 XP C5H6.9O2NP0.1 Lysis particulate inert gCOD/m3

42 XII X Inorganic gSS/m3

43 XCACO3 CaCO3 Calcite gSS/m3

44 XMGCO3 MgCO3 Magnesite gSS/m
3

45 XACP Ca3(PO4)2 Amorphous calcium phosphate gSS/m3

46 XSTRU MgNH4PO4 Struvite gSS/m3

47 XKSTRU MgKPO4 Potassium struvite gSS/m3

48 XNEW MgHPO4 Newberyite gSS/m3

49 XPAO C5H6.9O2NP0.1 Phosphorus accumulating bacteria gCOD

50 XPHA C4H6O2 Poli-hydroxy-alcanoates gCOD

51 XPP K0.33Mg0.33PO3 Polyphosphates gP

52 XFePO4 FePO4 Ferric phosphate gSS/m3

53 XFeCl3 FeCl3 Ferric Chloride gSS/m
3

54 XFeOH3 Fe(OH)3 Ferric hydroxide gSS/m
3

55 GCO2 CO2 Carbon dioxide g C

56 GH2 H2 Hydrogen g COD

57 GCH4 CH4 Methane g COD

58 GNH3 NH3 Ammonium g N

59 GN2 N2 Nitrogen g N

60 GO2 O2 Oxygen g 02

61 GH20 H20 Water Steam g H2O
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List of transformations  
 

  

 

 

1.Biochemical transformation

1.1 Intracellular 1 SSU acidogenesis

2 SAA acidogenesis 

3 SFA acetogenesis

4 SHVA acetogenegis

5 SHBU acetogenesis

6 SHPRO acetogenesis

7 STAC methanogenesis

8 SH2 methanogenesis

1.2 Extracellular / Enzymatic hydrolysis 9 XC2 anaerobic desintegration

10 XCH anerobic hydrolysis

11 XPR anerobic hydrolysis

12 XLI anerobic hydrolysis

13 Thermal solubilization of XC2

1.3 Biomass decay 17 XSU decay

15 XAA decay

16 XFA decay 

17 XC4 decay 

18 XPRO decay 

19 XAC decay 

20 XH2 decay 

2. Multiphase transformation

2.1 Liquid - solid transfer 21 Calcite precipitation-redissolution

22 Magnesite precipitation-redissolution

23 Magnesite precipitation-redissolution

24 Struvite precipitation-redissolution

25 K-Struvite precipitation-redissolution

26 Newberyite precipitation-redissolution

27 FeCl3 precipitation-redissolution

28 FePO4 precipitation-redissolution

29 Fe(OH)3 precipitation-redissolution

2.2 Liquid - gas transfer 30 CO2 dissolution

31 O2 dissolution

32 H2O evaporation

33 NH3 dissolution

34 CH4 dissolution

35 N2 dissolution

36 H2 dissolution

3. Chemical transformation 

3.1 Acid base 37 H2O  ↔    H+ + OH-

38 H2O + CO2  ↔  2H+ + CO3
2-

39 HCO3
-
 ↔  H

+
 + CO3

2-

40 H2PO4
-  ↔  2H+ + PO4

3-

41 HPO4
=  ↔  H+ + PO4

3-

42 NH4 ↔  H+ + NH3

43 HAc ↔  H
+
 + Ac

-

44 HVa ↔  H+ + Va-

45 HBu ↔   H+ + Bu-

46 HPro ↔H+ + Pro-

47 CaCO3  ↔  Ca
2+

 + CO3
2-

3.2 Ion pairing 48 MgCO3    ↔   Mg2+ + CO3
2- 

49 CaHCO3
+  ↔ Ca2+ + H+ + CO3

2-

50 MgHCO3
+ ↔ Mg2+ + H+ + CO3

2-

51 MgPO4
-
  ↔ Mg

2+
 + PO4

3- 

52 CaPO4
- ↔ Ca2+ + PO4

3-

53 MgHPO4
 ↔ Mg2+ + H+ + PO4

3-

54 CaHPO4
 ↔ Ca2+ + H+ + PO4

3-

55 CaOH
+
 ↔ Ca

2+
 + H2O – H

+

56 MgOH+↔Mg2+ + H2O – H+ 

57 NaHPO4 ↔ Na+ + H+ + PO4
3-

58 NaCO3
- ↔ Na+ + CO3

2-

59 NaHCO3 ↔  Na+ + H+ + CO3
-

60 MgH2PO4
+ ↔ Mg2+ + 2H+ + PO4

-3

61 CaAc+↔ Ca2+ +Ac-

62 NaAc ↔  Na
+
 +Ac

-

63 MgAc+ ↔ Mg2+ + Ac-

64 CaPr+ ↔ Ca2+ + Pr-

65 MgPr+ ↔ Mg2+ + Pr-

66 MgBu
+ 

↔ Mg
2+

 + Bu
-

67 CaBu+↔ Ca2+ + Bu-

68 CaH2PO4
+↔ Ca2+ + 2H+ + PO4

3-
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Biochemical transformations 

Stoichiometric matrix 
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List of parameters  

Acidogenesis  

 

Parameter Description Unit Default Value Reference

YSU Biomass Yield gCODX/gCODS 0.1 Batstone et al., 2002

YAA Biomass Yield gCODX/gCODS 0.08 Batstone et al., 2002

fBU,SU Butyrate from sugars ---- 0.13 Batstone et al., 2002

fPRO,SU Propionate from sugars ---- 0.27 Batstone et al., 2002

fAC,SU Acetate from sugars ---- 0.41 Batstone et al., 2002

fH2,SU Hydrogen from sugars ---- 0.19 Batstone et al., 2002

fVA,AA Valerate from aminoacids ---- 0.23 Batstone et al., 2002

fBU,AA Butyrate from aminoacids ---- 0.26 Batstone et al., 2002

fPRO,AA Propionate from aminoacids ---- 0.05 Batstone et al., 2002

fAC,AA Acetate from aminoacids ---- 0.4 Batstone et al., 2002

fH2,AA Hydrogen from aminoacids ---- 0.06 Batstone et al., 2002

km,XSU(T=35ºC) Maximum specific uptake rate for sugars at 35ºC g CODS/g CODx·d 30 Batstone et al., 2002

km,XSU(T=55ºC) Maximum specific uptake rate for sugars at 55ºC g CODS/g CODx·d 70 Batstone et al., 2002

KSU,XSU(T=35ºC) Sugar saturation constant g COD/m3 500 Batstone et al., 2002

qSU,XSU Temperature correction factor ---- 0.035 Batstone et al., 2000

km,XAA(T=35ºC) Maximum specific uptake rate for amino acids at 35ºC g CODS/g CODx·d 50 Batstone et al., 2002

km,XAA(T=55ºC) Maximum specific uptake rate for amino acids at 55ºC g CODS/g CODx·d 70 Batstone et al., 2002

KAA,XAA(T=35ºC) Amino acid saturation constant for heterotrophic  biomass g COD/m3 300 Batstone et al., 2002

qAA,XAA Temperature correction factor ---- 0 Batstone et al., 2000

KA,NOX Activation/ Inhibition constant for NO2
- and NO3

-
g N/m3 0.1 Batstone et al., 2002

KI,H,XAA Inhibition constant for pH in the acidogenesis and acetogenesis g H/m3 0.0155 Batstone et al., 2002
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Acetogenesis 

 

Methanogenesis  

 

 

Parameter Description Unit Default Value Reference

YFA Biomass Yield gCODX/gCODS 0.06 Batstone et al., 2002

YC4 Biomass Yield gCODX/gCODS 0.06 Batstone et al., 2002

YPRO Yield coefficient of biomass on propionate gCODX/gCODS 0.04 Batstone et al., 2002

fAC,FA Acetate from fatty acids ---- 0.7 BSM2

fH2,FA Hydrogen from fatty acids ---- 0.3 BSM2

fAC,VA Acetate from valerate ---- 0.31 BSM2

fH2,VA Hydrogen from valerate ---- 0.15 BSM2

fPRO,VA Propionate from valerate ---- 0.54 BSM2

fAC,BU Acetate from butyrate ---- 0.8 BSM2

fH2,BU Hydrogen from butyrate ---- 0.2 BSM2

fAC,PRO Acetate from propionate ---- 0.57 BSM2

fH2,PRO Hydrogen from propionate ---- 0.43 BSM2

km,XFA(T=35ºC) Maximum specific uptake rate for Fatty acids at 35ºC g CODS/g CODx·d 6 Batstone et al., 2002

km,XFA(T=55ºC) Maximum specific uptake rate for Fatty acids at 55ºC g CODS/g CODx·d 10 Batstone et al., 2002

KFA,XFA (T=35ºC) Fatty acid saturation constant g COD/m3 400 Batstone et al., 2002

qFA,XFA Temperature correction factor ---- 0 Batstone et al., 2002

KI,H2,FA (T=35ºC) Inhibition of acidogenesis on fatty acids due to hydrogen g COD/m3 0.005 Batstone et al., 2002

qI,H2,FA Temperature correction factor ---- 0 Batstone et al., 2000

km,XC4(T=35ºC) Maximum specific uptake rate for valerate-butyrate at 35ºC g CODS/g CODx·d 20 Batstone et al., 2002

km,XC4(T=55ºC) Maximum specific uptake rate for valerate-butyrate at 55ºC g CODS/g CODx·d 30 Batstone et al., 2002

KC4,XC4 (T=35ºC) Butyrate/ valerate  saturation constat g COD/m3 200 Batstone et al., 2002

qC4,XC4 Temperature correction factor ---- 0.035 Batstone et al., 2002

KI,H2,C4 (T=35ºC) Inhibition of acidogenesis on butyrate/ valerate due to hydrogen g COD/m3 0.01 Batstone et al., 2002

qI,H2,C4 Temperature correction factor ---- 0.055 Batstone et al., 2000

km,XPRO(T=35ºC) Maximum specific uptake rate for Propionate at 35ºC g CODS/g CODx·d 13 Batstone et al., 2002

km,XPRO(T=55ºC) Maximum specific uptake rate for Propionate at 55ºC g CODS/g CODx·d 20 Batstone et al., 2002

KPRO,XPRO (T=35ºC) Propionate saturation constant g COD/m3 100 Batstone et al., 2002

qPRO,XPRO Temperature correction factor ---- 0.055 Batstone et al., 2002

KI,H2,PRO (T=35ºC) Inhibition of acidogenesis on propionic acid due to hydrogen g COD/m3 0.0035 Batstone et al., 2002

qI,H2,PRO Temperature correction factor ---- 0.055 Batstone et al., 2000

Parameter Description Unit Default Value Reference

YAC Biomass Yield gCODX/gCODS 0.05 Batstone et al., 2002

YH2 Biomass Yield gCODX/gCODS 0.06 Batstone et al., 2002

Km,XAC(T=35ºC) Maximum specific uptake rate for Acetate at 35ºC g CODS/g CODx·d 8 Batstone et al., 2002

Km,XAC(T=55ºC) Maximum specific uptake rate for Acetate  at 55ºC g CODS/g CODx·d 16 Batstone et al., 2002

KAC,XAC (T=35ºC) Acetate saturation constant for methanogenic biomass g COD/m3 150 Batstone et al., 2002

qAC,XAC Temperature correction factor ---- 0.035 Batstone et al., 2002

KI,H,XAC Inhibition of acetoclastic methanogenesis due to pH g H/m3 0.000316 Batstone et al., 2002

KI,NH3 (T=35ºC) Inhibition coefficient due to NH3 g N/m3 25.2 Batstone et al., 2002

qI,NH3 Temperature correction factor ---- 0.091 Batstone et al., 2000

Km,XH2(T=35ºC) Maximum specific uptake rate for Hydrogen at 35ºC g CODS/g CODx·d 35 Batstone et al., 2002

Km,XH2(T=55ºC) Maximum specific uptake rate for Hydrogen  at 55ºC g CODS/g CODx·d 35 Batstone et al., 2002

KH2,XH2 (T=35ºC) Hydrogen saturation constant for methanogenic biomass g COD/m3 0.007 Estimated

qH2,XH2 Temperature correction factor ---- 0.018 Batstone et al., 2002

KI,H,XH2 Inhibition of hydrogenophilic methanogenesis due to pH g H/m3 0.00316 Batstone et al., 2002
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Extracellular enzymatic biomass disintegration 

 

 

Extracellular enzymatic hydrolysis 

 

 

Extracellular enzymatic thermal solubilisation of XC2 

 

 

Biomass decay 

 

 

Parameter Description Unit Default Value Reference

fSP.XC2 Lysis sol. Product from decay complex --- 0.015 Estimated

fCH.XC2 Carbohydrates from decay complex --- 0.103 Estimated

fPR.XC2 Proteins from decay complex --- 0.413 Estimated

fLI.XC2 Lipids from decay complex --- 0.285 Estimated

fXP.XC2 Lysis particulate product from decay complex --- 0.184 Estimated

kdis,ANAER,XC2 (T=35ºC) Disintegration rate of XC2 in anaerobic conditions 1/d 0.5 Batstone et al., 2002

qdis,ANAER, XC2 (T=35ºC) Temperature correction factor ---- 0.035 Batstone et al., 2002

Parameter Description Unit Default Value Reference

fFA,LI Fatty acids from lipids ---- 0.95 Batstone et al., 2002

khid,ANAER,XCH (T=35ºC) Hydrolysis rate of carbohydrates in anaerobic conditions 1/d 10 Batstone et al., 2002

khid,ANAER,XLI (T=35ºC) Hydrolysis rate of lipids in anaerobic conditions 1/d 10 Batstone et al., 2002

khid,ANAER,XPR (T=35ºC) Hydrolysis rate of proteins in anaerobic conditions 1/d 10 Batstone et al., 2002

qhid,ANAER,XCH (T=35ºC) Temperature correction factor ---- 0.024 Estimated

qhid,ANAER,XLI (T=35ºC) Temperature correction factor ---- 0 Estimated

qhid,ANAER,XPR (T=35ºC) Temperature correction factor ---- 0.024 Estimated

Kx (T=20ºC)

Half saturation coefficient for hydrolysis of slowly biodegradable 

substrate
gCOD/ gCOD 0.03 Henze et al., 2000

qhid,x Temperature correction factor --- 1.116 Henze et al., 2000

Parameter Description Unit Default Value Reference

fTS Solubilised fraction ---- 0.1 Estimated

kTS (T=35ºC) Thermal solubilisation rate of XC2 1/d 20 Estimated

qTS Temperature correction factor ---- 0.82 Estimated

Parameter Description Unit Default Value Reference

kdec,XSU,ANAER (T=35ºC) Sugars degraders decay rate in anaerobic conditions 1/d 0.02 Batstone et al., 2002

qdec,XSU,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XAA,ANAER (T=35ºC) Amino acid degraders decay rate in anaerobic conditions 1/d 0.02 Batstone et al., 2002

qdec,XAA,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XFA,ANAER (T=35ºC) Fatty acids degraders decay rate in anaerobic conditions 1/d 0.02 Batstone et al., 2002

qdec,XFA,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XC4,ANAER (T=35ºC) Butyrate- valerate degraders decay rate in anaerobic conditions 1/d 0.02 Batstone et al., 2002

qdec,XC4,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XPRO,ANAER (T=35ºC) Propionate degraders decay rate in anaerobic conditions 1/d 0.02 Batstone et al., 2002

qdec,XPRO,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XAC,ANAER (T=35ºC)

Acetoclastic methanogenic bacteria decay rate in anaerobic 

conditions
1/d 0.02 Batstone et al., 2002

qdec,XAC,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002

kdec,XH2,ANAER (T=35ºC)

Hydrogenophilic methanogenic bacteria decay rate in anaerobic 

conditions
1/d 0.02 Batstone et al., 2002

qdec,XH2,ANAER (T=35ºC) Temperature correction factor ---- 0.035 Siegrist et al., 2002
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Calculated variables 

 

 

 

 

Variables Description

km,XSU A(T=35°C) * km,XSU(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XSU(T=55°C) * e[ -0,01*(Tw-55)²]

km,XAA A(T=35°C) * km,XSU(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XAA(T=55°C) * e[ -0,01*(Tw-55)²]

km,XFA A(T=35°C) * km,XFA(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XFA(T=55°C) * e[ -0,01*(Tw-55)²]

km,XC4 A(T=35°C) * km,XC4(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XC4(T=55°C) * e[ -0,01*(Tw-55)²]

km,XPRO A(T=35°C) * km,XPRO(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XPRO(T=55°C) * e[ -0,01*(Tw-55)²]

km,XAC A(T=35°C) * km,XAC(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XAC(T=55°C) * e[ -0,01*(Tw-55)²]

km,XH2 A(T=35°C) * km,XH2(T=35°C)* e[-0,01*(Tw-35)²] + A(T=55°C) * km,XH2(T=55°C) * e[ -0,01*(Tw-55)²]

km,dis,ANAER,XC2 A(T=35°C) * km,dis,ANAER,XC2(T=35°C)* e[θdis,ANAER,XC2*(Tw-35)] 

khid,ANAER,XCH A(T=35°C) * km,hid,ANAER,XCH(T=35°C)* e[θhid,ANAER,XCH(T=35°C)*(Tw-35)] 

khid,ANAER,XLI A(T=35°C) * km,hid,ANAER,XLI(T=35°C)* e[θhid,ANAER,XLI(T=35°C)*(Tw-35)] 

khid,ANAER,XPR A(T=35°C) * km,hid,ANAER,XPR(T=35°C)* e[θhid,ANAER,XPR(T=35°C)*(Tw-35)] 

kTS A(T=35°C) * kTS(T=35°C)* e[θTS*(Tw-35)] 

kdec,XSU,ANAER A(T=35°C) * kdec,XSU,ANAER(T=35°C)* e[θdecXSU,ANAER(T=35°C)*(Tw-35)] 

kdec,XAA,ANAER A(T=35°C) * kdec,XAA,ANAER(T=35°C)* e[θdecXAA,ANAER(T=35°C)*(Tw-35)] 

kdec,XFA,ANAER A(T=35°C) * kdec,XFA,ANAER(T=35°C)* e[θdecXFA,ANAER(T=35°C)*(Tw-35)] 

kdec,XC4,ANAER A(T=35°C) * kdec,XC4,ANAER(T=35°C)* e[θdecXC4,ANAER(T=35°C)*(Tw-35)] 

kdec,PRO,ANAER A(T=35°C) * kdec,PRO,ANAER(T=35°C)* e[θdecXCPRO,ANAER(T=35°C)*(Tw-35)] 

kdec,XAC,ANAER A(T=35°C) * kdec,XAC,ANAER(T=35°C)* e[θdecXAC,ANAER(T=35°C)*(Tw-35)] 

kdec,XH2,ANAER A(T=35°C) * kdec,XH2,ANAER(T=35°C)* e[θdecXH2,ANAER(T=35°C)*(Tw-35)] 

Variables Description

kSU,XSU kSU,XSU(T=35°C)* e[θSU,XSU*(Tw-35)] 

kAA,XAA kAA,XAA(T=35°C)* e[θAA,XAA*(Tw-35)] 

kFA,XFA kFA,XFA(T=35°C)* e[θFA,XFA*(Tw-35)] 

kC4,XC4 kC4,XC4(T=35°C)* e[θC4,XC4*(Tw-35)] 

kPRO,XPRO kPRO,XPRO(T=35°C)* e[θPRO,XPRO*(Tw-35)] 

kAC,XAC kAC,XAC(T=35°C)* e[θAC,XAC*(Tw-35)] 

kH2,XH2 kH2,XH2(T=35°C)* e[θH2,XH2*(Tw-35)] 

Variables Description

INOX KA,NOX / (KA,NOX + SNO3-)

IpH,AA KI,H,XAA² / (KI,H,XAA² + SH+²)

kI,H2,FA kI,H2,FA(T=35°C)* e[θI,H2,FA*(Tw-35)] 

kI,H2,C4 kI,H2,C4(T=35°C)* e[θI,H2,C4*(Tw-35)] 

kI,H2,PRO kI,H2,PRO(T=35°C)* e[θI,H2PRO*(Tw-35)] 

IH2,FA KI,H2,FA / (KI,H2,FA + SH2)

IH2,C4 KI,H2,C4 / (KI,H2,C4 + SH2)

IH2,PRO KI,H2,PRO / (KI,H2,PRO + SH2)

kI,NH3 kI,NH3(T=35°C)* e[θI,NH3*(Tw-35)] 

INH3 KI,NH3 / (KI,NH3 + SNH3)

IpH,Ac KI,H,XAC
3

 / (KI,H,XAC
3 + SH

3)

IpH,H2 KI,H,XH2
3

 / (KI,H,XH2
3 + SH

3)
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Multiphase transformations 

Liquid-solid transfer 

Stoichiometric matrix  
 

 

 

List of parameters  

 

Calculated variables  

 

SIP SH2O SIN SIC SMg SK SCa XCaCO3 XMgCO3 XACP Xstru Xkstru Xnew

21 Calcite -1 -40/12 100/12

22 Magnesite -1 -24.3/12 84.31/12

23 ACP -1 -120/61 246/61

24 Struvite -1 -108/31 -14/31 -24.3/31 245.31/31

25 k-Struvite -1 -24.3/31 -39/31 153.3/31

26 Newberyite -1 -24.3/31 120.3/31

rate

r21 = kr,CaCO3 * ((SCa/40000)1/2 * (SCO3/12000)1/2 - Ksp,CaCO3
1/2)2

r22 = kr,MgCO3 * ((SMg/24300)1/2 * (SCO3/12000)1/2 - Ksp,MgCO3
1/2)2

r23 = kr,ACP * ((SCa/40000)3/5 * (SPO4/31000)2/5 - Ksp,ACP
1/5)2

r24 = kr,stru * ((SMg/24300)1/3 * (SPO4/31000)1/3 * SNH4/14000)1/3 * - Ksp,stru
1/3)3

r25 = kr,kstru * ((SMg/24300)1/3 * (SPO4/31000)1/3 * SK/39000)1/3 * - Ksp,kstru
1/3)3

r26 = kr,new * ((SMg/24300)1/2 * (SHPO4/31000)1/2 - Ksp,MgCO3
1/2)2

Parameter Description Unit Default Value (298 K) Reference

Kr,caco3 Precipitation rate constant 1/d 0.5 Musvoto et al 2000

Kr,mgco3 Precipitation rate constant 1/d 50 Musvoto et al 2000

Kr,ACP Precipitation rate constant 1/d 350 Musvoto et al 2000

Kr,stru Precipitation rate constant 1/d 3000 Musvoto et al 2000

Kr,kstru Precipitation rate constant 1/d 100 Ikumi et al. 2020

Krnew Precipitation rate constant 1/d 0.05 Musvoto et al 2000

Ksp,caco3 (T=.25ºC) Solubility product of CaCO3 mol/L 10-6.45 Musvoto et al 2000

Ksp,mgco3 (T=.25ºC) Solubility product of MgCO3 mol/L 10-7.0 Musvoto et al 2000

Ksp,ACP (T=.25ºC) Solubility product of ACP mol/L 10-25.46 Musvoto et al 2000

Ksp,stru (T=.25ºC) Solubility product of struvite mol/L 10-13.16 Musvoto et al 2000

Ksp,kstru (T=.25ºC) Solubility product of K-struvite mol/L 10-13.16 Musvoto et al 2000

Ksp,new (T=.25ºC) Solubility product of newberyite mol/L 10-5.8 Musvoto et al 2000

Variables Description

ksp,CaCO3 Ksp,CaCO3 (T°C=25°C) * e[12348/8,314 *(1/298,15 - 1/(Tw+273,15))] 

ksp,MgCO3 Ksp,MgCO3 (T°C=25°C) * e[487906/8,314 *(1/298,15 - 1/(Tw+273,15))] 

ksp,ACP Ksp,ACP (T°C=25°C) * e[2308000/8,314 *(1/298,15 - 1/(Tw+273,15))] 

ksp,Stru Ksp,Stru (T°C=25°C) * e[0/8,314 *(1/298,15 - 1/(Tw+273,15))] 

ksp,KStru Ksp,KStru (T°C=25°C) * e[0/8,314 *(1/298,15 - 1/(Tw+273,15))] 

ksp,New Ksp,new (T°C=25°C) * e[0/8,314 *(1/298,15 - 1/(Tw+273,15))] 
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Liquid-gas transfer 

Stroichiometric matrix 
 

 

 

 

List of parameters 

 

 

 

SH2O SO2 SIN SIC SH2 SCH4 SN2 GCO2 GH2 GCH4 GNH3 GN2 GO2 GH2O

27 CO2 dissolution-evaporation 1 -1

28 O2 dissolution-evaporation 1 -1

29 H2O dissolution-evaporation -1 1

30 NH3 dissolution-evaporation 1 -1

31 CH4 dissolution-evaporation 1 -1

32 N2 dissolution-evaporation 1 -1

33 H2 dissolution-evaporation 1 -1

rate

r1 = kL_a,CO2 * (KH,CO2*12000*pg,CO2 - CSCO2) 

r2 = kL_a,O2 * (KH,O2*32000*pg,O2 - CSO2) 

r3 = kM_a,H2O * 18000 / (0,082 * (273,15 + Tg)) * (Pg,H2O
SAT - pg,H2O)

r4 = kL_a,NH3 * (KH,NH3*14000*pg,NH3 - CSNH3) 

r5 = kL_a,CH4 * (KH,CH4*64000*pg,CH4 - CSCH4) 

r6 = kL_a,N2 * (KH,N2*28000*pg,N2 - CSN2) 

r7 = kL_a,H2 * (KH,H2*16000*pg,H2 - CSH2) 

Parameter Description Unit
Default Value 

(298.15 K)
Reference

KH,CO2 (T=.25ºC) Henry´s constant for CO2 mol/L·bar 0.035 Perry and Chilton, 1973

KH,H2 (T=.25ºC) Henry´s constant for H2 mol/L·bar 0.00078 Perry and Chilton, 1973

KH,CH4 (T=.25ºC) Henry´s constant for CH4 mol/L·bar 0.0014 Perry and Chilton, 1973

KH,NH3 (T=.25ºC) Henry´s constant for NH3 mol/ L·bar 59 Perry and Chilton, 1973

KH,N2 (T=.25ºC) Henry´s constant for N2 mol/ L·bar 0.00065 Perry and Chilton, 1973

KH,O2 (T=.25ºC) Henry´s constant for O2 mol/ L·bar 0.0013 Perry and Chilton, 1973

kM,H2O Evaporation constant m/d calibration Estimated

Parameter Description Unit Default Value Reference

kL_a,O2 02 transfer coefficient 1/d 100 Estimated

kL_a,CO2 CO2 transfer coefficient 1/d 100 Estimated

kL_a,H2 H2 transfer coefficient 1/d 100 Estimated

kL_a,CH4 CH4 transfer coefficient 1/d 100 Estimated

kL_a,NH3 NH3 transfer coefficient 1/d 100 Estimated

kL_a,N2 N2 transfer coefficient 1/d 100 Estimated

kM_a,H2O H20 transfer coefficient 1/d 100 Estimated

m a water moleculate weight g 2.99·10-23 Perry and Chilton, 1973

kB Boltzmann constant J/K 1.3806504·10-23 Perry and Chilton, 1973

State Description Unit

pg,CO2 C02 partial pressure Bar

pg,O2 O2 partial pressure Bar

pg,H2O H2O partial pressure Bar

pg,NH3 NH3 partial pressure Bar

pg,CH4 CH4 partial pressure Bar

pg,N2 N2 partial pressure Bar

pg,H2 H2 partial pressure Bar

pSAT
g,H2O H20 partial pressure Bar
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Calculated variables  

 

Variables Description

kH,CO2 KH,CO2 (T°C=25°C) * e[-19410/8,314 *(1/298,15 - 1/(Tw+273,15))] 

kH,O2 KH,O2 (T°C=25°C) * e[-12741/8,314 *(1/298,15 - 1/(Tw+273,15))] 

kH,NH3 KH,NH3 (T°C=25°C) * e[-34100/8,314 *(1/298,15 - 1/(Tw+273,15))] 

kH,CH4 KH,CH4 (T°C=25°C) * e
[-14240/8,314 *(1/298,15 - 1/(Tw+273,15))] 

kH,N2 KH,N2 (T°C=25°C) * e
[-10808/8,314 *(1/298,15 - 1/(Tw+273,15))] 

kH,H2 KH,H2 (T°C=25°C) * e
[-4180/8,314 *(1/298,15 - 1/(Tw+273,15))] 
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Chemical transformations  
 

Tableau method  

 

Species H2O H C-CO3 P-PO4 N-NO3 Ac Bu Prop Va Cl N-NH4 Ca Mg Na K Fe
3+ LogK

H2O 1 0

H+ 1 0

OH
- 1 -1 -14

CaOH 1 -1 1 12.7

MgOH 1 -1 1 11.4

NaOH 1 -1 1 -1.3

Fe(OH)3 3 -3 1 -13.2

H2CO3 2 1 -16.7

HCO3 1 1 -10.3

CO3 1 0

CaCO3 1 1 -3.2

CaHCO3 1 1 1 -11.6

MgCO3 1 1 -2.9

MgHCO3 1 1 1 -11.3

NaCO3 1 1 -1.3

NaHCO3 1 1 1 -10.1

H2PO4 2 1 -19.6

HPO4 1 1 -12.7

PO4 1 0

CaH2PO4 2 1 1 -20.9

CaHPO4 1 1 1 -15

CaPO4 1 1 -6.5

MgH2PO4 2 1 1 -21.2

MgHPO4 1 1 1 -15.2

MgPO4 1 1 -4.5

NaHPO4 1 1 1 -13.4

KHPO4 1 1 1 -15.3

NH4
+ 1 0

NH3 -1 1 -9.2

Ac 1 0

Bu 1 0

Prop 1 0

Va 1 0

HVA 1 1 -4.6

HBu 1 1 -4.8

Hprop 1 1 -4.8

Hac 1 1 -4.7

CaAc 1 1 -1.2

CaBu 1 1 -0.9

CaProp 1 1 -0.9

MgAc 1 1 -1.3

MgBu 1 1 -1

MgProp 1 1 1

NaAc 1 1 0.2

NO3
- 1 0

FeCl3 3 1 0

Na 1 0

Cl 1 0

Ca 1 0

Mg 1 0

Fe3+ 1 0

K 1 0

Model components 
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Mass balances  
 

The mass balances were carried out according to the Lavoisier matter conservation principle.   

WRRF 1 

Total COD mass balance  

 

Mineral matter mass balance  
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Total Kjeldhal Nitrogen balance  

 

Total phosphorus mass balance 

 

Total Calcium mass balance  

 

Cette thèse est accessible à l'adresse : https://theses.insa-lyon.fr/publication/2023ISAL0056/these.pdf 
© [P. Devos, [2023], INSA Lyon, tous droits réservés



159 

 

Total Potassium mass balance  

 

Total Magnesium mass balance  

 

WRRF 2 
 

Total COD mass balance 
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Mineral matter mass balance  
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APPENDIX OF CHAPTER 4 
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The table below presents the review on N2O emission factor found in the literature according to the 

type of biological N treatment.  

Table S4.1 - N2O emission factor found in the literature 

Reference  Process  EF (% NLR) EF (% NRR) 

(Kanders et al., 2019) Nitrification/Denitrification  10.4   

(Kampschreur et al., 2008) 2-stage PN/anammox  1.7 3.3 

(Mampaey et al., 2016) 2-stage PN/anammox  3.7 7.12 

(Gustavsson and la Cour Jansen, 2011) 2-stage PN/anammox  3.8 4.10 

(Kanders et al., 2019) 1-stage PN/anammox 0.43 
 

(Kampschreur et al., 2009) 1-stage PN/anammox 1.23 1.67 

(Joss et al., 2009) 1-stage PN/anammox 
 

0.5 

(Castro-Barros et al., 2015) 1-stage PN/anammox 2 2.70 

(Schaubroeck et al., 2015) 1-stage PN/anammox 1.3 1.46 

(Weissenbacher et al., 2010) 1-stage PN/anammox 1.3 1.45 

(Yang et al., 2016) 1-stage PN/anammox 0.51 0.62 

(Christensson et al., 2013) 1-stage PN/anammox 
 

0.55 

(Christensson et al., 2013) 1-stage PN/anammox 
 

0.75 

(Fenu et al., 2019) 1-stage PN/anammox 
 

1.3 

(Yang et al., 2016) 1-stage PN/anammox 0.97 1.21 

(Yang et al., 2013) 1-stage PN/anammox 1.2 00.9 

NLR = Nitrogen Loading Rate, NRR = Nitrogen Removal rate. For the 2-stage PN/anammox, NRR 

corresponds to the oxidation of NH4
+ into NO2

-. 

 

The two graphs below represent the quantity of phosphorus in sidestreams per kg of phosphoris in the 

AD feed sludge.  
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The graph below represents the quantity of minerals in digested sludge for scenarios S03, S07 and S11 

(scenarios with 50% No P treatment + 50% BioP & Chem P and different water hardness levels). 
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The graph below represents the fractionation of phosphorus in digested sludge for scenarios S10, S11 

and S12 (scenarios for low water hardness level with different types of sludge: 50% No P treatment + 

50% BioP & Chem P, 50% No P treatment + 50% Chem P, 100% No P treatment). The fraction “other” 

represents the biomass, lipids, carbohydrates and inerts.  
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(Station d’épuration) vers la StaRRE (Station de Récupération des Ressources de l’Eau), l’objectif de la thèse est 
d’accroitre les connaissances sur les caractéristiques des flux secondaires afin d’évaluer l’impact d’un traitement 
ou d’une valorisation de ces flux sur les performances globales de l’installation. Pour y répondre, la thèse s’appuie 
sur des campagnes expérimentales sur stations réelles et sur des outils de modélisation de la station d’épuration 
dans son intégralité (traitement des eaux résiduaires, des boues d’épuration et des flux secondaires). La thèse est 
organisée en trois grandes parties : 
1) Caractérisation des retours et impact sur les performances des procédés de traitement ou de valorisation de 
l’azote et du phosphore 
2) Validation d’un modèle de digestion anaérobie incluant la précipitation afin d’optimiser la récupération du 
phosphore 
3) Analyse de scénarios pour évaluer les quantités de phosphore et d’azote dans les flux secondaires pour un 
digesteur centralisé mélangeant différents types de boues 
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