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Summary 

In the past years, WWTP designers and operators have sought for cost-effective and 

sustainable solutions for the treatment and disposal of sewage sludge minimizing the 

impact of its management on the overall performance of the mainstream water line. 

Following this main concern, the present work focuses on studying two different solutions 

based on aerobic-type digestion systems, namely single stage Autothermal Thermophilic 

Aerobic Digestion and Post-Aeration process, in order to optimize their design, obtaining 

clear guidelines for their operation and sizing at full-scale. 

With that purpose, these processes have been experimentally tested at pilot scale. The 

experimental results obtained were evaluated by means of stationary mass and heat 

balances, and later used as basis for the calibration of a dynamic mathematical model. In 

order to guarantee an accurate prediction of the experimental data, the dynamic model 

required of a protocol for the characterization of inlet sludge together with a reliable 

estimation of the composition of non-biodegradable organic matter in the feed sludge. . 

Thus, some additional ATAD and biodegradability tests were carried out at lab scale in 

order to quantify the heat potential of different samples of raw sewage sludge and gain 

more information regarding the fraction and composition of non-biodegradable organic 

matter, which severely affected the characterization of sewage sludge. Based on the 

results, a complete characterization protocol for the non-biodegradable and 

biodegradable fractions of sludge has been developed. 

Dynamic model calibration enabled the analysis of multiple scenarios for these processes 

considering a wide range of operating conditions. The results from this analysis provided 

with relevant clues for optimizing the design and operation of these processes, and even 

resulted in the development of simple tools for full-scale design of the Post-aeration 

process. Moreover, a new procedure for simplifying complex dynamic models has also 

been devised based on the stationary models used for the analysis of experimental data. 

The simplified models were demonstrated to provide an accurate description of the 

processes with very low data requirements. In summary, the results from this work 

proved the potential of using stationary and dynamic models as advanced tools to 

optimize the design and operation of aerobic digestion processes. 



Resumen 

En los últimos años, numerosos diseñadores y explotadores de plantas depuradoras de 

aguas residuales han centrado su atención en buscar soluciones sostenibles y de bajo 

coste para la correcta gestión de los lodos urbanos. Muchas de estas medidas consistían 

en estrategias integrales que buscaban asimismo reducir el impacto de las corrientes de 

retorno a cabecera de planta en la línea de aguas de la depuradora. Atendiendo a esta 

creciente preocupación, este trabajo se centra en el estudio de dos soluciones de 

tratamiento de lodos basadas en sistemas de digestión aerobia (ATAD en una única 

etapa y Post-aireación) con objeto de optimizar su diseño y obtener pautas concretas 

para su operación óptima y dimensionamiento a escala real. 

En el presente trabajo, dichos procesos han sido implementados a escala piloto y 

posteriormente analizados en base a una serie de balances estacionarios de masa y 

energía que revelaron detalles y variables relevantes para su operación y 

dimensionamiento. Asimismo, los resultados experimentales obtenidos se emplearon en 

la calibración de un modelo matemático dinámico capaz de reproducir tanto el 

comportamiento biológico como térmico de los procesos objeto de estudio. Sin 

embargo, para garantizar una reproducción precisa de los resultados experimentales por 

medio del modelo dinámico, fue necesario desarrollar una metodología de 

caracterización del fango de entrada a los procesos, que incluye un procedimiento de 

estimación de la fracción no biodegradable del fango de estudio, así como de su 

composición. A la vista de lo anterior, se llevaron a cabo una serie de estudios de 

biodegradabilidad y experimentos ATAD a escala de laboratorio que permitieron no sólo 

determinar la fracción y composición de la fracción inerte de un determinado fango sino 

también cuantificar su potencial energético. En base a los resultados de los ensayos, se 

desarrolló un completo protocolo de caracterización tanto para la fracción 

biodegradable como no biodegradable de fangos mixtos que permitió una adecuada 

calibración del modelo dinámico. 

El modelo calibrado se empleó para un posterior análisis de escenarios en un amplio 

rango de condiciones de operación. Los resultados de este análisis proporcionaron 

información relevante  para la optimización del diseño y la operación de los procesos 

objeto de estudio, resultando incluso en el desarrollo de herramientas simples, tales 

como ábacos, para el diseño a escala real del proceso de Post-aeración. Por otro lado, 

se ha desarrollado un procedimiento de linealización de modelos dinámicos complejos 

en base a los balances estacionarios de masa y energía empleados en el análisis de datos 



experimentales. Aplicando esta metodología fue posible obtener herramientas de cálculo 

estacionario que proporcionan una descripción precisa de los procesos con un bajo 

requerimiento de datos. En conclusión, el presente trabajo ha demostrado el potencial 

de los modelos dinámicos y estacionarios como herramientas avanzadas para la 

optimización del diseño y la operación de procesos de digestión aerobia. 
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Chapter 1 

INTRODUCTION 

1.1. BACKGROUND 

The growing global urbanization of society coupled with increasingly stringent sludge 

reuse/disposal regulations and increasing public pressure, is forcing both public and 

private sludge generators to re-evaluate their sludge management strategies (Liu et al. 

2001, Tyagi et al. 2013). Moreover, in recent years much attention has been drawn to the 

treatment and disposal of sewage sludge due to the expansion of municipal wastewater 

treatment and the more restricting requirements with regard to discharges into surface 

waters (Liu et al. 2012, Hamer and Bryers 1985). In Europe, waste sludge is typically 

disposed via incineration or landfilling as well as reused as soil conditioner in agriculture. 

In the past years, the appearance of more restricting regulations with regard to landfilling 

criteria (Council Directive 1999/31/EC at European level and Regulation AAA/661/2013 in 

the Spanish legal framework), has promoted the reuse of waste sludge in agriculture and 

energy recovering processes (such as incineration or emerging thermal technologies). 

 

Figure 1.1. Waste management hierarchy according to U. S. EPA 
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Despite the interest of heat recovery and the considerable reduction of waste attained 

with thermal treatment technologies, none of them offers a finishing solution for sewage 

sludge (Figure 1.2), since a fraction of ashes that need further disposal in hazardous 

landfills is still produced. In line with this consideration, national and international 

regulations address the preparation for reuse as the preferred solution for waste 

management over energy recovery (Figure 1.1). According to this, the agricultural use of 

waste sludge appears as the most appropriate management strategy to compel with the 

aforementioned hierarchy for sewage sludge management. Anaerobic and aerobic 

digestion have been the processes commonly used to reduce and stabilize sewage 

sludge for its further disposal or use in land application. Among these technologies, 

mesophilic anaerobic digestion stands out as the most extended solution because of its 

efficiency for bioenergy production and the benefit obtained in terms of reduction in 

carbon footprint (Weiland et al. 2010). However, disadvantages such as the need for 

further treatment of digestate, lower solids removal, complex microbial and enzymatic 

transformations, very slow growth of methanogenic bacteria, and incomplete inactivation 

of pathogens have resulted in limited interest of environmental engineers in anaerobic 

stabilization (Nosrati et al. 2007). Aerobic digestion has been typically applied in medium 

and small size WWTPs where anaerobic digestion is no longer economic (Liu et al. 2012, 

Deeny et al. 1991, Wolf 1982). Nonetheless, these processes still do not meet the 

necessary requirements in order to guarantee an unrestricted agricultural use of treated 

sewage sludge. 

1.2.  LAND APPLICATION OF SEWAGE SLUDGE. EXISTING 
REGULATIONS 

The existing legislation introduces some concepts that regulate the use of sewage sludge 

in agriculture or soil conditioning, namely vector attraction (stabilization degree) and 

pathogens content (hygienization) of Biosolids. The term Biosolids is applied to the 

treated sewage sludge that complies with the requirements proposed by the different 

national and international regulations and is suitable for either restricted or unrestricted 

land application. Worldwide, the most significant regulation that governs production and 

management of biosolids is the Unites States Environmental Protection Agency (U. S. 

EPA) 40 CFR Rule 503 (U. S. EPA 2003). Aside from the latter, the regulations considered 

throughout this work were the European Directive 86/278/CEE, Proposal of Directive to 

the European Parliament and the Council for land disposal of sludge (2003), and lately, 

the Regulation 453/2013, which is the transposition of the aforementioned Proposal of 

European Directive to the legal framework of Basque Country (Spain). All these 
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regulations distinguish the Biosolids into two different categories, 1) those resulting from 

the application of advanced treatments (European legislation) or Process for Further 

Reduce Pathogens (PFRP) according to U.S. EPA 503 (Class A Biosolids) and 2) those 

processed by conventional treatments (Class B Biosolids by U. S. EPA 503). These 

categories have been proposed according to a series of restrictions regarding different 

indicators of pathogen content and the reduction of vector attraction attained by the 

processes. Both the Proposal of European Directive and the regional Regulation 

453/2013 state the need of achieving a sufficient reduction in vector attraction in order 

to consider a process as an advanced treatment of sewage sludge, but do not specify the 

stabilization degree required. U. S. EPA addresses a minimum VS removal of 38% for 

producing Class A Biosolids. The category of the process determines the accepted uses 

for the Biosolids produced, resulting in a non-restricted agricultural use as far as an 

advanced treatment of sewage sludge is applied.  

 

Figure 1.2. Summary of the alternatives conventionally used for sewage sludge treatment and their disposal 
according to European regulation 

The use of non-conventional processes reduces the applicability of Biosolids to limited 

agricultural uses with important restrictions regarding deep injection of treated sludge, 

public access to the site of disposal and the lapse between disposal and harvest 
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(Sobrados et al. 2007). Figure 1.2 summarizes the processes, or combination of processes 

typically used for treating sewage sludge and the corresponding destination of treated 

sludge according to these regulations. 

From the study of all these regulations, the need of processing sewage sludge beyond 

55ºC with a minimum detention time of 20 h between two consecutive loads of feed 

sludge (3rd Draft of the Proposal of European Directive) is drawn. This detention time 

between consecutive loads is gradually reduced as process temperatures increases, with 

a minimum lapse of 10 min at 80ºC. U. S. EPA proposes various correlations of this lapse 

with regard to the concentration of sewage sludge and process temperature (Layden et 

al. 2007b, Eyma et al. 1999). When processing sewage sludge with less than 7% VS, the 

minimum detention time between consecutive loads result in 24 h at 55ºC (U. S.EPA 503, 

Chapter 4). As mentioned in previous paragraphs, a minimum VS removal (38%) is also 

required for the process to comply with the restrictions for producing Class A Biosolids. 

According to the previous, only a few thermal and biological processes satisfy the 

restrictions required for guaranteeing an unrestricted agricultural use of Biosolids (Class 

A). Among them, ATAD stands out as the preferred solution given the significant energy 

requirements of thermal drying processes and the considerable need for space of 

conventional composting technologies. Several authors asserted the capacity of this 

process for achieving a high degree of stabilization and pathogen inactivation so as to 

meet the requirements of international regulation (Pagilla et al. 1996, McIntosh and 

Oleszkiewicz 1997, Cheunbaurn and Pagilla 2000, Hasegawa et al. 2000, Kelly et al. 2003, 

Layden et al. 2007b). Even U. S. EPA 503 addresses this process as a valid PRFP for a 

minimum detention time of 10 days. Nevertheless, this extended detention time would 

only be applied for a continuous feeding pattern of the process, since a daily feed 

operation (24 h undisturbed digestion of sewage sludge) beyond 55ºC and satisfying the 

minimum VS removal would necessarily comply with the restrictions stated in both 

European and American regulations. The assessed capacity of this process for 

guaranteeing an unrestricted agricultural use of Biosolids together with the small volumes 

and the low energy and instrumentation required make this process a cost-competitive 

alternative to conventional processes such as mesophilic aerobic or anaerobic digestion, 

composting or thermal drying technologies (Kelly et al. 1993). 
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1.3. ATAD PROCESS DESCRIPTION 

Autothermal thermophilic aerobic digestion is an aerobic digestion process that typically 

operates at thermophilic temperature range (45-65ºC) without supplemental heat 

(Layden et al. 2007). Thermophilic temperatures in the reactor are induced by a complete 

insulation of the digester in order to take profit of the heat released during the biological 

oxidation of organic matter (Layden et al. 2007c). An adequate reactor insulation 

combined with a sufficient concentration of organic matter in the feed (thickened primary 

and secondary sludge), and a careful selection of withdrawal rate, air supply rate and 

mixing energy input result in a significant rise of digested sludge sensible heat and 

thermophilic temperatures in the reactor.  

1.3.1. Main biological concepts of thermophilic aerobic 
digestion of sewage sludge 

Aerobic digestion is a process that pursues the stabilization of a waste sludge by 

biological oxidation of its organic matter content using oxygen as electron acceptor. This 

process also aims for the reduction of the bacterial population contained in sewage 

sludge (mainly the fraction corresponding to secondary sludge or WAS) by promoting 

food limiting conditions in the reactor that would lead to bacterial decay and lysis, and 

further cryptic growth of new bacterial cells on the cellular material from dead microbes 

(Hamer and Bryers 1985, Layden et al. 2007). 

The process commences with the breakdown, of large particles of organic matter 

(composites) that come along with the feed sludge (mainly in the form of non-viable cells 

from secondary sludge) into less complex particulate organic matter (Batstone et al. 

2002, Matsch and Dnervich 1977, LaPara and Alleman 1999). Disintegration of 

composites would result in a certain fraction of non-biodegradable organic matter that 

remains unaltered throughout the digestion process. This fraction consists of the non-

biodegradable organic matter contained in the primary sludge together with that from 

the products of non-viable cells lysis. Particulate biodegradable organic matter 

undergoes a solubilisation process by enzymatic hydrolysis that results in soluble 

substrate for heterotrophic bacteria growth. Hydrolysis is carried out, mainly, by the 

extracellular enzymes secreted by heterotrophic bacteria (mostly proteases, Mason et al. 

1992, Sonnleitner 1983), but also by those intracellular enzymes released during biomass 

lysis (Yan et al. 2008, Li et al. 2009). This step, together with disintegration has been 

pointed out in literature as the limiting step of the digestion processes (Hamer and Bryers 
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1985). However, the close interdependence of both phenomena makes it difficult to 

determine which is the actual limiting step of digestion process. Enzymatic hydrolysis is 

typically defined as a surface related process (Sanders 2001), thus depending at a great 

extent, on the particle size distribution of organic matter, aside from biomass availability 

and enzyme production rate. After hydrolysis, the resulting readily biodegradable organic 

matter is utilized for aerobic respiration by heterotrophic bacteria (Mason et al. 1987). 

Heterotrophic bacteria use part of this readily biodegradable substrate for the synthesis 

of new heterotrophic biomass. Despite the growth of heterotrophic bacteria, a certain 

reduction of bacterial population is attained during the process due to decay and lysis of 

incoming biomass (Matsch and Drnevich 1977). The mechanism of biomass 

disintegration (lysis) is attributed to a combination of the proteolytic activity of the 

intracellular enzymes within the cell undergoing lysis, and the extracellular enzymes 

produced by other microbial species present in the sludge (Hamer and Bryers 1985, 

Csikor et al. 2003). However, the overall effect of bacterial growth and decay still results 

in a considerable sludge production when it comes to mesophilic aerobic processes.  

1.3.2. Exothermal nature of aerobic digestion. 
Autothermal capacity of the process 

Aerobic biological oxidation of biodegradable organic compounds releases energy, a 

part of which is used for microbial growth and maintenance (Jewell and Kabrick 1980, 

Matsch and Drnevich 1977), while the remaining energy is dissipated to the atmosphere. 

By using a fully enclosed and insulated reactor, together with an efficient aeration these 

authors demonstrated the autoheating capacity of the aerobic digestion processes for 

maintaining the reactor at temperatures exceeding 50ºC. Given the relevance of this 

energy source to guarantee an autoheating of the reactor, several authors attempted to 

quantify the biological heat production rate (Table 1.1). The values typically found in 

literature for this parameter range between 12.80 and 14.37 MJ (kg O2)-1.  
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Table 1.1. Average values of specific biological heat yield found in literature (Gómez 2007) 

Reference 
Value 

(MJ kg-1 O2) 
Estimation method used 

Cooney et al. (1968) 14.37 
Study of heat production during biological oxidation of 
different substrates 

McCarty (1972) 14.30 Estimation from heat combustion of sewage sludge 

Andrews and Kambhu (1973) 14.19 Estimation from heat combustion of sewage sludge 

Heinritz et al. (1990) 13.60 Calorimetric study 

Messenger et al. (1992) 13.10 
Heat balance of ATAD reactor based on exhaust gas 
analysis 

Pitt et al. 1995 12.80 Heat balance of ATAD reactor based on COD removal 

Gómez 2007 13.94 Heat balance of ATAD reactor based on COD removal 

 

1.3.3. Influence of temperature on aerobic digestion 

A thermophilic performance of the process has several advantages with regard to a 

conventional mesophilic operation, since it prevents an excessive oxygen demand due to 

nitrification and promotes an enhanced metabolic and enzymatic activity in the digester. 

Other potential effects of maintaining a thermopbilic process temperature include the 

increase of cell maintenance requirements, and specific decay and lysis rate. All these 

factors result in a process with short retention times and relatively low sludge production 

when compared to its counterpart in mesophilic conditions. 

1.3.3.1. THERMAL SOLUBILIZATION 

Thermophilic processes provoke a sudden change in the temperature of sewage sludge 

when being fed to the digester. The thermal shock suffered by sewage sludge results in 

an instantaneous solubilisation of a certain fraction of the incoming particulate organic 

matter. Gómez (2007) and Ciskor et al. (2002) observed an instantaneous solubilisation 

up to a 10% of the suspended solids contained in the secondary sludge, while no 

significant solubilisation was observed in primary sludge. This phenomenon is attributed 

to a thermal lysis of the non-viable cells contained in secondary sludge and the 

subsequent release of their cellular material into the bulk liquid.   The great stress 

resulting from the sudden change in sludge temperature causes the breakdown of 

bacterial walls, releasing a significant amount of particulate and soluble compounds. The 

release of cellular material increases considerably the availability of soluble substrate for 
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thermophilic bacteria and enhances process biodegradation rate. Consequently, lower 

bioreactor retention times than those typically used in mesophilic processes may be 

applied (Gómez 2007).  

1.3.3.2. EFFECT OF TEMPERATURE ON METABOLIC ACTIVITY 

From wastewater treatment processes, it is common knowledge that temperature 

influences the metabolic activity of microorganisms. An increased process temperature 

(40-65ºC) results in a significant rise of heterotrophic biomass metabolic activity as far as 

reactor temperature remains within the optimum range for the predominant bacterial 

strains in the reactor. At these temperatures, thermotolerant and thermophilic bacteria 

are selected (Wiesmann and Libra 1999). The enhanced metabolic activity of these 

microorganisms carries a sensible increase of substrate uptake rate, and bacterial specific 

growth and decay rate. In literature, the rise experienced in decay rate is commonly 

addressed as higher than that of specific growth rate, which implies an overall reduction 

in sludge production rate (LaPara and Alleman 1999). Moreover, the reduction in 

observed biomass yield, together with the increased substrate uptake rate of 

thermophilic bacteria (3 to 10 times higher than that of mesophilic bacteria, LaPara and 

Alleman 1999, Gómez 2007), results in a process with enhanced biodegradation capacity. 

1.3.3.3.  EFFECT OF TEMPERATURE ON ENZYMATIC ACTIVITY 

The production of extracellular enzymes, which has been typically addressed as a growth 

related process (Sonnleitner et al. 1995, Bomio et al. 1989, Häner et al. 1994), increases 

along with the enhancement of metabolic activity. In line with this, several authors 

reported a sensible increase in the overall proteolytic activity of both intracellular and 

extracellular enzymes when operating at thermophilic temperatures (Yan et al. 2008). 

Moreover, the enhancement of enzymatic activity provokes a significant rise in lysis rate 

(Csikor et al. 2002), which in turn carries a further enhancement in the proteolytic activity 

of the sludge due the release of intracellular enzymes during the lysis of dead 

microorganisms. Given the limitation of disintegration and hydrolysis rate to the overall 

aerobic digestion process, the enhancement in the enzymatic activity carries obvious 

advantages with regard to the reduction of the bioreactor residence times needed to 

attain an effectively stabilized digested sludge (Hamer and Bryers 1985, LaPara and 

Alleman 1999, Csikor et al. 2002) and the capacity of the process to cope with higher 

organic loads (Zábranská et al.  2000, Ahring 1994, and Gómez 2007). 
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1.3.3.4. EFFECT OF TEMPERATURE ON ORGANICS RE-DISSOLVING 

Despite the sensible improvement addressed for the process with increasing 

temperatures, special attention has to be given in order to prevent operating 

temperatures exceeding 65ºC. At this range, the number of viable organisms decreases 

(some of the cells are dying because the environmental conditions are not suitable for 

their existence) resulting in a significant reduction in BVSS removal, and hence, in heat 

production rate (Matsch and Drnevich 1977). The gradual decrease in metabolic activity 

beyond 65ºC, coupled with a rising enzymatic activity (some authors addressed a 

maximum activity at 80ºC) results in a re-dissolving of organic matter (Deeny et al. 1991), 

and hence a considerable content of soluble organic compounds in the effluent sludge. 

A considerable presence of extracellular soluble compounds (EPS) may also lead to 

reduced dewatering properties of effluent sludge (Zhou 2003). 

1.3.3.5. EFFECT OF TEMPERATURE ON SLUDGE PRODUCTION 

Another unique attribute of thermophilic bacteria growth is the significant amount of 

energy required for cell maintenance (LaPara and Alleman 1997). The high maintenance 

requirements are caused by the need of replacing denaturalized enzymes and various 

cellular macromolecular structures, which are less stable at increased temperatures 

(Matsch and Drnevich 1977). As a result of the considerable amount of energy required 

for maintaining the vital functions of bacterial cells at elevated temperatures (Canales et 

al. 1994, Atlas and Bartha 1997), a reduced biomass yield and hence a lower sludge 

production than its counterpart at mesophilic temperatures would be expected. Even 

though this reduced sludge production has been widely addressed in literature, there is 

still a considerable controversy regarding a hypothetical reduction in biomass yield in 

thermophilic conditions. Only Berubé et al. (2000) reported a reduction of thermophilic 

biomass yield with regard to that of mesophilic bacteria. On the contrary, Vogelaar et al. 

(2003) stated a similar theoretical biomass yield for either thermophilic or mesophilic 

based on thermodynamic considerations (Gibbs energy release in biological oxidation of 

organic matter), while attributed the difference in observed biomass yield to the higher 

decay rate of thermophilic bacteria. 
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1.3.3.6. EFFECT OF TEMPERATURE ON OXYGEN UPTAKE RATE (OUR) 

Assuming the most accepted approach for biomass composition (C5H7NO2) the catabolic 

activity during conventional aerobic digestion is described as follows. 

C5H7O2N + 7 O2 → 5 CO2 + 3 H2O + NO3
- + H+ + Energy 

This first description is associated to an operation at mesophilic temperature range. In 

these conditions, the ammonia nitrogen released during aerobic fermentation of the 

nitrogenous compounds contained in the biomass is oxidized along with total organic 

carbon. According to this description (Matsch and Drnevich 1977), the complete 

oxidation of these compounds require a high oxygen demand per unit of biomass 

oxidized (1.98 kg kg O2 kg-1 BVSS). 

C5H7O2N + 5 O2 → 5 CO2 + 2 H2O + NH3 + Energy 

In contrast to mesophilic conditions, when thermophilic temperatures are attained in the 

reactor, nitrifying biomass activity is inhibited resulting in lower oxygen consumption per 

unit of biomass oxidized (1.42 kg O2 kg-1 BVSS). However, the enhanced biodegradation 

rate combined with the low production of sludge resulting from a thermophilic 

performance of the process still leads to a greater oxygen uptake rate than its 

counterpart at mesophilic conditions (LaPara and Alleman 1999).  The increase in oxygen 

requirements with regard to that of mesophilic aerobic processes was quantified in a 14% 

by Sürücü et al. (1976). As a consequence of the considerable oxygen uptake rate (OUR) 

of the process, the need of using high efficiency aerators is drawn. This would minimize 

the airflow rate required for satisfying the considerable oxygen requirements of the 

process preventing an excess of heat loss due to the evaporation of water into the 

exhaust air (Jewell and Kabrick 1980, Matsch and Drnevich 1977). Andrews and Kambhu 

(1973) stated that a significant amount of heat could be saved by using an aeration 

system with oxygen transfer efficiencies exceeding 15%. Thereby an operation in the 

thermophilic range could be achieved. 
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1.3.3.7. EFFECT OF TEMPERATURE ON ALKALINITY AND INORGANIC 

NITROGEN RELEASE 

As observed from the end-products of bacterial catabolic activity, the aerobic 

degradation of nitrogenous compounds (mainly soluble proteins and amminoacids) 

carries a ammonification process in which ammonia nitrogen is released to the bulk liquid 

of digested sludge. Aside from that, biological oxidation of organic matter produces a 

significant amount of gaseous carbon dioxide, a part of which is solubilised to carbonic 

acid contributing to the carbonate equilibrium of digested sludge. The rise in metabolic 

activity when operating at thermophilic temperatures results in elevated concentrations 

of inorganic nitrogen in the effluent sludge, since no nitrification is expected to occur for 

temperatures exceeding 50ºC. This coupled with the continuous release and 

solubilisation of carbon dioxide increases the buffer capacity of the system promoting a 

rise in the pH of the process.. In full-scale experiences of ATAD pH values around 8 have 

been typically reported (Deeny et al. 1991). These pH values favour the equilibrium of 

nitrogen towards NH3, hence promoting the stripping of free ammonia in the exhaust 

gas. Thus, a significant concentration of NH3 could be expected in the exhaust gas from 

ATAD. 

1.3.4. Foaming in thermophilic aerobic digestion 

Thermophilic digestion, in particular ATAD process, is characterized by the production of 

foam. High biomass concentration, which is typical from processes with reduced 

retention times such as ATAD, has been identified as one of the main causes of reactor 

foaming (Rozich and Colvin 1997, Lapara et al. 1998) together with continuous aeration 

and thermophilic temperatures. One the one hand high temperatures reduce the surface 

tension of water contributing to foaming (Staton et al. 2001, Kelly et al. 2003). On the 

other hand, increased biomass concentration combined with thermophilic temperatures 

lead to a significant lysis rate and subsequent breakdown of cellular proteins that also 

reduce the surface tension of water causing reactor foaming. Over-aeration can also 

contribute to excessive foaming since the turbulence and air bubbles produced cause 

solids to float, resulting in solids and biomass loss when overflows occur (Kelly and 

Warren 1997, Layden et al. 2007b). However, this foam layer, when controlled, is 

considered beneficial for the process. It improves the utilization of oxygen, enhances 

biological activity, and provides insulation. Some researchers have observed that a good 

deal of biodegradation takes place at gas-liquid interface (U. S. EPA 1990, Kelly et al. 
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1993, Staton et al. 2001). A large freeboard allowance is usually planned in ATAD reactor 

design to accommodate foaming. The foam layer is typically controlled by mechanical 

foam-cutter devices located at a fixed depth. These mechanical devices are used to break 

up and densify the foam layer (Deeny et al. 1991). Some other researchers used self-

aspirating jet-type aerators to control the height of the foam layer by entraining the 

foam, together with a part of the off-gas back to the bulk liquid (García et al. 2007, 

Scisson 2003, Staton et al. 2001, Gómez 2007). This provides a further oxidation of the 

solids within the foam and an enhancement of aerator`s oxygen transfer efficiency as a 

result of recycling the off-gas from digester’s dome. 

1.4. MAIN OPERATION AND DESIGN PARAMETERS IN 
THERMOPHILIC AEROBIC DIGESTION 

This work is focused on the use of ATAD as unique treatment for sewage sludge with the 

objective of complying with the necessary restrictions proposed for producing Class A 

Biosolids. With that purpose, the main operational considerations affecting the quality of 

effluent sludge, stabilization degree and hygienization capability of the process are 

reviewed in following sections. 

1.4.1. Organic loading rate 

It is well known that ATAD is a robust process and generally resistant to shock loads 

(Rozich and Colvin 1997). The fast metabolism of heterotrophic bacteria at thermophilic 

temperatures considerably reduces the minimum retention time of the process needed 

to prevent biomass washout. Thus, the process can cope with varying concentrations of 

volatile solids compared to traditional systems that are not flexible to such changes in 

feed concentration (Layden and Bartlett 2005, Layden et al. 2007c). Under stationary 

conditions, the higher the concentration of organic matter in the feed sludge is, the 

higher the amount of organic material removed as a result of the increasing 

concentration of biomass expected in the reactor (Jewell and Kabrick 1980). Therefore, a 

larger amount of biological heat is released, which rises the temperature range for a 

given reactor design. Bearing this in mind, several authors proposed a minimum content 

of organic matter in the feed sludge (3 to 6% TS with >2.5% VS, Deeny et al. 1991, Kelly 

1991, Layden et al. 2007c) in order to ensure a thermophilic operation in a well insulated 

reactor. However, after a given point, increasing the organic load to the process does not 

result in a higher amount of BVSS oxidized and further increase of process temperature. 
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As a consequence of the excess in organic load, the system becomes oxygen limited and 

a reduction in percent BVSS removal occurs (Matsch and Drnevich 1977). 

1.4.2.  Hydraulic retention time 

In line with this, hydraulic retention time (HRT) determines the stabilization degree and 

organic matter degradation attained by the process (Match and Drnevich 1977, Layden 

2007b). Jewell and Kabrick (1980) found a clear correlation between organic matter 

removal and hydraulic retention time, based on a fixed concentration in the feed sludge. 

Increased retention times of the process resulted in a gradual rise of VS and COD 

percent removal. These authors reported a 40% VS reduction (53% COD removal) when 

operating at 7.5 days HRT in a single stage ATAD, which is in agreement with Kelly et al. 

(1993)  who stated that a 38% VS removal could be attained at detention times of 7 days. 

According to the previous, a HRT around 7 to 7.5 days would possibly comply with the 

stabilization degree proposed by U. S. EPA (2003) for producing class A Biosolids (>38% 

VS removal). Nevertheless, there are numerous examples of full-scale experiences of 

two-stage ATAD systems designed for 5 to 6 days total HRT, especially in the Federal 

Republic of Germany (Deeny et al. 1991) reporting VSS removal efficiencies ranging from 

25% to 45%, and COD removal efficiencies of 40-45% with a minimum detention time of 

6 days. 

Reduced hydraulic retention times may also be used when seeking a partial degradation 

of sewage sludge (5 to 15% COD removal, Gómez 2007) as a first stage of a two-stage 

DUAL digestion process. This configuration of ATAD aims to attain the minimum organic 

matter removal required for guaranteeing a thermophilic operation of the process, 

thereby saving the maximum amount of organic matter for biogas production in the 

anaerobic stage of the process (Cheunbaurn and Pagilla 2000, Messenger et al. 1993a, 

Baier and Zweifelhofer 1991). This process has the advantages of sludge hygienization, 

fast disintegration and hydrolysis rates, and the capability of degrading aerobically some 

recalcitrant compounds under anaerobic conditions (Hamer and Bryers 1985). In a DUAL 

digestion system, ATAD is usually operated at HRT lower than 1 day and performing 

several feeding stages a day, which impedes to comply with some of the most restricting 

regulations with regard to pathogen inactivation (Gómez 2007). Moreover, the deficient 

heat budgets of ATAD resulting from the use of high feeding volumes combined with 

reduced organic matter removal often requires of a pre-heating of sewage sludge in 

order to maintain thermopilic temperatures in the reactor. 
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1.4.3. Oxygen supply 

As addressed in previous sections, thermophilic aerobic digestion holds a considerable 

oxygen demand (OUR) that requires of using high efficiency aerators in order to maintain 

the autosustainability of the process, minimizing the heat loss due to water vaporization 

(Deeny et al. 1991, Jewell and Kabrick 1980). Two main types of self-aspirating aerators 

are the most commonly used in the thermophilic aerobic treatment of sewage sludge 

with air aeration: jet-type aerators (venturi mixers, Burt et al. 1989, Gómez 2007) and 

spiral aerators (Fuchs type aspirating mixers, Deeny et al. 1991). Several parameters are 

typically used for evaluating the performance of these aerators in terms of oxygen 

transfer capability and efficiency. 

The mass of oxygen transferred with regard to time is quantified by a parameter named 

oxygen transfer rate (OTR). This parameter is defined as a function of the difference 

observed in dissolved oxygen concentration between the bulk liquid and that in 

equilibrium with the gas phase, multiplied by a parameter describing the mass transfer 

through the boundary layer together with the surface area of this boundary layer (KLa). 

The surface of the boundary layer corresponds to the overall surface of the gas phase in 

contact with the bulk liquid, which ultimately depends on the size and number of the 

bubbles produced by the aerator. 

��� = ��� ∙�� ∙���_�� ∙32000∙��� − ��� kg O2 d-1 

Where VR is the active volume of the reactor, KH,O2 is the Henry’s coefficient for oxygen, 

PO2 corresponds to the oxygen partial pressure in the gas phase and DO stands for the 

dissolved oxygen concentration in the bulk liquid. 

Aerator’s efficiency is measured by the oxygen transfer efficiency (OTE) which is 

described by the quotient between oxygen transfer rate and oxygen supply rate (OSR). 

This last parameter defines the oxygen mass flow rate supplied to the reactor, which 

ultimately depends on the air supply rate (ASR). 

��� = �
���

���
� ∙100= �

���

0.21∙1.43∙���∙��
� ∙100 % 

Thus, oxygen transfer efficiency provides with information regarding the airflow rate 

required for attaining a certain oxygen transfer rate. These parameters enable a 

complete description of the aerators. 
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Depending on the oxygen supply rate, two operation modes may be distinguished: 1) 

operation through oxygen limiting conditions and 2) operation through substrate limiting 

conditions (Gómez 2007). The first mode is typical from systems operating with reduced 

oxygen supply rates where the mass of oxygen transferred is lower than the oxygen 

demand of the system (Messenger et al. 1993b). In these systems the biodegradation 

kinetics of the process, and hence, heat production rate become limited by OTR. Under 

oxygen limiting conditions, dissolved oxygen concentration is virtually zero and micro-

aerophilic conditions can be found in the reactor. Reduced oxygen availability promotes 

the accumulation of soluble organic compounds in the reactor (Mason et al. 1992), 

especially volatile fatty acids (VFA), since, in addition to aerobic biodegradation, 

simultaneous anaerobic transformations (mainly anaerobic hydrolysis and acidogenesis) 

occur (Chu et al. 1994, Mavinic et al. 2001, Gómez 2007). Moreover, the appearance of 

non-degraded soluble compounds (soluble proteins and monosaccharides) in the reactor 

may lead to poorer dewatering properties of the effluent sludge (Zhou et al. 2001). 

Micro-aerobic conditions were also observed to produce and exacerbate odours as a 

result of VFA accumulation (Schwinning et al. 1997). However, operating under oxygen 

limiting conditions has also been reported beneficial in order to reduce sludge 

production by combining anaerobic and aerobic bacteria growth, thereby reducing the 

overall biomass yield (Mason et al. 1992). A reduced biomass yield results in a higher 

portion of biodegradable substrate being oxidized, maximizing the heat release per unit 

of BVSS consumed (Hamer and Bryers 1985). This operation is commonly applied to the 

first stage (aerobic) of DUAL digestion processes where only a partial biodegradation of 

sewage sludge is needed. 

Despite some authors highlighted the benefits of operating under micro-aerobic 

conditions in order to de-optimize biomass yield and reduce sludge production, ATAD 

designers and operators usually aim for an overall aerobic performance of the process 

(Staton et al. 2001). A semi-batch feeding pattern is typically used for complying with the 

isolated time of feed sludge at temperatures beyond 55ºC. This prevents the process 

from a completely aerobic performance. The replacement of a considerable fraction of 

digester’s volume with feed sludge results in an increased oxygen uptake rate during the 

initial lapse of each semi-batch cycle, inducing micro-aerobic to quasi anaerobic 

conditions in the reactor (U. S. EPA 1990). In the last years, some researches sought to 

solve this problem by a using a variable oxygen supply rate that could adapt to the 

changing system OUR, maintaining fully aerobic conditions in the digester (Staton et al. 

2001, Scisson 2003). 
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Bearing the previous discussion in mind, an optimum operation of the process seems to 

be a regime such that, operating under oxygen limiting conditions, ensures a complete 

aerobic biodegradation of the products from anaerobic fermentation by the end of the 

semi-batch cycle. Therefore, air supply rate would be minimized reducing heat losses by 

evaporation, a reduced sludge production would be attained which shall maximize heat 

production rate and poor dewatering properties of effluent sludge could avoided. Odour 

problems during process operation under oxygen limiting conditions could be avoided 

by recycling process exhaust gas to a biofilter downstream of the ATAD system (U. S. EPA 

1990). 

1.4.4. Other considerations regarding process operation. 
Operation pattern 

One of the main features of ATAD consists in its potential for attaining a sufficient 

pathogen reduction so as to guarantee an unrestricted use of digested Biosolids (Kelly et 

al. 2003)). As mentioned in previous sections, the existing regulations require of a 

minimum undisturbed detention time of digested sludge at temperatures above 55ºC in 

order to guarantee an effective hygienization. The minimum detention time required 

ranges from 4 hours in the regional Regulation 453/2013 and the Proposal of Directive to 

the European Parliament and the Council for land disposal of sludge (1st Draft), to 20 

hours proposed in its 3rd Draft (2003), and 24 hours in U. S. EPA (2003). Isolation of 

treated sludge prevents the re-inoculation of digested sludge by contact with raw 

sewage sludge. Thus, a semi-batch feeding pattern has been typically applied given that, 

a continuous operation in the thermophilic range does not comply with the necessary 

isolation of digested sludge and would result in a bleed through of pathogens. Batch 

systems do ensure that sludge has been retained in the reactor long enough to produce 

a pathogen free sludge ready for disposal (Nosrati et al. 2007). However, batch feeding 

has adverse effects on biodegradation, which is reflected in a reduced activity of 

thermophilic microorganisms. This is caused by the transition from the predominance of 

thermo-tolerant bacteria to specialized termophilic bacteria. In line with this, Sonnleitner 

et al. (1995a, 1995b) reported that a semi-batch operation replacing 10-15% of digester 

volume (6-10 days HRT) do not result in substantial fluctuations in process conditions, 

and hence, provides a better sludge oxidation. 
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1.5. ORIGINS AND EVOLUTION OF ATAD: AN STATE OF THE 
ART REVIEW 

The ATAD process evolved from early investigations during the 1970’s in Europe and 

North America that tested aerobic thermophilic digestion as a single stage pasteurization 

process for sewage sludge and animal wastes (Andrews and Kambhu 1969, Pöpel and 

Ohnmacht 1972, respectively). These authors stated the capability of the process to attain 

a thermophilic temperature range based solely on the release of biological heat and 

provided a detailed description of the mass and energy balances required for sizing the 

process. Initially, it was thought that aeration with pure oxygen was required for 

achieving thermophilic temperatures in the reactor (Matsch and Drnevich 1977). 

However, some other researchers reported successful experiences utilizing air aeration 

(Hoffmann and Crauer 1973, Jewell and Kabrick 1980, Wolinski 1985). Some of these 

early studies eventually resulted in the development of specialized self-aspirating 

aeration devices developed by Herr Fuchs and manufactured by Alfa Laval, and the 

installation of the first full-scale ATAD in Vilsiburg, Germany with Fuchs® technology. In 

the 1980`s ATAD technology evolved to a two-stage process that used high efficiency 

spiral aerators to supply the oxygen required for maintaining thermophilic temperatures 

with ambient air (Deeny et al. 1985). By the end of the 1980`s 35 systems were installed 

or under construction in the Federal Republic of Germany (U. S. EPA 1990). Deeny et al. 

(1985) reviewed the different technologies available at that moment (Fuchs®, Thieme® 

and Babcok®) by comparing several ATAD systems installed across Germany and 

Switzerland. In addition, some full-scale experiences were also reported in Norway and 

the United Kingdom (Zwiefelhofer et al. 1982, Trim and McGlashan 1985). 

A renewed interest in ATAD was prompted in the 1990’s by the publication of the 

document: Environmental Regulations and Technology: Autothermal Thermophilic 

Aerobic Digestion of Municipal Sludge and Standards for the Use and Disposal of 

Sewage Sludge, 40 CFR Rule 503 by U. S. EPA (1990). Burt et al. 1989 pioneered the use 

of self-aspirating jet-type (venturi) aerators and Kelly et al. 1993 published the results 

from full-scale experiences in three Canadian facilities stabilizing municipal sludge. 

Moreover, some literature appeared describing some of the most common ATAD 

technologies and giving a series of general practical recommendations for the operation 

and design of the process (U. S. EPA 1990, Deeny et al. 1991, Kelly 1991, Kelly and 

Warren 1997). Years later, the interest in the pasteurizing capacity of the process resulted 

in the first full-scale ATAD experiences in the USA (Schwinning et al. 1997, Eyma et al. 

1999, Kelly et al. 2003) and the UK (Riley and Forster 2002). Many other researchers 
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focused their work on optimizing two-stage ATAD operation by varying operational 

parameters such as aeration, temperature, pH, solids retention, feeding pattern or the 

power input to the process (Kelly 1989, Rozich et al. 1992, Kelly et al. 1993, Haner et al. 

1994, Sonnleitner et al. 1995a, 1995b). In this attempt of improving the process, special 

attention was drawn to the first stage of the two-stage ATAD systems. Chu et al. 1994, 

Fothergill and Mavinic 2000, and Mavinic 2001 studied the micro-aerobic nature of the 

process in this first stage and its correlation with the production of volatile fatty acids and 

the appearance of odours. Furthermore, these authors highlighted the potential 

applications of the process for producing VFA that could be further applied in nutrient 

removal processes. Numerous researchers have also reported on kinetic and 

thermodynamic models for both thermophilic digestion and ATAD (D’Antonio 1983, 

Vismara 1985, Mason et al. 1992, Messenger et al. 1993b, Csikor et al. 2002, Gómez et al. 

2007, Vogelaar et al. 2003). In Ireland, the publication in 2000 of a Code of Good 

Practice for the Use of Biosolids in Agriculture that compelled the sludge treatment to 

satisfy the international standards for producing stabilized and pasteurized biosolids 

triggered a considerable interest in the ATAD and resulted in the commissioning of the 

first full-scale Fuchs type installation in Killarney (Layden 2007). Layden and co-workers 

published a comprehensive review of the ATAD design, operation and control 

parameters of two-stage ATAD process (Layden et al. 2007a, and 2007b). 

Despite the clear benefits of this technology only a few ATAD have been built worldwide, 

most of them in the Federal Republic of Germany. In the past years, the questioning of 

the aerobic nature of the process, together with the odour problems found and the 

growing interest for energy recovery through anaerobic digestion led to a reduced 

application of this process. In order to deal with these issues, Staton et al. 2001 and 

Scisson et al. 2003 presented a new generation of ATAD consisting in a single stage 

process operating at longer detention times (10-15 days) and using higher efficiency 

aerators. These authors proposed a variable oxygen supply in order to adapt it to the 

changing oxygen uptake rate of the system throughout an operation cycle, ensuring 

aerobic conditions in the digester. The oxygen supply would be controlled based on the 

oxidation-reduction potential (ORP) in the reactor. 

In Spain, the appearance of more restricting regulations at European and local level, and 

the need for a better control of sewage sludge disposal, committed public authorities 

and sludge generators to rethink their strategies for management and disposal of 

municipal sludge. In areas with very disperse and small communities (Navarra) these 

circumstances prompted a deep interest in the ATAD process as an alternative to a 
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centralized management of sewage sludge by anaerobic digestion. ATAD was studied as 

both a unique treatment of sewage sludge, and a first stage of a DUAL digestion system 

(Gómez 2007). The research resulted in the development of a single stage ATAD 

technology operating at reduced HRT (7 days) and the installation of several (up to 10) 

facilities across the region (Gómez et al. 2007).  

In the past ten years, a growing interest with regard to the ATAD process has arisen in 

China where small size single stage ATAD systems have been developed and patented 

(Zhu et al. 2005). Cheng et al. 2006 and Liu et al. 2011a conducted some experimental 

work in a single stage ATAD maintaining a batch feeding strategy that resulted in 

increased retention times (around 17 days HRT) to attain similar removal rates to that 

addressed in literature for two-stage systems. Furthermore, some research has been 

carried out for studying the effect of temperature on the predominant bacterial consortia 

in ATAD (Yan et al. 2008), and studying the effect of separated bacterial strains on 

sewage sludge stabilization (Li et al. 2009, Liu et al. 2011b). However, no one-stage 

ATAD system is currently implemented in China due to the uncertainty regarding the 

stabilization mechanism and insufficient guidelines for practical operation (Liu et al., 2010 

and 2012). 

1.6. IMPACT OF SIDESTREAMS FROM SEWAGE SLUDGE 
TREATMENT 

In addition to the re-evaluation of waste treatment strategies, the increasingly restricting 

standards for effluent quality, especially, with regard to nitrogen removal has evidenced 

the need for upgrading of numerous existing WWTPs. In the past decade, research on 

this field has showed the potential of treating internal flows to reduce the load of 

nitrogen to the mainstream process. Thus, existing WWTPs could be upgraded 

eliminating the need of a significant expansion of the current infrastructures to cope with 

increased loads or satisfy more restricting standards. Among these internal streams, the 

return flow from digested sludge dewatering (reject water) shows the most significant 

impact on the mainstream water line, since it contains up to 25% of the total incoming 

nitrogen of the plant but only accounts for a 1 to 2% of the volumetric load (Janus and 

van der Roest, 1997). The impact of this flow is especially relevant in large plants with 

centralized sludge treatment facilities. 

The investigations on new technologies for reducing the content of nitrogen in these 

return flows resulted in the development of different biological nitrogen removal (BNR) 

processes and configurations. These processes, at first, focused on treating sewage 
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sludge or waste activated sludge (Hashimoto et al. 1982, Hao et al. 1990 and 1991, 

Wareham et al. 1994) and more recently, reject water from anaerobically digested sludge 

dewatering (Hellinga et al. 1998, Wyffels et al. 2004, Fux et al, 2002, Gut et al. 2006, Wett 

et al. 2007). In the past few years, BNR processes have also been tested for removing 

nitrogen from anaerobically digested sludge (Parravicini et al. 2008a). In line with these 

authors, the present dissertation deals with a biological post-treatment of digested 

sludge under anoxic-aerobic conditions in order to simultaneously remove nitrogen from 

both the solid phase and supernatant (reject water) of digested sludge, thus ensuring an 

integral solution for waste sludge and the return flows to the mainstream water line of 

WWTPs. This process, from now on referred to as Post-aeration (Parravicini et al. 2008b), 

aims for the use of digested sludge as a carbon source for denitrification, thereby 

attaining a further stabilization of sludge. Given the reduced availability of biodegradable 

organic matter in digested sludge, partial nitrification through nitrite shall be applied so 

that the need of an external carbon source could be avoided. 

1.7. FUNDAMENTALS OF BIOLOGICAL NITROGEN 
REMOVAL 

In the past decades, nitrogen removal processes have been studied and widely applied 

to reduce the concentration of inorganic nitrogen in the effluent discharges from WWTPs 

into natural surface waters so that the risk of eutrophication and depletion of dissolved 

oxygen in the receiving media could be avoided (Dosta 2007). The main mechanisms 

and transformations involved in these processes are discussed in the following 

paragraphs. 

1.7.1. Nitrogen cycle 

In nature, nitrogen exists in various forms, depending on its oxidation state. Nitrogen 

passes through these oxidation states by, either, the catabolic or anabolic activity of 

different type of microorganisms that utilize this element for their metabolism. Elemental 

nitrogen (dinitrogen gas) is first reduced to ammonia by fixation. Ammonia nitrogen is 

then available for its use as a nutrient for growth of new microorganisms. During 

bacterial growth, nitrogen is incorporated to organic nitrogenous compounds by the 

synthesis of new cellular material (assimilation). However, decay and lysis of bacterial cells 

produces the release of this cellular material. The proteins released are hydrolyzed to 

aminoacids, which undergo a deamination process during, either, aerobic or anaerobic 
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fermentation releasing ammonium (ammonification). Ammonia nitrogen is then oxidized 

to nitrite and further on to nitrate by autotrophic bacteria (nitrification). At the same time, 

part of the ammonia nitrogen released is used for growth of new bacteria. Finally, in the 

absence of oxygen, heterotrophic microorganisms utilize oxidized compounds of 

nitrogen as electron acceptor for their catabolic activity. In this process nitrate is reduced 

to nitrite and further on to elemental nitrogen (denitrification), therefore closing the cycle. 

In addition to the conventional description of nitrogen cycle, a new microbial group has 

also been discovered, which is capable of oxidizing ammonia to elemental nitrogen by 

using nitrite as electron acceptor under anaerobic conditions (Anammox bacteria, Mulder 

et al. 1995).  

1.7.2. Main biological concepts in conventional BNR 
processes 

Four major forms of nitrogen can be found in municipal wastewater and/or waste sludge 

(Henze et al. 2000): organic nitrogen (Norg), ammonia nitrogen (NHx
+-N, nitrite nitrogen 

(NO2
--N) and nitrate nitrogen (NO3

--N). As stated in previous sections, organic nitrogen 

exists in these streams as part of biomass structure (viable and non-viable cells), 

especially in secondary or waste activated sludge (WAS). These nitrogenous compounds, 

after being released to the liquid phase through cell lysis, produce a considerable 

amount of ammonia nitrogen during both aerobic and anaerobic fermentation. At the 

same time, free ammonia is also assimilated by the growing biomass to synthesize new 

cells. Consequently, nitrogen is continuously being transferred from the liquid phase 

(bulk liquid) to the solid phase (sludge) and vice versa. Assimilation and release of 

ammonia nitrogen become especially relevant when it comes to BNR in sewage or 

digested sludge. These streams contain a high concentration of facultative bacteria that 

still result in significant growth and lysis rates during the aerobic stages of the process. 

Thus, depending on the nature of the process, ammonia nitrogen release 

(ammonification) and its assimilation into organic compounds might play an important 

role on nitrogen removal. However, this contribution alone is not enough to reduce 

ammonia nitrogen concentration to an acceptable level. Therefore, biological 

nitrification-denitrification processes are needed to remove nitrogen from streams with 

high ammonium content (Dosta 2007). 

Nitrification is the first step in biological nitrogen removal. Ammonium is oxidized to 

nitrite and further on to nitrate by autotrophic organisms. The resulting oxidized 
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compounds of nitrogen are reduced to nitrogen gas by utilizing biodegradable COD 

(conventional heterotrophic denitrification) or ammonia (autotrophic denitrification, 

anaerobic ammonium oxidation). Despite the interest shown by many authors in 

Anammox process, the present work focuses on the application of conventional 

nitrification-denitrification to digested sludge. Therefore, Anammox based processes are 

out of the scope of the present review. 

Conventional nitrification and denitrification transformations are discussed in following 

sections, together with the influence of certain operating variables on the performance of 

these processes. 

1.7.2.1. NITRIFICATION 

Nitrification consists of the biological oxidation of ammonium carried out by a group of 

chemoautotrophic bacteria. Even though several bacterial groups have been observed as 

capable of performing nitrification two main bacterial are considered responsible for the 

process. Biological oxidation of ammonium is known to consist of a two-step process 

where ammonium oxidation is first oxidized to nitrite (nitritation), and later on to nitrate 

(nitratation) in the presence of oxygen. Species of the genus Nitrosomonas are 

responsible for ammonium oxidation to nitrite while the oxidation to nitrate is carried out 

by Nitrobacter species (Anthonisen et al. 1976). Throughout this work, both bacterial 

groups will be referred to as Ammonium Oxidizing Bacteria (AOB) and Nitrite Oxidizing 

Bacteria (NOB), respectively. The stoichiometry of both nitritation and nitratation is 

detailed below (Hellinga et al. 1999). 

NH4
+ + 3/2 O2 → NO2

- + 2 H+ + H2O (Ammonium Oxidizing Biomass, AOB) 

NO2
- + 1/2 O2 → NO3

- (Nitrite Oxidizing Biomass, NOB) 

NH4
+ + 2 O2 → NO3

- + 2 H+ + H2O  

This formulation shows that nitrification, and more precisely, nitritation is a significant 

proton source and consumes alkalinity. Alkalinity reduction is typically estimated in 7.07 g 

CaCO3 g-1 NH4
+-N. When treating streams with high ammonium load, this alkalinity 

reduction may lead to a considerable drop in pH that may hinder nitrifying biomass 

activity (Hellinga et al. 1998, Volcke et al. 2002). This is the reason why most of the 

processes for treating reject water alternate anoxic and aerobic stages so that a part of 

this alkalinity could be recovered by denitrification, maintaining pH close to neutrality. For 
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processes treating wastewaters with high content of ammonium (reject water), 

heterotrophic denitrification is promoted by adding an external carbon source (typically 

methanol) during the anoxic stages of the process (Volcke et al. 2002). 

Bearing in mind this two-step nitrification, some authors discussed the beneficial effects 

of a BNR with nitrite as intermediate (Abeling and Seyfreid 1992, Hellinga et al. 1999, 

Wett and Rauch 2003), especially when treating wastewater with high ammonium 

concentrations or low C/N ratio (Pollice et al. 2002). Partial nitrification to nitrite would 

imply a 25% saving in aeration and a 40% reduction in the external carbon source 

needed for the subsequent heterotrophic denitrification stage. Since autotrophic 

organisms are very sensitive to changes in environmental conditions, several strategies 

may be used to prevent the oxidation of nitrite to nitrate (section 1.8). A careful selection 

of the operational conditions that favour the prevalence of AOB over NOB would 

eventually result in NOB washout and a stable nitrite accumulation. The main parameters 

affecting the activity of these autotrophic organisms are detailed in following paragraphs. 

1.7.2.1.1. Effect of temperature and sludge retention time (SRT) 

Nitrosomonas and Nitrobactermaximum activity exhibits an exponential growth until 

40ºC, with a maximum at 35ºC and 38ºC, respectively (Grunditz and Dalhammar 2001). 

Beyond this temperature a sudden drop in their maximum activity is observed, which 

ultimately becomes negligible at temperatures around 50ºC. Several authors pointed out 

that temperatures above 25ºC favoured ammonium oxidizers to outcompete nitrite 

oxidizers (Brouwer et al. 1996). Hellinga et al. 1998 found that within the temperature 

range of maximum bacterial activity (30-40ºC), Nitrobacter exhibited a distinctly lower 

growth rate than Nitrosomonas (Figure 1.3). Consequently, and given the inverse 

correlation between SRT and biological growth rate, it was observed that NOB required a 

greater sludge retention time than NOB in order to prevail within the reactor. Thus, a 

complete washout of NOB could be attained by combining high operating temperatures 

and a reduced retention time of the process (Hellinga et al. 1998 and 1999). 
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Figure 1.3. Critical SRT of  ammonia oxidizer (AOB) and nitrite oxidizer (NOB) bacteria as a function of 
temperature (Hellinga et al. 1999) 

1.7.2.1.2. Effect of free ammonia and nitrous acid 

Even though free ammonia and nitrous acid were found the actual substrates for 

nitritation and nitratation respectively (Hellinga et al. 1999, Van Hulle et al. 2004), 

numerous experimental studies found strong inhibitory effects on both, AOB and NOB 

by these compounds when surpassing certain concentration threshold (Dosta 2007).  

Nitrite oxidizers are more sensitive than ammonia oxidizers to the presence of free 

ammonia. Anthonisen et al. 1976 reported that NOB are inhibited for a concentration of 

free ammonia in the range of 0.1-1 mg NH3 L-1 while AOB are not affected up to values 

higher than 10-150 mg NH3 L-1 (Figure 1.4). However, this inhibition threshold still 

remains unclear since recent experimental (Dosta 2007, Van Hulle et al. 2007) and 

model-based research (Wett and Rauch 2003,) reported inhibition values beyond 300 mg 

NH3-N L-1. The discrepancies found with regard to the inhibition threshold for free 

ammonia or undissociated nitrous acid is typically attributed to a probable phenomenon 

of acclimation of the autotrophic population (Pambrun et al. 2006, Van Hulle et al. 2007). 

This may lead to an increase in the value of the inhibition threshold when compared to 

studies with non-acclimated biomass (Anthonisen et al. 1976). 

In addition to free ammonia inhibition, both bacterial groups seemed to be inhibited by 

the presence of free nitrous acid. Anthonisen et al. 1976 observed  that inhibition of 

nitrifying organisms commenced at concentrations of free nitrous acid within 0.22 to 2.8 

mg HNO2 L-1. Given the acid base equilibrium of nitrous acid and the significant 

accumulation of nitrite observed in reject water treatment processes, low pH values 

might severely affect nitrifying biomass activity. 



Introduction  Chapter 1 

25 

 

 

Figure 1.4. Influence of free ammonia and undissociated nitrous acid concentration on ammonium oxidizer 
and nitrite oxidizer bacteria activity (Anthonisen et al. 1976) 

1.7.2.1.3. Effect of dissolved oxygen concentration 

The two major steps of nitrification are reported to exhibit different responses dissolved 

oxygen variations. Nitrite oxidizers are more sensitive to low dissolved oxygen 

concentrations than ammonia oxidisers, which may result in nitrite accumulation when 

reduced dissolved oxygen concentrations are applied. Several authors (Piciorneau et al. 

1997, Pollice et al. 2002) reported nitrite accumulation at low DO concentrations, 

reaching its maximum at 1.5 mg O2 L-1 (Garrido et al. 1997). An appropriate selection of 

dissolved oxygen concentration constitutes a key variable for the process since operating 

below 0.5 mg O2 L-1 leads to the accumulation of ammonium, and concentrations over 

1.7 mg O2 L-1 result in complete nitrification (Ruiz et al. 2003).  

Despite the influence of low DO in reducing the activity of NOB, this strategy alone is not 

enough to maintain their washout (Van Loosdrecht and Salem 2006). The use of low 

concentrations of DO needs be coupled with another nitritation selection factor (e..g. 

elevated temperature, free ammonia or free nitrous acid inhibition) to ensure an 

operation through nitrite pathway (Blackburne et al. 2008). 

1.7.2.1.4. Effect of pH 

Nitrifying bacteria growth rate has an optimum pH range of 7.5 to 8.5 (Van Hulle et al. 

2004, Grunditz and Dhalammar 2001). The efficiency of both AOB and NOB declines as 

pH drops into the acid range. However, Orhon and Artan 1994 found that the adverse 

effects of pH are attenuated as nitrifying biomass acclimates to the new environmental 
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conditions. With regard to the basic range, nitrification rate reduces significantly for pH 

values beyond 9.5 (Dosta 2007). 

1.7.2.2. HETEROTROPHIC DENITRIFICATION 

In biological nitrogen removal processes, ammonia nitrogen is removed by its conversion 

to dinitrogen gas by, either, complete or partial nitrification first, and a further reduction 

of the resulting oxidized compounds by denitrification. Two main pathways can be used 

for performing denitrification under anoxic conditions: conventional denitrification by 

oxidation of an organic carbon source (heterotrophic) or denitrification by anaerobic 

ammonium oxidation (autotrophic). As mentioned in previous sections, autotrophic 

denitrification falls out of the present review, since the process considered in this work 

focuses on a conventional denitrification using the remaining biodegradable organic 

matter (either soluble or particulate) contained in digested sludge. 

Conventional denitrification is defined as a two-step process where nitrate (NO3
-) is firstly 

reduced to nitrite (NO2
-) and later on to elemental nitrogen (N2). These transformations 

are carried out by the catabolism of facultative heterotrophic bacteria in the absence of 

molecular oxygen. Concentrations of dissolved oxygen as low as 0.13 mg O2 L-1 has been 

shown detrimental for the process (Orhon and Artan 1994). Under these conditions, 

facultative bacteria utilize nitrite or nitrate as the main electron acceptor for oxidizing 

biodegradable organic matter. The organic carbon used in denitrification processes has 

several sources: organic matter present in wastewater, organic matter produced in 

biomass lysis, and/or a biodegradable external carbon source (Dosta 2007). Usually, 

return flows from digested sludge dewatering lack of the necessary biodegradable 

organic matter (reduced C to N ratio). Thus, applications treating reject water need the 

addition of an external carbon source, typically methanol. Bearing this in mind, 

heterotrophic denitrification can be described as the anoxic oxidation of methanol.  

6 NO3
- + 2 CH3OH → 6 NO2

- + 2 CO2 + 4 H2O 

6 NO2
- + 3 CH3OH → 3 N2 + 3 CO2 + 3 H2O + 6 OH- 

Depending on the carbon source used, denitrification rate may differ considerably. 

Biodegradable organic matter contained in raw wastewater, or that resulting from 

biomass lysis requires of a previous disintegration and/or hydrolysis step in order to 

become available for biomass. By contrast, readily biodegradable substrate (external 
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carbon source such as methanol) can immediately be accessible to heterotropic biomass 

leading to higher denitrification rates (Figure 1.5). Thus, applications where raw or 

digested sludge are used as main carbon source, lower denitrification rates can be 

expected, eventually resulting in the need of increased retention times under anoxic 

conditions. 

When using oxidized compounds of nitrogen as electron acceptor, facultative 

heterotrophic bacteria hold a lower biomass yield than that exhibited under aerobic 

conditions (Orhon et al. 1996, Muller et al. 2004). This results in reduced sludge 

production and consequently, lower assimilation of ammonia nitrogen during 

conventional reject water treatment processes. 

 

Figure 1.5. Effect of different biodegradable organic substrates and temperatures on denitrification rate 

In addition to the previous, a certain alkalinity recovery can be observed during 

denitrification, since, approximately, half of the protons produced during nitritation can 

be consumed during nitrite reduction (Volcke et al. 2002). In BNR process of high-

strength wastewaters, the capacity of denitrification for buffering the loss in alkalinity 

during nitrification resulted in the use of intermediate anoxic stages in order to keep pH 

around neutrality and ensure a stable nitritation. Thereby, the addition of alkali can be 

avoided, which results in a more cost effective solution for controlling process pH 

(Hellinga et al. 1999). 
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1.8. PROCESSES FOR BNR FROM SIDESTREAM FLOWS: A 
STATE OF THE ART REVIEW 

As previously stated, in most WWTP’s the sidestream from dewatering digested sludge 

causes an overload in the main water line due to its high concentration of ammonium. 

Two main strategies have been used during the past decades for reducing nitrogen 

content in digested sludge supernatant: 1) anoxic-aerobic digestion of sewage or WAS 

sludge, and more recently, 2) reject water treatment. 

The interest in anoxic-aerobic digestion of sewage sludge and WAS (waste activated 

sludge) commenced during the 1980’s. At early investigations, the process was designed 

as a modification of conventional mesophilic digestion of waste activated sludge. The 

research resulted in a two-stage process in which anoxic and aerobic stages were 

performed in separated tanks (Hashimoto et al. 1982, Hao and Kim 1990).. Further 

investigations on anoxic-aerobic digestion resulted in a new process layout consisting of 

a single reactor operated with cyclic aeration. The process yielded a significant reduction 

of total nitrogen, and VSS removal efficiencies similar to those of conventional mesophilic 

aerobic digestion (Warner et al. 1983 and 1986, Hao et al. 1991). Years later, Matsuda et 

al. 1988 studied the behaviour and fate of nutrients throughout completely aerobic and 

intermittently aerated batch tests. Despite the capability of the process for removing 

nitrogen from digested sludge supernatant, some researchers studied anoxic-aerobic 

digestion of sewage sludge solely as an improvement to conventional mesophilic aerobic 

digestion. Intermediate anoxic stages were applied to the process seeking to maintain a 

near-neutral pH without any addition of chemicals and reduce aeration requirements by 

using nitrate for oxidizing organic matter instead of molecular oxygen (Dold et al. 1985, 

Peddie and Mavinic 1989). These authors reported a considerable improvement of 

digested sludge supernatant as well. Some control strategies for this process were also 

developed based on Oxidation-Reduction Potential (ORP) measurement profile 

(Wareham et al. 1993 and 1994). Most of this research was carried out at pilot scale and 

near no full-scale experiences of the process were reported in literature. After this early 

research, the interest regarding these processes decreased since anoxic-aerobic 

digestion implied the loss of large quantities of organic matter in the sludge, which 

otherwise would be available to produce biogas. 

Coinciding with the widespread of anaerobic digestion as a solution for sewage sludge 

management, the return flows to the mainstream water line became a problem for many 

WWTPs as a result of their increased ammonium concentration. In contrast to sewage 
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sludge, reject flows from digested sludge dewatering do not contain sufficient 

biodegradable organic matter (low C to N ratio) as to perform complete nitrification-

denitrification that would eventually reduce nitrogen content below an acceptable level. 

In order to overcome this limitation, the combination of complete nitritation and 

denitritation with external carbon addition in a single reactor was initially applied 

(Hellinga et al.1998, Van Kempen eta al. 2001). The first bench-scale experiences testing 

nitritation-denitritation process appeared in the late 1980’s (Sutherson et al. 1986). These 

studies consisted in the use of separate tanks in series to perform the consecutive anoxic-

aerobic stages of the process. These early investigations used as feed synthetic 

wastewater (mixture of a multicarbon source and high strength ammonia waste), and 

municipal leachate (Turk and Mavinic 1986 and 1987). Further research on nitritation-

denitritation processes resulted in the first full-scale experiences treating reject water in a 

single reactor (Hellinga et al. 1998, Van Kempen et al. 2001). The reactor was operated 

with intermittent aeration and used methanol as carbon source for denitrification. 

Recently, methanol dosing has avoided by using partial nitritation plus anammox reaction 

(Fux et al.2002). The need of these processes for maintaining a stable nitrite build-up 

prompted various investigations on the different selection factors that affected nitrite 

oxidizers activity. Several parameters were found capable of minimizing NOB activity and 

thus ensure BNR through nitrite (Van Hulle et al. 2010): 1) Low solid retention time (SRT) 

at temperatures above 20ºC favour ammonium oxidizers (AOB) proliferation and NOB 

washout (Hellinga et al. 1999), Free ammonia concentration within 10-150 mg NH3 L-1 

selectively inhibit NOB growth without severely affecting AOB activity (Anthonisen et al. 

1976)], and 3) NOB growth rate is more sensitive to low dissolved oxygen concentration 

(< 2mg L-1) than that of AOB (Zhang et al. 2011). 

In the last decade, some or a combination of these selection factors, have been used to 

achieve the nitrite shortcut in different reactor layouts such as chemostat reactors 

(SHARON process, Hellinga et al. 1998), Sequencing Batch Reactors (SBR) with 

suspended or granular biomass (Wett et al. 2007, De Kreuk et al. 2007), Membrane 

Biological Reactors (Wyffels et al. 2004) or Moving Bed Biofilm Reactors (Gut et al. 2006). 

All these processes have been reported to efficiently remove NH4
+-N from reject water 

but do not improve sludge stabilisation. 

In recent years, some researchers commenced to explore different combinations of 

anaerobic and aerobic digestion processes in order to enhance VS removal of sewage 

sludge and attain a nitrogen removal such that a further treatment of reject water would 

not be needed. Mesophilic aeration of ATAD effluent sludge was tested in the first place 



Introduction  Chapter 1 

30 

 

reporting a considerable removal of ammonia nitrogen remove ammonia nitrogen and 

filtered COD from digested sludge (Murthy et al. 2000). Years later, Parravicini et al. 2006 

observed that anaerobically digested sewage sludge could be stabilised in a 16% in a 

further aerobic digestion stage. However, there are only a few examples available in 

literature with regard to this aerobic post-treatment of digested sludge. Parravicini et al. 

2008a and 2008b conducted some pilot scale work for studying this post-treatment of 

anaerobically digested sludge under various conditions of Solids Retention Time (SRT), 

dissolved oxygen concentration, aeration pattern (continuous and intermittent) and plant 

layout, always various tanks in series. Kevbrina et al. 2011 studied the post-treatment of 

thermophilic anaerobically digested sludge in lab-scale chemostat reactors working with 

both continuous and intermittent aeration. This work focused on the development of an 

innovative technology consisting of an intensive thermophilic anaerobic digestion of 

sewage sludge at short retention times followed by an intermittently, or continuously, 

aerated post-treatment of digested sludge. Novak et al. 2011 tested two different 

strategies for sewage sludge digestion: a first anaerobic/aerobic configuration and a 

second anaerobic/aerobic/anaerobic layout, both operated at long SRT and using 

separate tanks for each stage.  

According to the results from these late investigations, Post-aeration process appeared 

as an innovative and cost-effective solution for managing simultaneously both digested 

sludge and the return flows from anaerobic digestion dewatering (Parravicini et al. 

2008b). Nevertheless, the previous literature review shows that all the pilot scale work 

reported on anaerobically digested sludge post-treatment focused on the use of 

different plant schemes with several tanks in series, and no clear operational guidelines 

can be found for operating a single reactor treating digested sludge. Bearing this in 

mind, the present dissertation deals with the study of single stage anoxic-aerobic post-

treatment of anaerobically digested sludge. 

1.9. ADVANCES IN MATHEMATICAL MODELING FOR 
IMPROVEMENT AND DESIGN OF BIOLOGICAL PROCESSES. 
APPLICATION TO SEWAGE SLUDGE DIGESTION 

Aside from the experimental work mentioned in previous sections, the evolution and 

development of new biological processes was also sustained in a continuous modelling 

research. The mathematical modelling of biological processes commenced during the 

1950’s with the development of the first models describing the organic matter removal in 

waste activated sludge processes. Years later, Lawrence and McCarty 1970 implemented 
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a Monod type approach into these models to describe the saturation of bacterial 

degradation capacity. From then on, more structured approaches, which included 

separate fractions of organic matter, arose. These new approaches eventually resulted in 

the development of a comprehensive stationary model for waste activated sludge in the 

University of Cape Town (Ekama and Marais 1976). The work from these researches soon 

evolved into a dynamic model describing the kinetics of carbon and nitrogen removal in 

activated sludge processes (Ekama and Marais 1979, Dold et al. 1980, Van Haandel et al. 

1981). Moreover, a first generation of dynamic models describing thermophilic aerobic 

(Hamer and Bryers 1985) and conventional anaerobic digestion (Hill and Barth 1977) 

were also developed. 

Given the growing interest of dynamic models for the operation and design of WWTPs, 

in 1983 the International Water Association (IWA) dedicated a Task Group to review the 

existing models and devise a new formulation that could describe carbon and nitrogen 

removal of WAS in a more simplified and structured form. This work resulted in the 

publication of Activated Sludge Model No. 1, henceforth known as ASM1 (Henze et al. 

1987). Later on, this model was updated with the kinetics involved in phosphorus 

removal, which led to the publication of ASM2 and ASM2d models (Henze et al. 1995 

and 1999, respectively). Furthermore, a more simplified version of these models was also 

proposed in Gujer et al. 2000 (ASM3). More recently, some authors proposed different 

extended versions of ASM3 (Kaelin et al. 2009, Marsili-Libelli et al. 2007) and ASM1 

models (Hiatt and Grady Jr. 2008) in order to incorporate the kinetics of two-step 

nitrification-denitrification. 

In addition to these different biological approaches, ASM type models introduced an 

innovative and compact notation for describing the stoichiometry and kinetics of 

biological processes (Petersen Matrix structure). This ASM type notation was used by 

some authors for building up new and more structured digestion models. Batstone et al. 

2002 proposed a model that unified the latest available descriptions on anaerobic 

digestion (Anaerobic Digestion Model No. 1).  The ADM1 model provided the 

researchers with a common structure, units and notation that became the basis for 

further work on anaerobic digestion modelling. Years later, Gómez et al. 2007 

incorporated a heat balance approach (Vismara et al. 1985, Pitt et al. 1995, Lapara and 

Alleman 1999, Messenger et al. 1993a, 1993b) into a simplified version of ASM1 that did 

not consider nitrifying transformations, in order to describe the evolution of temperature 

in thermophilic aerobic digesters. Grau et al. 2007 proposed an innovative methodology 

that sought an integrated modelling of WWTPs (Plant Wide Model approach) eliminating 
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the need of interfaces to connect those models describing wastewater treatment (ASM 

models) and anaerobic digestion of sewage sludge (ADM1 model). The so-called PWM 

methodology proposed a biological description that incorporated all anaerobic, aerobic 

and anoxic transformations taking place in biological processes, including two-step 

nitrification-denitrification and anaerobic ammonium oxidation. Moreover, the model 

guaranteed the elemental mass continuity check in terms of C, H, O, N and P in each of 

the transformations proposed, which enabled the calculation of pH. Following the PWM 

methodology, De Gracia et al. 2009 proposed a generic digestion model combining the 

description for thermophilic aerobic digestion presented by Gómez et al. 2007 and the 

Anaerobic Digestion Model No. 1 (ADM1). This new model was capable of describing 

sewage sludge digestion under aerobic, micro-aerobic or anaerobic conditions with an 

accurate approach to digesters thermal performance. At the same time, it provided with 

the necessary structure for its connection with the unitary processes of the water line 

(PWM approach). Recently, and within the framework of the Novedar_Consolider project,  

Fernández-Arévalo et al. 2014 unified these models into an extended version of the 

PWM methodology approach (E-PWM) that uses a novel and systematic multi-phase 

matrix structure for describing the mass and heat balance of any biochemical reactor, 

either in an open or closed reactor configuration. This extended model provided with a 

common description of the water and sludge lines, in terms of components vector, 

biochemical transformations and stoichiometric matrix, temperature dependence 

equations, inhibition/activation terms and the procedure for calculating the enthalpy and 

temperature of the different wastewater and sludge flows throughout the WWTP. 

Bearing the previous discussion in mind, the modelling and calibration of experimental 

work along with the scenario exploration of the processes dealt in the present 

dissertation have been carried out according to the aforementioned modelling approach 

(E-PWM). 
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Chapter 2 

MOTIVATION AND OBJECTIVES 

In the past decades, sewage sludge management has been the main concern in the 

exploitation and design of many WWTP, together with the impact of the reject flows on 

the overall performance of the mainstream water line. In line with this, a growing interest 

has arisen with regard to an integrated (Plant-Wide) design and operation of the WWTP 

minimizing investment and operational costs. Furthermore, the existing international 

regulations and the increasingly restrictive incoming drafts and proposals, compels to a 

comprehensive study of the available alternatives for treatment and disposal of sewage 

sludge. 

The present work envisages this concern regarding the layouts and processes providing a 

better and cost effective solution for disposal of sewage sludge and treatment of reject 

water. Therefore, it focuses on the application of solutions based on aerobic type 

digestion systems, namely ATAD and Post-Aeration, respectively. ATAD process 

guarantees a high stabilization degree and pathogen reduction in the digested sludge 

that enables its use for land application complying with all international regulations. At 

the same time, it reduces operational costs due to the use of low retention times and the 

autothermal capacity of the reactors. On the other hand, post-aeration process enhances 

the stabilization degree of digested sludge and reduces significantly the content of 

inorganic nitrogen in reject water, and hence, the impact of this flow in the overall design 

of the mainstream process. The Post-Aeration makes use of the biodegradable organic 

matter contained in the sludge, thus eliminating the need of any chemical addition, and 

reducing exploitation costs. 

2.1. MAIN OBJECTIVE 

The main aim of this work is to assess the applicability and performance of ATAD and 

Post-Aeration in order to gain a major insight into the key factors affecting these 

processes and to devise a set of clear and specific guidelines for their design and scale-
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up. 

The fact of dealing with two processes, as well as the need of experimental tests and 

mathematical tools for studying the process performance, together with the 

mathematical modelling of the processes, leads to distinguish a series of partial 

objectives to be accomplished in order to attain the main purpose of this work. 

2.2. PARTIAL OBJECTIVES OF THE EXPERIMENTAL TESTS 

The objectives of the experimental tests have been distinguished between ATAD and 

Post-Aeration process. 

2.2.1. Single Stage ATAD 

The main purpose of this work consisted of finding a suitable operation pattern and 

design criteria that could be applied to the scale-up of the process. The experimental 

study embraces the following partial objectives: 

 Evaluating the performance of a single stage ATAD in terms of organic matter 

removal under typical operating conditions for two stage ATAD systems. 

 Quantifying the heat fluxes affecting the thermal performance of the process at 

different plant scales (semi industrial and lab scale). 

 Analysing the evolution of oxygen availability during ATAD operation and its 

correlation with ORP, with especial focus on identifying the factors affecting 

oxygen transfer efficiency. 

 Assessing the heat potential and biodegradability of different organic liquid 

wastes, especially raw sewage sludge, under thermophilic aerobic conditions. 

2.2.2. Post-aeration process 

Given the novelty of Post-Aeration as a post-treatment of digested sludge, the main 

purpose of the experiments focused on assessing its feasibility to reduce significantly the 

content of inorganic nitrogen in the sludge and to provide a certain enhancement in 

digested sludge stability. With that purpose, a series of partial objectives can be defined: 

 Devising a protocol for process start-up. 
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 Identifying the key variables of the process that could ensure a stable BNR over 

nitrite attaining a complete denitrification. 

 Quantifying the main transformations contributing to the overall ammonia 

nitrogen removal in this process, with especial interest on biomass growth and 

organic matter fermentation.  

 Assessing the evolution of supervision parameters such as pH or ORP that could 

be relevant for future process control strategies. 

2.3. PARTIAL OBJECTIVES RELATED TO THE 
MATHEMATICAL MODELLING OF THE PROCESSES 

The use of mathematical models to study digestion processes appear as a reliable 

method for the analysis of non-explored operational scenarios, eliminating the need of a 

considerable amount of experimental work. Dynamic models yield a significant amount 

of information providing a better understanding of the stoichiometry and kinetics 

involved in the processes. However, attaining an accurate prediction of process 

behaviour requires of a comprehensive work that implies the following partial objectives: 

 Development of a characterization tool for converting the analytical data into an 

input vector of components for the dynamic model 

 Calibration of model coefficients 

 Validation of the predictive capacity of the model 

2.4. PARTIAL OBJECTIVES BASED ON THE USE OF 
MATHEMATICAL TOOLS TO OPTIMIZE DESIGN AND 
OPERATION OF THE PROCESSES 

The last objective of this work consisted in devising simple correlations and tools to 

optimize the design and operation of the processes based on the results from the 

exploration of scenarios and the use of simplified stationary models. According to this, 

several partial objectives have to be accomplished: 

 Defining the case studies and scenarios to be explored by dynamic simulation. 

Identification of the main manipulated and objective variables. 

 Devising a methodology for the linearization of the dynamic model 

 Validation of the linearized model for the stationary calculation of ATAD 

 Testing the applicability of stationary and dynamic models for optimizing the 

design and operation of the processes 
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Chapter 3 

MATERIALS AND METHODS 

As stated during chapter 2, this document focuses on the study of aerobic-anoxic 

digestion processes at pilot and semi industrial scale with the main aim of devising some 

guidelines and protocols for optimum operation and sizing at full scale. These criteria will 

be obtained based on the knowledge acquired from experiments and further simulation 

of non-explored scenarios of these processes. The full methodology followed in this 

thesis is presented in this chapter and summarized in Figure 3.1. 

3.1. GENERAL OVERVIEW OF THE METHODOLOGY USED 

For the purpose of process study at experimental level, a semi industrial scale set-up for 

ATAD process and a pilot scale set-up for testing Post-aeration process were run. A 

detailed description of each experimental set-up used is given in section 3.2.1. The data 

from the experiments were processed and evaluated by means of stationary heat and 

mass balances, which eventually resulted in simplified tools for process sizing (i.e. ATAD 

process, section 5.2). In addition to the experiments, a simulation study was carried out 

for these processes using a dynamic model based on the PWM-E methodology in order 

to explore further scenarios that could provide a major insight into process operation 

and sizing. With that purpose, dynamic model calibration was required to guarantee an 

accurate prediction of process performance under different operation and ambient 

conditions. The latter was performed based on the data provided by the experiments. 

However, dynamic model complexity, in terms of the number of components used, 

required an exhaustive characterization of the inlet sludge in order to attain a proper 

reproducibility of the experimental data. Bearing this in mind, a characterization protocol 

was devised to convert experimental data from daily analysis at the pilot plants, into a 

dynamic input vector for the model. Besides, additional experiments at lab scale were 

planned in order to study raw sludge biodegradability and determine the elemental 

composition of the non-biodegradable fraction of sludge. These experiments, provided 

with information to determine the alpha vector of non-biodegradable fraction of sludge, 

which was used as input data for characterization of raw sludge. 
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Finally, some sizing and optimal operation criteria were devised for both ATAD and Post-

aeration process considering the results of the simulation studies and based on the data 

provided by the simplified stationary models. 

3.2. EXPERIMENTAL METHODOLOGY USED 

In this section, the experimental platforms used to test both ATAD and Post-aeration 

processes are described together with the analytical methods used for process 

performance monitoring. Additionally, the mathematical formulation of the tools applied 

for data supervision, is presented. 

3.2.1. Description of the experimental work 

During the experimental work presented in this thesis, two different digestion processes 

were tested: 

1. ATAD process as a unique treatment for stabilization of raw sewage sludge 

2. Post-aeration process as post-treatment for anaerobically digested sewage 

sludge 

 When it comes to the first, a wide background and several experiences are available in 

literature, especially regarding to two stage ATAD systems at full scale. According to this, 

a semi industrial scale ATAD system in a single tank layout was set up in order to provide 

with information for process sizing and further scale up of single stage ATAD systems. 

These experiments at semi industrial scale were completed with experiments at lab scale 

to assess the biodegradability and energy potential of different samples of raw sludge at 

process conditions. Additionally, some non-explored operational scenarios at semi 

industrial scale could be studied at lab scale. 

On the other hand, feasibility of Post-aeration process as a post-treatment of digested 

sludge for nitrogen removal and further stabilization was tested in a pilot scale set-up 

based on the prior experience regarding to aerobic digestion. 
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3.2.1.1. ATAD EXPERIMENTS AT SEMI INDUSTRIAL SCALE 

Single stage ATAD experiments were performed in a stainless steel digester of 9.1 m3 of 

active volume (2.1 m of diameter and 4 m high). This reactor was part of a semi industrial 

scale plant located in Loiola WWTP (San Sebastian, Spain). The plant layout consisted of 

two stainless steel anaerobic digesters of 3.4 m3 of active volume (operating at 

mesophilic and thermophilic conditions respectively), a polystyrene storage tank for the 

raw sludge (12.3 m3 capacity) and the aforementioned ATAD digester. The ATAD was 

equipped with two recirculation screw pumps placed outside the digester that provided 

agitation by continuously aspirating and pumping digested sludge back into the digester 

through venturi type ejectors. One of these pumps was used to draw atmospheric air into 

the digester, while the second entrained off gas from digester dome together with the 

foam produced during biological transformations. This layout enhanced oxygen transfer 

efficiency by reintroducing exhaust gas back to the bulk liquid and provided foaming 

control. A blower was connected to the aspiration of the venturi aerator pump to aid air 

suction in case of increased oxygen demand in the digester. Inlet airflow was regulated 

by a manual valve and monitored by a flow-meter. 

  

Figure 3.2. Overall view of the pilot scale plant Figure 3.3. Detailed view of the ATAD digester 

ATAD temperature was monitored in the digester by two PT-100 type sensors. The first 

was located at the digester dome for supervising exhaust gas temperature, and the 

second at the recirculation pipe of the foam control ejector for monitoring liquid 
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temperature. Atmospheric temperature was registered by a PT-100 type sensor. ORP 

and pH sensors placed also in the recirculation pipe of the foam control ejector provided 

with additional online data regarding ATAD situation within the biological process. Online 

data from the pilot plant were registered in the PLC and uploaded to a remote 

supervision application (Aqquascan). The latter enabled remote supervision and online 

data acquisition in Microsoft Excel spreadsheets. 

ATAD reactor timing was set on a daily operation basis with cycles of 24 h length divided 

into three stages following the next sequence: 1) Discharge (30 min length), feeding (30 

min length) and reaction stage (23 h length). Feeding and discharge volume was 

controlled from the PLC using the liquid level in the digester. The latter was measured by 

a pressure transmitter located at the bottom of the reactor (see Figure 3.3). The liquid 

height to be replaced during feed/discharge was set prior to the beginning of the next 

operation cycle. Reactor was fed with raw sludge from the storage tank. 

Storage tank was filled with fresh raw sludge from WWTP thickeners three times a week 

to avoid long retention times in the tank that could lead to anaerobic pretreatment of 

raw sludge during the storage.  

3.2.1.1.1. Design of experiments 

During experiments at semi industrial scale, ATAD process in a single stage was tested 

with the aim of achieving stabilization and hygienization of raw sewage sludge to 

produce a high quality effluent that could be destined for agricultural use. In order to 

ensure/achieve pathogen destruction, a semibatch operation pattern of ATAD on 24 h 

cycle basis was decided. As stated in section 3.2.1.2 this resulted in a reaction time of 23h 

between draw and fill. Thus, short-circuiting of untreated sewage sludge was avoided 

according to Subpart D of the 40 CFR 503 US EPA regulations. Regarding to raw sludge 

stabilization, factors affecting VS removal (reactor temperature, inlet VS and HRT) were 

studied. For that purpose, several HRT were tested to find an optimum retention time 

that would satisfy US EPA requirements for producing Class A Biosolids. 

Experiments at the pilot plant were also planned to provide with information for ATAD 

process modelling. Based on experimental data, and complemented by a simulation 

study of different operational scenarios, optimum operation criteria and advanced 

control strategies could be devised for future implementation in ATAD process scale up. 

Experiments at the semi industrial scale ATAD were divided into four main periods: 
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1. Experimental period 1. During this period, experiments were run to test an 

advanced control strategy of ATAD based on varying speed of the recirculation 

pumps in order to adjust air supply to the system OUR in the operation 

conditions applied (namely inlet VS and HRT). Supervision parameter for this 

control strategy was the slope of temperature rise during reactor stage. These 

experiments lasted for 1 month. 

2. Experimental period 2: Thermal tests. Prior to digester start-up, a series of 

thermal tests were carried out for estimating overall heat transfer coefficient of 

the reactor. For the tests, reactor was filled with tap water and heated up to 

55ºC. Then drop in liquid temperature with regard to time was monitored in 

order to estimate the energy lost through the walls as the decrease in internal 

energy of the water. Mixing was required during the tests to prevent a wrong 

estimation of thermal parameters due to liquid stratification within the reactor. 

Several tests were run with one, or the two recirculation pumps active, for 

estimating overall transfer coefficient through digester walls and recirculation 

pipes. Quantifying overall heat transfer of the system was the key for evaluating 

internal consistency of heat and mass balances during ATAD experiments, which 

allowed a detailed evaluation of thermal efficiency of the reactor. 

3. Experimental period 3: ATAD operation under oxygen limiting conditions. 

During this period ATAD reactor was operated at 5-6 days HRT in order to 

explore process performance in terms of reactor temperature and VS removal 

at typical retention times reported in literature for two stage ATAD processes. 

Additionally, the relatively low HRT used resulted in increased OLR to the 

digester promoting oxygen limiting conditions in the reactor. In these 

conditions, oxygen transfer efficiency and kLa obtained by the venturi aeration 

system could be estimated based on data from oxygen concentration 

monitoring in the exhaust gas. 

4. Experimental period 4: ATAD reactor was operated at 7-10 days HRT in order to 

reduce OLR and promote endogenous respiration in the reactor. Additionally, 

increased airflow rates were used to ensure operation in substrate limiting 

conditions. These conditions allowed observing the variation in the slope of 

reactor temperature rise during reaction stage, and its correlation with the 

oxidation-reduction potential monitored in the reactor. The information 

obtained in these experiments was used to determine model parameters 

regarding to particulate substrate hydrolysis, and biomass decay and lysis rate.  
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An average ratio of the heat yield per unit of COD removed was estimated from 

experiments during phase III and IV, using a methodology based on a heat balance 

of the ATAD reactor (section 3.2.2.1.1). 

3.2.1.1.2. Sludge sampling and analysis 

Samples of inlet and effluent sludge from the pilot plant were collected and analyzed 

daily. Raw sludge samples were collected from the recirculation/feeding pipe of the 

storage tank during digester feeding. Effluent sludge samples were collected from the 

recirculation pipe of the venturi aerator pump during discharge stage. The parameters 

analyzed in each of the samples as well as periodicity of analysis are included in Table 

3.3. 

Table 3.1. Periodicity of sample analysis from ATAD digester 

Parameters 
Units 

Periodicity of analysis 
Abr. Name Effluent Sludge Raw sludge 

TS Total Solids g L-1 Daily Daily 

VS Volatile Solids g L-1 Daily Daily 

CODT Total COD mg O2 L-1 5 times a week 5 times a week 

CODS Soluble COD mg O2 L-1 5 times a week 5 times a week 

TAN Total ammonia nitrogen mg N L-1 3 times a week 3 times a week 

TKN Total kjeldahl nitrogen mg N L-1 Once a week Once a week 

FKN Filtrate kjeldahl nitogen mg N L-1 Once a week Once a week 

AlkB Bicarbonate alkalinity mg CaCO3 L-1 Twice a week Twice a week 

AlkT Total alkalinity mg CaCO3 L-1 Twice a week Twice a week 

pH - - 5 times a week 5 times a week 

 

3.2.1.1.3. Raw sludge composition 

An average characterization of the raw sludge from Loiola WWTP used as feed during 

ATAD experiments at semi industrial scale is presented in Table 3.2. 
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Table 3.2. Mean characterization of raw sludge from Loiola WWTP during experiments 

Parameters Units Values 

TS g L-1 
33.0 (56.6 – 19.8) 
n=156; s.d.=6.9 

VS g L-1 
22.0 (41.3 – 12.5) 
n=154; s.d.=4.6 

CODT mg COD L-1 
37015 (53600 – 20000) 

n=125; s.d.=7122 

CODS mg COD L-1 
7435 (11089 – 2576) 

n=121; s.d.=2310 

TKN mg N L-1 
2117 (2688 – 1680) 

n=22; s.d.=627 

FKN mg N L-1 
878 (1512 – 420) 
n=20; s.d.=269 

TAN mg N L-1 
658 (1089 – 434) 
n=45; s.d.=147 

AlkB mg CaCO3 L-1 
694 (1680 – 225) 
n=39; s.d.=416 

AlkT mg CaCO3 L-1 
2394 (3832 – 328) 

n=39; s.d.=632 

pH - 
6.4 (7.7 – 5.6) 

n=100; s.d.=0.42 

 

From these data, a significant variability in raw sludge composition is observed. This is 

due to the special features of Loiola WWTP consisting of a plant layout with no primary 

settling. This affects significantly thickeners operation depending on composition of the 

inlet wastewater resulting in a high variability of raw sludge composition. 

3.2.1.2. ATAD EXPERIMENTS AT LAB SCALE 

Biodegradability assays and complementary semibatch tests of ATAD were run in a 30 L 

lab scale reactor. Biodegradability assays consisted in 30 days length batch tests, with 

continuous aeration at thermophilic conditions (55ºC). Several raw sludge samples from 

Loiola and Tablada WWTP were used for the tests. 
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3.2.1.2.1. Description of the lab scale set-up 

The lab scale set-up consisted of a 30 L polystyrene reactor (25 L of active volume) 

equipped with a vertical shaft mechanical stirrer moved by a motor drive, and perforated 

tube diffusers at the bottom of the tank for mixing and aeration respectively. Reactor 

surface was covered by a 32 mm thick thermal insulation layer with a thermal 

conductivity lower than 0.034 W (m K)-1. Two electric resistances of 90W were used as a 

heat source to maintain the reactor at thermophilic temperature range during the tests. 

The power supplied by the resistances was regulated by a PI controller in order to ensure 

the temperature set-point of 55ºC. The accumulated energy absorbed by the resistances 

was monitored by an energy consumption counter and registered in a data acquisition 

card connected to a computer. Air was supplied by the compressed air line of the 

laboratory and regulated by a manometer to a discharge pressure of 1.5 kg/m2. Airflow 

to the diffusers was regulated within the range of 0-1.8 L min-1 by means of a flow meter 

regulator. Reactor venting was connected to a foam trap to prevent reactor overflows in 

case of a sudden rise in foaming. The latter was controlled by installing a foam cutter 

device located 5 cm above the liquid height in the reactor. 

 

Figure 3.4. General overview of the lab scale reactor 
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For process monitoring purposes, reactor was equipped with an ORP probe and a PT-

100 type temperature sensor. The temperature value provided by the latter was used as 

supervision parameter for the PI controller to adjust heating power. Oxygen and carbon 

dioxide content in the exhaust gas from the reactor was monitored by means of an 

online gas analyzer. Exhaust gas was sampled from the off-gas space within the reactor 

and conducted through a column with a drying filter bed, before entering the analyzer. 

Ambient temperature and humidity were also registered by a data logger device placed 

next to the digester. Data from online monitoring was registered in non-formatted text 

files, by means of a data acquisition application developed in LabVIEW software. 

3.2.1.2.2. Design of experiments and operation pattern 

ATAD experiments at lab scale were run with two main aims, which ultimately defined 

reactor operation pattern. 

 Obtaining a better insight into biodegradability of raw sewage sludge at 

thermophilic aerobic conditions and studying the composition of its non-

biodegradable fraction. The latter would provide with relevant information for 

characterization of raw sludge in order to model ATAD experiments. 

 Exploring the performance of a real ATAD system at high HRT (7-10 days) by 

experimental simulation (semibatch feed strategy). These conditions could not 

be tested at semi industrial scale due to limitations in plant design (section 

4.1.1.2). Thus, additional tests were needed to study the effect of inlet sludge 

composition and HRT in VS removal. From the results, minimum retention time 

to comply with stabilization requirements for Class A Biosolids production could 

be found. 

According to the previous objectives, experiments at the lab scale ATAD were divided 

into two main phases: 

1. Thermal tests. Prior to the experiments at lab scale, a series of thermal tests 

were run for quantifying the overall heat transfer coefficient of the reactor, and 

the power supplied by the heating and mixing systems. During the tests, the 

reactor was filled with tap water up to the operation volume and then heated 

up to 55ºC by means of the heating system. The temperature was kept at 55ºC 

for some time before the heating system was switched off to observe the drop 

in temperature caused by the heat loss through the walls. No aeration was 
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supplied during the tests and reactor mixing was maintained to ensure a 

homogeneous temperature in the reactor. 

2. Experimental phase I: Biodegradability assays (batch feed strategy). Reactor was 

filled up to 25 L with a sample of raw sludge and kept for 30 days under 

continuous aeration and mixing. ORP in the reactor and oxygen concentration 

of the exhaust gas were monitored. COD removal rate throughout the batch 

tests was estimated by means of a heat balance using data from online 

monitoring of the power absorbed by the heating system. Consequently, 

biodegradability assays resulted in OUR tests by applying the heat balance 

methodology. The samples of raw sewage sludge used for the experiments and 

the number of assays run are addressed below. 

a. Raw sewage sludge from Loiola WWTP (2 assays).  

b. Raw sewage sludge from Tablada WWTP (1 assay) 

3. Experimental period II: Semibatch experiments (Draw and fill operation). Reactor 

was fed with raw sludge once a day from Monday to Friday resulting in 24 h 

cycle length during the week. On Fridays, reactor was fed with three times the 

regular load for a single cycle lasting 72 h until next feed. In summary, 5 

complete operation cycles occurred within a week. During these experiments, 

the correlation between oxidation-reduction potential and COD removal rate 

during reaction stage was studied. Air supply was modified depending on the 

feed in order to find an ORP profile corresponding to the optimum OSR that 

could satisfy system OUR by the end of the reaction stage. During the tests 

several HRT were tested (7, 8 and 10 days), resulting in three main phases of 

operation (Phase A, B and C, respectively). 

Both, biodegradability and semibatch tests were run at a fixed temperature (55ºC) in the 

thermophilic range. A heating system controlled by programmable PI controller was used 

to keep the temperature within the set point. Oxygen uptake rate (OUR) was estimated 

by applying a heat balance calculation (section 3.2.2.1.2) and checked using data from 

the monitoring of oxygen concentration in the exhaust gas. Moreover, the correlation 

between oxygen concentration in the exhaust gas and ORP was studied. 
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3.2.1.2.3. Sludge sampling and analysis 

Raw sludge samples of 25 L were collected weekly from WWTP thickeners and stored at 

10ºC until being fed to the digester. On the other hand, effluent sludge samples were 

collected right from the reactor during digested sludge discharge. The parameters 

analyzed in both effluent and raw sludge, together with periodicity of analysis during 

semibatch tests is addressed in Table 3.3. 

Table 3.3. Periodicity of sample analysis during semibatch tests at lab scale 

Parameters 
Units 

Periodicity of analysis 
Abr. Name Effluent Sludge Raw sludge 

TS Total Solids g L-1 5 times a week Once a week 

VS Volatile Solids g L-1 5 times a week Once a week 

CODT Total COD mg O2 L-1 5 times a week Once a week 

CODS Soluble COD mg O2 L-1 5 times a week Once a week 

TAN Total ammonia nitrogen mg N L-1 2 times a week Once a week 

TKN Total kjeldahl nitrogen mg N L-1 2 times a week Once a week 

FKN Filtrate kjeldahl nitogen mg N L-1 2 times a week Once a week 

AlkB Bicarbonate alkalinity mg CaCO3 L-1 2 times a week Once a week 

AlkT Total alkalinity mg CaCO3 L-1 2 times a week Once a week 

pH -  5 times a week Once a week 

PO43- Total phosphate mg P L-1 - Once a week 

PT Total phosphorus mg P L-1 - Once a week 

 

During batch assays a variable periodicity of analysis was used for process monitoring, in 

order to adapt to the decreasing oxygen uptake rate (OUR) of the system during the test. 

3.2.1.2.4. Raw sludge composition 

As stated above, raw sludge samples from two different WWTP were used for 

biodegradability and semibatch lab scale tests at thermophilic aerobic conditions. The 

mean composition of the samples collected is presented in Table 3.4. 
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Table 3.4. Mean characterization of raw sludge during lab scale experiments 

Parameters Units 
Source of the raw sludge samples 

Tablada WWTP Loiola WWTP 

TS g L-1 
39.6 (51.6 – 32.7) 

n=13; s.d.=5.7 
47.2 (65.3 – 21.0) 
n=13; s.d.=12.9 

VS g L-1 
27.7 (33.3 – 23.7) 

n=13; s.d.=3.2 
34.0 (43.3 – 14.9) 

n=13; s.d.=8.4 

CODT mg O2 L-1 
47480 (60422 – 40665) 

n=12; s.d.=5717 
51444 (62340 – 25643) 

n=13; s.d.=10667 

CODS mg O2 L-1 
3605 (5332 – 1224) 

n=12; s.d.=1049 
3670 (7436 – 1224) 

n=13; s.d.=1844 

TKN mg N L-1 
2130 (2688 – 1680) 

n=10; s.d.=397 
3263 (4130 – 1512) 

n=10; s.d.=723 

FKN mg N L-1 
301 (378 – 221) 

n=3; s.d.=79 
303 (594 – 92) 
n=10; s.d.=166 

TAN mg N L-1 
271 (465 – 185) 
n=10; s.d.=87 

175 (363 – 36) 
n=10; s.d.=115 

AlkB mg CaCO3 L-1 
257 (690 – 80) 
n=12; s.d.=170 

423 (530 – 315) 
n=10; s.d.=76 

AlkT mg CaCO3 L-1 
1352 (1840 – 860) 

n=12; s.d.=316 
1277 (1950 – 730) 

n=10; s.d.=399 

pH - 
6.0 (6.4 – 5.7) 
n=12; s.d.=0.2 

6.3 (6.5 – 56.0) 
n=10; s.d.=0.1 

PO43- mg P L-1 
160 (233 – 87) 
n=2; s.d.=103 

18 (34 – 4) 
n=10; s.d.=11 

3.2.1.3. POSTAERATION EXPERIMENTS AT PILOT SCALE 

The complete layout of the pilot scale set-up consisted of two advanced plant 

configurations to treat sewage sludge from a conventional WWTP: 

1. A two-stage anaerobic digestion of raw sludge followed by a BNR post-

treatment of anaerobically treated sludge. Two-stage anaerobic digestion 

consisted of of a thermophilic digester in series with a mesophilic one. (0.6 and 

1.5 m3 of active volume, respectively). Raw sludge was fed semi-continuously to 

a thermophilic digester operated at low HRT for hydrolysis and acid production. 

Effluent sludge from the first stage was fed to the mesophilic digester for high 
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rate methane production. Digested sludge from the second stage was treated in 

a Post-aeration reactor for nitrogen removal and further stabilization of sludge. 

2. An anaerobic digestion of sludge pre-treated thermally. In this configuration, 

secondary thickened sludge was fed to a pilot scale Cambi Unit. The load of 

hydrolyzed secondary sludge at high temperature was discharged into a 

pasteurization tank, together with a complete load of thickened primary sludge. 

The pasteurized sludge was fed to an anaerobic digester operated at 

termophilic temperature and short retention time. Both lines were operated in 

parallel during experiments. 

However, it must be highlighted that only experiments regarding to post-aeration 

process fall into the scope of the present work. Thus, following sections focus on 

configuration and operation pattern of Post-aeration reactor. 

3.2.1.3.1. Experimental set-up for Post-aeration process 

As stated in the previous section, the post-aeration reactor was set up downstream of the 

two-stage anaerobic digestion process. The set-up consisted in a 600 L Continuously 

Stirred Tank Reactor (CSTR) made of stainless steel with no solids retention. Its working 

volume was 450 L and agitation was provided by a vertical shaft mechanical stirrer. The 

reactor was equipped with dissolved oxygen, ORP and pH sensors, which provided online 

data to the PLC. Aeration was provided by means of a blower commanded by an on-off 

controller programmed to perform aerated and non-aerated periods with a variable 

length preset in the SCADA.  

 

Figure 3.5. Scheme of the 1st line of the pilot plant located in the WWTP of Salamanca 



Materials and methods  Chapter 3 

51 

 

During the aerated period, airflow was controlled by a PID controller implemented in the 

PLC which regulated blower speed, so that, a preset dissolved oxygen concentration was 

maintained along the phase. Air was blown into a grid diffuser aeration system located at 

the bottom of the reactor. Feeding was performed in a semi-batch operation, on a 6 

hours cycle basis (4 cycles a day), by pumping effluent sludge from the mesophilic 

digester of the two-stage anaerobic process. 

3.2.1.3.2. Operation pattern 

Reactor operation timing was set so that a series of discharge and feed occurred in 6 h 

cycles. Reaction time was divided into two phases of variable length, a first one anoxic 

and a second one aerobic. Their length was manually preset in the SCADA, therefore 

defining two different HRT values (aerobic and anoxic) depending on feed/discharge 

volume. In each cycle, discharge was set at the end of the aerobic phase, followed by a 

pulse feeding that restarted the next cycle with the beginning of the anoxic phase. 

Reactor operation pattern is summarized in Figure 3.6. 

 

Figure 3.6. Post-aeration reactor operation pattern 

 

3.2.1.3.3. Design of experiments 

Experiments consisted in starting up and running a post-aeration reactor at pilot scale to 

test its feasibility as a post-treatment of digested sludge in order to reduce its nitrogen 

content, preventing the need of further treatment of reject water prior to its discharge to 
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the water line. For that purpose, an anoxic-aerobic operation strategy with 4 draw and fill 

cycles a day was used. This strategy, enables alkalinity recovery during the denitrification 

step so that a loss of alkalinity can be avoided during nitrification which otherwise would 

lead to a decrease in the pH and thus, to an inhibition of nitrifier bacteria growth. 

However, as far as a post-treatment of digested sewage sludge is considered, the 

remaining biodegradable organic matter may not be enough to achieve a complete 

denitrification. To overcome the latter, a nitrification-denitrification process over nitrite is 

suggested. It prevents a further oxidation to nitrate and thus, the denitrification step 

requires lower organic matter content (up to 40% BOD as addressed by Van Kempen et 

al). Thus, ammonia nitrogen concentration in the effluent was kept above 100 mg L-1 

(Morras et al. 2013) in order to prevent proliferation of nitrite oxidizing bacteria. Since 

stable BNR over nitrite requires a wash-out of NOB bacteria, an adequate starting-up 

procedure had to be found. 

According to these considerations, experiments at the pilot scale set-up were planned as 

two separated stages: 

1. Stage 1: Start-up. Post-aeration reactor was filled with anaerobically digested 

sludge and seeded with mixed liquor from the aeration tank of the D-N process 

at Salamanca WWTP. Different mixed liquor to total liquid volume ratio were 

tested until stable nitrification was monitored in the reactor. The operation 

strategy used for reactor start-up is addressed below. 

a. Nitrifier biomass growth. Right after seeding, reactor was operated with 

4 draw and fill cycles a day and continuous aeration until significant 

nitrification rate was monitored and NOx accumulated within the 

digester. 

b. Nitrite oxidizing bacteria wash out. An intermittent aeration strategy 

was implemented to reduce NOx by denitrification. This strategy results 

in low aerobic HRT, which combined with inhibition by free ammonia, 

enables NOB wash out. 

2. Stage 2: Once stable nitrification-denitrification was achieved, a gradual HRT 

reduction was planned to study evolution of nitrogen removal at different 

process conditions. The latter would provide with information regarding to 

process limitations and optimum operation, minimizing exploitation costs. 

However, operational problems arose due to inlet sludge variability, and 
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experiments were limited to maintain a significant nitrogen removal minimizing 

NOx in the effluent sludge. 

During the experiments, the contribution of heterotrophic biomass growth and 

fermentation to the overall nitrogen removal was studied in detail, by using the nitrogen 

mass balance methodology addressed in section 3.2.2.2. 

3.2.1.3.4. Inlet sludge composition 

The sludge used as feed for the post-aeration reactor was the effluent from a two-stage 

anaerobic digestion (thermophilic+mesophilic) of sewage sludge at pilot scale. Its 

composition was related to the performance of the upstream digesters. In this study, 

three different phases can be distinguished. At the beginning of the experiments a 

problem with previous anaerobic digesters occurred, which required a restart-up of the 

line. This situation led to a transient state of the two stage system with a high food to 

mass ratio (F:M), and hence, relatively high VS content in the effluent until regular 

operation in an adequate range of HRT for both thermophilic and mesophilic digesters 

was reached (phase A). 

Once steady state was achieved in the two-stage anaerobic system, almost a complete 

stabilisation of sludge was obtained in the effluent, resulting in very low VS concentration 

(phase B). 

At day 90 of operation, both thermophilic and mesophilic HRT were reduced in order to 

provide post-aeration reactor with enough biodegradable organic matter for 

denitrification. This change in operation led to a slight increase in VS content in the 

effluent when steady state was reached (phase C). 

Table 3.5 summarizes the main characteristics of digested sludge during the 

aforementioned phases. Values of were always close to neutrality, ammonia nitrogen had 

a maximum value of 1.3 g NH4
+-N L-1 while TS and COD were highly dependent on the 

behaviour of the two stage digestion system. 
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Table 3.5. Characterization of the digested sludge fed to the post-aeration reactor 

  Phase A Phase B Phase C 
Days of operation  0 – 61 61 – 96 96 – 118 
Periods  0 − 5 5 − 6 6 − 7 
Parameters Units    

TS g L-1 
11.3 

(16.2 – 9.3) 
n= 29; s.d.=1.51 

10.0  
(12.5 – 8) 

n=13; s.d.=1.2 

21.8 
(33.9 – 14.4) 

n=9; s.d.=7.95 

VS g L-1 
7.4 

(10.8 – 6.3) 
n=29; s.d.=1.0 

6.3 
(6.9 – 5.2) 

n=9; s.d.=0.6 

8.3 
(12.5 – 6.5) 

n=9; s.d.=2.3 

CODT mg O2 L-1 
11128 

(18355 – 7708) 
n=24; s.d.=2958 

9818 
(13007 – 4971) 
n=15; s.d.=2209 

14187 
(23540 -4968) 
n=9; s.d.=5449 

TKN mg N L-1 
1524 

(1799 – 1310) 
n=20; s.d.=149 

1280 
(1382 – 1010) 
n=14; s.d.=106 

- 

TAN mg N L-1 
999 

(1220 -819) 
n=23; s.d.=104 

1015 
(1280 – 834) 
n=17; s.d.=98 

979 
(1210 – 686) 

n=11; s.d.=161 

AlkB  mg CaCO3 L-1 
3034 

(3650 – 2163) 
n=17; s.d.=453 

3139 
(3286 – 2922) 
n=10; s.d.=104 

2958 
(3130 – 2621) 
n=5; s.d.=199 

AlkT  mg CaCO3 L-1 
3360 

(3827 – 2839) 
n=17; s.d.=261 

3298 
(3463 – 3172) 
n=10; s.d.=94 

3226 
(3463 – 3037) 
n=5; s.d.=167 

pH - 
7.3 

(7.5 – 7) 
n=28; s.d.=0.1 

7.2 
(7.4 – 7.1) 

n=15; s.d.=0.1 

7.3 
(7.6 – 7.1) 

n=10; s.d.=0.2 
*Value (range); number of samples and standard deviation. 

 

3.2.1.3.5. Sludge sampling and analysis 

Samples of inlet sludge to the Post-aeration reactor were collected daily from the 

mesophilic digester prior to sludge discharge. Effluent sludge samples were collected 

right from the reactor at the end of aerobic phase (right before the draw and fill 

sequence). Samples were collected daily and stored at 5ºC before analysis. Table 3.6 

addresses the parameters analyzed in both samples, together with periodicity of analysis 

during experiments. 
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Table 3.6. Periodicity of analysis during Post-aeration experiments at pilot scale 

Parameters Units 
Periodicity of analysis 

Effluent Sludge Feed sludge 

TS g L-1 3 times a week 3 times a week 

VS g L-1 3 times a week 3 times a week 

CODT mg COD L-1 3 times a week 3 times a week 

CODS mg COD L-1 3 times a week 3 times a week 

TAN mg N L-1 3 times a week 3 times a week 

TKN mg N L-1 3 times a week 3 times a week 

NO2--N  mg N L-1 3 times a week - 

NO3--N mg N L-1 3 times a week - 

AlkB mg CaCO3 L-1 Once a week 2 times a week 

AlkT mg CaCO3 L-1 Once a week 2 times a week 

pH  3 times a week 3 times a week 

 

3.2.2. Tools for processing and evaluation of 
experimental data 

Data from process monitoring, obtained by either online data acquisition or routine lab 

analysis, were checked by means of mass and heat balances in order to assess its validity 

and internal consistency. In this section, the mathematical formulation of these balances 

is addressed. 

3.2.2.1.1. Heat balance at pilot scale ATAD 

In literature there are some examples regarding to heat balances over ATAD digesters 

(Messenger et al. 1993, Vismara 1985). In this work, the general formulation addressed 

by Messenger et al. 1993 has been applied to test the consistency of the experimental 

data obtained and estimate a mean empirical value of the specific heat yield during 

biological oxidative processes of organic matter. In addition, the heat gain and losses 

throughout the experiments were quantified by the stationary heat balance. This led to a 

detailed evaluation of the energy efficiency in the ATAD reactor. 
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The heat balance considered the lapse between two consecutive feeding of the reactor. 

During this lapse reactor temperature raises as a result of the increase in sensible heat of 

the liquid and gas phase (Hsh). The latter is caused by the energy input from 1) mixing 

and aeration systems (Hmi) and 2) the heat produced due to biological oxidation of 

biodegradable organic matter (Hbio). Simultaneously, some energy losses occur, namely, 

heat loss by conduction through digester walls and further convection to the atmosphere 

(Hwalls), an increase in sensible heat of the vent gas (Hvent) and, the loss of latent heat from 

the water vapour escaping within the vent gas (Hvap). 

Thus, the heat balance is formulated a function of the aforementioned sink and source 

terms. 

��̇���� = ��̇������ (kJ d-1) 

��̇�� + ��̇� = ��̇� + ��̇���� + ��̇�� + ��̇��� (kJ d-1) 

Description of the heat source terms 

The heat produced during heterotrophic biomass growth on biodegradable substrate 

(Hbio) is obtained based on the specific heat yield per kg of oxygen consumed (Yheat) 

during organic matter oxidation. The mass of oxygen consumed by heterotrophic 

bacteria can be calculated as the difference between inlet sludge COD and that of the 

effluent sludge, multiplied by the feeding volume. This approach is valid as far as steady 

conditions in the reactor occur. 

��̇�� = ����� ∙����� ∙�����,�� − ����,���� (kJ d-1) 

The gap in COD concentration between inlet and effluent sludge defines OTR or OUR 

depending on, whether oxygen, or substrate limiting conditions, occur in the digester 

respectively. 

The ATAD reactor is kept continuously agitated by circulating sludge from the digester 

through venturi type ejectors. The reduction of the pipe diameter in the ejector produces 

a high pressure and speed at the discharge resulting in turbulence and mixing within the 

reactor. The mechanical energy producing the fluid turbulence turns into sensible heat 

increasing the temperature of the liquid phase. Thus, the increase in sensible heat can be 

assumed equal to the mechanical energy of the fluid prior the ejector inlet, which is 

determined by the pressure and speed provided by the circulation pumps. The product 

of the specific weight of the fluid (ϒliq), static head (HS), and circulation flow (FC) describes 

the mechanical power supplied to the fluid by the pump drive. 
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��̇� = ���� ∙�� ∙�� ∙
��������

24
 (kJ d-1) 

Description of the heat sink terms 

As stated above, a significant fraction of the input heat is absorbed as sensible heat by 

both, liquid and gas phase, to increase the temperature of the reactor. Hence, the 

sensible heat absorbed is determined based on the temperature gap registered in both 

media during the heating phase. 

��̇� = ��,��� ∙���� ∙�� ∙�����,� − ����,�� + ��,� ∙�� ∙(�� − ��)∙���,� − ��,�� (kJ d-1) 

The heat loss through digester walls is determined by the temperature gap between the 

inner side of the digester walls (reactor temperature) and that of the outside (ambient 

temperature), digester surface and the overall heat transfer rate coefficient (Kwalls). This 

coefficient depends on the thermal conductivity and thickness of the insulation layer used 

(see section D.2). For calculation purposes, the temperature at the inner surface of the 

walls is equal to that of the reactor. However, the temperature gap depends on whether 

the walls are in contact with the liquid or the gas phase, since a difference in the 

temperature in both media occurs. 

��̇���� = ������ ∙����� ∙�����,�� − ���� ,��� + �� ∙���,�� − ���� ,���� (kJ d-1) 

The increase in gas temperature depends on the surface and time of contact between 

liquid and gas media, which prevents an equilibrium in the temperature of both media. 

The overall heat transfer rate coefficient was estimated from the thermal tests run at the 

ATAD reactor. During these tests, a significant heat loss through the recirculation pipes 

was registered. For this reason, an increased overall heat transfer coefficient was used in 

order to describe the overall heat loss of the system per unit of digester surface area. 

Due to the high temperatures reached in the ATAD reactor, vaporization of the water 

contained in the sludge occurs. The water vapour produced is dragged into the exhaust 

gas and escapes from the reactor decreasing the sensible heat of the reactor. The energy 

lost as latent heat, is obtained by multiplying the specific vaporization enthalpy per kg of 

water vapour produced, by the mass of water absorbed in the outlet gas flow.  

��̇�� = 18∙ℎ��������,��� ∙� �,��  (kJ d-1) 
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Assuming that the exhaust gas is vapour saturated, the mass of water absorbed in the 

gas flow is determined by the difference on the partial pressure of water vapour with 

regard to that of the inlet gas flow. 

� �,�� = �
���

0.082∙�273+ ����,���
∙

���������,���

�� − ���������,���
−

��
22.4

∙
��������� ,��� ∙% ���

�� − ��������� ,���
� 

(kg) 

The formulation used for calculating exhaust gas flow (Feg), the saturation pressure of the 

water (Psat) and its specific vaporization enthalpy at a given temperature (hvap) is 

presented in sections D.1 and D.2 of the supplementary data. 

As mentioned in section 3.2.1.1, ATAD is provided with aeration by aspirating ambient air 

through the venturi type aerators mounted on the digester. While the inlet airflow goes 

through the hot sludge, its temperature increases by absorbing sensible heat from the 

reactor. Consequently, the heat loss due to reactor venting is obtained as a function of 

the gap in the sensible heat of the exhaust gas with regard to that of the ambient air. 

��̇��� = ��,� ∙�� ∙���� ∙��� �,�� − �� ∙��,��� (kg) 

Solving these algebraic equations required the calculation of a significant amount of 

operational data during each of the cycles of ATAD. Some of these data implied 

determining average values of: ambient temperature (Tamb,aver), liquid and gas 

temperature (Tliq,aver, Tgas,aver), airflow rate (FA,aver), and pump speed during the heating 

phase (time between two consecutive feeding of the digester). Additionally, reactor 

temperature (TR,i, TR,f) at the beginning and the end of the heating phase, daily feeding 

volume (Vfeed), heating phase length (theating) and reactor volume (VR) had to be 

calculated.  

The remote supervision software acquired data from online monitoring in bulk in non-

formatted text files. According to this, a tool capable of identifying reactor feeding was 

required for processing data from ATAD online monitoring. For that purpose, an 

application implemented in Microsoft Excel spreadsheets was devised to identify reactor 

discharge and feeding based on the data from the pressure transmitter. This application 

calculated average values of the variables and registered liquid and gas phase 

temperature, before and after, feeding occurred. 

Considering the previous equations, the only variables that remain unknown are the 

specific biological heat yield (Yheat) and the heterotrophic biomass yield (YH), since all the 

other variables have been obtained experimentally, either by lab analysis, or by 
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processing data from online monitoring. Therefore, an estimation of the average value 

for the specific biological heat yield may be obtained by assuming a reference value from 

literature for YH. This estimation is carried out by fitting a daily heat balance over the 

whole experimentation. 

The physicochemical parameters required for solving the heat balance are addressed in 

section D.3. 

3.2.2.1.2. Heat balance at lab scale ATAD 

As addressed in section 3.2.1.2.1, lab scale experiments were run at a fixed temperature 

in the thermophilic range (55ºC) and continuous aeration and mixing. Regardless of the 

isolation layer used, the high surface area with regard to volume in the reactor resulted in 

increased heat losses through the walls. Thus, the heat produced during biological 

oxidation of the organic matter was not enough as to overcome the heat losses, which 

prevented the autoheating of the reactor. Consequently, a heating system was required 

to maintain the temperature set point during experiments. Bearing the previous 

discussion in mind, a new heat source term had to be considered in the heat balance for 

the lab scale reactor in order to describe the power supplied by the heating system. 

Thereby, the heat balance was rewritten as follows. 

��̇�� + ��̇� + ��̇��� = ��̇� + ��̇���� + ��̇�� + ��̇��� (kJ d-1) 

Since the heating system consisted of electric resistances submerged in the sludge, the 

power supplied to the sludge could be considered equal to that absorbed from the 

electrical grid. However, not all the power absorbed by the resistances is converted into 

heating power, since a part of the power is lost in the conversion due to the equipment 

circuiting and wiring. The better the quality of the equipment, the higher the conversion 

achieved. This conversion will be referred to as electric conversion (ηe) throughout the 

present work. Consequently, the energy supply by the heating system is formulated as 

follows. 

��̇��� = 3.6∙�� ∙∆���� (kJ d-1) 

Where ΔEabs is the energy absorbed by the heating system in units of W h.  

The data regarding the accumulated energy absorbed by the electric resistances (section 

3.2.1.2.1) together with the ORP and reactor temperature were registered in data files by 

means of a data acquisition application implemented in LabView. This application 

registered average values of ORP, reactor temperature, O2 and CO2 concentration of the 
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exhaust gas each five minutes interval. The accumulated value of the energy absorbed by 

the resistances throughout an operation cycle was also registered in intervals of 5 

minutes. 

On the other hand, mixing was provided by a vertical shaft stirrer submerged in the 

sludge. In this case, the turbulence that results in a rise in the sensible heat of sludge is 

produced by the rotating speed of the mechanical stirrer. Since it is difficult to quantify 

the rotation speed of the stirrer, the input mixing energy was estimated as well from the 

power absorbed by the motor drive. As in the case of the electrical heating system, only 

a part of the power absorbed by the motor drive turns into mixing energy due to the 

wiring of the equipment and the friction between the moving parts of the motor drive 

and the stirrer. The remaining heat is converted into sensible heat of these moving parts 

and dissipated to the atmosphere. The heat conversion of the mixing system will be 

referred to as electro-mechanic conversion (ηem). 

��̇� = 3.6∙��� ∙���� ∙������ 24⁄  
(kJ d-1) 

Where Pabs is the power absorbed by the motor drive expressed in W and tcycle is the 

length (h) of the operation cycle considered. The power absorbed by the motor drive 

was monitored by an additional power consumption meter. The overall heat transfer rate 

coefficient and the aforementioned energy conversion terms (ηe, ηem) were estimated 

from the thermal tests run prior to the start-up of the pilot scale reactor. 

For the calculation of the heat balance, the temperature of the off-gas is assumed equal 

to that of the digested sludge. 

Since temperature is fixed and heat supply is registered online the heat production rate 

during biological transformations could be estimated. From these data COD removal 

could be obtained by applying an average value (experimental value or from literature) 

of heat yield per unit of COD removed. 
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3.2.2.2. NITROGEN BALANCE IN NITRIFICATION-DENITRIFICATION 

PROCESSES 

The analytical data regarding COD and nitrogen removal during Post-aeration 

experiments were checked by a mass balance, based on the stoichiometry of the D-N 

processes (Henze et al. 1995 and 1999), and assuming operation under stationary 

conditions. Thus, significant discrepancies can be found in mass balance predictions with 

regard to analytical data when non-steady conditions occurred (see section 4.1.3.3). 

Nitrogen mass balance was formulated over a whole cycle of operation using analytical 

measurements from the feed and the effluent sludge. The equations proposed for the 

mass balance are included in Table 3.7. 

Table 3.7. Formulation of the nitrogen mass balance 

 Equation  

Nitrogen mass balance ����� + �� = �� +��,� + ��,� + ������ (1) 

Contribution terms   

Nitrified ammonia nitrogen (NN) ��  = �� +����
+����

=������ − ������� (2) 

Overall nitrogen assimilation in heterotrophic 
growth (NH,G) 

��,� =
��,���

1 − ��,���
∙������ − ������� ∙��,��  (3) 

Overall nitrogen assimilation in autotrophic 
growth (NA,G) 

��,� = �� ∙������ − ������� ∙�� ,��  (4) 

Ammonia nitrogen released during 
ammonification and fermentation (NR) 

�� =
1

1 − ��,���
∙������ − ������� ∙�� ,�� (5) 

 

Where: 

 ND: Nitrogen removed by denitrification 

 NNO2: Nitrite concentration in the effluent 

 NNO3: Nitrate concentration in the effluent 

 YH,obs: Observed heterotrophic yield by experimentation 

 iN,in: total nitrogen to COD ratio in the feed 

 iN,XN: total nitrogen content in autotrophic bacteria 

 iN,XH: total nitrogen content in heterotrophic bacteria 

As stated in section 3.2.1.3.2, an operation cycle of the post-aeration reactor consists of 

an aerobic and an anoxic phase. In the aerobic phase, free ammonia is oxidized by 

autotrophic bacteria for producing NOx, which can be further reduced to nitrogen gas 

(ND) during the anoxic phase (denitrification). This nitrified nitrogen (NN) can be estimated 
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by the gap in TKN between the inlet and the effluent sludge, since this measurement 

does not include the oxidized species of nitrogen. This biological oxidation of ammonia 

nitrogen results in new autotrophic biomass growth. On the other hand, heterotrophic 

bacteria growth on readily biodegradable organic matter occur during the whole 

operation cycle using O2 (aerobic phase) or NOx (denitrification) as electron acceptor. 

Since nitrogen is a basic component in cell composition, the bacterial growth of both 

groups of bacteria results in nitrogen assimilation into new cells (NA,G and NH,G). The 

amount of nitrogen assimilated into new biomass may be quantified based on the 

observed biomass yield of autotrophic (YN) and heterotrophic (YH) biomass on nitrogen 

and COD respectively, and the nitrogen content of the biomass (iN,XH). This assimilation is 

ultimately defined by the free ammonia and the COD utilized over a whole cycle of 

operation. 

During both, aerobic and anoxic phase, hydrolysis and fermentation of aminoacids 

occurs, which produces a release of inorganic nitrogen to the bulk liquid in the form of 

ammonium. The release of nitrogen depends on the nitrogen content and the amount of 

COD utilized by the biomass over the cycle (5), since this organic matter undergoes 

fermentation prior to its use for producing new biomass or its degradation, either in 

aerobic, anoxic or anaerobic conditions. The nitrogen content of the utilized COD during 

the cycle was assumed as equal to that obtained for the feed by means of analytical 

measurements (iN,in). 

Bearing all this in mind, the sum of the inlet ammonia nitrogen and that released by 

fermentation, has to be equal to the concentration of NHx-N of the effluent sludge plus 

the sink terms related to ammonia nitrogen assimilation into biomass growth and 

nitrification, as far as stationary conditions in the reactor occur. 

3.2.3. Analytical methods used 

This section addresses the analytical methods used during the experimental work. Most 

of these methods (VS; COD, alkalinity, TAN and TKN) followed the Standard Methods for 

the Examination of Water and Wastewater (APHA 2005). Table 3.8 summarizes the 

analytical methods used, including a brief description for those not included in APHA 

2005 (determination of nitrite, nitrate and orthophosphate). 

Some of the aforementioned parameters were analyzed in the soluble fraction of sludge 

(soluble COD, FKN, inorganic nitrogen compounds and ortophosphate). In order to 



Materials and methods  Chapter 3 

63 

 

separate the fíltrate fraction of sludge for the analysis of these parameters, the samples 

were centrifuged at 12000 rpm for 5 min. After that, the supernatant was processed by 

vacuum filtration using a Millipore AP-40 filter with 0.7 μm pore size.  

Table 3.8. Summary of the analytical methods used 

Parameters Experimental method used 

TS APHA 2540 B 

VS APHA 2540 E 

COD APHA 5220 B 

Alk(1) APHA 2320 B 

NH4-N APHA 4500-NH3/B+C 

TKN APHA 4500-Norg/B 

NO2-N Spectrophotometry(2) 

NO3-N Sodium salycitate method (Rodier 1989)(3) 

Ortophosphate Colorimetric analysis based on APHA  4500-P E and Rodier (1989) 

PT APHA 4500 P/B(3)+E 
(1)The same analytical method is used for determining bicarbonate and total alkalinity but using different 
titration end point. pH 5.75 and 4.3 respectively. 
(2)The analyzer used was a Merck Spectroquant Nova 60 type spectrophotometer with a specific span for 
determining NO2-N. 
(3)The spectrophotometric analysis of the coloured sample was analyzed in a Helios Alfha & Beta analyzer 
from Thermoscientific. 

 

3.3. METHODOLOGY FOR COMPUTER SIMULATION OF 
EXPERIMENTS 

As mentioned in previous sections, a dynamic model is going to be used for reproducing 

the processes tested experimentally. The mathematical modeling of the processes would 

enable a further simulation study of scenarios, which will provide with sufficient 

information for devising some optimum operational criteria for these processes. The 

model used consists of the implementation of E-PWM methodology to an extended 

model library developed by CEIT in the framework of NOVEDAR_Consolider Project. E-

PWM methodology was implemented into different categories (depending on the 

transformations considered in the biochemical model) of which PWM_C2N_anD_ODE is 

the one to be used throughout the present work. This category includes the biological 

transformations related with two-step nitrification-denitrification processes. 
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The present section deals with the description of this model category in terms of 1) 

model structure, conversion factors and sink/source terms, 2) transformations and state 

variables considered, and 3) the kinetics and parameters that define the model.  

3.3.1. Main features of E-PWM approach 

As stated in section 1.9, E-PWM methodology was developed as an upgrade of the PWM 

approach in order to incorporate a systematic description of the heat fluxes (including 

biological heat production) affecting the different biochemical reactors. This formulation 

assumes the principle of mass and energy conservation in each of the unitary processes 

of the model library and carries a comprehensive description of the enthalpy throughout 

the different streams of the whole WWTP. The complete formulation used for mass and 

heat balances in the different unitary processes of the library is discussed in sections A.2 

and A.3, respectively. 

In both PWM and E-PWM methodologies, the mass conservation principle is formulated 

as the mass continuity of the constituent elements of organic and inorganic matter (C, H, 

O, N and P) throughout each of the transformations included in the model (Reichert et al. 

2001, De Gracia et al. 2006). This formulation requires of 1) describing the model 

components (state variables) in terms of their unitary mass fraction on those elemental 

constituents and 2) assigning a series of source/sink state variables in order to balance 

mass and charge in all transformations. The elemental composition of each state variable 

is calculated according to their molecular composition as follows. 

��,� =
� �,�

�� �
 

Where subindex E and i stand for the different constituent elements (C, H, O, N and P) 

and state-variables of the model respectively, and MW represents the molar weight of 

state variable i (g mol-1). This calculation results in the definition of an alpha vector for 

each of the state-variables considered in the model. 

In addition to this elemental description, the need of a COD based stoichiometry 

introduces a considerable heterogeneity in the units of the model. This fact leads to the 

definition of several state-variable units, and thus, the need of calculating the 

corresponding conversion factors between state units (i-factor). Since i-factors are used 

to convert the reference state unit of each component to the different stoichiometric 

units of the model, each state-variable has its own i-vector. The i-vector of each state-
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variable is defined differently depending on the type of their corresponding state unit 

(elemental unit, COD or state-variable unit). In order to convert the concentration of 

model components from COD to either elemental or state-variable units, an additional 

conversion term (γ) has to be defined. γi addresses the Theoretical Oxygen Demand 

(ThOD) of a component “i” per mass unit of this component (g ThOD g-1 state-variable, 

de Gracia et al. 2006). 

�� =
�ℎ���

� � �

 

Where ThODi is expressed in g O2 mol-1. 

The complete formulation for implementing this elemental fraction procedure into the 

simulation software is included in section A.1.  

The methodology also comprises a multiphase description of heat and mass balances 

since it distinguishes the transformations taking place in the different media of 

biochemical reactors and the interaction between those phases (either thermal or mass 

transfer interactions). Therefore, some compounds are distinguished into two different 

types of state-variables in order to address its presence as dissolved compounds in the 

liquid phase or gaseous species in the reactor headspace. The components and 

transformations of the biochemical model depend on the model category chosen. Given 

the purpose of reproducing together two-step nitrification and organic matter 

biodegradation under aerobic, anoxic and cuasi-anaerobic (micro-aerobic) conditions, 

the model category C2N_anD_ODE appears to fit better the needs of the model-based 

study.  

3.3.2. Description of C2N_anD_ODE category 

All the model categories of E-PWM library (based on an integrated mass and heat 

description of unitary processes) comprise the description of these three phenomenon: 

1) the biochemical transformations taking place in the liquid phase, 2) the acid-base 

equilibrium of certain components in the liquid phase and 3) the mass transfer between 

different media (liquid and gas phase). Depending on the category of the model, certain 

components together with their respective chemical acid-base equilibrium are included 

or removed from the biochemical description of the model. As mentioned in previous 

paragraphs, the biochemical model of this category includes the biological 

transformations describing two-step nitrification and the anoxic, anaerobic and aerobic 



Materials and methods  Chapter 3 

66 

 

uptake of biodegradable organic matter. According to this very description, the model 

components considered in this category are listed in the following section. Next sections 

also detail the interaction between those components through the different model 

transformations. 

3.3.2.1. STATE VARIABLES OF C2N_AND_ODE CATEGORY 

According to the components involved in the biochemical and physical/chemical 

transformations considered, the model includes the following state-variables for the 

liquid and gas phases. 

Table 3.9. List of model components in the liquid phase 

# State variable Formula Description Units 

1 MSH2O ��� Water g H2O 
2 MSH+ �� Dissolved oxygen g O2 

3 MSH+ � �  Protons g H 

4 MSOH- �� �  Hydroxyl ions g H 

5 MSHPO4= ����
� Hydroxyl phosphate  g P 

6 MSH2PO4- �����
�  Dihydroxy phospate g P 

7 MSNH4+ �� �
�  Ammonium g N 

8 MSNH3 ��� Ammonia g N 

9 MSCO2 ��� Dissolved carbon dioxide g C 

10 MSHCO3- ����
�  Bicarbonate ion g C 

11 MSSU ������� Monosaccharide g COD 

12 MSAA ����.���.��  Aminoacid g COD 

13 MSFA �������� Long chain fatty acid g COD 

14 MSHVA ������� Valeric-isovaleric acid g COD 

15 MSVA- ������
�  Valerate-isovalerate g COD 

16 MSHBU ������ Butyric-isobutyric acid g COD 

17 MSBU- ������
�  Butyrate-isobutyrate g COD 

18 MSHPRO ������ Propionic acid g COD 

19 MSPRO- ������
�  Propionate g COD 

20 MSHAC ������ Acetic acid g COD 

21 MSAC- ������
�  Acetate  g COD 

22 MSH2 �� Dissolved hydrogen g COD 

23 MSCH4 ��� Dissolved methane g COD 

24 MSN2 �� Dissolved nitrogen g N 

25 MSNO2 ���
�  Nitrite g N 

26 MSHNO2 ��� � Nitrous acid g N 

27 MSNO3 ���
�  Nitrate g N 

28 MSI ����.���.��� ��.��  Soluble inert matter g COD 

29 MSP ����.���.��� ��.�� Soluble product from cellular lysis g COD 

30 MXC1 ����.���� ��.� Composites g COD 
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# State variable Formula Description Units 

31 MXC2 ���.������.���.���.��� Decay complex g COD 

32 MXCH ����.����� ��.�� Carbohydrates g COD 

33 MXPR (����.���.�� )� Proteins g COD 

34 MXLI ������.�����.� Lipids g COD 

35 MXH ����.���� ��.� Heterotrophic bacteria  g COD 

36 MXAOB ����.���� ��.� Ammonia oxidizing bacteria  g COD 

37 MXNOB ����.���� ��.� Nitrite oxidizing bacteria  g COD 

38 MXAN ����.���� ��.� Anammox bacteria  g COD 

39 MXSU ����.���� ��.� Sugar degrading bacteria  g COD 

40 MXAA ����.���� ��.� Aminoacid degrading bacteria g COD 

41 MXFA ����.���� ��.� Long chain fatty acid degrading bacteria g COD 

42 MXC4 ����.���� ��.� Butyric-isobutyric acids degrading g COD 

43 MXPRO ����.���� ��.� Propionate degrading bacteria g COD 

44 MXAC ����.���� ��.� Acetoclastic methanogenic bacteria g COD 

45 MXH2 ����.���� ��.� Hydrogenotrophic methanogenic g COD 

46 MXI ����.���.��� ��.�� Inert particulate matter g COD 

47 MXP ����.���.��� ��.�� Inert particulate matter from cell lysis g COD 

48 MXII X Inorganic inert g 

 

Table 3.10. List of model components in the gas phase 

No. State variable Formula  Description Units  

1 MGCO2 ��� Carbon dioxide g C 
2 MGH2 �� Hydrogen g COD 

3 MGCH4 ��� Methane g COD 

4 MGNH3 �� � Ammonia g N 

5 MGN2 �� Nitrogen g N 

6 MGO2 �� Oxygen g O2 

7 MGH2O ��� Water vapour g H2O 

 

The capital letter "M" is used to refer that the state-variable is expressed in mass units. 

Similarly, whenever state-variables are to be expressed in concentration units, then the 

capital letter "M" will be replaced by "C". Therefore, the state-variable MS��  when 

expressed in concentration units will be identified by CS�� . 

  



Materials and methods  Chapter 3 

68 

 

3.3.2.2. BIOLOGICAL MODEL DESCRIPTION 

The transformations included in the biological model of C2N_anD_ODE category, 

together with the interactions of these biochemical reactions through the different 

components of the model is summarized in Figure 3.7. 

 

Figure 3.7.Scheme of the biochemical model (C2N_anD_ODE category) 

3.3.3. Raw sludge characterization 

The key factors determining the outcome from a simulation are 1) the input data 

regarding the characteristics of the inlet sludge, 2) the values of the model parameters 

and 3) the operational settings applied (inlet sludge flow and temperature, airflow rate, 

operation temperature, cycle length, etc). The first and third are introduced in the model 

as input data while the parameter vector of the model is obtained by data fitting of the 

experimental results based on the input data used (section 4.2). The operational settings 

can be implemented as simple input data into the model layout used. However, the 

composition of the feed sludge needs to be expressed in terms of the model 

components before being used as input data. The model components have to be 

estimated based on the results from the lab analysis of the raw sludge samples collected 
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during the experiments. Consequently, the dynamic modelling of the processes studied 

during this work required an accurate estimation of the input vector of components of 

the dynamic model. Otherwise, a significant loss in the predictive capacity of the model 

would be attained, leading to considerable deviations of the parameter values obtained 

by model calibration, with regard to those found in the literature. Bearing this in mind, a 

new methodology has been devised for characterizing the raw sludge in terms of the 

model components. This methodology is described in the following sections. 

3.3.3.1. DEFINITION OF THE INPUT VECTOR OF COMPONENTS 

As stated above, the input vector of components describes the composition of the 

organic and inorganic matter contained in the inlet sludge in terms of the different 

components of the model (Table 3.9). This input vector is calculated from the results of 

the routine analysis of the raw sludge samples. However, prior to the calculation of the 

different model components, the elemental composition of the non-biodegradable 

fraction of the raw sludge (alpha vector of XI) has to be determined. Based on the alpha 

vector of component XI the content of organic nitrogen and the COD to VS ratio of the 

biodegradable fraction of the inlet sludge could be estimated. These data provided with 

the sufficient information to calculate the concentration of the remaining model 

components by using the characterization protocol described in section B.2. 

A simplified scheme of this methodology is depicted in Figure 3.8. As can be observed 

from this scheme, the inlet organic matter in particulate form is not introduced in the 

input vector of components as complex organic matter (component XC1) but separated 

into carbohydrates, lipids, proteins and non-biodegradable organic matter. When 

running a simulation component XC1 has a fixed fractioning and elemental composition. 

Thus, if the particulate organic matter of the inlet sludge was modelled as XC1, a dynamic 

effluent with certain variability in its composition could not be reproduced without 

attaining significant deviations in the content of nitrogen and VS in the effluent sludge. 

Bearing this in mind, a description of the input vector in terms of less complex 

components was decided for achieving a better prediction of these variables. 

Furthermore, Figure 3.8 evidences the importance of the alpha vector of XI in the 

calculation of the input vector of components. This is why a new method for estimating 

the composition of this fraction by means of an aerobic biodegradability test has been 

devised as well. This procedure is described in the following section. 
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Figure 3.8. Scheme of the procedure for estimating the input component vector of the model 

3.3.3.2. CHARACTERIZATION OF THE NON-BIODEGRADABLE FRACTION OF 

THE INLET SLUDGE. DETERMINING THE ALPHA VECTOR OF XI 

The batch assays in thermophilic aerobic conditions were planned for determining the 

elemental composition of the non-biodegradable fraction of the raw sludge and 

estimating its alpha vector. The alpha vector obtained, will be used as input data, 

together with the characterization in model components of the inlet sludge, for modeling 

the experiments run at lab, pilot and semi industrial scale. When applying an aerobic 

digestion process for a biodegradability test, a significant accumulation of non-

biodegradable organic matter occurs due to biomass growth and its further decay and 

lysis. Since the purpose of the characterization is to determine the actual non-

biodegradable organic matter content of the raw sludge (XI), at the end of the batch 

assay the inlet non-biodegradable organic matter has to be distinguished from that 
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produced during cell lysis (XP). The method used for estimating these fractions is 

addressed in section B.1.1 (Figure B.1). 

Several authors have studied the composition of the non-biodegradable organic matter 

of sludge over the past years (Siegrist et al. 2002, Batstone et al. 2002). These studies 

provided with several alpha vectors for describing its elemental composition. However, 

only few authors distinguished this fraction into the non-biodegradable organic matter 

from raw sewage sludge and that produced by cell lysis during sludge digestion (De 

Gracia 2007 and De Gracia et al. 2011). According to this separation, these authors even 

proposed an identification algorithm for estimating the composition of both fractions. 

Since the composition of biomass can be considered the same regardless of the 

digestion process applied, the composition of the non-biodegradable fraction from cell 

lysis may not differ significantly between different sludge samples. On the contrary, the 

composition of the non-biodegradable fraction contained in raw sludge is highly 

dependent on the layout and operational settings of the WWTP water line, and the 

origins of wastewater. For this reason, a characterization procedure has been devised for 

determining the elemental composition of the inlet non-biodegradable organic matter. 

This procedure is based on an iterative calculation using as input the analytical data of 

the effluent sludge from the  biodegradability assays, and an elemental composition of XP 

estimated from data available in literature (De Gracia et al. 2011, Pavlosthatis 1985). The 

full mathematical description of this procedure is also stated in section D.1. 

A scheme of the protocol followed for the estimation of the component XI alpha vector, 

together with the analytical measurements used, is depicted in Figure 3.9. 
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Figure 3.9. Scheme of the protocol for estimating the alpha vector of XI 

The results of applying this procedure to the different samples of raw sludge studied in 

the batch experiments are addressed in section 4.2.1 (Table 4.11). 
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Chapter 4 

RESULTS AND DISCUSSION 

This chapter presents the main results and conclusions drawn from the experimental 

study and subsequent mathematical modeling of the ATAD and Post-aeration processes. 

The results attained regarding dynamic and stationary models will be applied in following 

chapters for devising some guidelines for design and optimum operation of these 

processes. 

The main results obtained from the experimental tests run at pilot and lab scale for 

testing the ATAD and Post-aeration processes are presented in the first place. These 

results have been discussed with special focus on finding some patterns (ORP profiles) 

and correlations in the operation parameters (HRT to organic matter removal) that could 

be applied to an eventual scale up of the processes. Afterwards, the results from the 

dynamic modeling of these processes are presented.The values of the model parameters, 

obtained by data fitting of the previous experimental data, have been discussed and 

checked against the values proposed in literature for sludge digestion and reject water 

treatment processes. 

4.1. EXPERIMENTAL RESULTS 

As addressed in previous sections, the experimental work carried out for this dissertation 

can be distinguished into three main stages considering the scale of the experimental 

set-up used and the purpose of the experiments: 

1. ATAD experiments at semi industrial scale 

2. Complementary ATAD experiments and biodegradability tests at lab scale 

3. Post-aeration experiments at pilot scale 

The first two were focused on gaining a better understanding of the main operation 

parameters and design criteria influencing the performance of a single stage ATAD in 

terms of organic matter removal (stabilization degree) and temperature range attained in 

the reactor (hygienization). The third series of experiments were aimed to test the 
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feasibility of the Post-aeration process, identifying the limitations and key variables of the 

nitrogen removal over nitrite in this process. In the following sections, the results from 

each of the experiments described are discussed in detail. 

4.1.1. ATAD experiments at semi industrial scale 

This section describes the experiments performed during the ATAD tests at semi 

industrial scale. These experiments were divided into three main periods (section 

3.2.1.1.1). The first one consisted of a series of tests for determining the thermal 

parameters of the digester so that a detailed thermal study could be run for the digester 

during operation with raw sludge. Periods I and II were run at different conditions of air 

supply and HRT applied, resulting in an operation through oxygen limiting and substrate 

limiting conditions in the reactor, respectively. Prior to describing the results attained 

during these periods, a general overview of the reactor performance is given in this 

section. 

4.1.1.1. THERMAL TESTS 

Prior to the start-up of the ATAD reactor, a series of thermal tests were run in order to 

quantify it`s structural parameters affecting the heat balance, namely, overall heat transfer 

coefficient through the walls of the digester and the recirculation pipes, and the heat 

input due to the mixing and aeration devices. With that purpose, the reactor was filled 

with water and heated up to a temperature around 55ºC before each test. During the 

tests reactor temperature was registered. The procedure followed during the thermal 

tests performed is addressed in Table 4.1. 

Table 4.1. Procedure for the thermal tests 

 
Circulation pump of 

the air inlet 
Circulation pump for 

entraining foam 
Length 

Test 1 Off Off 6 h 

Test 2 On Off 6 h 

Test 3 Off On 6 h 

Test 4 On On 6 h 

 

The overall transfer coefficient of the reactor could not be estimated from test 1 (no 

mixing) since a stratification of the temperature occurred within the digester. Therefore, 
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the heat input from the aeration and mixing, was estimated from the static head and flow 

supplied by the circulation pumps (section 3.2.2.1.1). 

During the tests, a significant heat loss through the recirculation pipes was observed. 

This, was probably caused by the lower insulation considered for the piping and the high 

surface area of the recirculation pipes with regard to the working volume of the digester. 

A summary of the results from the thermal tests is presented in Table 4.2. 

Table 4.2. Results from the thermal tests 

Location 

Surface 
area 

Overall heat 
transfer coefficient 

Source for the 
calculation 

m2 kJ (m2 ºC h)-1 - 

Digester 26.9 8.2 Test 4 

Foam entraining recirculation 1.4 18.4 Test 2 

Air inlet recirculation 0.9 13.6 Test 3 

    

Overall heat transfer coefficient 
per unit of digester surface 

26.9 9.6 - 

 

The value obtained for the overall heat transfer coefficient was considerably higher than 

those values around 1.00-1.44 kJ (m2 ºC h)-1 typically recommended in literature (U.S. 

EPA 1990, Kelly et al. 1991). 

4.1.1.2. LIMITATIONS IN THE DESIGN OF THE PILOT PLANT 

During the experiments, some limitations were observed in plant and reactor design, 

which resulted in several operational problems that affected reactor operation. In order 

to keep the foam level within a preset range, an optic foam detector was installed at the 

digester dome. This detector sent an alarm signal to the PLC for stopping the air supply 

by turning the blower off when a significant rise in foaming was detected. Nevertheless, 

the vaulted shape of the digester cover distorted the signal of the foam detector 

producing fake alarms that interrupted the normal operation of the reactor. To prevent 

this situation, the foam detector was disconnected from the PLC and an operation with a 

considerably lower liquid height in the digester was decided in order to increase the 

digester freeboard. Thereby, overflows and continuous interruptions of digester normal 

operation would be avoided (Kelly et al. 2003). However, operation with a reduced liquid 

height in the reactor resulted in an excessive mixing even for a minimum speed of the 
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circulation pumps since these were sized for a complete usage of the reactor volume. 

This intense mixing resulted in a poor energy efficiency of the process (section 4.1.1.6) 

and high turbulence in the reactor that still promoted sporadic episodes of excessive 

foaming (Layden et al. 2007a, Kelly and Warren 1997). The latter caused occasional 

operation problems and process instability. The reduction of the liquid height in the 

reactor also implied an increase of the ratio between the surface area and the liquid 

volume of the reactor causing a higher heat loss through digester walls with regard to a 

lower working volume. 

On the other hand, the recirculation pipes of the digester were installed so that sludge 

was aspirated from the bottom part of the reactor and pumped back into the digester at 

certain height above the aspiration connection. However, the suction pipe inlet of the 

circulation pumps was located at approximately 0.6 m height from the bottom of the 

reactor, which promoted the accumulation of solids. As a result, a blanket of solids of 0.6 

m height was formed below the inlet of the suction pipes. This layer of decanted solids 

was detected when some inconsistencies were found between the estimated 

temperature of the feed sludge and that registered by the temperature probe of the 

storage tank (Figure 4.1). The temperature of the feed sludge was estimated from the 

feed volume, the active volume of the reactor and the drop registered in reactor 

temperature during the feeding stage. 

Figure 4.1 shows the comparison between the measured temperature of the feed sludge 

and that estimated by considering a complete mix of the liquid volume inside the 

digester (depicted as Comp_Mix_Calc_T in the figure). Since a considerable difference 

was found between both values, it was concluded that an accumulation of solids 

occurred at the bottom of the reactor, which reduced the active liquid volume in the 

digester (Sonnleitner et al. 1995b).  The height of the decanted solids layer was 

determined by reducing the active liquid volume in the reactor until the estimated feed 

temperature fitted that obtained experimentally. Following this hypothesis the height of 

the solids blanket accumulated at the bottom of the reactor was estimated in 0.6 m. 
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Figure 4.1. Calculation of the solids blanket height and the reduction in hydraulic retention time 

This decrease in the liquid active volume during the experiments resulted in reduced 

retention times (Figure 4.1) and, consequently, an organic matter removal significantly 

lower than that expected at the theoretical retention times used was achieved. The 

removal efficiencies registered (20-22% VS removal) were in the range of that reported 

by Gómez 2007 for an ATAD reactor operating at reduced HRT (4-5 days). Moreover, 

working with a reduced active volume in the reactor resulted in a higher temperature 

drop during the feeding stage because of the contact with cold raw sludge. As a result, 

the temperature range achieved in the reactor became more sensitive to the low 

temperatures of the feed sludge and hardly reached the thermophilic range during the 

experiments (Figure 4.2), which prevented the digested sludge from hygienization. 

As mentioned before, this fact was coincident with a high surface area of the reactor and 

recirculation pipes with regard to the active volume, which resulted in reactor 

temperatures highly dependent not only on the feed sludge temperature, but on the 

ambient temperatures as well. Figure 4.2 shows the effect of the feed sludge and 

ambient temperature on the temperature range reached in the reactor. 
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Figure 4.2. Evolution of the reactor temperature range with regard to the ambient and feed sludge 
temperature 

4.1.1.3. GENERAL DESCRIPTION OF REACTOR’S PERFORMANCE 

In order to provide a better understanding of the results, a general overview of the 

process performance, considering the aforementioned limitations in plant design, has 

been given before facing the detailed description of the results attained in period I and II. 

The experiments at the semi-industrial scale ATAD began by operating the ATAD with 

relatively high OLR (5 to 6 days HRT) and reduced airflow rates (0.68 m3 m-3 h-1) in order 

to achieve operation under oxygen limiting conditions in the reactor. In these conditions, 

the aeration system performance was evaluated by means of a detailed study of the 

composition of the exhaust gas from the digester. This operation pattern was maintained 

until day 46 of operation, when a sharp decrease in aeration was detected followed by a 

fail in the start-up of the circulation pump due to the clogging of the ejector entraining 
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atmospheric air. For solving this situation, the liquid volume in the reactor was emptied 

below the level of the ejector, which was cleaned up by means of pressurized water. 

Afterwards, the reactor was filled up to the operating level with raw sludge, and no 

feeding was performed until thermophilic temperatures were reached in the reactor.  

Temporary clogging of the ejectors also occurred occasionally within days 20 to 30 of 

operation, leading to a significant drop in the air supply that led to a rise in soluble 

organic matter. Right after the restart-up, inlet airflow rate was set at 0.55 m3 (m3 h)-1 to 

prevent the reactor from instability due to excess foaming. However, as the temperature 

in the reactor approached the thermophilic range, inlet airflow rate was increased to 

typical operation values in the range of 1.1 m3 (m3 h)-1. Within four days of continuous 

aeration and no reactor feeding, temperatures around 64ºC were reached in the reactor, 

which resulted in an accumulation of soluble biodegradable organic matter in the 

digester (Figure 4.3). During the experiments, a significant amount of soluble COD was 

observed in the inlet sludge, which suggested the existence of an anaerobic pre-

hydrolysis of the raw sludge at the storage tank. 

 

Figure 4.3. Evolution of the soluble COD during the ATAD experiments 

The accumulation of soluble COD observed from day 50 to 55 suggested that, over 

certain temperatures in the reactor (approx. 65ºC) a drop in the activity of thermophilic 

bacteria occurred. Despite the auto regulation of the reactor temperature by the drop in 

biological activity (Matsch and Drnevich 1977), a decrease in HRT was decided in order to 

prevent the reactor from an overheating that could result in damage to the mechanical 

devices (such as circulation pumps). By reducing the HRT, and hence, the OLR to the 

digester, the biodegradable organic matter available for oxidation was reduced, resulting 

in a drop in reactor temperature. The lower temperature range achieved in the reactor 

promoted a rise in the biological activity, which led to a fast drop in the concentration of 

soluble COD in the effluent sludge. In this situation, a theoretical HRT of 8 days was 
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applied together with an inlet airflow rate of 1.1-1.4 m3 (m3 h)-1 in order to test the 

performance of the digester under substrate limiting conditions. Under these conditions, 

a rise in organic matter removal was expected due to the higher retention time used. 

In the following sections, the results obtained during operation under oxygen limiting 

conditions and substrate limiting conditions are discussed in detail. 

4.1.1.4. EXPERIMENTAL PERIOD I: OXYGEN LIMITING CONDITIONS 

At the beginning of the experiments, the reactor was operated at 6 days of HRT in order 

to test the performance of a single stage process at the conditions typically applied for 

two-stage ATAD systems. However, the HRT applied resulted in approximately 3.5 days 

due the accumulation of solids at the bottom of the reactor. As stated in the previous 

section, this led to a reduced VS removal (18.8%), and reactor temperatures below the 

thermophilic range, due to the high portion of active volume replaced by cold raw 

sludge during the feeding stage. The average VS removal efficiency during this period 

was calculated from days 20 to 46 (Figure 4.7). In this interval, the accumulation of solids 

came to a stop, since the differences observed between inlet and effluent inorganic solids 

seemed to be mainly related to changes in the solids concentration of the inlet sludge. 

During this period, operation under oxygen limiting conditions was decided for 

determining the performance and main efficiency parameters of the aeration system. 

With that purpose, the inlet airflow rate was gradually reduced until the oxygen 

transferred to the reactor throughout the cycle became lower than the overall oxygen 

demand of the system (OUR) at the HRT applied. 

As observed in Figure 4.4, during the first 5 days of operation the excess in air supply 

resulted in substrate limiting conditions on the second half of the operation cycle. 

Consequently, dissolved oxygen accumulated in the reactor promoting an increase in the 

ORP. After day 5, the decrease in the air supply led to a reduction in the oxygen transfer 

rate (OTR), which limited the oxygen consumption rate (OCR) of the system, regulating 

the slope of the temperature rise in the reactor. Furthermore, the limitation in OTR 

gradually delayed the rise in ORP, until it was coincident with the end of the operation 

cycle. This ORP pattern corresponded to the minimum air supply rate required to satisfy 

the overall OUR of the system for the HRT applied (days 6 to 10). 
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Figure 4.4. Evolution of the temperature rise as a function of the air supply rate (AE) 

However, in order to ensure a full oxygen limitation in the reactor, air supply was further 

decreased until ORP values around -450 mV and a straight slope of the temperature rise 

were observed during the whole cycle of operation (days 9 to 46). As far as these 

conditions occurred, the composition of the exhaust gas was monitored by 

chromatographic analysis. The samples of exhaust gas were collected daily at the end of 

the reaction stage from the venting pipe of the digester. These samples were 

representative of the whole operation cycle, since a stationary behavior of the exhaust 

gas composition was expected. Otherwise, a sudden rise in ORP would have been 

monitored during the cycle, due to the accumulation of oxygen in the liquid phase. 

Figure 4.5 shows the composition of the exhaust gas during this period of oxygen 

limitation. 

 

Figure 4.5. Composition of the exhaust gas in oxygen limiting conditions 
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The chromatographic analysis detected a small percentage of methane in the exhaust 

gas. The presence of methane suggested that a certain amount of organic matter was 

biodegraded through anaerobic conditions when the ATAD was working under oxygen 

limiting conditions (Staton et al. 2001). This fact evidences that despite the presence of 

oxygen in the bulk liquid, simultaneous aerobic and anaerobic respiration occurs during 

aerobic digestion. However, the amount of organic matter removed by anaerobic 

oxidation is mediated by the availability of oxygen in the bulk liquid and the affinity for 

oxygen of the facultative heterotrophic bacteria. Therefore, the more limited in oxygen 

the system is, the higher the volume of methane produced, and hence, the amount of 

organic matter removed in anaerobic conditions. In this case, the biodegradable organic 

matter removed by anaerobic respiration was estimated in a 13% of the total VS removal, 

based on the effluent gas flow rate and the methane concentration of the exhaust gas. 

On the other hand, the low concentration of O2 monitored in the exhaust gas suggested 

a very good performance of the venturi aerators in terms of oxygen transfer efficiency. 

The OTE of the aeration system, together with the kLa, were estimated based on the 

concentration of O2 and CO2 in the exhaust gas. With that purpose, the respiration 

quotient (YCO2) and the exhaust gas flow rate (Feg) needed calculation in the first place. Feg 

was obtained using the formulation addressed in section D.1 while an average YCO2 was 

calculated as a function of the concentration by the following expression. 

���� =
���,� ∙

����,��
���,��

����,� − ���,� ∙
���,��
���,��

�
�  (mole CO2 mole-1 O2) 

 

Where fN2, fO2 and fCO2 refer to the molar fraction of nitrogen, oxygen and carbon dioxide 

respectively, in the inlet and exhaust air (subindex a, and eg). Thereby, YCO2 was 

estimated 0.85 mol of CO2 per mole of O2 consumed. This value is consistent with those 

addressed in Kóvacs et al. 2007 (0.9 mol CO2 mol-1 O2) or Bomio et al. 1989 (0.82 mol 

CO2 mol-1 O2) and falls within the range reported by Sonnleitner et al. 1995a for this 

parameter (0.8-0.9 mol CO2 mol-1 O2). Bomio et al. 1989 stated that a value around 0.8 

CO2 mol-1 O2 corresponds to the aerobic biodegradation of proteins. 

Based on this data, the oxygen transfer efficiency of the venturi aerators was calculated 

as the difference in the mass of oxygen between the inlet (Fa) and effluent airflow (Feg), 

divided by the inlet. 
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From this equation, an average OTE of 88% was obtained. This value constituted two 

times the efficiencies reported for conventional ATAD reactors using, either venturi type 

aerators (34% in Gómez 2007) or Fuchs type aspirating aerators (11-60% in U. S. EPA 

1990), with a power input in the range typically recommended for design. The 

extraordinary efficiencies reached at the pilot scale reactor were a consequence of the 

excess in reactor mixing reported in previous sections. The intense mixing caused a high 

turbulence of the sludge, which prolonged the contact time between the inlet airflow and 

the liquid phase by retaining within the active volume the air bubbles produced in the 

ejector. Consequently, an enhanced OTE was achieved at expense of a high power input 

per unit of treated sludge (Sonnleitner et al. 1995b). With regard to kLa, an average value 

of 1757 d-1 was obtained following the hypothesis and calculations addressed in section 

D.1. 

Aside from the study of the aeration system efficiency, the data provided by the 

chromatographic analysis of the exhaust gas were used to obtain an accurate estimation 

of the specific biological heat yield (Yheat) by applying the discrete heat balance 

addressed in section 3.2.2.1.1. With that purpose, the heat balance was formulated 

individually for each of the cycles happening within experimental period I. As stated in 

section 3.2.2.1.1, solving the heat balance required an estimation of the heterotrophic 

biomass yield since, both YH and Yheat remain unknown. The value of the heterotrophic 

biomass yield (YH) reported in Gómez 2007 (0.42 grams of cellular COD per gram of 

COD utilized) was used for the calculation, since it was obtained in similar conditions to 

those applied during the present experiments (single stage ATAD operated at short HRT 

under oxygen limiting conditions). As a result, an average value of 13770 kJ (kg O2)-1 was 

obtained. This estimation falls within the range of values reported in literature for the 

specific biological heat yield, and approaches that obtained by Gómez 2007 in similar 

experimental conditions. The same procedure was applied to the mass of COD removed 

estimated by assuming a stationary behavior of the digester. Following this hypothesis, 

the COD removed was estimated daily as the difference in total COD concentration 

between the inlet and the effluent sludge, multiplied by the feed volume. Thereby, Yheat 

resulted in 13230 kJ (kg O2)-1. The values obtained from the mass of COD removed 

showed a significant dispersion due to the dynamic performance of the digester and the 

uncertainty of the analysis. All these circumstances reflected on the higher standard 

deviation of the samples. 



Results and discussion  Chapter 4 

84 

 

The average operation settings applied during this period, together with the results from 

studying the composition of the exhaust gas are summarized in Table 4.3. 

Table 4.3. Summary of the main operational settings and results during experiments at pilot scale ATAD 

Operational settings Units Exp. Period I Exp. Period II 

Hydraulic retention time (HRT) d 3.6 5.0 

Organic loading rate (OLR) kg VS (m3 d)-1 5.9 5.2 

Airflow rate (Fa) m3 h-1 2.5 4.5 

Air supply rate (ASR) m3 (m3 h)-1 0.68 1.23 

Average length of the reaction stage h 23.1 23.1 

    
Reactor performance results Units Exp. Period I Exp. Period II 

Liquid temperature range ºC 48.4 – 40.8 57.2 – 50.7 

Gas temperature range ºC 38.5 – 31.4 47.8 – 42.0 

Feed sludge temperature ºC 19.8 23.9 

Ambient temperature ºC 10.6 15.8 

Average exhaust gas composition 
 CH4 
 O2 
 CO2 

% 

 
0.4 
2.6 
15.9 

 
- 
- 
- 

VS removal % 18.8 - 

Percentage of VS removed by anaerobic 
fermentation 

% 13.0 - 

    
Average estimation of the parameters Units Exp. Period I Exp. Period II 

YCO2 mol CO2 (mol O2)-1 0.85 - 

Oxygen transfer rate (OTR) g O2 (m3 h)-1 186 - 

Oxygen transfer efficiency (OTE) % 88.0 - 

kLa d-1 1757 - 

Specific biological heat yield (Yheat) estimated 
from the results of the chromatographic analysis 

kJ (kg O2)-1 
13770 

(25, 2587) 
- 

Specific biological heat yield (Yheat) estimated 
from COD 

kJ (kg O2)-1 
13240 

(27, 2863) 
14830 

(19, 3013) 

4.1.1.5. EXPERIMENTAL PERIOD II: SUBSTRATE LIMITING CONDITIONS 

As soon as reactor feeding was resumed at day 49, HRT and air supply rate were set so 

that an operation under substrate limitation could be attained. At the beginning, HRT 

was set at 10 days, which resulted in real values around 8 days, in order to decrease the 

maximum reactor temperature by reducing the biodegradable organic matter available 
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for biological oxidation. In consequence, reactor temperature dropped below 60ºC, 

resulting in a rise in biological activity that reduced the content of soluble organic matter 

in the effluent sludge. Then, HRT was set at 8 days in order to improve the organic 

matter removal obtained during period I. However, the real HRT applied still remained 

below the typical values reported for ATAD as a sole treatment of raw sludge (Table 4.3). 

Furthermore, the increase of retention time with regard to the period I did not result in 

lower organic loading rate to the digester since a rise in the volatile solids concentration 

of the feed sludge occurred (Figure 4.6). Thereby, OLR remained within the same range 

as that observed in experimental period I. Consequently, no significant improvement in 

VS removal was expected in the reactor. 

 

Figure 4.6. Evolution of the inlet VS concentration and OLR applied during the experiments at the pilot scale 
ATAD 

However, a certain increase in volatile solids removal was registered in this period. The 

apparent rise in organic matter removal was related to a new increase of solids 

accumulation within the bottom of the reactor. When the reactor was emptied for 

cleaning the ejectors, a loss of solids may have occurred temporary reducing the content 

of the solids blanket. This may have led to a new accumulation of solids until stationary 

conditions and the maximum height of the solids blanket were attained. The 

accumulation of solids was reflected in a reduction in the concentration of inorganic 
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solids between the inlet and effluent sludge (Figure 4.7). Consequently, no reliable data 

regarding organic matter removal were obtained during this period. 

Despite the low reliability of the data regarding organic matter removal during this 

period, an estimation of the mass of COD removed was used in the mass balance for 

obtaining an average estimation of the specific biological heat yield. The value obtained 

based on this data was 14830 kJ (kg O2)-1. 

 

Figure 4.7. Observed VS removal with regard to the evolution of inorganic solids in the digester 

In addition to the increase in HRT, the inlet airflow rate was set at 1.1 m3 (m3 h)-1 in order 

to maintain substrate limiting conditions in the reactor. Thereby, the shape of the 

temperature rise during an operation cycle could be studied in order to provide 

information for the dynamic model. In these conditions, three different slopes can be 

distinguished in the temperature profile during an operation cycle (Figure 4.8). The first 

slope consisted of a linear rise of the temperature that suggested a limitation in the 

biological oxidation rate despite an overall operation under substrate limiting conditions 

was being performed. As the feed enters the digester, the rise in availability of readily 

biodegradable organic matter results in an increased oxygen demand (OUR) that 

surpasses the oxygen transfer rate (OTR) achieved by the aerators at a certain air supply 
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rate. Consequently, the readily biodegradable substrate resulting from the hydrolysis of 

particulate organic matter accumulates in the digester. The limitation in oxygen is 

reflected in ORP values below -350 mV within this lapse. As the reaction stage 

progresses, the excess in readily biodegradable substrate is gradually consumed 

reducing the system OUR, which becomes limited by the hydrolysis rate of the particulate 

biodegradable substrate. In the moment that OTR surpasses OUR, the system becomes 

substrate limited and a sudden increase in ORP is observed suggesting that an 

accumulation of dissolved oxygen within the bulk liquid occurred. The limitation in OCR 

due to the hydrolysis results in a second slope of the temperature rise coincident in time 

with the rise in ORP. This is consistent with the observations from Chu et al. 1994 who 

correlated the ORP elbow to the depletion of readily biodegradable substrate in the 

reactor, hence defining a transition point between a period with high oxygen and a 

second one with reduced oxygen requirements. As the particulate substrate of the inlet 

sludge is consumed, the reactor enters a phase of endogenous respiration, in which the 

only substrate for the bacteria is the organic material released in the lysis of those 

organisms deceased within the process. Therefore, OCR becomes limited by the decay 

and lysis rate of the heterotrophic biomass, and a third slope is registered in the 

temperature profile. At the same time, the concentration of dissolved oxygen in the 

reactor rises up to the saturation concentration, due to the excess in oxygen supply with 

regard to OCR. Consequently, the second change in the slope of the temperature profile 

is coincident with a standstill in the rise of ORP, which, in this case, reached its maximum 

value at approximately -60 mV. 

 

Figure 4.8. Evolution of the reactor temperature and ORP operating under substrate limiting conditions 
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The heat production rate from biological oxidation of organic matter during the lapse of 

endogenous respiration, could not overcome the heat loss through reactor walls and the 

cooling effect produced by the excess airflow, resulting in a gradual drop in the 

temperature of the reactor. At day 68 the inlet airflow rate was set at 1.4 m3 (m3 h)-1. As 

expected, a sharp decrease in the temperature range of the reactor was monitored from 

day 75 on. Nevertheless, this drop in reactor temperature was delayed due to the rise in 

OLR observed within days 65 and 75 of operation. The main operational settings applied 

within experimental period II and the main results obtained are included in Table 4.3. 

During experimental period II, the temperature range was kept within the thermophilic 

range as far as mean ambient and feed sludge temperatures remained above 15ºC and 

25ºC respectively. This dependence on the ambient conditions resulted from the short 

retention times used during the experiments combined with the low surface area of the 

digester with regard to the active volume used, and the low insulation of the reactor. 

4.1.1.6. EVALUATION OF THE THERMAL EFFICIENCY OF THE PILOT SCALE 

ATAD 

The stationary mass balance presented in section 3.2.2.1.1, was used to evaluate the 

performance of the pilot scale ATAD in terms of thermal efficiency. With that purpose, 

the input and output heat fluxes happening in the reactor within a cycle of operation, 

were estimated separately and later depicted in Figure 4.9. 

 

Figure 4.9. Estimation of the heat fluxes registered during the experiments 
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As observed in the figure, the most relevant heat fluxes taking place at the pilot scale 

reactor were associated to the biological heat, the mechanical energy provided by the 

aeration and mixing systems and the heat loss through digester walls. Furthermore, the 

figure shows that the biological heat is responsible for balancing the heat dissipated to 

the atmosphere by conduction through the walls, while most of the heat produced by 

sludge mixing is used for increasing the reactor sensible heat, hence rising reactor 

temperature. Looking to the figure, the high importance of Hwalls in the balance exceeded 

the expectations, despite of the acquaintance of the relatively low insulation used for the 

reactor. The values obtained differed by far from iterature, where this flux has been 

stated as negligible by several authors (Lapara et al. 1998, Talati et al. 1990) or just as not 

significant when compared to the heat loss attained as latent heat (Gómez et al. 2007), 

which is typically considered as one the main concerns regarding ATAD operation. The 

disproportionate heat loss through the walls was a consequence of the high surface area 

of the digester with regard to the active volume used because of the limitations in 

reactor design reported in previous sections. Consequently, this ratio appeared as a 

relevant parameter to bear in mind during process operation and design. 

Table 4.4. Summary of the average heat fluxes and operational parameters during the experiments 

Heat fluxes Units Gómez 2007* Present work 
Mechanical energy input MJ (m3 d)-1 8.15 33.52 
Heat loss through digester walls MJ (m3 d)-1 0.75 58.93 
Heat loss due water vaporization MJ (m3 d)-1 4.20 0.46 
Heat loss by digester venting MJ (m3 d)-1 1.55 0.74 
Biological heat MJ (m3 d)-1 42.56 56.53 
    
Structural parameters Units   
Surface area to active volume ratio m2 (m3)-1 1.07 9.13 
Overall heat transfer coefficient kJ (m2 ºC h)-1 1.04 8.85 
Power density installed W (m3) 119 375 
    
Operational parameters Units   
Organic loading rate kg VS (m3 d)-1 6.7 5.6 
Average reactor temperature ºC 58.0 49.4 
Air supply rate m3 (m3 h)-1 1.3 0.9 

*Gómez 2007 reported average values of the heat fluxes registered at a full scale ATAD (302 m3 active 

volume) and isolation within the range recommended by the US EPA 1990 for ATAD digesters. 

As mentioned in previous sections, the reduced active volume used with regard to the 

total volume of the digester also resulted in an excessive agitation of the digested sludge. 

This led to extraordinary oxygen transfer efficiencies in the venturi aerators, at expense of 

a high power requirement that resulted in a reduced energetic efficiency of the ATAD. 

Due to the high OTE attained, a reduced air supply rate could be used to satisfy the 
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system OUR. The reduced airflow rate, coupled with the low temperatures attained in the 

reactor, minimized the heat losses related to the increase in latent and sensible heat of 

the vent gas (Table 4.4). 

4.1.1.7. SUMMARY OF RESULTS 

The performance of a single stage ATAD reactor was tested at semi industrial scale 

operating at oxygen limiting (period I) and substrate limiting conditions (period II). An 

OLR around 5.2 to 5.9 kg VS (m3 d)-1 was used throughout the experiments. In the 

experimental period I a chromatographic analysis of the exhaust gas was performed. The 

results indicated the existence of simultaneous anaerobic fermentation apart from the 

aerobic oxidation as far as oxygen limiting conditions take place in the digester. 

Anaerobic fermentation was quantified in a 13% of the overall VS removal in the 

conditions applied. In addition, respiration quotient during this period was estimated in 

0.85 mole CO2 per mole O2, while the specific biological heat yield resulted in 13770 kJ 

per kg O2 consumed. The results of the chromatographic analysis of the exhaust gas 

showed an extraordinary performance of the aeration system with values of the oxygen 

transfer efficiency around 88%. However, the high values of OTE attained were a mere 

consequence of the excess in the power density applied because of the reduced active 

volume used in the experiments. 

Experimental period II provided a detailed study of the correlation between the ORP and 

reactor temperature profile during an operation cycle of ATAD under typical operation 

conditions. According to the results, the ORP measurement appeared as an extremely 

reliable indicator of the oxygen availability in the reactor, showing a shark-teeth profile 

that evidenced the transition from microaerobic (oxygen limitation) to aerobic conditions 

(substrate limitation) happening within an operation cycle. This provided with relevant 

information for further calibration and validation of the dynamic model (section 4.2). 

Additionally, from the study of ORP evolution throughout the operation cycles an 

optimum ORP profile was observed operating under low oxygen limitation. ORP values 

remained below -350 mV ensuring oxygen limiting conditions during most of the cycle, 

with a sudden rise in ORP by the end of the operation cycle. This ORP profile 

corresponded to the minimum air supply rate required to satisfy the oxygen demand of 

the system during a complete operation cycle, which would result in the minimum power 

input of aeration and mixing for a given ATAD design. As result of this operation, a linear 

slope of the rise in reactor temperature would be attained minimizing heat losses. 
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Moreover, the oxygen transfer efficiency would be optimized since no accumulation of 

dissolved oxygen would occur.  

The overall performance of the reactor was affected by some limitations in design that 

resulted in a reduced thermal efficiency of the reactor and significant heat loss through 

the walls that prevented the reactor from attaining thermophilic temperatures for 

ambient temperatures below 15ºC. Moreover, due to this limitations in design, some 

operational problems arose which impede operating at reduced OLR and obtaining 

reliable data regarding VS removal during most of the experimentation. Consequently, 

additional experiments had to be run for studying the influence of the OLR and HRT in 

the performance of ATAD with regard to the degree of stabilization achieved in the 

reactor. 

Summarizing, the semi industrial scale digester did not provide with reliable information 

for scaling up a single stage ATAD due to the low thermal efficiency of the reactor and 

the lack of data obtained regarding VS removal. However, the experiments did provide 

with some relevant information regarding the specific biological heat yield and some 

guidelines for optimum reactor operation. Furthermore, the experiments yielded 

sufficient information for modeling the ATAD process in order to obtain a predictive tool 

that could provide a major insight into the process. Therefore, an exploration of different 

scenarios could be run, resulting in guidelines for optimal operation of the process. On 

the other hand, evaluating the thermal efficiency of the reactor by means of a heat 

balance methodology provided with the necessary knowledge for developing a simplified 

stationary model to describe the performance of a single stage ATAD digester. The 

stationary model was formulated based on the assumption of operating under the 

conditions corresponding to the optimum ORP profile identified during the experiments. 

This tool enabled an estimation of the main structural parameters needed for an 

optimum sizing of a full scale ATAD based on certain design restrictions. 

4.1.2. Experiments at lab scale 

In literature, there are only few examples of the ATAD process being successfully 

implemented and tested at lab scale. Most of the studies at lab scale consisted of batch 

tests focused on studying the evolution of total and inorganic nitrogen, VFA 

accumulation, and VS removal, or the shift in predominant bacterial communities with 

regard to detention time (Liu et al. 2011 and 2012). Some of these batch studies gave 

special attention to the estimation of model parameters such as hydrolysis rate 
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coefficient, aerobic decay, heterotrophic biomass yield (Vogelaar et al. 2003), studying 

the influence of temperature and different bacterial strains on enzymatic activity (Li et al. 

2009 and Yan et al. 2008), or quantifying the specific oxidation heat yield (Nosrati et al. 

2007). However, very few studies focused on implementing the ATAD process (semi-

batch feeding strategy) at lab scale (Csikor et al. 2002). Most of the semibatch studies 

were aimed to reproduce the operation of the first reactor of a two stage ATAD system 

in order to study the effect of microaerobic conditions and the production of VFA in 

thermophilic aerobic digestion (Chu et al. 1994, Fothergill et al. 2000, Mavinic et al. 2001). 

In the present work, a new experimental methodology comprising a complete heat 

balance approach and a lab scale set-up with low instrumentation requirements has 

been implemented for reproducing the operating conditions of a single stage ATAD 

digester (draw-and-fill feeding strategy and temperatures within the thermophilic range). 

The lab scale set-up was used for testing the performance of the process in terms of 

organic matter removal and aeration efficiency, and quantifying the heat potential of 

different samples of raw sludge at the HRT typically applied in a single stage ATAD. The 

tests run at lab scale provided with reliable information regarding the organic matter 

removal to be attained at the retention times typically applied (6-10 days).  

In addition to the semibatch experiments, the lab scale reactor was used for running 

several bath tests in order to obtain more information regarding the non-biodegradable 

fraction of sludge. The data obtained at the biodegradability assays would be used for 

the modeling of single stage ATAD by means of stationary (section 5.2) and dynamic 

models (section 4.2.2). 

In the following sections, the procedure followed for the tests is described, together with 

the main results obtained during the experiments. 

4.1.2.1. THERMAL TESTS 

Before running the experiments at lab scale, a series of thermal tests were performed in 

order to quantify the heat fluxes taking place in the reactor. Since the heat losses due to 

the increase in latent and sensible heat of the vent gas can be easily estimated from 

experimental data (%Hum, Tamb, TR, FA),  only three main heat fluxes remained unknown 

and needed estimation, namely, 1) heat transfer through the walls, 2) the heat input due 

to the mechanical stirring, and 3) the heat supplied by the supplemental heating system. 

As stated in section 3.2.1.2.1, the accumulated energy absorbed by the motor drive of 

the mechanical stirrer and the electric resistances for reactor heating were registered by 
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an energy consumption meter. Nevertheless, the power supplied by these electro-

mechanic devices was distinctly lower than that absorbed from the electrical grid. The 

fraction of usable power per unit of power absorbed by those devices was defined by the 

energy conversion terms (ηe, ηem) addressed in section 3.2.2.1.2. Consequently, the 

thermal tests were aimed to estimate these energy conversion terms together with the 

overall heat transfer coefficient of the reactor. 

The reactor was filled with tap water up to 25 L of working volume. During the tests, no 

aeration was provided and the reactor was kept with continuous mixing to ensure a 

homogeneous temperature in the liquid. Reactor temperature was monitored online and 

a PID controller regulated the heat supply to maintain the temperature at 55ºC within a 

range of ±0.5ºC. The thermal tests consisted of three stages: 1) heating, 2) sustenance 

and 3) cooling, which are described in Table 4.5 together with the formulation of the 

heat balance used for the calculation of the thermal parameters in each of the stages. 

Table 4.5. Description of the thermal test and procedure for calculating the parameters 

 Description 
PID 

controller 
Length Heat balance formulation 

Thermal 
parameters 

involved 

Stage 1 
Heating up of the reactor 
to 55ºC 

On - 
∆���� + ������
= ��� + ����� 

ηe, Kwalls, 
ηem 

Stage 2 
Reactor heating for 
maintaining 55ºC 

On 48 h ������ = ��� + ����� 
ηe, Kwalls, 

ηem 

Stage 4 Reactor temperature drop Off 24 h ∆���� + ������ = ���  ηem, Kwalls 

 

The energy conversion terms for the mechanical mixing and heating devices were 

estimated in 0.72 and 0.77 respectively. The overall heat transfer coefficient resulted in 

5.21 kJ (m2 ºC h)-1. The equations used for the different fluxes of the heat balance are 

addressed in sections 3.2.2.1.1 and 3.2.2.1.2. Several tests were run in order to ensure the 

repeatability of the parameter values obtained. 

4.1.2.2. ATAD EXPERIMENTS 

Additional experiments were run in the lab scale reactor for obtaining reliable data 

regarding ATAD performance in terms of organic matter removal.  With that purpose the 

reactor was operated under different conditions of OLR and HRT applied using a draw-

and-fill strategy to reproduce a single stage ATAD operation. The operation at 
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thermophilic temperatures was reproduced by maintaining reactor temperature at 55ºC 

during the whole reaction stage. 

4.1.2.2.1. VS removal as a function of the OLR applied 

The COD and VS removal of the thermophilic aerobic reactor was studied for several 

conditions of HRT applied (11, 8 and 7 days), resulting in 3 different phases of operation 

(A, B and C respectively) during the semibatch experiments. Additionally, several samples 

of raw sludge were tested during the experiments. During phases A and B, raw sludge 

from the Seville WWTP was used for the experiments, while in phase C the feed sludge 

was collected from the Loiola WWTP. Since these samples were collected weekly, the 

reactor was fed with the same inlet sludge for five consecutive cycles until a new load of 

raw sludge was received in the laboratories. As observed in Figure 4.11 and Figure 4.10, 

a considerable variability of the organic matter content of the inlet sludge was registered 

from sample to sample, specially, when raw sludge from the Loiola WWTP was used 

(phase C; Figure 4.10). This provided additional information regarding the influence of 

the OLR in the organic matter removal. In each of the experimental phases, the sampling 

and analysis of the effluent sludge began after running the reactor at the HRT applied for 

at least a complete HRT in order to ensure pseudo stationary conditions. The results 

obtained showed a certain correlation between the HRT applied and the COD removal 

obtained in the reactor (Figure 4.12 to Figure 4.10), despite of some peaks registered in 

COD removal (data not shown) due to dilution effects when changing the inlet sludge. In 

general, COD removal followed the trend of the HRT as far as a pseudo stationary 

conditions were reached in the reactor. An approach to the correlation between both 

parameters can be drawn from the formulation of the stationary model described in 

section 5.2.1.2. By substituting the formulae corresponding to the model components 

into the equation addressed for the COD removal efficiency, a correlation described by a 

non-linear rational equation on HRT is found. 

On the other hand, the VS removal efficiency did not depend only on the HRT applied, 

but on the content and nature of the organic matter in the feed sludge as well. This 

dependence was observed in the difference between COD and VS removal, which 

decreased as the content in VS of the feed sludge increased. Additionally, the increase in 

VS concentration was coincident with a reduction in the COD to VS ratio of the feed 

sludge, which suggested a significant presence of proteins and carbohydrates in the 

composition of the raw sludge. The gap observed between COD and VS removal 

efficiency was related, mainly, to the VS to COD ratio of the organic matter removed.  
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Considering the theoretical oxygen demand of an average composition of proteins, 

carbohydrates and lipids (Table 4.7), an overall idea regarding to the nature of the mean 

biodegradable substrate consumed could be obtained. 

Table 4.7. Theoretical oxygen demand of the particulate biodegradable organic matter 

Compound 
Theoretical oxygen demand per  
mass of compound (g O2 g-1 VS) 

Carbohydrates 1.18 

Proteins 1.53 

Lipids 2.87 

 

Bearing this in mind, most of the organic matter removed consisted of proteins when 

inlet VS increased, apparently, due to the high content of these compounds in the feed 

sludge (Table 4.6). On the other hand, as the content in VS of the feed sludge decreased, 

a rise in the mass of COD per kg VS removed was registered, suggesting that, in this 

case, a higher fraction of lipids was being oxidized. This was related mainly, to an 

increase in the lipids content of the feed sludge. 

These observations with regard to the dependence of VS removal on the composition of 

raw sewage sludge are in agreement with the broad range of VSS removal efficiencies 

(29 to 56%) found in the 34 Fuchs-ATAD type facilities operated in Germany (U. S. EPA 

1990). This report highlighted the influence of wastewater characteristics, the presence or 

absence of primary clarification in the mainstream process as well as the F/M applied, 

that could significantly affect the nature of the raw sludge fed to the digester. 

4.1.2.2.2. Evaluation of the thermal performance of the reactor 

During the experiments, temperature was kept within 55ºC (±0.5ºC) by using a heating 

system commanded by a PID controller (section 3.2.1.2.1). To attain this temperature set 

point, the heating system had to supply a considerable amount of energy in a short lapse 

at the beginning of each operation cycle, since a new load of cold raw sludge was fed to 

the digester, dropping the temperature of the reactor below 55ºC (Figure 4.13). Once 

reactor temperature reaches 55ºC, no heat is supplied for a certain period, coincident 

with the phase of maximum microbial activity (maximum biological heat production). 

During this period the system attains its maximum OUR and becomes oxygen limited 

(minimum values of ORP). However, as microbial activity decreases and the system 

becomes substrate limited, the heating system has to increase gradually the heat supply 
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since the biological heat production rate alone is not enough as to keep reactor 

temperature at 55ºC. The increase in heat supply reaches a maximum slope as the 

reactor enters in endogenous conditions, reflected in a complete stop in the rise of ORP. 

 

Figure 4.13. Evolution of the heat supply at the lab scale reactor throughout an operation cycle 

After determining the thermal parameters of the lab scale set up, the accumulated values 

of gain and loss terms of the heat balance could be quantified throughout each 

operation cycle (each 30 min), resulting in the profiles depicted in Figure 4.14. The 

biological heat production was quantified from the heat balance addressed in section 

3.2.2.1.2 as the difference between the heat sink and source terms. This can be observed 

in Figure 4.14, where biological heat shows an opposite trend to that of the heat supply. 

Since the temperature of the reactor remains the same during the cycle, the decrease in 

biological heat production due to a drop in microbial activity results in a rise of the heat 

supply for maintaining the temperature set point. 
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Figure 4.14. Heat gains and losses during experiments at the lab scale reactor 

On the other hand, the figure shows the significant impact of the heat loss through the 

walls on the thermal performance of the lab scale reactor. As in the case of the semi 

industrial scale digester, this was caused by the large surface area to volume ratio of the 

lab scale set-up (34 m2 per m3 of reactor volume). As stated above, this resulted in the 

need of a supplemental heat source to overcome the heat losses in the reactor and the 

sensible heat required for increasing raw sludge temperature up to 55ºC. 

4.1.2.2.3. Prediction of oxygen uptake throughout an operation cycle 

Based on the estimation of the biological heat production rate throughout the operation 

cycles, the mass of COD removed corresponding to that heat yield could be obtained by 

using an average value of the biological heat yield per kg of O2 consumed. Considering 

this, the average biological heat yield obtained during the experiments at semi industrial 

scale under oxygen limiting conditions (13770 kJ kg-1 O2) was used for the calculation. 

This resulted in several profiles of the accumulated O2 utilized for the biological oxidation 

of organic matter within a cycle of operation. Some of the oxygen consumption profiles 

obtained during the phase C of the experiments have been depicted in Figure 4.15. The 

accumulated value of the oxygen consumed by the end of the cycle per unit of treated of 

treated sludge represented the average OUR of the sample in g O2 (L d)-1 for the 

conditions of OLR applied. 
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Figure 4.15. Oxygen consumption profiles obtained during phase C of the experiments at lab scale 

Looking to the oxygen consumption profiles, a similar trend to that of the temperatures 

attained during experiments at semi industrial scale can be found. As far as oxygen 

limiting conditions in the reactor occur (ORP values below -350 mV), the oxygen 

consumption follows a linear slope corresponding to the OTR of the aeration system. This 

limitation in the oxygen supply impeded the estimation of the system OUR during the 

lapse of maximum microbial activity. Nevertheless, as the reaction stage progressed, a 

change in the slope of the oxygen consumption is detected due to the decrease in the 

availability of readily biodegradable substrate, which ultimately depended on the 

hydrolysis rate of the particulate organic matter of the inlet sludge. As mentioned before, 

this resulted in a sudden rise in ORP due to the accumulation of dissolved oxygen in the 

bulk liquid. 

Right before the phase C of the experiments started, an online gas analyzer was installed 

for monitoring the content of O2 and CO2 in the exhaust gas from the reactor. Thereby, 

the mass of oxygen transferred to the bulk liquid could be estimated by a simple mass 

balance based on the content of oxygen of the inlet and effluent airflow. The profiles of 

oxygen transferred within an operation cycle were used to check the slope of the profiles 

of oxygen consumed (Figure 4.15) and the overall oxygen uptake predicted by the heat 

balance. Figure 4.16 shows a comparison of the oxygen consumed within a day per m3 of 

treated sludge estimated from 1) the COD analysis of the effluent sludge samples, 2) the 

oxygen mass balance in the gas flow and 3) the heat balance based on the heat supplied 

for maintaining the temperature set point. 

As observed in the figure, this method yields a reliable prediction of the oxygen 

requirements of different sludge samples, since the relative error with regard to the 

values estimated from lab analysis and exhaust gas monitoring remain below the 20% in 

most of the cases. Furthermore, the most significant discrepancies with regard to the 

values obtained from lab analysis are caused by a non-steady performance of the reactor 
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due to changes in the organic matter content of the raw sludge. Consequently, this 

procedure resulted in an effective methodology for addressing the accumulated oxygen 

demand of a sludge sample. Furthermore, if a sufficient oxygen supply is attained as to 

prevent the reactor from oxygen limiting conditions (i.e. by supplying pure oxygen), this 

methodology would provide an accurate estimation of the OUR profile of a sludge 

sample. 

 

Figure 4.16. Comparison of the results from the different methods used for estimating the oxygen demand 
of the sludge samples at a particular HRT 

The oxygen transfer efficiency in the reactor was studied in detail based on the 

information from the online monitoring of the content of O2 and CO2 in the exhaust gas. 

Figure 4.17 shows the evolution of the OTE with regard to the oxygen availability in the 

reactor and the inlet airflow rate. As expected, the maximum values of the OTE were 

attained for reduced dissolved oxygen concentrations in the reactor (minimum ORP). As 

reactor feeding occurred, the increased microbial activity associated to the excess in 

readily biodegradable substrate reduces the available O2 in the reactor, which is reflected 

in a sudden drop in ORP. As dissolved oxygen concentration decreases, so does the 

partial pressure of the gas in equilibrium with the liquid phase. Consequently, the gap in 

partial pressure with regard to that of the gas phase increases, resulting in a higher 

transfer rate. This is why, a gradual increase in OTE is observed at the beginning of the 

cycle. On the other hand, OTE decreases gradually when ORP rises as a result of the 

accumulation of O2. 
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Figure 4.17. OTE as a function of airflow rate and O2 availability in the reactor 

In addition, the maximum OTE attained during an operation cycle showed a significant 

dependence on the inlet airflow rate applied. High airflow rates imply a high speed of the 

air bubbles within the reactor. This results in reduced contact time in the bulk liquid 

reducing the maximum transfer efficiency. However, since a higher mass of oxygen is 

supplied to the reactor when increasing the airflow rate, a rise in the OTR is registered 

regardless of the drop in the OTE. On the contrary, a more intense mixing would lead to 

higher OTE by increasing the residence time of the air bubbles in the reactor. This is in 

agreement with the results from Riley and Foster 2002 who studied the effect of mixing 

degree and airflow rate on the oxygenation capacity of a single stage ATAD layout 

equipped with a hyperbolic stirrer. These authors observed a considerable reduction in 

OTE (31%) despite of the significant rise attained in OTR (37%) when doubling the inlet 

flow rate. In contrast with the previous, when doubling the mixing speed of the stirrer, 

these authors reported a 100% increase in both OTE and OTR as a result of the larger 

detention time of the air bubbles within the reactor. 

4.1.2.3. BIODEGRADABILITY ASSAYS OF RAW SLUDGE 

As stated in previous sections, several biodegradability tests were run for determining the 

non-biodegradable fraction of conventional raw sludge under thermophilic aerobic 

conditions. This data would provide enough information for validating the mathematical 

tools devised for ATAD process design during the present work. For running the 

biodegradability assays, the lab scale reactor was operated in batch feed strategy with a 

single load of 25 L of raw sludge. The samples of raw sludge were kept in the reactor at 

thermophilic temperature (55 ºC) for a lapse of 30 days under continuous aeration and 

mixing. The analytical characterization of the raw sludge samples used for the batch tests 

is included in Table 3.1. As addressed during the previous section, the characterization 

shows how the composition of the raw sludge seems to gain in proteins content as the 

concentration of organic matter rises (COD to VS ratio decreases from 1.79 to 1.5 g VS 
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g-1 O2). This is consistent with the growing COD to TKN ratio observed when the 

concentration of organic matter in the raw sludge decreases. On the contrary, when low 

concentration of VS occurs, a higher content of lipids is expected since the COD to VS 

ratio increases. 

Table 4.8. Composition of the raw sludge used for the biodegradability assays 

Parameters Units Assay 1 Assay 2 Assay 3 

Source WWTP % Loiola Sevilla Loiola 

TS % 2.88 3.29 5.20 

VS % 1.97 2.37 3.64 

CODT mg L-1 35376 40665 53330 

CODS mg L-1 3736 3036 5829 

COD to VS ratio g O2 g-1 VS 1.79 1.72 1.46 

TKN mg N L-1 - 1792 3444 

FKN mg N L-1 - 221 462 

TAN mg N L-1 - 188 400 

COD to TKN ratio g O2 / g N - 22.69 15.48 

pH - 6.76 6.03 6.01 

Total alkalinity mg CaCO3 L-1 - 1165 2050 

Alkalinity mg CaCO3 L-1 - 185 540 

Ortophosphate (PO43-) mg P L-1 - 87.33 41.51 

 

4.1.2.3.1. Evolution of the analytical parameters throughout the 

batch assays. 

After filling the reactor, the raw sludge is heated up from ambient temperatures to 55ºC. 

During this lapse, the existing heterotrophic biomass from the secondary sludge dies due 

to the denaturalization of its cellular material, as reactor temperature increases. 

Simultaneously, new cells grow which remain viable at the thermophilic range. During this 

lapse of shift in the microbial populations, the reduced number of viable cells resulted in 

a drop in biomass activity (lag phase). Consequently, no significant reduction in COD was 

observed within this lapse and a sudden rise in ORP occurred (Figure 4.18). Despite of 

the reduced catabolic activity, hydrolysis remained the same leading to an accumulation 

of soluble compounds in the reactor. This fact suggested that, aside from the 

decomposition and further solubilization of biomass cellular structures by temperature, a 

significant degree of enzymatic hydrolysis occurred. Some authors (Li et al. 2009, Yan et 
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al. 2008) reported that within the first hours of the thermophilic aerobic digestion the lysis 

of less-temperature tolerant bacteria result in the release of thermostable intracellular 

enzymes, mainly proteases. The increased proteolytic activity resulting from protease 

release enhances hydrolysis rate and provides readily biodegradable substrate for the 

further cryptic growth of new thermophilic bacteria (Bomio et al. 1989, Yan et al. 2008). 

The release of intracellular enzymes is also observed in the results from Gómez 2007 and 

Csikor et al. 2002 who studied the effect of a thermal shock on the solubilisation of 

secondary sludge. These tests were carried out by inoculating centrifuged secondary 

sludge in tap water at 55ºC. Both authors reported an instantaneous hydrolysis of a 

significant part of suspended organic matter (10% of the total COD). After the initial 

solubilisation, hydrolysis continued for the following 60 minutes resulting in a gradual 

increase of soluble COD (up to 20%-30% of the total organic matter added for the test). 

Given the absence of extracellular enzymes in the tap water, the gradual accumulation of 

soluble COD is in line with the hypothesis of a release of thermostable intracellular 

enzymes that would result in further hydrolysis of particulate organic matter. 

The accumulation of readily biodegradable substrate was reflected in a sudden rise of the 

intermediate alkalinity, which was mainly related to the presence of fatty acids in the 

reactor. Additionally, the hydrolysis of inlet particulate matter led to a sensible release of 

ammonia nitrogen during this lag phase. This, coupled with the alkalinity values 

registered in the digester, resulted in a significant rise in the pH of the reactor. As result 

of the high pH values attained (day 5), the NHx released during hydrolysis and 

fermentation remained, mainly, as free ammonia in the reactor promoting the stripping 

of ammonia (from day 5 on). Therefore, a linear reduction was found in total and soluble 

nitrogen due to the loss of ammonia in the vent gas. This discussion is consistent with the 

observations reported by Liu et al. 2012 based on the results from thermophilic aerobic 

batch tests. 
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Figure 4.18. Analytical results obtained throughout biodegradability assay 3 

As thermophilic biomass grew, a gradual decrease of the excess soluble COD was found 

together with a drop of the ORP below -350 mV, which evidenced the lack of O2 

availability in the reactor. The microaerobic conditions of the reactor resulted in VFA 

production (Chu et al. 1994, Mavinic et al. 2001) and a further increase of the 

intermediate alkalinity registered in the digester. After day 5 of the batch assay, the 

reduction in readily biodegradable substrate reflected in a gradual decrease of the 

intermediate alkalinity. The latter eventually became negligible as the readily 

biodegradable substrate, and hence, the VFAs were consumed. At this point, the system 

became substrate limited with the subsequent rise in ORP. Coinciding with the rise in 

ORP, a first change in the slope of the COD profile is observed since COD removal rate 

was limited by the hydrolysis rate of the particulate matter (days 7 to 12). Beyond this 

point, a second change in the slope could be found as the reactor entered endogenous 

conditions (from approximately day 12 on) and limitation by the biomass decay and lysis 

rate occurred. The ORP profile registered during the batch test was very similar to that 

addressed in Chu et al. 1994, although the minimum values reached (-500 mV) were 

considerably lower than those reported in this reference (-250 mV). This in undoubtedly 

related to the higher availability of readily biodegradable substrate and the reduced 

activity of biomass at the beginning of the batch assay when compared to a semi-batch 

operation. 

4.1.2.3.2. Results of the biodegradability assays 

After 30 days of continuous aeration, all the remaining organic matter in the digested 

sludge was considered as non-biodegradable under aerobic conditions. Therefore, a 

complete characterization of the effluent sludge was performed for determining the 

composition of non-biodegradable fraction of the raw sludge (Table 4.9). The data from 

this characterization provided with relevant information for determining the input vector 

of components for further modeling of experimental results (section 3.3.3.1). Thereby, the 
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main parameters of the dynamic model could be obtained by data fitting of the 

experimental results (section 4.2). 

Table 4.9. Results from the biodegradability assays 

Parameters Units Assay 1 Assay 2 Assay 3 

TS % 1.87 1.92 3.11 

VS % 1.00 1.06 1.49 

FTS % 0.378 - - 

FVS % 0.298 - - 

CODT mg L-1 13496 14541 19829 

CODS mg L-1 3467 3574 6106 

COD to VS ratio g O2 g-1 VS 1.35 1.37 1.33 

TKN mg N L-1 974 1092 1736 

FKN mg N L-1 213 608 1092 

TAN mg N L-1 97 420 644 

COD to TKN ratio g CODT / g NT 13.86 13.32 11.42 

pH - 8.63 9.09 9.37 

AlkT mg CaCO3 L-1 520 770 1250 

AlkB mg CaCO3 L-1 370 630 1175 

Lipids % (dry mater) 4.33 2.45 2.54 

Soluble carbohydrates mg L-1 608 429 720 

Proteins (estimation) mg L-1 5481 4200 6825 

Soluble proteins (estimation) mg L-1 725 1175 2800 

Acetic acid mg L-1 1055 0 0 

Propionic acid mg L-1 1156 0 0 

Isobutyric acid mg L-1 - 0 0 

Butyric acid mg L-1 - 0 0 

Isovaleric acid mg L-1 - 0 0 

Valeric acid mg L-1 - 0 0 

Total phosphorus mg P L-1 370 499.7 769 

Ortophosphate (PO43-) mg P L-1 11 16.60 38.9 

Total carbon % (dry matter) 27.69 27.30 24.5 

Total oxygen % (dry matter) 43.75 44.03 33.4 

Total nitrogen % (dry matter) 3.36 4.00 3.6 

 

Looking to the results, a certain similarity was found in the elemental composition of the 

non-biodegradable organic matter of the raw sludge samples tested. Moreover, the 
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biodegradability of the raw sludge observed at the end of the tests (61.8, 64.3 and 

62.8%), was similar to that reported in literature for biodegradability assays in mesophilic 

anaerobic conditions (58.4-64.7%, Astals et al. 2013). However, the observed 

biodegradability did not coincide with the actual biodegradability of the raw sludge, since 

a certain amount of non-biodegradable organic matter is produced by lysis of the 

biomass produced during the biodegradability assays. Moreover, the biodegradability of 

the raw sludge samples obtained by applying the methodology addressed in section 

B.1.1 was very similar, 70.8, 71.9 and 73.5%, corresponding to samples 1, 2 and 3, 

respectively. In all the samples, the non-biodegradable organic matter produced as result 

of the successive growth, decay and lysis of biomass was quantified as a 12.6% of the 

total organic matter in the raw sludge. 

4.1.2.3.3. Estimation of the COD removal by using the heat balance 

The stationary heat balance was also used for estimating the organic matter removal 

attained throughout the biodegradability assays (Figure 4.19), by following the procedure 

as in section 4.1.2.2.3. As expected from the characterization of the raw sludge, a higher 

mass of organic matter was removed from the reactor in assay 3 with regard to assay 2. 

The significant difference in the content of biodegradable substrate in sample 3 delayed 

the complete depletion of the biodegradable organic matter (day 25) comparing to the 

assay 2 for a similar inlet airflow rate during the test. 

 

Figure 4.19. Estimation of the COD removed during biodegradability tests 2 and 3 

Based on the profile of COD removed, an estimation of the evolution of the COD 

concentration in the reactor during the batch tests could be obtained. The mentioned 

profile was compared to that obtained by lab analysis of the periodic samples collected 

throughout the assay. The results obtained were depicted in Figure 4.20. 

The figure evidenced that the experimental methodology applied, coupled with the 

calculation hypotheses and formulation addressed in previous sections, can successfully 
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provide with an accurate estimation of the OCR profile of a raw sludge during 

biodegradability assays. Additionally, if sufficient OTR is achieved by installing a more 

efficient aeration system, this methodology could be applied for performing OUR assays 

of sludge samples with reduced instrumentation requirements. 

 

Figure 4.20. Estimation of the COD concentration in the reactor throughout biodegradability test 3  

4.1.2.4. SUMMARY OF RESULTS 

Semibatch tests at various HRT and several biodegradability assays of 30 days length 

were run at the pilot scale set-up under thermophilic aerobic conditions. From the 

semibatch tests, a correlation was observed between the COD removal attained in the 

reactor and the HRT applied, regardless of the organic matter content of the raw sludge. 

On the contrary, the VS removal efficiency seemed strongly affected by the organic 

matter content of the raw sludge, and more precisely by the composition of this 

biodegradable organic matter. High VS content in the raw sludge carried a significant 

presence of proteins in the organic matter, resulting in increased VS removal per mass of 

COD removed. This eventually resulted in an enhanced VS removal efficiency for a given 

COD removal efficiency and HRT applied. The results from the experiments yielded 

sufficient information for validating the simplified mass model (section 5.2.2.1) devised in 

section 5.2.1. Thereby, the simplified mass model turned into a predictive tool capable of 

determining the optimum HRT required for a given VS content of the inlet sludge in 

order to ensure a particular degree of stabilization. During the semibatch experiments, 

the online monitoring of the exhaust gas composition showed the impact on the OTE of 

the oxygen availability within the reactor and the inlet airflow rate applied. An average 

OTE of 20.7% was estimated from the results. 
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The biodegradability assays showed a considerable similarity in the composition of the 

non-biodegradable fraction of the raw sludge samples tested. From the assays, the initial 

biodegradability of the raw sludge was determined in 70.3-73.5%, while the non-

biodegradable organic matter produced by the decay and lysis of biomass during the 

tests was quantified in a 12.6% of the total organic matter in the raw sludge. These data, 

together with the complete characterization of the non-biodegradable fraction of the 

raw sludge, provided relevant information for the future modeling of the ATAD process. 

Additionally, the fate of alkalinity and organic nitrogen, together with the evolution of 

readily biodegradable substrate, were studied throughout the biodegradability assays. 

The results evidenced a considerable removal of organic nitrogen, by stripping of the 

ammonia nitrogen released to the bulk liquid during fermentation of organic matter 

(58.1-64.1% reduction in total nitrogen). 

The stationary mass balance (sections 4.1.2.2.3 and 4.1.2.3.3) was used to predict the 

COD removed over the experiments at both semibatch and batch operation. With that 

purpose, several thermal tests were run for determining the thermal parameters of the 

lab scale set-up. The profiles of COD removed obtained by using the heat balance, were 

compared to that obtained by lab analysis and online monitoring of the exhaust gas. The 

study proved the experimental methodology used, together with the calculation 

procedure by heat balance, as a reliable method for addressing the OCR of a sludge 

sample. If a high efficiency aerator is used, the aforementioned method would result in a 

methodology capable of determining the OUR of a sludge sample by simply registering 

the power absorbed by the stirrer and the supplemental heat source used, once the 

thermal parameters of the lab scale set-up have been quantified. 

Summarizing, the semibatch experiments yielded sufficient data for validating a tool 

capable of predicting the organic matter removal (COD and VS) attained in an ATAD 

reactor for a given raw sludge composition and HRT applied (simplified mass model in 

section 5.2.2). The batch tests provided with relevant data for determining the alpha 

vector of the non-biodegradable fraction of the raw sludge required for modeling the 

ATAD process (section 4.2.1). Additionally, a reliable method for determining the OCR of 

a sludge sample has been devised. 
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4.1.3. Post-aeration experiments 

This section describes the experiments run at pilot scale for testing the applicability of an 

anoxic-aerobic post-treatment of digested sludge in order to reduce VS and inorganic 

nitrogen. The experiments were focused on 1) starting up the process by achieving a 

stable nitritation (wash out of NOB bacteria), 2) maintaining a sufficient nitrogen removal 

as to eliminate the need of a further BNR treatment of reject water, and 3) minimizing 

NOx-N in the effluent sludge by solely consuming the remaining biodegradable organic 

matter contained in the digested sludge.  During the experiments, special attention was 

given to quantifying the contribution of the biological processes in the release and/or 

uptake of inorganic nitrogen. 

4.1.3.1. START-UP OF THE POST-AERATOR 

To start-up the system, the reactor was filled with anaerobically digested sludge up to 

77.5% of its volume and with 12.5% of decanted secondary sludge. It was initially 

operated at an HRT of 5 days with continuous aeration. No nitrification activity was 

observed due to high free ammonia content (270 mg NH3–N L-1), which inhibited 

nitrifying biomass and consequently TKN remained approximately the same in the 

influent than in the effluent (Period 0). 

Table 4.10 shows the main operational settings for each period tested in this study. At 

day 16 (period 1) the reactor was seeded again (25% percent of the active volume was 

replaced) with the subsequent dilution of NH4
+-N concentration below inhibiting values 

of NH3-N. After several days of operation, nitrite accumulation was found (see Figure 

4.21). Moreover, nitrification was stopped due to low pH values and high concentrations 

of unionised nitrous acid over 0.06 mg N L-1 (Parravicini et al. 2008). At the end of this 

period, NOB activity was registered since free ammonia concentration was below 1.5 mg 

N L-1. ORP values were around 100-150 mV (Figure 4.22) which indicated the presence 

of both nitrite and nitrate in the effluent. In this period, TKN removal of 45% was 

registered. 
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4.1.3.2. POST-AERATOR PERFORMANCE 

As stated in Table 4.10, once nitrification was achieved in the reactor, the total HRT was 

increased (period 2) and the cycle was set with the alternating 

aerobic/discharge/feeding/anoxic strategy. Note that, in this period, influent sludge had 

high biodegradable VS content (Phase A). With this strategy, nitrite accumulation was 

reduced allowing alkalinity recovery during denitrification that led to pH values above 7. 

When operating with 50% aeration time, the combination of pH values around neutrality 

and nitrous acid concentrations lower than 0.06 mg N L-1 promoted higher nitrification 

activity, as reported by Anthonisen et al. 1976 and Parravicini et al. 2008. 

As ammonium concentration in the reactor suffered a sudden decrease, in period 3 total 

HRT and dissolved oxygen set-point were reduced in order to decrease nitrification rate 

and to prevent values of free ammonia concentration in the effluent lower than 1.5 mg N 

L-1 that would lead to NOB proliferation (Anthonisen et al. 1976). During this period some 

operational problems arose, like excessive foaming, that produced overflows in the 

reactor and the need of reducing blower’s maximum speed. This led to diffusers clogging 

during the aerobic phases because the blower was unable to overcome the pressure loss 

at low speed. As a result, no aeration was provided during two days hence reducing 

drastically nitrification rate and increasing ammonia concentration in the effluent. 

Foaming occurred because of a sudden increase in OLR to the reactor, since total HRT 

was reduced from 10 to 8 days and a rise of inlet VS was registered. This disturbance 

resulted in a higher oxygen demand of the system leading to a rise in the airflow supply 

to maintain the DO set point. Consequently, a higher blower speed was required thereby 

increasing aeration and mixing which resulted in foam production. The latter was 

controlled by a foam cutter, and clogging was avoided by using high maximum speed in 

the blower. Both DO concentration in the reactor and total HRT were increased to regain 

the nitrification degree previously achieved (period 4). Nevertheless, ammonium 

concentration still increased due to a higher inlet concentration and a significant loss of 

active biomass within the foam that escaped from the reactor during the overflows. This 

loss of active biomass was very likely to happen due to the high concentration of solids 

contained in the foam layer (Layden et al. 2007b, U. S. EPA 1990). Since no nitrification 

rate improvement was observed, aerobic retention time in the digester was set at 6 days 

(period 5). This change led to a higher nitrification rate and complete denitrification.  
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Figure 4.21. Evolution of nitrogen species, VS concentration and pH during the experimental study 

However, from day 67 on (period 6), nitrite accumulation was found due to the lack of 

biodegradable substrate for dentrification (Phase B). As complete denitrification was not 

achieved, alkalinity recovery was very low which implied a drop in pH below 7 and free 

ammonia concentrations lower than 1.5 mg N L-1. Hence, nitrate accumulation was 

monitored in the digester and concomitantly maximum ORP values gradually raised up 

to 100-150 mV. Anoxic retention time was progressively enlarged from 4 to 6 days in 

order to enhance the denitrification rate by increasing the amount of hydrolized 

substrate in anoxic conditions. However, the low amount of biodegradable solids fed to 

the digester prevented a complete denitrification and nitrate accumulation persisted. 

During the end of period 6 (at day 96), a sudden increase in the influent solids 

concentration (Phase C, above 6.7 g L-1 of VS) and a gradual reduction in nitrites was 

found. Higher denitrification rate was also observed, thus increasing pH above 7 and 

inhibiting NOB growth which prevented nitrate accumulation. 
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When complete denitrification was achieved (period 7), a minimum VS concentration in 

the inlet sludge of 6.7 g L-1 occurred (see Figure 4.21). Besides, maximum ORP values 

lower than 0 or -50 mV were monitored. During this last experimental period ammonium 

concentration values in the effluent around 135-200 mg NH4
+-N L-1 and TKN between 

600-700 mg N L-1 were reached, while oxidized species of nitrogen were virtually zero. 

These results are consistent to those (100-135 mg NH4
+-N L-1 and TKN ranging from 600 

to 700 mg N L-1) suggested by Novak et al. 2011 for operation with continuous feeding 

and intermittent aeration. 

 
 

Figure 4.22. Maximum daily ORP values evolution during the experimental study 

Summarizing, it was observed that best reactor performance occurred at an aerobic HRT 

of 4 days (10 day total HRT) with dissolved oxygen concentration in the reactor of 1.8 mg 

L-1, and enough biodegradable organic matter in the feed (VS content above 6.7 g L-1), 

so as to enable a complete denitrification. Under these conditions, effluent ammonium 

concentrations in the range of 135-200 mg NH4
+-N L-1 were recorded and pH remained 

above 7. Therefore, free ammonia concentrations were above 1.5 mg NH3-N L-1 that 

selectively inhibited NOB growth preventing nitrate accumulation. In addition, it has to be 

pointed out that, as long as incomplete denitrification with the presence of nitrates in the 

effluent is taking place, maximum ORP values around 100 to 150 mV are monitored, 

while achieving complete denitrification implies maximum ORP values lower than 0 mV 

(see Figure 4.22). 
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4.1.3.3. ANALYSIS OF AN OPERATION CYCLE 

During the period in which best reactor performance occurred, (period 7) the evolution 

of nitrogen soluble compounds throughout an operation cycle was studied (Figure 4.23). 

As can be seen, during the aerobic phase of the cycle, ammonium concentration is 

reduced while nitrite accumulation is produced due to autotrophic bacteria growth on 

ammonia. The decrease of ammonium concentration is also caused by nitrogen 

assimilation in autotrophic and heterotrophic biomass growth. It is nevertheless 

attenuated by simultaneous release of ammonium during fermentation in aerobic 

conditions.  

 
 Figure 4.23. Nitrogen compounds and ORP evolution through an operational cycle of the Post-aerator 

In the anoxic-anaerobic phase, by contrast, an increase of NH4
+-N concentration is 

observed. This fact can be explained by its release during fermentation, which is higher 

than the NH4
+-N assimilation in denitrifying biomass growth. Furthermore, nitrite 

consumption is reflected in the ORP values: at the beginning of the phase a gradual and 

fast decrease according to the shape of nitrites removal rate is registered.  



Results and discussion  Chapter 4 

115 

 

4.1.3.4. ANALYSIS OF CONTRIBUTIONS TO AMMONIUM REMOVAL 

Considering the amount of nitrite produced, it can be pointed out that, approximately 

one third of the ammonium consumed during the aerobic phase is due to nitrification, 

which means that most of the ammonia nitrogen removed is due to assimilation in 

biomass growth. This fact is undoubtedly related to the high biodegradable substrate 

content in the feed during the last experimental period. 

 

Figure 4.24. Inlet NH4+-N predicted by the nitrogen mass balance 

Since biomass growth and organic matter fermentation seemed such an important sink 

and source, respectively, in ammonium concentration through the cycle, the contribution 

of nitrification, biomass growth and fermentation in ammonia nitrogen removal was 

studied in detail during the experimentation. With that purpose, a nitrogen mass balance 

was devised (section 3.2.2.2) and applied to daily operation of the Post-aeration reactor. 

The mass balance was used to estimate the concentration of ammonia nitrogen in the 

inlet sludge based on inlet COD, TKN and effluent COD, TKN and NH4
+-N in order to test 

its predictive capacity. The results from the mass balance were compared with those 

values of inlet NH4
+-N obtained experimentally (Figure 4.24). By minimising the sum of 



Results and discussion  Chapter 4 

116 

 

the square error in each of the cycles considered, YH,obs was estimated to be 0.50 g 

cellular COD (g COD-1) removed. YN, iN,XN and iN,XH were considered as the default values 

proposed by Henze et al. 2002. The nitrogen content of the removed COD during the 

cycle was assumed as equal to that obtained for the feed by means of analytical 

measurements.  

In certain periods of the experimentation, a gap can be observed between the estimation 

of inlet NH4
+-N and those values obtained experimentally (Figure 4.24). These gaps are 

coincident with transient conditions in the reactor: 1) a decrease in inlet VS (day 55 to 85 

and 90 to 100 approximately) that resulted in a dilution of total and volatile solids in the 

effluent sludge, and 2) a rise in the NH4
+-N in the digester as a result of the overflows in 

the reactor. As mentioned in section 3.2.2.2, nitrogen mass balance is formulated for a 

stationary performance of the digester, which reduces its accuracy when transient 

conditions occur.  

Despite the aforementioned limitations, the nitrogen mass balance was used to study the 

impact of biomass growth and organic matter fermentation on the overall nitrogen 

removal. Figure 4.25 shows the contribution terms of the nitrogen mass balance during 

the whole experimentation. Note that the contribution term related to ammonia nitrogen 

release is plotted in the graph as negative while the terms that contribute to NH4
+-N 

removal in the balance are included as positive. 

 
Figure 4.25. Analysis of contribution terms to the overall ammonia nitrogen removal during the experimental 

study 



Results and discussion  Chapter 4 

117 

 

As can be observed, biomass growth represented an important contribution to ammonia 

removal during the aerobic phase with values ranging from one half to a quarter of the 

total N removed, depending on COD removal and hence on VS content of the feed. 

These results are consistent with the observations of Li and Irvin 2007 who quantified the 

assimilation of NHx-N in a 38 to 68% of the total ammonia nitrogen removal depending 

on the COD concentration of the feed sludge. When a lack of biodegradable organics 

was observed in the feed, low heterotrophic biomass growth and ammonia nitrogen 

release were monitored, compared with nitrification rate. However, when long anoxic 

HRT is applied, the contribution by bacterial growth is counteracted by the ammonium 

release in both anaerobic and aerobic-anoxic fermentation. Therefore, the overall 

removal of ammonia nitrogen over a complete cycle of operation is approximately equal 

to the nitrified nitrogen during the aerobic phase in the selected operating conditions 

(see Figure 4.25), and, hence, equal to the total nitrogen removed, measured as TKN 

(data not shown). 

4.1.3.5. SUMMARY OF RESULTS 

An anoxic/aerobic post-treatment of anaerobically digested sludge was tested at pilot 

scale. The variability of the organic matter content in the inlet sludge severely affected 

process operation. Thus, experiments were focused on maintaining a significant nitrogen 

removal minimizing NOx in the effluent sludge. From the experiments, a procedure for 

the start-up of the post-aeration process was found. An initial mixture in the reactor of 

25% settled secondary sludge from the mainstream D-N process, and 75% digested 

sludge is recommended for promoting nitrifying bacteria growth. Continuous aeration 

should be kept for several days operating at relatively long total HRT (5 days) until a 

significant accumulation of nitrites is found in the digester. At this point, regular 

operation with intermittent aeration is used for achieving denitrification and enhancing 

nitrogen removal. Under these conditions removal efficiencies up to 80% NH4
+-N, 50-

55% total nitrogen and 15-20% VS were obtained as far as complete denitrification was 

attained in the reactor. The alkalinity recovery resulting from denitritation kept pH values 

above neutrality, ensuring concentrations of free ammonia in the reactor that inhibited 

NOB growth (Peng et al. 2006). Complete denitrification occurred when the content of 

VS in the feed sludge remained above 6.7 g L-1. During the experiments, a correlation 

was found between the maximum ORP values monitored in the reactor and the 

accumulation of oxidized compounds of nitrogen. 
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The variability experienced in the feed sludge composition during the experiments 

together with the transient state attained during the start-up of the reactor, promoted 

some inhibition episodes of the AOB biomass growth due to nitrous acid (>0.06 mg N L-

1) and free ammonia (>150 mg N L-1). Complete inhibition of NOB bacteria growth by 

free ammonia was found at 1.5 mg N L-1. Concentrations of free ammonia beyond this 

value ensured the wash out of NOB bacteria and thus the initial purpose of achieving 

nitrogen removal over nitrite. The results regarding inhibition of nitrifying bacteria growth 

rate will be used for determining some parameters of the dynamic model by data fitting 

of the experimental results (section 4.2.5.3). During the experiments, the content of 

biodegradable organic matter of the feed sludge appeared as the key factor for 

achieving an optimum performance of the post-aerator. Consequently, this parameter 

was used as one of the main variables for the exploration of scenarios performed by 

computer simulation, in order to devise some criteria for optimum operation of the 

process (section 5.1). 

A nitrogen mass balance was used to quantify the main contributions to the overall 

nitrogen removal attained during the experiments. The mass balance revealed a high 

NH4
+-N assimilation during heterotrophic growth, which, in the conditions applied, was 

balanced by its release through aerobic and anoxic fermentation. Consequently, the 

NH4
+-N removal was mainly related to biological nitritation/denitritation. 

Summarizing, the post-aeration process was proven as a good solution to treat 

anaerobically digested sewage sludge for simultaneous stabilization of the sludge and 

removing nitrogen from the liquid phase to eliminate the need of further treatment of 

the reject water. With that purpose, pH values no lower than 7 had to be kept in the 

effluent sludge in order to guarantee a minimum value of free ammonia concentration in 

the reactor (1.5 mg N L-1) that would ensure nitrogen removal over nitrite. Minimizing the 

oxidized compounds of nitrogen in the effluent sludge required a minimum VS content 

of 6.7 g L-1 in the feed sludge for achieving complete denitrification. Additionally, the 

online measurement of ORP was proven as a reliable indicator of the denitrification 

degree due to the correlation found between its maximum values during the cycle and 

nitrite or nitrate prevalence. 
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4.2. DYNAMIC MODEL CALIBRATION 

The main goal of this section consists of the calibration and validation of the dynamic 

model based on experimental data, so that a further exploration of scenarios by 

computer simulation can be performed. This analysis of non-explored scenarios will draw 

some rules and criteria for an optimum design and operation of the processes studied 

throughout this work (Chapter 1). According to this, the following sections present the 

main results and conclusions drawn from the modelling of the experiments carried out at 

lab, pilot and semi industrial scale. Modelling the experiments resulted in the calibration 

of the main coefficients of the model. These coefficients were estimated so that the 

outcome of the simulations fitted the experimental results, based on the input data 

regarding the operational conditions applied, and a certain input vector of components 

obtained by applying the characterization protocol addressed in section 3.3.3.1. The 

mentioned protocol used the results from the periodic sampling and analysis of raw 

sludge carried out during the experiments. As stated in previous sections, calculating the 

input vector of components required the estimation of the content of non-biodegradable 

organic matter in the raw sludge, together with its elemental composition. Thus, a brief 

summary of the results obtained from applying the protocol for the characterization of 

this fraction of sludge is also included in the following section. 

4.2.1. Results from the characterization of the non-
biodegradable fraction of the inlet sludge 

As addressed in previous sections, modeling the results of the experiments requires an 

accurate estimation of the input vector of components of the dynamic model. Otherwise, 

a significant loss in the predictive capacity of the model would be attained. In order to 

define the concentration of the model components in the aforementioned input vector, 

the elemental composition of the non-biodegradable fraction of the raw sludge has to 

be determined in the first place (section 3.3.3.1). With that purpose, several 

biodegradability tests were run for different samples of raw sludge. The results obtained 

during the batch assays were used for estimating the composition of the non-

biodegradable fraction of the raw sludge by applying the methodology presented in 

section 3.3.3.2.  Table 4.11 shows the main results obtained by applying this 

characterization protocol. 
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Table 4.11. Characterization of the non-biodegradable fraction of the raw sludge studied 

 Source WWTP of the raw sludge studied 

Alpha vector of XI Seville Loiola(1)* Loiola(2) 

 αC,XI 0.464 0.501 0.447 

 αH,XI 0.068 0.047 0.061 

 αO,XI 0.406 0.363 0.414 

 αN,XI 0.043 0.048 0.053 

 αP,XI 0.019 0.041 0.025 

    

Estimated elemental 
composition of hydrogen (%H) 

4.11 2.64 3.53 

Non-biodegradable fraction of 
the raw sludge (fI) 

0.27 0.29 0.28 

The superscript (1) and (2) correspond to two different batch assays with raw sludge from Loiola WWTP. 
*Raw sludge sample used for this batch assay was stored for a month at 10ºC prior to the experiment. 

Looking to the results from the batch assays, a considerable similarity is observed in the 

biodegradability of the different samples of raw sludge tested. Even though all the 

samples tested consisted of mixed sludge, the especial features of the settling process in 

Loiola WWTP suggested the possibility of certain difference in the biodegradability of its 

raw sludge with regard to that of a conventional WWTP (Seville). Surprisingly, the initial 

biodegradability of the samples did not differ beyond the 2% and a certain similarity can 

be found in the elemental composition of digested sludge. In addition, the different 

concentration of organic matter of the raw sludge samples (ranging from 36.4 to 19.7 g 

VS L-1) did not have a significant influence in the biodegradability of the sludge. The 

estimation of elemental hydrogen content at the end of the batch tests (2.64-4.11%) is in 

agreement with the values reported by De Gracia et al. 2011 (4.04-4.40%) for 

biodegradability assays under mesophilic anaerobic conditions. These values were 

obtained by Elemental Analysis of digested sludge samples after drying at 105ºC. 

The characterization of the non-biodegradable fraction of the inlet sludge for modeling 

the post-aeration process was carried out based on the analytical data of the effluent 

sludge during the period in which a lack of biodegradable substrate was detected. In this 

period, the total COD of the effluent sludge was equal to that of the inlet sludge. 

Additionally, an aerobic biodegradability assay was run for a sample of effluent sludge 

and no significant change in COD was detected. Thus, the effluent sludge from the post-

aerator during this period was assumed as representative of the non-biodegradable 
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fraction of the inlet sludge to the post-aeration process. The alpha vector resultant of 

applying the characterization procedure to the analytical data of the effluent sludge (data 

not shown) is included in Table 4.12. 

Table 4.12. Characterization of the non-biodegradable fraction of the inlet sludge to the post-aerator 

Parameter Values 

Alpha vector of XI  

 αC,XI 0.443 

 αH,XI 0.078 

 αO,XI 0.368 

 αN,XI 0.057 

 αP,XI 0.053 

  

Estimated elemental composition 
of hydrogen (%H) 

5.29 

 

In this case, the inlet sludge to the post-aerator came from an anaerobic digestion 

process (TPAnaD). Given that biomass production during anaerobic digestion is very low 

comparing to that of the aerobic digestion processes, lysis products generation was 

considered as negligible and all the non-biodegradable organic matter of the effluent 

sludge was assumed as XI for the calculation of the alpha vector. 

4.2.2. Model calibration for particulate substrate 
kinetics (I). ATAD experiments at semi-industrial 
scale 

The calibration of the dynamic model began with the estimation of the coefficients 

defining the kinetics of the particulate substrate in both aerobic and anaerobic 

conditions, and those related to biomass decay rate. With that purpose, the experiments 

of ATAD at semi industrial scale were used in the first place. In order to reproduce the 

experiments, the raw sludge had to be expressed in terms of the model components by 

applying the characterization protocol addressed in section 3.3.3.1. However, some 

additional hypotheses had to be made for adapting this protocol to the available 

analytical data obtained from the raw sludge. This section discusses the main hypotheses 

applied to the characterization protocol for estimating the input vector of components. 
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Regarding the calibration of coefficients, a certain sequence in the estimation of 

parameters needed to be followed for ensuring their identifiability. In this way, the effect 

of the coefficients could be studied individually, guaranteeing an adequate estimation of 

parameters. Hence, this section focuses on describing that sequence together with the 

variables used for the estimation of the aforementioned coefficients. Aside from that, the 

model layouts used for reproducing the experimental data are also described. 

4.2.2.1. CHARACTERIZATION OF THE RAW SLUDGE 

During the experiments of ATAD at semi industrial scale, daily samples of the feed sludge 

were collected for characterizing the feed sludge by lab analysis. The average 

characterization of the feed sludge during the ATAD experiments has been addressed in 

section 3.2.1.1.3. The daily values obtained by the analysis of raw sludge (data not 

shown) were used for creating the input vector of components that could reproduce the 

dynamic influent being fed to the digester. Thereby, the results from the experiments 

could be used for the estimation of parameters based on the input data related to the 

operational settings. Nevertheless, some of the analytical parameters were not measured 

daily (see the periodicity of analysis in Table 3.1). This forced us to extrapolate some data 

from previous meassurements in order to fill the absence of data between two 

consecutive measurements of these parameters. The extrapolation consisted of assuming 

that these parameters had the same value as in the last measurement until a new data 

was obtained. 

As stated in previous sections, the organic matter of the feed sludge was separated into 

particulate components (XCH, XPR, XLI, XI). In the ATAD process, this particulate organic 

matter undergoes a thermal solubilization process as the raw sludge is fed to the digester 

(section 1.3.3.1). When the cold raw sludge enters the digester its temperature suddenly 

rises due to the contact with the remaining hot sludge contained in the digester. In that 

moment, the sudden change in the temperature provokes the solubilization of a certain 

fraction of the particulate organic matter. This solubilization phenomenon is caused by 

the great stress suffered by the biomass cells coming from the secondary treatment of 

wastewater as result of the sudden change in the temperature of the feed sludge. Due to 

the thermal shock, the membrane of the cells suffers a significant damage and collapse, 

releasing their cellular material into the bulk liquid in the form of particulate and soluble 

organic compounds. Since thermal solubilization phenomenon happens within minutes 

from the moment raw sludge is fed to the digester, the resulting soluble organic matter 

could be represented by adding a new fraction of soluble organic matter in the input 
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vector of components. Thus, thermal solubilization process can be omitted from the 

model (Csikor et al. 2002). This new fraction (fTS) represents the amount of particulate 

matter turned into soluble organic compounds by thermal solubilization of the feed 

sludge. The concentration of this new fraction of soluble organic matter is added to the 

soluble components SAA, SSU, SFA and SI, at expense of reducing the concentration of the 

inlet concentration of the particulate components XPR, XCH, XLI and XI. According to this, 

the concentration of these compounds in the input vector of components has been 

recalculated based on the values attained from applying the characterization protocol for 

the raw sludge. Thereby, the effect of thermal solubilization is included in the 

characterization of the feed sludge. Table 4.13 summarizes the new formulation for 

estimating the concentration of the particulate and soluble components affected by 

thermal solubilization. 

Table 4.13. Formulation of the input vector of components for describing the effect of thermal solubilization 
on the feed sludge 

Component Calculation procedure Units 

1 CSAA = ��� ∙����
∗ + ����

∗  g COD m-3 

6 CSFA = ��� ∙����
∗ + ����

∗  g COD m-3 

18 CSI = ��� ∙���
∗ + ���

∗ g COD m-3 

28 CSSU = ��� ∙����
∗ + ����

∗  g COD m-3 

37 CXCH = ����
∗ − ��� ∙����

∗  g COD m-3 

41 CXI = ���
∗ − ��� ∙���

∗ g COD m-3 

45 CXLI = ����
∗ − ��� ∙����

∗  g COD m-3 

48 CXPR = ����
∗ − ��� ∙����

∗  g COD m-3 

The terms marked with an asterisk are that obtained by applying the characterization protocol for the feed 
sludge. 

 

The fraction of particulate organic matter turned into soluble compounds by thermal 

solubilisation (fTS) was assumed as a 10%, based on the results from Csikor et al. 2002 

and Gómez 2007. Both authors conducted laboratory assays for quantifying the effect of 

a thermal shock on the particulate organic matter from secondary sludge, attaining an 

instantaneous conversion to soluble components of 10%. 

As observed from previous sections, one of the key variables in the characterization 

protocol of the feed sludge is the fraction of non-biodegradable organic matter. For 

modelling the ATAD experiments at semi industrial scale, this fraction (fXI) has been 

considered equal to the average value obtained in the biodegradability assays performed 
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to the raw sludge (28%). According to this, the elemental composition chosen for the 

non-biodegradable fraction of the raw sludge was that obtained in the assay in which 

28% biodegradability was attained (Assay 2). Despite this general consideration, some 

punctual episodes of low biodegradability of the feed sludge were detected throughout 

the experiments. 

 

Figure 4.26. Estimation of the non-biodegradable fraction of the feed sludge 

When ATAD reactor was refilled after cleaning up the clogging of the ejectors (day 45 of 

operation), the digester remained unfed for 4 days until temperatures in the thermophilic 

range were regained (section 4.1.1.3). During this lapse, the storage tank was completely 

filled up with raw sludge. As a result, no renewal of the feed sludge within the storage 

tank occurred for several days and, hence, the sludge remained under continuous mixing 

and anaerobic conditions until being emptied by consecutive loads to the ATAD digester. 

In the aforementioned conditions, anaerobic biodegradation of the biodegradable 

organic matter may have occurred, reducing the biodegradability of the feed sludge (day 

52 to 57). Something similar occurred from day 65 to 80 in which, the feed sludge in the 

storage tank was only renewed once per week for a lapse of approximately two weeks. 

This could have led to an anaerobic pretreatment of the feed sludge as well. For 

simplifying purposes, the reduction in the biodegradability of the feed sludge was 

represented by a higher fraction of non-biodegradable organic matter (estimated in a 

40%). Figure 4.26 shows the evolution of the non-biodegradable fraction of the feed 

sludge resulting from these assumptions. 
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4.2.2.2. DESCRIPTION OF THE MODEL LAYOUT USED 

As mentioned in previous sections, the dynamic model used in this work is implemented 

in Mike DHI WEST simulation platform. When it comes to simulating experiments by 

using this software, a certain system configuration has to be built, in order to reproduce 

the data inputs, the process layout, and the controllers and timing of the experimental 

set-ups tested. In general, any system configuration consists of several blocks, which 

contain, either: 1) the model of the different subsystems included in the layout, 2) the 

interfaces needed for converting the concentration of the model components, flow rate 

and temperatures of the inlet flows into mass and energy fluxes, or 3) the input data to 

the system. The blocks in the configuration are linked for sending the value of the state 

variables resulting from applying the input data, model or conversion interface contained 

in the corresponding block, to the next. The links are represented by lines indicating 

either, a mass and energy flux (blue line), or a data flux (red line). For modeling a 

particular set of experiments, these blocks are put together and linked in a way that, the 

resulting layout in the simulation platform can describe the operation and timing of the 

experimental set up.  

In this case, the model layout used for modeling the ATAD experiments at semi industrial 

scale, is depicted in Figure 4.27 and described in the following paragraphs. 

For starters, the block named municipality_1 acts as an input node that contains the input 

vector of components resulting from the characterization of the feed sludge together 

with its flow rate. This vector of components is used by the Convertor_1 to define the 

enthalpy and mass fluxes corresponding to each of the model components based on the 

temperature of raw sludge entered in the input box named in_1. The inlet flow is then 

divided in two flows by the divisor unit named FS_1. Since the municipality input is 

introducing a continuous flow, a divisor unit is required for redirecting this flow, either, to 

dumping or to the inlet of the digester (block named as closed_reactor_1), depending on 

a particular timing set by Timer_1 and Timer_2. This timing has been set so that a reactor 

discharge of 30 min length occurs once a day (Timer_2) followed by a feeding of the 

reactor of equal length (Timer_1). This timer switches the direction of the outlet flow from 

the divisor (FS_1) enabling the reactor feeding within this lapse. The feed and discharge 

volume are set in Timer_1 and Timer_2 by means of the data entry nodes in_6 and in_4, 

respectively. 
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Figure 4.27. System configuration for modeling the experiments at the semi industrial scale ATAD 

Aside from that, an inlet airflow rate has to be introduced in the system since an aerobic 

digestion process is under discussion. This airflow rate is defined in the gas generator 

block named Generator_1 by entering the composition, flow rate and temperature of the 

inlet gas. Since the airflow rate and atmospheric temperature are dynamic (vary 

throughout the simulation), these have been included as input data sheets in the nodes 

named in_3 and in_2, respectively. The temperature of the atmosphere is also entered as 

input data into the digester (closed_reactor_1), so that the heat loss through the walls of 

the digester could be calculated. In order to attain a full the description of the heat 

balance in the digester, the dynamic value of the mechanical energy input caused by the 

circulation pumps is also introduced in the configuration by means of the data entry 

named in_5.  

The input data used in for this configuration are summarized in Table 4.18. 
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Table 4.14. Summary of the input variables and control settings used for modeling the ATAD experiments at 
semi industrial scale 

Input variables 

Data entry Variables Type Value 

in_1  Feed sludge temperature Variable See Figure 4.2 

in_2  Ambient temperature Variable See Figure 4.2 

in_3  Inlet airflow rate Variable See Figure 4.28 

in_4  Feeding flow rate Variable See Figure 4.1 

in_5 
 Mechanical input from the 

circulation pumps 
Variable See Figure 4.9 

in_6  Discharge flow rate Variable See Figure 4.1 

-  Cycle length Fixed 0.25 days 

-  Feeding/discharge stage length Fixed 0.01 days 

 

4.2.2.3. CALIBRATION SEQUENCE AND RESULTS 

The calibration of the model coefficients consisted of a series of consecutive simulations 

in which, some of the model coefficients have been gradually modified in order to 

achieve an accurate fitting of the experimental results. The calibrated parameters 

coincided with those that lack of a general agreement in the literature with regard to 

their values (heterotrophic biomass yield, heterotrophic biomass decay rate and 

hydrolysis and lysis rate, together with their dependence on temperature). The calibration 

protocol began by running a preliminary simulation, in which, the model coefficients to 

be estimated, were set with default values obtained from literature. The input data for 

this simulation have been addressed in the previous section (Table 4.14). As mentioned in 

previous sections, a certain sequence had to be followed in the estimation of the model 

coefficients, since most of the contrast variables used for the calibration are 

simultaneously affected by several coefficients of the model. By following this sequence, 

the effect of the model coefficients could be studied individually guaranteeing their 

identifiability. The sequence followed for the estimation of the model coefficients 

together with the reference variables used for fitting the experimental data is 

summarized in Table 4.15. 
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Table 4.15. Summary of the sequence followed in the estimation of model coefficients 

Step Coefficients Reference variables used 

1 YH Temperature range of the liquid phase during the experiments 

2 Abubbles Temperature range of the gas phase 

2 SOTR function First slope of the temperature rise 

4 
Khyd,anaer Length of the first slope in the temperature profile. Oxygen limiting 

conditions 
5 Khyd,aer Second slope in the temperature profile. At low temperature 

6 θhyd,aer Second slope in the temperature profile. At high temperature 

7 θdec,aer Third slope in the temperature profile 

8 
θm,aer,1 

θm,aer,2 
Slowdown in the temperature rise and soluble COD accumulation during 
days 50 to 55 (Section 4.1.1.3) 

 

When running the simulation for reproducing the experiments, a series of structural 

parameters of the digester had to be defined in the first place. These parameters, which 

refer to the size and shape of the reactor (height, cross section and total and active 

volume), and its thermal properties, have been addressed in previous sections (Table 

4.16). However, some other structural parameters, like the features of the aeration and 

mixing system (kLa dependence on inlet airflow rate, and total surface area of the air 

bubbles within the liquid) remained unknown and required an initial estimation. The 

values of these structural parameters of the reactor, along with the input vector of 

components and the data inputs regarding the operational settings (Table 4.14), were 

used for running a preliminary simulation of the experimental results.  

Table 4.16. Structural features of the ATAD at semi industrial scale 

Structural features of the digester Units Values 

Active volume m3 4.00 

Total volume m3 12.50 

Overall heat transfer coefficient kJ (m2 ºC h)-1 8.85 

Cross section m2 3.46 

 

After the preliminary simulation, the parameter used for describing the surface area of 

the air bubbles within the reactor (Abubbles) and those describing the relationship between 

OTR and the inlet airflow rate (KLa and SOTR) had to be determined by fitting the 

experimental data. The model addresses the oxygen transfer rate (OTR) of the system as 

a function of the oxygen supply rate (OSR) through the parameter KLa. The kinetic 

parameter kLa defines the mass of oxygen transferred from the gas to the liquid phase 
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based on the motive force consisting in the difference in concentration between the 

liquid phase (CSO2) and the liquid boundary layer (KH_O2∙PO2). 

��� = ��� ∙�� ∙���_�� ∙32000∙��� − ����� kg O2 d-1 

At the same time, the parameter KLa is obtained as a function of the specific oxygen 

transfer rate of the aerator in clean water conditions, the number of ejectors used 

(nejectors) and the fouling factor of ejectors (Fsludge) divided by the saturation concentration 

of dissolved oxygen in equilibrium with that of the gas phase. The correction factor αKLa is 

used to adapt the oxygen transfer rate of the aerator in clear water to process conditions. 

A correction term by temperature was also included in the equation to describe the 

variation of kLa with reactor temperature. 

��� =
���� ∙������� ∙����

���������

��,�� ∙��� ∙�� ∙32000
∙����∙��������� d-1 

Finally, the specific oxygen transfer rate is formulated as a third grade polynomial 

equation on OSR as follows. 

���� = ����_� ∙���� + ����_�∙���� + ����_�∙��� + ����_� kg O2 d-1 

By combining these last equations, a clear correlation can be found between the oxygen 

transfer rate and the inlet airflow rate applied. 

The surface area of the air bubbles produced by the ejectors severely affects the heat 

transfer rate between the liquid and gas phase. This heat exchange (Hphs) occurs through 

the contact area between both media, which depends on the cross section of the 

digester and the overall surface of the bubbles within the digester. 

���� = ���� ∙����� − ����� ∙(����� + ��������) kJ d-1 

The overall surface of the bubbles will depend on the pressure loss in the ejector and the 

recycling flow, which ultimately defines the turbulence in the digester and the inlet airflow 

rate, and hence, the number of air bubbles contained within the liquid volume. Even 

though a more detailed description of the bubble media would be required (retention 

time of the bubbles within the liquid volume, number of bubbles produced and a 

dynamic description of the concentration of this phase with regard to time), a simpler 

description consisting of a parameter entry of the overall surface of the bubbles was used 

for this study. As a result, this parameter had to be determined by data fitting, along with 

the biological coefficients of the model. In the model, the partial pressure of oxygen 



Results and discussion  Chapter 4 

130 

 

within the bubble media is assumed constant and equal to that of the off-gas.  Prior to 

the estimation of these parameters (Abubbles and the terms of the SOTR function), the 

biomass yield of the heterotrophic bacteria (YH, step 1) had to be determined. The 

heterotrophic biomass yield addresses the fraction of biodegradable substrate 

assimilated into new biomass and that oxidized to CO2 releasing biological heat. 

Considering this, YH defines the biological heat production attained for a given content of 

biodegradable organic matter in the feed sludge (De Gracia 2007). The release of 

biological heat production results in a certain reactor temperature range due to the 

increase of sensible heat of the liquid, depending on the heat losses attained in the 

digester. The heat losses depend, in a great extent, on the overall heat transfer 

coefficient of the reactor. Since the value of this parameter was obtained from the 

experiments (8.85 kJ (m2 ºC h)-1), the parameter YH could be estimated by fitting the 

temperature range resulting from the preliminary simulation to that attained during the 

experiments (Figure 4.28). In this way, YH was quantified in 0.42 g cellular COD (g COD)-1. 

 

Figure 4.28. Results from fitting the temperature range in the reactor and Kla estimation with regard to the 
inlet airflow used 
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As observed in Table 4.15, the next step in the calibration sequence consisted in 

estimating the parameter describing the overall surface area of the bubbles within the 

liquid phase of the digester (Abubbles, step 2). This parameter was estimated so that the 

results from the simulation could fit the experimental data regarding the off-gas 

temperature (data not shown). The overall surface area of the bubbles resulting from this 

estimation was quantified in 1 m2. After fitting the temperature range attained by the 

reactor, the calibration sequence focused on reproducing the different slopes observed 

in the temperature rise during each of the operation cycles. With that purpose, the 

parameters determining the oxygen transfer rate were estimated in the first place (SOTR 

function and KLa).  

As addressed in previous sections, reactor feeding increases the concentration of soluble 

organic matter in the digester, promoting operation under oxygen limiting conditions. As 

a result, the first slope of the temperature profile within a cycle of operation is limited by 

the oxygen transfer efficiency (section 4.1.1.4). Considering this, the parameters of the 

SOTR function (step 3) can be estimated so that the first slope of the temperature profile 

fits that of the experimental data points (Figure 4.29). The length of this first slope of the 

temperature rise for a given OTR depends on the accumulation of soluble substrate. This 

accumulation depends on 1) the content of soluble biodegradable organic matter in the 

feed sludge and 2) the hydrolysis rate of the particulate matter. Since the first is given by 

the composition of the feed sludge, the hydrolysis rate of particulate matter determines 

the amount of soluble organic matter produced. Given the lack of oxygen during the first 

part of the cycle, the production of soluble substrate relies on the hydrolysis rate under 

anaerobic conditions (Khyd,anaer). According to this, the anaerobic hydrolysis rate coefficient 

(step 4) was estimated by fitting the length of the first slope of the temperature rise to 

that of the experimental data. The anaerobic hydrolysis rate coefficient was estimated in 

0.27 d-1. This value is consistent with that of 0.25 d-1 addressed by Siegrist et al. (2002). 

However, the value of (Khyd,anaer) holds a significant variability in the literature with values 

ranging from 0.1 d-1 (Batstone et al. 2002) for the hydrolysis of lipids to 6.2 d-1 (Eastman 

and Ferguson 1981) for the hydrolysis of proteins. The dispersion in the values from 

different authors might be explained by a difference in the particle size distribution of the 

different sludge samples studied, since hydrolysis was found to be a surface related 

process (Sanders 2001). 
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The kLa values resulting from the estimation of the SOTR function have been depicted in 

Figure 4.28. The figure shows how the values of kLa remained within the range of 1500 to 

2000 d-1 during the period of oxygen limitation (from day 10 to 40), which is consistent 

with the average value of 1757 d-1 obtained from the experiments (section 4.1.1.4). In 

addition, the profiles of dissolved oxygen that resulted from these kLa values are 

consistent with the ORP profiles found during the experiments under oxygen limiting 

conditions (Figure 4.4). By comparing both, simulated DO and ORP, the rise in ORP 

attributed to a hypothetical accumulation of dissolved oxygen seems to coincide with the 

rise in DO beyond 1 mg O2 L-1. 

As the accumulation of biodegradable soluble organic matter is depleted, a balance is 

achieved between the soluble substrate consumed and that produced by hydrolysis of 

particulate organic matter. In these conditions, the rise in reactor temperature becomes 

limited by the hydrolysis rate, and a change in the slope of the temperature is observed. 

The limitation in substrate availability leads to a certain increase in dissolved oxygen 

concentration, resulting in aerobic conditions in the reactor. Considering this, the aerobic 

hydrolysis rate coefficient could be estimated by fitting the second slope of the 

temperature rise to that obtained from the experiments. Thus, the aerobic hydrolysis rate 

coefficient was estimated in 1.73 d-1 at 35ºC. This value was obtained by fitting the 

experimental results at low temperature (around 40-45ºC). When using the experimental 

data at high temperature (50-60ºC) Khyd,aer was quantified in 6.0 d-1. According to these 

values, the parameter describing the effect of temperature on this coefficient (θhyd,aer) was 

estimated in 0.062. The different substrate uptake rates corresponding to the oxygen 

transfer rate first, and later, to the hydrolysis rate under aerobic conditions, result in 

different biomass growth rates. This difference is evidenced by the two first slopes 

registered in the concentration of heterotrophic biomass coinciding with the uptake of 

soluble substrate (SS) and particulate substrate (XS) throughout a cycle (Figure 4.31) 
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Figure 4.31. Evolution of the biomass concentration with regard to the content of biodegradable substrate 

The second slope in the temperature profile comes to an end as the particulate substrate 

is depleted, and the reactor enters an endogenous phase due to the lack of food for 

heterotrophic bacteria growth. Given the absence of any other available biodegradable 

organic matter but the biomass, the cellular material released by lysis of dead biomass 

becomes substrate for the remaining bacteria. As a result, the uptake rate of 

biodegradable organic matter becomes limited by biomass decay and lysis resulting in 

reduced growth rates. In these conditions, biomass decay prevails over growth leading to 

a significant reduction of the heterotrophic biomass population.  

Aside from the drop in bacteria population, the limitation in substrate uptake rate leads 

to a reduced heat production rate, which ultimately results in a certain drop in reactor 

temperature due to the heat losses. Since this drop in temperature is consequence of the 

lysis and decay rate, these coefficients could be estimated by fitting the slope of this 

temperature drop to that attained during the experiments (Figure 4.30). However, an 

identifiability problem arose in this case, since two coefficients were affecting the same 

reference variable (slope of the temperature drop). Considering this, the lysis and decay 

rate coefficients were given default values at 35ºC obtained from the literature, together 

with the effect of temperature on the lysis rate coefficient.  
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The reference values used for describing the lysis rate and its temperature dependence, 

were obtained from Batstone et al. (2002) who introduced the concept of the 

disintegration of complex organic matter (composites XC) resulting from biomass decay 

into particulate organic matter prior to the hydrolysis. This dead biomass is also 

described in the model used in this work as component XC2 (composites), which 

disintegration rate can be considered as the actual lysis rate of biomass. Consequently, 

the values given for the disintegration rate in this reference were used as reference 

values for the lysis rate. Regarding the decay rate coefficient, its reference value 

corresponded to the decay rate of acidogenic biomass (anaerobic digestion), since most 

part of the bacterial populations involved in these biological transformations belong to 

the group of facultative heterotrohic bacteria, rather than strictly anaerobic 

microorganisms. Based on these values, the effect of temperature on the decay rate 

coefficient (at 35ºC) could be quantified, given that operation under endogenous 

conditions only occurred at high temperatures (days 58 to 80). The decay rate coefficient 

was estimated in 1.47 d-1 resulting in a value of the parameter for temperature 

dependence of 0.03 (θkdec,aer). The results from the calibration of the model coefficients 

are summarized in Table 4.17, together with the reference values used in the preliminary 

simulations. 

Table 4.17. Summary of the results from the estimation of the biochemical model coefficients 

Coefficients Units Values used Reference values References 
  35ºC 55ºC θ 35ºC 55ºC θ  

YH 
g cell. COD 
(g COD-1) 

- 0.42 - 0.63(1) 0.42(2) - 

(1)Henze et al. 
(1995 and 1999) 
(2)Gómez (2007) 

Khyd,anaer d-1 0.27 0.44 0.024 0.25 0.40 0.024 
Siegrist et al 
(2002) 

Khyd,aer d-1 1.73 6.00 0.062 5.60 12.74 - 
Henze et al. 
(1995 and 1999) 

Kdis,XC2 d-1 0.50 1.00 0.035 0.50 1.00 0.035 
Batstone et al. 
(2002) 

Kdec,XH,aer d-1 0.80 1.47 0.030 0.80 3.20 0.069 
Siegrist et al. 
(2002) 

 

The series of simulations used for estimating the coefficients of the model resulted in a 

set of coefficient values that fitted the experimental data regarding reactor temperature. 

The outcome from simulating the experiments with these coefficient values was also 

compared to the results obtained from the lab analysis performed to the samples of 

effluent sludge (Figure 4.32 and Figure 4.33). 
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Figure 4.32. Effluent COD resulting from the simulation of the experiments at semi industrial scale 

The simulation results showed a very good overall approach with regard to the analytical 

data, specially, when considering soluble COD and VS concentration. The results from 

this approach can be explained by the significant accuracy of the analytical methods used 

for determining these two parameters. However, some deviations in the prediction of VS 

were observed, coinciding with the episodes of solids accumulation detected throughout 

the experiments at semi industrial scale (days 10 to 30 and 50 to 70). This accumulation 

of solids within the reactor resulted in a lower content of VS in the effluent sludge with 

regard to that theoretically predicted by the model. As mentioned in previous sections, 

this solids accumulation occurred, mainly, from day 45 on, after the draw of two third 

parts of the reactor’s active volume for fixing the ejectors clogging (section 4.1.1.3).  

 

Figure 4.33. Effluent VS and pH resulting from simulating the experiments at semi industrial scale 

In contrast with the aforementioned parameters, the analytical method used for 

determining total COD holds a considerable relative error due to the uncertainty arising 
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from the analysis of the COD corresponding to particulate organic matter. The 

uncertainty of this measurement is evidenced by the significant variability found in the 

concentration of total COD in the effluent sludge during the experiments. This variability 

combined with the aforementioned accumulation of solids, compromises the predictive 

capacity of the model with regard to total COD. Aside from organic matter, the dynamic 

model attained a good overall prediction of pH despite of some deviations found when 

its value increased over 8 (Figure 4.33). The results from the prediction of VS and COD 

concentration in the effluent sludge confirmed the hypotheses assumed with regard to 

raw sludge biodegradability. Moreover, the results from the simulation validated the 

protocol used for the characterization of feed sludge. 

4.2.2.4. SUMMARY OF RESULTS 

The dynamic model has been used for modeling the ATAD experiments at semi industrial 

scale. With that purpose, a model layout reproducing the operational settings and timing 

of the experimental set-up was built. The operational settings used during the 

experiments, together with the input vector of components describing the 

characterization of the feed sludge were used as input data for this system configuration. 

The input vector of components was estimated from the results of the periodic analysis 

of the raw sludge and the alpha vector of XI, by using the characterization protocol 

devised throughout this work. However, some hypotheses had to be assumed for 

reproducing the effect on the feed sludge of thermal solublization and, during certain 

periods, the anaerobic pre-treatment resulting from medium-term storage of raw sludge. 

After defining the system configuration, a series of simulations were run for estimating 

some of the model coefficients involved in the kinetics of particulate organic matter 

(Khyd,anaer, Khyd,aer, θhyd,aer), and heterotrophic biomass growth (YH, θm,XH,1, θm,XH,2) and decay 

under aerobic conditions (θdec,XH,aer). The hydrolysis rate coefficient at 35ºC was estimated 

in, 0.27 d-1 under anaerobic conditions, and 1.73 d-1 under aerobic conditions. The effect 

of temperature on both parameters was described by the formulation addressed in 

ADM1 (Batstone et al. 2002), which resulted in a temperature dependence parameter of 

0.062 for the aerobic hydrolysis rate. Aside from the biochemical coefficients, the 

parameters defining the correlation between the OTR of the aeration system and the 

inlet airflow rate were quantified (kLa and SOTR function), together with the overall 

surface area of the air bubbles (1 m2) contained within the liquid volume of the reactor. 

The simulation results from the estimation of coefficients were checked with the analytical 

data obtained during the experiments (COD, VS and pH). The results showed a very 
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good overall fit of the experimental data, which validated the hypotheses assumed in the 

characterization of raw sludge, together with the protocol devised for estimating the 

input vector of components from analytical data. 

Summarizing, the model coefficients affecting the performance of the ATAD have been 

estimated providing a very good fit of the experimental data obtained at semi industrial 

scale. Considering this, the sequence followed for the parameter estimation apparently 

resulted in a reliable procedure for calibrating the model coefficients. However, this set of 

coefficient values required a further validation with new experiments for addressing the 

reliability of this calibration methodology. Something similar occurs to the methodology 

followed for the characterization of the feed sludge.  

4.2.3. Validation of the coefficients for particulate 
substrate kinetics. Semibatch experiments at lab 
scale 

In previous sections, the model coefficients affecting the kinetics of the ATAD process 

have been quantified based on the results from the experiments run at semi industrial 

scale. However, the applicability of these values has to be assessed before being used in 

future simulations, either for calibrating some other parameters, or with design purposes. 

In order to assess their applicability, these values were used for simulating the results 

from the experiments run at lab scale. This section addresses the main results obtained 

from the validation of model coefficients, but also includes a description of the system 

configuration used for reproducing the experiments, the input data used and the 

hypotheses assumed for estimating the input vector of components. 

4.2.3.1. CHARACTERIZATION OF THE RAW SLUDGE 

As in the case of the ATAD experiments at semi industrial scale, the characterization 

protocol was used for calculating the input vector of components corresponding to the 

analytical results from the raw sludge samples. In this case, no extrapolation of data was 

required since the same parameters were analyzed in all the raw sludge samples received 

in the laboratories. Nevertheless, applying the characterization protocol to the data from 

lab analysis required the assumption of certain hypotheses in order to overcome the lack 

of information regarding VDS. The absence of data of VDS (VS minus VSS) impeded the 

estimation of the content of sugars and long chain fatty acids (LCFA) in the raw sludge 
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based on the COD to VS ratio of these components (see section 3.3.3.1). Considering 

this, and for simplifying purposes, a 50% LCFA (SFA) and 50% sugars (SSU) proportion was 

used for fractioning the concentration of COD corresponding to the sum of these 

compounds. 

One a week, a drum containing 25 L of raw sludge was received in the laboratories. The 

raw sludge was analyzed and later stored in a refrigerator until its use as feed for the lab 

scale ATAD. By storing the samples at low temperature, a hypothetical anaerobic pre-

treatment of the feed sludge was avoided. According to this, the fraction of non-

biodegradable organic matter was assumed constant during the experiments and equal 

to the average value obtained in the biodegradability assays of the feed sludge (28%). 

The elemental composition used for the simulation was that corresponding to the raw 

sludge containing a 28% non-biodegradable organic matter (batch test 2). As happened 

in the modeling of the ATAD experiments at semi industrial scale, the results obtained in 

the characterization of the feed sludge had to be recalculated in order to describe the 

effect of thermal solubilization on the concentration of particulate and soluble organic 

matter. Considering this, the concentration of components SSU, SAA, SFA, SI, XCH, XPR, XLI 

and XI were recalculated following the formulation addressed in Table 4.13. 

4.2.3.2. DESCRIPTION OF THE MODEL LAYOUT USED 

The system configuration used for modeling the ATAD experiments at lab scale (Figure 

4.34) was very similar to that of the experiments at semi industrial scale, since, in both 

cases a semibatch feeding pattern was applied (see section 4.2.2.2). However, the 

experiments at lab scale required a supplementary heat input for keeping the 

temperature of the reactor in the thermophilic range. A PI controller regulated the power 

supplied by two electric resistances for maintaining a temperature set point of 55ºC in 

the reactor (section 3.2.1.2.1). This temperature control was described in the 

configuration by implementing a PI saturation type controller (control_1), which regulates 

the heat supplied by a hypothetical boiler based on the measurement of the liquid 

temperature in the reactor. The controller sends an output signal back to the digester 

with the value of the heat input, which is described by a parameter named Hboiler. This 

parameter is typically used for describing the heating of anaerobic digesters. 
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Figure 4.34. System configuration for modeling the semibatch experiments at lab scale 

Regarding the thermal description of the reactor, no entry of mechanical heat was 

included in the configuration and a stationary value of the atmospheric temperature was 

assumed. The main aim of modeling these experiments consisted of validating the kinetic 

coefficients estimated in the previous sections consequently, no special focus was drawn 

into quantifying the heat fluxes happening in the reactor. Specially, since the reactor was 

kept at a fixed temperature by using an external heat input, that could balance any 

inaccuracy made in the description of the heat balance.  

The different input data and control loops used in this configuration are briefly described 

in Table 4.18. 

Table 4.18. Summary of the input variables and control settings used for modeling the ATAD experiments at 
lab scale 

Input variables 

Data entry Variables Type Value 

in_1  Feed sludge temperature Variable - 
in_2  Inlet airflow rate Variable - 
in_5  Feeding flow rate Variable - 

-  Reactor temperature Fixed 55ºC 
-  Ambient temperature Fixed 20ºC 
-  Cycle length Fixed 1 day 
-  Feeding/discharge stage length Fixed 0.02 days 
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Control loops description 

Block Control variables Manipulated variables Controller type 

Control_1  Reactor temperature External heat input PI 

 

4.2.3.3. VALIDATION OF COEFFICIENTS  

The system configuration describing the semibatch operation of the lab scale set-up has 

been used for simulating the results of the experiments at lab scale, based on the values 

of the coefficients quantified in section 4.2.2.3. The simulation used the input vector of 

components resulting from applying the characterization protocol with the additional 

considerations addressed in section 4.2.3.1. The outcome of the simulation has been 

compared to the experimental results in terms of the analytical parameters of the effluent 

sludge (Figure 4.35), so as to test the capability of the calibrated model for reproducing 

the performance of the lab scale set-up. The figure shows a very good match between 

the simulation results and the experimental data, especially in terms of COD, VS and, 

organic and inorganic nitrogen. 

Considering the results, the match observed in total COD with regard to the experimental 

data proved the validity of the methodology used for quantifying the fraction of non-

biodegradable organic matter in the raw sludge. Aside from the content of non-

biodegradable organic matter, the concentration of COD in the effluent sludge is 

determined by the values of the hydrolysis and decay rate coefficients used for the 

simulation. According to this, and given the accuracy in the prediction of COD, the values 

of the model coefficients obtained from the experiments at semi industrial could be 

validated as well.  
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Given a particular estimation of the effluent COD, the prediction of effluent VS 

depended, at a great extent, on the estimation of the elemental composition of the non-

biodegradable organic matter in the raw sludge. Depending on this elemental 

composition, a different mass of VS per mass unit of COD would be registered in the 

effluent sludge. Therefore, and considering the match observed between the effluent VS 

obtained by simulation and that obtained experimentally, the elemental composition 

used for the non-biodegradable fraction of the raw sludge can be validated. As a result, 

the methodology used for estimating the elemental composition of the non-

biodegradable fraction of sludge (section 3.3.3.2) is validated as well. In addition, the 

reliability of this methodology is also evidenced by the capacity of the model for 

describing with significant accuracy the nitrogen content of the effluent sludge. With 

regard to the fit of total (TKN) and inorganic nitrogen (TAN), the first confirms the 

predictive capacity of the model for describing the stripping of ammonia, since no other 

sink of nitrogen is expected at the thermophilic temperatures (no nitrification occurs). The 

second, verifies the model description for the release and assimilation of ammonia 

nitrogen (NHx) happening in the transformations involving biodegradable substrate 

fermentation and biomass growth, respectively. These assimilation and release 

phenomena are described by the sink-source term of nitrogen used in the stoichiometric 

matrix (SNH4) for ensuring the continuity check of the mass of nitrogen in the 

aforementioned transformations (PWM methodology, Grau et al. 2007). The release of 

ammonia nitrogen during substrate fermentation depended on the nitrogen content of 

the biodegradable organic matter, which resulted from the characterization of the feed 

sludge. Bearing this in mind, the validity of this characterization protocol could also be 

addressed, based on the results attained in the simulation. 

Despite the good overall fit of experimental results, some discrepancies were found 

between the outcome of the simulation and the experimental results when considering 

pH, and total or partial alkalinity. The simulation predicted higher alkalinity values than 

those observed experimentally, leading to lower pH values as a result of the increased 

buffer capacity of the system. These discrepancies seemed to increase as the 

experimental pH rose beyond 8. At pH values around 8, most of the inorganic carbon 

remains as carbonate, which precipitate by combination with cationic compounds 

typically found in mixed sewage sludge, such as calcium or magnesium (Astals et al 

2013). This hypothesis is in agreement with the observations of Liu et al. 2012 who 

reported alkali metals precipitation during aerobic digestion. The precipitation of 

inorganic carbon as calcium carbonate (CaCO3, pKSO = 8.2-8.5) and magnesium 

carbonate (MgCO3, pKSO = 7.5-8.2) reduces the buffer capacity of the system and rises 
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pH. Since the precipitation kinetics were excluded from the dynamic model, the latter 

over-predicted the concentration of inorganic carbon in the liquid phase and could not 

reproduce the increase in pH resulting from the drop in the buffer capacity of the system 

(Batstone et al. 2002).  

4.2.3.4. SUMMARY OF RESULTS 

In previous sections, a series of coefficients of the dynamic model were estimated by 

modeling the experiments run at semi industrial scale. This set of coefficients have been 

used for reproducing the ATAD experiments run at lab scale in order to assess the 

applicability of these values in further simulation studies. The results from the simulation 

showed a very good approach to the experimental data (effluent COD, VS, TKN and 

TAN). This suggested the validity of the coefficient values obtained in the previous model 

calibration, together with the characterization protocols used for describing both, the 

input vector of components and the amount and composition of the non-biodegradable 

organic matter of the feed sludge. However, certain discrepancies were observed in the 

prediction of pH and alkalinity due to the limitations found in the model with regard to 

the description of the precipitation of inorganic carbon. 

Summarizing, the coefficient values obtained in section 4.2.2.3, together with the 

calibration protocol used, have been validated based on the results from the experiments 

at lab scale. Moreover, the results also showed the relevance of an adequate estimation 

of the elemental composition of the non-biodegradable organic matter for the model to 

be capable of predicting the release and assimilation of nutrients during substrate 

fermentation and biomass growth, respectively. As can be concluded from section 

4.1.3.4, this release and assimilation of nutrients will have a considerable impact in 

modeling the results of the Post-aeration experiments (section 4.2.5.3). 
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4.2.4. Model calibration of particulate substrate kinetics 
(II). Batch experiments at lab scale 

The coefficients obtained in section 4.2.2.3 were also tested for reproducing the batch 

tests run at the lab scale set-up (section 4.1.2.3). As in the case of semibatch experiments, 

a particular system configuration had to be built in order to describe the features and 

settings of the lab scale set-up. This section deals with the main results drawn from 

modeling the batch assays of raw sludge under aerobic thermophilic conditions. The 

main hypotheses assumed for defining the characterization of feed sludge, and the 

system configuration used are also described in this section. 

4.2.4.1. CHARACTERIZATION OF THE RAW SLUDGE 

In the case of the batch tests, the reactor is filled with raw sludge at ambient 

temperature. After that, reactor temperature is gradually increased up to 55ºC using the 

power supplied by the supplemental heat source. This heating phase lasted for 

approximately 12 hours in each of the batch assays run. As a result of the gradual 

increase in temperature, no thermal shock is expected to occur in the feed sludge, by 

contrast to the semibatch experiments. Hence, when estimating the input vector of 

components, the thermal solubilization effect was not considered. Aside from that, the 

same assumptions as in the semibatch experiments have been used during the 

characterization of the raw sludge. A proportion of 50% LCFA and 50% sugars was used 

for fractioning the COD concentration corresponding to the sum of these compounds 

(SFA and SSU). The non-biodegradable organic matter of the raw sludge was set with the 

fractions estimated for each of the batch tests (0.27, 0.29 and 0.28 for biodegradability 

tests 1, 2 and 3 respectively, Table 4.11). 

4.2.4.2. DESCRIPTION OF THE MODEL LAYOUT USED 

The configuration used for reproducing the batch tests (Figure 4.36) was similar to that of 

the semibatch experiments at lab scale. However, in this case no raw sludge input, 

neither draw-and-fill timing, had to be included in the layout since the reactor was filled-

up only at the beginning of the tests. According to this, the composition of the feed 

sludge was introduced by setting the initial mass of the model components in the 

reactor. The mass of each of the components was calculated by multiplying the 
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concentration given by the characterization protocol and the initial liquid volume used 

for the tests.  

 

Figure 4.36. System configuration for modeling the batch tests 

The batch tests were run at 55ºC. A PI controller regulated the power supplied by two 

electrical resistances in order to keep reactor temperature within this set point. As in the 

semibatch experiments run at lab scale, this temperature control was described by a PI 

saturation type controller (control_1) regulating the heat supplied by a supplemental heat 

source (Hboiler). The controller modified the heat supply based on the difference found 

between the temperature set point and the measurement of reactor temperature. 

Aeration flow rate was maintained at 0.8 L min-1 during the whole tests. The system 

configuration resulting from these considerations is depicted in Figure 4.36.  

4.2.4.3. EFFECT OF BATCH OPERATION ON THE HYDROLYSIS RATE 

COEFFICIENT 

The results obtained during the biodegradability assays have also been used for testing 

the applicability of the coefficient values estimated in section 4.2.2.3. The system 

configuration described in the previous section was set with 1) the default values 

proposed from literature for the coefficients describing the aerobic and anaerobic uptake 

of readily biodegradable substrate, and 2) the coefficient values estimated in this work for 

the hydrolysis of particulate organic matter and the decay and lysis of heterotrophic 

biomass. 

In contrast to the semibatch experiments at lab scale, the simulation attained a significant 

deviation from the results obtained experimentally (see Sim_CODt (I) and Sim_DO (I) in 

Figure 4.37). This deviation evidenced the need of reconsidering the value of some of the 

model coefficients estimated in section 4.2.2.3. The biomass yield and decay rate of 
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heterotrophic bacteria are considered inherent to the type of biomass produced, and not 

dependent on the operation pattern of the digester. Thus, the hydrolysis rate was 

assumed as the main cause for the discrepancies found with regard to the experimental 

data. This hypothesis is in agreement with Sanders (2001) who stated that the hydrolysis 

rate coefficient is system and substrate specific, and hence might differ when considering 

a batch assay or an application in a full scale CSTR. According to this, the hydrolysis rate 

coefficient under, both aerobic and anaerobic conditions was recalculated. The 

procedure used for the estimation of these parameters is similar to that used in section 

4.2.2.3. However, in this case, reactor temperature could not be used as reference 

parameter, since it was kept at a constant value. Consequently, the COD profile resulting 

from the periodic analysis of digested sludge was chosen as the reference parameter for 

the calibration instead of temperature. 

 

Figure 4.37. Results from the simulation of the batch tests with the recalibrated coefficients 

As mentioned in previous sections, three different slopes can be observed in the COD 

profile of the test sludge during, either a semibatch cycle, or a complete batch assay. 

These consecutive slopes depend, respectively, on 1) OTR (oxygen limiting conditions), 2) 
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hydrolysis rate under aerobic conditions (substrate limiting conditions), and 3) biomass 

decay and lysis rate (endogenous conditions). However, in the batch assays an initial 

period with reduced biomass activity was observed due to a swift in the predominant 

bacteria populations from mesophilic to thermophilic microorganisms (lag phase). The 

reduced biomass activity is evidenced by the significant accumulation of DO oxygen and 

the poor COD removal observed within this lapse. The progressive growth of new 

thermophilic bacteria during the lag phase is described by setting a low initial mass of 

thermophilic biomass culture. The latter is estimated so that the simulation fitted the 

length of this lag phase. As mentioned before, this lapse lasts until the initial rise in ORP 

disappears, and a limitation in oxygen availability is observed in the reactor (first slope of 

the COD profile).  

After reproducing the lag phase, the first slope of the COD profile is used for estimating 

the anaerobic hydrolysis rate coefficient (Kh,anaer). Given a particular OTR, the length of the 

first slope depends on the amount of soluble substrate produced by the hydrolysis of 

particulate organic matter under oxygen limiting conditions. The value of Kh,anaer that 

fitted better the length of the oxygen limiting phase resulted in 0.17 d-1 (see the 

correlation between ORP and DO in Figure 4.37). As the accumulation of soluble COD is 

depleted and DO increases, the slope of the COD profile changed and became limited 

by the hydrolysis rate under aerobic conditions (Kh,aer). Thus, Kh,aer was estimated so that 

the simulation fitted the progressive change observed in the slope of the COD profile.  

After several simulation runs, Kh,aer was quantified in 1.1 d-1. The change in the hydrolysis 

rate coefficients resulted in a perfect fit of the experimental data. The values of the 

hydrolysis rate coefficients obtained from the biodegradability assays showed a 

considerable reduction (around 62.5%, see Table 4.19) with regard to those validated for 

semi-batch operation (section 4.2.2.3). 

Table 4.19. Comparison of the hydrolysis rate coefficients for semibatch and batch operation 

Parameters 
Semi-batch tests Batch tests 

% Reduction 
35ºC 55ºC 35ºC 55ºC 

Aerobic hydrolysis rate coefficient 
(Kh,anaer) 

1.73 6.00 1.10 3.84 63.6 

Anaerobic hydrolysis rate coefficient 
(Kh,anaer) 

0.27 0.44 0.17 0.27 61.8 

 

This difference in hydrolysis rate could have been caused by the thermal shock that the 

feed sludge undergoes when a semi-batch operation and thermophilic conditions are 

applied. Aside from the thermal solubilization effect, the sudden change in temperature 
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could have caused the disintegration of the particulate composites contained in the feed 

sludge into particulate matter with a different size distribution. This may have resulted in 

smaller particles with a higher surface area, leading to enhanced hydrolysis rates. This 

hypothesis is consistent with the observations reported by Zhou et al. (2001), who stated 

that thermophilic digestion results in smaller particle size distributions than mesophilic 

digestion. In contrast with semi-batch operation, the temperature shock is not expected 

to occur during the batch assays given the long time required for the lab-scale reactor to 

reach temperatures in the thermophilic range (12 h). The absence of this thermal 

disintegration effect, and hence the difference in particle size distribution could explain 

the difference found in hydrolysis rate (Sanders 2001) for similar conditions of feed 

sludge composition (biodegradability) and mixing (shearing effect and bioavailability) in 

the experiments carried out at the pilot scale reactor (semi-batch and batch). 

According to the previous, the applicability of the hydrolysis rate coefficient obtained 

from the semi-batch tests seemed to be limited to operation under thermophilic 

conditions and using a semi-batch or continuous feeding pattern. Consequently, when 

considering any other operational scenario or process the values of the hydrolysis rate 

coefficient addressed in the batch tests should be used.  

4.2.4.4. RESULTS SUMMARY 

The calibrated model has been used for reproducing the results of the batch tests in 

order to assess the applicability of the coefficient values for different operating conditions 

and process layouts. Simulation results showed a significant deviation from the 

experimental data and suggested the need of recalibrating the hydrolysis rate 

coefficients. The recalibration was carried out by applying a similar procedure to that of 

the semi-batch experiments. However, in this case the COD and ORP profiles attained 

during the batch tests were the reference parameters used for the data fitting. The values 

resulting from this new calibration held a significant reduction with regard to those 

estimated for semi-batch operation (around 62.5% reduction). The enhancement in 

hydrolysis rate during semi-batch experiments appeared to be caused by a change in the 

particle size distribution of the raw sludge due to the disintegration of complex organic 

matter (composites). Composites disintegration resulted from the sudden change in 

temperature experienced by raw sludge due to its contact with hot digested sludge 

(55ºC) in the moment of the feed.  
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Summarizing, the dynamic simulation of the batch assays evidenced once more the 

uncertainty found with regard to the value of the hydrolysis rate coefficient. Moreover, 

the latter appeared clearly influenced by the state of aggregation and the structure of the 

organic matter contained within the raw sludge. Hence, the hydrolysis rate coefficients 

should be revised for each particular application, especially when a thermal pretreatment 

of raw sludge (or any other process changing the structure of the organic matter) is 

considered. These considerations with regard to the applicability of hydrolysis rate 

coefficients provided with very relevant information for modeling the post-aeration 

process and calibrating the coefficients of two step nitrification-denitrification. 

4.2.5. Model calibration of two step nitrification-
denitrification kinetics 

This section deals with fitting the mathematical model to the experiments in the pilot 

scale post-aerator. Given the set of coefficient values obtained in previous sections for 

the aerobic and anaerobic uptake of biodegradable organic matter, the simulation of the 

post-aeration experiments was used for estimating the coefficients involved in the uptake 

and release of ammonia nitrogen. This estimation ensured a reliable prediction of the 

biological processes in future simulation studies. Multiple scenarios will be studied, not 

only for ATAD, but also for the post-aeration process in order to come up with optimal 

guidelines for operation and design of these processes. As in section 4.2.2.3, the 

parameter estimation will consist of a series of consecutive simulations using different 

sets of values for model coefficients until achieving an acceptable approach to the 

experimental data. Thus, this section addresses the calibration protocol used and the 

main results obtained during the parameter estimation. Moreover, the system 

configuration used for reproducing the operational settings of the experimental set-u)p 

(inlet flow, DO concentration, anoxic to aerobic phase length and reactor temperature 

set-point) is described, together with the hypotheses assumed for the characterization of 

the feed sludge. 
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4.2.5.1. CHARACTERIZATION OF THE FEED SLUDGE 

As stated in section 3.2.1.3, the pilot scale Post-aerator was part of a much larger set-up 

consisting of two separated lines: 1) thermal hydrolysis-pasteurization-mesophilic 

anaerobic digestion and 2) two phase anaerobic digestion-post-aeration. As result of the 

large number of processes studied, the parameters analyzed in each of the samples 

collected and their periodicity had to be reduced in order to cover the study of all the 

units constituting the pilot scale plant. The parameters determined, together with the 

periodicity of the lab analyses are addressed in Table 3.6. The absence of data found 

between consecutive measurements of the analytical parameters was solved by 

extrapolating the last measurement until a new one was available (see section 4.2.2.1). 

In addition to the low periodicity of lab analyses, no data regarding FKN and VSS in the 

feed sludge were available. Thus, several hypotheses had to be assumed for applying the 

characterization protocol for calculating the input vector of components. The first 

hypothesis consisted in assuming that, aside from the VFA (evidenced by the presence of 

intermediate alkalinity), no other soluble organic matter remained in the feed sludge. 

Consequently, SAA, SSU and SFA were considered negligible. This assumption is consistent 

with the fact that, in anaerobic digestion, the accumulation of soluble biodegradable 

organic matter occurs, mainly, as VFA given the slow kinetics of the methanogenic 

process. Moreover, the anaerobic digestion process is known to be limited by hydrolysis 

as well, aside from methanogenesis. This means that, any other biodegradable organic 

matter different from VFA would be present as particulate organic matter in the effluent 

sludge from anaerobic digestion. The amount of biodegradable organic matter left 

would depend on the retention time applied to the process. Bearing this in mind, the 

second hypothesis consisted in assuming a certain value of biodegradability of the 

particulate organic matter in the feed sludge, depending on the performance of the 

previous two phase anaerobic digestion process. Looking back to the composition of the 

feed sludge to the Post-aeration three different phases can be distinguished (A, B and C) 

based on the performance of the previous treatment. As addressed in section 3.2.1.3.4, 

during phase A (transient state of the TPAnaD) and C (gradual decrease in the overall 

HRT of the TPAnaD) a relatively high content of organic matter could be found in the 

feed sludge. By contrast, during phase B, in which steady state operation of TPAnaD 

occurred, a considerable drop in the content of VS was registered. Considering this, a 

significant rise in the fraction of non-biodegradable particulate organic matter could be 

expected during phase C, with regard to that of phases A and C (section 4.1.3.2). The 
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value of this fraction was estimated so that the effluent COD attained by simulation could 

fit that obtained experimentally. The results have been depicted in Figure 4.26. 

 

Figure 4.38. Estimation of the non-biodegradable fraction of the feed sludge used during the Post-aeration 
experiments 

The formulation resulting from applying the aforementioned hypotheses to the 

characterization protocol has been addressed in Table 4.20. 

Table 4.20. Modifications to the characterization protocol for describing the feed sludge to the Post-aerator 

Component Calculation procedure Units 

1 CSAA - g COD m-3 

6 CSFA - g COD m-3 

18 CSI = ���� − ���  g COD m-3 

28 CSSU - g COD m-3 

41 CXI = ��� ∙(��� − ����) g COD m-3 

 

In this case, thermal solubilisation was not expected to occur since the experiments were 

run in the mesophilic temperature range. 

4.2.5.2. DESCRIPTION OF THE MODEL LAYOUT USED 

The configuration for modeling the Post-aeration experiments consisted, mainly, of a 

reactor operating in a semibatch feeding strategy with several draw-fill-reaction cycles 

happening within a day (4 cycles a day of 0.25-0.25-5.5 h length), and two different 

periods (non-aerated and aerated) taking place during each operation cycle. During the 
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experiments, reactor temperature was kept at 35ºC by using a PI controller that 

commanded a supplementary heat source. The timing of the feeding stages is set by 

Timer_2, which switches the direction of the inlet flow (Municipality_1) from the reactor to 

disposal, by modifying the value of the outlet flow of the divisor block (FS_1) into the 

reactor. The feeding volume is defined by the feeding stage length preset in the timer 

(0.01 days), and the inlet flow from the data entry named in_2. Data entry in_1 was used 

for entering the temperature of the feed sludge. The timing of reactor discharge (0.01 

days length) is set prior to the feeding stage by Timer_3. The total cycle length was set in 

0.25 days in both, Timer_2 and Timer_3 in order to perform 4 cycles a day. 

 

Figure 4.39. System configuration for modeling the Post-aeration experiments 

The timing of the aerobic and anaerobic phases is set by Timer_1, which divides the cycle 

time into 2 periods depending on the data received from data entry in_4 and in_5. 

Entries 4 and 5 define the length of the aerobic and anaerobic phases, respectively. 

These data entries vary throughout the simulation to adapt to the changes in the aerobic 

to total cycle length set during the experiments. The output signal from Timer_1 is used 

for simulating the on-off control of the inlet airflow rate by activating the PI controller 

(control_1) that regulates the gas generator block of the configuration (generator_1). This 

output signal sets in zero the value of the proportional (gaining coefficient) and integral 

(integral time) terms of the PI control algorithm during the aerobic phase, so that the 
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controller is only active as long as the anaerobic phase is taking place. The data entry 

in_3 defines the DO set point used for this control loop during the aerobic phase. 

In order to describe the reactor heating a similar configuration to that used for modeling 

the experiments at lab scale was applied. A PI controller (control_1) reads the value of 

reactor temperature and introduces a certain heat input based on the difference found 

between reactor temperature and the set point (35ºC). 

Table 4.21. Summary of the input variables and control settings used for modeling the Post-aeration 
experiments 

Input variables 

Data entry Variables Type Value 

in_1  Feed sludge temperature Fixed 35ºC 

in_2  Feeding flow rate Variable - 

in_3 
 Dissolved oxygen concentration 

in the reactor 
Variable - 

in_4  Anaerobic phase length Variable - 

in_5  Aerobic phase length Variable - 

in_6  Solids loss rate during overflows Variable - 

-  Reactor temperature Fixed 35ºC 

-  Ambient temperature Fixed 20ºC 

-  Cycle length Fixed 0.25 days 

-  Feeding/discharge stage length Fixed 0.01 days 

-  Lapse  within the overflows Fixed 2.5 days 

    

Control loops description 

Block Control variables Manipulated variables Controller type 

Control_1  Reactor temperature External heat input PI 

Control_2 
 Dissolved oxygen concentration 

in the reactor 
Inlet airflow rate PI 

 

The primary settler (PST_1) included in the configuration was used for simulating the 

solids loss happening during the overflows registered in the reactor (section 4.1.3.2). This 

solids loss was modeled by defining a recycle flow from the reactor that undergoes an 

instantaneous settling process by passing through the primary settler block before its 

entrance back to the digester. For this purpose, data entry in_6 sets an additional outlet 

flow of digested sludge from the reactor by activating Timer_3 during the lapse of time in 

which reactor overflows occur. The outlet flow from the digester enters divisor FS_2, 

which sends this stream through the settler and back to the digester (Well_1), as long as 

the recycle flow remains active.  The flow rate of this stream is also set by data entry in_6.  
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4.2.5.3. COEFFICIENT ESTIMATION. CALIBRATION PROTOCOL 

The system configuration and the characterization of the feed sludge described in 

previous sections have been used for reproducing the experiments carried out at the 

post-aerator. With that purpose, the simulation was set with the input data describing the 

operational settings of the reactor (inlet flow, DO concentration, anoxic to aerobic phase 

length, reactor temperature set point, Table 4.18). In order to reproduce the 

experimental results, the simulation used the set of values obtained, and validated in 

previous sections. Regarding hydrolysis rate coefficients, the simulation was set up with 

the values estimated from the batch tests given that, at mesophilic temperature range, 

thermal disintegration of complex particulate matter was not expected to occur. The 

non-calibrated coefficients were set with a series of default values found in the literature. 

These parameters were obtained from very different type of assays or process 

applications, since none of the references used provided default values for all the 

parameters describing two-step nitrification-denitrification. Considering this, a series of 

simulations had to be run for finding the set of coefficient values that fitted the 

experimental data (model calibration). 

Table 4.22. Sequence used for calibrating the kinetic coefficients of the nitrification-denitrification in two 
steps 

Step Coefficients Reference variables used 

1 

YAOB, km,XAOB, 
kdec,XAOB, KNH3,XAOB, 
KO2,XAOB, YH, 
YH,NO2, YH,NO3 

Profile of ammonia nitrogen during the lapses in which no inhibition of AOB 
occurs (days 40 to 50) 

2 KI,NH3,XAOB Profile of NHx-N accumulation after the foaming episode (days 50 to 65) 

3 
YNOB, km,XNOB, 
kdec,XNOB, KNO,XNOB, 
KO2,XNOB, KI,NH3,XNOB 

Nitrate accumulation and depletion profile (days 13 to 25). 

4 
KI,HNO2,XAOB Ammonia nitrogen profile during the lapse of nitrite and nitrate accumulation. 

AOB inhibition by nitrite (days 13 to 25) 

6 ηNO2, ηNO3, KS,NO2, 
KS,NO3, Kdec,XH,anox 

Overall profile of ammonia nitrogen and nitrite during the period with lack of 
biodegradable substrate in the feed sludge (days 67 to 101, phase B) 

 

As stated in previous sections, during model calibration a certain sequence has to be 

followed in order to separate at the maximum extent possible the effect of the 

coefficients on the reference variables, and thus, ensure their identifiability (section 

4.2.2.3). However, when considering the kinetics of nitrification and denitrification in two 

steps there are several coefficients that affect the same reference variables and cannot be 
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studied individually. In order to deal with the un-identifiabiality of the coefficients, 

different sets of default values obtained from literature were tested until finding one set 

that provided a good approach to the experimental data. With that purpose, the 

parameters were grouped according to the reference variable they had influence on 

(Table 4.22). The first group of coefficients consisted of those affecting the ammonia 

nitrogen removal rate by nitritation, namely the NHx uptake rate coefficient (km,XAOB), the 

ammonia oxidizer biomass yield (YAOB), the half saturation coefficient on ammonia 

(KNH3,XAOB), AOB affinity for oxygen (KO2,XAOB) and its decay rate coefficient (Kdec,XAOB). 

Note that, the references available in literature did not measure and/or identify all the 

parameters included in the model. On the contrary, in most of the references only few 

parameters were measured, while the values for the remaining parameters were assumed 

from various literature sources. Bearing this in mind, in a first run of the calibration 

procedure, the coefficients reported by Jones et al. 2007 were used, since this reference 

proposed default values for most of the parameters to be estimated. However, this work 

did not report values of the coefficients describing the inhibition of the autotrophic 

bacteria. Anthonisen et al. 1976 studied the inhibitory effect of free ammonia and nitrous 

acid concentration on non-acclimated autotrophic bacteria. This study resulted in 

boundary values for the inhibition of nitrifying bacteria (AOB and NOB). Since the 

inoculums used for the post-aeration experiments did not undergo an acclimatization 

phase, the inhibition thresholds addressed by this author seemed suitable for the present 

application.  Considering this, the non-competitive inhibition terms of the dynamic model 

were evaluated for the upper and lower boundaries of the inhibition threshold addressed 

in this reference. The results were adjusted to the theoretical maximum and minimum 

values of the inhibition (0 and 1, respectively) by the least-squares method. The inhibition 

coefficients resulting from this estimation were set as default values in the first simulation 

run. 

Aside from nitritation, assimilation into biomass appears as the main contribution for 

ammonia nitrogen removal (section 4.1.3.4). Given a particular characterization of the 

feed sludge, the amount of biomass produced, and hence the NHx-N removed by 

assimilation, depends, mainly, on the heterotrophic biomass yield (YH). NHx-N assimilation 

into autotrophic biomass is considered negligible compared to that of the heterotrophic 

biomass (Figure 4.25).  A default value of 0.63 (Henze et al. 1995 and 1999) was assumed 

for the heterotrophic biomass yield when O2 is the main electron acceptor for substrate 

oxidation (YH). When, either nitrite or nitrate are used as electron acceptor, the values by 

default were those proposed in Hellinga et al. 1999 and Volcke et al.2006 (YH,NO2=0.24 g 
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cell. COD g-1 COD, YH,NO3=0.41 g cell. COD g-1). Considering these values, the overall 

biomass yield resulting from the growth of heterotrophic bacteria using, either O2 

(aerobic phase) or NOx (anoxic phase) as electron acceptor, seems to be consistent with 

the average yield of the heterotrophic bacteria observed during the experiments (0.5 g 

cell COD g-1 COD). The heterotrophic biomass yield in aerobic conditions addressed by 

Henze et al. 1995 and 1999 at low mesophilic range (20ºC) is distinctly lower than that 

obtained for the experiments in thermophilic range (0.42 g cell COD g-1 COD). This 

deviation is attributed to the different groups of microorganisms growing at mesophilic 

or thermophilic temperatures. While mesophilic bacteria dedicate all the energy 

produced by substrate oxidation for growth, thermophilic bacteria use a considerable 

amount of this energy for replacing their cellular material and maintaining their vital 

functions, which results in reduced bacteria growth (Canales et al. 1994, Atlas and Bartha 

1997).  

Table 4.23. Estimation of default values for the coefficients describing autotrophic bacteria inhibition 

 
Formulation of the non-competitive 

inhibition 
Value of the 

inhibition coefficient 

AOB inhibition by free 
ammonia (KI,NH3,XAOB) 

��� �,���� =
��,�� �,����

��,�� �,���� + �����

 31.90 mg NH3-N L-1 

AOB inhibition by free 
nitrous acid (KI,HNO2,XAOB) 

�����,���� =
��,����,����

��,����,���� + ������
 0.22 mg HNO2-N L-1 

NOB inhibition by free 
ammonia (KI,NH3,XNOB) 

��� �,���� =
��,�� �,����

��,�� �,���� + �����

 0.35 mg NH3-N L-1 

    

 
Boundaries of the inhibition threshold 

(Anthonisen et al. 1976) 
Inhibition degree 

AOB inhibition by NH3-N mg NH3 L-1 mg NH3-N L-1 INH3,XAOB 

Lower value 10 8.2 0.80 

Upper value 150 123.5 0.20 

    

AOB inhibition by HNO2-N mg HNO2 L-1 mg HNO2-N L-1 IHNO2,XAOB 

Lower value 0.2 0.06 0.79 

Upper value 2.8 0.83 0.21 

    

NOB inhibition by NH3-N mg NH3 L-1 mg NH3-N L-1 INH3,XNOB 

Lower value 0.1 0.08 0.81 

Upper value 1 1.50 0.19 

 

The NHx-N release depended on the nitrogen content of the biodegradable organic 

matter. According to the characterization protocol, the latter is also a function of the 
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non-biodegradable fraction of the feed sludge and its nitrogen content. The former was 

estimated considering the observations resulting from the analysis of the feed sludge and 

the study of the performance of the TPAnaD. Based on these considerations, fXI was 

estimated so that the results of the simulation could fit the effluent COD observed during 

the experiments (section 4.2.5.1). The nitrogen content of this fraction was calculated 

from the analytical data of the effluent sludge by applying the characterization protocol 

validated in previous sections (section 4.2.1). 

By setting default values for all the previous coefficients, the main contributions to the 

overall ammonia nitrogen removal were defined, and a certain NHx-N profile was 

obtained. During the lapses in which no inhibition of AOB activity was observed (days 40 

to 50), this profile was compared to the experimental TAN registered in the effluent 

sludge for evaluating the response of the different sets of coefficients tested. Table 4.24 

summarizes the set of coefficient values resulting in a better fit of the experimental data. 

After several simulation runs, the set of values for YAOB and km,XAOB that gave a better fit of 

the experimental results were those proposed by Volcke et al. 2002. These coefficient 

values were reported first by Lochtman et al. 1995 and further validated in Volcke et al. 

2002 who used those values for modelling a full scale SHARON reactor (35ºC). 

Nevertheless, this work did not report values for Kdec,XAOB and KNH3,XAOB. Kdec,XAOB,aer was 

obtained from Moussa et al. 2005 who estimated this coefficient from a series of 

experiments carried out in a lab scale SBR operating at 30ºC (0.3 d-1). The values 

reported in this work were corrected for 35ºC by applying the temperature dependence 

correlation addressed in Henze et al. 1995 and 1999 for the nitrifying bacteria 

(θKdec,XAOB=1.1). This resulted in a value of 0.48 d-1. Anoxic decay rate coefficient 

(Kdec,XAOB,aer) was decided according to Wett & Rauch 2003, who formulated this value as 

half of that reported for aerobic conditions (0.24 d-1). This consideration is consistent with 

the observations reported in Siegrist et al. 1999 and the values addressed by Jones et al. 

2007 (see Table 4.24). Hellinga et al. 1999 estimated the ammonia saturation coefficient 

(KNH3,XAOB) in 0.47 mg NH3-N L-1 at a pH of 7 from a series of experiments run at a full 

scale SHARON reactor (35ºC). This value falls within the interval of 0.38-0.55 mg NH3-N 

L-1 reported by Dosta 2007 for nitritation in SBR and SHARON reactors, respectively. 

Regarding the affinity for oxygen of AOB, the value reported by Jones et al. 2007 (0.25 

mg O2 L-1) was still used since it provided a good fit of the experimental data, in 

combination with the rest of the coefficients of this first group. Thus, the aforementioned 

values of KNH3,XAOB, Kdec,XAOB and KO2,XAOB completed the set of parameters describing the 

uptake of nitrogen by nitritation. 
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After finding the set of coefficients that fitted the effluent ammonia nitrogen during the 

lapses in which no inhibition occurs, the estimation of the inhibition coefficients begins. 

This estimation was carried out by studying separately the dynamic inhibition episodes 

observed during the experiments (Table 4.10). From day 50 to 55 of operation, a loss in 

active biomass was registered in the post-aerator combined with some problems in the 

aeration of the reactor (section 4.1.3.2), leading to a first rise in the concentration of 

effluent ammonia nitrogen. This increase in NHx-N, resulted in free ammonia 

concentrations in the reactor surpassing the low boundary of the inhibition threshold 

given by Anthonisen et al. 1976 (10-150 mg NH3 L-1). Because of this inhibition, a second 

rise in the effluent NHx-N was observed, followed by a gradual drop in its concentration 

as a result of an increase in the aerobic HRT. During this lapse no other effect than free 

ammonia inhibition was observed, since free nitrous acid remained below detectable 

levels. Bearing this in mind, the coefficient for the non-competitive inhibition of free 

ammonia to AOB could be quantified by fitting the effluent concentration of NHx-N 

obtained during this episode of ammonia nitrogen accumulation (days 50 to 65). 

However, no additional simulation had to be run for estimating KI,NH3,XAOB, since the 

default value obtained from the inhibition threshold addressed by Anthonisen et al. 

(1976) (32 mg NH3-N L-1, see Table 4.23), resulted in a very good fit of the experimental 

data. As observed from Table 4.24, a significant dispersion can be found in literature with 

regard to KNH3,XAOB, with values ranging from 70 NH3-N L-1 (Hellinga et al. 1999) to  369 

NH3-N L-1 (Dosta 2007), or even up to 3000 mg NH3-N L-1 (Wett & Rauch 2003). This 

dispersion in the coefficient values can be explained by a probable phenomenon of 

acclimation of the autotrophic population, which may lead to an increase in the value of 

the inhibition threshold (Pambrun et al. 2006). This acclimation phenomenon had been 

previously reported in Antileo et al. (2002) or Anthonisen et al. (1976) who stated that 

acclimation may affect the inhibitory concentrations given in their work. In the present 

work, the reseeding of the reactor with sludge from the secondary mainstream process 

prevented a hypothetical acclimatization of nitrifying biomass, resulting in a low inhibition 

threshold, either, by free ammonia, or nitrous acid.  

Once free ammonia inhibition to AOB has been defined, the effect of the concentration 

of free nitrous acid on the nitritation rate could be studied. After the initial drop 

registered in NHx-N, as a consequence of the re-seeding of the post-aeration reactor, an 

accumulation of NO2
- was observed in the digester. At the same time, a sudden 

slowdown of the nitrification rate occurred, despite that a continuous aeration was used 

in the reactor. This reduction of the nitrification rate suggested an inhibition of the 

ammonia oxidizing bacteria by free nitrous acid. However, before quantifying the 
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inhibition of AOB by free nitrous acid, the coefficients describing the nitratation rate, had 

to be defined, since the growth rate of NOB bacteria on nitrite determines, whether or 

not, an accumulation of free nitrous acid occurs.  

Table 4.25. Brief description of the literature references used for the model calibration 

Reference Description 

Van Hulle et al. (2007) Bath experiments with SHARON sludge in view of its coupling with Anammox (35ºC). AOB 
affinity for oxygen and ammonia, the inhibition by free nitrous acid and their dependence on 
pH and temperature were assessed from the experiments. 

Hellinga et al. (1999) Development of a dynamic model for the SHARON process and further model based design. 
Calibration based on the information from a series of experiments run at lab scale (Hellinga 
et al. 1998). 

Guisasola et al. (2005) Respirometric tests with nitrifying enriched biomass for assessing the oxygen affinity of AOB 
and NOB. 

Volcke et al. (2002) Model based study of the SHARON process in view of its coupling with Anammox. 

Dold et al., (2008) Mathematical modelling of batch activity tests (AOB and NOB) and experiments at a lab 
scale SBR. Integrated modelling of a sidestream treatment process (Nitritation-
Deammonification) together with the WWTP mainstream. 

Wett and Rauch (2003) Mathematical modelling of a full scale pH-controlled SBR treating reject water at 30-35ºC 
(Wett et al. 1998). Autotrophic biomass acclimated to relatively high ammonia and nitrite 
concentrations. 

Jones et al. (2007) Development of an integrated model for whole-plant simulations considering the sidestream 
treatment processes (ADSM). Model calibration based on batch activity tests (AOB and 
NOB) and experiments in a lab scale SHARON reactor. 

Hellinga et al. (1998) Experiments of SHARON-Denitrification process at lab scale (35ºC), and respirometric tests 
for determining the kinetics parameters of the process. 

Kaelin et al. (2009) Development of an extension of ASM3 model for two step nitrification-denitrification. 
Calibration of the anoxic reduction factors and autotrophic bacteria growth rate coefficients 
(AOB and NOB) based on a series of batch tests. Experiments were carried out at a pilot 
scale plant with a nitrification-predenitrification layout. 

Dosta (2007) Partial nitrification experiments in SBR and SHARON at lab scale (30ºC). The biomass yield, 
growth rate, affinity for oxygen and the ammonia saturation coefficient of AOB were 
assessed in respirometric batch tests of the withdrawals from the experiments. Inhibition 
batch tests were also run for quantifying AOB inhibition by free ammonia and nitrous acid. 

Moussa et al. (2005) Experiments at lab scale SBR reactors (30ºC and pH fixed at 7.5) at different SRT for 
studying the effect of predators and increased sludge age in the process. The decay rate 
and affinity for oxygen of AOB and NOB were assessed by the mathematical modelling of 
the experimental results.  

Sin & Vanrrolleghem 
(2006) 

Experiments at a pilot scale SBR treating synthetic wastewater with different timing 
strategies. Experimental results were used for the development and validation of new model 
structures (ASM2dN and ASM2d2N) based on the ASM2d model. 

 

By contrast to the nitritation, the default values proposed by Jones et al. (2007) were 

used for most of the coefficients affecting nitratation, namely the NO2
- uptake rate 
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coefficient (km,XNOB), the nitrite oxidizer biomass yield (YNOB), the half saturation coefficient 

on nitrite (KNO2,XNOB), the affinity for oxygen of NOB (KO2,XNOB) and its decay rate coefficient 

(Kdec,XNOB). The nitrite oxidation rate resulting from using these coefficient values was, 

nevertheless affected by a combined inhibition due to free ammonia and nitrous acid. 

This inhibition prevented the reactor from the proliferation of NOB and the complete 

depletion of NO2
- when operating under continuous aeration (days 13 to 25). Given the 

high concentration of NO2
- accumulating within this lapse and the low pH attained, a 

certain inhibition of NOB by free nitrous acid arose, aside from that by free ammonia 

reported in section 4.1.3.2. When the aerobic HRT was shortened by alternating anoxic-

aerobic phases, the overall inhibition by free ammonia and nitrous acid, resulted in the 

complete washout of NOB. Bearing this in mind, the effluent NO3
- registered in the 

reactor within the lapse of nitrate accumulation was used for estimating the coefficients 

describing the inhibition of NOB by free ammonia (KNH3,XNOB) and nitrous acid (KHNO2,XNOB). 

KNH3,XNOB was set with the inhibition coefficient (0.35 mg NH3-N L-1) resulting from the 

inhibition threshold given by Anthonisen et al. 1976 for free nitrous acid (0.2-2.8 mg NH3 

L-1). After running several simulations with the aforementioned coefficient values, 

KHNO2,XNOB was quantified in 2.2 mg HNO2-N L-1. Given the nitratation rate resulting from 

the use of the aforementioned coefficients, the inhibition of AOB by free nitrous acid 

could be evaluated by reproducing the NHx-N profile and the accumulation of NO2
- 

registered in the reactor within the period of continuous aeration. After few simulation 

trials, the value that gave a better fit of the experimental data resulted in 0.25 mg HNO2-

N L-1. This was also consistent with the default value of KHNO2,XNOB obtained from the 

inhibition threshold reported in Anthonisen et al. 1976 (0.22 mg HNO2 L-1, Table 4.23). 

The results from the coefficient estimation have been included in Table 4.24, together 

with the main reference values found in literature for those coefficients. 

Up to this point, the calibration has been focused on modeling the kinetics of nitrification 

in two steps, since denitrification did not play a relevant role in the periods used for the 

estimation of coefficients. These periods were coincident with a significant amount of 

readily biodegradable organic matter in the feed sludge. In these conditions, relatively 

high denitrification rates could be observed, regardless of the coefficient values used for 

the heterotrophic biomass growth on NOx-N. As a result, the coefficients describing the 

denitrification rate did not substantially affect the removal of ammonia nitrogen by 

nitrification. However, when considering the lapses in which a lack of biodegradable 

substrate in the feed sludge was observed (days 67 to 101), nitrification rate showed a 

special sensitivity to the coefficients affecting denitrification (ηNO2, ηNO3, KS,NO2, KS,NO3 and 

kdec,XH,anox). Within this period, the reduced heterotrophic growth on NOx resulted in 
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incomplete denitrification and an accumulation of NO2
- in the reactor. Incomplete 

denitrification hindered alkalinity recovery resulting in a drop in pH, and hence, a rise of 

free nitrous acid concentration beyond inhibitory values for AOB. As a consequence, the 

concentration of both, ammonia nitrogen and nitrite in the effluent sludge, depended on 

the denitrification rate resulting from the values of the aforementioned coefficients. 

Bearing this in mind, the profile of TAN and NOx-N in the effluent were used as the 

reference parameter for estimating the aforementioned coefficients. In the initial 

simulation run, Kaelin et al. 2009 was used as the main reference for obtaining the set of 

default values for ηNO2, ηNO3, KS,NO2 and KS,NO3, where ηNO2 and ηNO3 were the upper values 

of the interval given in this reference. kdec,XH,anox was assumed equal to that addressed in 

previous sections for Kdec,XH,aer and kdec,XH,anaer (0.8 d-1, Siegrist et al. 2002). 

Table 4.26. Summary of coefficients values for the kinetics of 2 step denitrification (Sin et al. 2008) 

Parameters Units 
Values 
used 

Hellinga et 
al. (1999) 

Wett & Rauch 
(2003) 

Sin & Vanrrolleghem 
(2006) 

Kaelin et 
al. (2009) 

YH,NO2 g COD (g COD)-1 0.24 0.24* 0.60 0.55-0.63(2) 0.65(1) 

YH,NO3 g COD (g COD)-1 0.41 0.41** 0.60 0.58-0.63(2) 0.65(1) 

ηNO2 - 0.25 - 0.80 0.80(2) 0.15-0.25 

ηNO3 - 0.80 - 0.80 x 1.77 0.80(2) 0.15-0.25 

KS,NO2 mg N L-1 0.12 0.12 0.50(1) 0.50(1) 0.50(1) 

KS,NO3 mg N L-1 0.14 0.14 0.50(1) 0.50(1) 0.50(1) 

kdec,XH,anox d-1 0.45 - - 0.40-0.45 0.3 
(1)Koch et al. (2000) 
(2)Henze et al. (1999) (ASM2d) 
*Value estimated for the current model units. Original value 0.55 g COD (mg N-NO2-)-1 
**Value estimated for the current model units. Original value 0.79 mg COD (mg N-NO3-)-1 

 

The simulation run for the default values did not result in a good fit of the effluent TAN. 

Consequently, a new set of coefficients for ηNO2, ηNO3, KS,NO2 and KS,NO3 had to be used 

(Hellinga et al. 1999, Table 4.26) for fitting the experimental data. The new set of 

coefficients provided a certain improvement with regard to the default values, but still a 

significant difference was found between the simulated NHx-N and the experimental 

TAN. This gap was considerably diminished by increasing the correction coefficient of the 

heterotrophic growth on nitrite (ηNO2) and reducing the value of the heterotrophic 

biomass decay rate under anoxic conditions (kdec,XH,anox). ηNO2 was increased by using the 

value proposed by Wett and Rauch (2003), and Sin and Vanrrolleghem (2006), which 

resulted in a higher denitritation rate. By reducing kdec,XH,anox the concentration of 

heterotrophic biomass increased, resulting in higher ammonia assimilation and a further 

enhancement of denitrification. The improvement in denitrification enhances alkalinity 
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recovery and reduces the inhibition by free nitrous acid, enabling a further oxidation of 

ammonia nitrogen until inhibitory values of free nitrous acid are regained. According to 

this, kdec,XH,anox was quantified in 0.45 d-1. Table 4.26, summarizes the results from the 

calibration, together with the main reference values found in literature for each of the 

coefficients. 

Figure 4.40 shows the fitting of experimental data that resulted from running the 

simulation with the calibrated coefficients. 
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4.2.5.4. SIMULATION RESULTS AND DISCUSSION 

The results from the last simulation run using the calibrated coefficients showed a very 

good overall match of the experimental data, especially when considering COD and VS. 

The considerable match attained for the effluent COD confirmed the hypotheses 

assumed in the characterization of the feed sludge with regard to the changes in its 

biodegradability. Moreover, the accuracy observed in the prediction of VS validated the 

assumptions made for estimating the elemental composition of the non-biodegradable 

fraction of sludge. Given the adequate description used for estimating the nitrogen 

content and the amount of non-biodegradable organic matter of the feed sludge, a very 

good approach of the total nitrogen (TKN) could be obtained as well. Still, some 

discrepancies could be observed when studying the prediction of NHx-N and NOx-N in 

the effluent sludge. Regarding effluent NO3
-, the discrepancies were found from days 67 

to 101, when favorable conditions for NOB growth occurred in the reactor (decrease in 

pH and low free ammonia inhibition). Surprisingly, the experiments showed a slight NOB 

proliferation despite of the washout phenomenon observed days before (29 to 39). The 

presence of NOB bacteria after the washout suggested that some traces of NOB may 

have remained within the reactor by being attached to the walls. Therefore, when the 

appropriate conditions occurred, NOB began to proliferate, promoting the accumulation 

of NO3
-. However, the persistence of NOB by the attachment on reactor walls could not 

be reproduced by simulation and hence, the dynamic model did not predict the 

accumulation of NO3
-. The lack of nitratation within this lapse resulted in an 

overestimation in the prediction of NO2
- that led to an increased AOB inhibition by free 

nitrous acid. As a result of the increase in AOB inhibition, the model over-predicted the 

effluent NHx-N causing the discrepancies found during period 6 with regard to 

experimental TAN. 

Aside from the differences observed during period 6, most of the discrepancies 

regarding effluent NO2
- were found within days 25 to 50, 60 to 67, and 96 to 118. In all 

these periods, the simulation predicted an accumulation of NO2
- that did not occur in the 

experiments. The over-prediction of NO2
-, suggested an underestimation of the content 

of readily biodegradable substrate in the feed sludge. One of the main hypotheses used 

for the characterization consisted of assuming that, aside from VFA’s (dependent on 

intermediate alkalinity) no other readily biodegradable substrate was present in the feed 

sludge to the Post-aeration. According to the results, this hypothesis may have not been 

realistic during the aforementioned periods and the feed sludge could have contained a 

certain amount of non-digested readily biodegradable substrate. This was very likely to 
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happen during the periods in which a sudden increase in the F:M to TPAnaD occurred, 

either caused by process restart up (day 25 of operation) or by the reduction of process 

HRT (day 90). As a consequence of the accumulation of NO2
-, the dynamic model 

predicted a reduced alkalinity recovery that resulted in pH values lower than those 

obtained experimentally (see Figure 4.40). 

4.2.5.5.  SUMMARY OF RESULTS 

The coefficients validated in previous sections for the aerobic and anaerobic uptake of 

biodegradable organic matter have been used for reproducing the experiments run at 

the pilot scale post-aerator. With that purpose, a new system configuration describing 

the operational settings and layout of the pilot scale set-up was devised. Additionally, a 

series of hypotheses had to be assumed for adapting the characterization protocol to the 

variability observed in the feed sludge, as a result of the performance of TPAnaD. 

However, the simulations did not reproduce the experimental data, since some of the 

coefficients describing the two-step nitrification-denitrification needed calibration. The 

values of these coefficients were estimated by evaluating the response of different sets of 

values from literature, with regard to a series of reference parameters (COD, NHx, NO2-, 

NO3-, and TKN in the effluent sludge). These reference parameters were chosen from 

the analytical results attained during certain lapses of the experimentation, so that the 

coefficients could be evaluated sequentially, guaranteeing, if possible, their identifiability. 

Nevertheless, the large number of parameters to be tested and the interdependence 

between bacteria growth and decay rate, biomass yield and inhibition hindered their 

identifiability. Thus, the coefficients were estimated in separated groups according to the 

reference parameter used for the data fitting. 

The calibration resulted in a set of coefficients providing a very good overall prediction of 

the experimental data. The discrepancies found were minor and, in any case, related to 

the hypotheses assumed in the characterization with regard to the content of readily 

biodegradable substrate in the feed sludge.  

Summarizing, fitting the dynamic model to the post-aeration experiments resulted in a 

set of coefficient values capable of describing the two-step nitrification-denitrification in 

the reactor. Moreover, the coefficient values obtained in previous sections have been 

proved applicable for describing the kinetics affecting the uptake of biodegradable 

organic matter, either in aerobic, anoxic or anaerobic conditions even at low 

temperatures (35ºC). Consequently, as far as an adequate characterization of the feed 
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sludge is used, the dynamic model was proven as a reliable tool for predicting the 

release, assimilation and uptake of ammonia nitrogen and biodegradable organic matter, 

regardless of the digestion conditions applied. Bearing this in mind, the calibrated 

dynamic model could be used in a further simulation study of the processes dealt with in 

this work, in order to optimize their operation and design (Chapter 1). 
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Chapter 5 

APPLICATION OF TOOLS TO OPTIMIZE 

PROCESS DESIGN AND OPERATION  

In this chapter, the applicability of models to optimize process design and operation has 

been tested for both ATAD and Post-aeration processes. With that purpose, simplified 

stationary models and PWM-E based dynamic model simulations have been used. 

5.1. POST-AERATOR OPTIMAL OPERATION AND DESIGN 

In section 4.2.5.3, the kinetic and stoichiometric coefficients affecting the 2 step 

nitrification-denitrification were estimated by means of experimental data. In this section, 

the calibrated model is used to explore several operational scenarios in terms of total 

HRT, anoxic to total HRT ratio and biodegradable substrate content in the inlet sludge, in 

order to devise guidelines for optimal operation and sizing. These criteria were based on 

several restrictions (section 5.1.3), namely, 1) the integration of the sludge treatment with 

the water line, 2) cost effective operation criteria for the overall sludge treatment, and 3) 

final destination of treated sludge. 

5.1.1. Case study description 

As stated in section 1.8, the Post-aeration process was born as a (single tank with no 

solids retention) post-treatment to reduce inorganic nitrogen and the remaining 

biodegradable organic matter in the digested sludge (Parravicini et al. 2008b). Special 

attention has been given to the process as a post-treatment of anaerobic digestion due 

to the high inorganic nitrogen content in its effluent. This is why anaerobically digested 

sewage sludge is considered as the inlet sludge for this study. 

The biodegradable organic matter content of the digested sludge to be fed to the post-

aerator digester is one of the key variables of the process. The content of biodegradable 

organic matter in the feed depends on the organic matter removal attained in the 
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previous anaerobic process, which is also a function of the organic loading rate (OLR) 

applied. The use of high OLR in the operation of anaerobic processes results in a high 

content of biodegradable organic matter in the effluent sludge. However, studying the 

performance of previous units or the post-aeration in series with other digestion 

processes is not the purpose of the present work. Our study has been focused on the 

sole post-aeration unit so as to generalise the results and for the conclusions to be 

applicable to any digestion process. 

In this situation, the COD removal attained in the previous digesters (regardless of the 

digestion process used) was proposed as the main reference parameter for modifying 

the content of biodegradable organic matter in the feed sludge to the post-aerator. This 

eliminated the need to simulate the whole sludge treatment line, which is not the goal of 

this study. 

Summarizing, the dynamic model has been used to explore the performance of the post-

aeration process under several scenarios with different feed sludge compositions that will 

be defined by a certain efficiency of the previous treatment. The removal efficiencies 

considered ranged from 65 to 40% in terms of COD. The upper value corresponded to 

the typical anaerobic biodegradability of mixed raw sludge (Astals et al 2013), while the 

lower described the hypothetical operation of an anaerobic process at high loading rates. 

5.1.2. Feed sludge composition 

In order to obtain an input vector of components for the simulations, a hypothetical 

characterization of the feed digested sludge has been devised based on experimental 

data obtained at the pilot scale plant located in the Salamanca WWTP. 

Two data sources have been used for this characterization: 

 Mean values of total COD and TKN of raw sludge from the WWTP (data not 

shown), which is the inlet sludge to the two phase anaerobic digestion (TPAnaD) 

 Mean values of total alkalinity and soluble COD from TPAnaD effluent sludge 

(Table 3.5), which is the feed to the Post-aeration reactor. 

Considering the previous data, the composition of feed sludge was estimated (Table 5.1) 

based on the efficiency values proposed for the digestion process prior to post-aeration. 

With that purpose several hypotheses had to be assumed. These, together with the 

calculation procedure for estimating inlet sludge composition have been included in 
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section C.1 of the supplementary data. Figure 5.1 shows the main results of this 

estimation. 

 

 

Figure 5.1. Evolution of the analytical parameters as a function of previous treatment efficiency 

The input vector of components used in each of the simulation scenarios was calculated 

by applying the characterization protocol (section B.2) to the parameters of the 

characterization (Table 5.1). 

Table 5.1. Composition of the feed sludge studied by simulation 

Parameters Units Values range  

Previous treatment efficiency % 65 60 55 50 45 40 

COD mg O2 L-1 12909 14753 16597 18441 20285 22129 

Biodegradable COD mg O2 L-1 2065 3909 5754 7598 9442 11286 

Soluble COD mg O2 L-1 2639 2924 3209 3494 3779 4064 

Soluble biodegradable COD mg O2 L-1 310 586 863 1140 1416 1693 

Alkalinity mg CaCO3 L-1 3173 3042 2911 2780 2649 2518 

TAN mg N L-1 1029 958 887 816 745 674 
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5.1.3. Process restrictions and identification of objective 
variables  

As stated in previous sections, the purpose of the simulation study was to explore a series 

of operational scenarios in order to come up with criteria for optimum sizing and 

operation of the process. The operational scenarios studied were defined by varying the 

feeding volume, anoxic to total cycle length and feed sludge composition (manipulated 

variables). In each of the scenarios, the performance of the process was evaluated in 

terms of several objective variables (NHx+NOx and VS in the effluent sludge). These 

variables were decided according to possible requirements of the operator with regard 

to 1) the integration of the sludge treatment with the water line of the WWTP, 2) cost 

effective operation criteria for the overall sludge treatment, and 3) the final destination of 

treated sludge. Based on the results from the scenario exploration and considering the 

aforementioned restrictions a series of criteria for optimum sizing and operation were 

devised. 

In order to prevent nitrogen overload in the carbon and nutrient removal system of any 

WWTP, reducing inorganic nitrogen content, either as ammonia nitrogen (NHx) or 

oxidized nitrogen compounds (NOx), in the reject water is a priority. As stated in section 

1.8 several processes treating reject water have been developed with that purpose. 

Therefore, achieving minimum inorganic nitrogen (NHx+NOx) in the reject flow from 

digested sludge dewatering is assumed the main and indispensable requirement for the 

post-aeration process over any other consideration. 

With regard to cost effective operation two factors have to be considered. Firstly, 

reducing power requirements for aeration and mixing would imply reduced operational 

costs. These operational costs ultimately depend on the tankage volumes considered for 

the process. Consequently, maximizing applied OLR leads to smaller reactor volumes, 

hence reducing process exploitation costs. Secondly, following the main principle of the 

post-aeration process, preventing the use of external chemicals addition will also imply 

further cost savings. For that purpose, enough biodegradable organic matter has to be 

provided in the inlet sludge to the post-aerator so as to minimize oxidized nitrogen 

compounds (NOx) in the reject water. This will determine the organic matter removal 

required for the previous digestion process depending on post-aeration operation mode. 

The last constraint to be considered for reactor sizing and operation is the stabilization 

degree of treated sludge. The latter depends on the final destination of sludge (Matsch 

and Drnevich 1977), which ultimately defines whether enhanced or poor sludge 
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stabilization is required to comply with the regulations and/or restrictions of the selected 

disposal method with regard to vector attraction (i.e. land application). Additionally, 

advanced stabilization of sludge implies an enhanced reduction of solids in the effluent 

leading to lower transportation costs for the final waste. However, a balance has to be 

found between the final waste management and the overall exploitation costs of the 

digestion process. Despite the interest in the costs related to transportation and 

management of the final waste, to simplify the study only exploitation costs for the 

proposed post-treatment have been considered. 

To summarize the previous discussion, Table 5.2 includes the proposed restrictions in 

terms of the overall performance of sludge treatment integrated with the water line, 

process exploitation costs and the stabilization degree required for each of the final 

destination scenarios considered. It must be noted that from the three possible 

restrictions proposed only two of them are independent and can be used as actual 

constraints for the process.  

Table 5.2. Sizing and operation constraints with regard to final destination of digested sludge 

Final destination 
Stabilization 

requirements needed 
Nitrogen content in 

reject water 
Exploitation costs due 

to tank volume 

Compost - Minimum Minimum 

Incineration - Minimum Minimum 

Land application Maximum Minimum - 

Use in furnaces - Minimum Minimum 

 

To give an example, maximizing sludge stabilization will lead to a process operation with 

high HRT, which implies increased tankage and consequently higher exploitation costs. 

On the other hand, minimum operational costs may result in a reduced stabilization 

degree and biosolids not suitable for land application. According to Table 5.2, two main 

operation modes can be distinguished.  

 Minimization of inorganic nitrogen in the effluent sludge within the minimum 

possible HRT for the process. 

 Minimization of inorganic nitrogen content in the effluent sludge achieving 

maximum sludge stabilization. 

The definition of the expected main operation modes enables the identification of the 

objective variables to be monitored in each of the scenarios explored. The main objective 
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variables as well as the manipulated variables throughout the study have been 

summarized in Table 5.3. 

Table 5.3. Summary of manipulated and objective variables of the simulation study 

Manipulated variables  

  Inlet sludge flow (HRT) 
  Anoxic phase length 
  Previous treatment removal efficiency 
  

Objective variables  

  NHx+NOx in the effluent sludge 
  VS content  in the effluent sludge 

5.1.4. Exploration of scenarios 

A computer simulation study has been carried out for evaluating the performance of the 

post-aeration under various operation conditions. With that purpose, a WEST 

configuration with a single tank operating in semi-batch with anoxic/aerobic cycles has 

been used. Simulations were run using the dynamic model calibrated in section 4.2. The 

scenarios studied by simulation were defined by 1) the composition of the feed sludge 

used, 2) feeding volume and 3) anoxic to total cycle length. The composition of the feed 

sludge was defined based on the COD removal efficiency of a hypothetical anaerobic 

process located upstream of the post-aerator. The removal efficiency of this process was 

varied between 65 and 40%, simulating an increase in the OLR applied (section 5.1.2). 

Given a particular composition of raw sludge, this resulted in several feed sludge 

compositions in terms of alkalinity, organic and inorganic nitrogen and biodegradable 

organic matter content (Table 5.1). 

For each of those feed sludge compositions, several simulations have been run with the 

total HRT of the process ranging from 2 to 10 days. Total HRT was modified by varying 

the feeding volume to the reactor. Moreover, different ratios of anoxic to total cycle 

length (from 0.2 to 0.8) have been tested for each of those aforementioned HRT values. 

Thus, the study resulted in 240 dynamic simulations. Each of the simulations was set up 

with 100 days length to ensure that a steady state was reached by the end of the 

simulation. The configuration used was similar to that addressed for model calibration 

during section 4.2.5.2, and has been depicted in Figure 5.2. Reactor feeding occurred 4 

times a day in 6-hour cycle basis and a timed on-off control of the inlet airflow defined 

the anoxic to total phase length during each cycle. Simulation results were collected at 
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the end of the aerobic phase once steady state operation was reached for each of the 

scenarios considered. The results obtained have been included as supplementary data in 

section C.2. 

 

Figure 5.2. WEST configuration for Post-aeration process scenario exploration 

Based on the results from the exploration of scenarios, several effects were observed. On 

the one hand, the results showed a gradual decrease in effluent ammonia nitrogen as 

previous treatment efficiency decreases, since a major part of the inlet nitrogen remained 

as organic nitrogen in the sludge.  On the other hand, as total HRT was increased, a 

lower concentration of NHx-N was observed in the reactor. High total HRT resulted in 

increased particulate matter break-up that promoted a higher release of ammonia 

nitrogen to the bulk liquid. Nevertheless, the larger ammonia nitrogen release was 

balanced by the enhancement observed in NHx-N uptake as a result of the increase in 

aerobic HRT for a fixed anoxic to total HRT. Thus, reduced NHx-N and total nitrogen were 

observed in the effluent sludge as total HRT increased.  

With regard to the removal efficiency of the previous treatment, it was observed that as 

removal efficiencies increased reducing anoxic to total HRT did not result in further NHx-

N removal. The lack of biodegradable organic matter in the feed sludge resulting from 

these high removal efficiencies prevented the reactor from attaining complete 
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denitrification, and thus, NO2
- accumulated within the reactor. The accumulation of NO2

- 

combined with the drop in pH resulting from the reduced alkalinity recovery led to 

nitrous acid inhibition to AOB. This inhibition reduced nitrifying bacteria growth rates 

causing the stop in nitrification. On the contrary, relatively high biodegradable substrate 

content in the inlet sludge led to complete denitrification. This prevented the 

accumulation of NO2
- in the reactor, and hence the inhibition of nitrifying bacteria. Thus, 

low removal efficiencies in the previous treatment led to lower NHx-N concentration in 

the effluent sludge, regardless of the anoxic to total HRT applied. Additionally, when 

nitrous acid inhibition disappeared, a minimum in total nitrogen concentration in the 

effluent sludge was detected. This suggested an optimum content of biodegradable 

substrate in the inlet sludge given a particular total HRT and anoxic to total cycle length. 

Beyond this point, the excess of biodegradable organic matter in the inlet sludge did not 

result in a significant improvement of ammonia nitrogen removal. On the contrary, this 

excess led to an increase in TKN due to the accumulation of organic nitrogen in the non-

digested volatile solids. In the same way, as removal efficiency of the previous treatment 

decreased, a rise in volatile solids was observed in the reactor resulting in a drop in the 

stabilization degree of the effluent sludge. 

The graphs included in section C.2 (Figures C.2 to C.9) also showed that nitrification 

failed when combining high inlet flows to the post-aeration reactor and low removal 

efficiencies in the previous treatment, or in other words, when applying a high 

biodegradable OLR to the post-aerator. This also occurred for lower biodegradable 

OLR’s as far as anoxic to total HRT was increased. The latter suggested that when using 

high aerobic OLR heterotrophic biomass growth rate increased, promoting competition 

for the available oxygen in the bulk liquid with nitrifying bacteria (Mulder et al. 1995). 

Consequently, autotrophic bacteria growth rate decreases due to their lower affinity for 

oxygen than that of heterotrophic bacteria. According to this, when increased OLR 

overlapped with short aerobic to total HRT, nitrifying bacteria washout occurred.  

During anoxic-aerobic digestion, ammonia nitrogen is assimilated into biomass and, 

simultaneously, released back to the bulk liquid by hydrolysis and fermentation of inlet 

organic matter. Depending on the operating conditions, (namely, concentration of 

biodegradable organic matter in the inlet sludge and total HRT applied), biomass growth 

may prevail to a different extent over decay and further hydrolysis and fermentation. 

When using low biodegradable OLR, biomass decay balances biomass growth leading to 

low overall ammonia nitrogen assimilation. On the contrary, high biodegradable OLR 



Application of tools to optimize process design and operation Chapter 5 

177 

 

result in increased biomass growth constituting a significant sink for NHx-N (Li and Irvin 

2007). 

5.1.5. Guidelines for optimum operation and sizing of the 
Post-aerator 

Bearing the previous discussion in mind, the simulation results were studied according to 

process operation modes addressed in section 5.1.3. When achieving maximum 

stabilization of the effluent sludge is the main purpose for the operator, working with 

high removal efficiencies in the previous treatment is mandatory. A low content of 

biodegradable organic matter in the inlet sludge compels to operate with high total and 

anoxic to total HRT to achieve complete denitrification and minimum ammonia nitrogen 

values in the effluent sludge. Specifically, the best configuration for obtaining maximum 

stabilization while obtaining low NHx+NOx in the effluent sludge was identified when 

operating at 10 days total HRT, 68% anoxic to total HRT and 55% COD removal 

efficiency in the previous treatment. In these conditions, VS concentration in the effluent 

sludge is around 10.9 g L-1 which means a 58% overall VS removal approximately. 

Otherwise, lower operation HRT may be used to minimize process exploitation costs 

while maintaining low inorganic nitrogen content in the effluent sludge. For that purpose, 

the optimum configuration is observed at 2 days total HRT, 20% anoxic to total HRT and 

40% COD removal efficiency in the previous treatment. Effluent VS under this operation 

pattern is around 14.9 g L-1 (approximately 42% overall VS removal). Thus, minimizing 

mixing power requirements in the process by working at high OLR implies reduced VS 

removal when compared to operation for maximum stabilization. The latter, will result in 

additional costs for the final sludge management and disposal. Consequently, a balance 

has to be found between total HRT applied and stabilization degree required.  

According to this, some criteria for optimum sizing and operation of the post-aerator 

and the previous treatment have been chosen for each of the total HRT studied by 

simulation. These criteria were chosen based on the maximum removal efficiency in the 

previous treatment at which NHx+NOx concentration in the reactor can be kept within 

the range of 120 to 160 mg L-1. The latter resulted in an optimum anoxic to total cycle 

length depending on the total HRT considered. The results drawn by this study have 

been summarized in two graphs (Figure 5.3) that correlated the parameters defining the 

sizing of the post-aeration reactor (effluent NHx-N, VS removal and HRT) and the design 



Application of tools to optimize process design and operation Chapter 5 

178 

 

of the previous sludge treatment line (ηCOD) with those describing the operational settings 

of the reactor (anoxic to total cycle length).  

 

Figure 5.3. Optimum sizing and operation criteria for post-aeration plus previous digestion process as a 

function of total HRT and overall solids removal 

Considering a particular restriction of NHx-N in the effluent sludge (i.e. 120-160 mg N L-

1), the graphs showed a logarithmic correlation of both the optimum anoxic to total cycle 

length and the removal efficiency required in the previous treatment with regard to the 

total HRT applied in the post-aerator. The HRT applied would be chosen depending on 

the requirements regarding operational costs and stabilization degree required. 

5.1.6. Summary of results 

The calibrated dynamic model has been used for running a series of computer 

simulations in order to evaluate the performance of the post-aeration under various 

operating conditions. The operational scenarios used for the simulation study were based 

on critical considerations regarding WWTP management, namely, final destination of 

sludge, cost effective operation and reject water interaction with the water line. Process 

performance was studied mainly in terms of inorganic nitrogen content in the effluent 

sludge, VS removal and the contribution of nitrogen assimilation to the overall NHx-N 

removal. Total HRT, anoxic to total cycle length and biodegradable organic matter 

content in the feed sludge were the manipulated variables throughout the study. The 

main conclusions of scenario exploration are the following. 

Removal efficiency in the digestion process prior to post-aerator appeared as a relevant 

parameter in post-aerator optimum sizing and operation. Two main operation modes 

were identified: 1) Maximum stabilization plus low inorganic nitrogen content in the 
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effluent sludge. This operation mode leads to a significant overall VS removal (approx. 

58%) at expense of an operation with high total HRT (10 days with 68% anoxic to total 

cycle length) that results in high exploitation costs. 2) Minimum operation HRT plus low 

inorganic nitrogen in the effluent sludge. Using minimum HRT (2 days) reduces mixing 

power requirements at expense of a significant drop in overall VS removal (approx. 38%). 

In addition, low HRT in the post-aerator compels to operate with high content of 

biodegradable organic matter in the feed sludge and low anoxic to total HRT (around 

20%). The exploration of scenarios also resulted in two graphs correlating the design of 

the previous treatment and the operation and sizing of the post-aeration reactor based 

on a given restriction of inorganic nitrogen content in the effluent sludge. According to 

these results, a logarithmic dependence was found between anoxic to total cycle length 

and COD removal required in the previous digestion process, with regard to total HRT 

applied in the post-aeration reactor.  

Summarizing, the dynamic model has been proven as a useful tool to study the 

performance of a novel BNR post-treatment of digested sludge. The study provided with 

relevant information for devising specific and clear guidelines for optimum process sizing 

and operation. 

5.2. STEADY STATE LINEARIZED MODEL FOR ATAD 
PROCESS SIZING 

In previous sections, the dynamic model has been proven as a very useful tool to study 

the mechanisms of digestion process as well as the effects of certain inhibitor 

compounds. This allows a better understanding of processes dynamic performance 

under various conditions, which eventually results in optimum operation criteria and 

advanced control strategies. However, the applicability of complex dynamic models for 

digestion processes sizing is limited due to the large number of model components and 

parameters used. Consequently, in order to obtain an accurate estimation of the input 

vector for the simulations, a high availability of experimental data is needed, which is 

rather unlikely due to the lack of data experienced in most WWTP. Furthermore, most of 

the parameters considered as a result for design purposes (i.e. tank volume, HRT, 

insulation, inlet sludge temperature, air flow, etc) are input data for the model, resulting 

in the need of complex optimization algorithms with significant computational work to 

estimate these parameters. Otherwise, a simulation study of several operation scenarios 

would be needed. Hence, a deep knowledge of the model is required for the designer to 
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define the scenarios that could provide enough insight so as to devise some criteria for 

process sizing (section 5.1).  

According to this situation, a procedure for linearization of dynamic models has been 

proposed in order to develop simplified tools for sizing of digestion processes in 

stationary conditions. This procedure has been successfully applied to ATAD obtaining a 

linear simplified model with reduced experimental data requirements and high flexibility 

for sizing parameters estimation. 

5.2.1. Description of the simplified model for ATAD 
sizing 

As stated above, a new methodology has been developed for simplifying the dynamic 

model so as to obtain a linear equation system that could provide an acceptable 

approach to ATAD processes behavior with reduced experimental input data. Since this 

procedure resulted in a linear equation system, the sizing tool could be implemented in 

conventional software such as spreadsheets preventing the need of additional software 

and reducing the computational work. 

Dynamic model reduction relies on four main principles: 1) ATAD sizing for steady state 

conditions of the process; 2) a reduced stoichiometric matrix excluding anoxic and 

anaerobic transformations; 3) a reduced component vector grouping biodegradable 

organic matter components; and 4) a simplified vector of kinetics resulting from the 

assumption that biodegradable organic matter uptake rate is mediated solely by the 

hydrolysis rate. 

5.2.1.1. MAIN HYPOTHESES FOR MODEL LINEARIZATION. REDUCED 

STOICHIOMETRIC MATRIX 

The first step for dynamic model linearization consisted in simplifying the stoichiometric 

matrix, reducing its components and transformations to the minimum (Table 5.4). With 

that purpose, anaerobic and anoxic transformations were excluded from the model and 

components were grouped in biodegradable (XS, SS), non-biodegradable matter (XI, SI), 

non-biodegradable lysis products (XP), active biomass (XH) and dead biomass (XC). 

Components named as X stand for particulate matter while components named as S 

stand for soluble matter. 
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Table 5.4. Simplified stoichiometric matrix 

# Transformations SS XS XH XC XP Kinetics 

1 
Aerobic uptake of soluble 
substrate  

-1 0 Yh 0 0 Instantaneous 

2 Biomass decay 0 0 -1 1 0 �� = ���� ∙�� 

3 Composites disintegration 1 1-fP 0 -1 fP �� = ���� ∙��  

4 Thermal solubilization 0 0 Yh -1 0 �� = �
��� ∙��,�, 0 ≤ �< ��������

0, ������ ≥ �≥ ��������
 

5 
Aerobic uptake of 
particulate substrate 

0 -1 Yh 0 0 �� = �� ∙�� 

 

Regarding to the kinetic vector, Monod or inhibition/activation terms were avoided and 

simple first order equations were used to describe model kinetics.  The main hypotheses 

used to devise the stationary model are listed below: 

 Biodegradable organic matter is divided into four main groups: 1) particulate 

matter that requires enzymatic hydrolysis prior to oxidation by heterotrophic 

biomass; 2) soluble matter which undergoes aerobic degradation with no 

additional step 3) active biomass and 4) dead biomass. The latter is present in 

the form of composites which, by disintegration (3), are disaggregated into less 

complex particulate matter (XS) and non-biodegradable lysis products (XP) 

 Inlet particulate organic matter to the ATAD is considered as simple 

biodegradable particulate matter (XS) plus non-biodegradable particulate matter 

(XI). In the same way, inlet soluble COD corresponds to biodegradable and non-

biodegradable soluble matter. The ratio between these two components is 

determined by the parameter fSB. 

 During aerobic digestion, soluble substrate is produced by hydrolysis of 

particulate matter. However, it is immediately consumed due to the higher 

reaction rate of soluble substrate uptake than that of hydrolysis (1). This results 

in a same observed reaction rate for both hydrolysis and soluble substrate 

consumption. Consequently a unique transformation is considered to describe 

the overall particulate matter uptake (5), using a first order kinetic on XS and the 

stoichiometry related to aerobic uptake of soluble substrate (SS) 

 Additionally, inlet soluble substrate is gradually consumed during the cycle 

together with that produced by hydrolysis of particulate matter. Thus, when 

considering a daily semibatch process no biodegradable soluble substrate 
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content is expected by the end of the cycle. According to this, it can be 

assumed that inlet soluble substrate is consumed instantaneously as soon as 

digester feeding occurs (1). 

 First order kinetics are used to describe hydrolysis, decay, and disintegration 

rates. 

 A thermal solubilization transformation is proposed for the biodegradable 

particulate matter contained within the inlet sludge. This transformation is not 

applied to the whole digester active volume but to the sludge feeding flow. 

Following the previous hypothesis, particulate matter is solubilized as digester 

feeding occurs with the subsequent instantaneous consumption of the soluble 

substrate produced. Therefore, a unique transformation may be used to 

describe the overall thermal solubilization plus the further aerobic degradation 

of the soluble substrate produced (4). The stoichiometry considered for this 

transformation is similar to that of soluble substrate uptake (1). 

Bearing all the previous hypotheses in mind, both the reduced Petersen matrix (Table 

5.4) and the characterization method for the stationary model were devised (Table 5.5). 

Table 5.5. Calculation procedure for characterization of inlet sludge in terms of simplified model components 

Model components Equation Units 

Biodegradable soluble organic matter (SS,0) = ����,� ∙��� mg COD L-1 

Non-biodegradable soluble organic matter (SI,0) = ����,� ∙(1 − ���) mg COD L-1 

Biodegradable particulate organic matter (XS,0) = ����,� ∙(1 − ��)− ��,� mg COD L-1 

Non-biodegradable particulate organic matter (XI,0) = ����,� ∙�� − ��,� mg COD L-1 

*The remaining model components (XH, XC and XP) are assumed zero in the input vector since no biomass 

content is considered in the inlet sludge. 

5.2.1.2. MATHEMATICAL DESCRIPTION OF THE MODEL AND SYSTEM 

RESOLUTION 

Based on all the previous discussion a complete description of the ATAD system was 

carried out by means of mass and energy balances. Mass balances were formulated 

individually for each of the components included in the model using the previously 

addressed stoichiometry, kinetics and input vector (section D.1). The final formulation for 

each of the model components after integrating the differential mass balances is 
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presented in Table 5.6. The integration of differential equations was based on the 

assumption that the concentration of the model components within the digester does 

not vary significantly during a whole cycle of operation in semibatch stationary 

conditions. Due to the dilution effect of the feed when operating at relatively high HRT, 

this approach may not result in a significant loss in model accuracy.  

As result of mass balance, the concentration of model components in the effluent sludge 

is formulated as a function of first order kinetic coefficients, stoichiometric parameters 

and HRT.  

Table 5.6. Summary of mass balances for each of the model components 

Model 
components 

Units Equation 

XS,eff mg COD L-1 =
��,� ∙(1 − ���)+ ���� ∙(1 − ��)∙��,��� ∙���

1 + �� ∙���
 

SS,eff mg COD L-1 = 0 

XH,eff mg COD L-1 
=
�� ∙�� ∙��� ∙�

��,� ∙(1 − ���)+ ���� ∙(1 − ��)∙��,��� ∙���
1 + �� ∙���

�

1 + ���� ∙���

+
�� ∙��,� + ��� ∙��,�
1 + ���� ∙���

 

XC,eff mg COD L-1 ��,�� =
�� ∙���� ∙��� ∙�

��,� ∙(1 − ���)
1 + �� ∙�� ∙������

+ ��,� + ��� ∙��,��

1 + ���� ∙��� ∙�1 −
�� ∙(1 − ��)∙�� ∙���� ∙���

�

(1 + �� ∙���)∙(1 + ���� ∙���)
�
 

XI,eff mg COD L-1 = ��,� 

SI,eff mg COD L-1 = ��,� 

XP,eff mg COD L-1 = �� ∙���� ∙��,��� ∙���  

 

The organic matter removal attained by the ATAD process in terms of COD can be 

formulated as a function of model components concentration by the end of the cycle, as 

follows: 

� =
����,� − ��,��� − ��,��� − ��,��� − ��,���

����,�
 

Since this equation includes several variables dependent on HRT, a direct dependence 

between both organic matter removal and HRT is established. Moreover, this correlation 

is affected by the kinetic and stoichiometric coefficients used and characterization 
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parameters considered, such as feed sludge biodegradability, thermal solubilisation 

degree or fraction of biodegradable soluble substrate. 

As in the case of mass component calculation, a differential heat balance was carried out 

for a closed reactor ATAD operating in semibatch. The heat balance was formulated 

separately for discharge plus feeding stages and reaction stage. The integration of both 

differential equations was based on an instantaneous discharge and feeding stage while 

reaction stage length was considered similar to that of the whole operation cycle. These 

separated heat balances resulted in two discrete equations describing the temperature 

gap in the reactor due to sludge feeding and liquid temperature rise during an operation 

cycle as a result of input energy fluxes and heat losses (Table 5.7). A full description of 

the energy model formulation for ATAD is included in section D.2. 

Table 5.7. Energy balance equations 

Stage Equation 

Feeding �� =
��,� − ���

��,� − ��,�
 

Reaction 
 

���,��� ∙���� ∙�� + ��,��� ∙���� ∙(�� − ��)�∙���,� − ��,��

= ���� ∙���� ∙����,� ∙����� − ���̇���� + ��̇�� + ��̇��� − ��̇� �∙������ 

 

The terms related to input and output energy fluxes included in the heat balance during 

reaction stage are mainly a function of Kwalls, Tin, Tamb, TR,f, TR,i, required air flow rate (which 

is also a function of ηCOD) and structural parameters of the digester (i.e. diameter, wall 

thickness and its thermal conductivity or heat exchange efficiency). Additionally, feed 

sludge temperature after preheating (Tin), if applies, is correlated with the temperature of 

raw sludge (T0) and effluent sludge (end of the operation cycle, Tf) by the efficiency of the 

heat exchanger (section D.2). Given that the structural parameters of the digester and 

heat exchanger, together with Tamb and T0 are considered input data, 4 independent 

variables for the system are defined. Since only two different equations resulted from the 

heat balance during both, reaction stage and feeding, an indeterminate system of linear 

equations with 2 degrees of freedom is obtained. Consequently, 2 of the aforementioned 

4 input variables (namely TR,i, TR,f, Kwalls and ηCOD) need to be used as constraints for the 

system of equations to have asingle unique solution. 

When including the mass balance into the system of equations, an additional variable 

which may not be input data (HRT) plus one more equation are added to the system. 

Therefore, degrees of freedom of the system remain the same but resulting in an 

indeterminate system of 3 equations with 5 independent variables. From those 5 
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variables, 2 of them are used as constraints for ATAD sizing depending on the 

requirements considered for the calculation.  

Table 5.8. Summary of independent variables and implicit equations of the simplified ATAD model 

Equations Independent variables 

Mass balance HRT, ηCOD 

Energy balance during feeding stage TR,i, TR,f, HRT 

Energy balance during reaction stage ηCOD, TR,i, TR,f, Kwalls 

 

Bearing in mind the previous considerations, ATAD sizing requires solving an 

indeterminate system of equations in which, any of the variables could work either as a 

result or as input data. This prevents the user from rearranging equation terms in order 

to isolate variables, resulting in a system of implicit equations that needs solving by 

numerical methods. Thus, the solver function of an excel spreadsheet is used to solve the 

system, by finding the variable values that satisfy the equations for the restrictions 

proposed. 

5.2.2. Parameter values and experimental validation 

The capability of the stationary model to predict ATAD process performance has been 

tested using data from experiments at lab and semi industrial scale. For that purpose, the 

simplified model was used to study several scenarios regarding to HRT applied and inlet 

sludge composition happening during the experimentation. The results were compared 

with that obtained during experiments in terms of organic matter removal and reactor 

temperature.  

5.2.2.1. MASS MODEL VALIDATION WITH EXPERIMENTAL DATA OBTAINED 

AT LAB SCALE 

During the lab scale experiments of ATAD, reactor temperature was fixed at 55ºC. 

Consequently, only the results regarding organic matter removal could be checked with 

data from lab scale experiments. As stated in section 5.2.1.2, the simplified model was 

formulated considering a steady state behavior of the ATAD process. According to this 

assumption, the results obtained from applying the design tool had to be compared to 

the experimental data obtained once steady state was achieved in the lab scale reactor. 
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Steady state conditions were expected to occur in the reactor within a week feeding the 

same raw sludge. Therefore, stationary model results were compared to that obtained 

experimentally prior to a change of the sludge fed to the reactor. 

In order to validate the linearization procedure, parameter values obtained during 

calibration of the dynamic model were used in the stationary model. Decay and 

disintegration rate coefficients were applied without any further consideration. However, 

hydrolysis rate coefficient of the dynamic model corresponded to a Contois equation. 

Consequently, a conversion to first order kinetic was required for this parameter to be 

applied to the stationary model. 

��_� =
��_�������

�� +
��_����
��_����

 
(d-1) 

An average concentration of biodegradable particulate matter and heterotrophic 

biomass in the reactor was estimated from the results of simulating the semibatch lab 

scale experiments. Based on this data, first order hydrolysis rate coefficient was estimated 

to be 0.85 d-1. 

A summary of the parameter values used for the stationary model is included in Table 

5.9. 

Table 5.9. Summary of kinetic and stoichiometric coefficients of the stationary model 

Kinetic coefficients Units Values 

Hydrolysis rate coefficient (kh) d-1 0.85 

Biomass decay rate coefficient (kdec) d-1 1.47 

Disintegration rate coefficient (kdis) d-1 1.00 

   
Stoichiometric & characterization coefficients Units Values 

Heterotrophic biomass yield (YH) g cell. COD (g COD)-1 0.42 

Respiration quotient (YCO2) mol CO2 (mol O2)-1 0.80 

Fraction of inlet biodegradable organic matter 
that undergoes  thermal solubilisation (fTS) 

g COD (g COD)-1 0.10 

Biodegradable fraction of soluble COD (fSB) g COD (g COD)-1 0.50 

Non biodegradable lysis products yield (fP) g COD (g COD)-1 0.20 

Inert fraction of the inlet sludge total COD (fI) g COD (g COD)-1 0.28 
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Inert fraction of the inlet sludge used for the calculation was assumed as equal to that 

estimated from batch experiments of mixed raw sludge from Loiola WWTP (section 

4.2.1). 

Based on the previous coefficients, the stationary model was used to predict the organic 

matter removal obtained during lab scale semibatch experiments. Total and soluble 

COD, VS content in the feed sludge and HRT were used as input data for each of the 

scenarios considered. On the other hand, total COD in the effluent sludge (Figure 5.4) 

and VS removal (Figure 5.5) were the main reference parameters to verify the predictive 

capability of the stationary model. 

 

Figure 5.4. Total COD in the effluent sludge predicted by the stationary model 

According to the results it can be observed that despite the hypotheses assumed for 

model formulation a significant accuracy is achieved when predicting organic matter 

removal in steady state conditions. 
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Figure 5.5. VS removal predicted by the stationary model 

However, some deficiencies are observed in VS removal estimation when a significant 

drop in inlet VS occurs. This is due to the hypothesis assumed regarding total COD to VS 

ratio of the effluent sludge. For simplification purposes, a COD to VS ratio of 1.4 g COD 

(g VS)-1 is considered in the digester assuming that effluent VS from ATAD would consist 

mainly of viable and non-viable biomass (BVSS). This hypothesis losses accuracy as far as 

low OLR (because of either low HRT or low VS content in the sludge) is applied to the 

digester. Low values of OLR applied promote endogenous conditions within the reactor, 

thus resulting in COD to VS ratios in the effluent sludge similar to those obtained for inlet 

non-biodegradable organic matter during the batch tests (1.2-1.3 g COD g VS-1). On the 

contrary, when high OLR is applied, bacteria growth increases leading to biomass 

accumulation in the digester in stationary conditions. In these conditions COD to VS ratio 

in the reactor approaches to 1.4 g COD (g VS)-1. 
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5.2.2.2. ENERGY MODEL VALIDATION WITH EXPERIMENTAL DATA OBTAINED 

AT SEMI INDUSTRIAL SCALE 

The data from experiments at semi industrial scale were used to verify the model 

prediction of ATAD temperature range in stationary conditions. For that purpose, several 

periods were identified in which digester performance approached steady state 

conditions. In each of those periods average values regarding to digester operation (i.e. 

inlet sludge composition, energy input by aeration and mixing system, air flow or HRT) 

were obtained in order to use them as input data for the model. Additionally, mean 

values of experiment results such as ATAD temperature range and organic matter 

content in the effluent sludge were calculated so as to compare with the outcome data 

from the stationary model. All these data together with the periods considered as 

stationary are addressed in Table 5.11. 

Structural features of the pilot scale digester affecting the heat balance were also used as 

parameters of the stationary model to adjust temperature results to that obtained 

experimentally. The latter are inherent to the digester construction and hence remained 

constant regardless of the operation conditions applied. These parameters are included 

in Table 5.10. 

Table 5.10. Structural features of the ATAD at semi industrial scale 

Structural features of the digester Units Values 

Active volume m3 4.00 

Total volume m3 12.50 

Overall heat transfer coefficient kJ (m2 ºC h)-1 8.85 

Diameter of the digester m 2.00 

 

The remaining parameters of the model affecting the heat balance, were recalculated to 

fit the operational features of the pilot scale digester (such as aeration flow, mechanical 

energy input and digester volume) during each of the periods in which steady state was 

achieved. 

According to the temperature range and COD content in the effluent sludge obtained by 

the stationary model (Table 5.11), it can be concluded that the linearization procedure 

resulted in a simplified model for ATAD which provides a significant accuracy in 

predicting process behavior.  
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Table 5.11. Summary of input data (average values) and results of the stationary model 

 Units Period 1 Period 2 Period 3 

Periods at steady state conditions d 125-135 181-189 192-198 

     
Digester operational features Units Scenario 1 Scenario 2 Scenario 3 

Mechanical energy input kJ d-1 118387 125214 126233 

HRT d 4.0 5.3 5.2 

Inlet total COD mg O2 L-1 33477 39805 43690 

Inlet soluble COD mg O2 L-1 8238 9861 9761 

Inlet air flow m3 h-1 2.6 4.0 5.0 

Ambient temperature ºC 9.1 13.23 16.71 

Feed sludge temperature ºC 16.1 22.23 24.52 

 
Experimental results 

Total COD of the effluent sludge* mg O2 L-1 16463 17211 22326 

Effluent sludge temperature* ºC 46.7 56.5 58.3 

Initial reactor temperature* ºC 39.6 49.3 52.0 

 
Stationary model results 

Total COD of the effluent sludge mg O2 L-1 17860 20540 22590 

Effluent sludge temperature ºC 47.2 54.6 58.1 

Initial reactor temperature ºC 39.8 48.5 51.8 

*Average values obtained experimentally to be compared with that obtained by means of the stationary 

model. 

5.2.3. Summary of results 

Summarizing all the previous discussion, a recuded steady state model in algebraic 

equations has been devised for describing the ATAD process. The simplified model 

provides with a good approach for the preliminary design of this process, preventing the 

need of non-conventional software and saving a significant amount of computational 

work. 

The simplified model is obtained by linearization of the dynamic model based on some 

hypotheses addressed in previous sections. Due to the implicit nature of the model 
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equations, simple numerical methods, such as the solver function implemented in Excel 

spreadsheets, is required for solving the system.  

The stationary model provided an accurate prediction of COD removal and temperature 

range of ATAD in stationary conditions for a certain input data regarding inlet sludge 

composition and HRT applied. However, model applicability is limited in terms of VS 

removal prediction when low OLR are considered.  

Additionally, the linearization procedure applied has been proven as a useful tool for 

simplifying complex dynamic models resulting in simple tools for process sizing. Since 

hydrolysis and disintegration limit equally all digestion processes due to the particulate 

nature of the organic matter to be treated, this procedure (along with the hypotheses 

assumed) may be successfully applied to any digestion process. 

 

5.3. ATAD PROCESS OPTIMAL DESIGN 

The stationary model presented in this thesis has been used to obtain a set of main 

criteria for the design of a pilot scale ATAD system in certain ambient and influent sludge 

conditions corresponding to a specific location. These criteria were later checked by 

simulation in order to study the system performance under different conditions. This 

study  provided with further clues to come up with a final optimal design for the pilot 

scale digester. 

5.3.1. Case study description 

The selected scenario for the study stated above, consisted in the design of a semi 

industrial scale reactor for the treatment of raw sludge produced in a WWTP located in 

Seville (Spain). The raw sludge considered was a combination of dewatered primary and 

secondary sludge from a conventional WAS system for carbon and nutrient removal. The 

mean characterization of this sludge based on several samples analyzed in CEIT 

laboratories is included in Table 5.12. 
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Table 5.12. Mean characterization of raw sludge from Tablada WWTP (Seville) 

Parameters Units Values 

TS g L-1 
39.6 (51.6 – 32.7) 

n=13; s.d.=6.0 

VS g L-1 
27.7 (33.3 – 23.7) 

n=13; s.d.=3.0 

CODT mg O2 L-1 
47840 (60422 – 40665) 

n=12; s.d.=5474 

CODS mg O2 L-1 
3605 (5332 – 1224) 

n=12; s.d.=1004 

TKN mg N L-1 
2130 (2688 – 1680) 

n=10; s.d.=377 

FKN mg N L-1 
301 (378 – 221) 

n=3; s.d.=64 

TAN mg N L-1 
271 (465 – 185) 
n=10; s.d.=82 

AlkB mg CaCO3 L-1 
257 (690 – 80) 
n=12; s.d.=163 

AlkT mg CaCO3 L-1 
1352 (1840 – 860) 

n=12; s.d.=303 

PO43- mg P L-1 
160 (233 – 87) 
n=2; s.d.=73 

pH - 
5.9 (6.4 – 5.7) 
n=12; s.d.=0.2 

Value (range); number of samples and standard deviation. 

 

The effluent sludge requirements in this particular application were defined by the most 

restrictive criteria from all existent regulations, based on those proposed in U. S. EPA 

2003 for Class A Biosolids production (Table 5.13). 

Table 5.13. Main process requirements according to US EPA 2003 

Criteria Units Values 

Batch cycle length h >22 

Min. Temperature during the batch cycle ºC 56 

VS removal % >38 

 

Given the location of the semi industrial scale set up in an inner area of the south of 

Spain, special focus in the ambient conditions is required by the designers to ensure an 

adequate system operation, meeting the requirements stated by the U. S. EPA 2003. A 
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general overview of monthly average ambient temperature during 2013, as well as the 

daily evolution of raw sludge temperature during the same period in Tablada WWTP, 

provided with information for our study in a real basis. These data are given in Table 

5.14. 

Table 5.14. Mean ambient conditions in Seville during 2013 

Parameter Units Values 
  Winter cond. Summer cond. 

Ambient temperature* ºC 10.6 28.0 

Raw sludge temperature** ºC 16.0 27.3 

*Monthly average temperature during the coldest and warmest months of the year respectively 

**Minimum and maximum temperature values throughout the year 

5.3.2. Design basis and reactor sizing results 

As stated in previous sections, the stationary model includes a series of additional 

parameters that describe the main features of particular ATAD layout. These parameters 

comprehend those describing 1) the main features of the digester (diameter, thermal 

conductivity of the walls and cover, and thickness), 2) the efficiency of the aeration 

system (aeration efficiency and air supply rate), and 3) the configuration used for the 

mixing system (location of the pumps and their mechanical energy input). All these 

parameters are inherent to the ATAD layout used and become input data, together with 

the inlet flow, composition and temperature of the feed sludge, once the case study has 

been defined.  

For the case study described above a single stage ATAD layout with no preheating of the 

inlet sludge was proposed as first option. The system would deal with a raw sludge inlet 

flow of 2.65 m3 d-1, and aeration would be supplied by a venturi aeration system in which 

the pumping devices would be located outside the digester. The aeration system has 

been chosen according to the recommendations of Burt et al. (1990) and Sonnleitner et 

al. (1995b) who suggested the use of venturi type aerators in order to attain an efficient 

aeration of the sludge. Operational data (aeration efficiency and air supply rate) from real 

scale experiences using venturi aeration systems have been found in Gómez (2007) 

(Table 5.15). The value of air supply rate (ASR) reported in this reference (1.33 m3 m3 h-1) 

falls within the range proposed in literature for ATAD design (0.5-2 v/vh, Kelly et al. 

1993). For design purposes, a FRP (fiber-reinforced plastic) reactor with a height to 

diameter ratio (H/D) of 2 and completely insulated with a mineral wool layer has been 
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considered. H/D ratio was assumed as the minimum value of the interval suggested by U. 

S. EPA (1990) for ATAD reactors using venture type aerators. The location of the pumps 

outside the digester implied that only a fraction of the power absorbed by the mixing 

system, turns into sensible heat raising the temperature of the liquid phase. This fraction, 

which has been defined throughout this work as an electromechanical yield for the 

pumping/mixing systems, was estimated as a 70% of the total input energy of the 

pumps. 

Table 5.15. Proposed constraints and design basis for ATAD design 

Restrictions based on US EPA 2003 Units Values 

Batch cycle length h 24 

Min. Temperature during the batch cycle ºC 55.5 

VS removal % 38 

   
Design basis Units Values 

Inlet flow m3 d-1 2.65 

Raw sludge composition 
- Total COD 
- Soluble COD 
- Volatile Solids 

 
mg O2 L-1 
mgO2 L-1 
g L-1 

 
47840 
3605 
27.7 

FRP material characteristics 
- Thermal conductivity 
- Thickness 

 
W m-1 K-1 
mm 

 
0.25 
7.2 

Insulation thermal conductivity W m-1 K-1 0.023 

Height to diameter ration (H/D) - 2.0 

Design ambient and sludge conditions 
- Ambient temperature 
- Feed sludge temperature 

 
ºC 
ºC 

 
10.6 
16 

Venturi aeration system 
- Aeration efficiency (AE) 
- Air supply rate (ASR) 

 
kg O2 kWh-1 
m3 (m3 h)-1 

 
1.09 
1.33 

Electromechanic yield of the pumping system (ηem) - 0.7 

The restriction of minimum temperature has been set in 55.5ºC in order to introduce a safety factor that 

could guarantee an operation over 55.0ºC. 

In contrast with the parameters describing the ATAD layout, the variables of the 

stationary model (HRT, ηCOD, Ti, Tf, Kwalls) were defined by a series of constraints proposed 

by the operator depending on the main purpose of the ATAD design. In this particular 

design example, the purpose of reactor design consisted in meeting the requirements 

proposed by US EPA (2003) for producing Class A Biosolids. Consequently, the design 

was focused on ensuring the hygienization (approx. 24 h cycle length and 55.0ºC 
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minimum reactor temperature) and stabilization (>38% VS removal) of the effluent 

sludge. With that purpose, the sizing of the ATAD reactor was carried out considering the 

most unfavorable scenario for guaranteeing the hygienization of the sludge. This 

scenario consisted in the minimum temperatures registered throughout the year (winter 

conditions), since they implied the maximum temperature drop expected during the 

feeding stage. According to these considerations, reactor temperature at the beginning 

of the batch cycle and VS removal were the main constraints for the reactor sizing 

stationary calculation. A summary of the design basis and constraints used for the 

stationary calculation of ATAD is presented in Table 5.15. 

The iterative calculation was set with the kinetic coefficients at 55ºC reported in the 

section 5.2.2.1 of the present document (Table 5.9). The results obtained by the 

mentioned design tool are presented in Table 5.16. 

Table 5.16. Reactor sizing results 

Design parameters Units Values 

Hydraulic retention time (HRT) d 6.9 

Overall heat transfer coefficient W (m2 ºC h)-1 1.79 

Thickness of the insulation layer mm 12.2 

Reactor volume m3 24.1 

Reactor active volume m3 19.3 

Reactor height m 4.9 

Freeboard height m 0.96 

Power density W (m3 active volume)-1 131.8 

Specific power requirement kWh (m3 treated sludge)-1 21.8 

Air flow m3 h-1 25.2 

   
Operation parameters estimation Units Values 

End cycle temperature ºC 62.2 

COD removal % 50.0 

Oxygen transfer efficiency (OTE) % 36.0 

Oxygen concentration in the exhaust gas % 11.9 

kLa d-1 1450 
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The estimated COD removal and HRT required were consistent with those obtained 

during the semi-batch experiments at lab scale with raw sludge from Loiola WWTP 

(average COD removal of 46% at HRT values around 7 days) and operating at slightly 

lower temperature (55ºC). Similarly, U. S. EPA (1990) and Deeny (1991) reported COD 

removal efficiencies of 40-45% at a minimum detention time of 6 days. The HRT required 

for fulfilling the proposed constraints is also in agreement with Kelly et al. (1993) who 

concluded that a 38% VS removal could be attained at detention times of 7 days, or Riley 

and Forster (2002) that reported a 35% VS removal in a single stage ATAD operated at 7 

days HRT. 

With regard to the structural parameters of the reactor, the overall heat transfer 

coefficient differed considerably from the values reported in literature for the design of 

Fuchs ATAD systems (0.3-0.4 W m-2 ºC-1, Kelly et al. 1991, U. S. EPA 1990). This overall 

heat transfer coefficient resulted in a considerably lower thickness of the insulation layer 

(12.6 mm) with regard to that reported by the aforementioned references for the same 

insulation material (100 mm). The need of a better insulation in these systems is probably 

related to the lower ambient temperatures registered in Canada, Germany, Switzerland 

or Ireland were most of the aforementioned systems have been built during the past 

decades (Kelly et al. 1991, Pöpel and Ohnmacht 1972, Zwiefelhofer et al. 1985 and 

Layden et al. 2007, respectively). The power density required falls within the values 

suggested by Kelly et al. (1993) (100-250 W/m3), but remains above those recommended 

for Fuchs ATAD systems in U. S. EPA (1990) and Deeny (1991) (85-105 W m-3 of power 

density and 9-15 kWh power consumption per m3 of treated sludge). However, Fuchs 

ATAD systems required a significantly higher ASR (4 m3 m-3 h-1), which evidenced a 

reduced OTE due to the operation with low power consumption per unit of treated 

sludge. Finally, the height of the freeboard in the reactor is also consistent with the 

recommendations of U. S. EPA 1990 (0.5-1 m). 

The ATAD layout resulting from applying the stationary sizing tool has been tested by 

simulation in order to verify the estimation of the insulation layer needed, and the 

operation temperature range attained in the reactor for the selected ambient conditions.  

Moreover, a computer simulation study has been carried out for evaluating the 

performance of this ATAD design under different operational conditions so as to explore 

its limits and come up with further improvements of the proposed design. 
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5.3.3. Scenario exploration by computer simulation 

The previous results have been checked by simulation in order to explore the digester 

performance in several operational scenarios at variable ambient conditions that may 

take place over the year in the considered location. In order to define all this possible 

scenarios in terms of feed sludge and ambient temperatures, a linear interpolation 

approach between the winter and summer conditions has been carried out assuming 

ambient temperature as the reference for the X-axis. The resulting intermediate 

conditions have been included in Table 5.17. 

Table 5.17. Summary of intermediate scenarios explored by simulation 

Scenario Units 
Ambient 

temperature 
Feed sludge 
temperature 

1* ºC 10.6(1) 16(1) 

2 ºC 15.0 19.2 

3 ºC 20.0 22.8 

4 ºC 25.0 26.4 

5* ºC 28.0(2) 27.3(2) 

6 ºC 35.0 33.6 

*Note that scenarios 1 and 5 correspond to the desing temperatures considered in winter and summer 
conditions respectively. 

A set of steady state simulations of 100 days length have been run under each of these 

conditions for different HRT values (3, 5, 7 and 10 days). State variables for each of the 

model components in the input vector have been calculated from the average 

composition of Tablada WWTP raw sludge (Table 5.12) following the characterization 

protocol proposed in section 3.3.3.1. The alpha vector used for model component 

calculation, was obtained in Section 4.2.1 based on the results of the aerobic 

biodegradability assay of raw sludge from Tablada WWTP (Table 4.12). 

A different airflow and oxygen transfer rate (based on kLa value) will be used in each of 

the steady state simulations, seeking to adapt the performance of the aerators to the 

overall oxygen demand of the system at the different HRTs applied. The kLa attained by 

the aerators in the different scenarios proposed has been estimated based on the 

procedure addressed in section 4.2.2.3. In order to guarantee an overall aerobic 

performance of the process, this parameter has been calculated considering an average 

DO concentration throughout the cycle around 0.75 mg L-1. This will guarantee a 

complete degradation of biodegradable soluble substrate under the conditions applied 

(Table 5.16). In addition, it is assumed that modifying OTR would imply a significant 
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change in the power absorbed by the aerator and thus, a different mechanical energy 

input in each of the scenarios considered. According to this, the power requirements of 

the process in each scenario are estimated as a function of the aforementioned OTR. The 

mechanical energy input from aeration/mixing devices has been calculated based on 

these estimated specific power requirements, and corrected by the electromechanic 

yield. Finally, the airflow rate required has been estimated by extrapolating the ratio 

between airflow rate, and feeding volume to the different operational scenarios. Table 

5.18 addresses the results from the estimation of these parameters. 

Table 5.18. Summary of input parameters for the scenario exploration 

HRT (d) Airflow rate (m3 h-1) kLa (d-1) Energy input by aerators (kJ d-1) 

10 424.4 1050 77780 

7 606.0 1485 105904 

5 848.2 1960 137122 

3 1414.0 2650 202192 

 

The layout used for this simulation study is similar to that used for model calibration with 

experimental results obtained at large scale in Loiola WWTP. It consists of a closed 

digester with continuous inlet airflow and a feeding/discharge strategy seeking a semi-

batch operation with a 24 h cycle length. The timing of feeding and discharge stages has 

been discussed in detail during section 4.2.2.2.  

 

Figure 5.6. WEST layout for scenario exploration 

The results obtained at the end of each of the stationary simulations are plotted in Figure 

5.7 and Figure 5.8. According to those obtained for 7 days HRT operation in winter 
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(design) conditions, it must be highlighted that both, the temperature range reached 

(54.7 to 60.8ºC), and volatile solids removal (40.23%), are consistent with that estimated 

by means of the linearized stationary model. Therefore, the proposed ATAD design as 

well as the capability of the stationary model to predict ATAD systems performance can 

be validated. 

 

Figure 5.7. Initial and final temperature during a semi-batch cycle 

As expected, the results evidenced that as far as OLR increases (in this case by reducing 

HRT), and given a sufficient aeration as to ensure a complete depletion of readily 

biodegradable substrate, reactor temperature range rises at expense of a considerable 

reduction in organic matter removal efficiency. When operating at high OLR, the amount 

of organic matter available for biomass growth increases considerably. Under stationary 

conditions, this promotes an increased concentration of biomass within the digester that 

results in a higher mass of organic matter removed, and hence a greater release of 

biological heat (Jewell and Kabrick 1980). Nevertheless, this rise in organic matter 

removal is balanced by the higher mass of organic matter fed to the digester, provoking 

a decrease in percentage removal efficiency. 

The results also show that both the initial and final temperature of the reactor during 

each cycle rise as inlet sludge and ambient temperature increase (Figure 5.7). However, 

when reactor temperature at the end of the cycle approaches to 68-69ºC, an asymptotic 

behaviour of the temperature (Matsch and Drnevich 1977) is detected regardless of the 

HRT applied to the digester and its initial temperature. As stated in section 1.3.3.4, this 

fact can be explained by a drop in biomass activity resulting from the decrease in the 

number of microorganisms that remain active above 65ºC (Matsch and Drnevich 1977, 

Deeny 1991). As operating temperature rises, a gradual decrease in organic matter 

removal is also observed. This is caused by the adverse effect that elevated temperatures 

have on oxygen solubility. Reactors temperature rise carries a reduction of the saturation 
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concentration of oxygen, which results in a lower OTR given a particular efficiency of the 

aeration system (KLa). However, the gradual decrease found in VS removal intensifies at 

operating temperatures around 65-66ºC. At these temperatures, a certain accumulation 

of soluble organic compounds is observed in the digester (see Figure 5.8), which 

suggests that a drop in biomass activity occurs. Given the enhancement in hydrolysis and 

disintegration rates when operating at elevated temperatures (Yan et al. 2008), a 

hypotethical drop in heterotrophic bacteria activity may lead to an accumulation of 

biodegradable soluble substrate. Thus, a further decrease in organic matter removal can 

be expected beyond the aforementioned temperatures.  

 

Figure 5.8. Biodegradable soluble substrate and volatile solids removal 

As addressed in section 1.3.3.4, soluble substrate accumulation in the digester results in 

poor dewatering properties of the effluent digested sludge (Zhou 2003), leading to low 

dewatered solids concentration or increased polymer addition requirements, and 

consequently, higher operational costs. On the other hand, the accumulation of soluble 

compounds (such as amino acids and glucose), severely affects enzyme activity and 

hence hydrolysis and lysis rate (Sanders 2001), which in turn results in lower volatile solids 

destruction and decrease in soluble substrate accumulation. Nevertheless, this “inhibition” 

effect by soluble compounds is not considered in the model, hence predicting a higher 

concentration than expected in the effluent sludge.  

To prevent this situation, certain changes in the operational settings of the process may 

be adopted depending on feed sludge and external temperature. These strategies 

consist of changing process HRT and/or the airflow rate to the digester.  

A first strategy consists of increasing HRT (10 days) by reducing the feeding volume to 

the digester. The increase in HRT enhances organic matter removal efficiency leading to 

lower concentrations of soluble organic compounds in effluent sludge (Figure 5.8). In 
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addition, the reduced availability of biodegradable organic matter at increased HRT 

results in reduced biological heat yield. This leads to lower operating temperatures than 

those attained at lower HRTs. High HRT may be coupled with an excess airflow rate with 

regard to that required by the system (OCR). This may refrigerate the reactor at expense 

of a considerable rise in the power input required for increasing the air supply, and 

hence in process exploitation costs.  

Another strategy consists of reducing HRT in order to refrigerate the digester. This can 

be done by, either, increasing the feeding volume or reducing reactors active volume. 

When increasing feeding volume, reactor cooling is attained by adding a higher portion 

of “cold” raw sludge to the digester. Nevertheless, a higher feeding volume would cause 

a significant rise in the overall oxygen demand of the system, which cannot be satisfied 

without a significant increase in biological heat production. Thus, inlet airflow has to be 

kept at a similar rate in order to prevent an increase in biological heat production that 

could rise reactor temperature. In line with this, inlet airflow rate may also be reduced for 

a given HRT. This would limit aerobic biodegradation, and thus reduce operating 

temperature range. However, the low availability of oxygen within the reactor would 

promote anaerobic fermentation (mainly acidogenic transformations) and a certain 

accumulation of soluble organic compounds (especially volatile acids) would still occur. 

Moreover, the anaerobic nature of the process might cause odour problems as well.  

In the second case, reducing reactors active volume increases the fraction of digested 

sludge being replaced with “cold” raw sewage sludge. Thus, a similar refrigeration effect 

could be attained without increasing the feeding volume. This strategy implies higher 

heat losses through the walls per unit of active volume, which would also enhance 

digester refrigeration. Nonetheless, the use of a reduced active volume would also result 

in a higher mixing ratio that could cause excessive foaming and instability in reactor 

operation (section 4.1.1.2). 

In addition to the previous, the use of reduced HRT may compromise effluent quality 

since these strategies imply a significant reduction of organic matter removal efficiency. 

Summarizing, several strategies can be used for preventing the ATAD reactor from an 

overheating during the warmest seasons of the year and, hence, the subsequent adverse 

effects on effluent quality. However, all these strategies carry various drawbacks with 

regard to process stability and operation. The latter, evidences the need of exploring new 

design solutions that could cope with changing ambient conditions without severely 

affecting process operation. 
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5.3.4. Sizing of a raw sludge pre-heating system and 
ATAD insulation 

As a conclusion to the previous discussion, the need to keep the temperature of the 

reactor below 65-66ºC, no matter which the ambient conditions are, is drawn. Otherwise, 

a drop in volatile solids will be registered in the digester. In this context, an ATAD system 

layout including a preheating step for the raw sludge is proposed. This solution would 

provide a better temperature control by means of a lower reactor insulation preventing 

high temperatures in the digester during the warmest seasons of the year, combined 

with an inlet sludge preheating to ensure a preset minimum temperature at the 

beginning of the cycle even when the coldest ambient temperatures take place. 

The preheating will consist in a heat exchange between the hot effluent sludge flow 

during digester discharge and the raw sludge inlet load. This will produce effluent sludge 

cooling while increasing inlet sludge temperature to a certain temperature set point, as to 

maintain reactor temperature over a pre-set value after reactor loading. In this design 

example, the latter will be 55.5ºC. Pre-heating system will be active as long as raw sludge 

temperatures are below temperature set point for inlet sludge. 

The design basis for the ATAD configuration dealt here will be the same as proposed in 

Table 5.15, but considering a heat exchange with an estimated efficiency of 0.27 of the 

total available heat for transfer. Results obtained by stationary calculation for this layout 

are given in Table 5.19. Specific power requirements, hydraulic retention time and tank 

volume results will remain unchanged as long as the same restrictions are considered. 

Table 5.19. Sizing results considering the preheating system 

Design parameters Units Values 

Overall heat transfer coefficient W (m2 ºC h)-1 2.6 

Thickness of the insulation layer mm 8.9 

   
Operation parameters estimation Units Values 

End cycle temperature ºC 60.3 

Inlet sludge temperature ºC 27.1 

 

The values obtained for digester insulation were checked by simulation in an ATAD 

system layout consisting of an intermediate buffer tank for inlet sludge load storage prior 
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to heat exchange by contact with the hot effluent digested sludge flow. The scheme of 

ATAD configuration including inlet sludge preheating is depicted in Figure 5.9. 

In this layout, ATAD operation will be divided into 4 stages: 1) raw sludge load to the 

buffer tank, 2) effluent sludge discharge plus raw sludge preheating, 3) reactor feeding 

and 4) reaction stage. ATAD operation cycle begins by transferring to the buffer tank the 

raw sludge load to be fed to the digester. 

During the second stage, buffer tank outlet flow is temporized so that raw sludge is 

pumped through the heat exchanger and back to the tank while hot effluent sludge is 

being discharged. Both streams are considered to have a similar flow rate. Contact 

between the two flows in the heat exchanger will occur as long as buffer tank 

temperature remains below temperature control set-point. Beyond this point, buffer tank 

outlet flow is pumped through heat exchanger by-pass and recycled back to the tank 

with no preheating. In stage 3, hot inlet sludge from the buffer tank is fed to the digester 

initiating the reaction stage. Aeration is maintained during reactor feeding/discharge. 

 

Figure 5.9. WEST configuration for an ATAD system with raw sludge preheating 
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A series of simulations were run to test the improvement in the performance of ATAD 

system with preheating of raw sludge, comparing with that of a conventional system 

(section 5.1.3). ATAD operation at 7 days HRT under different ambient conditions and 

raw sludge temperature was studied.  

The results obtained during the simulation study (Figure 5.10) confirmed the hypothesis 

of using a preheating of inlet raw sludge combined with a lower insulation to keep 

reactor temperature below 65-66ºC, and obtain an effluent sludge with lower soluble 

compounds concentration and hence, improved dewatering properties. In the most 

unfavourable conditions, the accumulation of soluble compounds and the drop in VS 

removal were reduced by more than 50% when compared with ATAD performance with 

no preheating stage. However, when high temperatures of the raw sludge are registered 

(ambient temperature exceeding 25ºC) a drop in volatile solids removal is still observed. 

 

Figure 5.10. Performance of ATAD with preheating of raw sludge and operating at 7 days HRT 

It must be noted that a variable temperature set point has been used for the pre-heating 

of sewage sludge in order to adapt its temperature to that of effluent sludge in the 

different scenarios. For real time control purposes, the temperature set point for 

preheated sludge can be calculated based on reactor temperature prior to digested 

sludge discharge and HRT applied. 

��� = ��,� − ���,� − ��,�� ∙�� 

This control strategy enables to maintain the initial temperature at 55ºC as far as raw 

sewage sludge temperature remains below the temperature set point of the pre-heating 

stage. As raw sludge temperature rises beyond this set point, a slight increase in initial 

temperature can be observed. This rise in operating temperature eventually results in a 

slight accumulation of soluble compounds (Figure 5.10).  
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On the other hand, it is clear that the need for insulation decreases when using a more 

efficient heat exchanger. As observed in the scenario exploration, reducing reactor 

insulation would enable a better control of effluent sludge temperature. This may 

minimize the the drop in volatile solids removal along with the concentration of soluble 

compounds within the digester. Moreover, a downstream cooling stage of digested 

sludge together with reduced soluble organic matter content would result in improved 

dewatering properties of the effluent sludge. 

Finally, it must be highlighted that the reactor temperature range obtained by simulation 

for ATAD operation at 7 days HRT and winter design conditions (55-59.5º) is consistent 

with that estimated by the linearized ATAD model (Table 5.19). 

5.3.5. Summary of results 

During this section, the applicability of linearized stationary models and dynamic models 

for optimal design and operation of ATAD has been under discussion. According to the 

results, the linearized stationary model has been assessed as a very useful tool for ATAD 

sizing because of its simplicity and the low data requirements to achieve a good 

approach of the operational variables. The results obtained by this method were verified 

by simulation and found to be consistent with lab scale observations. 7 days HRT was 

observed, either, by stationary calculation or dynamic simulation, as the minimum 

retention time needed to meet U.S. EPA requirements in terms of volatile solids removal. 

On the other hand, dynamic models appeared as a very interesting tool to explore the 

limits of a proposed ATAD layout due to the capability of the model to predict its 

behaviour under different operating conditions. The scenario exploration provided with 

further information to improve ATAD preliminary design and devise some guidelines for 

optimal operation and control of a given reactor layout. 

From this study, it can also be concluded that, depending on the location for which an 

ATAD is going to be designed, its optimal sizing may differ considerably in terms of 

layout and insulation. It was observed that optimal design consists in sizing ATAD in such 

a way that reactor operation does not exceed 65-66ºC to prevent the re-solubilization of 

organics (U. S. EPA 1990) that could result in poor volatile solids removal and dewatering 

properties of the digested sludge. To prevent this situation in such an extent that 

overheating only occurs during occasional episodes, an ATAD layout with raw sludge 

preheating was proposed. Additionally, it was observed that set point temperature of hot 

inlet sludge may be controlled as a function of raw sludge and ambient temperatures. 
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Heat exchanger efficiency determines the temperature gap between raw sludge and inlet 

sludge, hence defining insulation requirements. Lower insulation requirements, combined 

with high heat exchange efficiencies considerably improve temperature control in the 

digester preventing operational problems during the summer and leading to a good 

effluent quality throughout the year. 
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Chapter 6 

CONCLUSIONS 

6.1. CONCLUSIONS FROM THE EXPERIMENTAL WORK 

6.1.1. Single stage ATAD 

The field work on ATAD resulted in the development and validation of an experimental 

tool with low instrumentation requirements capable of determining the heat potential of 

organic wastes under typical operational conditions of ATAD. Biological oxidation heat 

yield was quantified in 13.770 MJ (kg O2)-1 and a respiration quotient of 0.85 mol CO2 

(mol O2)-1 was observed. 

Moreover, it was successfully applied for addressing the profile of oxygen uptake and the 

biodegradability of different samples of raw sludge. The biodegradability of raw sludge 

under thermophilic aerobic conditions ranged between 70.3 to 73.5% with a similar 

composition of the non-biodegradable organic matter. 

Lab scale experiments showed a direct correlation between COD removal efficiency and 

HRT applied, regardless of the organic matter content of the raw sludge. However, VS 

removal efficiency seemed to be highly dependent on the origins and nature (content of 

lipids and proteins) of the treated organic wastes as well. 

ORP measurement was proven as a reliable indicator of the oxygen availability in the 

reactor, showing shark-tooth profiles that indicated the transition from oxygen limiting to 

substrate limiting conditions within an operation cycle. 

Results confirmed that during the period of low oxygen availability (microaerobic 

conditions) simultaneous aerobic and anaerobic biodegradation (13% of the overall COD 

removal) occur.



Conclusions Chapter 6 

208 

 

Exhaust gas monitoring also revealed an improvement in OTE as far as reduced oxygen 

availability is kept in the reactor and detention time of the air bubbles within the liquid 

increases (high power density for reactor mixing and reduced airflow rates). 

The study of ORP also resulted in the identification of an optimum profile defining the 

minimum air supply rate required for satisfying sewage sludge OUR by the end of the 

cycle. This operation would maximize oxygen transfer efficiency, minimizing heat losses 

and the power input required. 

With regard to the thermal performance of ATAD, the experiments highlighted the 

relevance of an adequate reactor sizing in order to guarantee a minimum operation 

temperature of 55ºC (US EPA requirements for producing Class A Biosolids). Operating 

temperature range showed a considerable dependence on the insulation used and the 

surface to active volume ratio of the reactor. These parameters, together with the power 

density used for reactor mixing appeared as the key variables for ATAD design in order 

to ensure the autoheating capacity of the reactor. 

6.1.2. Post-aeration process 

Post-aeration process has been proven as a good solution to enhance the stabilization of 

anaerobically digested sludge and simultaneously reduce the content of inorganic 

nitrogen in the liquid phase eliminating the need of further treatment of reject water. 

An initial mixture of 25% settled secondary sludge and 75% had to be used for process 

start-up. The operation pattern used during the start-up consisted in continuous aeration 

(5 days HRT) until an accumulation of nitrites was registered in the effluent sludge. 

Beyond this point, reactor was set up with intermittent aeration for regular operation. 

The experiments yielded removal efficiencies up to 80% NH4
+-N, 50-55% total nitrogen 

and 15-20% VS as far as complete denitrification was achieved in the reactor.  

Minimizing the oxidized compounds of nitrogen in the effluent sludge compels to 

maintain a VS content in the feed above 6.7 g L-1 in order to attain an alkalinity recovery 

such that keeps pH above 7. These pH values kept free ammonia concentration in the 

effluent sludge at inhibitory values for NOB (>1.5 mg N L-1) ensuring nitrogen removal 

over nitrite. The transient episodes experienced during the experiments showed a 

complete inhibition of AOB at free ammonia and nitrous acid concentrations of 150 mg 

NH3-N L-1 and 0.06 mg HNO2-N L-1, respectively. 
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The study of contributions to ammonia nitrogen removal revealed a significant 

assimilation of ammonia nitrogen (30 to 55% of total ammonia removal) due to 

heterotrophic biomass growth. This contribution was counteracted by the simultaneous 

release of ammonia nitrogen during both aerobic and anoxic-anaerobic fermentation. 

Thus, biological oxidation appeared as the main cause of the overall removal of 

ammonia nitrogen. The on-line measurement of ORP was proven as a reliable indicator 

of denitrification degree given the correlation found between its maximum values during 

the cycle and nitrite or nitrate prevalence. 

 

6.2. CONCLUSIONS OF THE MATHEMATICAL MODELLING 

A PWM-E based dynamic model that describes the kinetics involved in ATAD and post-

aeration process has been calibrated and validated based on the results from the 

experimental tests. During the calibration, the complexity of the dynamic model 

compromised the identifiability of the coefficients, which had to be estimated grouped 

into different parameter sets.  

The calibration consisted in a series of iterative simulations that yielded a set of model 

coefficients capable of reproducing the experimental data.  

In order to reproduce the experimental data a methodology had to be devised for 

converting the data from daily sampling and analysis of feed sludge into an input vector 

of components for the dynamic model. This methodology consisted of biodegradability 

tests together with a series of mathematical tools for processing the experimental data.  

The necessary mathematical tools have been validated and further implemented in 

conventional software (excel spreadsheets). 

The calibration and validation of the model evidenced a considerable dependence of the 

hydrolysis rate coefficient on the operation pattern used. A considerable improvement of 

this parameter (around a 62.5% increase) was observed when operating under semibatch 

thermophilic conditions due to the effect of thermal disintegration on the particle size 

distribution of raw sewage sludge. 

Some deficiencies were found in the dynamic model when predicting the alkalinity at pH 

values above 8 due to the precipitation of inorganic carbon with metal alkalis. 
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Despite these minor discrepancies, the results from the validation demonstrated the 

predictive capacity of the dynamic model hence assessing the reliability of the results 

from future simulation studies and their applicability for the design and optimization of 

aerobic digestion processes. 

 

6.3. CONCLUSIONS OF THE APPLICATION OF 
MATHEMATICAL TOOLS TO OPTIMIZE THE DESIGN AND 
OPERATION OF AEROBIC DIGESTION PROCESSES 

6.3.1. Post-aeration process 

The calibrated model was used for evaluating the performance of the post-aeration 

process under various operational conditions. 

The scenario exploration resulted in the identification of two main operation modes 

depending on the restrictions applied with regard to the method of disposal planned for 

the effluent waste (stabilization degree) and cost effective operation criteria (HRT 

applied).  

Furthermore, design and operation criteria for the process and the overall sludge 

treatment line were proposed according to the aforementioned restrictions and 

guaranteeing a minimum content of inorganic nitrogen in the effluent sludge.  

The simulation study required an intense computational work together with a 

comprehensive study of the process for identifying the main variables that affected the 

process and defining the operational scenarios for the exploration. This fact evidenced 

the need of simplifying the dynamic model for its use as a tool for process design.  

6.3.2. Single stage ATAD 

A series of hypotheses have been proposed for linearizing the mass and heat balance of 

the dynamic model, incorporating relevant parameters for reactor design.  

This methodology was successfully applied to the ATAD process resulting in a simple tool 

for the preliminary design of ATAD with very low data requirements. 
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The stationary model was verified by dynamic simulation and found to be consistent with 

the experimental data. 

Both the stationary and dynamic models were applied to the design of a pilot scale ATAD 

layout in a real case study. The use of the stationary model provided a first approach to 

the design of the ATAD layout that appeared consistent with the operational parameters 

of full-scale applications. 

A scenario exploration study of the preliminary ATAD layout suggested certain 

deficiencies of this design approach during the warmest periods of the year and revealed 

that an optimum ATAD design should keep reactor temperature range below 65ºC in 

order to prevent a drop in VS removal and poor dewatering properties of digested 

sludge. According to these results, a new ATAD layout with a raw sludge pre-heating 

stage has been proposed as an optimum solution to reduce occasional reactor 

overheating episodes that could compromise the quality of effluent sludge. The pre-

heating of raw sludge during the coldest ambient conditions results in reduced insulation 

requirements and a higher heat evacuation during the warmest periods of the year. This 

solution considerably improves temperature control in the digester ensuring an adequate 

process performance throughout the year without severely affecting the operation (HRT 

or airflow rate applied). 

 

6.4. GENERAL CONCLUSIONS 

The experimental study of single stage ATAD and Post-aeration provided a deep 

understanding of the key variables and transformations affecting these aerobic digestion 

processes. This advanced knowledge resulted in the calibration of a dynamic model 

providing a comprehensive description of the processes and the development of a 

simplified stationary model of ATAD that gave a good approach of the operational 

variables of ATAD. The results of this work proved the simplified model as a very useful 

tool for devising an accurate preliminary design of ATAD with very low input data 

requirements. Dynamic model calibration enabled the exploration of multiple operational 

scenarios of the processes that eventually provided with relevant information to improve 

the preliminary design of ATAD and devise a series of criteria for the optimum operation 

and sizing of the Post-aeration. The results from this work demonstrated the potential of 

using stationary and dynamic models as advanced tools to optimize the design and 

operation of aerobic digestion processes. 
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6.5. FUTURE WORK 

The current section details some of the research areas proposed as a continuation of the 

work presented throughout this dissertation. Following the structure of previous sections, 

the future research proposed has been distinguished into two main fields of action: 

experimental and model-based simulation work. 

6.5.1. Experimental work on ATAD 

 Development of advanced control strategies to optimize ATAD aeration using 

ORP as supervision parameter. Two different strategies might be tested: 

o Retrofit aeration control to keep a minimum constant flow that would 

enable to deplete biodegradable soluble organic matter by the end of 

the semi-batch cycle. 

o Variable air supply adapted to the oxygen uptake rate of the system 

throughout the semi-batch cycle. 

 Explore the performance of ATAD beyond 65ºC in order to study the evolution 

of bacterial activity and the presumable accumulation of readily biodegradable 

organic matter. 

 Further experimental research on the use of ATAD configurations including a 

pre-heating stage of sewage sludge in order to increase the operation flexibility 

of the process. 

6.5.2. Experimental work on Post-aeration 

 Assessing experimentally the optimal operation and design criteria determined 

by simulation. 

 Development of advanced control strategies based on a by-pass of non-

digested sludge into the Post-aeration reactor when incomplete denitrification is 

detected in the reactor according to pH or ORP measurement. 
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 Evaluating the heat production rate and capability of the process for sustaining 

a mesophilic operation when using sufficient reactor insulation. 

6.5.3. Model based work 

 Incorporation to the dynamic model of new components (metal ions) and 

solubility equilibrium transformations in order to describe carbonate 

precipitation phenomena at high pH. 

 Analysis of uncertainty and error propagation in the characterization of feed 

sludge. 

 Development of an automatic characterization tool for sewage and digested 

sludge. 

  Modelling of inlet sludge composites divided into particulate components 

(carbohydrates, lipids proteins and inert organic matter) that require a 

disintegration step prior to hydrolysis. 

 Development of new simplified digestion models by applying the model 

linearization procedure to other digestion processes (namely, aerobic-anoxic 

and anaerobic digestion). 
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SUPPLEMENTARY DATA 

A. FULL MATHEMATICAL DESCRIPTION OF THE DYNAMIC 
MODEL 

A.1. Mass and charge continuity in PWM-based models 

The definition of states in the PWM based models relies on the following assumptions. 

Firstly, the molecular composition of all state-variables is formulated in terms of a set of 

pre-defined elements. The category chosen for this work (C2N_AnD PWM) considers a 

list EL with six elements: EL = {C, N, P, H, O, X, charge}, where X refers to all those 

elements different than C, N, P, H, or O. This element will only be applied for inert 

inorganic components (MXII). According to this hypothesis, each state-variable is 

described in terms of their unitary elemental fractions. Those unitary fractions are 

dependent on the molecular composition of the state variable and the atomic weight of 

the constituent elements. 

Secondly, state-variables are described based on different mass units. The following list 

of units is considered for state-variables: (1) g C; (2) g N; (3) g P; (4) g H; (5) g O; (6) g of 

COD; and (7) g of state-variable. Each state-variable j has its corresponding α-vector (α 

= [αC, αN, αP, αH, αO, αX, αCh](j)). Obviously, the following expression αi= 1 (in this case, i 

only refers to mass elements) must be satisfied for all α-vectors. 

Each of the transformations considered (which depend on the model category chosen) is 

balanced in terms of both total mass and charge. This implies that the continuity 

equation must be satisfied for each element in every single transformation of the model 

(with EL  {C, N, P, H, O, Charge}). However, X mass continuity does not need to be 

satisfied since its value only represents the mass composition of those elements whose 

mass continuity is not relevant in the category. Given the heterogeneity of state units (SU) 

in the different model transformations and state-variables, the inclusion of conversion 

factor (i-factors) is needed to enable the calculation of these elemental continuity 

equations. Additionally, some state-variables need to be used as sink/source variables in 

order to comply with the mass and charge continuity of unbalanced transformations in 

terms of the aforementioned constituent elements. The state-variables used to guarantee 

the mass continuity (sink/source variables) of C, H, O, N and P are CO2, H2O, O2, NH4
+ 

and HPO4
2-, respectively. 
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As stated above, the so-called i-factors are used to convert the state unit (SU) of each 

state-variable to the different stoichiometric units of the model. Thus, each state-variable 

has its corresponding i-vector. The conversion between state unit g COD and the other 

state units requires of a parameter (γi) describing the Theoretical Oxygen Demand 

(ThOD) per mass unit of state-variable. According to this definition, γi represents the 

mass of oxygen needed to oxidize 1 g of state-variable (i.e., g COD/g of state-variable). 

This parameter is calculated for every state-variable by the product of its α-vector and a 

vector addressing the theoretical oxygen demand per mass unit of its constituent 

elements (γE). 

A.1.1. DETAILED FORMULATION FOR SOFTWARE IMPLEMENTATION 

OF STATE-VARIABLES 

Since the basis for defining the state-variables is to specify their molecular composition, a 

constant list (EL) with all those elements considered in the chosen model category must 

be defined: 

EL = {C, N, P, H, O, X, Charge} 

EL definition brings about the need of another parameter list ZW with the atomic weights 

of the mass elements listed in E.  

ZW = {12, 14, 31, 1, 16, 1, 1}; Note: the last item does not represent mass, but mole of 

unitary charge (dimensionless). 

The size of EL (in this case 7), determines the size of a vector MC (Molecular 

Composition) that specifies the molecular structure of each state-variable. Obviously, 

item positions in MC and EL refer to the same element. As an example, the MC vector for 

the MSHPO4= state-variable (molecular structure HPO4
=) would be MCHPO4= = [0, 0, 1, 1, 4, 

0, -2]. 

The full-list of state-variables results in a third constant list (SU) that specifies all the mass 

units considered.  

SU = {g C, g N, g P, g H, g O2, g COD, g of state-variable} 
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As mentioned before, the conversion of COD based state-variables into the different 

stoichiometric units of the model requires of defining a fourth constant list stating the 

value of theoretical oxygen demand of each element in EL (ThOD): 

ThOD = {32, -24, 40, 8, -16, 0, -8} 

The following table summarizes the constant vectors and attributes associated to state-

variables that should be considered in the software implementation. 

Table A. 1. Software implementation of state-variables 

Constants 
Attributes for 
state-variable 

Description 

EL = {C, N, P, H, O, X, Ch} MC[1 to size of(EL)] Molecular composition (mole) 

ZW = {12, 14, 31, 1, 16, 1, 1} Unit Stochiometric Unit 

SU = {g C, g N, g P, g H, g O2, g 
COD, g S-V} 

Value State amount in the influent 

ThODEL = {32, -24, 40, 8, -16, 0, -
8} 

ThOD Theoretical oxygen demand (g O2 mol-1) 

 MW Molecular weight (g mol-1) 

 α[1 to size of(EL)] Mass fraction of each EL in the component 

 γ 
Theoretical oxygen demand per mass unit of 
state-variable (g O2 g-1 S-V) 

 i[1 to size of(SU)] 
Conversion factors between stoichiometric 
units 

 

The following expressions summarize how to calculate the attributes of state-variables: 

Molecular weight of component “i”: 

�� � =����,� ∙�� �

�

���

                ∀ �� �� 

Theoretical oxygen demand per mass unit of component “i”: 

�� =���∙��,�

�

���

                            ∀ �� �� 

Where γj is the Theoretical Oxygen Demand of the different elements in the category (EL) 

which is given by: 
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�� =
�ℎ���

�� �

                     where     �� �� 

Mass fraction of each element (“j”) in component “i”: 

��,� =
���,� ∙�� �,�

�� �

          where     �� �� 

Conversion factors between stoichiometric units for component “i”: 

 
g K (K=C,N,P,H,O) →         �� = �

��,�
��,�

,
�� ,�
��,�

,
��,�
��,�

,
��,�
��,�

,
��,�
��,�

,
��
��,�

,
1

��,�
� 

SU 
g COD →         �� = �

��,�
��

,
�� ,�
��

,
��,�
��

,
��,�
��

,
��,�
��

,1,
1

��
� 

 g state-variable →         �� = ���,�,�� ,�,��,�,��,�,��,�,��,1� 

 

A.2. Mathematical formulation of the biochemical model 

Two main phenomena are considered in the formulation used for describing the mass 

balance of biological treatment processes: 1) the mass transport phenomena related to 

the hydraulic flow-pattern of the reactor considered; and, 2) the biochemical and 

physical/chemical transformations taking place in the system. These transformations 

define the interactions between the different mass components and actually determine 

the value of the state-variables (grouped in the �  vector) involved in the model. A 

compact formulation for this mass model can be given as follows:  

��

��
= �����− ������+  �

��

��
�
�
→  �̇= � − � + � �̇  

 

Where �  is the vector of state-variables; the term �����− ������ describes the mass 

transport effects, and (�� ��⁄ )�  represents the time derivate of the state-variables 

resulting from biochemical and physical/chemical transformations. As stated in section 

3.3.1, this description distinguishes into different media in order to attain a more 

systematic and structured formulation for the model. According to this multi-media 

structure, the state-variables and transformations of the model have been separated into 

different sub-vectors and sub-matrixes, respectively. Since the model category chosen 

distinguishes into liquid and gas media, two different �  sub-vectors are defined MW and 

Mgoff for water and off gas media respectively. 

� �̇ = � − � + � �̇ ,� 
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� �̇��� = � − � + � �̇���,� 

A.2.1. FORMULATION OF MASS TRANSPORT PHENOMENA 

The mathematical equations to describe mass transport phenomena in the liquid phase 

of biochemical reactors can be formulated as follows: 

�� �̇ ���������� = ��,�� ∙��,��− ��,��� ∙��  

Where ��,�� is the feeding flow rate, �� ,�� (����) is the composition of the feeding flow 

expressed in concentration units (only components in the liquid phase), ��,���  and 

��,����  are the withdrawal flow rates through the weir or the pumped outlet from the 

reactor respectively, and ��  (����) is the composition of the liquid phase also 

expressed in concentration units. 

Similarly, the mass transport in the gas headspace can be expressed by: 

�� �̇�������������
= ��,�� ∙��,��− ��,��� ∙����� 

Where ��,�� and ��,��� represent inlet and exhaust gas flow rates, respectively. ��,�� 

(7�1) and �����  stand for the composition of inlet and exhaust gas expressed in 

concentration units (only components in the gas phase). 

The biogas flow-rate ��,���  is described as a function of the pressure gap between the 

pressure in the gas headspace (����� ) and that of the gas discharge (��). 

��,��� = �������� − ��� ����� > �� 

��,��� = 0  ����� ≤ �� 

When replacing the Input-Output terms in the compact notation of the mass model by 

these mass transport terms, the following expressions are obtained: 

� �̇ = ��,�� ∙��,�� − ��,��� ∙�� +  � �̇ ,�  

� �̇��� = ��,�� ∙��,��− ��,��� ∙����� +  � �̇���,�  
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A.2.2. FORMULATION FOR TIME DERIVATIVES OF MASS STATE-
VARIABLES 

This section addresses the mathematical formulation for the time derivatives of the state-

variables associated with biochemical and physicochemical transformations taking place 

in both liquid and gas media (terms � �̇ ,�  and � �̇���,� , respectively). E-PWM 

methodology proposes a formulation based on a standard Petersen matrix notation 

similar to that of ASM and ADM1 models. Thus, biochemical and physical/chemical 

transformations are expressed using this compact notation: 

� �̇ = �� ∙�  

, where � is the so-called stoichiometry matrix, and � is a column vector of kinetics 

 Some relevant characteristics of � and � are described below: 

 Rows represent mass transformations and columns state-variables 

 Each transformation (�) has one state (�) that is taken as reference basis, which 

means �(�,�)= ±1 (i.e., one unit of mass of state � is produced/consumed in 

transformation � 

 The element  �(�,�) represents the amount of mass for state � that, in 

transformation �, is produced/consumed with respect to the reference state � 

 �(�) represents the rate at which the reference state in transformation � 

changes with time. For instance, for the �-th state-variable: 

� �̇(�,�)= �(�,�)∙�(�)  

� �̇(�)=� �(�,�)∙�(�)
�

���
= [�]�

� ∙� 

Based on the premise that in all biological reactors coexist more than one media (liquid, 

gas and solid phases) E-PWM methodology splits M, E and ρ so as to produce as many 

M sub-vectors, E sub-matrixes and ρ sub-vectors as existing media and interactions 

between them take place inside the reactors. 

In the model approach used during this work (only a gas and liquid media have been 

considered inside the reactor) �  and �  have been respectively split into three sub-
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matrices (��,�, ��,� and ��,�) and two sub-vectors (��,� and ��,�) based on the following 

criteria (Figure A. 1): 

 ��,� and ��,� are associated with transformations that involve only states in the 

liquid phase.  

 ��,�, ��,� and ��,� are linked to transformations that involve states in both liquid 

phase and gas headspace. ��,� describes the stoichiometry of these liquid-gas 

transformations in the water media, while ��,� represents their stoichiometry in 

the off-gas. 

 

Figure A. 1. Schematic representation of Petersen matrix using stochiometric submatrix and subvectors 
concept. 

Replacing �  and �  by the proposed sub-matrices and sub-vectors, the following 

expressions are obtained for the time derivatives of mass state-variables in the liquid and 

gas media respectively: 

� �̇ ,� = ��,�
� ∙��,� + ��,�

� ∙��,�  

� �̇���,� = ��,�
� ∙��,� 

Finally, by replacing these time derivatives into the general formulation of the mass 

balance a general representation of the mass model can be obtained for both liquid and 

gas media. 

� �̇ = ��,�� ∙��,�� − ��,��� ∙�� +  ��,�
� ∙��,� + ��,�

� ∙��,� 

� �̇��� = ��,�� ∙��,��− ��,��� ∙����� +  ��,�
� ∙��,�    
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Next sections will focus on specifying those transformations that have been considered in 

C2N_anD_ODE category. These transformations are distinguished into biochemical 

reactions, acid-base equilibriums and gas/liquid mass transfer reactions. 

A.2.3. BIOCHEMICAL TRANSFORMATIONS OF C2N_AND_ODE 

CATEGORY 

The biochemical transformations considered in the aforementioned category of the 

model are summarized in Table A. 2. 

Table A. 2. Summary of biochemical transformations in C2N_anD_ODE category 

# Transformation # Transformation 

1 Aerobic uptake of sugars (SSU) 41 Aerobic hydrolysis of lipids 

2 Aerobic uptake of aminoacids (SAA) 42 Anoxic hydrolysis of carbohydrates 

3 Aerobic uptake of long chain fatty acids (SFA) 43 Anoxic hydrolysis of proteins 

4 Aerobic uptake of valeric acid (SHVA) 44 Anoxic hydrolysis of lipids 

5 Aerobic uptake of butyric acid (SHBU) 45 Anaerobic hydrolysis of carbohydrates 

6 Aerobic uptake of propionic acid (SHPRO) 46 Anaerobic hydrolysis of proteins 

7 Aerobic uptake of acetic acid (SHAC) 47 Anaerobic hydrolysis of lipids 

8 Aerobic oxidation of ammonia 48 Aerobic decay of heterotrophic bacteria (XH) 

9 Aerobic oxidation of nitrite 49 Aerobic decay of ammonia oxidizing bacteria (XAOB) 

10 Anoxic uptake of sugars on NO3- 50 Aerobic decay of nitrite oxidizing bacteria (XNOB) 

11 Anoxic uptake of aminoacids on NO3- 51 Aerobic decay of sugar degrader bacteria (XSU) 

12 Anoxic uptake of LCFA on NO3- 52 Aerobic decay of aminoacid degrader bacteria (XAA) 

13 Anoxic uptake of valeric acid on NO3- 53 Aerobic decay of LCFA degrader bacteria (XFA) 

14 Anoxic uptake of butyric acid on NO3- 54 Aerobic decay of C4 degrader bacteria (XC4) 

15 Anoxic uptake of propionic acid on NO3- 55 Aerobic decay of propionate degrader bacteria (XPRO) 

16 Anoxic uptake of acetic acid on NO3- 56 Aerobic decay of acetoclastic methanogenic bacteria (XAC) 

17 Anoxic uptake of sugars on NO2- 57 Aerobic decay of hydrogenotrophic methanogenic bacteria 

18 Anoxic uptake of aminoacids on NO2- 58 Aerobic decay of Anammox bacteria (XAN) 

19 Anoxic uptake of LCFA on NO2- 59 Anoxic decay of heterotrophic bacteria (XH) 

20 Anoxic uptake of valeric acid on NO2- 60 Anoxic decay of ammonia oxidizing bacteria (XAOB) 

21 Anoxic uptake of butyric acid on NO2- 61 Anoxic decay of nitrite oxidizing bacteria (XNOB) 

22 Anoxic uptake of propionic acid on NO2- 62 Anoxic decay of sugar degrader bacteria (XSU) 

23 Anoxic uptake of acetic acid on NO2- 63 Anoxic decay of aminoacid degrader bacteria (XAA) 

24 Anaerobic ammonium oxidation (Anammox) 64 Anoxic decay of LCFA degrader bacteria (XFA) 

25 Acidogenesis of sugars 65 Anoxic decay of C4 degrader bacteria (XC4) 

26 Acidogenesis of aminoacids 66 Anoxic decay of propionate degrader bacteria (XPRO) 

27 Acetogenesis of LCFA 67 Anoxic decay of acetoclastic methanogenic bacteria 

28 Acetogenesis of valeric acid 68 Anoxic decay of hydrogenotrophic methanogenic bacteria 

29 Acetogenesis of butyric acid 69 Anoxic decay of Anammox bacteria (XAN) 

30 Acetogenesis of propionic acid 70 Anaerobic decay of heterotrophic bacteria (XH) 
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# Transformation # Transformation 

31 Acetoclastic methanogenesis 71 Anaerobic decay of ammonia oxidizing bacteria (XAOB) 

32 Hydrogenotrophic methanogenesis 72 Anaerobic decay of nitrite oxidizing bacteria (XNOB) 

33 Aerobic disintegration of composites (XC1) 73 Anaerobic decay of sugar degrader bacteria (XSU) 

34 Anoxic disintegration of composites (XC1) 74 Anaerobic decay of aminoacid degrader bacteria (XAA) 

35 Anaerobic disintegration of composites (XC1) 75 Anaerobic decay of LCFA degrader bacteria (XFA) 

36 Aerobic disintegration of dead biomass (XC2) 76 Anaerobic decay of C4 degrader bacteria (XC4) 

37 Anoxic disintegration of dead biomass (XC2) 77 Anaerobic decay of propionate degrader bacteria (XPRO) 

38 Anaerobic disintegration of dead biomass (XC2) 78 Anaerobic decay of acetoclastic methanogenic bacteria 

39 Aerobic hydrolysis of carbohydrates 79 Anaer. decay of hydrogenotrophic methanogenic bacteria 

40 Aerobic hydrolysis of proteins 80 Anaerobic decay of Anammox bacteria (XAN) 

 

Intracellular aerobic COD biodegradation (transformations 1 to 7) 

The stoichiometry of aerobic COD biodegradation transformations are summarized 

below. 

Table A. 3. Stoichiometric matrix of aerobic biodegradation of organic matter 

��  
� ��� � ���  � ���  � ����  � ���� � ����� � ����  � �� 

10 11  11  13 15 17 19 29  

1 −1       �� 

2  −1      �� 

3   −1     �� 

4    −1    �� 

5     −1   �� 

6      −1  �� 

7       −1 �� 

 

The kinetics of these transformations are described by the next expressions. 

��,�(1)= �� ,��
∙

����
�� + ���

∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(2)= �� ,�� ∙
����

�� + ���
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(3)= �� ,�� ∙
����

�� + ���
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(4)= �� ,��
∙
�����

�� + ���
∙��� ∙��� ∙��� ∙��� ∙� �� 
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��,�(5)= �� ,��
∙
�����
�� + ���

∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(6)= �� ,�� ∙
������
�� + ���

∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(7)= �� ,�� ∙
�����

�� + ���
∙��� ∙��� ∙��� ∙��� ∙� �� 

Where ���, ��� , ��� , ���  are the activation terms needed for describing biomass growth 

(see section A.2.6). 

Intracellular aerobic nitrification (transformations 8 to 9) 

Next table summarizes the stoichiometry of two-step nitrification transformations. 

Table A. 4. Stoichiometric matrix of two-step nitrification 

��,� 
� ���� � ����� � ����� � ����  � ����  

7 25 27  36 37  

8 −1 1 − �� ,���� ∙�����   ����   

9  −1 1 − �� ,���� ∙�����   ����  

 

The nitritation and nitratation rate are described by the following expressions: 

��,�(8)= �� ,���� ∙
�����

����,��� + �����

∙
����

���,��� + ����
∙��� ∙��� ∙��� �,���� ∙�����,���� ∙� ����  

��,�(9)= �� ,����
∙

�����
����,��� + �����

∙
����

���,��� + ����
∙��� ∙��� ∙��� �,���� ∙�����,���� ∙� ����  

Intracellular anoxic biodegradation (transformations 10 to 23) 

The stoichiometry of anoxic biodegradation transformations are summarized below. 

Table A. 5. Stoichiometric matrix of anoxic biodegradation of organic matter 

��,� 
� ��� � ���  � ���  � ����  � ���� � �����  � ����  � ��� � ���� � ���� � �� 

11 12 13  14 16 18 20 24 29  29  29  

10 −1        

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,����� 

��,��� 

11  −1       

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,����� 

��,��� 
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12   −1      

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,����� 

��,��� 

13    −1     

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,�������

− 1�

∙(�

��,��� 

14     −1    

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,����� 

��,��� 

15      −1   

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,�������

− 1�

∙(�

��,��� 

16       −1  

�1 − ��,����

∙�����,����
− ����,����� 

���,��� − 1�

∙�����,����
− ����,����� 

��,��� 

17 −1       

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

18  −1      

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

19   −1     

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

20    −1    

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

21     −1   

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

22      −1  

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

23       −1 

�1 − ��,����

∙�����,���
− ����,����� 

���,��� − 1�

∙�����,���
− ����,����� 

 ��,��� 

 

The kinetics of these transformations are described by the next expressions. 

��,�(10)= �� ,�� ∙���� ∙
����

�� + ���
∙

�����
��,��� + �����

∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(11)= �� ,��
∙���� ∙

����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 
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��,�(12)= �� ,��
∙���� ∙

����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(13)= �� ,��
∙���� ∙

�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(14)= �� ,�� ∙���� ∙
�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(15)= �� ,�� ∙���� ∙
������
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(16)= �� ,��
∙���� ∙

�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(17)= �� ,��
∙���� ∙

����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(18)= �� ,�� ∙���� ∙
����

�� + ���
∙

�����
��,��� + �����

∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(19)= �� ,��
∙���� ∙

����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(20)= �� ,��
∙���� ∙

�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(21)= �� ,��
∙���� ∙

�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(22)= �� ,�� ∙���� ∙
������
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

��,�(23)= �� ,��
∙���� ∙

�����
�� + ���

∙
�����

��,��� + �����
∙��� ∙��� ∙��� ∙��� ∙� �� 

Where ���  introduces the reduction of anoxic activity of heterotrophic bacteria by the 

presence of oxygen (see section A.2.6). 
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Intracellular anaerobic ammonium oxidation (transformation 24) 

The stoichiometry of the anaerobic oxidation of ammonium is addressedin the following 

table. 

Table A. 6. Stoichiometry matrix of anaerobic ammonium oxidation (Anammox) 

��,� 
� ���� � ��� � ���� � ���� � ���  

7 24 25 26  45  

24 
− �1 + ���
∙�� ,��� � 

2 
−(1 + ��� )
∙(����� − �����) 

���
∙(����� − �����) 

���  

 

The kinetic of this transformation is given by the following expression. 

��,�(24)= �� ,��� ∙
����

���,�� + ����
∙

�����
����,�� + �����

∙
���,��

���,�� + ����
∙��� ∙��� ∙� ���  

Intracellular acidogenesis (transformations 25 and 26) 

The stoichiometry coefficients for the anaerobic uptake of sugars and aminoacids are 

given below. 

Table A. 7. Stoichiometry matrix of intracellular acidogenesis 

��,� 
� ��� � ���  � ����  � ���� � �����  � ����  � ��� � ��� � ���  

11 12  14  16 18 20 22 38 39 

25 −1   
(1
− ���)∙���,�� 

(1
− ���)∙����,��

(1
− ���)∙���,�� 

(1 − ���)
∙���,�� 

���  

26  −1 
(1
− ��� )∙���,��  

(1
− ��� )∙���,��  

(1
− ��� )∙����,��

(1
− ��� )∙���,��  

(1
− ��� )∙���,��  

 ���  

 

The expressions for the rates of these transformations are: 

��,�(25)= �� ,���
∙

����
���,��� + ����

∙���� ∙��� ∙��� ∙��� ∙��� ∙���,�� ∙� ��� 

��,�(26)= �� ,���
∙

����
���,��� + ����

∙���� ∙��� ∙��� ∙��� ∙��� ∙���,�� ∙� ���  

Where ���_�� and ���_��  are terms describing the inhibition of acidogenic bacteria by pH 

(see section A.2.6). 
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Intracellular anaerobic acetogenesis (transformations 27 to 30) 

The stoichiometry coefficients for the uptake of long chain fatty acids, valerate, butyrate, 

and propionate are shown in t. 

Table A. 8. Stoichiometric matrix of intracellular acetogenesis 

��,� 
� ���  � ����  � ���� � �����  � ����  � ��� � ���  � ��� � ����  

13 14  16 18 20 22 40 41 42 

27 −1    
(1 − ���)
∙���,��  

(1 − ���)
∙���,��  

���    

28  −1  
(1 − ���)
∙����,��  

(1 − ���)
∙���,��  

(1 − ���)
∙���,��  

 ���  

29   −1  
(1 − ���)
∙���,�� 

(1 − ���)
∙���,�� 

 ���  

30    −1 
(1 − ����)
∙���,���  

(1 − ����)
∙���,���  

  ����  

 

The expressions for the rates of these transformations are the following: 

��,�(27)= �� ,���
∙

����
���,��� + ����

∙���� ∙��� ∙��� ∙��� ∙��� ∙���,�� ∙���,�� ∙� ���  

��,�(28)= �� ,���
∙

�����
���,��� + �����

∙
�����

����� + �����
∙���� ∙��� ∙��� ∙��� ∙��� ∙���,�� ∙���,�� ∙ � ��� 

��,�(29)= �� ,���
∙

�����
���,��� + �����

∙
�����

����� + �����
∙���� ∙��� ∙��� ∙��� ∙��� ∙���,�� ∙���,�� ∙ � ��� 

��,�(30)= �� ,����
∙

������
����,���� + ������

∙���� ∙��� ∙��� ∙��� ∙��� ∙���,��� ∙���,��� ∙� ����  

Where ���_�� , ���,��  and ���_���  describe the inhibition of acetogenic bacteria by 

dissolved hydrogen, respectively, ����  introduces the reduction of anaerobic activity by the 

presence of oxidized compounds of nitrogen (see section A.2.6), and ����� , ����� and 

������  represent aggregated states that include the dissociated and non-dissociated 

forms of the corresponding acids (both expressed in concentration units). 
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Intracellular methanogenesis (transformations 31 to 32) 

The stoichiometry coefficients for the uptake of acetate and hydrogen are those shown 

below. 

Table A. 9. Stoichiometric matrix of intracellular methanogenesis 

��,� 
� ����  � ��� � ���� � ���  � ��� 

20 22 23 43 44 

31 −1  1 − ���  ���   

32  −1 1 − ���  ��� 

 

Tne kinetics of these transformations are given by: 

��,�(31)= �� _���
∙

�����
���_��� + �����

∙���� ∙��� ∙��� ∙��� ∙��� ∙��� �,��� ∙���_�� ∙� ���  

��,�(32)= �� _���
∙

����
���_��� + ����

∙���� ∙��� ∙��� ∙��� ∙��� ∙���_�� ∙� ��� 

Extracellular enzymatic disintegration of composites (transformations 33 to 35) 

The stoichiometry coefficients for these transformations are addressed below: 

Table A. 10. Stoichiometric matrix of extracellular enzymatic disintegration of composites 

��,� 
� ��  � ��� � ���  � ���  � ���  � ��  

38 38 26 27 28 36 

33 ���,��� −1 ���,��� ���,��� ���,��� ���,��� 

34 ���,��� −1 ���,��� ���,��� ���,��� ���,��� 

35 ���,��� −1 ���,��� ���,��� ���,��� ���,��� 

 

The kinetics of composites disintegration under aerobic, anoxic or anaerobic conditions 

are given by: 

��,�(33)= ����,��� ,��� ∙��� ∙��� ∙��� ∙��� ∙� ��� 

��,�(34)= ����,��� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙� ��� 

��,�(35)= ����,��� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙� ��� 
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Extracellular enzymatic disintegration (lysis) of dead biomass (transformations 36 to 38) 

The stoichiometry coefficients for these transformations are addressed below: 

Table A. 11. Stoichiometric matrix of extracellular enzymatic disintegration of dead biomass 

��,� 
� ��  � ��� � ���  � ���  � ���  � ��  

38 38 26 27 28 36 

36-37-38 ���,��� −1 ���,��� ���,��� ���,��� ���,��� 

 

The kinetics of composites disintegration under aerobic, anoxic or anaerobic conditions 

are given by: 

��,�(36)= ����,��� ,��� ∙��� ∙��� ∙��� ∙��� ∙� ��� 

��,�(37)= ����,��� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙� ��� 

��,�(38)= ����,��� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙� ��� 

Extracellular enzymatic hydrolysis (transformations 39 to 47) 

The stoichiometry coefficients for the extracellular hydrolysis of carbohydrates, proteins 

and lipids are shown below. 

Table A. 12. Stoichiometric matrix of extracellular enzymatic hydrolysis 

��,� 
� ��� � ���  � ���  � ���  � ���  � ��� 

10  11 12 26 27 28 

39-42-45 1   −1   

40-43-46  1   −1  

41-44-47 1 − ���_��  ���_��   −1 

 

The expressions for the rates of these transformations are given by: 

��,�(39)= ����,��� ,��� ∙��� ∙��� ∙��� ∙��� ∙
����

�� ∙��� + ���
∙� �� 

��,�(40)= ����,��� ,��� ∙��� ∙��� ∙��� ∙��� ∙
����

�� ∙��� + ���
∙� �� 

��,�(41)= ����,��� ,��� ∙��� ∙��� ∙��� ∙��� ∙
����

�� ∙��� + ���
∙� �� 
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��,�(42)= ����,���� ,���
∙��� ∙���� ∙��� ∙��� ∙��� ∙

����
�� ∙��� + ���

∙� �� 

��,�(43)= ����,���� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙
����

�� ∙��� + ���
∙� �� 

��,�(44)= ����,���� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙
����

�� ∙��� + ���
∙� �� 

��,�(45)= ����,����� ,���
∙��� ∙���� ∙��� ∙��� ∙��� ∙� ���  

��,�(46)= ����,����� ,��� ∙��� ∙���� ∙��� ∙��� ∙��� ∙� ���  

��,�(47)= ����,����� ,���
∙��� ∙���� ∙��� ∙��� ∙��� ∙� ��� 

Biomass decay (transformations 48 to 80) 

The stoichiometry coefficients for biomass decay are given below. 

Table A. 13. Stoichiometric matrix of biomass decay 

��,� 
� ��� � �� � ����  � ����  � ��� � ���  � ���  � ��� � ����  � ���  � ��� � ���  

31 35 36 37 38 39 40 41 42 43 44 45 

48-59-70 1 −1           

49-60-71 1  −1          

50-61-72 1   −1         

51-62-73 1    −1        

52-63-74 1     −1       

53-64-75 1      −1      

54-65-76 1       −1     

55-66-77 1        −1    

56-67-78 1         −1   

57-68-79 1          −1  

58-69-80 1           −1 

 

The decay rates of the different bacterial groups considered are described below. 

��,�(48)= ����,��� ,�� ∙��� ∙� �� ��,�(65)= ����,���� ,���
∙��� ∙���� ∙� ��� 

��,�(49)= ����,��� ,���� ∙��� ∙� ���� ��,�(66)= ����,���� ,���� ∙��� ∙���� ∙� ����  

��,�(50)= ����,��� ,���� ∙��� ∙� ����  ��,�(67)= ����,���� ,��� ∙��� ∙���� ∙� ���  

��,�(51)= ����,��� ,��� ∙��� ∙� ��� ��,�(68)= ����,���� ,���
∙��� ∙���� ∙� ��� 
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��,�(52)= ����,��� ,��� ∙��� ∙� ���  ��,�(69)= ����,���� ,���
∙��� ∙���� ∙� ���  

��,�(53)= ����,��� ,��� ∙��� ∙� ��� ��,�(70)= ����,����� ,�� ∙��� ∙���� ∙� �� 

��,�(54)= ����,��� ,��� ∙��� ∙� ��� ��,�(71)= ����,����� ,���� ∙��� ∙���� ∙� ����  

��,�(55)= ����,��� ,���� ∙��� ∙� ���� ��,�(72)= ����,����� ,����
∙��� ∙���� ∙� ����  

��,�(56)= ����,��� ,��� ∙��� ∙� ��� ��,�(73)= ����,����� ,��� ∙��� ∙���� ∙� ��� 

��,�(57)= ����,��� ,��� ∙��� ∙� ��� ��,�(74)= ����,����� ,���
∙��� ∙���� ∙� ���  

��,�(58)= ����,��� ,��� ∙��� ∙� ���  ��,�(75)= ����,����� ,���
∙��� ∙���� ∙� ���  

��,�(59)= ����,���� ,�� ∙��� ∙���� ∙� �� ��,�(76)= ����,����� ,��� ∙��� ∙���� ∙� ��� 

��,�(60)= ����,���� ,����
∙��� ∙���� ∙� ����  ��,�(77)= ����,����� ,����

∙��� ∙���� ∙� ����  

��,�(61)= ����,���� ,���� ∙��� ∙���� ∙� ����  ��,�(78)= ����,����� ,��� ∙��� ∙���� ∙� ���  

��,�(62)= ����,���� ,���
∙��� ∙���� ∙� ��� ��,�(79)= ����,����� ,���

∙��� ∙���� ∙� ��� 

��,�(63)= ����,���� ,���
∙��� ∙���� ∙� ���  ��,�(80)= ����,����� ,���

∙��� ∙���� ∙� ���  

��,�(64)= ����,���� ,��� ∙��� ∙���� ∙� ���   

A.2.4. ACID-BASE EQUILIBRIUM TRANSFORMATIONS 

The acid-base equilibrium transformations considered in C2N_anD_ODE category are 

summarized below. 

Table A. 14. Summary of acid-base equilibria transformations in C2N_anD_ODE category 

# Transformation 

81 Equilibrium of ��� 

82 Equilibrium of inorganic carbon  
83 Equilibrium of ammonium 
84 Equilibrium of inorganic phosphorous 
85 Equilibrium of nitous acid 
86 Equilibrium of valerate 
87 Equilibrium of butyrate 
88 Equilibrium of propionate 

89 Equilibrium of acetate 
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The mathematical description of these transformations is contained in rows 81 to 89 of 

��,� (�����) and ��,� (��x1). The stoichiometry coefficients and the expressions for the 

reaction rates of all the above equilibria are given next. 

Inorganic acid-base equilibria 

The stoichiometry of the different acid-base equilibria from inorganic compounds of C, N 

and P is addressed below. 

Table A. 15. Stoichiometric matrix of inorganic acid base equlibria 

��,� 
� ���� � ���  � ����  � ������  � �������  � �����  � ���� � ����  � ������  � �� ���  � ������  

1 3 4 5 6 7 8 9 10 25 26 

81 −18 1 1         

82 −18 12⁄  1 12⁄       −1 1   

83  1 14⁄     −1 1     

84  1 31⁄   1 −1       

85  1 14⁄         1 −1 

 

The kinetics of these transformations are given by the next expressions. 

��,�(81)= ���,��� ∙���,��� ∙10
� − ����� ∙���� � ∙�� 

��,�(82)= ���,�� ∙���,�� ∙1000∙����� − ������� ∙���� � ∙�� 

��,�(83)= ���,�� ∙���,�� ∙1000∙������ − ����� ∙���� � ∙�� 

��,�(84)= ���,�� ∙���,�� ∙1000∙�������� − ������� ∙���� � ∙�� 
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Organic acid-base equilibria 

The stoichiometric coefficients of the transformations corresponding to the acid-base 

equilibrium of organic acids are summarized in the next table. 

Table A. 16. Stoichiometric matrix of VFA’s acid-base equilibria 

��,� 
� ���  � ����  � ����  � ���� � ����  � �����  � �����  � ����  � ����  

2 13 14 15 16 17 18 19 20 

86 1
(�ℎ�� ∙�� )���
�  −1 1       

87 1
(�ℎ�� ∙�� )���
�    −1 1     

88 1
(�ℎ�� ∙�� )����
�      −1 1   

89 1
(�ℎ�� ∙�� )���
�        −1 1 

 

The kinetics definining the rate of these equilibrium transformations are the following. 

��,�(86)= ���,��� ∙���,��� ∙����� − ���� ∙���� � ∙�� 

��,�(87)= ���,��� ∙���,��� ∙����� − ����� ∙���� � ∙�� 

��,�(88)= ���,���� ∙���,���� ∙������ − ����� ∙���� � ∙�� 

��,�(89)= ���,��� ∙���,��� ∙����� − ����� ∙���� � ∙�� 

A.2.5. MASS TRANSFER REACTIONS BETWEEN GAS AND LIQUID 

MEDIA 

The liquid-gas transformations included in C2N_anD_ODE category are addressed below. 

Table A. 17. Summary of liquid-gas transformations in C2N_anD_ODE category 

# Transformation 

1 ��� dissolution 

2 �� dissolution 
3 Water evaporation 
4 �� � dissolution 
5 ��� dissolution 
6 �� dissolution 
7 �� dissolution 
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The mathematical formulation of these transformations is contained in rows 1 to 4 of 

��,� (����), ��,� (���) and ��,� (���). The corresponding stoichiometry coefficients 

and equations for the reaction rates are detailed next. 

Table A. 18. Stoichiometric matrix of liquid-gas equilibria 

 ��,� ��,� 

 
� ���� � ��� � ����

 � ���� � ��� � ���� � ��� � ���� � ��� � ����
� ���� � ��� � ���� � ���  

1 8 21 8 21 22 22 1 8 21 8 21 22 22 

1    1       −1    

2  1       −1      

3 1       −1       

4   1       −1     

5      1       −1  

6       1       −1 

7     1       −1   

 

��,�(1)= ������ ∙���,��� ∙12000∙��,��� − ������ ∙�� 

��,�(2)= ����� ∙���,�� ∙32000∙��,�� − ����� ∙�� 

��,�(3)= �� ���� ∙�� ∙
18000

0.082∙�273.15+ ������
∙���,���

��� − ��,���� 

��,�(4)= ������
∙���,���

∙14000∙��,���
− �����

� ∙�� 

��,�(5)= ������ ∙���,��� ∙64000∙��,��� − ������ ∙�� 

��,�(6)= ����� ∙���,�� ∙28000∙��,�� − ����� ∙�� 

��,�(7)= ����� ∙���,�� ∙16000∙��,�� − ����� ∙�� 

Where ��,��� , ��,�� , ��,���, ��,���
, ��,��� , ��,�� and ��,�� represent the partial pressure of 

the corresponding components in the gas headspace. These variables are part of the 

algebraic variables used for the implementation of C2N_anD_ODE category. The 

calculation of the algebraic variables together activation/inhibition terms used in the 

category have been summarized in next section. 

The gas liquid transfer coefficient used for the different gaseous compounds (������ , 

������
, ������

, ����� , �����) are estimated based on that calculated from experiments 
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for oxygen transfer (����� ). The correlation used for calculating these gas transfer 

coefficients is given by the next equation. 

���� = ����� ∙�
��
���

 

Where �� and ��� are the diffusivity coefficients of oxygen and the gaseous compound 

“i”, respectively. �����  is estimed from the SOTR function of the aeration system following 

the equation addressed in section 4.2.2.3. 

����� =
���� ∙������� ∙����

���������

��,�� ∙��,�� ∙�� ∙32000
∙����∙��������� 

A.2.6. ALGEBRAIC VARIABLES AND ACTIVATION/INHIBITION TERMS 

Definition of model algebraic variables 

Some parameters of the model have a direct dependence on the state variables. These 

parameters are called algebraic variables and their expressions are presented below. 

�� =
�� ���

����
 and ����� = �� − �� (m3) 

Where ���� is the density of the liquid media, which is considered similar to that of water 

(1000 kg m-3). Based on the volume (����� ) and temperature (����� ) of the gas media within 

the bioreactors, the total pressure of gas headspace is calculated as follows. 

����� =
� ∙�����

�����
∙����� + ���� + ���� + ���� (bar) 

Therefore, the partial pressure of the gaseous compounds in the gas media can be 

obtained according to the following general formulation. 

��,� = ����� ∙
��

∑ ��
���
���

 (bar) 

Where n represents the molar mass of the different gaseous compounds contained in 

the gas media. 

Additionally, a series of algebraic state variables have been also introduced aiming to 

simplify the kinetics of the dynamic model.  
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 Sum of soluble biodegradable organic compounds 

��� = ���� + ���� + ���� + ����� + ���� + ����� + ���� + ������ + �����
+ ����� + ����  (g COD m-3) 

 Sum of particulate biodegradable organic compounds 

��� = ���� + ���� + ���� (g COD m-3) 

 Total inorganic carbon 

���� = ������� + ����� (g C m-3) 

 Total inorganic nitrogen 

���� = �����
� + �����

 (g N m-3) 

 Total inorganic phosphorus 

���� = �������� + �������  (g P m-3) 

 

Definition of activation/inhibition terms 

The formulation of reaction rates for the different biological transformations f the model 

included the so-called activation terms (A terms). In this category, four activation terms 

have been considered: ���  , ���  , ��� and ��� . The values of these tree terms are 

calculated by applying the following expressions: 

��� =
����

��_�� + ����
 ��� =

����
��,�� + ����

 ��� =
����

��,�� + ����
 ��� =

����
��,�� + ����

 

Similarly, the so-called inhibition terms (I terms) can be found in the reaction kinetics of 

many biochemical transformations. The formulation for these inhibition terms is 

described below. 

 Inhibition of acidogenic, acetogenic and methanogenic bacteria by pH 

���,�� =
��,�,���
�

��,�,���
� + ����

�  ���,�� =
��,�,���
�

��,�,���
� + ����

�  ���,�� =
��,�,���
�

��,�,���
� + ����

�  

���,�� =
��,�,���
�

��,�,���
� + ����

�  ���,��� =
��,�,����
�

��,�,����
� + ����

�  ���,�� =
��,�,���
�

��,�,���
� + ����

�  
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���,�� =
��,�,���
�

��,�,���
� + ����

�  
  

 Inhibition of acetogenic and methanogenic bacteria by hydrogen 

���,�� =
��,��,��

��,��,�� + ����
 ���,�� =

��,��,��

��,��,�� + ����
 ���,��� =

��,��,���

��,��,��� + ����
 

 Inhibition of acetoclastic methanogenesis by ammonia 

����,��� =
��,���,���

��,���,���
+ �����

 
  

 Switching functions (inhibition of anoxic and anaerobic activity by the presence 

of oxygen and oxidized compounds of nitrogen respectively) 

��� =
��,��

��,�� + ����
 ����

=
��,���

��,���
+ �����

 
 

 Inhibition of ammonia oxidizing bacteria and nitrite oxidizing bacteria by free 

ammonia and nitrous acid 

����,����
=

��,���,����

��,���,����
+ �����

 ����,����
=

��,���,����

��,���,����
+ �����

 

�����,����
=

��,����,����

��,����,���� + ������

 �����,����
=

��,����,����

��,����,���� + ������
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A.3. Mathematical formulation of the thermal model 

The thermal description proposed for closed biochemical reactors holds a similar 

formulation to that of the mass balance since it considers both heat transport 

phenomena (section A.3.1) and the heat generation/absorption fluxes associated to the 

biochemical and physicochemical transformations taking place in the system (section 

A.3.2). A compact formulation for this thermal model can be given as follows: 

��

��
= �����− ������+  �

��

��
�
�
→  � =̇ � − � + ��̇  

 

Where �  is the overall enthalpy of the system; the term �����− ������ describes the heat 

transport effects, and (�� ��⁄ )� represents the time derivate of enthalpy state due to the 

release/absorption of heat during the biochemical and physicochemical transformations. 

The amount of heat released/absorbed will depend on the reaction enthalpy of the 

transformations taking place in the digester and their conversion rate, wich ultimately 

depends on the stoichiometry and kinetics of the biochemical model (see section A.3.2). 

As in the case of the mass balance, this description distinguishes into liquid and gas 

media, therefore defining two different states (Hw and Hgoff) for liquid and off gas media 

respectively. 

��̇ = � − � + ��̇,� 

��̇��� = � − � + ��̇���,� 

A.3.1. FORMULATION OF HEAT TRANSPORT PHENOMENA 

The thermal model includes the heat transport phenomena related to 1) the hydraulic 

and gaseous flow-pattern of the reactor, 2) the convective heat exchange between 

different media, 3) the conductive heat transfer from both phases (Hconv) to the 

atmosphere through reactor walls (Hcond), 4) the input energy fluxes from actuators (Hact) 

and 5) long-wave (solar) and short-wave (atmospheric) radiation effects. A general 

notation for this thermal description is given by the next expression. 

��̇�������� = ���̇� + ���̇�� + ���̇��� + ���̇��� + ���̇�� + ���̇�� ,��� + ���̇��,��� 

However, this formulation will vary depending on the media since some terms of the 

equation may only affect the liquid or gas phase (i.e. Hact). Figure A. 2 shows the different 

heat fluxes taking place in both media.  
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Figure A. 2. Scheme of the heat fluxes in a closed bioreactor 

According to the heat fluxes and notation of the figure, the thermal balance for liquid 

and gas media can be described as follows.  

���̇���������� = ��̇,�� − ��̇,��� + ��̇���,� − ��̇�,��� − ��̇�� + ��̇ ,�� − ��̇�� ,���,� + ��̇��,���,� 

���̇������������� = ��̇���,�� + ��̇���,��� + ��̇,���� − ��̇����,��� + ��̇�� − ��̇�� ,���,���� + ��̇��,���,����  

Aside from the heat fluxes associated to the flow pattern of the reactor (��̇,��, ��̇���,�� , 

��̇,��� , ��̇���,���) another two terms had to be added to the balance for describing the 

enthalpy fluxes associated to the matter transferred between phases. These mass transfer 

phnomena produce an increase in the net enthalpy of the target phase. For simplifying 

purposes, when estimating the enthalpy fluxes related to the aqueous phase, only the 

enthalpy of water has been considered, thus ignoring the enthalpy of the dissolved 

compounds that make up the liquid phase. 

The formulation of the different terms included in the heat balance has been summarized 

in Table A. 19. 

  

 

Hw,in

Hw,out

Hgoff,out

Aqueous 
phase

Gaseous 
phase

Hgoff,in 

Hgoffc,out

Hwc,out

Hm,in

Hphs

 
 

Hsol,rad,goff

Hsol,rad,w

Hatm,rad,w

Hatm,rad,goff

Hw,goff
Hgoff,w 
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Table A. 19. Formulation of the different heat fluxes in the thermal model 

Term Description Equations 

��̇���,� 
Enthalpy lost/gained by the gaseous 
phase due to transformation from/to 
the liquid phase 

���,�
� ∙��,��� ∙�������

� ∙������ − �����,���� + �����,���
� � 

��̇,���� 
Enthalpy lost/gained by the aqueous 
phase due to transformation from/to 
thegaseous phase 

���,�
� ∙��,����� ∙����,��� ∙��� − ��,���,���� + ℎ�,���,���� 

��̇,�� 
Enthalpy associated to the feed 
sludge 

����,��� ∙���,��− ��,���,��� � + ��,���,��� �∙�� �̇ ,������  

��̇���,�� 
Enthalpy associated to the inlet gas 
flow 

� �̇���,��∙�������
� ∙������,�� − �����,���� + �����,���

� � 

��̇,��� 
Enthalpy associated to the effluent 
sludge 

����,��� ∙��� − ��,���,���� + ℎ�,���,����∙�� �̇,������� 

��̇���,��� 
Enthalpy associated to the effluent 
gas flow 

� �̇���,���∙�������
� ∙������,��� − �����,���� + �����,���

� � 

��̇�� 
Enthalpy flux due to the heat transfer 
between phases 

����,���� ∙( �� �� )
����,����  ∙������� ∙�����

� � ��� − ������

�
∙(����� + ��������) 

where, 

      �� =
� ∙���� ∙(�� − ���� )∙�

�

(����  ∙����
� )�

 

      �� =
(���� ∙ ����

� )∙(����� ∙ ����
� )

(���� ∙ ����
� )

 

��̇�,��� 
Enthalpy loss through walls and 
pipes by conduction (liquid phase) 

���� ∙(�� − ���� )∙�� 

��̇����,��� 
Enthalpy loss through walls and 
pipes by conduction (gas phase) 

���������� − ���� � ∙����� 

��̇�� ,���,���� 
Longwave atmospheric radiation flux 
(gas phase) 

 ��� ∙����� ∙����� ∙������
∗�

�
− (1 − ���� )∙���� ∙(����

∗)�� 

��̇�� ,���,� 
Longwave atmospheric radiation flux 
(liquid phase) 

 ��� ∙�� ∙[���� ∙(��
∗)� − (1 − ���� )∙���� ∙(����

∗)�] 

��̇��,���,���� 
Longwave solar radiation flux (gas 
phase) 

����  ∙����,��� ∙����� 

��̇��,���,� 
Longwave solar radiation flux (liquid 
phase) 

����  ∙����,��� ∙�� 

��̇��,���,� 
Enthalpy transmitted by the 
actuators (mechanical) 

��  ∙(1 − �� ) 

* Absolute temperature (ºC)  

A.3.2. FORMULATION FOR THE TIME DERIVATIVES OF ENTHALPY 

STATE-VARIABLES 

This section addresses the formulation for the time derivatives of enthalpy-state-variables 

associated to the release/absorption of heat during the biochemical and physicochemical 

transformations that take place in both liquid and gas media (��̇, ��̇��� ) of a closed 

biochemical reactor. The amount of energy released/absorbed, and hence the time 

derivative of enthalpy, depends on the specific reaction enthalpy of the model 
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transformations, and their conversion rate. According to this description, the enthalpy 

variation with regard to time can be expressed using this compact notation. 

��̇ = ∆�� ∙� 

Where represents the column vector of specific reaction enthalpies of the different 

transformations considered in the model. Specific enthalpy can be estimated in terms of 

the formation enthalpy and stoichiometry of reactants and products (Hess Law) as 

follows. 

∆��
º =����������∙ ∆�� (��������)

º  − �����������∙ ∆�� (���������)
º   kJ kg-1 

Where ∆ℎ�
º and � represent the specific formation enthalpy at standard conditions and 

the stoichiometric coefficients for products and reactants in a particular transformation. 

Based on this very description and following the Petersen Matrix-type structure used for 

the mass model, E-PWM methodology proposes a systematic and compact formulation 

for estimating the reaction enthalpy of the different model transformations. This 

formulation consists of multiplying the vector of formation enthalpies of the different 

model components by the stoichiometric matrix and the vector of kinetics considered in 

the model category used (C2N_anD_ODE). The compact notation of this methodology is 

addressed below. 

�̇̇�  = ∆��
� ∙ �� ∙� kJ d-1 

Where, 

∆�� =

⎝

⎜
⎜
⎜
⎛

����
º

����
º

⋮
����

º

⋮
����

º
⎠

⎟
⎟
⎟
⎞

;      � =

⎝

⎜
⎜
⎛

���  ���  …    ���  …   ���
���  ���  …    ���  …   ���
 ⋮       ⋮             ⋮           ⋮ 

���   ���  …    ���   …   ���
 ⋮       ⋮             ⋮           ⋮ 

���  ��� …     ��� …   ���⎠

⎟
⎟
⎞
;     � =

⎝

⎜⎜
⎛

��
��
⋮
��
⋮
��⎠

⎟⎟
⎞
;  

For simplification purposes, this formulation considers the formation enthalpy of each 

component at a particular operating temperature (T) as equal to that obtained under 

standard conditions. This methodology can be easily integrated into the numerical 

solution of any existing mathematical model, with the only requisite of defining the 

formation enthalpies of the compounds present in these transformations. 
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The formulation for the time-derivative of enthalpy-state-variables has also followed the 

multi-phase principle proposed for the mass model. By applying the aforementioned 

description to the time derivative of enthalpy state in the liquid phase, the next 

expression can be obtained. 

� �̇ ,� = –∆��,�
� ∙���,�

� ∙ ��,�� – ∆��,�
� ∙���,�

� ∙ ��,�� –∆��,����
� ∙���,�

� ∙ ��,�� 

The first term of the enthalpy balance in the liquid phase refers to the heat associated to 

the transformations that take place in the aqueous phase. The second term describes the 

stoichiometric formation enthalpies of the components present in the aqueous phase, 

and the third term the stoichiometric formation enthalpies of the components present in 

the gas phase. Applying the first law of thermodynamics, the sum of the second and third 

refers to the water-gas/gas-water convective transferences, namely, the enthalpy 

transferred due to the stripping/absorption and evaporation/condensation transferences. 

Given that the absorption/release of latent heat during liquid-gas transfer phenomena 

has already been considered in the thermal description of the liquid phase, there is no 

need to include those fluxes in the thermal balance of the gas phase as well. Considering 

this, no other enthalpy fluxes have to be considered in the gas phase aside from those 

related to the mass transfer between phases that have already been described in the 

previous section. 

When replacing the time derivative of enthalpy state and the enthalpy fluxes from mass 

transport phenomena into the general formulation of the mass balance, a general 

representation of the thermal model can be obtained for both liquid and gas media. 

    ��̇ =–∆��,�
� ∙���,�

� ∙ ��,�� – ∆��,�
� ∙���,�

� ∙ ��,�� –∆��,����
� ∙���,�

� ∙ ��,�� + ��̇,�� − ��̇,��� + ��̇���,� −

��̇�,��� − ��̇�� + ��̇ ,�� − ��̇�� ,���,� + ��̇��,���,� 

��̇��� = ��̇���,�� + ��̇���,��� + ��̇,���� − ��̇����,��� + ��̇�� − ��̇�� ,���,���� + ��̇��,���,����  
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A.4. Summary of model parameters and coefficients used 

A.4.1. PARAMETERS OF THE BIOCHEMICAL MODEL 

Table A. 20. Kinetic coefficients of biological transformations 

Parameter dependence on temperature �(�)= �(35º�)∙��∙(����) 

   Aerobic Anoxic Anaerobic  

Parameter Name Units K θ K θ K θ Reference 

Khyd,CH 
Hydrolysis rate coefficient 
for carbohydrates 

d-1 1.73 (E)* 0.062 (E) 1.73 (E)* 0.062(E) 
0.27 
(E)** 

0.024 
Siegrist et al. 

(2002) 

Khyd,LI 
Hydrolysis rate coefficient 
for lipids 

d-1 1.73 (E)* 0.062 (E) 1.73 (E)* 0.062 (E) 
0.27 
(E)** 

0.024 
Siegrist et al. 

(2002) 

Khyd,PR 
Hydrolysis rate coefficient 
for proteins 

d-1 1.73 (E)* 0.062 (E) 1.73 (E)* 0.062 (E) 
0.27 
(E)** 

0.024 
Siegrist et al. 

(2002) 

Kdis,XC2 
Disintegration rate 
coefficient for dead 
biomass 

d-1 0.5 0.035 0.1 0.035 0.5 0.035 
Batstone et 
al. (2002) 

Kdec,XH 
Decay rate coefficient for 
heterotrophic bacteria 

d-1 0.8 0.03 (E) 0.8 0.03 (E) 0.8 0.03 (E) 
Siegrist et al. 

(2002) 

Kdec,XSU 
Decay rate coefficient for 
sugar degrading bacteria 

d-1 0.8 0.069 0.8 0.069 0.8 0.069 
Siegrist et al. 

(2002) 

Kdec,XAA 
Decay rate coefficient for 
amino acid degrading 
bacteria 

d-1 0.8 0.069 0.8 0.069 0.8 0.069 
Siegrist et al. 

(2002) 

Kdec,XFA 
Decay rate coefficient for 
LCFA degrading bacteria 

d-1 0.06 0.055 0.06 0.055 0.06 0.055 
Siegrist et al. 

2002 

Kdec,XC4 
Decay rate coefficient for 
butyrate and valerate 
degrading bacteria 

d-1 0.06 0.055 0.06 0.055 0.06 0.055 
Siegrist et al. 

(2002) 

Kdec,XPRO 
Decay rate coefficient for 
propionate degrading 
bacteria 

d-1 0.06 0.055 0.06 0.055 0.06 0.055 
Siegrist et al. 

(2002) 

Kdec,XAC 
Decay rate coefficient for 
acetotrophic 
methanogenic bacteria 

d-1 0.05 0.069 0.05 0.069 0.05 0.069 
Siegrist et al. 

(2002) 

Kdec,XH2 
Decay rate coefficient for 
hydrogenotrophic 
methanogenic bacteria 

d-1 0.3 0.069 0.3 0.069 0.3 0.069 
Siegrist et al. 

(2002) 

*1.1 d-1 for processes using a batch feeding strategy or temperatures in the mesophilic range. 

**0.17 d-1 for processes using a batch feeding strategy or temperatures in the mesophilic range. 

Parameter dependence on temperature �(�)= �(20º�)∙�(����) 

   Aerobic Anoxic Anaerobic  

Parameter Name Units K θ K θ K θ Reference 

Kdec,XAOB 
Decay rate coefficient for 
ammonia oxidizing bacteria 

d-1 0.10(2) 1.11(1) 0.05* 1.11(1) 0.05* 1.11(1) 
(1)Henze et al. (1995)  

(2)Moussa et al. (2005) 

Kdec,XNOB 
Decay rate coefficient for 
nitrite oxidizing bacteria 

d-1 0.04(3) 1.11(1) 0.02* 1.11(1) 0.02* 1.11(1) 
(1)Henze et al. (1995)  
 (3)Jones et al. (2007) 

*These values were estimated as half of that reported under aerobic conditions (Wett and Rauch 2003) 
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Parameter dependence on temperature �� (�)= �� (35º�)∙�
��(��º�)∙(����)+ �� (55º�)∙�

��(��º�)∙(����) 

   35ºC 55ºC  

Parameter Name Units K θ K θ Reference 

Km,XH 
Maximum substrate uptake rate 
coefficient under aerobic conditions 

g COD (g cell. COD d)-1 17 0.01 28 0.01 
Vogelaar et al. 

(2003) 

Km,XSU 
Maximum anaerobic uptake rate 
coefficient for sugars 

g COD (g cell. COD d)-1 30 0.01 70 0.01 
Batstone et al. 

(2002) 

Khm,XAA 
Maximum anaerobic uptake rate 
coefficient for aminoacids 

g COD (g cell. COD d)-1 50 0.01 70 0.01 
Batstone et al. 

(2002) 

Km,XFA 
Maximum anaerobic uptake rate 
coefficient for LCFA 

g COD (g cell. COD d)-1 6 0.01 10 0.01 
Batstone et al. 

(2002) 

Km,XC4 
Maximum anaerobic uptake rate 
coefficient for valerate and butyrate 

g COD (g cell. COD d)-1 20 0.01 30 0.01 
Batstone et al. 

(2002) 

Km,XPRO 
Maximum anaerobic uptake rate 
coefficient for propionate 

g COD (g cell. COD d)-1 13 0.01 20 0.01 
Batstone et al. 

(2002) 

Km,XAC 
Maximum anaerobic uptake rate 
coefficient for acetate 

g COD (g cell. COD d)-1 8 0.01 16 0.01 
Batstone et al. 

(2002) 

Km,XH2 
Maximum anaerobic uptake rate 
coefficient for hydrogen 

g COD (g cell. COD d)-1 35 0.01 35 0.01 
Batstone et al. 

(2002) 

        

Parameter dependence on temperature* �(�)= �
�(20º�)∙�(����), � ≤ 40º�

0, � > 40º�
 

   Aerobic  

Parameter Name Units K θ Reference 

Km,XAOB 
Maximum uptake rate coefficient for 
ammonia oxidizing bacteria 

g N (cell. COD d)-1 3.89(4) 1.11(5) 
(4)Volcke et al. (2006) 
(5)Henze et al. (1995) 

Km,XNOB 
Maximum uptake rate coefficient for nitrite 
oxidizing bacteria 

g N (cell. COD d)-1 3.83(6) 1.11(5) 
(6)Jones et al. (2007) 
(5)Henze et al. (1995) 

Km,XAN 
Maximum uptake rate coefficient for 
Anammox bacteria 

g N (cell. COD d)-1 0.09(7) 1.11(5) 
(7)Strous et al. (1998) 
(5)Henze et al. (1995) 

*Post-aeration experiments were kept at 35ºC. During ATAD experiments, nitrifying activity was considered negligible given that 

the average operating temperature did not fall below 45ºC. 
(E)Estimated from experiments 

 

Table A. 21. Kinetic coefficients of acid-base equilibrium transformations 

Parameter Description Units Value Reference 

Kab,H2O Equilbrium rate of H+-OH- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,IC Equilibrium rate of CO2-HCO3- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,IN Equilibrium rate of NH4+-NH3 m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,NO2 Equilibrium rate of HNO2-NO2- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,IP Equilibrium rate of H2PO4-- HPO4= m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,HVA Equilibrium rate of HVA-VA- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,HBU Equilibrium rate of HBU-BU- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,HPRO Equilibrium rate of HPRO-PRO- m3 (g H d)-1 106 Rosen et al. (2006) 

Kab,HAC Equilibrium rate of HAC-AC- m3 (g H d)-1 106 Rosen et al. (2006) 
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Table A. 22. Activation and inhibition coefficients 

Parameter dependence on temperature �(�)= �(35º�)∙���∙(����) 

Parameter Description Units K θ Reference 

KA,O2 Activation coefficient for oxygen g O2 m-3 0.2 - Henze et al. (1987) 

KA,NOX 
Activation coefficient for oxidized 
compounds ofnitrogen 

g N m-3 0.1 - Estimated 

KA,IC Activation coefficient for inorganic carbon g C m-3 0.001 - Grau 2007 

KA,IN 
Activation coefficient for inorganic 
nitrogen 

g N m-3 0.001 - Grau 2007 

KA,IP 
Activation coefficient for inorganic 
phosphorus 

g P m-3 0.001 - Grau 2007 

KI,NH3,AOB 
Free ammonia inhibition coefficient for 
ammonia odixiding bacteria 

g N m-3 32.0 - Anthonisen et al. (1976) 

KI,NH3,NOB 
Free ammonia inhibition coefficient for 
nitrite odixiding bacteria 

g N m-3 0.35 - Anthonisen et al. (1976) 

KI,NH3,AC 
Free ammonia inhibition coefficient for 
acetotrophic methanogenic bacteria 

g N m-3 0.35 - Anthonisen et al. (1976) 

KI,HNO2,XAOB 
Free nitrous acid inhibition coefficient for 
ammonia odixiding bacteria 

g N m-3 0.0018 0.091 Batstone et al. (2002) 

KI,HNO2,XNOB 
Free nitrous acid inhibition coefficient for 
nitrite odixiding bacteria 

g N m-3 2.2 (E) - Estimated 

KI,H,XSU 
pH inhibition coefficient for acidogenic 
sugar degrader bacteria 

g H m-3 0.01 - Siegrist et al. (2002) 

KI,H,XAA 
pH inhibition coefficient for acidogenic 
aminoacid degrader bacteria 

g H m-3 0.01 - Siegrist et al. (2002) 

KI,H,XFA 
pH inhibition coefficient for acetogenic 
LCFA degrader bacteria 

g H m-3 0.0005 - Siegrist et al. (2002) 

KI,H,XC4 
pH inhibition coefficient for acetogenic 
valerate/butyrate degrader bacteria 

g H m-3 0.0005 - Siegrist et al. (2002) 

KI,H,XPRO 
pH inhibition coefficient for acetogenic 
propionate degrader bacteria 

g H m-3 0.0005 - Siegrist et al. (2002) 

KI,H,XAC 
pH inhibition coefficient for acetoclastice 
methanogenic bacteria 

g H m-3 0.0005 - Siegrist et al. (2002) 

KI,H,XH2 
pH inhibition coefficient for acetoclastic 
hydrogenotrophic bacteria 

g H m-3 0.0005 - Siegrist et al. (2002) 

KI,H2,XFA 
Hydrogen inhibition for acetogenic LCFA 
degrader bacteria 

g COD m-3 0.005 - Batstone et al. (2002) 

KI,H2,XC4 
Hydrogen inhibition for acetogenic 
valerate/butyrate degrader bacteria 

g COD m-3 0.01 0.055 Batstone et al. (2002) 

KI,H2,XPRO 
Hydrogen inhibition for acetogenic 
propionate degrader bacteria 

g COD m-3 0.0035 0.055 Batstone et al. (2002) 
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Table A. 23. Half-saturation coefficients of the different bacterial groups 

Parameter dependence on temperature �(�)= �(35º�)∙���∙(����) 

Parameter Description Units K θ Reference 

KS 
Saturation coefficient for readily 
biodegradable substrate 

g COD m-3 20 - Henze et al. (1987) 

KX 
Saturation coefficient for slowly 
biodegradable substrate 

g COD (g cell. COD)-1 0.03 - Henze et al. (1987) 

KS,NO2 
Affinity coefficient for nitrite of heterophic 
bacteria 

g N m-3 0.12 - Hellinga et al. (1999) 

KS,NO3 
Affinity coefficient for nitrate of heterophic 
bacteria 

g N m-3 0.14 - Hellinga et al. (1999) 

KO2,AOB 
Affinity coefficient for oxygen of 
ammonium oxidizing bacteria 

g O2 m-3 0.25 - Jones et al. (2007) 

KO2,NOB 
Affinity coefficient for oxygen of nitrite 
oxidizing bacteria 

g O2 m-3 0.5 - Jones et al. (2007) 

KO2,AN 
Affinity coefficient for oxygen of Anammox 
bacteria 

g O2 m-3 0.01 - Strous et al. (1998) 

KNH3,AOB 
Affinity coefficient for ammonia of 
ammonium oxidizing bacteria 

g N m-3 0.47 - Volcke et al. (2002) 

KNH,AN 
Affinity coefficient for ammonia nitrogen of 
ammonium oxidizing bacteria 

g N m-3 0.07 - Volcke et al. (2002) 

KNO2,NOB 
Affinity coefficient for nitrite of nitrite 
oxidizing bacteria 

g N m-3 0.05 - Jones et al. (2007) 

KNO2,AN 
Affinity coefficient for nitrite of Anammox 
bacteria 

g N m-3 0.05 - Strous et al. (1998) 

KSU,XSU 
Affinity coefficient for sugars of 
acidogenic bacteria 

g COD m-3 500 0.035 Batstone et al. (2002) 

KAA,XAA 
Affinity coefficient for aminoacids of 
acidogenic bacteria 

g COD m-3 300 - Batstone et al. (2002) 

KFA,XFA 
Affinity coefficient for LCFA of acetogenic 
bacteria 

g COD m-3 400 - Batstone et al. (2002) 

KC4,XC4 
Affinity coefficient for valerate and 
butyrate of acetogenic bacteria 

g COD m-3 200 0.035 Batstone et al. (2002) 

KPRO,XPRO 
Affinity coefficient for propionate of 
acetogenic bacteria 

g COD m-3 100 0.055 Batstone et al. (2002) 

KAC,XAC 
Affinity coefficient for acetate of 
methanogenic bacteria 

g COD m-3 150 0.035 Batstone et al. (2002) 

KH2,XH2 
Affinity coefficient for hydrogen of 
methanogenic bacteria 

g COD m-3 0.007 0.1 Batstone et al. (2002) 

 

Table A. 24. Reference value of the stoichiometric coefficients 

Parameter Description Units Value Reference 

YH Heterotrophic bacteria yield g cell. COD (g COD)-1 0.63* Henze et al. (1999) 

YAOB Yield of ammonium oxidizing bacteria g cell. COD (g N)-1 0.11 Volcke et al. (2002) 

YNOB Yield of nitrite oxidizing bacteria g cell. COD (g N)-1 0.09 Jones et al. (2007) 

YAN Anammox bacteria yield g cell. COD (g N)-1 0.16 Strous et al. (1998) 

YSU 
Yield of acidogenic bacteria degrading 
sugars 

g cell. COD (g COD)-1 0.10 Batstone et al. (2002) 

YAA 
Yield of acidogenic bacteria degrading 
aminoacids 

g cell. COD (g COD)-1 0.08 Batstone et al. (2002) 

YFA 
Yield of acetogenic bacteria degrading 
LCFA 

g cell. COD (g COD)-1 0.06 Batstone et al. (2002) 
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Parameter Description Units Value Reference 

YC4 
Yield of acetogenic bacteria degrading 
valerate and butyrate 

g cell. COD (g COD)-1 0.06 Batstone et al. (2002) 

YPRO 
Yield of acetogenic bacteria degrading 
propionate 

g cell. COD (g COD)-1 0.04 Batstone et al. (2002) 

YAC Yield of acetoclastic methanogenic bacteria g cell. COD (g COD)-1 0.05 Batstone et al. (2002) 

YH2 
Yield of hydrogenotrophic methanogenic 
bacteria 

g cell. COD (g COD)-1 0.06 Batstone et al. (2002) 

fBU,SU Butyrate production by sugars acidogenesis - 0.13 Batstone et al. (2002) 

fPRO,SU 
Propionate production by sugars 
acidogenesis 

- 0.27 Batstone et al. (2002) 

fAC,SU Acetate production by sugars acidogenesis - 0.41 Batstone et al. (2002) 

fH2,SU 
Hydrogen production by sugars 
acidogenesis 

- 0.19 Batstone et al. (2002) 

fVA,AA 
Valerate production by aminoacids 
acidogenesis 

- 0.23 Batstone et al. (2002) 

fBU,AA 
Butyrate production by aminoacids 
acidogenesis 

- 0.26 Batstone et al. (2002) 

fPRO,AA 
Propionate production by aminoacids 
acidogenesis 

- 0.05 Batstone et al. (2002) 

fAC,AA 
Acetate production by aminoacids 
acidogenesis 

- 0.40 Batstone et al. (2002) 

fH2,AA 
Hydrogen production by aminoacids 
acidogenesis 

- 0.06 Batstone et al. (2002) 

fAC,FA 
Acetate production by aminoacids 
acidogenesis 

- 0.7 Jeppsson et al. (2007) 

fH2,FA 
Hydrogen production by LCFA 
acetogenesis 

- 0.3 Jeppsson et al. (2007) 

fPRO,VA 
Propionate production by acetogenesis of 
valerate 

- 0.54 Jeppsson et al. (2007) 

fAC,VA 
Acetate production by acetogenesis of 
valerate 

- 0.31 Jeppsson et al. (2007) 

fH2,VA 
Hydrogen production by acetogenesis of 
valerate 

- 0.15 Jeppsson et al. (2007) 

fAC,BU 
Acetate production by acetogenesis of 
butyrate 

- 0.80 Jeppsson et al. (2007) 

fH2,BU 
Hydrogen production by acetogenesis of 
butyrate 

- 0.20 Jeppsson et al. (2007) 

fAC,PRO 
Acetate production by acetogenesis of 
propionate 

- 0.57 Jeppsson et al. (2007) 

fH2,PRO 
Hydrogen production by acetogenesis of 
propionate 

- 0.43 Jeppsson et al. (2007) 

fSI,XC1 
Content of soluble inerts in the composites 
from inlet sludge 

- 0.10 Batstone et al. (2002) 

fXI,XC1 
Content of particulate inerts in the 
composites from inlet sludge 

- 0.25 Batstone et al. (2002) 

fXCH,XC1 
Carbohydrates content in the composites 
from inlet sludge 

- 0.20 Batstone et al. (2002) 

fPR,XC1 
Proteins content in the composites from 
inlet sludge 

- 0.20 Batstone et al. (2002) 

fLI,XC1 
Lipids content in the composites from inlet 
sludge 

- 0.25 Batstone et al. (2002) 

fSI,XC2 Content of soluble inerts in dead biomass - 0.100 De Gracia et al. (2011) 

fXI,XC1 
Content of particulate inerts in dead 
biomass 

- 0.100 De Gracia et al. (2011) 
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Parameter Description Units Value Reference 

fXCH,XC1 Carbohydrates content of dead biomass - 0.104 De Gracia et al. (2011) 

fPR,XC1 Proteins content of dead biomass - 0.664 De Gracia et al. (2011) 

fLI,XC1 Lipids content of dead biomass - 0.032 De Gracia et al. (2011) 

*0.42 in thermophilic temperature range (Gómez 2007). 

Table A. 25. Equilibrium constants of acid-base and gas-liquid transformations 

Parameter dependence on temperature 
�(�)= �(25º�)∙�

�
∆�º

�.���∙
�

�
���.���

�
�����.��

��
 

Parameter Description Units K ΔHº Reference 

Ka,H2O Acidity constant for H+-OH- equilibrium (mol H L-1)-2 10-14 55900 Perry and Chilton (1973) 

Ka,IC Acidity constant for CO2-HCO3
- equilibrium mol H L-1 10-6.35 7646 Perry and Chilton (1973) 

KA,IN Acidity constant for NH4
+-NH3 equilibrium mol H L-1 10-9.25 51695 Perry and Chilton (1973) 

Ka,NO2 Acidity constant for HNO2-NO2
- equilibrium mol H L-1 10-3.29 12800 Perry and Chilton (1973) 

Ka,IP 
Acidity constant for H2PO4-- HPO4= 
equilibrium 

mol H L-1 10-7.21 4200 Perry and Chilton (1973) 

Ka,BU Acidity constant for HBU-BU- equilibrium mol H L-1 10-4.82 - Perry and Chilton (1973) 

Ka,VA Acidity constant for HVA-VA- equilibrium mol H L-1 10-4.86 - Perry and Chilton (1973) 

Ka,PRO Acidity constant for HPRO-PRO- equilibrium mol H L-1 10-4.88 - Perry and Chilton (1973) 

Ka,AC Acidity constant for HAC-AC- equilibrium mol H L-1 10-4.76 - Perry and Chilton (1973) 

KH,O2 
Free nitrous acid inhibition coefficient for 
nitrite odixiding bacteria 

mol (L bar)-1 1.3·10-3 -12741 Perry and Chilton (1973) 

KH,CO2 
pH inhibition coefficient for acidogenic 
sugar degrader bacteria 

mol (L bar)-1 3.5·10-2 -19410 Perry and Chilton (1973) 

KH,H2 
pH inhibition coefficient for acidogenic 
aminoacid degrader bacteria 

mol (L bar)-1 7.8·10-4 -4180 Perry and Chilton (1973) 

KH,CH4 
pH inhibition coefficient for acetogenic 
LCFA degrader bacteria 

mol (L bar)-1 1.4·10-3 -14240 Perry and Chilton (1973) 

KH,NH3 
pH inhibition coefficient for acetogenic 
valerate/butyrate degrader bacteria 

mol (L bar)-1 59 -34100 Perry and Chilton (1973) 

Kh,N2 
pH inhibition coefficient for acetogenic 
propionate degrader bacteria 

mol (L bar)-1 6.5·10-4 -10808 Perry and Chilton (1973) 

 

Table A. 26. Difussivity coefficient of gaseous compounds 

Parameter Description Units Value Reference 

DO2 Diffusivity coefficient of oxygen m2 d-1 2.16·10-4 Perry and Chilton (1973) 

DCO2 Diffusivity coefficient of carbon dioxide m2 d-1 1.69·10-4 Perry and Chilton (1973) 

DH2 Diffusivity coefficient of hydrogen m2 d-1 5.05·10-4 Perry and Chilton (1973) 

DCH4 Diffusivity coefficient of methane m2 d-1 1.92·10-4 Perry and Chilton (1973) 

DNH3 Diffusivity coefficient of ammonia m2 d-1 0.10 Perry and Chilton (1973) 

DN2 Diffusivity coefficient of nitrogen m2 d-1 1.64·10-4 Perry and Chilton (1973) 
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A.4.2. PARAMETERS OF THE THERMAL MODEL 

Table A. 27. Standard formation enthalpy of components in the liquid phase (Mw) 

Model components Specific formation enthalpy (∆��
º) 

Reference 
# Name Description Units Value 

1 SH20 Water steam kJ (g H2O)-1 -15.88 Fernández-Arévalo et al. (2014) 

2 S02 Dissolved Oxygen kJ (g O2)-1 0.00 Fernández-Arévalo et al. (2014) 

3 SH+ Protons kJ (g H)-1 0.00 Fernández-Arévalo et al. (2014) 

4 SOH- Hydroxide ions kJ (g H)-1 -230.00 Fernández-Arévalo et al. (2014) 

5 SHPO4= Hydroxy phosphate kJ (g P)-1 -41.89 Fernández-Arévalo et al. (2014) 

6 SH2PO4- Dihydroxy phosphate kJ (g P)-1 -42.01 Fernández-Arévalo et al. (2014) 

7 SNH4+ Ammonium kJ (g N)-1 -9.46 Fernández-Arévalo et al. (2014) 

8 SNH3 Ammonia kJ (g N)-1 -5.7 Fernández-Arévalo et al. (2014) 

9 SCO2 Dis.Carbon dioxide kJ (g C)-1 -34.41 Fernández-Arévalo et al. (2014) 

10 SHCO3- Bicarbonate kJ (g C)-1 -57.59 Fernández-Arévalo et al. (2014) 

11 SSU Monosaccharides kJ (g COD)-1 -6.61 Fernández-Arévalo et al. (2014) 

12 SAA Amino acids kJ (g COD)-1 -2.29 Fernández-Arévalo et al. (2014) 

13 SFA LCFAs kJ (g COD)-1 -1.15 Fernández-Arévalo et al. (2014) 

14 SHVA Valeric acid kJ (g COD)-1 -2.69 Fernández-Arévalo et al. (2014) 

15 SVA- Valerate kJ (g COD)-1 -2.28 Fernández-Arévalo et al. (2014) 

16 SHBU Butyric acid kJ (g COD)-1 -3.34 Fernández-Arévalo et al. (2014) 

17 SBU- Butyrate kJ (g COD)-1 -3.25 Fernández-Arévalo et al. (2014) 

18 SHPRO Propionic acid kJ (g COD)-1 -4.56 Fernández-Arévalo et al. (2014) 

19 SPRO- Propionate kJ (g COD)-1 -4.53 Fernández-Arévalo et al. (2014) 

20 SHAC Acetic acid kJ (g COD)-1 -7.56 Fernández-Arévalo et al. (2014) 

21 SAC- Acetate kJ (g COD)-1 -7.53 Fernández-Arévalo et al. (2014) 

22 SH2 Dissolved hydrogen kJ (g COD)-1 0.00 Fernández-Arévalo et al. (2014) 

23 SCH4 Dissolved methane kJ (g COD)-1 -1.30 Fernández-Arévalo et al. (2014) 

24 SN2 Dissolved nitrogen kJ (g COD)-1 0.00 Fernández-Arévalo et al. (2014) 

25 SNO2- Nitrites kJ (g N)-1 -7.47 Fernández-Arévalo et al. (2014) 

26 SHNO2 Nitrous acid kJ (g N)-1 -8.29 Fernández-Arévalo et al. (2014) 

27 SNO3- Nitrates kJ (g N)-1 -14.76 Fernández-Arévalo et al. (2014) 

28 SI Soluble Inerts kJ (g COD)-1 -1.34 Fernández-Arévalo et al. (2014) 

29 SP Lysis sol. Product kJ (g COD)-1 -1.34 Fernández-Arévalo et al. (2014) 

30 XC1 Composites kJ (g COD)-1 -1.94 Fernández-Arévalo et al. (2014) 

31 XC2 Decay complex kJ (g COD)-1 -2.54 Fernández-Arévalo et al. (2014) 

32 XCH Carbohydrates kJ (g COD)-1 -5.06 Fernández-Arévalo et al. (2014) 

33 XPR Proteins kJ (g COD)-1 -2.13 Fernández-Arévalo et al. (2014) 

34 XLI Lipids kJ (g COD)-1 -1.06 Fernández-Arévalo et al. (2014) 
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Model components Specific formation enthalpy (∆��
º) 

Reference 
# Name Description Units Value 

35 XH Heterotrophic bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

36 XAOB Nitrosomona bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

37 XNOB Nitrobacter bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

38 XSU Sugar degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

39 XAA Amino-acid degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

40 XFA LCFA degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

41 XC4 Val/but degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

42 XPRO Propionate degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

43 XAC Acetate degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

44 XH2 Hydrogen degrader bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

45 XAN Anammox bac. kJ (g COD)-1 -2.537 Fernández-Arévalo et al. (2014) 

46 XI Particulate inert kJ (g COD)-1 -3.11 Fernández-Arévalo et al. (2014) 

47 XP Lysis particulate product kJ (g COD)-1 -3.11 Fernández-Arévalo et al. (2014) 

48 XII Inorganic inert kJ (g COD)-1 - - 

 

Table A. 28. Standard formation enthalpy of components in the gas phase (Mgoff) 

Model components Specific formation enthalpy (∆��
º) 

Reference 
# Name Description Units Value 

1 GCO2 Carbon dioxide kJ (g H2O)-1 -32.79 Fernández-Arévalo et al. (2014) 

2 GH2 Hydrogen kJ (g COD)-1 0.00 Fernández-Arévalo et al. (2014) 

3 GCH4 Methane kJ (g COD)-1 -1.17 Fernández-Arévalo et al. (2014) 

4 GNH3 Ammonia kJ (g N)-1 -3.28 Fernández-Arévalo et al. (2014) 

5 GN2 Nitrogen kJ (g N)-1 0.00 Fernández-Arévalo et al. (2014) 

6 GO2 Oxygen kJ (g O2)-1 0.00 Fernández-Arévalo et al. (2014) 

7 GH2O Water vapour kJ (g H2O)-1 -13.43 Fernández-Arévalo et al. (2014) 

 

Table A. 29. Specific heat capacity coefficients 

Parameter Description Units Value Reference 

CpH2O_liq Specific heat capacity of water J (g H2O ºC)-1 4.184 Hougen et al. (1980) 

CpCO2 Specific heat capacity of carbon dioxide J (g CO2 ºC)-1 0.846 Hougen et al. (1980) 

CpH2 Specific heat capacity of hydrogen J (g H2 ºC)-1 14.424 Hougen et al. (1980) 

CpCH4 Specific heat capacity of methane J (g CH4 ºC)-1 2.236 Hougen et al. (1980) 

CpN2 Specific heat capacity of nitrogen J (g N2 ºC)-1 1.042 Hougen et al. (1980) 

CpO2 Specific heat capacity of nitrogen J (g O2 ºC)-1 0.918 Hougen et al. (1980) 

CpH2O_gas Specific heat capacity of water vapour J (g H2O ºC)-1 1.840 Hougen et al. (1980) 
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B. COMPLETE FORMULATION OF THE PROCEDURE FOR 
THE CHARACTERIZATION OF RAW SLUDGE 

B.1. Characterization of the non-biodegradable fraction 
of sludge 

B.1.1. DISTINCTION BETWEEN THE NON-BIODEGRADABLE ORGANIC 

MATTER WITHIN THE RAW SLUDGE (XI) AND THE NON-
BIODEGRADABLE LYSIS PRODUCTS (XP) 

During aerobic digestion, biodegradable organic matter is gradually oxidized to produce 

CO2 and a significant amount of heat with the subsequent heterotrophic bacteria growth 

(YH) on soluble substrate. As available organic matter decreases, these newly grown cells 

undergo decay and further lysis resulting in particulate organic matter, a part of which is 

susceptible of being aerobically consumed by the remaining bacteria. This phenomenon 

occurs repeatedly until biomass concentration approaches negligible values (end of the 

batch assay).  

 

Figure B. 1. Mathematical description of biomass and non-biodegradable lysis products generation during a 
batch assay 

1st 
grown

biomass

New 
biomass

New 
biomassYH

2·(1-fI)·(1-fP)
2 YH

3·(1-fI)·(1-fP)3

Production of non biodegradable lysis products

YH·fP·(1-fI) YH
2·fP·(1-fI) ·(1-fP) YH

3·fP·(1-fI) ·(1-fP)
2

COD removed by oxidation

(1-YH) ·(1-fI) (1-YH)·YH·(1-fI) ·(1-fP) (1-YH)·YH
2·(1-fI) ·(1-fP)2

YH·(1-fI)·(1-fP)
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Every time biodegradable organic matter is assimilated into biomass and further released 

to the sludge, non-biodegradable lysis products are produced, accumulating within the 

reactor. This process is described in Figure B.1. According to this Figure, the overall 

production of non-biodegradable lysis products by the end of the batch assay is 

formulated as follows: 

��� = �� ∙�� ∙����,� ∙�[�� ∙(1 − ��)]
�

�

���

 

Where fP is the non-biodegradable lysis products yield per unit of cellular COD 

undergoing lysis. Bearing this in mind, the non-biodegradable fraction of the raw sludge 

(fI) studied in the batch assay can be obtained. 

�� =

����,���

����,�
+ �� ∙�� ∙∑ [�� ∙(1 − ��)]

��
���

1 − �� ∙�� ∙∑ [�� ∙(1 − ��)]
��

���

 

Thus, non-biodegradable matter at the end of the batch assay may be distinguished into 

organic matter from dead biomass lysis (XP) and inlet non- biodegradable organic matter 

(XI).  

B.1.2. ESTIMATION OF THE NON-BIODEGRADABLE VOLATILE SOLIDS 

FROM RAW SLUDGE 

Based on the COD concentration of component XP, its concentration in terms of volatile 

solids is obtained using an alpha vector estimated from literature (section B.1.1). Based 

on this data and the VS measurement of the effluent sludge, the concentration in terms 

of VS corresponding to the inlet non-biodegradable fraction of sludge is calculated 

(VSXI_M). 

In literature, there is very little information available concerning the elemental 

composition of non-biodegradable organic matter from cell lysis. Initially, several authors 

(Siegrist et al. 2002, Batstone et al. 2002) assumed a unique alpha vector for describing 

both the incoming non-biodegradable fraction of raw sludge and that resulting from the 

lysis of dead biomass. Recently, de Gracia et al. (2011) used an optimization algorithm to 

characterize secondary sludge in terms of a modified ADM1 based model (de Gracia 

2007). This identification algorithm was set with separated elemental compositions for the 

non-biodegradable organic matter in raw sludge (XI) and that of lysis products (XP), 

yielding a considerable difference in the composition of these two fractions. Considering 
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this difference, the alpha vector of XP has been estimated separately by applying an 

optimization algorithm that used as reference the fractioning of dead biomass given in 

de Gracia et al. (2011) and Pavlostathis (1985). The iterative calculation was set so that 

the elemental composition of XP fitted the aforementioned cell fractioning minimizing the 

overall value of sink and source state-variables in the disintegration of dead biomass 

(lysis). The input data used, as well as the outcome from this calculation, are given in 

Table B. 1. During cell lysis, non-biodegradable particulate and soluble products are 

produced resulting in two different components, XP and SP. However, for simplification 

purposes during alpha vector calculation, the same elemental composition is assumed 

for XP and SP. Following this hypothesis, the soluble and particulate fractions of lysis 

products were grouped as XP to simplify the calculation. 

Table B. 1. Estimated cell composition and alpha vector of component XP 

Estimated cell composition  Alpha  vector of XP 

fSP,XC2 0.100  αC,XP 0.556 

fXP,XC2 0.100  αH,XP 0.060 

fXCH,XC2 0.104  αO,XP 0.281 

fXPR,XC2 0.664  αN,XP 0.093 

fLI,XC2 0.032  αP,XP 0.010 

 

Based on the elemental composition obtained for XP and theoretical oxygen demand of 

C, H, O, N and P, the “i” vector of component XP was calculated as follows. 

Table B. 2. Formulation for the calculation of the “i” vector of XP 

Parameters Formulation Units 

iC,XP =
��,��
���

 g C (g COD)-1 

iN,XP =
�� ,��
���

 g N (g COD)-1 

iH,XP =
��,��
���

 g H (g COD)-1 

iO,XP =
��,��
���

 g O (g COD)-1 

iP,XP =
��,��
���

 g P (g COD)-1 
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Where: 

��� = �� ∙��,�� + �� ∙�� ,�� + �� ∙��,�� + �� ∙�� ,�� + �� ∙��,��  g COD g-1 VS 

The latter allowed quantifying the organic solids concentration that corresponds to XP, 

based on its COD concentration at the end of the batch assay (section 4.2.1). 

Table B. 3. Organic solids concentration due to cell lysis separated by elements 

Parameters Formulation Units 

Corg_XP =
��
1000

∙��,��  g C L-1 

Norg_XP =
��
1000

∙�� ,��  g N L-1 

Horg_XP =
��
1000

∙��,��  g H L-1 

Oorg_XP =
��
1000

∙��,��  g O L-1 

Porg_XP =
��
1000

∙�,_��  g P L-1 

 

The VS content in the effluent sludge from the batch assay can be distinguished into 

both, non-biodegradable organic solids from cell lysis (VSXP) and that of the raw sludge 

(VSXI_M). 

Table B. 4. VS concentration of the non-biodegradable fractions of the effluent sludge 

Parameters Formulation Units 

VSXP = ����_�� + ����_�� + ����_�� + ����_�� + ����_��  g L-1 

VSXI_M = �� − ����  g L-1 

 

B.1.3. ESTIMATION OF THE ALPHA VECTOR FOR THE NON-
BIODEGRADABLE ORGANIC MATTER WITHIN THE RAW SLUDGE 

(XI) 

The alpha vector for component XI is obtained by an iterative calculation using VSXI_M and 

analytical data from the effluent sludge (section B.1.2). With that purpose, an initial 

estimation of the alpha vector is carried out based on an estimation of the elemental 

hydrogen content of the TS measured in the effluent (%H) as initial value. Then, the mass 

of component XI in terms of VS is calculated using the alpha vector obtained for a certain 

estimation of %H (VSXI_α). Finally, an iterative calculation is set so that the estimated VS 

for XI by means of its alpha vector (VSXI_α) fits that calculated in the first place based on 
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VS measurement and XP mass estimation (VSXI_M). As a result, hydrogen content in the 

effluent sludge and the corresponding alpha vector of XI are obtained. The iterative 

calculation is run by using the solver function of Microsoft Excel spreadsheets. 

When analysing the elemental composition of the digested sludge, the measurement of 

the elemental fraction of hydrogen was not available among the methods used. Thus, 

hydrogen content in the sludge needed estimation. Since total phosphorus measurement 

is available, the elemental hydrogen content of the sludge could be estimated as the gap 

between the sum of C, O, N and P with regard to the total solids. However, the possible 

presence of several cationic (Mg2+, Ca2+, K+, Fe3+, Al3+) and anionic species like sulphates 

or silicates could lead to an inaccurate approach. Therefore, an iterative calculation check 

of the volatile solids corresponding to XI with regard to that calculated from experiments 

(section B.1.2) was preferred as an approach for estimating the hydrogen content in the 

sludge. VS concentration corresponding to XI is obtained based on its COD 

concentration calculated in the previous sections and the alpha vector estimation for a 

certain value of hydrogen in the effluent sludge. 

����_� = �� ∙��� ∙��,�� + �� ∙��,�� + �� ∙��,�� + �� ∙��,�� + �� ∙��,�� �
��

 g L-1 

  

According to the previous hypothesis, the concentration of non-identified elements (ISNI, 

see Table B. 5) was attributed to the remaining fraction of total solids once subtracted 

those fractions corresponding to the elemental C, O, N, P and the initial estimation of 

elemental H. The solids concentration corresponding to N and P was obtained from the 

analytical measurements of TKN and total phosphorus (PT), respectively. 

In order to obtain the elemental concentration of XI for the iterative calculation, the 

elemental concentration of the inorganic solids in the effluent sludge is calculated in the 

first place (Table B. 5). The inorganic nitrogen content of the effluent sludge was 

calculated directly from TAN, while inorganic carbon was estimated from the alkalinity 

considering both acid-base pairs of the carbonate-bicarbonate equilibrium. Inorganic 

hydrogen concentration was calculated from pH and the proton content of bicarbonate, 

ammonia and ammonium. Inorganic phosphorus was assumed equal to the phosphate 

measurement. On the other hand, inorganic oxygen concentration was estimated from 

the oxygen content within phosphate, carbonate and bicarbonate species. However, the 

overall concentration of inorganic C, N, O, H and P together with that of non-analyzed 

elements did not account for the total inorganic solids corresponding to the gap 

between total and volatile solids. The latter might be caused by the presence in the 

sludge of non-analysed elements (Mg, Ca, K, Fe, Al, S or Si) plus the oxygen involved in 
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their respective oxides. Thus, the remaining inorganic solids were assumed as an 

additional source of inorganic oxygen (OSI,NI) from the aforementioned oxides of non-

identified elements (ISNI). 

Table B. 5. Elemental concentration of the inorganic solids at the end of the biodegradability assay 

Parameters Formulation Units 

Cin =
����
50000

∙��,���� ∙� � ���� ∙�1 +
10���

��,���(�)
� g C L-1 

Nin =
��� + ���

� + ���
�

1000
 g N L-1 

Hin 

=
����
50000

∙��,���� ∙� � ���� +
���

14000

∙���,�� � ∙� � ��� ∙
10���

10��� 1000⁄ + ��,�� (�)
+ ��,�� �

∙� � ��� ∙�1 −
10���

10��� 1000⁄ + ��,�� (�)
�� 

g H L-1 

Oin 
=

����
50000

∙���,���� ∙� � ���� + ��,��� ∙� � ��� ∙
10���

��,���(�)
� + ���

� ∙
��,���
�� ,���

+ ���
� ∙

��,���
�� ,���

 
g O L-1 

ISNI = 10∙% ��∙�1 − �
% � + % �

100
�� − �

��� + ��
1000

� g L-1 

OIS,NI = 10∙(% ��− % ��)− ��� − ��� − ��� − ��� − ����  g O L-1 

Pin = ���
��  g P L-1 

 

From these data, the elemental composition of the total non-biodegradable organic 

matter in the effluent sludge (VS) is obtained by subtracting the elemental concentration 

of inorganic solids from that of the total solids (Table B. 6). Elemental concentration of 

carbon and oxygen in the total solids is calculated from the product of TS concentration 

by its measured mass percentage in the total solids. On the other hand, nitrogen content 

of the total solids is estimated from TKN, since a significant inaccuracy is detected when 

using %N of the total solids due to nitrogen losses during sample drying prior to 

chromatographic analysis. In sludge samples with high pH and filtrate nitrogen (either 

organic or inorganic), volatilization of ammonia may occur leading to significant 

discrepancies between the nitrogen content obtained from TKN and that obtained from 

the elemental analysis. Hydrogen concentration in the total solids was calculated based 

on the initial estimation of %H.  
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Table B. 6. Elemental composition of non-biodegradable organic solids of the digested sludge 

Parameters Formulation Units 

Corg = 10∙% ��∙
% �

100
− ��� g C L-1 

Norg =
���

1000
− ��� g N L-1 

Horg = 10∙% ��∙
% �

100
− ��� g H L-1 

Oorg = 10∙% ��∙
% �

100
− ��� − ���,��  g O L-1 

Porg =
�� − ���

��

1000
 g O L-1 

 

As stated before, organic solids of digested sludge include both non-biodegradable 

organic components XI and XP. However, elemental composition of XP and its 

concentration in terms of volatile solids has been already obtained (section B.1.1). Then, 

elemental composition of XI and therefore its alpha vector can be estimated from that of 

the total organic solids (Table B. 7). 

Table B. 7. Elemental composition of the non-biodegradable organic solids from the raw sludge (XI) 

Parameters Formulation Units 

αC,XI =
���� − ����_��

10∙% �� − ����
 g C g-1 

αN,XI =
���� − ����_��

10∙% �� − ����
 g H g-1 

αH,XI =
���� − ����_��

10∙% �� − ����
 g O g-1 

αO,XI =
���� − ����_��

10∙% �� − ����
 g N g-1 

αP,XI =
���� − ����_��

10∙% �� − ����
 g P g-1 

 

Once preliminary alpha vector estimation has been obtained, an iterative calculation is 

set to determine the hydrogen content of the non-biodegradable fraction of sludge. The 

constraint used for the numerical iteration is to fit the concentration of VS corresponding 

to XI obtained by means of the alpha vector (VSXI_α) with that obtained from experimental 

data (VSXI_M). 
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B.2. Description of the protocol for the characterization 
of raw sludge 

This section includes the full mathematical description of the methodology devised for 

the characterization of the inlet sludge (Table B. 8). The methodology begins with the 

calculation of the inorganic acid-base equilibriums (carbon, nitrogen and phosphorus) 

based on the concentration of protons (H+) calculated from the pH (7). By applying the 

dissociative equilibrium of the water, the concentration of hydroxyl ions can be obtained 

(25). The component bicarbonate is assumed equal to the bicarbonate alkalinity (13) 

expressed in terms of g C m-3, while its acid form, represented by the dissolved CO2, is 

obtained from the acid-base equilibrium (5). Free ammonia and ammonium are 

calculated from the measurement of TAN by applying the corresponding acid base 

equilibrium (20, 21). Similarly, the acid-base equilibrium of phosphorus is used for 

estimating the concentration of hydrogen phosphate (15) and dihydrogen phosphate 

(10) from the analytical measurement of orthophosphate. By subtracting the sum of 

these inorganic components (ISnut) from the total inorganic solids (TS minus VS), the 

component XII corresponding to the remaining inorganic solids can be obtained (42). 

After defining the concentration of the inorganic components, the soluble components 

of the organic fraction of sludge are calculated. Firstly, the concentration of the base 

form of the volatile fatty acids (2, 3, 27 and 28) is estimated from the intermediate 

alkalinity considering that, at the typical pH registered in the inlet sludge, these weak 

organic acids are present, mainly, in their base form. This calculation was based on the 

assumption that all the alkalinity registered within the pH range of 5.75-4.3 is related to 

the presence of organic acids in the inlet sludge. The fractioning used for estimating the 

concentration of the different volatile fatty acids considered in the model, was that 

observed in the complete characterization performed to raw sludge during the 

experiments at lab scale (42% acetic acid, 37% propionic acid, 15% butyric acid and 6% 

valeric acid. The concentration of these compounds in terms of alkalinity was converted 

to units of COD based on their theoretical oxygen demand and the equivalent molar 

weight of CaCO3. The acid form of these compounds is obtained by applying the 

corresponding acid-base equilibrium to their ionized form (11, 12, 16 and 17). Next, the 

component of the non-biodegradable soluble organic matter (SI), together with the 

concentration of amino-acids (SAA), was estimated from the content of soluble organic 

nitrogen in the raw sludge. The nitrogen contained in the soluble organic matter is 

defined by the difference between FKN and TAN.  Depending on the content of nitrogen 

per unit of COD in the non-biodegradable fraction of the raw sludge (iN,SI), a different 
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fraction of SAA and SI can be estimated in the input vector of components. The content of 

nitrogen in the non-biodegradable fraction of the raw sludge, either in particulate (iN,XI) 

or soluble form (iN,SI) was obtained from the characterization of the effluent sludge from 

the batch assays. For simplifying purposes, the content of nitrogen in both soluble (SI) 

and particulate fractions of the non-biodegradable organic matter (XI) is considered the 

same. In order to estimate the amount of COD corresponding to aminoacids or soluble 

non-biodegradable organic matter, the following methodology has been followed.  

Firstly, the concentration of soluble organic matter corresponding to the volatile fatty 

acids is calculated as the sum of the acid and base forms of these compounds as follows: 

��� = ����� + ����� + ������ + �����  (g COD m-3) 

Where the “T” in the subindex means the sum of the acid and base forms for a given 

organic acid. 

Secondly, the concentration of COD corresponding to monosacharides (SSU), aminoacids 

(SAA), long chain fatty acids (SFA) and soluble non-biodegradable organic matter (SI) is 

estimated based on the difference between the soluble COD obtained experimentally 

and that of volatile fatty acids (SA). 

Based on the content of nitrogen in component SI (iN,SI), the COD concentration of this 

component required for fitting the soluble organic nitrogen found in the analysis of the 

raw sludge (FKN minus TAN) is obtained. 

If the concentration of component SI required for fitting the soluble organic nitrogen 

results, equal or lower, than the difference between the soluble COD of the raw sludge 

and SA, this difference of COD is assigned for the component SI (18). Otherwise, a certain 

amount of SAA would be introduced in the input vector of components so that the 

concentration of soluble organic nitrogen could be fitted for the difference in COD 

concentration obtained between soluble COD and SA (1). This is a consequence of the 

higher nitrogen content in the aminoacids with regard to that of the soluble non-

biodegradable organic matter. Considering this, the concentration of SI would have to be 

fitted according to the amount of SAA estimated in the input vector. The latter depends 

on the difference between the nitrogen content in SI (iN,SI) and that of the average 

aminoacids considered in the model (iN,SAA). 

In case that the concentration of SI that fits the soluble organic nitrogen of the feed  

sludge results lower than the soluble organic matter aside from the volatile fatty acids, 
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the remaining soluble organic compounds (SFA and SSU) are different from zero and 

consequently need calculation. In that case, the ratio of COD to VDS corresponding to 

the sum of these two components is calculated. With that purpose, the concentration of 

COD to be distinguished into monosaccharides and long chain fatty acids is obtained by 

subtracting the concentration of the soluble components already estimated (1, 2, 3, 11, 

12, 16, 17, 18, 27 and 28) from the experimental soluble COD as follows. 

�����_�� = ���� − ��� − ���� − ���  (g COD m-3) 

Based on this data, the overall COD to VDS ratio of the sum of components SFA and SSU 

can be obtained from the COD to mass ratio (ϒi) of each of the soluble components 

already calculated. 

���� ���� �
��_��

=
�����_�� 1000⁄

��� − �
����
���

+
���
��

+
����
���

+
����
���

+
�����
����

+
����
���

+
�����
����

+
�����
����

+
������
�����

+
�����
����

�
 

(g COD 

g-1 VS) 

Based on this value, the fraction of monosaccharides (fSU) in the remaining soluble COD 

(aside from SI, SAA and volatile fatty acids) could be obtained. If the estimated COD to VS 

ratio of the sum of components SFA and SSU is below the COD to mass ratio of 

monosacharides (ϒSU), fSU is considered 1, while if this value is higher than the COD to 

mass ratio of the LCFA’s (ϒFA) fSU is considered 0. In case that this COD to VS ratio 

remains between the COD to mass ratio of these two components (SSU and SFA), fSU is 

estimated in a way that the overall COD to VS of these components fits the previously 

calculated value of COD/VSSU_FA.  

��� =

���� ��� �
��_��

−
1
����

1
����

−
1
����

 

This method for estimating SSU and SFA is summarized as well in Table B. 8 (see the 

formulation for components 6 and 28). 

With regard to the particulate components of the input vector, the calculation begins by 

estimating the particulate non-biodegradable organic matter contained in the raw sludge 

(XI). The concentration of this component is obtained by assuming a fraction of non-

biodegradable organic matter in the inlet sludge (fI). This fraction is determined by 

applying the methodology addressed in the previous section to the results obtained in 

the biodegradability tests of the raw sludge. By subtracting the concentration of soluble 
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non-biodegradable organic matter (SI) from the overall non-biodegradable organic 

matter defined by the multiplication of aforementioned fraction (fXI) and the total COD of 

the raw sludge, the concentration of component XI can be obtained (41). The presence 

of component XI implies a certain content of particulate organic nitrogen in the sludge 

depending on the nitrogen to COD ratio of this component (iN,XI). Bearing this in mind, 

the concentration of proteins (XPR), which also have nitrogen in their structure, can be 

obtained from the particulate organic nitrogen (TKN minus FKN) discounting that of the 

non-biodegradable organic matter (48). This calculation relies on the nitrogen content of 

the average proteins considered in the model (iN,XPR). As in the case of the soluble 

components, the remaining particulate organic matter, once subtracted the nitrogenous 

particulate compounds (XPR and XI), has to be distinguished into carbohydrates (XCH) and 

lipids (XLI). The concentration of particulate organic matter corresponding to XCH and XLI 

is calculated in the first place by the next equation. 

�����_�� = ���� − ���� − ���� − ��� (g COD m-3) 

In a similar way to the procedure for determining CSSU and CSFA, the overall COD to VS 

ratio of the sum of polysaccharides and lipids is estimated from their COD concentration 

and the mass of volatile suspended solids in the raw sludge, discounting that 

corresponding to components XI and XPR. The mass of VSS corresponding to these two 

components is obtained from their COD to mass ratio (ϒXI and ϒXPR) and their respective 

COD concentration in the input vector (CXI and CXPR). 

���� ��� �
��_��

=
�����_�� 1000⁄

���− �
����
���

+
���
��
�
 

(g COD g-1 VS) 

Finally, the fraction of carbohydrates (fCH) with regard to the overall concentration of 

carbohydrates and lipids is obtained. The fraction of carbohydrates is estimated from the 

previously calculated COD to VS ratio and the COD to mass ratio of components XLI and 

XCH. 

��� =

���� ��� �
��_��

−
1
����

1
����

−
1
����

 

The calculated value of fCH is applied as long as COD/VSCH_LI falls between the COD to 

mass ratio of XCH and XLI. If COD/VSCH_LI remains below the COD to mass ratio of 

carbohydrates (ϒCH), fXCH is considered equal to 1, while if the value exceeds the COD to 

mass ratio of lipids (ϒLI), fCH is considered equal to 0. By multiplying this fractioning by the 
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overall concentration of these components (CODCH_LI), the concentration of XCH (37) and 

XLI (45) in the input vector of components can be obtained.  

Table B. 8. Summary of the mathematical formulation for estimating the input vector of components 

Component Calculation procedure Units 

1 CSAA 

=

⎩
⎪
⎨

⎪
⎧ 0,

��� − ���

��,��
≤ ���� − �����

�1 −

��� − ���
���� − �����

− ��,��

�� ,��� − ��,��
� ∙(���� − �����),

��� − ���

��,��
> ���� − �����

 

g COD m-3 

2 CSAC 
= 0,42∙

(���� − ����)

50
∙�ℎ����� 

g COD m-3 

3 CSBU 
= 0,15∙

(���� − ����)

50
∙�ℎ�����  

g COD m-3 

4 CSCH4 - g COD m-3 

5 CSCO2 
= ����� ∙

�� 1000⁄

��,���(�)
 

g C m-3 

6 CSFA 

= �

0, (���� ���⁄ )��_�� ≤ ����
(1 − ���)∙�����_��, ���� < (���� ���⁄ )��_�� ≤ ����

�����_��, (���� ���⁄ )��_�� ≥ ����

 

g COD m-3 

7 CSH = 10��� g H m-3 

8 CSH2 - g H m-3 

9 CSH2O -  

10 CSH2PO4 = ������ ∙
��� 1000⁄

��,����(�)
 

g P m-3 

11 CSHAC = ����� ∙
��� 1000⁄

��,�� (�)
 

g COD m-3 

12 CSHBU = ����� ∙
��� 1000⁄

��,��(�)
 

g COD m-3 

13 CSHCO3 =
���

50
∙��,����� ∙� � �����

 
g C m-3 

14 CSHNO2 - g N m-3 

15 CSHPO4 =
���

�� ∙��,����(�)

��� 1000⁄ + ��,����(�)
 

g P m-3 

16 CSHPRO = ������ ∙
��� 1000⁄

��,���(�)
 

g COD m-3 

17 CSHVA = ����� ∙
��� 1000⁄

��,��(�)
 

g COD m-3 

18 CSI =

⎩
⎪
⎨

⎪
⎧

��� − ���

��,��
,

��� − ���

�� ,��
≤ ���� − �����

�

��� − ���
���� − �����

− ��,��

�� ,��� − ��,��
� ∙(���� − ����),

��� − ���

�� ,��
> ���� − �����

 

g COD m-3 

19 CSN2 - g N m-3 
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Component Calculation procedure Units 

20 CSNH3 = ��� − �����
 g N m-3 

21 CSNH4 =
��� ∙��� 1000⁄

��� 1000⁄ + ��,�� (�)
 

g N m-3 

22 CSNO2 - g N m-3 

23 CSNO3 - g N m-3 

24 CSO2 - g O m-3 

25 CSOH =
��,���(�)

���
 

g H m-3 

26 CSP - g COD m-3 

27 CSPRO = 0,37∙
(���� − ����)

50
∙�ℎ������ 

g COD m-3 

28 CSSU = �

�����_��, (���� ���⁄ )��_�� ≤ ����
��� ∙�����_��, ���� < (���� ���⁄ )��_�� ≤ ����

0, (���� ���⁄ )��_�� ≥ ����

 

g COD m-3 

29 CSVA = 0,06∙
(���� − ����)

50
∙�ℎ����� 

g COD m-3 

30 CXAA - g COD m-3 

31 CXAC - g COD m-3 

32 CXAN - g COD m-3 

33 CXAOB - g COD m-3 

34 CXC1 - g COD m-3 

35 CXC2 - g COD m-3 

36 CXC4 - g COD m-3 

37 CXCH = �

�����_��, (��� ��⁄ )��_�� ≤ ����
��� ∙�����_��, ���� < (��� ��⁄ )��_�� ≤ ����

0, (��� ��⁄ )��_�� ≥ ����

 

g COD m-3 

38 CXFA - g COD m-3 

39 CXH - g COD m-3 

40 CXH2 - g COD m-3 

41 CXI = �� ∙����,� − ��� g COD m-3 

42 CXII = �
�� − �� − �����, �� − �� > �����

0, �� − �� ≤ �����
 

g COD m-3 

45 CXLI = �

0, (��� ��⁄ )��_�� ≤ ����
(1 − ���)∙�����_��, ���� < (��� ��⁄ )��_�� ≤ ����

�����_��, (��� ��⁄ )��_�� ≥ ����

 

g COD m-3 

46 CXNOB - g COD m-3 

47 CXP - g COD m-3 

48 CXPR =
(��� − ��� )− ��,�� ∙���

��,����
 

g COD m-3 

49 CXPRO - g COD m-3 

50 CXSU - g COD m-3 
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The concentration of the remaining model components is considered zero in the input 

vector of components. This is based in the main hypothesis that, the biomass coming 

from the biological treatment of the mainstream process deceases as consequence of 

the new environmental conditions taking place during the digestion process. The cellular 

material released in the lysis of dead biomass is presumably used as substrate for the 

newly grown bacteria. Bearing this in mind, the concentration of viable biomass (XAOB, 

XNOB, XAN, XH, XH2, XAC, XPRO, XC4, XSU, XAA) in the raw sludge is considered negligible, and 

the organic matter corresponding to the dead biomass is entered in the input vector as 

substrate and non-biodegradable organic matter in particulate form. Components XC1 

and XC2 have a fixed fractioning and elemental composition. Thus, if the inlet organic 

matter was described by these components, the characterization of the raw sludge would 

be compromised, since the organic nitrogen and VS concentration for a given inlet COD 

might not fit that obtained by the lab analysis of the raw sludge when a dynamic effluent 

is used. Considering this, the inlet organic matter is divided into carbohydrates, lipids, 

proteins and non-biodegradable organic matter in particulate form and the 

concentration of components XC1 and XC2 is considered zero (section 3.3.3.1). In this way, 

significant deviations in the prediction of the concentration of nitrogen and VS in the 

effluent sludge could be avoided. Aside from that, the organic matter resulting from 

biomass decay is not included as a decay complex (XC2) because of the impossibility of 

quantifying this fraction in the inlet organic matter by common lab analysis. 

Consequently, the organic matter corresponding to the lysis products from the decay of 

inlet biomass cannot be distinguished from that of the non-biodegradable organic 

matter of the raw sludge. As a result, both fractions have been included as component XI 

in the input vector and the concentration of components XP and SP in the raw sludge is 

quantified in zero.  

Regarding the inorganic components of the input vector of components, the oxidized 

species of nitrogen (SNO2, SNO3) and their un-ionized forms (SHNO2) are also considered 

negligible since their overall concentration after secondary settling rarely exceeds 1 mg N 

L-1. Similarly, the concentration of dissolved gas species (SO2, SN2, SCH4) in the inlet sludge 

is also estimated as negligible. 
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C. SCENARIO EXPLORATION FOR POST-AERATION PROCESS 

C.1. Hypotheses and calculation procedure to estimate 
the composition of feed sludge 

Estimating the composition of the feed sludge used for the scenario exploration, required 

of assuming a series of hypotheses in order to describe the effect of the stabilization 

degree on the analytical parameters of digested sludge. An anaerobic digestion process 

(either termophilic, mesophilic, or in two phases) was considered as the main treatment 

of raw sludge upstream of the post-aerator. The maximum removal efficiency for this 

anaerobic process was assumed from the biodegradability reported by Astals et al 2013 

(58 to 65% COD removal) for different samples of mixed sludge after 35 days of batch 

assay under anaerobic conditions. Parravicini et al 2006, stated that the COD content of 

an effluent sludge from anaerobic digestion at 30 days HRT can be reduced by 16% in a 

further aerobic post-treatment. According to these assumptions, the maximum 

biodegradability of raw sludge when considering the post-aeration of digested sludge 

was estimated in 71%. This value was obtained by correcting the maximum anaerobic 

biodegradability of raw sludge (65% COD removal) by an additional 16% corresponding 

to its further degradation in an aerobic/anoxic post-treatment. Hence, the amount of 

non-biodegradable matter in the feed sludge was calculated by multiplying this 

estimated inert fraction by the concentration of COD in the raw sludge. The content of 

organic matter in the raw sludge was assumed equal to the average COD content of the 

mixed sludge fed to the TPAnaD during the post-aeration experiments (Table C. 1).  

 

Figure C. 1. Description of the plant layout used for estimating the composition of the feed sludge 

The removal efficiency of the anaerobic process was varied from 0.65 to 0.4 to set up a 

series of compositions of the feed sludge with different content of biodegradable 

substrate and TAN. The concentration of organic matter in the feed sludge (CODin) was 
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estimated by multiplying the removal efficiency considered for the previous treatment 

(η0) by the COD concentration of the raw sludge (feed for the digestion process 

upstream of the post-aerator, see Figure C. 1). According to the previous, the content of 

biodegradable organic matter in the feed sludge can be obtained as the difference 

between total and non-biodegradable COD. Biodegradable soluble substrate was 

estimated as 15% of the total biodegradable organic matter. For simplifying purposes, all 

this soluble biodegradable substrate was assumed as VFA, given that an anaerobic 

digestion has been considered as the process upstream of the post-aerator. In the same 

way, it is known that during anaerobic digestion, no significant changes in total alkalinity 

occur even though a transfer from intermediate to partial alkalinity is registered 

depending on VFA uptake. Thus, total alkalinity was assumed as constant during 

digestion. Based on this hypothesis, the partial alkalinity of the inlet sludge can be 

estimated by deducting the alkalinity due to dissociated VFA from the average total 

alkalinity in from the effluent sludge from two phase anaerobic digestion (TPAnaD). Aside 

from that, the experimental data regarding soluble COD concentration in the effluent 

sludge from TPAnaD (CODS_TAnaD) was used as soluble inert COD for the feed sludge to 

the post-aerator (CODSI,in). It was assumed that, in average, the biodegradable soluble 

organic matter mater content in the effluent from TPAnaD was negligible at the HRT 

applied. 

Table C. 1. Experimental data and considerations used for feed sludge composition 

Experimental data from TPAnaD pilot scale plant in Salamanca Units Values 

Average total COD of the raw sludge (COD0) mg L-1 36882 

Total nitrogen to total COD ratio of the raw sludge (iN,0) g N (g COD)-1 0.0385 

Soluble COD of the effluent from TPAnaD (CODS,TPAnaD) mg L-1 2320 

Average TKN of the effluent from TPAnaD (TKNTPAnaD) mg N L-1 1423 

Average total alkalinity of the effluent from TPAnaD (T_AlkTPAnaD) mg CaCO3 L-1 3320 

   
Hypotheses assumed for the characterization of feed sludge Units Values 

Nitrogen content in particulate inert organic matter of feed sludge (iN,XI) g N (g COD)-1 0.029 

Nitrogen content in soluble inert organic matter (iN,SI) g N (g COD)-1 0.029 

Anaerobic biodegradability of raw sludge % 65.0 

Additional degradation of anaerobically digested sludge % 16.0 

Soluble fraction of biodegradable COD in the inlet sludge % 15.0 

 



Supplementary data Appendix C 

 

285 

 

Finally, the concentration of ammonia nitrogen in the feed sludge (TANin) is calculated 

based on the TKN of the effluent from TPAnaD and the estimated biodegradable COD of 

the inlet sludge to the post-aerator (CODb,in). Given that TKN remains unaltered through 

anaerobic digestion, (neither nitrification nor stripping occurs) it can be assumed that 

total nitrogen in the effluent from TPAnaD (TKNTPAnaD) is similar to that of the raw sludge 

(TKN0). In addition, during anaerobic digestion the organic nitrogen contained in the 

solid phase (proteins) is released to the bulk liquid as ammonia nitrogen, due to the 

hydrolysis and further fermentation of particulate organic matter. The amount of 

ammonia nitrogen released depends on the concentration of biodegradable organic 

matter that remains in the feed sludge given a particular efficiency of the previous 

treatment (Table C. 2). Higher COD removal efficiencies in the previous treatment lead to 

increased ammonia concentrations in the feed sludge. The complete calculation 

procedure for inlet sludge characterization is stated in (Table C. 2). 

Table C. 2. Calculation procedure for inlet sludge characterization in terms of engineering variables 

Parameters Equation Units 

Total inert COD (CODI) = ���� ∙(1 − 0.65)∙(1 − 0.16) mg L-1 

Total COD (CODin) = ���� ∙(1 − ��) mg COD L-1 

Inlet biodegradable total COD 
(CODb,in) 

= �����− ���� mg COD L-1 

Inlet biodegradable soluble COD 
(CODbS,in) 

= (�����− ����)∙��,� mg N L-1 

Inlet non-biodegradable soluble 
COD (CODIS,in) 

= ����_������  mg CaCO3 L-1 

Alkalinity due to acetate 
(Alkin,AC) 

= �
�����,��
�ℎ�����

� ∙50∙���� ∙�
���,���

���,��� + 10���
� mg CaCO3 L-1 

Alkalinity due to propionate 
(Alkin,PRO) 

= �
�����,��
�ℎ�����

� ∙50∙����� ∙�
���,����

���,���� + 10���
� mg CaCO3 L-1 

Alkalinity due to butyrate 
(Alkin,BU) 

= �
�����,��
�ℎ�����

� ∙50∙���� ∙�
���,���

���,��� + 10���
� mg CaCO3 L-1 

Alkalinity due to valerate 
(Alkin,VA) 

= �
�����,��
�ℎ�����

� ∙50∙���� ∙�
���,���

���,��� + 10���
� mg CaCO3 L-1 

Intermediate alkalinity (I_alkin) = ����� + ������ + ����� + ����� mg CaCO3 L-1 

Alkalinity (Alkin) = �_��������� − �_����� mg CaCO3 L-1 

Total ammonia nitrogen (TANin) = ��������� − (�����− ����)∙�� ,� − ���� ∙�� ,� g N L-1 

The VFA fractioning considered for its theoretical oxygen demand calculation is fTAC=0.42, fTVA=0.06, 

fTPRO=0.37, fTBU=0.15. These data have been collected from the characterization of raw sludge included in 

Table 4.8. 

Subindex “0” stands for raw sludge, “in” stands for the inlet sludge to the post-aerator and TPAnaD for the 

effluent sludge from two phase anaerobic digestion. 
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C.2. Results of the scenario exploration by computer 
simulation 

This section includes the results obtained during the exploration of the scenarios 

addressed in section 5.3.3. The outcome of the simulation was studied in terms of the 

main analytical parameters of the effluent sludge (NHx-N, NOx, TKN, VS and pH) and the 

impact of N assimilation to the overall ammonia removal. All these parameters have been 

grouped by anoxic to total cycle length resulting in a family of curves of different HRT 

plotted as a function of the COD removal attained in the previous sludge treatment 

process (reference parameter for the X-axis). 
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Figure C. 2. Results of scenario exploration at 80% anoxic to total HRT 

 

Table C. 3. Equivalence between total HRT and aerobic/anoxic HRT for 80% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 0.4 0.8 1.2 1.6 2 
Anoxic HRT d 1.6 3.2 4.8 6.2 8 
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Figure C. 3. Results of scenario exploration at 68% anoxic to total HRT 

 

Table C. 4. Equivalence between total HRT and aerobic/anoxic HRT for 68% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 0.64 1.28 1.92 2.56 3.20 
Anoxic HRT d 1.36 2.72 4.08 7.44 6.80 
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Figure C. 4. Results of scenario exploration at 60% anoxic to total HRT 

 

Table C. 5. Equivalence between total HRT and aerobic/anoxic HRT for 60% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 0.8 1.6 2.4 3.2 4.0 
Anoxic HRT d 1.2 2.4 3.6 4.8 6.0 
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Figure C. 5. Results of scenario exploration at 52% anoxic to total HRT 

 

 

 

 

Table C. 6. Equivalence between total HRT and aerobic/anoxic HRT for 52% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 1.04 2.08 1.92 4.16 5.20 
Anoxic HRT d 0.96 1.92 4.08 3.84 4.80 
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Figure C. 6. Results of scenario exploration at 48% anoxic to total HRT 

 

 

 

 

Table C. 7. Equivalence between total HRT and aerobic/anoxic HRT for 48% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 0.96 1.92 4.08 3.84 4.80 
Anoxic HRT d 1.04 2.08 1.92 4.16 5.20 
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Figure C. 7. Results of scenario exploration at 40% anoxic to total HRT 

 

 

 

 

Table C. 8. Equivalence between total HRT and aerobic/anoxic HRT for 40% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 1.2 2.4 3.6 4.8 6.0 
Anoxic HRT d 0.8 1.6 2.4 3.2 4.0 
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Figure C. 8. Results of scenario exploration at 32% anoxic to total HRT 

 

 

 

 

Table C. 9. Equivalence between total HRT and aerobic/anoxic HRT for 32% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 1.36 2.72 4.08 7.44 6.80 
Anoxic HRT d 0.64 1.28 1.92 2.56 3.20 
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Figure C. 9. Results of scenario exploration at 20% anoxic to total HRT 

 

 

 

 

Table C. 10. Equivalence between total HRT and aerobic/anoxic HRT for 20% anoxic to total cycle length 

Parameters Units Values range 
Total HRT d 2 4 6 8 10 
Aerobic HRT d 1.36 2.72 4.08 7.44 6.80 
Anoxic HRT d 0.64 1.28 1.92 2.56 3.20 
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D. COMPLETE FORMULATION OF THE SIZING TOOL FOR 
ATAD 

D.1. Mass balances of the simplified model 

Based on the assumptions stated in section 5.2.1.1, a series of simplified mass balances 

were formulated considering a process sizing in stationary conditions. A mass balance 

was developed for each of the components included in the model. 

Mass balance on XS 

Mass balance structure follows that of conventional dynamic models considering the 

differential mass variation in terms of input and output mass fluxes and mass production 

and consumption terms due to the biochemical transformations happening within 

digester volume. Mass component variations are defined by the stoichiometric 

coefficients and kinetics included in Table 5.4. According to that, all the biodegradable 

particulate matter fed to the digester is considered as XS,0, which is either hydrolysed or 

thermally solubilized, and further oxidized by heterotrophic bacteria producing new cells. 

On the other hand, XS is produced by disintegration of dead cells. 

�� ��
��

= �� ∙��,� − �� ∙��,� ∙��� − [�� ∙�� − (1 − ��)∙���� ∙��]∙�� − �� ∙��,��� 

Bearing in mind a semibatch performance of ATAD, some parameters were proposed in 

the model to describe process operation and timing. Time between two consecutive 

loads of ATAD was defined by tcycle, while feeding stage length was formulated as tfeeding. 

Feeding occurs once per operation cycle, hence determining cycle length as tcycle. 

Consequently, a new parameter was proposed for the volumetric load to ATAD (Vfeed) 

defined by the product of the inlet flow and feeding stage length. 

�� = �
��, �< ��������
0, �≥ ��������

 and ����� = �� ∙��������  

By integrating the previous equation for a whole cycle operation and considering the 

previous definitions, the discrete mass variation of biodegradable particulate matter can 

be obtained. Steady state conditions in ATAD would result in no overall mass variation 

during a whole cycle of operation. 

∆� ��|����� = ����� ∙��,� ∙(1 − ���)+ �(1 − ��)∙���� ∙��,��� − �� ∙��,����∙�� ∙������ − ����� ∙��,��� = 0 
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An additional parameter is proposed for an adequate formulation of semibatch 

processes in the model. The volumetric ratio is defined as reactor active volume divided 

by digester volumetric load. 

�� =
��
�����

 

Thus, a correlation is found between hydraulic retention time in the digester and the 

volumetric ratio, which depends on the cycle length applied. 

��� =
�� ∙������
�����

= �� ∙������ 

Substituting this parameter in the previous equation and rearranging terms, the effluent 

biodegradable particulate matter is obtained. 

��,��� =
��,� ∙(1 − ���)+ ���� ∙(1 − ��)∙��,��� ∙���

1 + �� ∙���
 

Remaining components concentration in the effluent sludge is calculated following the 

previous procedure. 

Mass balance on XH 

Since no biomass is considered in the feed sludge (XH,0=0), active biomass within the 

digester is produced by the growth of heterotrophic microorganisms on biodegradable 

particulate matter uptake and inlet biodegradable soluble matter uptake. Bearing in mind 

the hypotheses addressed in section 5.2.1.1, particulate matter uptake is carried out by 

both hydrolysis and thermal solubilization during the feeding stage. Additionally, active 

biomass dies remaining in the sludge as complex particulate matter (XC). 

�� ��
��

= �� ∙��,� + �� ∙��� ∙�� ∙��,� + �� ∙�� ∙��,� − [���� ∙�� − �� ∙�� ∙��]∙�� − �� ∙��,�� 

∆� ��|����� = ����� ∙��,�+ �� ∙����� ∙���� ∙��,� + ��,�� − ����� ∙��,��� − �� ∙�� ∙��,����∙�� ∙������

− ����� ∙��,��� = 0 

��,��� =
�� ∙�� ∙��,��� ∙��� + �� ∙���� ∙��,� + ��,��

1 + ���� ∙���
 

XS,eff can be substituted by its equation in terms of XC,eff and HRT obtaining: 
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��,��� =
�� ∙��� ∙��� ∙

��,� ∙(1 − ���)+ ���� ∙(1 − ��)∙��,��� ∙���
1 + �� ∙���

+ ��,� + ��� ∙��,��

1 + ���� ∙���
 

Mass balance on XC 

Similarly to active biomass, no dead cells are considered in the feed sludge (XC,0=0). 

Consequently, complex particulate matter presence is only due to decay of newly grown 

microorganisms. These composites are disintegrated into smaller particles resulting in 

non-biodegradable lysis products (XP) and biodegradable particulate matter (XS). 

�� ��
��

= �� ∙��,� − [���� ∙�� − �� ∙���� ∙��]∙�� − �� ∙��,��� 

∆� ��|����� = ����� ∙��,� − ����� ∙��,��� − �� ∙���� ∙��,����∙�� ∙������ − ����� ∙��,��� = 0 

��,��� =
���� ∙��,��� ∙���

1 + ���� ∙���
 

Substituting XH,eff by its expression in terms of XC,eff the following equation is obtained. 

��,�� =
�� ∙���� ∙��� ∙�

��,� ∙(1 − ���)
1 + �� ∙���

+ ��,� + ��� ∙��,��

1 + ���� ∙��� ∙�1 −
�� ∙(1 − ��)∙�� ∙���� ∙���

�

(1 + �� ∙���)∙(1 + ���� ∙���)
�
 

Mass balance on XP 

During heterotrophic biomass lysis non-biodegradable particulate matter is released. 

Dead biomass contained in the sludge as complex particulate matter (XC) is disintegrated 

into biodegradable particulate matter and non-biodegradable lysis products (XP). These 

lysis products accumulate in the digester escaping with the effluent sludge during 

digester discharge. 

�� ��
��

= �� ∙��,� − �� ∙���� ∙�� ∙�� − �� ∙��,��� 

∆� ��|����� = ����� ∙��,� − �� ∙���� ∙��,��� ∙�� ∙������ − ����� ∙��,��� = 0 

��,��� =
�� ∙���� ∙��,��� ∙���

1 + ���� ∙���
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Mass balance on XI 

In the model, non-biodegradable organic matter is not involved in any transformation, 

which implies that, in stationary conditions, its concentration in the effluent is equal to 

that of the feed. 

�� ��
��

= �� ∙��,� − �� ∙��,��� 

∆� ��|����� = �� ∙��,� − �� ∙��,��� = 0 

��,��� = ��,� 

Mass balance on SI 

Something similar occurs with non-biodegradable soluble matter, which is also equal to 

that of the feed sludge. 

�� ��
��

= �� ∙��,� − �� ∙��,��� 

∆� ��|����� = ����� ∙��,� − ����� ∙��,��� = 0 

��,��� = ��,� 

Additional calculations of the mass balance 

Using mass balance results, some relevant parameters for digester sizing can be 

calculated. Some of these parameters include active and total reactor volume, oxygen 

consumption rate within the system or volatile solids removal. The latter is often used by 

designers as a main design constraint, since the availability of analytical data regarding 

total and volatile solids in WWTP promotes its use for sizing purposes over COD. Thus, a 

correlation was proposed for VS and COD removal so the first can be used as the actual 

design constraint for the mass balance. 

���� = (��� − 1)∙
���� ��� �

���

���� ��� �
�

+ 1  

Attending to the correlation stated above between COD removal and HRT, or similarly, 

volumetric ratio suggested for ATAD in certain conditions, active (VR) and total (VT) 

digester volume can be obtained. 
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�� = �� ∙����� (m3) 

�� = 1.25∙�� (m3) 

Regarding to ATAD aeration system a main parameter is included in the model as the 

basis for all further calculations related with process power requirements or aeration 

system efficiency. OCR defines the oxygen demand of an ATAD system for certain 

conditions of HRT applied (Messenger et al 1993c). 

��� = ���� ∙����,� ∙
�����

������
 (kg COD h-1) 

The oxygen transfer rate (OTR) of several aeration systems has been widely addressed in 

ATAD literature as a function of the power input used for the process. This ratio is 

described as aeration efficiency (AE) in ASCE (2007). The value included in the model for 

this parameter was that reported in Gómez 2007 for venturi type aerators. Thus mixing 

power requirements are obtained based on system OCR. 

���� =
���

��
 (kWh m-3) 

Similarly, there is plenty of literature reporting the air supply rate (ASR) of aeration 

systems as a function of reactor volume. As in the previous case, the ASR values 

considered in this model are those stated for venturi aeration systems (Gómez 2007). 

Based on this experimental ratio, the inlet airflow rate to the digester is calculated (Fg).  

�� = ��� ∙�� (m3 h-1) 

As a result of the previous parameters calculation, a complete description of the aeration 

system performance can be formulated in terms of: 1) exhaust gas flow rate (Feg), 2) 

oxygen concentration in the exhaust gas (fO2,eg), 3) oxygen transfer efficiency (OTE) and 4) 

kLa. In the calculation of exhaust gas flow, the production of CO2 with regard to OCR 

(YCO2) has been considered. The main hypothesis used for defining the aeration system 

consisted in assuming an oxygen limiting operation in the digester such, that the OTR 

satisfies the overall OUR by the end of the operation cycle. Since in oxygen limiting 

conditions OTR is equal to OCR, the oxygen transfer efficiency can be estimated as 

follows. 

��� =
��� ∙22.4

�� ∙0.21∙32
∙100 (%) 

��� = �
0.79∙��
22.4

+ �∙
0.21∙��
22.4

−
���

32
� + ���� ∙

���

32
� ∙0.082∙�273+ ��� (m3 h-1) 
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% ��,��� =
��
0.21∙32
22.4

∙�� − ���� ∙
22.4
32

�

���
�  (m3 h-1) 

kLa estimation requires of some additional variables to be calculated in order to describe 

oxygen transfer from inlet gas flow to the liquid phase. Oxygen transfer between both 

media occurs through the air bubbles produced by the aeration system. Dissolved 

oxygen concentration of the liquid phase in equilibrium with that of the air bubbles varies 

with contact time, which is affected by the turbulence and mixing degree within the 

aerator and liquid height in the digester. The typical shape of oxygen concentration of 

the air bubbles as a function of their residence time within the digester describes a 

logarithmic profile). Thus, an average value can be estimated for DO concentration in 

equilibrium with the oxygen concentration of the air bubbles by means of logarithmic 

average between inlet and exhaust air. 

��,�����,��� = 0.0013∙�
������
�.��� ∙�

�
���.���

�
���.�����

�
 (%) 

��������,��� = 32000∙��,��(��)∙
�0.21− ���,���

�� �
0.21
���,��

�
 

(mg O2 L-1) 

��� =
24∙1000∙���

��������,��� ∙��
 (d-1) 

Reactor temperature (TR) is calculated as the mean average of the temperature after 

feeding (Ti) and that of the effluent sludge (Tf). Both of them are obtained by means of 

an energy balance formulated for the ATAD system. 
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D.2. Energy balance of the simplified model 

Temperature gap calculation 

An ATAD cycle of operation consists of three main stages; effluent sludge discharge, 

feeding and reaction stage. In terms of the energy balance, discharge and feeding will be 

approached as one single stage that occurs within an instant. Therefore, energy fluxes 

different from those related to inlet and outlet mass flow can be neglected. Additionally, 

as far as steady state conditions are assumed, energy variation during the discharge and 

feeding stage is considered zero. 

���

��
= ��,��� ∙

�

��
�� ��� ∙��� = ��̇� − ��̇� (kJ d-1) 

∆��|������� = ���� ∙��,��� ∙�� ∙���,� − ��,�� = ���̇� − ��̇��� ∙��������  (kJ) 

���� ∙��,��� ∙�� ∙���,� − ��,�� = �� ∙���� ∙���� − ��,�� ∙��������  
(kJ) 

Rearranging terms, a correlation is found between the volumetric ratio applied and 

temperature gap in the reactor during discharge/feeding stage. 

�� =
��,� − ���

��,� − ��,�
 

(m3 m-3) 

 

Energy balance during the reaction stage 

Following the same hypothesis of an instantaneous feeding stage and temperature 

homogenization in the reactor, a complete energy balance is formulated for the reaction 

stage. 

���

��
= ��,��� ∙� ��� ∙

�

��
�� + � ��� ∙��,��� ∙

�

��
��

= ��̇,� − ��̇,��� − ��̇���� − ��̇�� + ���� ∙
�

��
�� + ��̇�  

(kJ d-1) 

Difference between the enthalpy of the inlet gas flow (Hg,0) and that of the exhaust gas 

(Hg,eff) can be grouped in a single term (Hvent) describing the enthalpy variation of the gas 

flow. 

��̇��� = ���̇,� − ��̇,���� (kJ) 

Similarly to the mass balance, discretization of the heat balance was carried out 

considering the whole reaction stage. Mass variation of biodegradable organic matter in 
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the digester (ΔMC) during the reaction stage is obtained as the product of COD removal, 

feed volume and concentration of the inlet sludge. 

�� �|��������_����� = ���� ∙����,� ∙����� (kg O2 m-3) 

Substituting these expressions in a discrete heat balance the following equation is 

obtained. 

�� |��������_����� = ���,��� ∙���� ∙�� + ��,��� ∙���� ∙(�� − ��)�∙���,� − ��,��

= ���� ∙���� ∙����,� ∙����� − ���̇���� + ��̇�� + ��̇��� − ��̇� � (kJ d-1) 

The energy fluxes included in the mass balance are related to: 1) the mechanical energy 

input provided by aeration and mixing systems (Hmi), 2) the heat loss through digester 

walls (Hwalls), 3) the increase in enthalpy of the exhaust gases due to its higher 

temperature compared to the inlet (Hvent) and 4) the latent heat used for water 

vaporization (Hvap). Input energy fluxes have been represented as positive in the balance 

while heat losses are included as negative. The full mathematical description of these 

terms is included in the following paragraphs. 

The echanical energy input (Hmi) is obtained from the power requirements estimated for 

ATAD mixing and aeration devices. As mentioned before, in this model a layout with 

pumping devices outside the digester is considered. Thus, only a fraction of the power 

absorbed by the pumps is transferred to the liquid as mechanic energy in the form of 

pumping speed and pressure. This energy is further transformed into internal energy 

increasing liquid temperature. Remaining energy is lost due to internal friction in the 

pumps, which is dissipated as heat to the atmosphere. The amount of input power 

transformed into mechanic energy is defined in the model by an electromechanic yield 

parameter (ηem). 

��̇� = 3.6∙��� ∙���� ∙�� ∙������ (kJ d-1) 

Regarding heat losses through walls (Hwalls), these are separated into losses due to 

digester surface and those happening through the surface of the piping for sludge 

recirculation and mixing. Dimensions and overall heat transfer coefficient for the latter are 

named by the sub index P. 

��̇���� = ������� ∙�
4 ∙��
�

+
� ∙��

2
� + ������,� ∙� ∙�� ∙���∙�

��,� + ��,�

2
− ���� � (kJ d-1) 

As mentioned earlier vent losses (Hvent) describe the difference in enthalpy of outlet and 

inlet gas flow, but considering dry air in both cases. 

��̇��� = ��,��� ∙���� ∙���� ∙�
��,� + ��,�

2
� − �� ∙���� � (kJ d-1) 
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The energy lost as latent heat (Hvap), is obtained by multiplying the specific vaporization 

enthalpy per kg of water vapour produced (hvap), by the mass of water absorbed in the 

outlet gas flow (mw,eg).  

��̇�� = ℎ������,�� ∙18∙� �,�� 
(kJ d-1) 

Additional variables of the energy model 

As in the case of the mass balance, several additional parameters need to be calculated 

for a complete description of the simplified energy model of ATAD. 

In order to estimate the heat loss due to water vaporization, the latent heat (hvap) required 

for the phase change of liquid water to vapour at the reactor temperature (TR) needs 

calculation. 

ℎ���(��)= ��,��� ∙(100− ��)+ ℎ���(100º�)+ ��,���_��� ∙(�� − 100) (kJ kg-1) 

The mass of water vapour absorbed in the exhaust gas (mw,eg) is defined by the difference 

in partial pressure found between the exhaust gas (Feg) and the inlet gas flow (Fg). ATAD 

exhaust gas is considered as vapour saturated to simplify calculations. The mass of vapour 

contained in the inlet gas flow is calculated from the saturation degree of the ambient air 

(defined by the percentage of humidity) and its saturation partial pressure at the ambient 

temperature. 

� �,�� = 18∙�
���

0.082∙�273+ ��,��
∙

�������,��

�� − �������,��
−

��
22.4

∙
����(���� )∙% ���

�� − ����(���� )
� 

(kg) 

The saturation partial pressure of the water vapour in both, inlet and exhaust air, is 

calculated at a given temperature. Thereby, the amount of vapour produced and stripped 

out of the reactor is obtained, allowing calculation of the latent heat used for the phase 

change. The formulation used for calculating the saturation partial pressure as a function 

of temperature is the following. 

����(��)=
10

��.����
����

������.��
�

760
 (bar) 

Some of these additional parameters are used to provide further insight into sizing 

considerations such as thickness of the insulation layer required or the process layout 

proposed, which may include a previous preheating stage depending on the restrictions 

considered. Insulation thickness is obtained using the overall heat transfer coefficient 

previously estimated by means of the heat balance. This parameter is formulated as a 
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function of the heat conductivity and thickness of the insulation layers considered. 

������ =
�

� ∙∆�
=�

��
��

�

���

 
(kJ (m2 ºC d)-1) 

Where q is the heat flux through a certain surface area (A) during a certain period of time 

(Δt), ki is the heat conductivity of each of the insulation materials used and xi stands for 

their wall thickness.  

������ = ������ ∙�
3600

������
−
������
������

� (mm) 

In this equation sub index insul stands for the insulation layer while m refers to the reactor 

material (i.e. stainless steel, concrete, FRP, etc.). 

Regarding to the possibility of using an additional preheating stage to increase feed 

sludge temperature, an efficiency parameter has been included in the model to describe 

the heat exchange. This parameter is based on the typical formulation for describing the 

performance of commercial heat exchangers. 

� =
��� − ��
��,� − ��

=
��,� − ����

��,� − ��
  

Attending to the previous equation, inlet sludge temperature downstream of the heat 

exchanger may be obtained as follows: 

��� = �� + � ∙���,� − ��� (ºC) 

When no preheating is considered for ATAD configuration, this parameter is considered 

zero, resulting in no change in the inlet sludge temperature. However, efficiencies over 

zero result in preheating of inlet sludge. In this case, the efficiency parameter is used to 

describe that of the heat exchanger, which is to be considered for ATAD design. 

 

 

 

 



Supplementary data Appendix D 

305 

 

D.3. Summary of parameters used for the reduced steady 
state model 

Table D. 1. Summary of biochemical coefficients and physicochemical parameters of the stady state model 

Kinetic coeffcientes 

Parameter Description Units Value Reference 

kh Hydrolysis rate coefficient d-1 0.85 Estimated(2) 

kdec Biomass decay rate coeffcient d-1 1.47 Estimated(2) 

kdis Disintegration rate coefficient d-1 1.00 Estimated(2) 

     

Stoichiometric and characterization coefficients 

Parameter Description Units Value Reference 

YCO2 Respiration quotient mol CO2 (mol O2)-1 0.80 Estimated 

YH Heterotrophic biomass yield g cell. COD (g COD)-1 0.42 Gómez (2007) 

fTS 
Fraction of inlet biodegradable organic 
matter in particulate form that undergoes 
thermal solubilization 

- 0.10 
Gómez (2007) 

Csikor et al. (2002) 

fSB 
Biodegradable fraction of soluble organic 
matter 

- 0.50 Estimated 

fP Yield of non-biodegradable lysis products - 0.20 Estimated(3) 

fI 
Non-biodegradable fraction of organic 
matter from inlet sludge 

- 0.28 Estimated(3) 

     

Physicochemical parameters 

Parameter Description Units Value Reference 

hvap Respiration quotient kJ kg-1 2260 Hougen et al. (1980) 

Cpliq 
Specific heat coefficient of liquid phase 
(water) 

J (kg ºC)-1 4.18 Hougen et al. (1980) 

Cpgas 
Specific heat coefficient of gaseous phase 
(ambient air) 

J (kg ºC)-1 1.21 Hougen et al. (1980) 

CpH2O,vap Specific heat coefficient of water vapour J (kg ºC)-1 1.84 Hougen et al. (1980) 

ρliq Density of liquid phase (water) kg m-3 1000  

ρgas Density of gaseous phase (ambient air) kg m-3 0.28  

γliq Specific weight of liquid phase (water) N m-3 9800  

ε Heat exchanger efficiency - 0.25 Estimated(1) 

HS Static head m.c.a 15 Estimated(4) 

�em Electromechanic yield of circulation pumps - 0.70 Estimated(3) 

AE Aeration efficiency kg O2 kWh-1 1.09 Gómez (2007) 

ASR Air supply rate m3 (m3 h)-1 1.33 Gómez (2007) 
(1)Heat exchanger efficiency has been estimated from the specifications of a commercial equipment supplied by Alpha 

Laval. 
(2)Values obtainedfrom the calibration of the dynamic model 
(3)Values estimated from batch experiments 
(4)Values obtained from the ATAD experiments at semi industrial scale 
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