
 
 
 

 

(ix) 
 

 

Table of contents  

List of tables.................................................................................................................xviii 

1 Introduction ................................................................................................................... 1 

1.1 Biological nitrogen removal ................................................................................... 1 

 Conventional nitrification-denitrification .......................................................... 2 

 Partial nitrification – denitrification (PN/D) process ........................................ 3 

 Discovery of anaerobic ammonium oxidation (anammox) process .................. 4 

 Partial nitritation-anammox (PN/A) .................................................................. 5 

 Simultaneous partial nitrification anammox and denitrification (SNAD) ........ 7 

 Anammox and dissimilatory nitrate reduction to ammonium (DNRA) ............ 8 

1.2 Influence of solid retention time for nitrogen removal........................................ 8 

 Biofilm-based systems ...................................................................................... 9 

 Granular systems ............................................................................................. 11 

1.3 Eco-physiology, kinetics, and niche partitioning of anammox species ............ 12 

1.4 Application of anammox: challenges and solutions ........................................... 15 

1.5 Microbial biopolymer secretion and soluble products ...................................... 17 

 Extracellular polymeric substances (EPS) ...................................................... 18 

 Soluble microbial products (SMPs) ................................................................ 19 

 Utilized theory for EPS and SMP in wastewater treatment ............................ 20 

1.6 Modeling of biological nitrogen removal ............................................................ 21 

 Modeling of biofilm and granular sludge systems .......................................... 23 

 AQUASIM: a toolbox for biological wastewater treatment modeling ........... 25 

1.7 Motivations, approaches, tools and aim .............................................................. 27 

1.8 Systematic milestone plan of the research .......................................................... 28 

2 More than a decade of experience of landfill leachate treatment with a full-scale 

anammox plant combining activated sludge and activated carbon biofilm ............. 31 

2.1 Introduction ........................................................................................................... 31 

2.2 Materials and methods ......................................................................................... 32 

 Operation of the plant ...................................................................................... 32 

 Sample preparation .......................................................................................... 33 

 Fluorescent in situ hybridization (FISH) ......................................................... 33 

 Measurements and statistical data analysis ..................................................... 34 

2.3 Results and discussion .......................................................................................... 35 

 The morphology and structure of the granular biofilm ................................... 35 

 Fluorescent in situ hybridization and the existence of Ca. Scalindua genus .. 38 

 Long term nitrogen removal performance analysis ......................................... 39 

 Risk assessment ............................................................................................... 41 

 Effect of COD/TN ratio on nitrogen removal efficiency ................................ 44 

 Reduction in excess sludge, organic matter and energy .................................. 44 

2.4 Conclusion and remarks....................................................................................... 46 

3 Simulation of simultaneous anammox and denitrification for kinetic and physiological 

characterization of microbial community in a granular biofilm system .................. 47 

3.1 Introduction ........................................................................................................... 47 

3.2 Materials and methods ......................................................................................... 48 

 Reactor operation and biomass collection ....................................................... 48 



 
 
 

 

(x) 
 

 Q-FISH for detection and quantification of dominant microbial groups ........ 50 

 Mathematical modeling approach ................................................................... 51 

 Definition of the biofilm model and geometrical structure ............................. 53 

 Statistical analysis ........................................................................................... 55 

3.3 Results and discussion .......................................................................................... 57 

 Initialization of the biomass composition ....................................................... 57 

 Sensitivity and error contribution analysis ...................................................... 57 

 Parameter identifiability analysis .................................................................... 58 

 Model calibration ............................................................................................ 60 

 Model validation .............................................................................................. 63 

 Kinetic and physiological characterization of Ca. Brocadia anammoxidans and 

Ca. Scalindua sp. ............................................................................................. 65 

 Theory of grey-box nitrogen elimination modeling ........................................ 65 

3.1 Conclusion ............................................................................................................. 67 

4 Model-based analysis of microbial consortia and microbial products in an anammox 

biofilm reactor ................................................................................................................ 69 

4.1 Introduction ........................................................................................................... 69 

4.2 Material and methods ........................................................................................... 70 

 Operation of biofilm reactor ............................................................................ 70 

 Quantitative fluorescence in-situ hybridization (qFISH) and image analysis . 71 

 Model definition and evaluation ...................................................................... 72 

4.3 Results and discussion .......................................................................................... 76 

 Simulation of nitrogen removal ....................................................................... 76 

 Model evaluation for relative abundance of microbial consortia .................... 77 

 Correlation analysis of nitrogen removal efficiency and biomass fractionations78 

 Correlation analysis of the nitrogen surface loading and biomass fractionations

 ......................................................................................................................... 79 

 Dynamic model prediction of SMP and EPS .................................................. 80 

4.4 Conclusion ............................................................................................................. 83 

5 The effect of regulation of aeration and temperature on nitrogen removal and 

microbial community structure in a hybrid sequencing batch reactor .................... 84 

5.1 Introduction ........................................................................................................... 84 

5.2 Material and Methods .......................................................................................... 86 

 Experimental setup and operational conditions ............................................... 86 

 Bioaugmentation scenarios .............................................................................. 88 

 Mineral solutions ............................................................................................. 88 

 Analytical methods .......................................................................................... 91 

 Calculations ..................................................................................................... 91 

 Fluorescence in situ hybridization (FISH) ...................................................... 92 

 Digital image analysis ..................................................................................... 96 

 Calculation of weighted average congruency factor ....................................... 97 

 16S rRNA high-throughput sequencing .......................................................... 97 

 Batch evaluation during temperature reduction phase ............................. 98 

5.3 Results and Discussions ........................................................................................ 99 

 Reactor programming ...................................................................................... 99 

 Reactor maintenance and performance ......................................................... 100 

 Temporal variations of inorganic nitrogen concentrations ............................ 103 

 Intermittent aeration regimes ......................................................................... 104 

 Influence of temperature ............................................................................... 105 



 
 
 

 

(xi) 
 

 Biomass concentration .................................................................................. 106 

 FISH and qFISH ............................................................................................ 110 

 High-throughput Illumina sequencing of 16S rRNA genes .......................... 115 

5.4 Conclusion ........................................................................................................... 115 

6 Conclusion and outlook ............................................................................................ 117 

6.1 Lessons from data analysis of a full-scale application ..................................... 117 

6.2 Lessons from the modeling approaches ............................................................ 117 

6.3 Experimental approaches: how can we go towards hybrid applications? .... 121 

 Optimizing the aeration regimes ................................................................... 121 

 Adapting with low temperature ..................................................................... 122 

 Why IFAS? .................................................................................................... 122 

6.4 Future roadmap .................................................................................................. 124 

References ..................................................................................................................... 125 


