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Summary 
Research on biological nitrogen removal (BNR) in wastewater treatment 
plants (WWTP) has historically focused on achieving good effluent quality, 
with more recent attention to energy savings and carbon dioxide (CO2) foot-
prints. Novel processes and operating conditions are being implemented that 
enhance cost and energy efficiency in BNR, while maintaining effluent quali-
ty. Now, increasing attention is placed on direct emissions of nitrous oxide 
(N2O) as by-product of BNR; N2O is a greenhouse gas (GHG) with a high 
warming potential and also an ozone depleting chemical compound.  

Several N2O production pathways have been identified from pure culture 
studies, while mechanisms are still being unravelled. Heterotrophic bacteria 
(HB) and ammonium oxidizing bacteria (AOB) are well known to produce 
N2O. However, the effect of environmental factors on N2O production is not 
yet well understood. Current process modelling efforts aim to reproduce ex-
perimental data with mathematical equations, structuring our understanding 
of the system. Various mechanistic models with different structures describ-
ing N2O production have been proposed, but no consensus exists between 
researchers. Hence, the existing plant-wide GHG models still lack a complete 
biological process model that can be integrated in a methodology that assess-
es N2O emissions and their impact on overall plant performance. 

A mathematical model structure that describes N2O production during 
biological nitrogen removal is proposed. Two autotrophic and one 
heterotrophic biological pathways are coupled with abiotic processes. The 
model stoichiometry and process rates synthesize a comprehensive literature 
review on the metabolism of microbes involved in nitrogen removal. The 
proposed model can describe all relevant NO and N2O production pathways 
with fewer parameters than present in other proposed models.  

A novel experimental design based on the developed model and on extant 
respirometric techniques is introduced. Monitoring dissolved oxygen and 
N2O allowed the isolation of individual processes and the estimation of 
parameters associated to oxygen consumption (endogenous activity, nitrite 
and ammonium oxidation) and N2O production (NN, ND and HD pathway 
contributions). 

To estimate parameters of the N2O model a rigorous procedure is presented 
as a case study. The calibrated model predicts the NO and N2O dynamics at 
varying ammonium, nitrite and dissolved oxygen levels in two independent 
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systems: (a) an AOB-enriched biomass and (b) activated sludge (AS) mixed 
liquor biomass. A total of ten (a) and seventeen (b) parameters are identified 
with high accuracy (coefficients of variation < 25%). The critical validation 
of the model response and the estimated parameter values represent a novel 
and rigorous tool for N2O modelling studies. For the first time, uncertainty 
associated with parameter estimation from N2O models is reported, this 
procedure is recommended to be included with best-fit simulations. 

Additionally, modelling electron competition in heterotrophic processes is 
explored via an analogy to current intensity through resistors in electric 
circuits. While further model validation is required, this approach captured 
the electron competition during denitrification for four different carbon 
sources. 

Overall, a combination of modelling and experimental efforts to study N2O 
dynamics was successfully implemented. Results represent a step forward in 
the development of consensus process model for N2O emissions in WQE 
processes. 
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Dansk sammenfatning 
Forskning i biologisk kvælstoffjernelse på spildevandsrensningsanlæg har 
historisk fokuseret på at opnå en god udledningskvalitet, mens opmærksom-
heden de seneste år er blevet rettet mod energibesparelser og CO2-udslip. Nye 
processer og driftsforhold, der nedsætter omkostninger og øger energieffekti-
viteten for biologisk kvælstoffjernelse implementeres samtidig med at udled-
ningskvaliteten fastholdes. Senest er der kommet øget opmærksomhed på di-
rekte emissioner af dinitrogenoxid (N2O), også kaldt lattergas, som er et bi-
produkt af biologisk kvælstoffjernelse. Lattergas er en drivhusgas med et højt 
drivhusgaspotentiale og en ozonnedbrydende kemisk forbindelse. 

Flere bakterielle processer for lattergasproduktion er blevet identificeret ved 
hjælp af studier af rene kulturer, mens mekanismerne bag lattergasproduktio-
nen stadig undersøges. Både heterotrofe denitrificerende bakterier og ammo-
niak-oxiderende bakterier producerer lattergas. Men man ved endnu meget 
lidt om hvilke faktorer, der regulerer lattergasproduktionen. Igangværende 
forskning inden for procesmodellering forsøger at reproducere eksperimentel-
le data med matematiske ligninger og derved strukturere vores forståelse af 
systemet. Forskellige mekanistiske modeller med forskellige strukturer der 
beskriver lattergasproduktion har tidligere været foreslået, men der er ingen 
konsensus imellem forskere. Derfor mangler de eksisterende drivhusgas-
emissionsmodeller for hele renseanlægget stadig en komplet biologisk pro-
cesmodel, som kan integreres på en måde der giver mulighed for at vurdere 
lattergasemissioner og indvirkningen af disse på den samlede anlægspræstati-
on. 

Her foreslås en matematisk modelstruktur, der beskriver lattergasproduktio-
nen under biologisk kvælstoffjernelse. To autotrofe og en heterotrof biologisk 
reaktionsvej er koblet sammen med abiotiske processer. Modellens støkiome-
tri og reaktionsrater udspringer fra et omfattende litteraturstudie i de mikro-
organismers metabolisme, der er involveret i fjernelse af nitrogen. Modellen 
kan beskrive alle relevante kvælstofoxid- og lattergas-produktionsveje med 
færre parametre end i tidligere publicerede modeller. 

I afhandlingen introduceres også et nyt eksperimentelt design baseret på den 
udviklede model og på eksisterende respirometriske teknikker. Målinger af 
opløst oxygen og lattergas gjorde det muligt at  isolere individuelle processer 
og estimering af parametre forbundet med iltforbrug (endogen aktivitet, ni-
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trit- og ammonium-oxidation) og lattergasproduktion (bidrag fra NN-, ND- 
og HD-productionsveje). 

For at estimere parametre i lattergas modellerne, fremlægges en stringent 
procedure som et case study. Den kalibrerede model forudsiger dynamikken 
af kvæfstofoxid- og lattergas-akkumulering ved forskellige niveauer af am-
monium-, nitrit- og opløst oxygen i to uafhængige systemer: (a) en beriget 
ammoniak-oxiderende biomasse og (b) aktiveret slam biomasse. I alt blev ti 
(a) og sytten (b) parametre identificeret med høj nøjagtighed (variationskoef-
ficienter <25%). Den kritiske validering af modeludkastet og de estimerede 
parameterværdier repræsenterer et nyt og stringent redskab til lattergas mo-
delleringsstudier. For første gang rapporteres usikkerheden i forbindelse med 
parametervurdering fra lattergas-modeller. Det anbefales at tilføje denne 
fremgangsmetode til best-fit simuleringsprocedurer. 

Derudover undersøges modellering af konkurrencen om elektroner imellem 
de heterotrofe processer analogt til strøm-intensiteten gennem modstande i 
elektriske kredsløb. Mens yderligere validering af modellen er påkrævet, fan-
gede fremgangsmåden den elektronkonkurrence, der forekommer når denitri-
ficerende bakterier oxiderer fire forskellige kulstofkilder.  

Samlet set blev en kombination af modellering og forsøg med formålet at 
studere N2O-dynamik succesfuldt gennemført. Resultaterne er et skridt frem-
ad i udviklingen af en konsensus procesmodel for lattergasemissioner i inge-
niørmæssige vandkvalitets-processer. 
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1 Introduction 

1.1 Background and motivation of the study  
Nitrous oxide (N2O) is a stratospheric ozone depleter and a greenhouse gas 
(GHG), recently identified as the most important threat to the ozone layer of 
the 21st century (Ravishankara et al., 2009). The global warming potential of 
N2O is 300 times higher than that of CO2 due to its long residence time in the 
atmosphere (Stocker et al., 2013). 

In the anthropogenic water cycle N2O emissions can contribute up to 26% of 
the GHG footprint (Desloover et al., 2012), and specifically during sewage 
treatment accounts for 3.2% of the total N2O global emission rates (Mosier et 
al., 1999). The objective of wastewater treatment is of sanitary purposes, re-
ducing the number of pathogens present in wastewater. However, still 47% of 
wastewater produced in manufacturing and domestic sectors is untreated 
(Stocker et al., 2013). Hence, global N2O emissions may be enhanced by the 
increasing wastewater treatment loadings. 

The carbon footprint of full-scale wastewater treatment plants (WWTPs) con-
sists of direct emissions of GHG (e.g. methane, nitrous oxide), energy con-
sumption, use of chemicals, etc. The study of Scandinavian municipal 
WWTPs indicated that the most important contributions corresponded to the 
direct GHG emissions and energy categories (Gustavsson and Tumlin, 2013). 
Overall, while energy neutral and energy self-sufficient WWTPs exist (Yan et 
al., 2017), carbon neutral WWTPs are still lacking in the literature 
(Gustavsson and Tumlin, 2013). 

A high variability in N2O emissions exists and emission factors are not repre-
sentative for individual process configurations (Ahn et al., 2010). The impact 
assessment of N2O emissions from the nitrogenous liquid waste should be 
thus addressed at a local level. 

Intensive on-site measurements together with accurate measurement proto-
cols have been reported as an alternative to estimate N2O emissions 
(Chandran, 2011). Mechanistic models have also been suggested to predict 
N2O emissions from plant-wide systems and incorporated during control 
strategies (Snip et al., 2014). However, poor knowledge of key processes 
driving N2O production and lack of consensus on how to model the producing 
pathways has impeded the implementation of plant-wide GHG models 
(Desloover et al., 2012). Models have increased their predictive capabilities, 
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but convergence towards a consilience N2O model has not been achieved yet 
(Mannina et al., 2016).  

Compared to full-scale systems, the differences in formation mechanisms and 
kinetics between biomass cultures can be studied in lab-scale reactors or tar-
geted experiments as they offer more controlled environments. Model devel-
opment can also benefit from recent advances on microbial metabolism and 
analytical measurements (e.g. pure culture studies, quantification of microbial 
communities, isotopic portioning, microelectrodes, etc.). Therefore, a better 
understanding of the biological factors that control N2O production and con-
sumption will improve the mathematical prediction of new N2O process mod-
els.  

Additionally, the high parameter variability of reported N2O models high-
lights possible model limitations to address regulation of multiple pathways, 
microbial population switches, or hydrodynamic heterogeneities (Manser et 
al., 2005; Spérandio et al., 2016). The confidence of model predictions is 
critical when comparing the performance of N2O models during the develop-
ment of mitigation strategies as the carbon footprint is highly sensitive to 
N2O emissions (Gustavsson and Tumlin, 2013). Moreover, as an end-product 
of nitrogen removal N2O predictions are greatly affected by the uncertainty of 
primary N-substrates (e.g. NH4

+, NO2
-, etc.). The quality of the calibration 

results is commonly addressed in environmental models (Bennett et al., 2013) 
but has not been studied for N2O emissions. Hence, rigorous methods for N2O 
model response evaluation will benefit model discrimination procedures, and 
improve mitigation strategies (Belia et al., 2009).  
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Garcia et al., 2014), while NorB activity would be upregulated under oxic 
conditions (Yu and Chandran, 2010). 

 
Figure 2.2. Simplified NH3 oxidation to HNO2 by AOB, main intermediates, electron flow 
and enzymatic sites. 

 

The majority of AOB species belong to the Betaproteobacteria class (Nitro-
somonas, Nitrosospira) while two known species belong to the Gammaprote-
obacteria (Nitrosococcus halophilus and N. oceani). Different sub-lineages of 
the genus Nitrosomonas are frequently detected by 16S rRNA and amoA se-
quence analysis in wastewater treatment plants (Nielsen et al., 2010; 
Purkhold et al., 2000). Nitrosomonas europaea, or Nitrosomonas eutropha 
adapt to higher ammonia concentrations compared to Nitrosomonas oli-
gotropha. Diversity varies between systems, with some being dominated by 
one species and others, where ammonium concentrations vary over a wide 
range, by several species (Daims and Wagner, 2010).  

Ecologically, Nitrosomonas cells have a higher specific growth rate than Ni-
trosospira species and a lower substrate affinity, suggesting a better adapta-
tion to systems with high substrate as wastewater treatment plants (Schramm 
et al., 1999; Terada et al., 2013). The NH4

+ and NH2OH aerobic oxidation by 
AOB pure cultures (N. europaea, N. communis, and N. multiformis among 
others) revealed different physiological responses of NO and N2O production 
(Kozlowski et al., 2016). 

 

2.1.2 Aerobic nitrite oxidizing bacteria 
Some nitrite oxidizing bacteria (NOB) belong to the Alphaproteobacteria 
class (e.g. Nitrobacter spp,), the Betaproteobacteria (e.g. Nitrotoga spp.) oth-
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tions (e.g., aerobic or anaerobic), biotically-driven (because it requires 
NH2OH) abiotic N2O production is possible in WWTP.  

Previously considered as low, NH2OH concentrations from highly N-loaded 
wastewaters can be higher than expected (0.03-0.11 mgN/L) (Soler-Jofra et 
al., 2016), highlighting a possible underestimation of the abiotic N2O produc-
tion (Harper et al., 2015). For example, a nitritating reactor for reject water 
(high AOB activity and NO2

- accumulation) estimated a 1.1% abiotic emis-
sion factor driven by NH4

+ oxidation (Soler-Jofra et al., 2016).  

Nitrate or nitrite reduction coupled with Fe(II) oxidation was also proposed 
as abiotic contributor to NO and N2O production under anoxia at high nitrite 
levels in wastewater treatment systems (2.10, 2.11) (Kampschreur et al., 
2011).  

OHFeNOHFeNO 2
32

2 2       (2.10) 

OHONFeHFeNO 22
32 5.05.01     (2.11) 

The observations hinted to a role for iron oxidation coupled to nitrite reduc-
tion from mixed liquor because of its considerable iron reducing activity. 
However, the presence or absence of Fe(II) or Fe(III) did not affect aerobic 
abiotic N2O production (Terada et al., 2017; Soler-Jofra et al., 2016). For 
more details on abiotic N2O production the reader is referred to (Zhu-Barker 
et al., 2015).  
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2.3 Regulation of nitrous oxide production in 
wastewater treatment 

In nitrogen removing systems N2O production has been associated to several 
variables and operational parameters. Suggestions on how to fine-tune these 
variables has been applied to manage N2O emissions using a black-box ap-
proach (Figure 2.4) (Brotto et al., 2015; Kampschreur et al., 2009a; Park et 
al., 2000). These methods rely on obtaining a better understanding of N2O 
emissions by means of correlation analysis: what variables trigger N2O emis-
sions? 

 
Figure 2.4. Nitrous oxide emission during biological nitrogen removal.  

 

The NH4
+ load and influent NH4

+ concentration have been correlated to N2O 
emissions from aerobic zones operating at high dissolved oxygen (DO) con-
centrations (Lotito et al., 2012; Ni et al., 2013b). At low DO NH4

+ is oxi-
dized at a lower rate but a higher fraction is converted to N2O (Burgess et al., 
2002; Li and Wu, 2014) (Figure 2.5). The aeration strategy, i.e. aeration rate 
and frequency of aeration, also impact N2O emission (Yu et al., 2010; 
Domingo-Félez et al., 2014; Kampschreur et al., 2008a). 

NO2
- accumulation has also lead to higher N2O emissions in N-removing sys-

tems (Wang et al., 2016b; Kampschreur et al., 2008b) (Paper I). As the di-
rect precursor of N2O in most of the biological pathways, NO has shown the 
highest correlations with N2O (Kampschreur et al., 2008b; Wang et al., 
2016b; Domingo-Félez et al., 2014). 

pH levels have two distinct effects on N2O production. First, on the enzymat-
ic level, maximum activities have been described as pH-dependent (Park et 
al., 2007) (Figure 2.5). Second, the availability of the true substrates for 
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AOB and NOB are assumed to be NH3 and HNO2 respectively; the actual 
concentrations of these species are in a pH-dependent equilibrium with their 
ionized counterparts NH4

+ and NO2
- (Udert et al., 2005) (pKaHNO2 = 3.25, 

pKaNH4+ = 9.25,  25 C (Lide, 2009)). Acidification enhanced the N2O yield of 
Nitrosospira-dominated community, suggested due to the hybrid N2O-
forming reaction of NH2OH and HNO2 (Frame et al., 2017). 

Inorganic carbon (IC) is fixed to form cellular carbon during AOB growth. At 
limiting IC availability, NH3 is oxidized at a lower rate due to increased cel-
lular maintenance energy demand, which decreases the overall N2O produced 
(Jiang et al., 2015). However, under the same NH3 oxidation rates, IC-
limitation increases the fraction of N2O produced (Mellbye et al., 2016). De-
pending on the nitrogen removal system, wastewaters can have varying IC 
levels. 

 
Figure 2.5. Left: Nitrous oxide consumption dependency on pH (Paper IV). Right: Net 
production rates at varying dissolved oxygen concentrations from mixed liquor biomass. 
(Unpublished data).  

 

The heterotrophically-oxidized organic content of conventional urban 
wastewater typically produces excess IC for autotrophic growth, but high N-
strength wastewaters with a lower C/N ratio, may result in IC limited AOB 
growth (Panwivia et al., 2014).  

Operational parameters and wastewater characteristics have also shown to 
affect N2O emissions. A limited flow of electron donors (COD) due to a low 
carbon-to-nitrogen ratio of the incoming wastewater can also slow down NOx

- 
reduction rates. Therefore, N2O production can be enhanced by a lower N2O 
reduction rate compared to previous steps because of the lower electron affin-
ity. Consequently, side stream processes, characterized by a high N and low 
COD content, are potential hotspots for heterotrophic N2O production 
(Kampschreur et al., 2009b; Yang et al., 2009; Hu et al., 2013). Additionally, 
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N2O consumption is the most sensitive denitrification step to the presence of 
DO and thus, N2O can be released in the presence of low DO concentrations 
(Richardson et al., 2009). 

Other operational parameters such as the solids retention time (SRT) have 
shown increasing N2O emission factors for low SRT values (Li and Wu, 
2014; Lotito et al., 2012). Seasonal variations of N2O emissions have been 
observed and associated to temperature changes that affect the microbial 
populations involved in nitrogen removal (Wang et al., 2014, 2016b).  

In biofilms the spatial distribution of microbial communities and mass trans-
fer limitations are linked by chemical gradients (Manser et al., 2005; 
Picioreanu et al., 2016). Biofilms showed a lower emission factor compared 
to suspended-growth systems with smaller particle size (Park et al., 2000). 
For example, in partial nitritation/anammox suspended granules, anammox 
are located in the inner anoxic layers, acting as a NO2

- sinks and thus, reduc-
ing the risk of N2O production. Other parameters affecting N2O production in 
suspended and biofilm wastewater treatment operations have been recently 
reviewed  (Todt and Dörsch, 2016; Massara et al., 2017). 
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3 Modelling nitrous oxide emissions during 
WQE  

3.1 Modelling biological nutrient removal 
Models are simplifications of reality that describe, through mathematical 
equations, a system of interest. The purpose of the model also defines the 
scope and detail that model predictions should achieve. For example, in 
wastewater treatment applications models have been used to develop control 
strategies, to evaluate new plant designs or to support management decisions 
(Henze et al., 2008). The modelling objectives tend to align with regulatory 
discharge wastewater characteristics (e.g. particulate, organic carbon, and 
nutrient content of effluents).  

A wastewater treatment process model typically comprises a variety of dif-
ferent components: influent characterisation model, hydraulic process model, 
sedimentation model and reaction model (Figure 3.1). 

Specifically, the reaction model integrates the hydrodynamic mixing model 
and the biological model. The first one considers the model components and 
flow through the reactor volume, ideally as a Completely-Stirred Tank Reac-
tor (CSTR), Plug-Flow Reactor (PFR), or a combination of ideal reactors. 
The focus of this thesis is on the biological model that describes the conver-
sions of state variables. 

 

Figure 3.1. Representation of a complete wastewater treatment plant model (Modified 
from (Meijer, 2004)). 
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The process rate is described by model components and kinetic parameters. 
The mass balance for a compound corresponds to the observed transformation 
rate ri, and the rates are coupled through conservation relations (stoichiome-
try). 

3.3 Nitrous oxide models 
Mathematical models can be useful tools to predict N2O emissions and thus, 
help develop mitigation strategies to reduce the carbon footprint of 
wastewater treatment operations. N2O models are developed as extensions 
from existing models for N-removal. Additional state variables, process rates 
and parameters increase the complexity of N2O models conventional N-
removal models. 

Models vary based on the number of processes and/or variables considered in 
N2O production and the relationships of their mathematical rates (Liu et al., 
2016; Perez-Garcia et al., 2014; Pocquet et al., 2016).  

In empirical models N2O emissions and nitrogen removal rates are fit to op-
erational factors (e.g. pH value, temperature, feeding and aeration strategy, 
etc.) via multiple linear regression models (MLR) (Leix et al., 2017; Liu et 
al., 2016). The specific effects and combined influences are then used to find 
conditions for N2O mitigation. 

Of increasing complexity, Stoichiometric Metabolic Network (SMN) models 
make use of the increasing knowledge on metabolic engineering to describe 
microbial interactions (Perez-Garcia et al., 2016b). N2O production from ni-
trification by N. europaea at steady state was described with a SMN model 
containing 44 metabolites and 49 stoichiometric reactions (Perez-Garcia et 
al., 2014). For wastewater treatment purposes ASM-based models are widely 
used, and many N2O extensions have been proposed (Ni et al., 2011, 2014; 
Pocquet et al., 2016; Guo and Vanrolleghem, 2014; Hiatt and Grady, 2008). 
The ASM-based models differ on the biological description and the number 
of N2O pathways, which are always significantly lower than for SMN models 
(6-7 metabolites, 5-6 reactions) (Paper II). Control strategies based on N2O 
predictions are being developed for the reduction of N2O emissions (Boiocchi 
et al., 2016).   

3.3.1 Autotrophic models 
Initially, single-pathway models were proposed describing/capturing either 
the NN or ND pathway. The main differences between models regards the 
stoichiometric coefficients, the number of substrates considered, the identity 
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of the electron donor, and the inclusion or absence of substrate inhibition. 
Initial models described NO and N2O production as directly dependent on 
NH4

+, DO and NO2
- levels (Kampschreur et al., 2007; Schreiber, 2009). In 

subsequent models NH2OH was  considered an intermediate of NH3 oxida-
tion, allowing the NN pathway to be modelled as a fraction of NH2OH oxida-
tion to NO2

-, either via NOH (Law et al., 2012) or via NO (Ni et al., 2013a) 
(Figure 3.2, A). In the ND pathway NH2OH acts as electron donor for the 
consecutive reduction of NO2

- to N2O via NO (Ni et al., 2011) (Figure 3.2, 
B). However, N2O dynamics cannot be captured with single-pathway models, 
and recent models combining the NN and ND pathways provide better de-
scriptions of N2O production than single-pathway models (Ni et al., 2014; 
Pocquet et al., 2016; Ding et al., 2016) (Figure 3.2, C, D, E). 

In a novel approach, global cellular oxidation (electron generating) and re-
duction (electron consuming) reactions are linked by a common pool of elec-
tron carriers, represented by one model component. This model aggregates all 
intracellular electron carriers such as cytochromes and ubiquinone into one 
component that cannot be directly quantified (Kim et al., 2010). Oxidative 
and reductive processes are therefore uncoupled and competition is described 
with specific kinetic parameters (Ni et al., 2014). 

The two-pathway AOB models are adequate in predicting a shift in NN and 
ND contributions to total N2O production at different DO and NO2

- concen-
trations. However, these models would not describe the increased NO emis-
sions at low DO and high NO2

- levels observed in several nitrifying systems 
(Chandran et al., 2011; Kester, 1997; Rodriguez-Caballero and Pijuan, 2013). 

 

Figure 3.2. Comparison of the reactions involved in autotrophic models for N2O produc-
tion. The arrow widths represent typical reaction rates. Mod A (Ni et al., 2013b), Mod B 
(Ni et al., 2011), Mod C (Ding et al., 2016), Mod D (Pocquet et al., 2016), Mode E (Ni et 
al., 2014). 
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3.3.2 Heterotrophic denitrification models 
The first kinetic model describing heterotrophic denitrification was based on 
pure cultures and described each denitrification step according to the Michae-
lis-Menten equation (Betlach and Tiedje, 1981). This approach considers eve-
ry reduction rate independent from each other and has been widely used 
(Schulthess et al., 1995; Hiatt and Grady, 2008). Wild et al., (1994) explicitly 
calculated the concentration of enzymes to describe the delay in denitrifica-
tion and N2O accumulation after aerobic growth, which was recently updated 
to the four steps (Zheng and Doskey, 2015). However, these models are lim-
ited to the assumption that carbon oxidation supplies all the electrons neces-
sary for the four denitrification steps. Hence, only nitrogenous species limit 
denitrification rates under excess organic carbon conditions (Pan et al., 
2015). 

Differently, branched models reflect the modularity of the electron transport 
chain (Richardson et al., 2009). Grant and Pattey, (1999) developed a model 
where a maximum electron supply is distributed among electron acceptors, 
with preference given to the most oxidized compounds in a feed-back redox 
control ('inhibition by product via respiratory chain'). A different approach 
considered a double branch with common electron mobile carriers and de-
scribed the accumulation of intermediates, but was not validated experimen-
tally (Thomsen et al., 1994). Almeida et al. (1997) proposed an analogy bet-
ween an electric circuit and the electron flow through the cell membrane. The 
model was validated with experimental results from two pure culture studies 
where NO2

- (Pseudomonas fluorescens), and NO2
- and N2O (Paracoccus de-

nitrificans) accumulated. The indirect coupling of electrons approach (ICE) 
calculates the concentration of internal electron carriers, uncoupling the car-
bon oxidation and denitrification processes at the cost of higher complexity 
(Pan et al., 2013). 

Even though the indirect approach has been heralded as superior as it can po-
tentially describe all experimental observations (Pan et al., 2015) more in-
formation about reaction kinetics is required. The direct approach can predict 
COD and nitrogen removal for systems with low intermediates accumulation 
(NO2

-, N2O) (Ni and Yuan, 2015) but might be inadequate for systems with 
high accumulation levels. 
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Among the four carbon sources evaluated calibration results indicate faster 
specific denitrification rates for methanol compared to any of the other car-
bon sources (RNAR/NIR/NOS,MeOH < RNAR/NIR/NOS,Acet,EtOH,C-mix) (Table 3.2).  

Table 3.2. Best-fit parameters for denitrification batches: Methanol, Acetate, Ethanol, C-
mix. (Paper V). 

  

In the scenarios evaluated in this study - excess electron donor (methanol) 
and electron acceptor - a simpler model such as M1 performs better than the 
ASM-ICE model. Further evaluation under a wider range of operation condi-
tions (e.g. different carbon loadings) will benefit model discrimination be-
tween M1 and ASM-ICE. Overall, a different modelling approach for denitri-
fication was explored but further validation is required.  

  

Methanol Acetate Ethanol C-mix
RNAR 5.6 11.8 8.2 8.9
RNIR 5.0 9.2 44.3 25.9
RNOS 0.6 15.0 7.6 11.1
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Whether the source of NO is NH2OH oxidation or HNO2 reduction will de-
termine the contribution of each autotrophic pathway to N2O production, NN 
or ND respectively (Figure 3.6). Although oxidation and reduction processes 
are not uncoupled in the NDHA model, the competition for electrons is repre-
sented by NH2OH, the common electron donor: HNO2, NO and DO compete 
for NH2OH instead of reduced electron carriers.  

The same net N2O production rate can result from different individual N2O 
production/consumption rates. Thus, together with total N2O production, cor-
rectly predicting the individual contribution of each pathway is key for N2O 
models. For example, the mitigation strategy of an autotrophic system with a 
small N2O sink capacity will differ from that of mixed liquor with a higher 
N2O consuming capacity.  

 
Figure 3.6. Schematic comparison of the reactions involved in two-pathway autotrophic models for 
N2O production. Arrow widths represent typical reaction rates. Model D (Pocquet et al., 2016), 
Model E (Ni et al., 2014). (Adapted from Paper II). 
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Table 3.3. Gujer matrix for the NDHA model (Paper IV): 

 
























































































