Accepted Manuscript

WATER
WA RESEARCH

"AJournal o the

Recent Advances in Mathematical Modeling of Nitrous Oxides Emissions from
Wastewater Treatment Processes

Dr. Bing-Jie Ni, Zhiguo Yuan

Pll: S0043-1354(15)30261-X
DOI: 10.1016/j.watres.2015.09.049
Reference: WR 11557

To appearin:  Water Research

Received Date: 25 June 2015
Revised Date: 27 September 2015
Accepted Date: 28 September 2015

Please cite this article as: Ni, B.-J., Yuan, Z., Recent Advances in Mathematical Modeling of Nitrous
Oxides Emissions from Wastewater Treatment Processes, Water Research (2015), doi: 10.1016/
j-watres.2015.09.049.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.watres.2015.09.049

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Recent Advancesin Mathematical Modeling of Nitrous Oxides Emissions from

Wastewater Treatment Processes

Bing-Jie Ni,* Zhiguo Yuan

Advanced Water Management Centre, The UniversiQuéensland, St. Lucia, Brisbane,

Queensland 4072, Australia

*Corresponding author: Dr. Bing-Jie Ni, Phone: + 61 7 3346 3219, Fax: ¥63365 4726,

E-mail: b.ni@ug.edu.au

Abstract:

Nitrous oxide (NO) can be emitted from wastewater treatment cauting to its
greenhouse gas footprint significantly. Mathematioadeling of NO emissions is of great
importance toward the understanding and reductibnthe environmental impact of
wastewater treatment systems. This article revigneurrent status of the modeling ofON
emissions from wastewater treatment. The existiaghematical models describing all the
known microbial pathways for /D production are reviewed and discussed. Thesadadl
N>O production by ammonia-oxidizing bacteria (AOBjaiigh the hydroxylamine oxidation
pathway and the AOB denitrification pathway,Nproduction by heterotrophic denitrifiers
through the denitrification pathway, and the inggm of these pathways in single
models. The calibration and validation of these et®dusing lab-scale and full-scale
experimental data is also reviewed. We concludé tte mathematical modeling of.®
production, while is still being enhanced supportsdnew knowledge development, has

reached a maturity that facilitates the estimatodnsite-specific NO emissions and the
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development of mitigation strategies for a wastewatatment plant taking into the specific

design and operational conditions of the plant.

Keywords. AOB, model, nitrous oxide, hydroxylamine oxidatioAOB denitrification,

heterotrophic denitrification

1. Introduction

Nitrous oxide (NO) not only is a significant greenhouse gas, withapproximately
300-fold stronger warming effect than carbon diexidPCC, 2007), but also reacts with
ozone in the stratosphere leading to ozone laygletien (Portmann et al., 2012). It can be
produced and directly emitted from wastewater tnegit systems (Foley et al, 2010, Ahn et
al., 2010a, 2010b, Ye et al., 2014). AlthougkONemission factors reported for full-scale
systems are relatively low, from 0.01% to 1.8% rdfuent total nitrogen (TN) (Ahn et al.,
2010a), NO emissions can contribute substantially to théaarfootprint of wastewater
treatment plants (WWTP). It should be noted thaewmmssion factor of 1.0% would already
increase the carbon footprint of a WWTP by apprataty 30% (de Haas and Hartley, 2004,
Law et al., 2012). Therefore, the development béloée predictive tools for quantifying and
mitigating NO emission is important for achieving greenhouse gautral wastewater
treatment (Ni et al., 2013a, 2013b).

The NO emission data collected from wastewater treatrpéarits (WWTPSs) to date
show a huge variation in the,® emission factor (the fraction of influent nitragéad
emitted as BO), ranging between 0.01% and 1.8%, and in somesaagen higher than 10%
(Kampschreur et al., 2009, Ahn et al., 2010a, 20Fokey et al., 2010, Wang et al., 2011). A
high degree of temporal variability in,@ emission has also been observed within the same

WWTP (Ahn et al., 20104, Ye et al., 2014). The obse variability is in clear contrast with



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

the fixed emission factors currently applied toireating NNO emissions from wastewater
treatment as recommended by the United Nation’srgatvernmental Panel on Climate
Change (IPCC) and various governments (IPCC, 28604, 2012). A major problem with
the use of fixed emission factors is that the libktween emissions and process
configurations and operating characteristics isawtsidered. As such, the estimates do not
account for the variable process conditions inedéht plants and do not encourage
mitigation efforts (Ni et al., 2013a).

Mathematical models have been widely applied toptteeliction of nitrogen removal in
wastewater treatment, and are gaining more attemiothe prediction of BbD accumulation
and emission during nitrification and denitrificati processes (CH2MHill, 2008, Ni et al.,
2011, Corominas et al., 2012, Pocquet et al., 2G1&) and Vanrolleghem, 2014; Harper et
al., 2015). The ability to predict X production by modeling provides an opportunity to
include NO production as an important consideration in thesigh, operation and
optimization of biological nitrogen removal procesgNi et al., 2011, 2013a). Furthermore,
mathematical modelling should be a more appropma¢thod for estimating site-specific
emissions of BO than the oversimplified model with fixed® emission factors (Corominas
et al.,, 2012, Ni et al., 2011, 2013a, Mampaey gt24813, Pocquet et al., 2013, Guo and
Vanrolleghem, 2014). In addition, mathematical miogeprovides a method for verifying
hypotheses related to the mechanisms #® Nroduction, and thus serves as a tool to support
the development of mitigation strategies (Ni et 2013b).

N>O modelling has evolved rapidly in the past fewrgeavith models based on various
production pathways proposed. These models have daidbrated with data obtained from
laboratory reactors and full-scale wastewater mneat plants operated under various
conditions. Each of these models has its underlysspsumptions and has been

calibrated/validated to various degrees based enutiderstanding of the processes of the
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distinct model creators, which displayed variowedtive abilities (usually good fit with own
data but fail with foreign data). Despite the olmgamportance of pO modeling, and the
increasing number of publications, there has néemn any attempt to summarize all the
modeling information in a comprehensive review. rEfi@re, this review aims to clarify, to
compare, and to provide guide for the use of tineseels. The existing mathematical models
describing all the known microbial pathways fofNproduction as well as their underlying
assumptions are reviewed, discussed and companelliding the single-pathway and
two-pathway models of AOB, the,® models of heterotrophic denitrifiers, and thegnated
N>O models by both AOB and heterotrophic denitrifiefn overview of the model
evaluations using lab-scale and full-scale expentaledata is also presented to provide

insights into the applicability of these® models under various conditions.

2. N2O Production Pathwaysin Wastewater Treatment

N>O is produced during biological nitrogen removawastewater treatment, typically
attributed to autotrophic AOB (Tallec et al., 20B&mpschreur et al., 2009, Chandran et al.,
2011) and heterotrophic denitrifiers (Kampschrauale 2009, Lu and Chandran, 2010, Pan
et al., 2012). Although PO might be potentially produced through chemicathpay
(Schreiber et al., 2009; Harper et al., 2015),dlae three main microbial pathways involved
in N,O formation (Figure 1), namely the MBIH oxidation, nitrifier (AOB) denitrification,
and heterotrophic denitrification pathways (Wuniheet al., 2012, 2013).
2.1. N,O production by AOB

AOB are chemolithotrophs that oxidize ammonia ¢NHo nitrite (NQ) via
hydroxylamine (NHOH) as their predominant energy-generating metatmo(Arp and Stein,
2003, Arp et al., 2007) (Figure 1A). The first sispatalyzed by ammonia monooxygenase

(AMO) where NH is oxidized to NHOH with the reduction of molecular oxygen,fOin
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the second step, NBH is oxidized to N@ by hydroxylamine oxidoreductase (HAO), with
O, as the primary electron acceptor. However, AOBt&iona periplasmic copper-containing
nitrite reductase (NirK) and a nitric oxide redwsegg@Nor) (Hooper et al., 1997, Chandran et
al., 2011) (as shown in Figure 1A). NirK could speg NHOH oxidation by channeling
electrons from the cytochrome pool to N@to form NO) and thus play a facilitative role in
NH; oxidation itself (Hooper et al., 1997, Chandranakt 2011). AOB also possess the
inventory to alternatively convert NO into,®, using a haem—copper nitric oxide reductase,
SNOR (Chandran et al., 2011).

Although NO is not an obligate intermediate in Blbkidation, NO can be produced by
AOB through two major pathways according to therentr understanding (Figure 1A): i)
N.O as a byproduct of incomplete oxidation of JHH to NQ, typically referred to as the
NH,OH oxidation pathway (Poughon et al., 2000, Chametaal., 2011, Stein, 2011a, Law et
al, 2012), and ii) MO as the final product of AOB denitrification witiO, as the terminal
electron acceptor and NO as an intermediate, theakbed nitrifier or AOB denitrification
pathway (Chandran et al., 2011, Ni et al., 20136in$2011Db).

It is generally accepted that N@nd NO reduction for O production is carried out by
AOB under oxygen limiting or completely anoxionditions (Kampschreur et al., 2009, Law
et al., 2013). Increased@® production under high NOconcentrations has been suggested to
be due to AOB denitrification (Yang et al., 2009, &t al., 2010). On the other hand, there is
also evidence supporting,® production from NHOH oxidation by AOB. The higher NH
oxidation rate could result in the accumulationN#1,OH and other reaction intermediates
such as NO or NOH (Law et al., 2012), which in toesult in NO formation with detailed
reactions yet to be fully elucidated (Chandran.e811, Stein, 2011a).

2.2. N,O production by heterotrophic denitrifiers

N>O is a known intermediate in heterotrophic dendaifion (von Schulthess and Guijer,
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1996, Pan et al., 2012, 2013a). Heterotrophic déogtion converts the nitrate and/or nitrite
generated from autotrophic nitrification to nitroggas (N) thus removes nitrogen from
wastewater. It consists of four consecutive stephich produce three obligatory
intermediates, namely NOQ NO and NO. These steps are individually catalyzed by four
different denitrification reductases, i.e., nitraggluctase (Nar), nitrite reductase (Nir), NO
reductase (NOR) and;® reductase (POR). N,O is produced by the sequential action of the
NOs, NO, and NO reductases (Figure 1B).

Many factors could affect the denitrification preseand thus impacting.® emission,
such as chemical oxygen demand (COD) to N ratlos,substrate and biomass types, pH
levels, temperature, among others (Lu and Chan@@l(), Pan et al., 2012, 2013a). On the
other hand, the four parallel denitrification stegmild also exert influence on each other
through electron competition, which could resultaccumulation of various intermediates
including NO. The four denitrification steps all require eteas from carbon oxidation, and
they could face competition for electrons when #iectron supply rate from carbon
oxidation does not meet the demand for electronsthigy four steps of denitrification

combined (Pan et al., 2013a).

3. Modeling of N,O Production by AOB

As the fundamental metabolic pathways fefONoroduction by AOB are now coming to
light (Kampschreur et al., 2007; Schreiber et 2009; Yu et al., 2010; Okabe et al., 2011,
Stein, 2011a; Perez-Garcia et al., 2014; CastroeBaet al., 2015; Harris et al., 2015),
several mechanistic models have been proposed.f@mpkbduction by AOB in mixed culture
based on one or two of the known,ON production pathways of AOB, i.e., AOB
denitrification and NHOH oxidation pathways. To date, two categories gd Mhodels by

AOB in mixed culture have been proposed, whichrapgesented by single-pathway models
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and two-pathway models. Tables S1 in the suppleangninformation (SI) lists the
definitions of the all the state variables usethmtwo categories of models.
3.1. Single-pathway models

Six different single-pathway model structures aaaié in literature are presented in
Table S2 in Sl, detailed with their kinetic andishiometric matrices. Table 1 presents the
key differences among the model structures of teagge-pathway models by AOB.

Model A (Ni et al., 2011) and Model B (Mampaey &t 2013) are based on the AOB
denitrification pathway. In Model A (Table 1, Ni &k, 2011), AOB denitrification with NO
as the terminal electron acceptor produces NO ahdegjuently BO by consuming NFOH
as the electron donor. Similarly, in Model B (Talle Mampaey et al.,, 2013), AOB
denitrification occurs in parallel with ammoniumidation, reducing N@ to NO and then to
N.O with ammonium as the electron donor. The keyediiice between these two models is
that in Model A, dissolved oxygen (DO) is assumednhibit nitrite and NO reduction by
AOB, while in Model B, this inhibition is absent.fArther minor difference is that ammonia
oxidation is modelled as a two-step (ammonia torosyglamine and then to nitrite) process
in Model A, but as a one-step process (ammoniatticen in Model B.

Model Al (Pocquet et al., 2013) and Model B1 (Gud &anrolleghem, 2014) are also
based on AOB denitrification pathway, which are tlwve modified versions from Models A
and B to describe fD production in several studies (Pocquet et al1320Guo and
Vanrolleghem, 2014). In Model Al (Table 1, Pocgektl., 2013), the oxygen inhibition of
the AOB denitrification pathway was removed. In iidd free ammonia (FA) and free
nitrous acid (FNA) were considered as the substimtethe AOB reactions, in order to
explicitly consider the effect of pH variation. Model B1 (Table 1, Guo and Vanrolleghem,
2014), oxygen limitation and inhibition was addédough a Haldane function in both the

kinetics of nitrite reduction and NO reduction pgeses (Guo and Vanrolleghem, 2014).
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Inhibition by FA was also considered in Model Alddvoth inhibition by FA and FNA were
included in Model B1.

Model C (Law et al., 2012) and Model D (Ni et &Q13b) are based on the MbH
oxidation pathway. Model C assumes thatONproduction is due to the chemical
decomposition of the unstable NOH, an intermedsftdH,OH oxidation (Law et al., 2012).
In contrast, Model D assumes that the reductiodN©®f produced from the oxidation of
NH,OH, resulted in BO production by consuming NBH as the electron donor. Model D
(Table 1, Ni et al., 2013b) assumes that DO haminibitory effect on NO reduction (Yu et
al., 2010), as in Model B.

3.2. Two-pathway models

A new approach has been employed to integratevtbeNbO production pathways of
AOB into a two-pathway model, i.e., decoupling aygoh based on electron balance. Two
different two-pathway BO model structures of AOB in mixed culture are présd in Table
S3 in SI, detailed with their kinetic and stoichietnc matrices. Table 1 compares the key
differences between these two two-pathway modes®is.

In Model E (Table 1, Ni et al., 2014), the compl@wchemical reactions and electron
transfer processes involved in AOB metabolism arapled into three oxidation and three
reduction reactions (Figure 2A). Electron carriars introduced as a new component in the
model to link electron transfer from oxidation emluction. By decoupling the oxidation (E-1
to E-3 in Figure 2A) and reduction (E-4 to E-6 iiglte 2A) reactions through the use of
electron carriers, the electron distribution betwé&®, NO,” and NO as electron sinks is
modeled through assigning different kinetic valteeBrocesses E-4, E-5 and E-6 with respect
to electron carriers, which are provided by Proegds-2 and E-3. In this way, the model can
predict the relative contribution of the two patlysdo total NO production by AOB, as well

as the shifts of the dominating pathway at varib@sand nitrite levels conditions.
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Model F (Peng et al., 2015a) is based on decougpmyoach with both electron and
energy (ATP) balance, which are proposed by extensif Model E to describe the
dependency of PO production by AOB on inorganic carbon (IC) corication (Peng et al.,
2015a). In Model F (Table 1, Peng et al., 2015agddition to the electron carriers that link
electron transfer from oxidation to reduction, Adsime triphosphate (ATP)/Adenosine
diphosphate (ADP) are also introduced as a companghe model (Table 1) to link energy
generation to IC fixation for biomass growth (FigwB). The energy distribution between
ammonia oxidation, N@reduction and oxygen reduction as energy sour¢@)As modeled
through assigning different kinetic values to Peses F-1, F-5 and F-6 with respect to ADP,
which are consumed by Processes F-7 with IC adratdgor AOB growth. In this way, the
possible effect of IC on AOB growth and subsequetite NO production from different
pathways by AOB can be explicitly described whea IG concentration in the bioreactor

varies temporarily or spatially, with,® production increasing with the increase of ICeley

4. Modeling of N,O Production by Heterotrophic Denitrifiers

To predict denitrification intermediates accumulati denitrification needs to be
modeled as a multiple-step process (von Schulthesd Gujer, 1996). Four-step
denitrification models have been proposed and widpplied to predict the accumulation of
all denitrification intermediates including. (Kampschreur et al., 2007, Hiatt and Grady,
2008, Ni et al., 2011, Pan et al., 2013b). To d@ave, distinct concepts have been proposed
(Table 1), which are represented by the Activatiedig Model for Nitrogen (ASMN) (Hiatt
and Grady 2008) and the Activated Sludge Model vittirect Coupling of Electrons
(ASM-ICE) (Pan et al., 2013b), respectively. Tald in Sl lists the kinetic and
stoichiometric matrices for the two models, which tundamentally different in describing

the electron allocation among different steps @étagrophic denitrification (Table 1).
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4.1. Activated sludge model for nitrogen (ASM N)

The “direct coupling approach”,represented by ASMN (Model G in Table 1, Hiatt and
Grady 2008), with which the carbon oxidation anttagien reduction processes are directly
coupled in the modellhis type of model describes each of the four stepa separate and
independent oxidation-reduction reaction (Tablei®45l), with the kinetics of each step
modeled according to the nitrogen reduction reactionetics using a stoichiometric
relationship obtained through electron balance. &lidé ignores the fact that the nitrogen
oxides reduction and carbon oxidation are carrigicbg different enzymes with their specific
kinetics, and consequently either of the two prees<ould limit the rate of denitrification.
In addition, this coupling approach describes edaitrification step independently with its
rate not being affected by other denitrificatioepst that draw electrons from the same
electron supply. Essentially, the carbon oxidatiate is modeled as the sum of the carbon
requirements by all denitrification steps, with thederlying assumption that electron supply
will always be able to meet the predicted totateten demand.

4.2. Activated sludge model with indirect coupling of electrons (ASM-ICE)

The “indirect coupling approach”, proposed by Pan et al. (2013b) and named as
ASM-ICE, with which the carbon oxidation and nitesgreduction processes are decoupled
Electron carriers are introduced as a new companeghis model to link carbon oxidation to
nitrogen oxides reduction, with carbon oxidatiorduees carriers and nitrogen oxides
reduction oxidizes carriers (Model H in Table 1nkd al., 2013b). In this way, each step of
heterotrophic denitrification can be regulated loyhbthe nitrogen reduction and the carbon
oxidation processes. The possibility of the carloaidation or electron transfer being a
limiting step in denitrification is thus considergdthe model. In heterotrophic denitrifiers,
competition for electrons may occur between the fiduction steps when the electron

supply rate from the oxidation process could noeintee demand for electrons by the four
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reduction steps (Pan et al., 2013b), which playsmgortant role in the accumulation and
emission of NO (Pan et al., 2013a). The electron competitiomnvbeh the four denitrifying

steps can be modeled through assigning differeiesao the affinity constants responsible
for Processes H-2, H-3, H-4 and H-5 with resped¥ited, which are provided by Processes
H-1. Model H can be used as a practical tool foedmting NO accumulation during

denitrification, with the complex biochemical reaaos and electron transfer processes
involved in biological denitrification by differenmnicrobial species being lumped into one

oxidation and four reduction reactions that arkdohthrough electron carriers.

5. Integrated N,O Models I ncorporating AOB and Heterotrophic Denitrifiers

N,O is generally produced/consumed by both AOB an@rbtophic denitrifiers in
WWTPs (Kampschreur et al., 2009, Law et al., 20TRgrefore, the integrated,® models
incorporating NO production/consumption by both AOB and heterdtropdenitrifiers
would contribute to more powerful models that pcetlie NO dynamics more accurately in
WWTPs, which could also be useful tool for the depment of NO mitigation strategies.

Two approaches have been reported to integratéNe production/consumption by
both AOB and heterotrophic denitrifiers into a cosipensive MO model: i) ASM-type
models that combine one of the single-pathway nsodeAOB (e.g., Models A-D, Table S2)
with ASMN of heterotrophic denitrifiers (Model Galble S4) (Ni et al., 2011, Pocquet et al.,
2013, Guo and Vanrolleghem, 2014, Spérandio eR@ll4), and ii) Electron balance based
model that integrate the electron carrier basedgatbway model of AOB (Model E, Table
S3) and ASMN (Model G, Table S4) (Ni et al., 20180th modeling approaches have been
successfully applied to describe M emissions from mixed culture
nitrification-denitrification systems and to iddwgtithe relative contributions between AOB

and heterotrophic denitrifiers to total,® production (Ni et al., 2011, 2013b, 2015,

11
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Spérandio et al., 2014). A third potential approadh integrate the pO
production/consumption by both AOB and heterotropdenitrifiers could be a full electron
balance based model integrating the electron cab@sed two-pathway model of AOB
(Model E, Table S3) and electron carrier based mofibeterotrophs (Model H, Table S4),
which though require future testing. It should lmedl that the possible consumption 6ON
by heterotrophic denitrification as g® sink may occur and reduce overaj(Nproduction

in integrated model under the conditions of highBC© N ratio and/or low DO level.

6. Model Calibration, Validation and Selection

The NO models have to be tested to predigONemission data from experiments in
order for the models to be developed into a ugehllfor practical applications. During past
years, measurement campaigns have been performediy studies. All the available,®
models have been evaluated with experimental adliacted from different systems to reveal
the performance of these models under various psocenditions and shed light on the
conditions under which each of the models woulduiable to facilitate their applications.
6.1. Model Evaluation against Experimental Data

The six single-pathway models of AOB (Models A-Dable 1) was evaluated and
compared (Ni et al., 2011; Ni et al., 2013a; Spdiart al., 2014) based on their ability to
capture the observed,@ production results from different experimentsryaet al., 2009;
Kim et al., 2010; Law et al., 2012; Spérandio et 2014). Model A could well predict the
observed trend of decrease igNproduction at high DO concentrations (Yang etz2009),
whereas Model B was not able to predict such tdirglto the absence of oxygen inhibition
on AOB denitrification in Model B (Ni et al., 2018aviodel B could not describe well the
N2O peak that is likely related to the dynamics of,®H (Ni et al., 2013a), which was not

included in Models B and B1. Models A, Al, B and Bave been tested to be able to

12
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reasonably describe,® production data with high nitrite accumulatiorpégandio et al.,
2014). In contrast, both Models C and D were né¢ &dbcapture the observed dependency of
N,O production on nitrite availability (Yang et a2009, Kim et al., 2010, Spérandio et al.,
2014) due to the fact that the two models are tnke incomplete NLOH oxidation.
However, Models C and D were able to reproduceefperimental observations that thgON
production increased/decreased with increasingg@sarg DO concentration (Law et al.,
2012). The kinetic structure of Model B also enduthat the NO production rate is
dependent on oxygen availability, resulting in mikr N,O dynamic trend (increase in the
N>O production rate with a increase in DO concerdgrgti On the contrary, Model A
predicted an opposite to such observation (Law.e2@12). These results suggested that DO
inhibition might be required to describe AOB deifitation pathway and NKOH need to be
included as a necessary intermediate. The use @nBAFNA in model structures would be
recommend for a better description of the pH eféaxt possible FNA inhibition. NOH would
be preferably used as,® precursor for describing NBH pathway under extremely high
nitrite accumulation condition whereas NO coulddamerally applied as intermediate for
N>O production from NBHOH oxidation under common wastewater conditions.

With respect to the two-pathway models of AOB, Mdelénas satisfactorily described the
N.O data from several different nitrifying culturepattial nitritation culture or/and full
nitrification culture) and under various DO and NEbncentration conditions (Ni et al., 2014,
Peng et al., 2014; Sabba et al.,, 2015). Model Fdiss well predicted these different
nitrifying cultures (partial nitritation and full itnification culture) and under various IC
conditions (Peng et al., 2015a). These two-pathwagtels also successfully predicted shifts
of the dominating pathway at various DO, nitritelfm IC levels (see Figure 3), consistent
with experimental observations thagiwas produced from both nitrifier denitrificatiand

NH,OH oxidation pathways by AOB (Ni et al., 2014; Pegical., 2014). The model results

13
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suggested that the contribution of AOB denitrifioat decreased as DO increased,
accompanied by a corresponding increase in theribation by the NHOH oxidation
pathway, which were verified by the site prefere(f8B) isotopic measurements (Peng et al.,
2014). Although the electron based two-pathway nsodModels E and F) have been
demonstrated to be effective, electron carriers nwynecessarily be the only approach to the
integration of the two pathways into one model. Tossible alternatives/simplifications
could be evaluated in the future.

For denitrifying NO models, Model G was generally able to reprodbeenttrate, nitrite
and NO profiles when only one nitrogen oxide species added (Ni et al., 2011, Pan et al.,
2015), but Model G failed to reproduce the reswit®n two or more nitrogen oxide species
were added together. In contrast, Model H was shtawbe able to describe general COD
consumption, nitrate reduction and nitrite accurtioaby enriched denitrifying culture (Pan
et al., 2015), the influence of nitrite and@ addition on nitrate reduction, as well as the
experimental results when one or more nitrogenesijgecies were added (Pan et al., 2015).
Therefore, the decoupling approach of Model H (&abl might be essential to describe the
electron competition process among the four déyiiig steps.

6.2. Selection of Modelsfor N,O Prediction

The model evaluation results strongly suggestdpgatopriate selection of available®l
models is important for accurate,® prediction in different engineering nitrogen resab
systems under different operational conditionsld&present a possible guideline for model
selection in their further applications.

For N;O production by AOB, the single-pathway models (sdA-D) have simplifier
structures (one single pathway involved) and fepamameters, which bring convenience to
model calibration (Table 2), and could be used guesftially under certain conditions,

although they are not be able to reproduce alNgi@ data. The two-pathway models (Models
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E-F) have the potential to describe all thgONlata with different operational conditions, but
may require more efforts on model calibration beeaof more parameters. Specifically
(Table 2), Models A, Al, B and B1 might be useddscribe the regulation of ,Q
production by nitrite (or FNA) concentration. Mogél and D might be able to describgON
emissions from the systems with the condition dditreely high DO levels and low nitrite
accumulation that likely favoring the NBH oxidation pathway for pO production. In
addition, according to the analysis by Peng et28l15b) (Figure 4), it is critical that the DO
concentration in the system is well controlled abastant level for the AOB denitrification
model to be used (e.g., Model A). The }MHH oxidation model (e.g., Model D) can be
applied under high DO conditions. Under other cbads, the two-pathway models (e.qg.,
Model E) should be applied. Model E could be usedien varying DO and NObut constant
IC conditions while Model F should be applied unkigihly dynamic IC condition.

For N,O production by heterotrophic denitrifiers, Modeldan be used to predict the
overall nitrogen and COD removal performance inastewater treatment plant as in most
cases the low level accumulation of denitrificatiotermediates do not significantly affect
the overall nitrogen removal rate. However, in toatext of predicting the XD production
by heterotrophic denitrifiers, Model G is inadegquatue to its structurally deficient in
describing the electron competition process in tiiénation. Model H enhanced our ability
to predict NO production by heterotrophic denitrifiers and llas potential to describe all
the NO data under different conditions, but requiresoimfation on both the carbon
oxidation reaction kinetics and the nitrogen realurckinetics.

6.3. Key Kinetic and Stoichiometric Parameters

Table S5 in SI summarizes the typical values of tiwel parameters that have been

reported in literature, which could serve as ddfaalues for the future applications of the

available NO models (Tables S2-S4). The continued testingnaganore experimental data
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would delineate a range/pattern in parameter valustiould be noted that these parameters
were estimated under different conditions of terapee, sludge retention time and feeding

composition, and therefore correction factors nhestadjusted by, for example, Arrhenius

equations (Snip et al., 2014). Furthermore, thearpater values estimated during batch
experiments may not be adequate for the continpoasess and may not be compatible with

the values of other parameters (Ni et al., 201Bara&hdio et al., 2014, Snip et al., 2014).

For the six single-pathway models of AOB (ModelsDAin Table S2), the model
parameters were obtained after significant calibna¢fforts, and thus some of the parameters
showed high variation (more than 100%) among cages during model evaluations (Ni et
al., 2011, Ni et al., 2013a, Spérandio et al., 20Adong them, the half saturation constant
for nitrite or FNA (Kno2,a08 Or Knnoz,aos for Models A, Al, B, B1) and the reduction factor
for N;O production §aos, for all the six single-pathway models) were minghly variable
(see Table S5 in Sl) and very influential onCONemissions (Spérandio et al., 2014).
Regarding the models based on AOB denitrificatiathway (e.g., Models A, Al, B and B1)
the large variation of these two key parameterswelated to the range of nitrite (or FNA)
concentration observed in each system (Spérandib, &014), likely due to the adaptation of
enzymatic activity (NirK). Regarding the models édon NHOH oxidation pathway (e.qg.,
Models C and D) the large variation Qkog might be dependent on the possible NO
accumulation in each system. High NO accumulati@uld/ lead to a low value fofaos
(Spérandio et al., 2014). Thus, calibration will bequired for the application of the
single-pathway models regarding these key paramglable 2).

For the electron balance based two-pathway modefO®8 (Models E and F in Table

S3), the affinity constants with respect to eleasrée.g., K, .43, and K, ., ,) are unique to

the two-pathway models and the key parameters gowgthe NO production via the two

pathways. The values represent the affinity of toeresponding reduction reaction to
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electrons, with lower values indicating a highdmatfy and thus a higher ability to compete

for electrons. For example, the estimatid, .., has a value that is about one magnitude
smaller thanK,, .., (Ni et al., 2014), indicating that.Qeduction has a higher ability to

compete for electrons as the main electron accejpting NHOH oxidation. Ni et al. (2014)
revealed that the absolute valueG; is not critical for model calibration and predats,
and it is the ratios between paramet@sx, Kvred,1, Kmred. 2 Kmred 3 andKyreq 4 @and parameter
Ciwot that affect the model output. Therefore, attensbould be paid to these ratios for the
calibration and application of the two-pathway nedsee Table 2).

Regarding the ASM-ICE of heterotrophic denitrifiékdodel H in Table S4), information
on both the carbon oxidation reaction kinetics d@hd nitrogen reduction kinetics was
required for its calibration and application (TaBle Due to the lack of understanding of the
electron competition process in most of the previsuudies, the respective reaction kinetics
of the carbon oxidation and nitrogen reduction psses were not well established. For

instance, the maximum carbon source oxidation(ratg, ..., ), Which is the key parameter to

restrict the overall model predicted carbon oxwiaifelectron supply) rate, is not available in
literature and thus need to be measured or estim@an et al., 2015). Similar to the
two-pathway models of AOB, the relative ratios betw electron affinity constant&pgeq 1,
Kwmred 2 Kmred,3 @ndKired 4) rather than their absolute values are importantHe reaction rate.
Therefore, more efforts are needed to provide nmdfe@mation on these key parameters of

the ASM-ICE model for its further implementatiorafle 2).

7. Application of NoO Modelsin Full-Scale WWTPs
Mathematical modelling of §O emissions from full-scale WWTPs was firstly cooihal
successfully by using ASM-type models that comlone of the single-pathway models of

AOB with ASMN of heterotrophic denitrifiers (Ni etl., 2013b). Ni et al. (2013b) applied a
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model based on NM#DH pathway model of AOB (Model D, Table 1) and ASNIModel G,
Table 1) to describe the,@ emissions from full-scale WWTPs. The model désctiwell the
dynamic ammonium, nitrite, nitrate, DO andNdata collected from both an open oxidation
ditch (OD) system with surface aerators and a Si®em with bubbling aeration. Ni et al.
(2013b) also performed additional evaluations @ndther three single-pathway® models

of AOB (Model A, Model B and Model C in Table 1) ¢valuate the experimentally observed
N.O data from the two full-scale WWTPs. The resufidicated that Model A could not
predict the NO data from either WWTP (Ni et al., 2013b, Spéraretial., 2014). Models B
and C, on the contrary, obtained very similar feétveen the model-predicted and
experimentally observed ® data (Ni et al., 2013b, Spérandio et al., 2014).

Dynamic simulations were also confronted to thedallected on the UCT process from
Eindhoven plant by using ASM-type models that camlone of the single-pathway models
of AOB with ASMN of heterotrophic denitrifiers (Guand Vanrolleghem, 2014; Spérandio et
al., 2014). Model A1 + Model G, Model B1 + Modeld&d Model D + Model G were all
implemented for this plant and calibrated usingedatllected in a 1-month measurement
campaign. The conclusion was that all these madtaitd be calibrated to the same level of
fit (Spérandio et al., 2014). They had similar parfance and could follow the dynamic
variations in the measured® data (see Figure 5). In addition, results shotwatithere was
less NO emission under wet-weather conditions comparettyeveather conditions and all
the three models showed better simulation perfoomamder dry-weather conditions than
wet-weather conditions (Spérandio et al., 2014).

Mathematical modelling of §O emissions from full-scale WWTPs was then condulcte
successfully by using electron balance based mbdélintegrate the two-pathway model of
AOB and ASMN of heterotrophic denitrifiers (Ni elt,a2015). Ni et al. (2015) applied an

integrated model incorporating the electron balabesed two-pathway model of AOB
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(Model E, Table 1) and ASMN of heterotrophic defigrs (Model G, Table 1) to describe
N>O emissions from a step-feed full-scale WWTP. Tloeleh described well all the dynamic
ammonium, nitrite, nitrate, DO and,® emission data. Modeling results revealed that the
AOB denitrification pathway decreased and the,8H oxidation pathway increased along
the path of the both Steps, with the Second Stepeofull-scale WWTP having much higher
N.O emission than the First Step. The integrate® Mnodel captured all these trends
regarding the shifting/distribution between thdatgnt NO pathways in full-scale WWTP
(see Figure 6). A potential strategy to mitigat®©Nemission from this plant is also evaluated
using the model. The overall,@ emission from the step-feed WWTP would be largely
mitigated if 30% of the returned activated sludgesweturned to the Second Step with the
remained 70% returning to the First Step. The madeld potentially serve as a powerful
tool for the prediction of BO emissions from full-scale WWTPs and developmeint o
effective mitigation strategies, although it maguge more efforts on model calibration.

It should be noted that there are still limited to@mof studies presented in literature
regarding the real application ob® models in full-scale WWTPs although many fulldsca
measurement campaigns have been performed indafiffefaces during the past years. More
full-scale applications of the models using thadédcale NO data are still needed for the
models to be developed into a useful tool for pecattapplications. In addition, the
requirement of good fundamental knowledge @@ Mmission from modeller/engineer might
also hinder the PO model applications due to the complicated procedflor model selection
and calibration, which consequently limit the deyshent of effective mitigation strategies.
Hopefully this review would facilitate the selectiof suitable NO models, the estimation of
site-specific NO emissions and the development of mitigation atiias for a wastewater

treatment plant taking into the specific design aepdrational conditions of the plant.
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8. Conclusions and Per spectives
In this work, the existing PO models available in literature based on the timegor

N.O production pathways were reviewed and comparedlliuminate their structural

differences, their capabilities and inabilities ddsng experimental data and their potential

range of applications. The key conclusions are:

* The fundamental mechanism abouONproduction is still not fully understood, leading
to the structural differences of existing@ models and their capabilities/inabilities
describing experimental data under different coons.

» For AOB, the two-pathway models have the poteritatlescribe all the YD data, but
may require more efforts on model calibration. Ehegle-pathway models could be used
under several particular conditions. For heterdtioplenitrifiers, the ASMN-type model
is preferred for predicting the overall nitrogerdadOD removal performance with low
intermediates accumulation. The ASM-ICE type mdugd the potential to describe all
the NO data, but requires more information on reactimetcs.

* The available lab- and full-scale data sets arensdt consolidated with highly different
reactor set-ups, measurement methods, culture rjistdocumentations, and/or
interpretations, which would possibly lead to th#dure of model predictions.

» Although the good fundamental knowledge ofONemission from modeller is essential
for successful application, mathematical modelifigNgO production has reached a
maturity that facilitates the estimation of sitesiic N,O emissions and the
development of mitigation strategies.

Although existing models still have limitations,eth application will undoubtedly
increase in the near future. Work in the followmngas is necessary in order to gain a better
modeling of NO emission:

* While the electron balance based model has beecessitlly applied to estimate
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site-specific NO emissions and develop mitigation strategies fepecific WWTP, future
efforts should be devoted to comparing the selectedels to real data from real WWTPs
to observe the key differences and to enhance phaatical applications.

» The parameters obtained with different experimants cultures should be compared and
synthetized, aiming to form a consistent pattermctvitould then be implemented in the
improvement/simplification of multiple-pathway maddand integrated with the models
describing other sections of the WWTPs to from werful plant wide model.

* Mathematical modeling of 0 emission from biofilm systems should be conducted
using more monitoring data from such systems.

 The real application of ¥ models in full-scale WWTPs using more full-scale
measurement campaigns would still be required Her hodels to be developed into a
useful tool for practical applications. Model-bas#al/elopment of mitigation strategies

should be further conducted, with their validitiesng tested in real operations.
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Table 1. Key differences among the single-pathway models by AOB, two-pathway models by AOB and N,O models by heterotrophs

N>O models Model components Stoichiometric Kinetic
] . , Two-step NH,4" oxidation; Two different oxygen affinity constants;
(';Ae?\ﬂ?: f'ia‘ cat'iAo(gB \L/vai'trr:gsi'\“*“ and Sz Two-step NO, reduction; Oxygen inhibition on NO, and NO reductions;
H2OH- Cell growth during NH,OH oxidation. | Anoxic reduction factor.
Two different oxygen affinity constants;
Model A1- AOB Using Snns and Sinog; Without oxygen inhibition;
denitrification With Suizon. Same as Model A. NH3 inhibition on NH; oxidation:
Anoxic reduction factor.
) . , One-step NH," oxidation; Only one oxygen affinity constant;
Single-pathway ggﬂ?: f? cat'ia(\)cn)B \Llvalltrr]\?)liNSHz and Sivoz; Two-step NO; reduction; Without oxygen inhibition;
models by H20H: Cell growth during all 3 processes. Anoxic reduction factor.
AOB Only one oxygen affinity constant;
Model B1 - AOB NH3 and HNO; inhibitions on NH3 oxidation;
denitrification Same as Model B. Same as MeQe(E. Haldane function for oxygen limitation;
Anoxic reduction factor.
Model C - NH,OH | Using Syns4 and Syoz; Three-step NH," oxidation viaNOH; | Two different oxygen affinity constants;
pathway (via NOH) | With Syou. Cdll growth during NH,OH oxidation. | NOH breakdown to produce NO.
Model D - NH,OH | Using Syns4 and Syoz; Three-step NH," oxidation viaNO; Two dlffergnt oxygen affinity .constants;
pathway (viaNO) | With Syo Call growth during NH,OH oxidation, | O reduction to produce NoO;
' " | Without oxygen inhibition.
USING Swus and Suop: Three-step NH3 oxidation; Applying electron competition concept;
Two-pathway | Mode E Wi thg o ectH?on carrig?s One-step NO, reduction; Without oxygen inhibition;
mo deFI)sb y Without cell growth. Without anoxic reduction factor.
AOB y Mostly same as Model E; | Mostly same as Model E; Mostly same as Model E;
Mode F With Scop; With energy carriersinvolved; With energy carriersinvolved;
With energy carriers. With cell growth considered. With effect of inorganic carbon considered.
. . Coupling carbon oxidation and , .
N,O modls by Mode G Without electron carriers. nitrogen reduction (4 processes). Without el ectron competition concept.
heterotrophs Model H With electron carriers. Dgcouplmg car.bon oxidation and With electron competition concept.
nitrogen reduction (5 processes).




Table 2. Guidelinefor model selection for predicting N,O production by AOB and heterotrophic denitrification

N>O models Single-pathway models by AOB Two-pathway models by AOB N>O models by heterotrophs
v ModelsA, Al, B and B1 to describe the v" Modée G to predict the
regulation of N,O production by nitrite (or FNA) | v Mode E to predict N,O overal nitrogen and COD
v" Modé A to predict possible DO inhibition on production at varying DO and removal performance with
Applicable NO production at high DO levels NO, with constant IC low level accumulation of
conditions v ModelsAl, B and B1 to predict possible pH v" Modé F to describe N,O denitrification intermediates
effect and FA/FNA inhibition on N,O production production under highly Model H to describe N,O
v" Models C and D to describe N,O emissions at dynamic IC condition production under different
high DO levels and low nitrite accumulation conditions
v" Modéel A not to describe the increase of N,O
production with increasing DO .
Inabilities of the | v Models B and B1 not to predict the N,O v Model E not to describe N>O M%jdroG dﬂgigﬁ“f’vﬁ'b‘e
models production related to the dynamics of NH,OH production with dynamic IC eIfectrF())n competition
v Modes C and D not to predict the effect of nitrite P
accumulation on N,O production
v - .
v" The haf saturation constant for nitrite or FNA :_heg'g té/gé)trrlgnasnézwnh The N»O production and
Key parameters (Knozaos OF Kynozaos for ModelsA, Al, B, B1) =P G- reduction rates

for calibration

The reduction factor for N,O production (naos,
for al the six single-pathway models)

Kmred,3, ad Knred 4)
The ratios among the affinity
constants to electrons

The relative ratios between
electron affinity constants




Figure L egends

Figure 1. Simplified representation of the threexXN production pathways by ammonia
oxidizing bacteria (A) and heterotrophic denitnifie(B): nitrifier denitrification,
NH,OH oxidation and heterotrophic denitrification pagys.

Figure 2. Simplified representation of the electron transfied energy transform processes in
the biochemical reactions (reaction numbers reféraible S3 in Sl) associated with
N>O production by AOB via the two production pathwals) Electron balance (Ni
et al., 2014), and (B) Energy balance (Peng ef@lba).

Figure 3. The predicted contributions from the nitrifier dnfication pathway and the
NH,OH pathway as well as their shifts using Model &alrdata: symbols, model
predictions: lines) for a partial nitrification {tgpanel adapted from Ni et al., 2014)
and a full nitrification system (right panel adapteom Peng et al., 2014).

Figure 4. Summary of applicable regions for the AOB denitation model, the N{OH
oxidation model and the two-pathway model underiousr DO and N@
concentrations. The applicable regions were insgasio the variations of key
parameters governing 0 production by the two-pathway model (Peng et al.,
2015b).

Figure 5. Model evaluation results for ® emissions using the measurement results at the
beginning (BM) (upper panel), the middle (MM) (midganel) and the end section
(EM) (bottom panel) of the summer aeration packagethe UCT process from
Eindhoven plant by using ASM-type models that carelmne of the single-pathway
models of AOB (Models Al, B1 and C) with ASMN (Mdd8) of heterotrophic
denitrifiers (Spérandio et al., 2014).

Figure 6. Model predicted percentage contributions from tiimee NO pathways to total
N>O productions at six different locations of thesFiStep (left panel) and the
Second Step (right panel) in the step-feed fullesc&WTP, i.e., the nitrifier
dinitrification pathway, the NKOH pathway and the heterotrophic denitrification
pathway (Ni et al., 2015).
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The models describing al the known microbial pathways for N,O production are reviewed.
The N,O model structures as well as their underlying assumptions are compared.

Model evaluations using lab-scale and full-scale experimental data are discussed.

The key kinetic and stoichiometric parameters are summarized and analysed.

The applicability of these N,O models under various conditions is elucidated.
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Table S1. Thedefinition of all model components

Variable Description

Sos Dissolved oxygen (DO) concentration

S\ Ammonia (NH) concentration

= - Ammonium (NH;") concentration

Svo2 Nitrite (NO,) concentration

Sie Nitrate (NG') concentration

S Nitrogen gas (B) concentration

Sm Free nitrite acid (FNA) concentration

= . Nitric oxide (NO) concentration

Sv20 Nitrous oxide (NO) concentration

SR Hydroxylamine (NHOH) concentration

= - Nitrosyl radical (NOH) concentration

Sired Reduced form of electron carrier (Mred) concentrati
Sviox Oxidized form of electron carrier (Mox) concentoeti
P Released form of energy carrier (ADP) concentration
Sy Reserved form of energy carrier (ATP) concentration
Soon Inorganic carbon (IC) concentration

Sq Readily biodegradable COD concentration

Xy Heterotrophic denitrifiers (HD) concentration

X roB Ammonia-oxidizing bacteria (AOB) concentration

S2



Table S2. Process matricesfor the six single-pathway N,O models of AOB in literature

Process Model Components

So2 (3::) SwH2oH  SwoH (SS-:\lr\i)Zz) Svo Swo  Xaos

Kinetic rate expressions

Mode A — AOB denitrification pathway (Ni et al., 2011)

Sz Swa
A-1 -1.14 -1 1 Hpos,avo AOB
Kozaos1 t Sz Knanos t Swa
229-Y . 1 1 S S—
A-2 -—— A8 =1 - 1 HnoB,Hao . X pos
Y aos N.A08 Y aon Ypos Kozaoe2 T So2 Kiizom aos + Swzom

K S S

A-3 -1 -3 4 17 no M noB, Hro PR e e X acn
So2 + K 02008 Knozaoe +Snoz Kiizon,aos + Swizon

K S S

A-4 -1 1 -4 4 N = X o

SOZ v K| 02,A0B K NO,AOB i SNO K NH 20H,AOB i SNH 20H

Mode A1 — AOB denitrification pathway (Pocquet et al., 3p1

Al-1 -1.14 -1 1 IUAOBYAMO Koz,AoSBD;"' 332 KNH 3,A0B + S\IH3 '?\E'—;Nm)z / KI ,NH 3,A0B XAOB
A1-2 B % - I Nass - YA:I-OB YA:I-OB l 'UAOB'HAO KO 2,AO$B?22 v 3)2 KNH ZOH,SA\‘:BZTS\IH 20H XAOB
S S
A1-3 -1 -3 4 ”AOBIUAOB’HAO K HNOZ,A:’B\IOj SHN02 K NH 20H ,/’::BZTSNH 20H X e
S S
Al-4 1 1 -4 4 Doshicnrso e Konmomson + S "
Model B — AOB denitrification pathway (Mampaey et al., 3p1
343 - 1 . 1 S S
B-l B % ) % a A8 g 1 /JAOB KOZ,AOZZ+ SOZ K NH 3,AO’\;H3- SNH3 X e
229-Y 1 . 1 2 S S S
B-2 ) TT ) YAOB,den e ) YAOB,den YAOB,den 1 rosHincs Koz,Ao:2+ Soz K NH 3,Ao’:3Hi SNHB K HNoz,A:’EjO:' SHNoz XAOB
229-Y - 1 . 1 2 2
B-3 ) T::Bd ) m - i Ao8 YAOB,den ) YAOB,den YAOB,den 1 ”AOB/JAOB KOZ,A22+ S)Z KNH SZ\‘:i SNH3 KNO,A?),\B‘O-'- S\IO XAOB
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Model B1 — AOB denitrification pathway (Guo and Vanrollegne2014)

3.43_Y 1 o 1 2 SNHS KIHN 2,AOB
B1-1 -—— _7_IN,AOB VI 1 Hpos % 2 AR X acs
YAOB YAOB YAOB KOZ,AOB + SOZ K NH 3,A0B + SNH3 + (SNH3) / KI ,NH 3,A0B KI ,HNO2, AOB + SHNOZ
2.29 = Y o8 gen 1 i 1 2 Shs Shinoz
B1-2 - = ~In,n0B - 1 17 nos M nos X p08 DOriaigane
e Y 0B, den Y a0, den Y e, den K 3,208,000 T Sz Kinoz aoe + Shinoz pos
229 =Y 108 den 1 . 1 2 2 ST Sw
B1-3 -—— = ~In AoB - 1 77 aos M pos X po8 DOriaigane
Y o8 den Y p0B,den Y 0B, den Yaosden  YaoB.den Krzaos.den T Sz Kno,aoe T Sio e
DOy = Sz
reldane K +(1-2,K /K 1S + (Sop)? 1 K
02,A0B,den 02,A0B,den 1,02,A0B 2 2 1,02,A0B
Model C — NH,OH/NOH pathway (Law et al., 2012)
So2 Swa
C-1 -1.14 -1 1 Hnos, X
FOBANO Kozaos1 t Sz Knaaos + S hoe
114-Y . 1 1 Sem St
C-2 _ AOB —j - 1 H noB HrO L X
Y aoe NAGB Yaos Yaos Kozaos2 TS0z Kynzom,a0s + Syrzom e
Soz Skor
C-3 -114 -1 H poB HAO2 X aos
1 Kozaos2 +So2 Know,aos + Swon
C-4 -1 1 Knon Shor
Mode D — NH,OH/NO pathway (Ni et al., 2013b)
Soz SiHa
D-1 -1.14 -1 1 H o, am
° Kozaoss tSoz Kynanaos * Swaa roe
171 - Y . 1 1 Soz SNH 20H
D-2 _ AOB —i = 1 H nos Hro 1 X0
Y aos NACB Yaos Y a8 Kozaoe2 S0z Kzom,a08 + Syrzom e
So2 Svo
D-3 - 057 - H poB HAO,2 X pos
1 1 Kozaoez TS0z Ko aos * Sho
S S
D-4 -1 1 -4 4 1 s H o8 a0 - S X aos

K NO,AOB + SNO K NH 20H,AOB + SNH 20H

S4



Table S3. Process matricesfor the two two-pathway N,O modelsof AOB in literature

Model E — Decoupling approach, electron balance based Injddet al., 2014)

SOZ SNH3 SMred
E-1 -1 -1 1 1 -1 M\ 3.0x X
i KOZ,NH3 + SOZ KNH3 + SNH3 KMred,l i SMred hos
SNH20H SMox X
E-2 -1 1 -3/2 312 I'\H 20H 0x K +S, K, +S, AOB
NH 20H H 20H Mox X
S
E-3 -1 -1/2 112 Moo 45 K S’isM X noe
NO,ox NO Mox oX
S
E-4 112 12 <12 Mo v o K SMTSM X aoe
NO,red NO Mred ,2 red
E-5 -1/2 1 1 Fozre 10 S°2+ 5. K SM':"SM a0
O2,red 2 Mred 3 red
SN02 SMred
E'6 1/2 1 '1 rNOZ,red KNO2 +SN02 KMred’4 +SMred AOB
SMred + SMox = Ctot
Model F — Decoupling approach, electron and ATP balansedaodel (Peng et al., 2015a)
2 H3 red Spop
F-1 1 1 1 1 1 23 23 T
O2,NH3 2 NH3 H3 Mred 1 red ADP ‘ADP
SNH20H SMox
F-2 -1 1 -1 1 rNH zon e KNH20H + SNH20H KMox + SMox XAOB
SNO S\/on
F-3 -1 -1 1 rNovox KNO,ox + SNO KMox + SMox XAOB
F-4 -1 172 M'oyrea Sho

S5



F-5

F-6

-1/2

-1/3 1/3
-1/3 1/3
15 -15

b

%2 S\/Ired SADP

O2red + S)Z KMred,Z + S!\/Ired I<ADP + SADP

SN02 SMred SADP
NO2 + SN02 K Mred ,3 + SMred K ADP + SADP

I
02,red AOB
K

r
NO2,red G5
K

Scoz Shred S
coz +Scoz KMred,4 +Svred Kare +Sare

I noB K X poB

SMred + S = Ctot 1

Mox

SADP 7 SATP = Ctot,Z
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Table $4. Process matrices for the two types of four-step denitrification models describing N,O production by heterotrophic denitrifiers

Proces: Model Components Kinetic rate expressions
Svos Svo2 Svwo Swo S\ S Svox  Swred Xn
Model G — ASMN, the “direct coupling approach” adaptedhirbliatt and Grady (2008)
_ 1_YH [/7Y 1_YH E]Y # ,7 ( SS )( SN03 )x
G-1 11430, [y, 11430y @y “Y(Yu @) 1 Mg Kg *Sg KH83+SN03 "
1-Y, 1-Yy @y S SNO2 KNO,2
- - ( ) )X
G-2 0571LY,, 7, 05710, Gy (¥ ) 1 Hygy Kg, * Sq K“OBZJrSNOZ Knoz2 * Sno
_1-Y, (p, 1-Y, Gy 7Sy Sno X
G-3 0571LY,, [, 05710y By Y% ) 1 Wik esg RN
1-Y, [, 1-Yy By ) Sg Snzo KNO,4 X
G-4 0571LY, (7,  O7iYymy YY) 1 uH,794(KS4+SS)(K'|\'I|EO+sNZO)(KNO'4+SNO) ;.
Model H — ASM-ICE, the “indirect coupling approach” adappfeom Pan et al. (2013b)
S S
H-1 -1 “@-Y4) 1Y% Y4 Tcopm (=) Mox )X

ax
KS * SS KMox * SMox

S, S
NO3 Mred
H-2 X 1 1 -1 rNO3,max(KH|3 +s i b5 )%
NO3 NO3 Mred 1 “Mred

S S
1 1 NO2 Mred
H-3 1 1 S S "No 2max(, B W b5, %
2 2 KN02 +SN02 Mred ,2 Mred
S S
1 1 1 NO Mred
H-4 -1 = = >y "NO max{ ( WX
2 2 2 MK 8 +5yo KMred 3™ Suired
S S
N20 Mred
H-5 -1 1 1 -1 'N D,max(KHB +S )(K +S X
N20 N20 Mred,4 Mred

SMred + SMox = Ctot

S7



Table Sb. Kinetic and stoichiometric parameters of all the N,O modelsreviewed

Parameter Definition Typical Source
values
Model A — AOB denitrification pathway

Y aon Yield coefficient for AOB, g COD g N 0.150 Ni et al. (2011)

INAOB Nitrogen content of biomass, g N g-1 CO 0.07 Ni et al. (2011)
Hnosavo ~ Maximum AMO-mediated reaction rate; h 0.122 Ni et al. (2011)
Uros o ~ Maximum HAO-mediated reaction raté*h  0.092  Ni et al. (2011)

Kos pon.s So2 af_f;nlty constant forSyns oxidation, g 0.043 Ni et al. (2011)
DO m

Kos rom s So2 aflnlty constant foiSyu2on Oxidation, g 06 Ni et al. (2011)
DO m

K, 0208 iog substrate inhibition parameter, g C 0112 Ni et al. (2011)

1A0B Anoxic reduction factor 0.074 Ni et al. (2011)

Kanasos  Swns affinity constant for AOB, g N i 2.4 Ni et al. (2011)

Kynzon aos  SwHeon affinity constant for AOB, g N 2.4 Ni et al. (2011)
Krozaos  Swoe affinity constant for AOB, g N 0.14 Ni et al. (2011)
Krosos  Swo affinity constant for AOB, g N i 0.0084  Nietal. (2011)
Model A1— AOB denitrification pathway

Y pon Yield coefficient for AOB, g COD g N 0.150 Pocquet et al. (2013)

INAOB Nitrogen content of biomass, g N g-1 CO 0.07 Pocquet et al. (2013)
Haosmo ~ Maximum AMO-mediated reaction rate* h 0.216 Pocquet et al. (2013)
Haosmo ~ Maximum HAO-mediated reaction ratét h 0.062 Pocquet et al. (2013)
Koz pon.s g()é ;f_f;nlty constant forSyns oxidation, g 0.043 Pocquet et al. (2013)
Kos rom s g()é arl:]lnlty constant foiSyu2on Oxidation, g 06 Pocquet et al. (2013)

1A0B Anoxic reduction factor 0.20 Pocquet et al. (2013)
Kuisaoe  Swns affinity constant for AOB, g N i 0.4575 Pocquet et al. (2013)
K, wiaon Sz Substrate inhibition constant for AOI 16 Pocquet et al. (2013)

gNm?
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Kyrzom.a08  SwHzow affinity constant for AOB, g N m 2.4 Pocquet et al. (2013)
Kinozaos  Shnoe affinity constant for AOB, g N M 0.002 Pocquet et al. (2013)
Ko A05 Swo affinity constant for AOB, g N M 0.004 Pocquet et al. (2013)
Model B — AOB denitrification pathway
Vss Yield coefficient for AOB, g COD g N 0.150 Mampaey et al. (2013)
INAOB Nitrogen content of biomass, g N ¢ OD 0.07 Mampaey et al. (2013)
Haos Maximum AOB growth rate, h 0.045 Mampaey et al. (2013)
1A0B Anoxic reduction factor 0.03 Mampaey et al. (2013)
Kwisaos  Swhs affinity constant for AOB, g N M 1.0 Mampaey et al. (2013)
Ko A05 Swo affinity constant for AOB, g DO i 1.0 Mampaey et al. (2013)
Kinozaos  Sunoz affinity constant for AOB, g N m 0.002 Mampaey et al. (2013)
Koz 08 So» affinity constant for AOB, g DO i 0.5 Mampaey et al. (2013)
Model B1— AOB denitrification pathway
Y.s  Yield coefficient for AOB, g COD YN 0.180 g(;i 4"’;”0' Vanrolleghem
v Yield coefficient for AOB denitrification, ¢ 0.150 Guo and Vanrolleghem
foBdn CODgG'N ' (2014)
. Nitrogen content of biomass, g N g-1 CO Guo and Vanrolleghem
INAOB 0.07
' (2014)
HUrop Maximum AOB growth rate, h 0.032 D e Lelel iy
(2014)
. . Guo and Vanrolleghem
nAoB Anoxic reduction factor 0.3 (2014)
Kaiasos  Swhs affinity constant for AOB, g N i 0.007 gléignd Vel Eg ety
K Swz  affinity  constant for AOB 0.0041 Guo and Vanrolleghem
NH3A08.den  denitrification, g N it ' (2014)
K Swus Substrate inhibition constant for AOI 01 Guo and Vanrolleghem
1,NH 3,AOB g N m—3 - (2014)
Kroaos  Suo affinity constant for AOB, g DO i 0.1 D e Lelel iy
(2014)
Kinozaos  Stnoz affinity constant for AOB, g N i 0.00001 gléignd Vel Eg ety
K, inozsos  SHnoz inhibition constant for AOB, g N th 0.001  Guo and Vanrolleghem
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Kosaos  So affinity constant for AOB, g DO i 0.6 ggij;nd el Ee ey
K So,  affinity constant for AOB 214 Guo and Vanrolleghem
02A0B.4n  denitrification, g nt ' (2014)
K Soz substrate inhibition parameter, g C 4.68 Guo and Vanrolleghem
1,02,A0B m-3 . (2014)
Model C — AOB NH,OH/NOH pathway
e Yield coefficient for AOB, g COD g N 0.150 Law et al. (2012)
INAOB Nitrogen content of biomass, g N g-1 CO 0.07 Law et al. (2012)
Hros. avo Maximum AMO-mediated reaction rate’ h 0.205 Law et al. (2012)
Maximum HAO-mediated reaction rate f
Hpos Hao 1 NH,OH oxidation, K- 0.065 Law et al. (2012)
Maximum HAO-mediated reaction rate f
Hpos Hro.2 NOH oxidation, K 0.43 Law et al. (2012)
ffinit tant f idati
Ke102 sos S a_3|n| y constant forSyys oxidation, g 04 Law et al. (2012)
- DO m
ffinit tant f idati
Kszon 08 Sxpa _|3n| y constant foiSyn2on OXxidation, g 0.056 Law et al. (2012)
- DO m
Maximum reaction rate for NOI
KnoH S a1 0.79 Law et al. (2012)
Kaaanose  Swha affinity constant for AOB, g N m 2.4 Law et al. (2012)
Kyhzom. 208 SwHzow affinity constant for AOB, g N M 0.7 Law et al. (2012)
Kwonaoe  Swow affinity constant for AOB, g N M 0.7 Law et al. (2012)
Model D — AOB NH,OH/NO pathway
e Yield coefficient for AOB, g COD g N 0.150 Ni et al. (2013b)
INAOB Nitrogen content of biomass, g N g-1 CO 0.07 Ni et al. (2013b)
Hros. avo Maximum AMO-mediated reaction rate’ h 0.205 Ni et al. (2013b)
Maximum HAO-mediated reaction rate f .
Hpos Hao 1 NH,OH oxidation, F- 0.085 Ni et al. (2013b)
Maximum HAO-mediated reaction rate f .
H o Hro .2 NOH oxidation, K 0.567 Ni et al. (2013b)
ffinit tant f idati .
Ke102 sos S a_3|n| y constant forSys oxidation, g 04 Ni et al. (2013b)
- DO m
ffinit tant f idati .
Kssos sos [S)Oé ?n_;”' y constant foSuzon 0xidation, g 175 \j et al. (2013b)
1A0B Anoxic reduction factor 0.285 Ni et al. (2013b)
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Kaaanose  Swha affinity constant for AOB, g N m 2.4 Ni et al. (2013b)
Kyzom.208  SwHzow affinity constant for AOB, g N m 2.4 Ni et al. (2013b)
Krvonos  Swo affinity constant for AOB, g N il 0.0084 Nietal. (2013b)
Model E — Two-pathway model of AOB
M0 aesgll;‘ér\r}ggml;m ammonia oxidation rai 14.75 Ni et al. (2014)
F b 20H ox aesgll;‘ér\r}ggml;m NEKOH oxidation rate, 2286 Ni et al. (2014)
o0 aesgll;‘ér\r}ggml;m NO oxidation rate, 2286 Ni et al. (2014)
oo red aesgll;‘ér\r}ggml;m oxygen reduction rate 48.02 Ni et al. (2014)
Moz red aesgll;‘ér\r}ggml;m nitrite reduction rate, 3.06 Ni et al. (2014)
M'NO red ar;sg;;‘l(f;@gg%lm NO reduction rate, 1.6x1%  Njietal (2014)
Koz s Sgﬁgﬁgﬁﬁ;}%ﬁf&ftam for ammonla' 1.9x10° Ni et al. (2014)
Kysia ﬁ\)r(ri}(;g(t)igﬁ ?rll‘f;:étl)_ll\clzltl)_nstant for ammonia 1.7x10"  pietal. (2014)
oo igation, mmokNIL 5x10°  Nietal. (2014)
K no.ox rl\rlwon(z)ilﬁll\In/ItLy constant for NO oxidation, 6x10% Ni et al. (2014)
K oo red Oxyge_n affinity constant for oxygen 1.9x103 Ni et al. (2014)
I’e.dL.JCtIOI‘]., mmoI-QL o
Koz gérggtiéﬁlﬁiymcg?sﬁint for nitrite 1x10°  \jetal. (2014)
K vo red rI\Tl]rOn(z)alﬂ‘:\lnlltl_y constant for NO reduction, 6x10% Ni et al. (2014)
K mox ?f(.d:g:)nr:ty rrtl:rc:]r:)sl/tgn\} ;osr NHOH o.r NO 1x10°Ciot  Nj et al. (2014)
K pres 1 OS)W(%d ;fgw%mljéacggf ammonia 1x10°Ciot  Nj et al. (2014)
K yred 2 ?rﬁdo%gi-@g Sconstant for NO reduction, 1x10%%Cyoy Ni et al. (2014)
K yred 3 ?rﬁdo%gi-@g Sconstant for oxygen reductior g gx10? Ni et al. (2014)
K vred 4 awrrnedozlagi-r:i/g Sconstant for nitrite reduction, 1 gx10! Ni et al. (2014)
Co comstant, mmalgves T 1408 ietal (2014)
Model F - Two-pathway model of AOB
Maximum ammonia oxidation rat 14.75 Peng et al. (2015a)

r
NH3.0x mmol/(g-VSS*h)
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i 0] mxgw(gr.?/ssyhgb% SRl e 22.86 Peng et al. (2015a)
Mot ox M%XQW(ZT/SS*':)OH oxidation fate ;345  pengetal. (20152)
M2 red mixci)rly(tér_r\llssfrsygen (EellEel] [ 48.02 Peng et al. (2015a)
Moz e mmﬁ?(zw/s S*?]i)trite feeluEion rate 3.06 Peng et al. (2015a)
Mo, red m%xci)rly(Lrjnmmol*Nh)OH decomposition rat 6x10° Peng et al. (2015a)

Il noB m%:gnn?%m%(aa-\%oghh) S sl 0k 1.55 Peng et al. (2015a)

Kozanms OOzﬁgt;gn’ar;ﬁr?]ict))ll_Q;:fnstant for ammon ; g.q¢? Peng et al. (2015a)
Kora Q%‘;‘ggf afinty constant for ammoni 4 7.15!  peng et al. (2015a)
e — yﬂég&n,amigf.ﬁ TEEAL el NLSIs 5x10° Peng et al. (2015a)
Ksort o rﬁ?nlgp?\]f;i[my constant for NOH oxidatior 5x102 Peng et al. (2015a)
Koz, red gﬁn%?ign’?;fmgl)i@fonstam for oxyge  gx1g? Peng et al. (2015a)
K o rNei(tjrlth((:etionfjlfrf:]nrir:;él_N;:fnstant for nitrite 1x102 Peng et al. (2015a)
Keop g?nzoﬁf(f:i/nl_ity constant for carbon fixatior 235 Peng et al. (2015a)
K yion gf(faggi)“rif’yr:&gf/t;?}g NHOH and NOH 5 15102 peng et al. (2015a)
Kirea (?;E?jdatigginrir?r/nollcg-clsg%nt for ammont 1x10°%Cit  Peng et al. (2015a)
Koz ?rrnedoigi_r\l;tgsconstant for oxygen reductiol 6.9x16°  Peng et al. (2015a)
Koo ?rrnedozl's}gi_r\lligsconstant for nitrite reductior 8.9x10° Peng et al. (2015a)
Korata ?rrnedollzf-ﬁ\?gé constant for cell growth 1x10°Cy  Peng et al. (2015a)
K, %:;oslg_i\r}i;ys constant for cell growth 4.4x10°  Peng et al. (2015a)
Kow 2 atiﬂ”ﬁ;{ﬂ ol‘/:g_r\‘/s;%”t for ammoni 4 4441  Ppeng et al. (2015a)
Coota Igr?stzlrjl:] mor;?)vl'/rad_vasng Svoo WhICh s a4, 452 Peng et al. (2015a)
Cus o a1 Sge 300 S WD 2 50t peng tal. ot

Model G- ASMN of heterotrophic denitrifiers
My Maximum specific growth rate;*h 0.26 Hiatt and Grady (2008)
Y, Yield coefficient for heterotrophs, g COD 06 Hiatt and Grady (2008)

g' CcCoD
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N Anoxic yield factor, dimensionless 0.9 Hiatt and Grady (2008)
Nar Anoxm growth factor for nitrate reduction, 0.28 Hiatt and Grady (2008)
dimensionless
- Anoxm growth factor for nitrite reduction, 016 Hiatt and Grady (2008)
dimensionless
Ngs Anoxm growth factor for NO reduction, 0.35 Hiatt and Grady (2008)
dimensionless
- Anoxm growth factor for MO reduction, 0.35 Hiatt and Grady (2008)
dimensionless
Affinity constant for Ss in nitrate reductiot .
K
s1 g-COD n?® 20 Hiatt and Grady (2008)
Affinity constant for Ss in nitrite reduction :
K
S2 g-COD n?® 20 Hiatt and Grady (2008)
Affinity constant for Ss in NO reduction .
K )
S3 g-COD n?® 20 Hiatt and Grady (2008)
Affinity constant for Ss in BO reduction, .
K
sS4 g-COD n?® 40 Hiatt and Grady (2008)
s Affinity constant for nitrate, g N M 0.2 Hiatt and Grady (2008)
e Affinity constant for nitrite, g N ni 0.2 Hiatt and Grady (2008)
ke Affinity constant for NO, g N it 0.05 Hiatt and Grady (2008)
KRS Affinity constant for NO, g N m® 0.05 Hiatt and Grady (2008)
NO inhibition coefficient for nitrite :
K
I NO,2 reduction, g N i 0.5 Hiatt and Grady (2008)
K, o NO |n_r31|b|t|0n coefficient for NO reduction 03 Hiatt and Grady (2008)
gNm
NO inhibition coefficient for NO :
K
I NO4 reduction, g N i 0.075 Hiatt and Grady (2008)
Model H — ASM-ICE of heterotrophic denitrifiers
Maximum carbon source oxidation ra
I
cobmax COD/(L*h) 0.34 Pan et al. (2015)
Maximum nitrate reduction rate, mm
r
NO 3max NO; /(mmol biomass*h) 0.045 Pan et al. (2013b)
Maximum nitrite reduction rate, mmc
r
NO 2max NO, /(mmol biomass*h) 0.059 Pan et al. (2013b)
: : |
NG max Mammum NO reaction rate, mmol N 0.56 Pan et al. (2013b)
/(mmol biomass*h)
N D max Maximum NO reaction rate, mmc 0.23 Pan et al. (2013b)

N>O/(mmol biomass*hour)
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KNoa
KNGz

KNG
Kli50
KMox
KMred1
KMred,2

KMred3

KMred 4

Affinity constant for Ss, mmol COD/L 0.1
Affinity constant for nitrate, mmol N©/L 0.018
Affinity constant for nitrite, mmol N@/L 0.0041
Affinity constant for NO, mmol NO/L 0.000011
Affinity constant for NO, mmol NO/L 0.0025
Affinity constgnt for Sox for Ss oxidation, 0.0001
mmol/mmol biomass

Afflnlty constant for .$|,ed in  nitrate 0.0046
reduction, mmol/mmol biomass

Afflnlty constant for .$|,ed in  nitrite 0.0004
reduction, mmol/mmol biomass

Affinity constgnt for Qreq IN NO reduction, 0.00001
mmol/mmol biomass

Afflnlty constant for . Sreda IN N2O 0.0032
reduction, mmol/mmol biomass

Yield coefficient for  heterotrophs 05
mmol/mmol '
Total electron carrier concentratio 0.01

mmol/mmol biomass

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

Pan et al

. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)
. (2013b)

. (2013b)
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