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Abstract

This thesis aimed to develop a novel mathematical tool for the mitigation of nitrous oxide
(N20O) emissions in wastewater treatment plants (WWTPs). Considering that N>O is a greenhouse
gas with a grave global warming impact, tools for the prediction of N,O production in WWTPs are
essential to accurately estimate the emissions and effectively reduce them. The first chapter
reviewed past studies focusing on the N.O generation in WWTPs. The major findings underlined
the need to optimise the applied WWTP processes and use models that consider multiple N.O
production pathways and changes of majorly influencing operational factors (e.g. dissolved
oxygen, DO). The second chapter presented the development of an N,O model following the
widely accepted International Water Association (IWA) Activated Sludge Model (ASM) structure
that described the operation of a full-scale anaerobic-anoxic-aerobic municipal WWTP. The
simulation results showed that low-aeration strategies require optimisation to avoid unstable
nitrification and increased N,O production via the nitrification-related pathways. The third chapter
introduced an ASM-type N,O model for the operation of a real full-scale municipal WWTP that
provided data for the model calibration. The simulation results indicated that lower DO setpoints
than those documented during the monitoring campaign can be applied to decease energy
requirements without observing higher N.O emission. The fourth chapter explored the
development of an N>O model based on an alternative concept that describes the complex
electron transfer processes of the bacterial populations involved in the N>O production. The
developed model was adapted to the operation of a real full-scale municipal WWTP that provided
data for the model calibration and validation. The results showed how important the applied
aeration regime is while considering mitigation strategies. This last chapter emphasised how
errors/inconsistencies in the sampling campaigns can lead to the development of inaccurate

models if these data are used for calibration/validation purposes.
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Preface

This PhD project aimed to develop, calibrate and validate a novel mathematical
tool that can be used for the purposes of the online monitoring, control and mitigation of
the carbon (C) footprint of wastewater treatment plants (WWTPs). Gaseous emissions
are produced at various stages during the biological nutrient removal (BNR) in WWTPs.
Strategies to decrease the required amount of energy for this operation may in fact cause
greater harm due to the increase of greenhouse gas (GHG) emissions. Various GHG
emissions are associated with the construction and operation of WWTPs; these include
carbon dioxide (COz2), methane (CH4) and nitrous oxide (N20), with N2O having a global
warming potential (GWP) 265-298 times higher than the one of CO2. The development of
reliable and robust tools allowing the prediction of N2O production and emission during
the BNR in WWTPs is important for several reasons: (i) to accurately estimate the
anticipated emissions, (ii) to immediately apply measures to reduce them, and (iii) to link

them with a particular activity in the plant.

Thus, the key aims of the project can be summarised below:

e Develop a novel and flexible mathematical tool able to accurately predict the N20O
production and emission during the operation of a WWTP based on different
approaches (i.e. International Water Association (IWA) Activated Sludge Model
(ASM) structure; electron-carrier concept);

e Expand and adapt the developed versions of the model to describe the operation

of different full-scale WWTPSs;
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e Calibrate/validate the proposed versions of the model by using real data from the
operation of existing full-scale WWTPs to verify their reliability and accuracy;

e Suggest the most probable N20 production pathway in each case along with the
operational conditions that triggered the N2O generation;

e Estimate the N2O emission factor (EF) for each WWTP under investigation by

using the developed model versions.

Hence, this research was conducted to answer to the following research questions:

e Which operational conditions majorly influence the N2O production and emission
during the BNR in WWTPs?

e Can previously developed and widely accepted modelling concepts (e.g. IWA ASM
models, electron carrier models) be extended and adapted to describe the N2O
production and emission in different full-scale WWTPs?

e Which are the sources of uncertainty in this research?

e How can this research be improved and extended in the future?

To this end, this thesis was structured in the following way. First, a literature review
that presented in detail all the pathways for N2O production during the BNR in WWTPs,
the most important parameters (e.g. dissolved oxygen (DO), temperature, pH, N20
predecessors, etc.) influencing the N20 production & emission in WWTPs, an
assessment of the N20 quantification techniques, a comparison of existing N20

production/emission models, and suggestions for effective mitigation. Then, the IWA
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ASM2d structure was expanded to develop an ASM-type N20 model including all
microbial N2O production pathways, nitrogen (N), phosphorus (P) and chemical oxygen
demand (COD) removal, N20 stripping modelling, and prediction of the N2O EF under
changing DOs. Afterwards, this IWA ASM1 structure was adapted to describe the N20O
production and emission during the operation of the full-scale municipal SBR WWTP of
La Roca del Valles (Barcelona, Spain). The developed model was calibrated with real
data from the WWTP operation. The calibrated model version was then used to test if the
reported emission trends can be successfully described under lower DOs. Next, the
alternative approach to N20O modelling (i.e. electron-carrier concept) was followed to
create a multiple-pathway model describing the operation of a full-scale municipal SBR
WWTP in Australia. This new version of the model was calibrated and validated using
full-scale data from the intensive monitoring campaign of the plant under investigation.
Furthermore, it was emphasised how potential errors in the sampling
campaigns/methods/devices generate unreliable measurements. If these data are used
for validation/calibration, they lead to inaccurate models. Finally, suggestions were made

concerning the continuation and expansion of this research to new areas.

The results of each chapter are summarised below. Due to its high GWP, even a
moderate N20O quantity can importantly contribute to the final C-footprint of WWTPs. The
biological pathways connected with the N2O production during the BNR in WWTPs are
nitrifier denitrification, hydroxylamine (NH20H) oxidation and heterotrophic denitrification;
the first two occur through the activity of ammonia oxidizing bacteria (AOB). The major
parameters influencing the N2O emission during wastewater treatment are appraised in

the first chapter. Indeed, different aspects that contribute either per se or combined to the
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increase of N20 emissions are listed: insufficient DO, nitrite (NO2") accumulation, low
COD:N, inhibited growth of the denitrifying bacterial population, absence of pH and/or
temperature control. The accurate modelling of N2O production and emission in WWTPs
requires the inclusion of all biological production pathways as well as the possible
abiotically driven N2O generation under changing conditions (e.g. varying DOs and/or
NO:2" concentrations). Therefore, it can be concluded that the decrease of N2O emission
during the BNR in wastewater treatment relies upon the concurrence of different factors:
application of the most appropriate N-removal process, optimum combination of operating
conditions, and use of multiple-pathway models for the accurate prediction of N20

emissions.

In the second chapter, a methodology to predict N2O emissions during the BNR in
WWTPs was presented. The developed N20 estimation model considered the changing
operational conditions (e.g. DO) within WWTPs. Based on the ASM structure, the
proposed mathematical tool incorporated all biological N2O production pathways for a
municipal anaerobic/anoxic/oxic (A%/O) WWTP with biological N, P and COD removal. A
stripping effectivity (SE) coefficient was added to reflect the potential divergence of the
stripping model from the actual stripping process. Partial nitrification resulting in high N2O
production via nitrifier denitrification was observed when the DO in the aerobic
compartment ranged from 1.8 to 2.5 mg Oz L. The latter possibly suggests that
decreased aeration strategies facilitate the attainment of a low overall C-footprint provided
that complete nitrification is not compromised. The model predicted high N2O emissions
when low DO (~1.1 mg Oz L) and high influent ammonium (NH4") concentration

coincided. Further observation revealed that when the AOB population was higher than
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the Nitrite Oxidizing Bacteria (NOB) respective one, NO2  accumulated. Hence, nitrifier
denitrification was the preferred N2O production pathway. Moreover, the effect of a
sudden increase in the influent NH4* load was investigated. It was noted that it resulted
in the AOB growing at a faster rate compared to the NOB; thus, nitrifier denitrification
pathway was considered once again as the N20 hotspot. Finally, the developed model
predicted that the highest N2O EFs occurred under the following concurring conditions:
enhancement of partial nitrification (i.e. low DO) along with increased importance of the

stripping effect (i.e. high SESs).

In the third chapter, real N2O emission data from the full-scale municipal SBR
WWTP of La Roca del Valles (Barcelona, Spain) were used and the IWA ASM1 version
was expanded and modified in the following way: adaptation to an SBR configuration
performing COD and N removal, in addition to the inclusion of the biological and abiotic
N20 production. During the plant operation, two different cycle types were applied and
monitored in terms of N2O emissions; cycles of type B and C. Cycle B involved the
alternation amongst two non-aerated (25-40 min) and two aerobic phases (15-40 min).
The reaction phase for Cycle C included the sequence of two shorter non-aerated phases
(25-29 min) with a longer aerobic one (66 min) between them. The representative DO
profiles of cycles B and C as recorded by the La Roca del Valles WWTP operators were
used to calibrate the developed model. The calibrated version agreed well with the
provided N2O emission data. It was then used for further simulations exploring if the
monitored N20 emission profiles can be satisfactorily described by simulating operation
under different DOs. The optimal fit was attained under a DO setpoint of 1.6 mg Oz L™ for

both aerobic phases of Cycle B and for a DO of 1.7 mg Oz L™ for the single aerobic phase
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of Cycle C. The latter DO values were lower than the respective DO profiles reported by
the plant operators during the monitoring campaign. Furthermore, the total N2O EF
predicted by the developed model differed between the two cycle types: 0.8% (Cycle B)
and 1.5% (Cycle C). Although the total duration of aeration was approximately the same
(Cycle B: 60 min; Cycle C: 66 min), the difference in the cycle configuration impacted on
the final N2O EF. The single longer aerobic phase of Cycle C enhanced the N20
production via the nitrification-related routes and its subsequent emission through
stripping for a slightly longer and non-interrupted period. Moreover, the N2O production
occurred only during the aerobic phases with the N20O concentration peaks coinciding with
the NO2z peaks for both cycles. Consequently, it can be concluded that nitrifier
denitrification was the predominant AOB pathway for N20 generation. Finally, no
important NH20OH consumption was noted, thus suggesting that the abiotic routes were

poorly preferred under the conditions of the current study.

In the fourth chapter, a recent modelling approach based on the combination of
the biological N2O production pathways along with the complex electron transfer
processes of the AOB and the denitrifiers was followed. The oxidation and reduction
processes were dissociated, and electron carriers were inserted to describe the electron
transfer from oxidation to reduction. The aim was to develop an electron carrier-type N20O
model integrating all the microbial production pathways and describing the operation of a
full-scale municipal SBR WWTP in Australia. Data obtained during a two-day monitoring
campaign were used to calibrate and validate the developed model. Key parameters
relevant to the ammonium (NH4*) oxidation and the N20O production dynamics required

calibration. After calibration, the model was used for validation purposes. The model
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predictions were compared against the profiles of the N-components, the DO and the N2O
as obtained on the second day of the intensive monitoring. The model was able to
describe these trends. Under the intermittent aeration regime, nitrifier denitrification was
the most contributing N2O production pathway. The EF of the full-scale SBR WWTP was
calculated as equal to 1% that was within the range of EFs reported for other full-scale

municipal WWTPs in Australia.

Furthermore, the fact that potential failures in the sampling campaigns, methods
and devices are likely to generate unreliable measurements was discussed in the final
(fifth) chapter. If these data are used for the calibration and validation purposes of the
developed mechanistic N2O models, the robustness of this modelling cannot be
guaranteed. The final section presents the possibility of extending this research to new
areas in the future. The coupling of the developed mechanistic models with sophisticated
statistical tools is suggested. The next goal is to perform multivariate statistical analysis
of the datasets that were used for the calibration and validation of the mechanistic models
analysed in the third and fourth chapter. The results concerning the most contributive N2O
generation pathways as well as the observations regarding the profiles of other
parameters (e.g. DO, concentration of N-compounds, etc.) will be compared against the
respective ones generated by the mechanistic modelling. In this way, the models
proposed through this PhD project can be further improved. Finally, these actions will lead
to an integrated tool combining both mechanistic and sophisticated statistical modelling

that can be useful for mitigating the N2O emissions during the BNR in WWTPs.
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all for an empty tunic, all for a Helen.’
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Summary

N20 production and emission occurs during the BNR in WWTPs. Due to having a
GWP 265-298 times higher than CO2, even a moderate N2O quantity can importantly
contribute to the final C-footprint of WWTPs. The conventional processes applied for the
biological N-removal are nitrification and denitrification. Nevertheless, advanced methods
such as nitritation/denitritation and completely autotrophic N-removal have also been
implemented for the same purpose. The biological pathways connected with the N20O
production during the BNR in WWTPs are nitrifier denitrification, NH2OH oxidation and
heterotrophic denitrification; the first two occur through the activity of the AOB. The major
parameters influencing the N2O emission during wastewater treatment are appraised in
this chapter. Indeed, different aspects that contribute either individually or combined to
the increase of N2O emissions are listed: insufficient DO, NO2z" accumulation, low COD:N,
inhibited growth of the denitrifying bacterial population, absence of pH and/or temperature
control. An important observation is that the phenomenon of N2O emission during the
BNR is assessed using highly different methods amongst relevant past works. The
accurate modelling of N2O production and emission in WWTPs requires the inclusion of
all biological production pathways as well as the possible abiotically driven N20
generation under changing conditions (e.g. varying DOs and/or NO2" concentrations).
Moreover, the establishment of quantification methods that precisely capture both the
liquid and the gaseous N20 trends will considerably enhance the calibration and
validation of these models. Therefore, it can be concluded that the decrease of N2O
emission during the BNR in wastewater treatment relies upon the concurrence of different

factors: application of the most appropriate N-removal process, optimum combination of
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operating conditions, and use of multiple-pathway models for the accurate prediction of

N20O emissions.

Keywords

BNR, N20 emission, nitritation/denitritation, Anammox, nitrifier denitrification,

modelling.
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1. Introduction

WWTPs operate for the pollutant removal and sanitation of wastewater. However,
issues can arise with respect to the energy requirements and release of gaseous products
during their operation (Hospido et al., 2004). Inside the European Union for example, the
total treatment capacity of WWTPs exceeds 400 million population equivalents (P.E.).
Hence, decreasing the energy needed to run the plants becomes increasingly important
(Mamais et al., 2015). The long-established activated sludge (AS) process implemented
during wastewater treatment is considered rather energy-consuming. Furthermore,
production and emission of GHGs (i.e. N20O, CO2 and CHa4) is likely during the AS
application (Hassani et al., 2011; Lij6 et al., 2017). Therefore, it is essential to investigate
the causes and hotspots of GHG production in WWTPs. The indirect CO2 emission is
calculated through the energy requirements of the plant, whereas direct CO2 emissions
can be reported in any of the treatment stages. CHa4 emission is noted in the sewerage

and sludge treatment sections.

With a steady-state lifetime in the atmosphere of 116+9 years, N20 is considered
a highly important GHG (Prather et al., 2015). The larger the GWP of a gas (defined as
the amount of energy the emissions of 1 ton of the gas will absorb over a given period,
relative to the emissions of 1 ton of COz2), the more it warms the Earth over this period. In
a period of 100 years for example, the N2O and CH4 GWPs are estimated as 265-298
and 28-36 times higher, respectively, than the one of CO2. Furthermore, the GWP values
suggested by international organisations (e.g. Environmental Protection Agency) are
updated occasionally; e.g. to reflect changes in the estimations of the GHGs lifetime in

the atmosphere, and/or consider new estimates of the atmospheric GHG concentrations



26

that will affect the GWP calculation, etc. (IPCC, 2014). Moreover, the N20 released in the
stratosphere aggravates the stratospheric ozone depletion (Portmann et al., 2012). More
importantly, the total GWP of the water cycle (i.e. considered as the sum of drinking water,
wastewater treatment and effluent discharge, sludge processing and disposal) can be
burdened by 26% because of the direct N2O emissions happening during wastewater
treatment (Frijns et al., 2008). The N20 production in WWTPs can be largely variable
because of several factors: initial N-load, influent composition and general
operating/environmental conditions (Kampschreur et al., 2009; Yang et al. 2009; Ahn et

al., 2010; Law et al., 2012a; Wang et al., 2014b; Li et al., 2015).

The conventional methods for N-removal from wastewater involve the biological
processes of nitrification and denitrification. Nitrification includes a series of oxidations
(i.,e. ammonium (NHs4*) — NO2  — nitrate (NOz3’)), whereas denitrification a series of
reductions (i.e. NO3* — NO2 — nitric oxide (NO) — N20 — diatomic molecule N2)
(Kampschreur et al.,2009; Malamis et al., 2015). During nitritation/denitritation, NH4" is
oxidised to NO2" (nitritation) and, then, NOz" is reduced to N2 (denitritation) (Turk and
Mavinic, 1987; Frison et al, 2013). Compared to the conventional
nitrification/denitrification, it can be less costly since it requires up to 25% and 40% less
oxygen and external C, respectively. Moreover, it can decrease the sludge production by
25% (Malamis et al., 2015). In cases of nitrogenous effluents such as sludge reject water,
the completely autotrophic N-removal over NO2" or deammonification as it is alternatively
called, can also be applied (Malamis et al., 2015). Part of the entering NH4* (around 60%)
is oxidised to NOz (Strous et al., 1998). The N-removal takes place via the anoxic

ammonium oxidation (anammox) process; the remaining NH4* is mainly oxidised to N2
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and minorly to NO3s™ (with the produced NOz2 as electron acceptor) under anoxic conditions
(Malamis et al., 2015). In all cases, N2O can be accumulated and emitted. Therefore, the
atmospheric N20 and C-footprint of WWTPs are both likely to increase (Tallec et al., 2006;

Zhu et al., 2008; Yang et al., 2009).

This chapter was written to serve the following purposes: a) to analyse the
pathways for N2O production during the biological N-removal in WWTPSs, b) to summarise
the major conclusions of previous works that examined the parameters (e.g. dissolved
oxygen (DO), temperature, pH, N2O predecessors, etc.) that majorly influence the N20O
production and emission during wastewater treatment, c) to assess the N2O quantification
techniques, d) to compare and contrast the mathematical models that have been
presented to describe the N20 generation during the biological nutrient removal BNR in

WWTPs, and e) to use all this knowledge to suggest effective mitigation measures.

2. The pathways of N>O production during the biological N-

removal in WWTPs

N-removal during wastewater treatment can occur through various mechanisms,
each of which requires the application of certain operating conditions along with the
growth of the appropriate bacterial culture (Xavier et al., 2007; Ahn et al., 2008). During
nitrification, NH4™ is firstly oxidised to NO2 by the AOB and, afterwards, the produced
NOz2 is oxidised to NOs by the NOB. Denitrification involves a sequence of reductions
performed by the heterotrophic denitrifying bacteria. Nitritation requires NO2

accumulation, whereas the NO3" formation must be hindered; hence, the AOB growth
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must be promoted to the detriment of the NOB one. This can happen under conditions of
high free ammonia (FA) (FA>1 mg NHs L) or high free nitrous acid (FNA>0.02 mg HNO:-
N L%), low DO (0.4-1 mg O2 L) and elevated temperature (30-40 °C). During the
completely autotrophic N-removal, the anammox bacteria use NO2" as electron acceptor

to oxidise NH4* to N2 and NOs™ (Kampschreur et al., 2009; Malamis et al., 2015).

The microbial pathways linked to the N2O production during the BNR in WWTPs
are basically three: NH20H oxidation, nitrifier denitrification and heterotrophic
denitrification (Fig. 1) (Wunderlin et al., 2012, 2013; Ni and Yuan, 2015). The AOB-related
N20 generation is described as follows: first, the oxidation of ammonia (NHs) to NH20H
with the reduction of molecular oxygen catalysed by the ammonia monooxygenase
(AMO). Then, NH20H is oxidised to NO2 catalysed by the hydroxylamine oxidoreductase
(HAO) with oxygen as the electron acceptor. If the oxidation of NH20H to NO2" by the aid
of the HAO enzyme is incomplete (e.g. under conditions of high ammonia oxidation rate
(AOR) that lead to NH20H accumulation), N2O can be generated as by-product (Fig. 1:
NH20H oxidation pathway). Furthermore, the nitrite reductase (NirK) catalyses the NO2
reduction to NO, while the nitric oxide reductase (Nor) the NO conversion to N20O (Fig. 1:
nitrifier denitrification pathway). Although poorly successful in total N (TN) removal,
nitrifier denitrification can be importantly contributive in the N2O production; e.g. under
oxygen-limiting conditions and high NO2" concentrations. (Hooper et al., 1997; Poughon
et al., 2000; Chandran et al., 2011, Stein, 2011a, b; Law et al., 2012a; Ni and Yuan, 2015).
In addition, N2O can result as an intermediate of heterotrophic denitrification (Fig. 1) (von
Schulthess and Guijer, 1996; Pan et al., 2012, 2013a; Ni and Yuan, 2015). Heterotrophic

denitrification is a sequence of reductions with NO2', NO and N20 as intermediate
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products. The following enzymes serve as catalysts for this series of reactions: the nitrate
reductase (NaR), the nitrite reductase (NiR), the nitric oxide reductase (NOR) and the

nitrous oxide reductase (N2OR) (Ni and Yuan, 2015).

Chemical N2O and NO production is also possible. However, the percentage of
N20 emitted due to chemical processes in biological systems is still under research and
is considered to depend upon various factors (e.g. influent N-content, pH). In any case,
the knowledge acquired through the current research suggests that most of the N2O
emitted in WWTPs is generated during biochemical processes. Therefore, this chapter
does not focus on the purely chemical pathways as they are not regarded as significant

N20 and NO contributors in these scenarios (Schreiber et al., 2012).

: (A) AOB

: (1) | NH,OH oxidation

athwa :

N,O pathway

NH; ——> NH,OH —=— NO; —— NO ——— N0

Nitrifier |

denitrification |:

pathway

: (B) Heterotrophic Denitrifiers Heterotrophic 5
: denitrification

pathway
NO; —r— NO; —3r— NO —F5z— N.O —5— N,

Figure 1: A simplified schematic representation of the biological pathways leading to N2O

production during the biological N-removal in WWTPs: (A) the two AOB pathways
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(NH20H oxidation and nitrifier denitrification), and (B) the pathway activated by the

heterotrophic denitrifiers (heterotrophic denitrification) (Ni and Yuan, 2015).

3. Parameters that influence the N>O emissions during the

biological N-removal in WWTPs

This section provides a critical overview of several lab-, pilot- and full-scale studies
investigating the N2O production and emission during the BNR in WWTPs. This overview
aimed at unveiling the causes of N20O production as well as at suggesting measures for
the emission mitigation. The phenomenon of N2O emission during wastewater treatment
is highly variable because of numerous parameters including the nitrogen loading rate
(NLR), the reactor configuration and operating conditions, the BNR process (conventional
or advanced), the DO, the C-source, the pH, the temperature, etc., that will be examined
in detail afterwards. The impact of each factor is investigated in the following subsections,

while the major findings of all cited references are presented in Table 1.
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Table 1: Overview of past lab-, pilot- and full-scale studies investigating the N20O production and emission during the BNR

in wastewater treatment (configuration, wastewater type and operating characteristics, HRT and NLR, main findings, N2O

production/EF and most contributive N2O production pathway).

LAB-SCALE
Referenc Configuration Wastewater HRT/NLR Main findings N20 Hotspot
e type/Operating production/EF
characteristics
Ahn et 1 bioreactor e Synthetic ¢ HRT=1.1d Nitritation strategy: N2O emission: Nitrifier
al., 2011  operated e N-NH,=500 e NLR=455 mg e reduced operating costs ¢ 0.1+0.2% of denitrification
sequentially in mg L+ N-NH4 L1 d? & energy requirements influent N-NH4
nitrification & e optimisation needed (nitrification)
nitritation against the C-footprint ¢ 0.6+0.2% of
related to high N,O influent N-NH4
emissions (nitritation)
Law et SBR e Synthetic with e HRT=1d ¢ pH increase enhanced Average N,O AOB pathways
al., 2011 characteristics ¢ NLR=1,000 the AOR of the AOB emission: 0.6%  at pH=8 (no
of anaerobic mg N-NH,L*  culture of influent N- clear
digester liquor ~ d* e 6<pH<7: minimum N»O NH, predominance
e N-NH;=1,000 production (0.2+0.01 mg between the
mg L? N-N20 h't g1lVSS) two pathways)
e pH=8: maximum N;O
production (0.5+0.04 mg
N-N.O ht g! VSS)
Zhuand 1 SBR with e Municipal ¢ HRT=0.7 d e Sludge fermentation N2O generation: Heterotrophic
Chen, acetic acid as (real e NLR=51 mg liquid as C-source ¢ 0.5+0.03 mg denitrification
2011 C-source & 1 supplemented NL?1d? increased the number of N-N2O mg? N-
SBR with to attain bacteria reducing N.O to removed
sludge desired NH4- N2 (acetic acid as
fermentation N, TN C-source)
liquid as C- concentration ¢ 0.1+0.02 mg
source s) N-N.O mg? N-

removed
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Average initial (sludge
N-NH4=30 mg fermentation
Lt liquid as C-
Average initial source)
TN=35.5 mg
NL?
Quanet 3 aerobic Synthetic: ¢ HRT=0.3d ¢ N2O emissions N2O emission e Low DO (0.5-
al, 2012  granular mixture of e NLR=493 mg  decreased with the (relative to 1.5mgO: L
sludge SBRs municipal & N-NH, Lt d? increase of aeration rate  influent N) at D:
pig manure (influent N- & COD:N ratio the aeration heterotrophic
digestate NH4=148 mg rates of 0.2, 0.6 denitrification
liquid L), 353 mg &1L O, mint: e DO>1.5mg
N.O N-NH, Lt dt * 8%, 6% & 4% O, L1 AOB
measurement (influent N- (COD:N=1:0.2  pathways
in 3 10-day NH4=106 mg 2)
operational L1), 247 mg ® 7%, 5% & 4%
periods: N-NH, Lt d? (COD:N=1:0.1
influent N- (influent N- 5)
NH,=148, 106  NH,=74 mg o 4%, 3% & 2%
& 74 mg Lt L) (COD:N=1:0.1
(correspondin 1)
g to COD:N
ratios of
1:0.22, 1:0.15
& 1:0.11)
Xie etal., AOB-enriched Synthetic e HRT=0.5d e Low DO (e.g. DO<0.5 mg N20 emission: Nitrifier
2012 SBR system N-NH,=1,000 e NLR=2,000 0O, L1): AOB with NO; as  0.4% of total N-  denitrification
mg L1 mg N-NH4L*  terminal electron NH4 oxidation
d? acceptor responsible for
N20 emission
Zhou et SBR Synthetic e HRT=0.8d e Lowest COD:N(=0.6): N20 reduction Heterotrophic
al., 2012 N-NH4=20 e NLR=25 mg very limited N,O rate (mg N-N.O  denitrification
mg L? N-NH, Lt d? reduction with external C- min't g biomass
source 1) with COD:N
e COD:N=0.6-1.3: sharper  ranging from 0.6
increase in the N,O to 2.5:
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reduction rate with ¢ 0.04-0.05
external C-source (internal C-
e COD:N=1.9-2.5: similar source: PHA)
N2O reduction rates ¢ 0.003-0.05
regardless of C-source (external C-
type source:
sodium
acetate)
Huetal.,, 3 anoxic/oxic e Synthetic ¢ HRT=0.6 d e Sodium acetate Percentage of Heterotrophic
2013 SBRs mimicking ¢ NLR=92 mg (compared to glucose &  TN-removed denitrification
urban N-NH4 Lt d? soluble starch): optimal converted to
e N-NH,=55.4 nutrient removal but N20:
mg L? highest N>O emission * 5% (C-source:
(low denitrifiers diversity) glucose)
¢ 9% (C-source:
sodium
acetate)
¢ 3% (C-source:
soluble
starch)
Lochmatt 2 aerobic e Synthetic e HRT=0.3d ¢ N>O emissions Alternating e AND:
eretal., granular e N-NH,=50mg e NLR=167 mg significantly decreased high/low DO heterotrophi
2013 sludge SBRs L1 N-NH, Lt d-1 with higher COD loads & (AND)— c
under AND conditions highest N2O denitrificatio

emission with
the lowest COD
loading rate
(1.6 gCOD L
1d1) at the low-
DO stage: 9%
of influent N

n

e SND: all
pathways
possible
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Shen et SBR e Synthetic e HRT=0.5d ¢ N2O emissions mainly N2O emissions:  Nitrifier
al., 2013 e N-NH;=8,18, NLR=16 mg during nitrification ¢ 2.5% of the denitrification
36,52 mg L* N-NH4L* d' e Nitrification: higher N2O removed N-
(to examine (influent N- emissions with increased NH4
different NH;=8 mg L initial NH4*or NO2» (nitrification
concentration 1), 36 mg N- concentrations with high
effects on NH, Lt d? oxygen
N2O (influent N- limitation)
emissions) NH4=18 mg . 0.1-1.1% of
L), 72 mg the removed
N-NH, Lt d? N-NH4
(influent N- (nitrification
NH4=36 mg with low
L), 104 mg oxygen
N-NH, Lt dt limitation)
(influent N-
NH4=52 mg
L)
Chenet 1SBRwitha e Synthetic ¢ HRT=0.5d ¢ N2O generation reduced  N2O generation: Nitrifier
al., 2014  sequence of e N-NH,=31mg e NLR=62 mg by 42% in the anaerobic e 0.07+0.002 denitrification
anaerobic- Lt N-NH, Lt dt phase-cancelled SBR mg N-N>O mg-
oxic-anoxic due to the enhanced 1 TN-removed
phases & 1 heterotrophic denitrifiers’ (anaerobic-
anaerobic activity anoxic-oxic
phase- SBR)
cancelled SBR ¢ 0.04+0.003
mg N-N2O mg-
L TN-removed
(anaerobic
phase-
cancelled
SBR)
Eldyasti ~ DFBBR e Municipal ¢ HRT=0.03d e N,O emissions N,O emission:  Heterotrophic
etal, (synthetic) ¢ NLR=1,033 decreased exponentially ¢ 0.5% of denitrification
2014 mg N L1d? with biofilm thickness influent TN
(phases | & increase due to the slow- (biofilm
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e TN=31+2 mg 1), 1,700 mg growth denitrifiers thickness=680
L (phases | NLtd? retention & the limited pm)
& 111) (phase I1) N2O diffusivity ¢ 1.6% of
e TN=51+3 mg influent TN
L1 (phase II) (limited COD
& biofilm
thickness=230
pm)
Wanget 2SBRs:a e Synthetic: e HRT=1d FNA-based strategy for N2O emission:  Nitrifier
al., 2014a control SBR & domestic e NLR=60 mg NO, pathway: TN- e 1.5+0.4% of denitrification
an wastewater & NL1d? removal substantially influent TN
experimental anaerobic improved without (control
SBR achieving digestion negatively affecting N.O reactor)
the NO2 liquor emission ¢ 0.5+£0.03% of
pathway via e TKN=50 mg L- influent TN
an FNA 1 (experimental
treatment unit ¢ Anaerobic reactor)
digestion
liquor addition:
additional 20%
N-load
Wanget 2 SBRs e 1 SBR fed e HRT=1d Nitritation systems with N20O emission: Heterotrophic
al., 2014b with real ¢ NLR=861 mg  real anaerobic sludge ¢ 3.1+0.2% of denitrification
sludge reject N-NH4 Lt d? digestion liquor: N.O N-NH4
water (N- (real sludge emissions via oxidised (SBR
NH,=861+13 reject water), heterotrophic with real
mglLY) &l 1,000 mg N- denitrification aided by digestion
SBR fed with NH4 L d?t the organic C in the liquor)
synthetic (synthetic liquor ¢ 0.8+0.1% of
reject water sludge reject FNA hindering effect: N-NH4
(N-NH4=1,000 water) heterotrophic NOy oxidised (SBR
mg L1) reduction possibly with synthetic
stopped at the N2O digestion
formation stage liquor)
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Adouani  Batch reactor e Synthetic Batch e Low temperatures N20 emission Heterotrophic
etal, e N-NH4=6 mg experiments slowed down all N-N20 (N- denitrification
2015 L1 denitrification enzyme denitrified)*:
activities (especially NO e 13% (20°C)
& N2O reductase * 40% (10°C)
activities) e 82% (5°C)
Peng et SBR ¢ Synthetic e HRT=1d ¢ N>O EF increase with ¢ Highest N,O Nitrifier
al., 2015a e N-NH,=20 mg ¢ NLR=20 mg decreased DO & EFs at lowest  denitrification
Lt N-NH4 L d?t increased NO2 DO (0.4 mg
concentration 02 L1 & high
e Nitrifier denitrification NO2 (=20 mg
predominant in a wide N-NOy LY):
range of DO & NOy 20-22%
levels; NH,OH oxidation e Lowest N,O
dominant only at a high EFs at highest
DO (e.g- 3.5mg O, L?) DO (3.5 mg
with low NO;, (e.g.<10 0O2LY) & low
mg N-NO, L) NO, (<5 mg
N-NOy L)
1.8-2%
Penget  SBR e Synthetic e HRT=1d e Linear relationship N.O EF AOB pathways
al., 2015b e N-NHs=20mg e NLR=20 mg between N2O production  (specific N2O
L1 N-NH, L1 d? rate & IC concentration production rate
(IC range tested: 0-12 relative to
mmol C L) specific AOR):
e Alkalinity (mostly increase from
attributed to the IC) 2.5 10 5.5% with
important for N,O IC increase
production in WWTPs from O to 12
mmol C L?
Poh et Gas tight, e Municipal Batch Temperature increase: N-O as primary  Heterotrophic
al.,, 2015 water-jacketed (real) experiments e N,O solubility decreased electron denitrification
reactor e N-NH4=43 mg e more intensive stripping acceptor:
Lt e N,O (liquid) available for ¢ 9.3 mg N-N.O
denitrification by diffused to




denitrifiers continuously gas phase

decreasing (25°C)
e12.1 mg N-
N»O diffused
to gas phase
(35°C)
Song et Anoxic- ¢ Synthetic e HRT=1d ¢ Acetate-fed biomass: N-O emission: Heterotrophic
al., 2015  Aerobic AS e Average N- e NLR=62 mg more abundant in e 2.3% of denitrification
system NH4=62 mg L N-NH4 Lt d? bacteria capable of influent N (C-
1 reducing N.O source:
methanol)
e 1.3% of
influent N (C-
source:
acetate)
Zhanget SBR e Synthetic (N- e HRT=0.7d Mannitol (instead of N2O conversion Heterotrophic
al., 2016 rich) e NLR=286 mg sodium acetate) as C- rate denitrification
e N-NH;=200 N-NH,L1d? source: (percentage of
mg L*  N>O emission reduced by TN- removed
41% converted to
e NO,- accumulation ratio ~ N20):
20% lower ¢ 21% (mannitol

as C-source)
* 41% (acetate
as C-source)

Zhang et Expanded e Synthetic ¢ HRT=0.1d e High influent IC favoured  Average N20 Denitrification
al.,, 2018 granular e N-NH;=100 e NLR=1,000 the N2O release from the emission: inside the
sludge bed mg L1 mg N-NH,L1  anammox reactor ¢ 0.6% (IC=20  anammox
anammox d? e Essential to operate the mg C L7) granules
reactor reactor with an IC ¢ 0.4% (IC=55
concentration enhancing mg C L?)
the anammox process 1% (IC=130 C
under an acceptable N2.O  mgL?)
emission ¢ 0.2% (IC=180

mg C L%
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e This study: optimal IC
concentrations in the
range of 55-130 mg C L*

PILOT-SCALE
Referenc Configuration Wastewater HRT/NLR Main findings N20 Hotspot
e type/Operating production/EF
characteristics
Gabarro  Partial e Industrial e HRT=0.5d ¢ N,O production: anoxic N2O production: Heterotrophic
etal., nitritation SBR (real: raw e NLR=4,000- (60%) & aerobic (40%) 3.6% of influent  denitrification
2014 landfill 4,600 mg N- e NO_" denitrification TN
leachate) NH4 Lt d? advancing faster than
e N-NH4=2,000- N2O denitrification; high
2,300 mg L*? N,O accumulation
Pijuan et  Continuous e Sludge reject e HRT=0.5d ¢ DO increase from 1 to N20 emission: e DO-
al.,, 2014  granular airlift water e NLR=1,452 4.5 mg O, L't N,O ® 2.2% of dependent:
nitritation produced in mg N-NH4 L emission decreased from  oxidised N nitrifier
reactor situ during the d? 6% to 2.2% of N-oxidised (airlift denitrification
switched to dewatering e Higher DO: N2O emission  operation e non-DO-
SBR towards process of the remained constant at under DO>4.5 dependent:
the end of anaerobic 2.2% of N-oxidised mg Oz L?) possibly
study digester e Two different © 19.3+£7.5% of chemical
sludge from mechanisms behind N,O  oxidised N N,O
municipal production; one DO- (when shifting production
WWTP dependent & one not to SBR
o N- operation at
NH4=726+50 DO>5 mg O3
mg L? L1
Frisonet SBR e Anaerobic Acetic acid N20O emission decreased N20O emission: Nitrifier
al., 2015 supernatant as C-source:  by: ¢ 0.2% of denitrification
produced from e HRT=0.8d e maintaining the DO=1.5 influent N
the co- e NLR=699 mg mg O, L during the (SBR with
digestion of N-NH4 Lt d? nitritation stage DO=1.5 mg
the organic Fermentation e applying an NLR O2L7,
fraction of liquid as C- respecting the system’s VNLR=0.8 kg
municipal source: N-removal capacity N m-3, acetic

e HRT=0.5d
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solid waste &
waste AS

o N-
NH;=559+75
mg L+

¢ NLR=1,118
mg N-NH, L?
d-l

¢ applying the
aerobic/anoxic sequence

acid as C-
source)

¢ 1.5% of
influent N
(SBR with
DO=1 mg O3
L1, vNLR=1.1
kg N m3,
fermentation
liquid as C-
source)

Li et al., SBR

2015

e Domestic
(real)

e Average N-
NH4=64 mg L
1

e HRT=0.6 d
e NLR=107 mg
N-NH, Lt d

¢ AOR increase with pH &
DO increase

N.O

accumulation

ratio:

® 29% (pH=6 &
DO=1 mg O3
L)

¢ 5% (pH=8.5 &
DO=1 mg O
L)

¢ 12% (pH=6 &
DO=3 mg O,
L1)

® 3% (pH=8.5 &
DO=3 mg O
LY

Nitrifier
denitrification

Zhenget OD e Synthetic
al., 2015 e N-NH4=50 mg
L2

e HRT=0.6 d
o NLR=83 mg
N-NH4 Lt d?t

¢ High abundance of
denitrifying bacteria &
NOB inhibiting N.O
production

e System shocks (e.g. N-
overload, aeration failure)
significantly increasing
N20O emission

Nitrifier
denitrification

N2O emission:
0.03% of
influent N
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Mannina  Integrated e Municipal e HRT=21d e Biofilms helpful in Total average Heterotrophic
etal, Fixed Film AS mixed with e NLR=4.3 mg decreasing the N,O N2O emission:  denitrification
2018 (IFAS) synthetic N-NH, Lt d? emissions especially e 0.5% of
Membrane e N-NHs=90 mg (phase l); 3.8  under stress conditions influent N with
Bioreactor L1 (phase 1); mg N-NH, L1 (e.g. low influent COD:N) biofilm (IFAS
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3.1 NLR

This section explores the effect that the NLR is likely to have on the N20
production. For example, Quan et al. (2012) implemented three lab-scale aerobic granular
SBRs to treat a mixture of municipal wastewater and liquid pig manure digestate. The
N20 emission was monitored in three ten-day operational periods. The applied NLRs
were 448.5, 321.2 and 224.2 mg N L d1, and the respective COD:N ratios were 1:0.22,
1:0.15 and 1:0.11 for each of the three operating modes. The corresponding maximum
N20 EFs were 8%, 7% and 4%. It was hypothesised that heterotrophic denitrification was
aided by decreasing the NLR (or, equivalently, by increasing the COD:N). Hence, the
facilitated heterotrophic denitrification process functioned as a mechanism of N20
consumption. In the study by Xie et al. (2012), a lab-scale SBR was monitored in terms
of N20 emissions (0.4% of the total NH4* oxidation). Nitrifier denitrification was considered
as the responsible N2O production pathway under the concurrence of the following
conditions: high NLR (2,000 mg N L* d1), low DO (DO<0.5 mg O2 L) and a bacterial
population enriched in AOB. This environment was regarded as favourable to nitritation
and subsequent NO2  accumulation. Moreover, Frison et al. (2015) investigated the
performance of a pilot-scale nitritation-denitritation SBR receiving as influent the reject
water produced from the anaerobic co-digestion of sewage sludge and the organic
fraction of municipal solid waste. Two different NLRs were applied; the first was 35%
higher than the system’s N-removal potential (2,077 mg N L d?!), whereas the second
was respecting the system’s treating capacity (1,080 mg N L* d?). The respective N2O
EFs were 1.5% and 0.2%. It was observed that operation under an NLR close to the

system’s N-removal capacity resulted in less NH4" and NO2" accumulation. Thus, lower
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N20 production owing to nitrifier denitrification was expected. Furthermore, Zheng et al.
(2015) explored the impact of enriching the influent NH4* content (i.e. by applying a
concentration five times higher) within a pilot-scale oxidation ditch (OD). During normal
operation, the N2O EF was estimated as low as 0.03%. The sudden change in the NH4*
load triggered a rapid emission increase by 39.3% (monitoring zone with DO stabilised at
0.8 mg Oz L after the shock) and by 113.1% (monitoring zone with DO stabilised at 0.2
mg Oz L after the shock). In both monitoring zones, DO decrease and NO2" accumulation
were observed. Therefore, the responsible pathway for N2O production was nitrifier

denitrification, with its contribution depending on the DO of each zone.

All in all, the NLR can possibly influence the undisturbed completion of the
nitrification and denitrification processes. The application of an NLR surpassing the
system’s N-removal capacity coinciding with conditions stimulating the N2O generation

pathways (e.g. low DO) is likely to increase the N2O emission.

3.2 Reactor configuration and operating conditions

Here, the potential influence of the reactor configuration and the operating

conditions was explored in terms of expected N2O emissions.
3.2.1 Suspended-growth systems

First, Sun et al. (2014) compared three different full-scale wastewater treatment
processes including an anoxic-oxic (AO) process, an SBR and an OD with respect to the
N20 generation. Generally, maintaining a proper DO during nitrification along with

optimised utilization of the available C-source during denitrification were proposed to
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ensure the completion of nitrification-denitrification and, thus, minimal NO2~ and N20
accumulation. More importantly, the OD presented a significantly lower EF (0.3% of
influent N), compared to the SBR (2.7% of influent N) and the AO (1.4% of influent N).
The analysis of the bacterial populations growing within the OD showed the richness of
NOB and denitrifiers. The NOB enhanced the completion of nitrification and the avoidance
of short-cut nitrification. The latter led to limited NO2" accumulation, hence decreasing the
possibility of N2O production through nitrifier denitrification. Moreover, the important
denitrifying bacterial population fostered the N20 consumption via heterotrophic
denitrification. The pilot-scale experimental set-up implemented by Pijuan et al. (2014)
was a continuous granular airlift nitritation reactor operated at high DO (>4.5 mg Oz L?)
treating reject water. It was shifted to an SBR mode towards the end of the study to reveal
the potential impact on the N2O emissions. Indeed, the EF varied significantly: only 2.2%
of the oxidised N (airlift operation), in contrast to 19.3+7.5% of the oxidised N (SBR
operation). This divergence was attributed to the SBR cycle configuration that included a
short feeding phase (only 6 min). High N2O emission occurred at the beginning of the
cycle coinciding with phases with important NH4* concentration. Therefore, NH20H

oxidation was considered as the most likely N2O production route.

In addition, the respective contribution of the AOB N20 production pathways was
found to depend upon the DO in the full-scale AS system monitored by Tumendelger et
al. (2014). The NH20H oxidation pathway was predominant under high-DO conditions
(2.5-3 mg O2 L) resulting in an N2O EF equal to 0.1% of the influent NH4*. Lower DOs
(1.5-2 mg O2 L1) favoured the activation of the nitrifier denitrification pathway leading to

a lower N2O EF (0.03% of the influent NH4"). Furthermore, de Mello et al. (2013) noted
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that N2O production was possible during all phases (i.e. aerobic and anaerobic) in a full-
scale AS WWTP. Nevertheless, the EF was higher during the aerated periods (0.1% of
influent TN); the N2O produced via nitrifier denitrification was stripped and emitted to the
atmosphere. Lastly, Pan et al. (2016) focused on the N20O emission patterns of a full-scale
two-step plug-flow reactor treating municipal wastewater. A significant difference was
noted in the EF between the first and the second step: 0.7%+0.1% (first step) and
3.5%+0.5% (second step). The second step was receiving as influent the wastewater that
had already undergone the treatment of the first step; this caused dilution along with 40%
lower mixed liquor volatile suspended solids (MLVSS) concentration. The higher specific

AOR attained in this stage triggered the activation of both AOB pathways.

3.2.2 Attached-growth systems

Within a lab-scale fluidized bed bioreactor treating synthetic wastewater, Eldyasti
et al. (2014) saw that increasing the biofilm thickness from 230 uym to 680 um was
accompanied by a decline in the N20O EF from 1.6% of the influent TN to 0.5% of the
influent TN. Similarly, the N2O emission was found to differ as follows in the pilot-scale
system operated by Mannina et al. (2018) for the treatment of municipal wastewater: 0.5%
of the influent N with the system operated as an integrated fixed film AS membrane
bioreactor, but 3.5% of the influent N with the system functioning without biofilm. The
biofilm addition and expansion facilitated the retention of the denitrifying bacteria, thus

enhancing the N2O consumption through denitrification.

Inside the granular systems, both nitrifying and denitrifying bacteria can grow,
hence rendering simultaneous nitrification-denitrification (SND) feasible (Quan et al.,

2012). For example, in the lab-scale study by Quan et al. (2012) three aerobic granular
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SBRs were set up for the co-treatment of municipal wastewater and liquid pig manure
digestate at three aeration rates (0.2, 0.6 and 1 L air mint) and three COD:N ratios
(1:0.22, 1:0.15 and 1:0.11). With NO2" as the only N-source, the specific N2O generation
rates via denitrification were 1.7, 1.6 and 1.3 mg N20 g* SS min! at the aeration rates of
0.2, 0.6 and 1 L air min?, respectively, which were 41%, 45%, 40% higher than the
respective ones with NO3™ as the only N-source. The results indicated that: 1) the spatial
structure of the granules created conditions favourable to incomplete denitrification which
resulted in N2O production, 2) the N2O generation through the aerobic granules was
mostly affected by NO2" accumulation, 3) the NOs™ reduction rates were lower than those

with NO2, explaining the lower N20 production with NO3s™ as the only N-source.

The anoxic or, even, micro-aerobic conditions needed for the denitrification
process are never continually present within the aerobic granules. Certain configurations
such as the OD or the biofilm bioreactors can possibly strengthen the denitrifying
population activity and the resulting N2O consumption through denitrification. Instead of
paying attention to the bioreactor configuration though, optimizing the operating
parameters (e.g. DO, aeration rate, phase duration, etc.) is more essential. For instance,
the DO factor gravely influences nitrification and the related (AOB) pathways. As a further
matter, the aeration strategy affects the N20 stripping and the overall C-footprint of a
WWTP. In this concept, the N2O mitigation is mainly sought in the optimization of the

operating parameters.
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3.3 Biological N-removal processes

This section examines how the biological N-removal process applied each time
along with certain operating conditions (e.g. DO levels, NO2  concentration, etc.)
influences the N20 production. The following N-removal alternatives are presented:

nitrification-denitrification, SND, nitritation-denitritation and partial nitritation-anammox.

3.3.1 Nitrification-denitrification

Nitrification is a possible N20O hotspot (e.g. works by Shen et al. (2013), Sun et al.
(2014) and Li et al. (2015)). To run the nitrification undisturbedly and avoid the N20
accumulation, operation under a proper DO is required. Moreover, conditions such as
high DO, low temperatures, important NO2" concentrations, etc. hinder the completion of
denitrification, thus raising the possibility of N2O being produced via this pathway. On the
contrary, prolonging an anoxic stage is likely to enhance the N20 consumption via
denitrification; in this case, the denitrifiers are offered more time to exhaust the available
C-source and perform full denitrification. Completing both nitrification and denitrification
is essential to avoid the intermediate N20O production and emission (Gabarro et al., 2014,

Sun et al., 2014; Adouani et al., 2015).

Between the two AOB pathways, nitrifier denitrification has a more important
contribution in cases of low DOs, high NO2 concentrations, influent N-load above the
system’s treating capacity (Kampschreur et al., 2008; Wang et al., 2014a; Peng et al.,
2015a, 2015b; Zheng et al., 2015). It shall be noted, though, that unveiling the relative

contribution between the two AOB pathways (i.e. NH20OH oxidation and nitrifier
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denitrification) is not necessarily straightforward during an experiment (Law et al., 2011;

Rodriguez-Caballero et al., 2015).

For example, Peng et al. (2015a) investigated the impact of changing DO and NO2
levels (with the DO and NO2  being changed independently) on an enriched nitrifying
population in a lab-scale SBR treating synthetic wastewater. Nitrifier denitrification was
the most contributive AOB pathway for a broad range of DO (e.g. 0.4-2.5 mg Oz L) and
NO:2 (e.g. 10-50 mg N-NO2" L?) values. NH20H oxidation was the N2O hotspot for high
DO (e.g. 3.5 mg Oz L) and low NO2 concentration (e.g.<10 mg N-NOz L1). A lab-scale
SBR treating municipal wastewater was operated under an anaerobic-aerobic-anoxic
cycle configuration by Chen et al. (2014). N2O generation was mainly noted during
aeration due to nitrifier denitrification. After cancelling the anaerobic phase and extending
the idle phase (i.e. the phase between the removal of the treated effluent and the
beginning of the next cycle), N2O emission dropped by 42%. N was removed mostly
through the heterotrophic denitrification process that served as a mechanism of N20
consumption. Rodriguez-Caballero et al. (2015) tested different aeration regimes in a full-
scale SBR treating municipal wastewater. It was confirmed that a cycle configuration with
a sequence of twenty/thirty-minute aerobic phases followed by short non-aerated periods
was beneficial to the decrease of N20O production. N2O along with its precursors (i.e. NO
and NOz2’) were used up for the purposes of the full denitrification happening during the

non-aerated stages.

Finally, it shall be mentioned that denitrification is also possible under micro-
aerobic conditions. In environments such as the AS where aerobic and micro-aerobic

conditions can concur, SND is likely (Krul and Veemingen, 1977; Ahn et al., 2010). Hence,
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low DO along with a certain NH4* and NO2" concentration are expected in this case.
Especially in full-scale WWTPs though, N2O production can follow any of the three
microbial pathways (i.e. NH20H pathway, nitrifier denitrification and heterotrophic
denitrification) during the BNR (Kim et al., 2010; Wunderlin et al., 2012; Lochmatter et al.,

2013).
3.3.2 Nitritation-denitritation

Short-cut nitrification (nitritation) is an advanced N-removal process during which
the AOB oxidise the NH4* to NO2". Afterwards, the produced NO2 undergoes denitritation,
always by omitting the NOs™ formation stage. When compared to conventional nitrification-
denitrification, nitritation-denitritation is considered advantageous due to 25% lower
oxygen demand in the aerobic stage, 40% lower COD demand in the anoxic phases, as
well as limited sludge production along with a higher denitrification rate (1.5-2 times
quicker) (Gustavsson, 2010). Therefore, short-cut nitrification can be ideal for
wastewaters with low COD:N. Moreover, it can be performed with less energy and C-
source requirements inside smaller anoxic tanks (Turk and Mavinic 1987). Hence, the
low-DO conditions usually applied in such systems promote the AOB growth to the
detriment of the NOB one. Besides, the short-cut nitrification schemes present high NOz
availability due to the NO2™ generated during nitritation. Consequently, they are prone to

high N20O emissions, mainly through nitrifier denitrification.

A lab-scale bioreactor receiving an influent containing 500 mg N-NH4* L™ (i.e. high-
strength wastewater) was operated in nitrification and nitritation modes by Ahn et al.
(2011). The N20 emission was more important during nitritation; the relatively low DO

(1.1£0.4 mg O2 L1) and affluent NO2" (91+6% NHa4* conversion to NO2") facilitated the
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enzymatic NirK and Nor activity, hence resulting in N2O production through nitrifier
denitrification. A lab-scale nitritation system treating anaerobic sludge digestion liquor
was implemented by Wang et al. (2014b). It was observed that the NO2" produced during
nitritation was later reduced to N20 via heterotrophic denitrification. After regulating the
DO around 1 mg Oz L, the NO2 reduction to N20O was minimized. Pijuan et al. (2014)
worked on a pilot-scale continuous granular airlift nitritation reactor treating reject water.
The N20 emission dropped from 6% to 2.2% of the oxidised N following the DO increase
from 1 to 4.5 mg Oz L. With the further DO increase, the emissions remained stable at
2.2%, suggesting two different mechanisms contributing to the N2O production: one
influenced by the DO fluctuations (e.g. nitrifier denitrification) and one not (probably
chemical). Desloover et al. (2012) have emphasized the importance of the NOz
accumulated after nitritation. It determines the activation of the nitrifier denitrification
pathway under a low DO. Frison et al. (2015) tested the efficiency of nitritation-
denitritation during the pilot-scale treatment of reject water produced from the anaerobic
co-digestion of sewage sludge and the organic fraction of municipal solid waste. In line
with Desloover et al. (2012), Frison et al. (2015) suggested that keeping the DO controlled
at 1.5 mg Oz L! or above during nitritation was effective in avoiding the NO2" accumulation

and the related N20O production.
3.3.3 Partial nitritation-anammox

The partial nitritation-anammox process begins with the AOB partially oxidizing
NH4* to NO2z". Afterwards, the anammox bacteria oxidise the remaining NH4* using NO2
as electron acceptor. However, the growth of the annamox bacteria is highly unstable and

dependent upon several parameters such as DO, temperature, free NHz and NOsz
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concentration (Malamis et al., 2015; Ibrahim et al., 2015; Laureni et al., 2016). The first
step of the process can constitute an N20 hotspot since it involves the production of NO2
(usually under low DO). Even though it requires limited aeration to take place, the
possibility of N2O production (through nitrifier denitrification) can finally lead to a high
overall C-footprint. On the other hand, the second (anammox) stage is not regarded as
major N20O hotspot. Generally, partial nitritation-anammox is destined to consume NO2;
a factor involved in the N2O production pathways. Consequently, partial nitritation-

anammox can play an active role in the N2O mitigation strategies.

Kampschreur et al. (2008) noted a lower N20 emission in the anammox
compartment (0.6% of the influent N) of a full-scale two-stage partial nitritation-anammox
system treating reject water. The EF in the nitritation reactor was 1.7% of the influent N.
It was assumed that AOB from the nitritation section probably entered the anammox
reactor. Under the NO2 presence and the low DO, the AOB probably activated the nitrifier
denitrification N2O production pathway. Castro-Barros et al. (2015) explored whether a
partial nitritation-anammox full-scale plant can successfully treat sludge digestion reject
water. NHs4* up to 0.1 kg N-NHs* m was accumulated during the non-aerated periods. In
the subsequent aerated periods the accumulated NH4* was subjected to oxidation. More
importantly, the highest N2O formation rate was achieved (0.06 kg N-N2O m= d1). The
aerobic conditions along with the NHs* abundance stimulated the NH20H oxidation
pathway. Furthermore, the anammox process was monitored in a lab-scale reactor
treating synthetic wastewater by Zheng et al. (2018). The average N20 emission
decreased from 0.6% to 0.4% with the inorganic carbon (IC) provision increase from 20

to 55 mg C L. The authors mentioned that a certain amount of denitrifiers was included
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in the anammox population. It was suggested that the presence of these denitrifying
bacteria enhanced the completion of heterotrophic denitrification and the subsequent

consumption of N20 as intermediate product of the process.

Although the advanced N-removal alternatives (e.g. nitritation-denitritation or
partial nitritation-anammox) are applied to achieve operation under low energy
requirements, N2O production is always possible and often graver than in the cases of
conventional N-removal. To avoid a final overall C-footprint higher than in the event of

conventional treatment, the advanced N-removal schemes require process optimization.

3.4 C-source

During the biological N-removal in WWTPs, the C-source can differ in terms of
composition and availability. Here, the influence of this factor on the N2O generation is

examined.

Zhu and Chen (2011) tested first sludge fermentation liquid and, secondly, acetic
acid as C-sources for the operation of an anaerobic-aerobic lab-scale process for
municipal wastewater treatment; the emissions dropped by 68.7% when sludge
fermentation liquid was used. It was indicated that the existence of copper ions (Cu?*)
and propionic acid within the sludge fermentation liquid caused a decrease in the activity
ratio of the following denitrifying enzymes: NOR:N2OR (Fig. 1). Hence, the N20
production via heterotrophic denitrification declined. In a similar study, Hu et al. (2013)
tested three different C-sources (i.e. sodium acetate, glucose and soluble starch) to see

how the N20 production was affected in a lab-scale anoxic/oxic SBR fed with synthetic
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wastewater. The N20 conversion ratio (calculated as the percent of the TN-removed
converted to N20O) was 9% for sodium acetate, 5% for glucose and 3% for soluble starch.
According to the microbial analysis, the denitrifying population diversity was poor in the
case of sodium acetate. Therefore, the completion of heterotrophic denitrification was
hindered, thus leading to N2O production as an intermediate product. Furthermore, Song
et al. (2015) compared methanol and acetate as C-sources for a lab-scale anoxic/aerobic
AS system treating synthetic wastewater. The N2O EF was 2.3% of the influent N for the
methanol case, but significantly lower (1.3% of the influent N) with acetate as C-source.
The microbial analysis revealed that acetate contained a higher population of denitrifiers
reducing N20 to N2. Zhang et al. (2016) assessed mannitol and sodium acetate as
potential C-sources for a lab-scale partial nitrification SBR implemented for the treatment
of synthetic N-rich wastewater. The following N2O conversion rates were reported: 21%
for mannitol and 41% for sodium acetate. The bacterial analysis indicated that the N2OR
enzyme activity (Fig. 1) was less hindered by the NO2" presence in the partial nitrification
system with mannitol used as C-source. Consequently, the completion of the

heterotrophic denitrification process was facilitated in the mannitol case.

Peng et al. (2015b) underlined that the alkalinity (majorly related to the IC
presence) is an important factor to consider while working on the mitigation of N20O
emissions in a lab-scale SBR system fed with synthetic wastewater. In cases of low IC
availability, the Nitrosomonas europaea bacteria produce NO from NO2" with carbonic
anhydrase (enzyme) as catalyst. Then, the reduction of NO to N2O follows catalysed by
NOR (Fig. 1) (Jahnke et al., 1984; Peng et al., 2015b). However, Peng et al. (2015b)

reported a linear relationship between the IC concentration and the N2O production in
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their study; this was translated into decreased N20 production under poor IC provision.
The authors explained their results through the composition of the AOB population that

was found poor in Nitrosomonas europaea.

Lastly, it shall be noted that in cases of low external C-source availability, internally
stored compounds (e.g. polyhydroxyalkanoates (PHAS)) can be alternatively utilised. The
latter is likely to increase the N2O production during denitrification (Schalk-Otte et al.,
2000). In this concept, Zhou et al. (2012) explored the influence of different COD:N ratios
and C-sources (external: sodium acetate, internal: PHAS) on the N2O consumption during
denitrification in a lab-scale SBR operated to treat synthetic wastewater. With PHA as
(internal) C-source, the COD:N increase from 0.6 to 1.3 improved the N20 reduction rate
from 0.04 to 0.05 mg N-N20 min* g biomass™. While using sodium acetate as (external)
C-source, N20 was barely reduced (0.003 mg N-N20-N min' g biomass™) at the lowest
COD:N (i.e. 0.6). The reduction rate was higher (0.02 mg N-N20 min* g biomass™) for
the higher COD:N (i.e. 1.3). At the highest COD:N applied (i.e. 1.9), similar N2O reduction
rates (0.05 mg N-N20 min! g biomass™) were noted for both C-sources. According to the
general observations of the study, the N20O reduction during denitrification was enhanced
at higher COD:N ratios; though this was slightly more noticeable under the use of external

C-source.

All things considered, the C-source composition and availability is indeed an
essential parameter to consider for the N2O emission mitigation. For instance, there are
certain C-source types that are more advantageous to the growth of denitrifiers.

Moreover, it is important to ensure that the amount of the C-source is enough to consume
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N20 and run the heterotrophic denitrification process till the final step (N20 reduction to

N2).

3.5 pH and temperature

The importance of pH and temperature on the N2O production during the BNR in
wastewater treatment is examined in this subsection. In a lab-scale partial nitritation SBR
containing an enriched AOB population to treat sludge reject water under low-DO
conditions (0.6+0.05 mg Oz L1), Law et al. (2011) monitored the N2O production with the
pH ranging from 6 to 8.5. The minimum N20 generation (0.2+0.01 mg N-N20 h? g1 VSS)
was noted at 6<pH<7, and the maximum (0.5+£0.04 mg N-N20 h! g?! VSS) at pH=8.
Moreover, the AOR and the N20 production rate were linearly correlated. The latter
observation combined with the low DO of the study implied that the most possible N2O
production pathway was nitrifier denitrification. The pH effect was also studied by Li et al.
(2015) for a pilot-scale municipal SBR performing nitrification. With the DO controlled at
3 mg O2 L! and the pH increasing from 6 to 8.5, the maximum N20O accumulation rate
(0.3 mg N-N20 g MLSS L h') was reported for the lowest pH value (pH=6). On the
other hand, the AOR increased with the pH increase; the maximum AOR (3.8 mg N-NH4*
gr MLSS L h'l) was observed at the maximum tested pH (pH=8.5). Differently from what
was assumed by Law et al. (2011), Li et al. (2015) hypothesized that the electrons
released with the AOR increase were principally used for the O2—H20 reduction and
secondarily for nitrifier denitrification. They underlined that it is probable to find no clear

correlation between the AOR and the N20 generation if the pH is majorly influential.
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Adouani et al. (2015) studied the impact of temperature on the N2O emissions
during denitrification in a batch reactor fed with a synthetic solution containing acetate,
NOs and AS. Their results showed that the N2O generation increased as the temperature
decreased; the N20 emissions rose from 13% to 40% and then to 82% of the total
denitrified N at 20°C, 10°C and 5°C, respectively. The low temperatures decelerated all
denitrification enzyme activities and, more importantly, the NO and N20 reductase
activities. Consequently, N2O was produced through incomplete denitrification. Poh et al.
(2015) conducted batch experiments on mixed liquor to see the effect of increasing
temperature on the N2O accumulation during denitrification. As soon as the temperature
rose from 25°C to 35°C, the specific NOs, NO2 and N20 reduction rates showed an
increase of 62% (5.8—9.4 mg N-NO3" g VSS h?), 61% (4.9—7.9 mg N-NO2 g VSS h
1) and 41% (8—11.3 mg N-N20 g VSS h1), respectively. However, at 35°C, N20O became
less soluble in the mixed liquor, which meant that stripping was more intense. Considering
that the N20 gas is difficultly re-dissolved, the amount of dissolved N20 available for the
denitrification process was continuously decreasing as the experiment was proceeding.
Thus, although higher temperatures are initially applied to enhance the denitrification

kinetics, they are likely to generate more emissions.

With the view to mitigating the N2O emissions, the pH can be maintained at 26 in
order to enhance nitrification along with a high temperature (=20°C) to boost the
denitrifying enzymes' activity. However, an uncontrolled pH and temperature
augmentation might produce an adverse result. For example, a pH increase above 7 can

result in higher AOR and N20 accumulation through the AOB pathways. Similarly, a
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temperature increase over 25°C renders the N20O produced during denitrification less

soluble and facilitates its conversion to gas or, equivalently, its emission.

4. N2O quantification and EF

As detailed in section 3, important N2O emission can be noted during the N-
removal processes in lab-, pilot- and full-scale WWTPs. However, the availability of
standardized methods for the emission quantification is still limited. Hence, comparing the
N20O emissions amongst different WWTPs is a challenging process. It is essential to
establish robust quantification methods and effective sampling strategies (Law et al.,

2012a; Ye et al., 2014).

4.1 N20 quantification

Here several N2O quantification methods are described. In the case of fully-
covered WWTPs, the N2O emission can be calculated using the outflow gaseous N20
concentration and the total gas flow rate. Nevertheless, most of the WWTPs are open
schemes. In this case, the produced N20 is measured by enclosing the emitted N20 flux
within a floating chamber (Law et al., 2012a; Marques et al., 2016). Afterwards, the
grabbed N20O samples are analysed either online (gas analysers) or offline (gas
chromatography). Accurate measurements require humidity-free samples (Lim and Kim,
2014; Ye et al., 2014; Marques et al., 2014, 2016). The latter can be ensured by placing
a filter at the inlet of the gas analysers as in the works by Law et al. (2011), Wang et al.

(2014a) and Peng et al. (2015a, b).
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Another quantification concept relies on the mass transfer from liquid to gas. Liquid
N20 can be produced during the biological N-removal in WWTPs and then turn into gas
because of over-saturation or stripping (Marques et al., 2016). With Henry’s coefficient
for N2O being equal to 0.024 M atm™* (Kampschreur et al., 2009), N20 is considered rather
soluble in water and low in terms of stripping rate. The emission rate can be calculated
by using the liquid N2O concentration and the volumetric mass transfer coefficient (k.a).
The latter combines the global transfer coefficient k. and the interfacial area a (interphase
transport between liquid and gas per unit of reactor volume). Considering that wastewater
treatment occurs under conditions temporally and spatially variable, the k.a calculation is
quite demanding. An additional issue is that the grab samples of liquid N2O are taken with
time intervals (Ye et al., 2014; Marques et al., 2016). For this reason, Mampaey et al.
(2015) created a gas stripping tool measuring the liquid N2O under aerated and non-

aerated conditions on a minute time scale.

The importance of the sampling strategy was stressed by Daelman et al. (2013).
They applied and compared different monitoring protocols on a 16-month N2O emission
dataset of a fully-covered full-scale municipal WWTP. The accurate estimation of the
average annual N20 emission demanded long-term, online/grab samples (including
nightly and weekend sampling) to depict the seasonal trends. In addition, it was indicated
that short-term high-frequency online sampling campaigns were required for the

successful description of the diurnal dynamics.

Amongst the studies reviewed in Table 1, different quantification methods and
sampling strategies were applied. De Mello et al. (2013) measured N20 in a full-scale

WWTP during all treatment phases (i.e. aerated and non-aerated) for 6 consecutive days.



60

During the aerated phases, air bubbles stripped from the liquid were captured using an
upturned plastic funnel. Then, the bubbles (concentrated at the funnel headspace) were
taken for further analysis. At the non-aerated stages, closed PVC chambers were used
to measure the N20 emission fluxes at the liquid-air interface. Samples were taken from
the chambers using syringes. The authors continued measuring during the phase
alternation throughout the whole campaign to cover possible temporal variations. Pijuan
et al. (2014) and Rodriguez-Caballero et al. (2015) worked on a pilot- and full-scale SBR,
respectively. Off-gas was continually collected from the reactor for 33 days corresponding
to a total of 143 cycles. Especially for SBR set-ups, continuous N2O sampling is needed
to capture emission peaks and fluctuations. Furthermore, Tumendelger et al. (2014) took
samples in 7 different locations along the whole length of the treatment line in full-scale
WWTPs. Thus, the potential spatial variability was successfully portrayed. In this concept,
Zheng et al. (2015) decided to sample in 14 different points belonging to 12 intensive
sampling zones in a pilot-scale OD after ensuring steady-state operation. Finally, the
importance of achieving steady state before staring the collection of N2O measurements
was also underlined in the lab-scale SBR study by Chen et al. (2014). All in all, the precise
and successful description of N2O dynamics requires continuous sampling covering

multiple treatment locations during steady-state WWTP operation.

4.2 N2O EF

During the biological N-removal in WWTPs, N20 EFs are estimated as the amount
of N2O emitted relative to the influent N. According to the Intergovernmental Panel on

Climate Change (IPCC) guideline of 2006, a single (standard) EF can be used in all cases
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irrespective of the plant scale. Following this IPCC 2006 guideline, the older (standard)
EF (i.e. 1% of the influent N-content) can now decrease and considered equal to 0.5% of
the influent N-content. Although both factors are still used, it is debated whether they can
accurately depict all cases of full-scale N2O emission during wastewater treatment

(Kampschreur et al., 2009; Law et al., 2012a).

Indeed, past works have shown that the N2O emissions can importantly vary
amongst different WWTPs. For example, Kampschreur et al. (2009) reported EFs
(defined as the fraction of influent N emitted as N2O) whose range varied upon the WWTP
scale: 0-95% of the influent N for lab-scale schemes, 0-14.6% of the influent N for full-
scale plants. The authors suggested that repeating the measurements in a more
organized and carefully planned way was needed to produce more reliable and possibly
less fluctuating results. Even among plants of the same scale, large differences can be
noted. Law et al. (2012a) collected N2O EF data within the range 0-25%; all information
originated from full-scale WWTPs. This variability was attributed to the different operating

conditions and configurations.

Moreover, the quantification method is another factor that can influence the final
N20 EF results (Law et al., 2012a; Lim and Kim, 2014). For example, Ahn et al. (2010)
reported an average N20 EF ranging daily from 0.01 to 1.8% (with respect to the influent
Total Kjeldahl Nitrogen (TKN)) for twelve full-scale WWTPs in the U.S. applying different
BNR and non-BNR processes (e.g. separate-stage BNR, step-feed non-BNR, OD, four-
stage Bardenpho etc.); the observed difference in the EF was ascribed to the daily
fluctuations of the influent N-load. For each process, online gas samples were taken both

at the aerated and the non-aerated phases/compartments for a whole day. Rodriguez-
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Caballero et al. (2014) also monitored the N20O emission in a full-scale WWTP by taking
online gaseous measurements during both the aerated and the non-aerated phases. The
authors observed a diurnal decrease in the N2O EF from 0.12 to 0.06% of the influent
TKN because the nitrification process inside the bioreactor was instable. In both studies
(i.e. Ahn et al., 2010; Rodriguez-Caballero et al., 2014), the successful description of the
diurnal N2O emission dynamics was achieved after executing continuous online sampling

for a whole day.

Here it shall be underlined that there is no standardized way of calculating the N2O
production and emission amongst the studies reviewed in Table 1. The latter hinders the
constructive comparison among these works. All things considered, the use of a single
N20 EF is potentially not representative of the N2O emission for all WWTPs. As analysed
in this section, the final EF results depend upon several factor such as the plant scale,
the operating conditions and configurations, the possible temporal/spatial variations, the
N20 sampling protocol and quantification method. The precise calculation of the N2O EF
requires the development of tools able to continually and successfully capture both

dissolved and gaseous N20 dynamics at full scale.

5. Modelling the N2O emissions during the BNR in WWTPs

The section is dedicated to the modelling of N2O production and emission during
the BNR in WWTPs. Several N2O models have been suggested by extending the widely

accepted activated sludge models (ASM), introduced by the International Water
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Association (IWA) task group (Henze et al., 1987, 2000). The IWA developed different
ASM versions to describe different processes: organic matter oxidation and
nitrification/denitrification (ASM1), biological phosphorus removal (ASM2 and ASM2d),

internal storage and endogenous respiration (ASM3).

According to the initially proposed ASM versions, nitrification was modelled as one-
step process without NO2" as an intermediate product. However, this fails to successfully
describe events of system shocks and/or application of advanced BNR processes (e.g.
nitritation/denitritation, completely autotrophic N-removal) (Gujer et al., 1999; Henze et
al., 2000; lacopozzi et al., 2007). Hence, ASM-type models have been developed with a
two-step nitrification-denitrification structure (e.g. lacopozzi et al., 2007; Guerrero et al.,
2011; Ostace et al., 2011), thus allowing the estimation of the dissolved NO2" in the mixed
liquor. As detailed in section 3.3, the NO2™ dynamics is an essential factor to consider
since NOz2' is crucial for the N20O production (e.g. via nitrifier denitrification). Nevertheless,

these ASM extensions made no mention to the N2O generation and emission.

It is essential to develop mathematical tools able to describe the N2O production
and emission with reference to every possible production pathway (e.g. AOB pathways,
heterotrophic denitrification). The influence of the operational/process conditions is
expected to be enlightened with the aid of such models, thus facilitating the design of
effective mitigation strategies (Kampschreur et al., 2009; Law et al., 2012b; Ni and Yuan,
2015). A rough description of one-/multiple-pathway N2O models is provided in the

following sub-sections.
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5.1 Nitrifier denitrification N20O models

Nitrifier denitrification was the core of the model by Ni et al. (2011). They modelled
nitrifier denitrification (with NO2™ as the electron acceptor) occurring to produce NO and,
finally, N20O. According to their simulations, conditions of low DO (i.e. <1.5 mg Oz L?)
should be avoided since they were seen to inhibit nitrification and promote NO2
accumulation, subsequently leading to N2O production through nitrifier denitrification
pathway. Mampaey et al. (2013) chose to model nitrifier denitrification and NH4* oxidation
as concurring processes. The electrons released during the oxidation of NH4* to NO2
were considered as being used for the AOB reduction of NO2 to NO and, finally, to N20.
The application of the proposed model on a continuously aerated partial nitrification
(SHARON) process indicated that the maximum N20O emissions were noted for low DOs
(i.e. DO<1.5 mg Oz L™1). After running the process under intermittent aeration with aerobic
and anoxic phases of equal duration, the same model was applied. Despite the varying
DO profile this time, the maximum N20 production was again noted during aeration and
at low DO (i.e. DO<1.5 mg Oz L?). In both models, the DO factor was considered as
having a pivotal role in N2O generation through nitrifier denitrification. However, Ni et al.
(2011) modelled NH20H as a model variable part of which was directly oxidised to N20O,
whereas Mampaey et al. (2013) described the NH4* oxidation to NO2™ as direct without
the NH20H intermediate. Guo and Vanrolleghem (2014) developed a nitrifier
denitrification model based on the assumptions by Mampaey et al. (2013) and Hiatt and
Grady (2008a). A Haldane function was added to describe the DO influence on nitrifier
denitrification and, thus, predict the NO2" accumulation at low DOs. Furthermore, different

growth rates were assigned to each of the nitrifier denitrification steps (15 NO2—NO; 2"¢:
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NO—N:20) to depict the varying AOB growth rate. They observed that the application of
higher temperatures improved the nitrifier denitrification rates and, subsequently, the N2O

production though this pathway.

5.2 NH20H oxidation N20O models

Law et al. (2012b) and Ni et al. (2013) focused on the other AOB pathway, the
NH20H oxidation. First, Law et al. (2012b) investigated the correlation between the AOR
and N20 production rate for an enriched AOB culture performing NH4* oxidation to NOz
in sludge reject water. The AOR increase was accompanied by an exponential increase
to the N20 production rate. The authors suggested that the predominant N2O production
pathway in this case was the NH20H/NOH; N20 production is possible during the
decomposition of the unstable nitrosyl radical (NOH) that is an intermediate of the NH2OH
oxidation. Nitrifier denitrification was possibly less contributive under the simulated
experimental conditions: high NH4* concentration (500 mg N-NH4* L't) along with low DO
levels (0.5-0.8 mg Oz L1). Full-scale modelling was conducted by Ni et al. (2013) for an
OD and an SBR plant based on the following series of oxidations:
NH4*—>NH20H—-NO—NO2. N20 production was considered possible during the AOB
reduction of NO with NH20H as the electron donor. The possibility for DO inhibition on
the NO reduction was ignored. For both plant types, the maxima in the NHs*
concentrations coincided with those in the N20O emissions. In the OD, the NHa4*
concentration was seen to decrease without a simultaneous NOz2 increase in the aerated
zones. During the aerobic phases of the SBR operation, important amounts of NH4* were

accumulated leading to a high specific AOR and, finally, to an increased production of
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intermediates such as NH20OH. Therefore, NH2OH oxidation was considered the

responsible pathway for both simulated plant types.

5.3 Modelling both AOB N20 production pathways

With a view to describing the electron transfer processes of the AOB metabolism,
Ni et al. (2014) developed a model integrating the AOB oxidative
(NH3—>NH20H—-NO—NO2") and reductive activity (including NO2—N20 and NO—N:0).
The goal was to estimate the relative contribution of each AOB pathway to the N20
generation under changing DOs and NOz" concentrations. The model was calibrated and
validated using experimental data from two different bacterial cultures: the first was an
enriched nitrifying culture from a lab-scale nitritation SBR treating synthetic anaerobic
digester liquor (set-up studied by Law et al. (2013)), while the second was a nitrifying
culture including both AOB and NOB to perform full nitrification. The NH20H oxidation
pathway majorly contributed to the emissions under high DOs with extreme NO2z
concentrations, whereas nitrifier denitrification was more influential under modest NOz
accumulation at low DO. Pocquet et al. (2016) created a two-pathway model including
the following: (i) series of oxidations producing NO2 (NHz3—NH20H—NO—NO3), (ii) NO
reduction to N2O combined with NH20H oxidation to NO2" (NH20H oxidation pathway),
and (ii) nitrous acid (HNO2) reduction to N20O coupled with NH20H oxidation to NOz
(nitrifier denitrification pathway). In terms of inhibition factors, the AOB growth was
considered non-inhibited (e.g. by NHs or HNO2). On the contrary, a DO inhibition factor
was imposed on the nitrifier denitrification process by limiting the N2O production to a

maximum with the DO decrease. During the simulations, the DO increase led to the
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decrease of the N2O EF. After the DO rise, the relative contribution of the nitrifier
denitrification pathway started declining, in contrast to NH2OH oxidation that began

increasing its influence.

5.4 Heterotrophic denitrification N2O models

In terms of heterotrophic denitrification modelling, the activated sludge model for
nitrogen (ASMN) was proposed by Hiatt and Grady (2008a). Each of the (four)
denitrification steps (NO3—NO2—-NO—N20—N2) was considered as a discrete reaction
with its own specific growth rate. They mathematically validated their model by conducting
simulations on a modified Ludzak-Ettinger (MLE) configuration: part of the NOs™ produced
in the aerobic reactor (nitrification) was entering the anoxic tank (denitrification) through
internal recirculation (Hiatt and Grady, 2008b). According to their results, the mitigation
of N20 production required the provision of enough C-source to ensure the completion of
denitrification in the anoxic reactor. An important observation, though, was that the ASMN
did not acknowledge that the NOx reduction and the C oxidation are processes with
different kinetics catalysed by different enzymes. Hence, Pan et al. (2013a) developed
their model by disconnecting the C-oxidation from the N-reduction. They assigned unique
affinity constants to each denitrification step and introduced the ‘electron-carrier concept’:
C-oxidation releasing electrons to carriers and NOx reduction receiving them. The
proposed model was calibrated and validated using experimental data from a lab-scale
SBR containing a denitrifying culture fed with methanol (Pan et al., 2013b). As the

provision of methanol shifted from continuous to pulse, increased electron competition
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was noted. The N20 reductase faced less electron availability under the decreased C-

source supply. Thus, complete denitrification was hindered leading to N2O accumulation.

5.5 Models integrating all biological N2O production pathways

Ni et al. (2015) coupled the AOB modelling part suggested by Ni et al. (2014) and
the heterotrophic denitrification mentions by Ni et al. (2013) in a single model. It was
calibrated using data from a step-feed full-scale AS plant and, then, used to explain the
important difference between the EFs of each step (first step: 0.7% of influent N, second
step: 3.5% of influent N). A substantially higher specific N2O production rate was observed
in the second step along with considerable NOs™ and NOz" levels in the anoxic zone, thus
suggesting N2O generation via heterotrophic denitrification. Under the applied sludge
return ratio, the second step was receiving 70% less biomass than the first one. Returning
around 30% of the total excess sludge to the second step was recommended as

mitigation measure.

5.6 Modelling the combination of biological with biologically-driven N20 production

Domingo-Felez and Smets (2016) combined the three biological N2O production
pathways with two biologically-driven abiotic N2O production routes: (i) NH20H produced
during nitrification can form nitroxyl (HNO) that dimerises (via hyponitrous acid (H2N202))
to N20O and H20 at high pH, (ii) nitrosation of NH20H (with HNO2 as nitrosating agent)
can form N20O inside nitritation reactors at low pH. Although the biological pathways are
considered are as major N20 production hotspots during the BNR in WWTPs, non-

negligible abiotic N2O generation can occur. For instance, Harper et al. (2015) examined
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lab-scale batch data obtained during partial nitrification in synthetic wastewater. Under
the approximately neutral pH of the study, the abiotic N2O production was on average two
orders of magnitude higher than the biological respective one. It was noted that the abiotic
N20 production was enhanced by the AS presence. Similarly, Soler-Jofra et al. (2016)
saw that the NH20H concentration in a full-scale nitritation reactor treating reject water
was ranging between 0.03 and 0.1 mg N-NH20H L. Under this NH20H presence, almost
one third of the total N2O EF (calculated as the N2O emitted with respect to the oxidised

N during nitritation) resulted from the abiotic N2O production.
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Table 2: Review of the major findings of single- and multiple-pathway models estimating the N2O dynamics during the BNR

in WWTPs.
A. Single-pathway models B. Multiple-pathway models
A1l. Nitrifier denitrification B1l. Both AOB pathways
e Low DO (1.5 mg Oz L1): nitrification inhibition, e NH20H oxidation pathway predominant at extremely low/high
NO:2 accumulation, higher N2O emission (Ni et NO:2" concentrations with high DO # nitrifier denitrification
al., 2011; Mampaey et al., 2013) dominant at low DO with moderate NO2 accumulation (Ni et al.,
e Temperature increase: enhanced nitrifier 2014)
denitrification rates causing higher N2O emission e Maximum N20 emission at high HNO:z concentrations (0.6-1 pg
(Guo and Vanrolleghem, 2014) N-NO2 L 1) with low DO (0.5-1 mg Oz LY) (Pocquet et al., 2016)
A2. NH20H oxidation B2. All biological pathways

e Pathway activated at high NH4* levels (500 mg e Anoxic conditions with low biomass content: NO2™ accumulation
N-NH4 L 1) with low DO (0.5-0.8 mg Oz L) (Law & high NOs" levels enhancing heterotrophic denitrification
et al., 2012b), or at high NH4* concentrations pathway (Ni et al., 2015)
without NO2 increase in aerated zones/phases
(Ni et al., 2013)

A3. Heterotrophic denitrification B3. Biological & biologically-driven pathways
e Each denitrification step as a discrete reaction e Abiotic N2O production possible in WWTPs & probably
with a unique specific growth rate (Hiatt and underestimated (Domingo-Felez and Smets, 2016)

Grady, 2008a)
¢ Increased N20 accumulation after decreasing
the C-source loading rate (Pan et al., 2013a)
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5.7 Conclusions and directions for future modelling research

Table 2 presents the main point of each of the models analysed in subsections
5.1-5.6. As it was detailed in section 3, the AOB microbial production pathways are the
major N20 hotspots with their relative contribution depending on the DO and NOz" levels.
In this regard, the two (AOB)-pathway models are more likely to successfully describe the
N20 emission in WWTPs, particularly if they take account of factors such as the DO
and/or NOz2 fluctuations (e.g. Ni et al., 2014), and/or the potential DO inhibitive effect on
the maximum N20 production (e.g. Pocquet et al., 2016). During the full-scale wastewater
treatment though, all three biological N2O production pathways are possible. Hence, they
shall all be included for the purposes of successful full-scale modelling (Kampschreur et
al., 2009; Law et al., 2012b; Ni and Yuan, 2015). In this concept, the inclusion of
heterotrophic denitrification models including detailed kinetic description for each
denitrification step under changing operating conditions (e.g. Pan et al., 2013a) is
essential. Future full-scale modelling attempts shall focus on integrating all biological N2O
production pathways as potential emission contributors under varying operational
conditions (e.g. DO, NO2 concentration, return sludge stream etc.); the latter without
disregarding the possibility of abiotic N2O production. However, it is noted that estimating
the importance of abiotic (although biotically driven) N20O generation in full-scale

applications is still under research.
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6. Actions to mitigate the N2O emission in WWTPs

In this chapter, several past works dedicated to the phenomenon of N20

production during the BNR in WWTPs were summarized. All these studies were analysed

to unveil the factors majorly influencing the aspects of N2O emission, quantification and

modelling. The acquired knowledge served to suggest the following mitigation measures:

Operate under optimum operating conditions. For example, DO is a crucial factor
influencing the nitrification process, hence linked to the N2O emission through the
nitrification-related pathways (i.e. AOB production pathways). DO must be
controlled at a level allowing the undisturbed completion of nitrification (e.g. at
around 2 mg L1). The aeration rate is equally important. It shall be optimised to a
level ensuring the occurrence of nitrification without raising the stripping intensity
or the energy demands of the WWTP. Moreover, a WWTP should receive an
influent N-load that does not surpass its treatment capacity to avoid NOz
accumulation. The same logic applies for the pH and temperature factors. For
example, operating under pH=7 and temperature around 20°C aids the completion
of nitrification-denitrification without excessive stripping or the accumulation of N2O
predecessors.

Perform advanced N-removal (e.g. nitritation-denitritation or partial nitritation-
anammox) only after optimising the process parameters. Even though these N-
removal alternatives were suggested to decrease the energy requirements of
WWTPs, they are likely to result in increased N20 production. Therefore, running
these processes after optimizating important parameters (e.g. DO) is critical to

mitigate the emissions and achieve a moderate overall C-footprint.



73

Provide enough C-source to increase the possibility of N2O consumption through
denitrification. The denitrifying bacteria require a sufficient C-source supply to
perform denitrification till its final stage, thus consuming the intermediate N20O
product. In addition, the composition of the C-source can play an important role
since several C-source types are more advantageous to the growth of the
denitrifying bacteria.

Estimate the EF by considering the plant scale as well as the special operating
conditions of each WWTP. The estimated EF will help the operators realise if the
plant emissions are beyond an accepted range and, hence, if mitigation strategies
should be implemented.

Apply a precise N2O sampling and measurement protocol. Accurate sampling
campaigns require sampling in various spots covering the whole treatment line for
prolonged monitoring periods. Thus, potential spatial and/or temporal variabilities
are more likely to be depicted. Continuous online measurements usually respond
to this need. Future research should focus on the development of full-scale set-
ups that simultaneously estimate both dissolved and gaseous N2O dynamics.
Utilise multiple-pathway N20 models to predict the most contributive N20
pathways and the most significant operating conditions in a WWTP under
observation. Although the importance of abiotic N2O production during the BNR in
WWTPs is still under research, the successful full-scale N2O modelling requires
the integration of all production pathways (biological and abiotic) under varying

conditions (e.g. different DO and/or NO2" levels).
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All things considered, the N2O production and emission during the BNR in WWTPs
is a highly complex and dynamic issue influenced by multiple parameters. The
development of novel and flexible multiple-pathway models validated upon real full-scale
BNR data is crucial. Afterwards, operators will be able to accurately estimate the N20O
emission of existing plants or plants under construction and, finally, decide on the most

appropriate mitigation plans.
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Chapter Il

Extend the activated sludge model to model nitrous oxide emissions
in municipal anaerobic/anoxic/oxic wastewater treatment plants

under changing operational conditions
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Summary

A methodology to predict N2O emissions during the BNR in WWTPs is presented.
The developed N20 estimation model considered the changing operational conditions
(e.g. DO) within WWTPs. Based on the widely accepted and applied ASM models, the
proposed mathematical tool incorporated the biological N2O production pathways for a
A2/0 WWTP with biological removal of organic matter, N and P. Precisely, three microbial
N20 production pathways were included: nitrifier denitrification, NH2OH oxidation, and
heterotrophic denitrification, with the first two being activated by the AOB. An SE
coefficient was added to reflect the divergence of the stripping model from the actual
stripping process. Partial nitrification resulting in high N20O production via nitrifier
denitrification was observed when the DO in the aerobic compartment ranged from 1.8 to
2.5 mg Oz L. The latter possibly suggests that decreased aeration strategies facilitate
the attainment of a low overall carbon footprint provided that complete nitrification is not
compromised. The model predicted high N2O emissions when low DO (~1.1 mg Oz L?)
and high influent NH4* concentration coincided. Further observation revealed that when
the AOB population was higher than the NOB respective one, NO2  accumulated. Hence,
nitrifier denitrification was the preferred N2O production pathway. Moreover, the effect of
a sudden increase in the influent NH4* load was investigated. It was noted that it resulted
in the AOB growing at a faster rate compared to the NOB; thus, nitrifier denitrification
pathway was considered once again as the N20 hotspot. Finally, the developed model
predicted that the highest N2O EFs occurred under the following concurring conditions:
enhancement of partial nitrification (i.e. low DO) along with increased importance of the

stripping effect (i.e. high SEs).
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1. Introduction

N20 is a GHG with a major GWP. Compared to other GHGs such as CH4 and CO,
N20’s contribution to the phenomenon of global warming is importantly higher (IPCC,
2013). Moreover, the depletion of the ozone layer in the last century has been linked to
the N20 emission (Ravishankara et al., 2009). During the BNR in WWTPs, N20 can be
produced and emitted (Ahn et al., 2010; Foley et al., 2010). Besides, N2O emissions can
attribute to the C-footprint of WWTPs to the significant extent of 60 to 75% (Daelman et

al., 2013; Rodriguez-Caballero et al., 2015).

The biological N2O production pathways are associated with the biochemical
processes of nitrification and denitrification that occur during the BNR. The nitrification-
related pathways (i.e. nitrifier denitrification NH2OH oxidation) are activated by the AOB.
Furthermore, N2O can be an intermediate product during heterotrophic denitrification;
hence, the process is regarded as the third microbial N2O production route (Wunderlin et
al., 2012; Wunderlin et al., 2013; Ni and Yuan, 2015; Rodriguez-Caballero et al., 2015).
The principal conditions under which the N2O ge