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Abstract

The upcoming change of legislation in some European countries where wastewater treatment facilities
will start to be taxed based on direct greenhouse gas (GHG) emissions will force water utilities to take a
closer look at nitrous oxide (N20) production. In this study, we report for the first time N2O emissions
from two full-scale size membrane aerated biofilm reactors (MABR) (R1, R2) from two different
manufacturers treating municipal wastewater. N2O was monitored continuously for 12 months in both
the MABR exhaust gas and liquid phase. Multivariate analysis was used to assess process performance.
Results show that emission factors (EFn20) for both R1 and R2 (0.88+1.28 and 0.82+0.86%) were very
similar to each other and below the standard value from the Intergovernmental Panel on Climate Change
(IPCC) 2019 (1.6%). More specifically, N2O was predominantly emitted in the MABR exhaust gas

(NTRexh) and was strongly correlated to the ammonia/um load (NHxload). Nevertheless, the implemented
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Oxidation Reduction Potential (ORP) control strategy increased the bulk contribution (NTRbui),
impacting the overall EFnzo. A thorough analysis of dynamic data reveals that the changes in the external
aeration (EA)/loading rate patterns suggested by ORP control substantially impacted N2O mass transfer
and biological production processes. It also suggests that NTRexn is mainly caused by ammonia-oxidizing
organisms (AOO) activity, while ordinary heterotrophic organisms (OHO) are responsible for NTRbulk.
Different methods for calculating EFn20 were compared, and results showed EFn2o would range from
0.6 to 5.5 depending on the assumptions made. Based on existing literature, a strong correlation between
EFn20 and nitrogen loading rate (R? = 0.73) was found for different technologies. Overall, an average
EFn20 of 0.86 % N20-N per N load was found with a nitrogen loading rate greater than 200 g N m=d™,
which supports the hypothesis that MABR technology can achieve intensified biological nutrient removal

without increasing N2O emissions.
Keywords
Biofilm, IFAS, MABR, N20, process intensification

Nomenclature

A Membrane surface area, m?

AOO Ammonia oxidizing organism

AP Abiotic pathway

BNR Biological nutrient removal

C/N ratio Ratio of soluble chemical oxygen demand and ammonia/um

CnN20 air Nitrous oxide concentration measured in atmosphere, ppm

CnN20,bulk Nitrous oxide concentration measured in bulk, g N m™3

CnN20,exh Nitrous oxide concentration measured in exhaust, ppm

Co2,injout Oxygen concentration in atmospheric air and exhaust gas after membranes, %

EA External aeration, final bubble aeration in R1 and fine bubble + coarse bubble in R2

EFn20 Nitrous oxide emission factor, % N load emitted as N2O-N

EFN20,sc2 Nitrous oxide emission factor including liquid emissions, % N load emitted as N2O-
N




EFN20.ANH Nitrous oxide emission factor, % ammonia/um nitrogen removal emitted as N2O-N

EFN20,0TR Nitrous oxide emission factor based on OTR-calculated NR, % ammonia/um nitrogen
removal emitted as N2O-N

forg Ammonia-total nitrogen conversion constant

GHG Greenhouse gas

Hn2o Henry’s law coefficient, -

HD Heterotrophic denitrification pathway

IPCC Intergovernmental Panel on Climate Change

KLaN20,aer Mass transfer coefficient when EA was on, d*

KLanzo,un Mass transfer coefficient when EA was off, d*

MABR Membrane-aerated biofilm reactor

N Nitrogen

NN2o Nitrous oxide mass, g N

N20 Nitrous oxide

ND Nitrifier-denitrification pathway

NHx,infeff Ammonia/um concentration in the influent/effluent, g N m™

NHyload Ammonia/um load in influent, kg N d*

NLR Nitrogen loading rate, g N m=3d*

NN Nitrifier-nitrification pathway

NR Nitrification rate, g N m2d*!

NTRexh Gaseous nitrous oxide transfer rate in MABR exhaust, g N d!

NT Rbulk,aer Gas?ous nitrous oxide transfer rate in bulk mixed liquor when external aeration on, g
N d

NTRbulklig Liquid nitrous oxide emission, g N d*

NTRbulk,un Gas?ous nitrous oxide transfer rate in bulk mixed liquor when external aeration off, g
N d

NT Rbulk sc2 Nitrous oxide transfer rate including gaseous and liquid emission, g N d*

OHO Ordinary heterotrophic organism

ORP Oxidation- Reduction Potential, mV

OTR Oxygen transfer rate, g O2 m2 d*

Pout Pressure in exhaust, bar

PCA Principal Component Analysis

R Ideal gas constant

R1/R2 MABR 1 and 2

SCADA Supervisory control and data acquisition

TNioad Total nitrogen load, g N d*

Qair,in Process airflow, N m® d!

QairEA External aeration airflow, m3 d*

Qinf

Feed flow to the MABR, m® h't
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\Y/ Aerated volume of reactor, m?

Vioss Volumetric airloss

WRRF Wastewater and Resource Recovery Facility
po2 Oxygen density under normal conditions, kg m

1 INTRODUCTION

Water utilities around the world are setting carbon goals, especially in Denmark, where the country has
set the ambitious goal of cutting 70% of its greenhouse gas (GHG) emissions by 2030, and the whole
water sector has a common goal of achieving climate neutrality by 2030 (Danish Government, 2020).
While some countries’ energy-related CO2 emissions are expected to continue increasing in the coming
years (Aydin, 2014), for others, such as Denmark, these are already following a downward trend
(Irandoust, 2016). As countries de-carbonize their energy systems, reducing their carbon intensity and
thereby reducing indirect emissions, direct emissions will become more critical in the overall carbon
balance of a water treatment facility (Delre et al., 2019). Moreover, new GHG emissions regulations,
including a tax on nitrous oxide (N20) emissions from wastewater treatment plants, could be on their

way (Danish Government, 2020).

Data from long-term monitoring of facilities performing biological nutrient removal (BNR) shows, in
general, low N20 emission factors (EFnz0), lower than the “tier 1 value from the Intergovernmental
Panel on Climate Change (IPCC) 2019 of 1.6% of the incoming nitrogen (N) load emitted as N2O-N
(Miljgstyrelsen, 2020; Valkova et al., 2021; Vogt et al., 2021; de Haas and Andrews, 2022). Two recent
efforts by Denmark and Switzerland to use long-term data from full-scale facilities resulted in a reduction
of the national EFnz2o (“tier 2”) from 1.6 to 0.84% in Denmark (Miljastyrelsen, 2020) and 0.9% in

Switzerland (for full N removal facilities) (Vogt et al., 2021). Novel technologies, however, have been
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reported to have generally higher EFnzo, especially those technologies that aim to “intensify” BNR,
achieving a higher N removal per m® of reactor volume, such as anaerobic digestion supernatant treatment
processes (Vasilaki et al., 2019; Valkova et al., 2021). The recents works of Farago et al., 2021 and
Monje et al., 2022, where life cycle and economic assessment evaluations were used to quantify the
environmental impacts of retrofitting existing facilities with novel technologies showed that direct N2O
emissions were the most significant contributor to climate change in all scenarios. It is therefore of utmost

importance to collect accurate estimations of EFnzo for different technologies.

The membrane aerated biofilm reactor (MABR) technology brings together several aspects beneficial for
facilities striving to become energy and carbon-neutral (He et al., 2021). The increased oxygen transfer
efficiency reduces energy consumption (Castrillo et al., 2019; Uri-Carrefio et al., 2021), while the fixed
biofilm increases N removal capacity (Kunetz et al., 2016). When operated in combination with activated
sludge (hybrid MABR), it allows for the intensification of BNR facilities (Downing and Nerenberg,
2008), thereby increasing the capacity of the plant and reducing its footprint (Carlson et al., 2021).
Moreover, one of the key traits of MABR, its counter-diffusional nature, provides the environmental
conditions for simultaneous nitrification and denitrification to occur, and this has been previously
identified as an N20 sink (Conthe et al., 2019). MABR has, therefore, the potential to achieve successful

N removal intensification while reducing the direct GHG emissions associated.

Laboratory-scale studies have shown that MABR could have a substantial advantage over conventional
technologies regarding N20O emissions. Kinh et al., 2017 and Pellicer-Nacher et al., 2010 found in
laboratory-scale studies that N2O emissions were two orders of magnitude lower when performing
nitrification-denitrification and autotrophic N removal (respectively) compared to conventional biofilm

technologies. However, neither of those studies reported the N2O fraction that back-diffuses into the
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membrane lumen and could significantly change the final N2O emission mass balance. More recently,
Silveira et al., 2022 showed that N2O concentrations measured in the MABR exhaust from a pilot treating
630 m* d* were, on average, in the 60-120 ppm range and could be used to assess biofilm development

during startup. This study, however, did not quantify the emission fraction coming from the bulk.

In this study, we analyze for the first time one year of continuous monitoring data of two full-scale
MABRs located in pilot reactors adjacent to the bio-p zones at the Ejby Mglle Water and Resource
Recovery Facility (WRRF) (Uri-Carrefio et al., 2021). This study goes beyond scientific literature’s state
of the art by reporting N2O emissions in both exhaust and bulk from a full-scale size MABR treating
municipal wastewater. High-frequency N20 data is analyzed together with other performance indicators.
A discussion of the potential N2O formation mechanism is included based on dynamic profiles. This
study also shows the impact of the statistical methods employed to calculate and report these emissions.
Results from this study will help benchmark MABR technology in comparison to other intensification

technologies.

2 METHODS

2.1 MABR SYSTEM UNDER STUDY

2.1.1. Pilot description

The Ejby Mglle WRRF in Odense, Denmark, has a 410,000 population equivalents treatment capacity.
The main liquid treatment train comprises grit removal and screening (6 mm), chemically enhanced

primary treatment with the addition of polymers and ferric sulfate, and Bio-Denipho™ nutrient removal



94  with phased isolation ditches, including anaerobic zones for biological phosphorus removal. Further

95  details on the plant have been reported by Uri-Carrefio et al., 2021.
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97  Fig 1. Location of MABR pilot reactors at the Ejby Mglle WRRF on the top right, a detailed schematic
98 of the reactors on the top left, and a closeup of membranes and biofilm on the bottom right.
99

100 The MABR tanks consisted of two sidestream circular reactors of 23 m® (R1) and 17 m® (R2) each,
101  adjacent to the bioreactor facility’s anaerobic zone. Two full-scale hollow-fiber MABR cassettes with a
102  total volume of 11.3 m® and 4.5 m® and a total membrane surface area of 1920 m? and 1450 m? were
103  installed inside Reactor 1 (R1) and 2 (R2) in 2018, respectively. The reactors were set up as continuously
104  stirred-tank reactors fed with mixed liquor from the full-scale anaerobic zones (i.e., primary effluent
105 mixed with return activated sludge). Low-pressure air was supplied to the MABR units for

106  intramembrane oxygen supply and mixing/scouring.
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2.1.2 Operational description — ORP control strategy

An oxidation-reduction potential (ORP)-based control strategy was implemented in the pilot reactors,
and external aeration (EA) in the form of fine-bubble diffusers was added to R1 and R2. More
specifically, a low value of ORP would trigger the use of EA, and a high value of ORP would stop it. A
second layer was added so that if the ORP reached an even lower setpoint (meaning EA was not enough
to bring ORP to the desired range of values), it would significantly decrease the feed to the reactor until
the defined high ORP setpoint was reached. The ORP control strategy was intended to overcome previous
operation problems related to iron sulfide precipitation and sulfide inhibition which is described in more

detail in Uri-Carrefio et al., 2022.

Biofilm scouring was carried out using coarse bubble aeration in both R1 and R2. This is typically done
using short pulses of air. However, coarse bubble aeration was used during extended periods in R2, and
it was therefore included in the N2O stripping calculations as EA (whenever Q > 312 m® d1). Therefore,
in this study, EA refers to fine bubble aeration in R1 and the combination of fine and coarse bubble

aeration in R2.

2.1.1 Data acquisition

NHx concentrations (NHxeff) and temperature were measured using an AmmoLyt® plus device from
Xylem Inc. N20 concentrations in the liquid phase (bulk) were monitored using a Clark-type sensor from
Unisense A/S. A sample from the exhaust gas after the MABR unit was taken semi-continuously to a
gas-monitoring GASlog 1200 from ABB Group SA. The system contained a gas analyzer Uras 26
Easyline and was designed to operate as a multi-scan and measuring point analysis system with Oz and

N20 measurement. The gas analyzer measured one sample at a time, oscillating between R1 and R2
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every 24h. Both probes and the gas analyzer were connected to the SCADA system, and measurements

were recorded every ten seconds from January until December 2020.

2.2 PROCESS RATE CALCULATIONS

2.2.1 Nitrification and oxygen transfer rates

The oxygen transfer rate (OTR, g O2m™ d™) measures the flux of oxygen gas that diffuses from the
lumen’s interior into the biofilm over time and was calculated following the exhaust oxygen model in

Houweling & Daigger, 2019 (Eq1,2):

Qair in (COZ in _(I_VIOSS)COZ out )p02 Eq 1
OTR=—"1 2 ’
A
1-C,, Eq2
Vloss_ 1-C =
02, out

Where Quir,in is airflow (N m3d?), Cozinis the mole fraction of oxygen in atmospheric air, Vioss is the
volumetric air loss between inlet and outlet, Co2,0ut is the mole fraction of oxygen in the exhaust. poz is

the oxygen density under normal conditions (kg m®), and A is the membrane surface area (m?).

Nitrification rates (NR) represent the quantity of NHx oxidized to NOx. They were calculated using NHx
concentrations from the NHx sensor (NR) as in Eq 3 where NHx,inf, and NHxert (g m™) respectively
represent the concentration of NHx in influent and effluent obtained from online signals and Qins was the

influent flow rate (m®d). More information about process indicators calculation methods can be found



142 in Uri-Carrefio et al., 2021. Note that these nitrification rates include neither the hydrolysis and

143 ammonification nor the biomass assimilation in the system.

_ (NHx,inf - NHx,eff) * Qinf Eq 3

NR
A

144  2.2.2 N0 emissions

145  2.2.2.1 Gaseous emissions from the bulk mixed liquor

146  The nitrous oxide transfer rate (NTRouik) emitted from the bulk mixed liquor surrounding the MABR
147  units (g N d*) was calculated as the sum of the emissions when EA was on NTRbulk.zer, and when it was
148  off: NTRubukun. The mass transfer coefficient for N20O, KiLanzo aer, used in Eq 4b was calculated according
149  to Matter-Miiller et al., 1981, while a value of 2 d*! was used in Eq 4c. Cnzo, bulk corresponds to the
150  concentration of N2O measured in the liquid phase (g N m), Cnzo.ir is the concentration of N20 in the
151  atmosphere (g N m), Quirga is the EA airflow (m® d?), estimated based on blower speed, and V is the
152  aerated volume of the reactor, which in this case we assume was 100% of the reactor volume.
153  Measurements below the detection limit (0.005 g N m3) were assumed to be 0. Liquid NTR from the
154 bulk (NTRbukliq) was calculated according to Eq 4d, and the NTR, including liquid and gaseous

155  emissions (NTRuulksc2), was calculated using Eq 4e.

NTRpyie = NTRpuikaer + NTRpuikun Eq 4a
KLaNZO,aerm 14 Eq 4b
NTRbulk,aer = HN20 * Czei%k * Qairga * <1 —e Hnyo Qair.EA)

o Eq 4c
NTRpyikun = KLan,0.un * Ieu(sk - ==V a
' 2= z Hy,o

NTRpyi1iq = CHYSF * Qunp Eq 4d
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NTRbulk,ch = NTRbulk,aer + NTRbulk,unaer + NTRbulk,liq Eq de

2.2.2.2 Gaseous emissions from the MABR exhaust

The gaseous N20 emission from the MABR exhaust was calculated based on the concentration of N2O
measured in the exhaust gas, Cnzo,exh (ppm) using Eq 5, where NTRexh has units g N d 2. Nn2o exn has units
of g N, Paut is the pressure in the exhaust gas (bar), Qair,in is the inlet airflow to the MABR units (m* d™),
Vioss IS the estimated volume loss across the MABR units (Eq 2), R is the ideal gas constant, and T is the
temperature of the exhaust gas, which in this case is assumed to be equal to the liquid temperature in the

MABR tank.

NTRexh — AnNzA(Z,exh — Poyt* Qair,in;v;oss*CNZO,exh Eq 5
*

2.2.2.3 Emission factor

The N20 emission factor, EFnz2o, was calculated using the sum of the gaseous emissions from the
MABRSs, divided by the influent N load, TNicad (EQ 6a). Since no TN measurements from the inlet to the
MABRs were available, only influent NHx concentrations, we estimated the corresponding TNicad USINg
a constant forg, as was also done in van Dijk et al., 2021. Forg was estimated using TN and NHx
measurements from the primary effluent and fitting a linear regression model (R? = 0.89). EFn20,sc2
includes in the scope of the system the dissolved N20O that leaves the system with the effluent. EFn2o,aNH
corresponds to the N2O emission factor per NHx removed in the system, calculated using NHx sensor
measurements (Eq 6e), and it has units of % N emitted as N2O per g of NHx-N removed. EFnz2o0,0TR IS @
variation of the latter, in which NHx removal is calculated based on OTR through the membranes and the

theoretical oxygen demand for nitrification.
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(NTRyyie + NTRoyp) * 100 Eq 6a

EF =
Nz0 TNload
TNiypga = NHxJnf * Qinf * forg Eq 6b
(NTRpuisc2 + NTR,yp) * 100 Eq 6¢c
EFNZO,SCZ =
TNload
(NTRy,;x + NTR,,p) * 100 Eq 6d
EFNZO,ANH =
ANHx
ANH, = NR x A Eq 6e
(NTRpy i + NTR,,p) * 100 Eq 6f
EFNZO,OTR =
ANHx, OTR
ANH, orr = OTR/4.57 Eq 69

2.3 DATA ANALYSIS

The pre-processing of the data included the treatment of missing values and removal of data
corresponding to periods when the system was temporarily out of service for different reasons:
maintenance of equipment or emptying the reactor tank. All analyses were performed using R software.
Results were considered “significant” when the p-value was < 0.05 and "highly significant” when the p-

value < 0.001. Shapiro-Wilk tests were carried out to test normality in the data distributions.

The gas analyzer was out of range 4.2% of the time (> 324 ppm). Using a Bayesian parameter estimator,
we calculated the true mean and standard deviations (including values out of range) for the concentration
of N20 in the exhaust. The mean and standard deviation of uncorrected data were 152.3+94.1 and
88.3+86.0 for R1 and R2, while the estimated true mean and standard deviations were 154.3+98.9 and
89.0+£88.0. Therefore, we conclude that the time the gas analyzer was out of range did not affect our
results significantly. Eliminating the values out of range (324 ppm) prior to the PCA analysis showed no

differences in the results.
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The error from the NHx sensors was reduced by eliminating periods where the difference between
laboratory and sensor measurements was > 3 g N m=. In March 2020, due to COVID lockdowns in
Denmark, the NHx sensors could not be appropriately maintained, and therefore NHx online data was
excluded for EFnzo calculations (both R1 and R2). In early June 2020, a chemical cleaning was carried
out in R2 (which is better described in Uri-Carrefio et al., 2022), and the three weeks of operation
following that chemical cleaning were deemed as “startup period” and were left out of the EFn2o

calculations.

The dissolved N20 sensor is susceptible to temperature changes (Jenni et al., 2012), and we observed
deviations from the baseline zero concentration over time between calibrations (positive and negative
deviations). The data set was adjusted to account for these deviations by increasing or reducing all
measured values. The dissolved N2O sensor measures linearly in the 0.005-1.5 g N m™ range. To account
for the low measurement range, we assumed that concentrations < 0.005 mg N m~ were 0, which means
the minimum NTR that could be measured above the detection limit was 5.5 g N d%, which corresponds
to an EFn2o of 0.1% (using average annual load). Measurements above the measurement range (1.5g N
m-3) were not eliminated from the data set. The behavior of the Clark-type sensor above the measurement

range suggests the emissions during these periods (0.54% of the data set) are underestimated.

231 PCA

A multivariate analysis of the sensors/gas analyzers data was performed using principal component
analysis (PCA). PCA extracted the eigenvalues from the covariance matrix of the scaled and centered
variables. The PCs are the uncorrelated (orthogonal) variables obtained by multiplying the original
correlated variables with the eigenvectors. Each eigenvector consists of a vector of coefficients

(loadings). PCA allowed reducing the dimensionality of the original data set with a minimum loss of
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information. The selection of the PCs was based on eigenvalues > 1. A Promax rotation was performed

on the PC eigenvalues to achieve a simpler, easier to interpret structure.

2.3.2 N0 emissions reporting

Six different scenarios with different ways of reporting EFnzo were defined (see Table 1).

Table 1. Description of EFnzo calculations.

Scenario

Description

SC1

Exhaust and bulk gaseous emissions and the estimated load to the MABRs based on NHx
sensors (see eq 6a).

SC2 Equal to SC1 with the addition of the N2O emissions from the bulk liquid leaving the pilot
with the effluent (see Eq 4d, 6¢)

SC3 Exhaust and bulk gaseous emissions and the estimated NHx removal in the MABRs based
on NHy sensors (see eq 6d, 6e).

SC4 Exhaust and bulk gaseous emissions and the estimated NHx removal in the MABRs based
on OTR (see eq 6f, 69).

SC5 Exhaust and bulk gaseous emissions and the estimated load to the MABRs based on
laboratory analysis of NHx (see eq 6a).

SC6 Same as SC1, using the 90t percentile.
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3 RESULTS

3.1 PLANT PERFORMANCE AND OVERALL EFn20

The MABRs were operated simulating a retrofit with MABR in the anaerobic bio-p zone of Ejby Mglle
WRREF, in which MABRs would carry out substantial N removal, followed by an activated sludge, which,
under considerably lower nitrogen loading rates (NLR), would carry out the remaining treatment to reach

effluent discharge limits. Therefore, the MABRS were operated at a high NHx i0ad, and relatively low %

NHx removal (compared with a complete BNR system) (Table 2).

Table 2. Summary of nitrogen removal performance and N2O emissions. Annual daily values (first
row) and corresponding coefficient of variation (second row). Daily coefficients of variation (third

row)
NHyx load ANHx OTR NTRexn NTRbulk NTRbulkaer | NTRbulkun EFn20
kg N d? gNd? kg O2d? | gNd? gNd? gNd? gNd? % N load
RL | Annual | 5.90#3.01 | 18524894 | 18.3#3.7 | 38#21 15432 23+41 629 0.88+1.28
Vi‘?f‘;gnﬁ; 51% 48% 20% 56% 213% 178% 163% 146%
vg:ztrj?ﬁiy 19414 % | 37+26% 7+4 | 26424% | 136+301% | 120+157% | 107+321% | 42+43%
R2 1 Annual | 4194203 | 11044556 | 12.647.1 | 24423 16232 37465 34 0.82+0.86
Seasonal 49% 50% 57% 94% 194% 174% 149% 105%
variability
Vg::{)’:ﬁ{y 10+14% | 33%18% | 12410 | 4127% | 233+435% | 1362226% | 193+308% | 75+48%
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Fig 2. N2O emission factors in R1 and R2 per month, average N20O transfer rates from the bulk per
month.

The average EFn2o was 0.88+1.28 and 0.82+0.86 % (Table 2), and the median values were 0.51 and
0.48%, respectively (Fig 2). The highest EFnzo values correspond to June in R1 and August in R2, which

include episodes with high NTRbuik values.

The largest spreads in the dataset can be seen in NTRubuik, both in NTRbulk aer, and NTRbuik.un, in all three
aspects more than in NTRexn (Table 2): seasonal variation, which indicates significant differences
between months and seasons, diurnal variation average, which is an indication of a highly dynamic
system, and the diurnal standard deviation, which highlights significant differences between days.
Overall, the EFn2o results show large seasonal variabilities (146% and 105%) but moderate diurnal
variabilities (42+43% and 75+48%). The OTR shows the lowest seasonal and diurnal variabilities, and
both NHx,load and NHx removal also show low seasonal and diurnal variabilities, generally lower than

50% (Table 2).
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Fig 3. Average N20 transfer rates from R1 and R2 per month. Dark green for emissions from the bulk
and light green for emissions from the MABR exhaust. (*Only 4 days of data in R2 month 6)

N20 was emitted predominantly through the MABR exhaust, with NTRs typically below 50 g N d* (Fig
3). There was an increase in NTRbpulk Values in R1 during May and June, with the latter being the month
with the highest emissions from the study (almost 150 g N2O-N d). In R2, NTRuuik also increased during

the warmer months: May, July and August.

Although the contributions from NTRuyuik to the total NTR appear to be very significant (Table 2), 30 and
60% of the NTR total (Table 2), NTRuui is only a small percentage of the total during most months (Fig.
3). The daily average data distributions are positively skewed (Fig S1), where extreme events with very
high NTRowuk significantly increase the monthly and annual average, which coincides with the

observations from Fig 3 and Table 2.
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Fig 4. Average N20 transfer rates from R1 and R2 per month. Dark purple for emissions from the bulk
during non-aerated periods (EA off) and light purple for emissions from the bulk during aerated periods
(EA on). Average EA use per month as pink points. (*Only four days of data in R2 month 6)

As described in section 2.3.2, for both R1 and R2, the mass transfer coefficient (Kra) used to calculate
NTRuouik (Eq. 4b) varies substantially depending on whether the bulk mixed liquor was aerated with EA
or not. NTRubulk.aer Was on average much higher than NTRoukun (Fig 4). Results reveal that high NTRbuik
resulted from external aeration and, therefore, high NTRbulkzer, and were the highest during June in R1/

July in R2.
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3.2 MULTIVARIATE ANALYSIS OF EMISSIONS

R1 R2
EA- -0.07 -0.23 -0.51 EA- 0.01 -0.39 -0.34
NH,efr- 0.48 0.04 -0.16 NH,ef- 0.61 0.04 0.07
NTRpyk- 0.05 -0.68 0.02 NTRpuk- 0.00 -0.65 -0.05
NTRgxn- 0.53 -0.16 0.12 NTRgxn- 0.36 -0.19 0.24
T 0.11 0.13 -0.66 T -0.12 -0.05 0.62
OTR- 0.41 0.05 -0.26 OTR- 0.01 -0.01 0.61
NH,oad- 0.56 0.01 0.45 NHyi0ad- 0.70 0.06 -0.19
EFnzo- 0.01 -0.66 0.02 EFn20- -0.09 -0.62 0.17
PC1(39.4%) PC2(23.7%) PC3 (12.2%) PC1(38.6%) PC2(21.9%) PC3 (19.5%)
[ ] weak [_] Moderate [_] Strong ‘ [ ] weak[_] Moderate [_] Strong

Fig 5. Loadings from principal component analysis of R1 and R2 after Promax rotation. Loadings are
considered: weak (<0.3), moderate (<0.5) and strong (>0.5).

One-minute frequency observations (n =~ 300.000) from both R1 and R2 were mined using PCA. During
analysis, variables which did not significantly contribute to the model were discarded, and the dataset
(containing both observed and calculated variables) was reduced from approximately 20 variables to 8.
The three first PCs were able to explain 75 and 78% of the variability in the data for R1 and R2,
respectively. The variables had similar loadings and correlations in both reactors, with minor differences
(Fig 5). For R1, PC1 (which explains 39.4% of the variability) shows strong and positive correlations
between NTRexh and NHxload and moderate correlations between NHxeff, and OTR. Similarly, PC1 for

R2 (36.8% variability) shows strong and positive correlations for NTRexn, NHxload, and moderate
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correlations for NHxesf (but not OTR). This clearly indicates that at higher NHxoad, more emissions from

the exhaust MABR gas can be expected.

For PC2, which explains 23.7 and 21.9% of the variability in R1 and R2 respectively, we find a strong
(positive) correlation between EFnzo and the NTRuuik, and a moderate correlation with EA but only in
R2. This shows that the emission fraction from the bulk mixed liquor significantly impacts the final

overall EFnz2o, and confirms that this is related to the use of EA.

In the third PC, which explains 12.2 and 19.5% of the variability, we find the most significant
dissimilarities between the two reactors. In R1, EA and temperature are strongly positively correlated,
and there is a moderate contribution from NHx 0ad in the opposite direction. In contrast, in R2 we find
strong (positive) correlations between OTR and temperature and a moderate correlation to EA in the
opposite direction. It is essential to highlight that the ORP-based control strategy (see section 2.1.2)
manipulated both NHx0ad and EA, and had to be adjusted differently throughout the study period in R1

and R2. ORP-control is therefore likely responsible for the inconsistencies in PC3.

The results from an alternative PCA using daily average values, including only samples when laboratory
analysis for nitrite, nitrate and COD were available, can be seen in Fig S2 (n = 47). Results show
similarities in the relationship between EA and NTRbulk and NHx,load and NTRbuik and NTRex compared
to the PCA analysis in Fig 5. Moderate or strong correlations including the new variables (nitrite, nitrate
and C/N ratio) were present only in PC3 (14/16% variability) and PC4 (9/9% variability) Nitrite and
nitrate show a strong correlation to each other and a moderate positive correlation to the C/N ratio
(exclusively in R1). The CN ratio was further moderately correlated to NTRexh and NTRicad in R1 and to

EAin R2.
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3.3 N20 DYNAMICS AND DIURNAL PATTERNS

Fig 6 shows an example of a typical diurnal pattern during the study, where NHx load, and NHxeff present
a similar daily trend profile (R-A,B). At the same time, N2O gaseous concentrations in the exhaust (R-
D) follow the pattern of the NHx load and NHxet. N2O concentrations in the bulk, (R- C), appear to have
a baseline value below 0.05 g N m3, and peaks that do not correspond to changes in NHxload OF NHixeff
(R-A,B). Interestingly, these disturbances or peaks coincide in both the bulk and exhaust and can be

attributed to the effect of coarse bubble aeration used for biofilm scouring.
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Fig 7. Profiles for R1 and R2 showing N20 concentrations in the bulk (A — right axis) and the MABR
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Fig 7 shows an example from R1 (left) and R2 (right) during an episode of high NTRuouik emissions events
to better understand the dynamics in place. The ORP control strategy, which was triggered especially
during the warmer summer months, significantly affected the NTR total. This is mainly due to the

manipulation of both the use of EA and NHxad control (see section 2.2.2).

In the example from R1, N20O production in the bulk surpasses stripping rates, as N2O accumulates during
aerated periods (Fig 7 R1-A). On the other hand, the example for R2 shows a situation where N20O
production is lower than stripping rates, and N2O accumulates in the bulk during unaerated periods, and

it is stripped during aerated periods (Fig 7 R2-A).

At moderate and stable ORP values of approximately -160 mV (Fig 7 R2-D) the NHx i0ad cOntrol was not
triggered (Fig 7 R2-C) and resulted in NTR total values in between 300 and 600 g N d* (Fig 7 R2-B).
However, we can see in the example from R1, that when NHxload Was reduced due to low ORP values (<
-250 mV, approx. time 1 am) (Fig 7 R1-C, D) this resulted in much higher NTR total values of close to

1000 g N d*(Fig 7 R1-B).

A combination of low feed and aerated bulk conditions increased N20 dissolved concentrations to values
close to 2 g N m (Fig 7 R1-A, 1-3 am). When the feed was turned up again (R1-C) before 2 am, even
though the EA was still on, the concentration of N20 started to decline (Fig 7 R1-A). The concentration
of N20 in the MABR exhaust followed the bulk concentration (with a lag) in R1-A, which seems to
indicate that at such high dissolved concentrations, a flux of N20 is driven from the bulk into the biofilm,
and into the membrane lumen. Moreover, an aerobic layer possibly develops in the outer part of the

biofilm, preventing any biological N2O reduction.
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3.4 EMISSION FACTORS: VARIABILITY AND SCENARIO ANALYSIS

Scenario one (SC1), shows the average annual EFnzo was 0.86+1.11 % (Fig 8, Table S1), almost half of
the standard IPCC 2019 value of 1.6%, and very similar to the later published national emission factor
for Denmark of 0.84% (Vangsgard and Madsen, 2020) and for Switzerland 0.9 % (Vogt et al., 2021). As
was seen in Table 2, the large standard deviation can be attributed to seasonal variations and the impact

of the large variability in the NTRbuik data.

Scenario two (SC2) equals SC1 with the addition of the N2O emissions from bulk liquid discharged with
the effluent. This fraction should be accounted for if no downstream processes can result in either
stripping or reduction of N20. In this study, the MABRs discharged into a 1000 m? bio-p anaerobic zone,
and it is reasonable to assume that the small quantity of N2O dissolved in the MABR effluent will be
reduced in this tank. However, if this were not the case, the EFnzo, including liquid emission, would

increase to 1.33+1.64 % (Fig 8).

Scenario three (SC3) and scenario four (SC4) correspond to EFnz20,anu, and EFnzo,01R, Which is another
method to report EFnzo based on NHx removal instead of loading. Since the MABRs did not carry out a
significant fraction of NHx removal, SC3 and SC4 emissions are more considerable than SC1,
5.47+6.80%, and 1.32+1.24+%, respectively. It is worth noting how calculating NR based on OTR

dramatically reduces both the average value and the variability (Fig 8).

Scenarios five (SC5) and six (SC6) refer to alternative ways to calculate and report the EFnzo from SC1.
SC5 only considers EFnzo estimations when laboratory analysis data is available. Unless enough data
points are accounted for, performance dynamics and extreme events might be left out, thus reducing data

variability, which did not change in this study for 72 data points (0.89+0.83) (Fig 8). SC6 considers how



361  much impact extreme NTRuouik values have. The top 10% of NTR values was removed from the dataset
362 (90" percentile), which is likely to occur in short-term monitoring campaigns. This resulted in an EFnzo

363  value that was 33% lower than SC1 (0.58+0.4%).
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4 DISCUSSION

4.1 REPORTING OF EMISSION FACTORS

To assess and reduce the environmental impact of advanced N removal processes, the accurate
quantification of EFn2o is essential. The current methods for estimating EFn2o are oversimplified,
unreliable, and not representative of different process configurations or conditions (Adam and Van
Briesen, 2017), and benchmarking and comparability are challenging due to the inconsistencies in the

reported data available (Massara et al., 2017; Vasilaki et al., 2019).

The duration of the monitoring campaign is critical. Vasilaki et al., 2019 analyzed more than 70 full-
scale campaigns and found those that lasted less than one month obtained EFnzo values lower than 0.3%,
while long-term campaigns over a year-long resulted in much higher values (1.7% median). Monitoring
campaigns that are too short to capture extreme events and seasonal trends will likely underestimate
emission factors. In this study, high-emission events in the bulk significantly affect the overall EF (Table
2) and the top 10% of the data set is responsible for increasing the annual average EFnzo from 0.58 to
0.86% (Fig 8). If monthly averages are used instead of daily averages, this will also lead to a

miscalculation of the importance of extreme events.

EFnzo had a high seasonal variability (Table 2) and the highest emissions occurred during the warmest
months of the year (see Fig 2,3,4). At least one study has also found emissions to increase also concurrent
to temperature increase (Daelman et al., 2015), while this effect was not observed in other studies
(Kosonen et al., 2016; Gruber et al., 2020). This inconsistency could be explained by the fact that in some

cases, at higher temperatures higher NHx,0ad Occurs, and therefore temperature could act as a NHx load
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proxy. Indeed, in this study the multivariate analysis showed NTR was not correlated to temperature but

to NHx l0ad instead (Fig 2), as did Kosonen et al., 2016 and Gruber et al., 2020.

The frequency of the data acquisition is also essential to EFnzo reporting. Daelman et al., 2013 used a
long-term data set with continuous N20O data from a full-scale installation and indicated that short
sampling campaigns (single grab samples, 24h or seven days), did not estimate the average EFnzo
adequately close to the true average. Moreover, infrequent NHxoad analysis could lead to added
uncertainty in EFs even when using continuous N2O data. However, in this study, we found that
continuous online data and daily averages when laboratory samples were available resulted in an almost
identical annual average EFnzo (see Fig 8). This could be attributed to the high number of samples for
NHx,load (N = 72 ), which is much higher than it is typical for full-scale facilities (n =12 per year). Even
if overall EFnzo values are similar, only online monitoring can capture diurnal trends and correlations to
operational variables. In this study, we found N2O emissions followed a diurnal trend which could be
traced back to the diurnal NHx loading rate (Fig 6, 7). Similar findings are also reported in Daelman et

al., 2015 and Valkova et al., 2021.

Lastly, EFn2o values are sometimes reported in terms of % NHx removed, not TN icad, especially in partial
nitritation/anammox (PN/A) (Joss et al., 2009; Pijuan et al., 2014; Yan et al., 2014; Bellandi et al., 2017),
which can be troublesome when comparing different nitrogen removing technologies. In this study, we
show EFnzo based on NHx removal calculated using OTR and NHx measurements and how this resulted
in increased EFnzo, especially when using NHx sensor data, which has almost double the diurnal
coefficient of variability than NHx, 10ad (Se€ Fig 8, Table 2) and three to five times larger than OTR.
Moreover, using OTR to calculate NHx removal in MABRs can lead to overestimating removal rates

and, therefore, an underestimation of EFnzo.
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In conclusion, our results highlight the impact of different methods to calculate EFn2o and how not
including the effluent liquid fraction, seasonal and extreme events (with sufficiently frequent data
acquisition and duration of the monitoring campaign) would lead to underestimating EFnzo. Finally, due
to the inherent variability in the data (diurnal and seasonal), not only average annual values but also

standard deviations should be used to compare and diagnose EFnzo results.

4.2 BENCHMARK

A strong and significant correlation (R? = 0.65, p-value < 0.001) was found between the NLR to a
treatment process reactor (g N load per m?® reactor volume per d) and the EFn2o from screening reported
data (Fig 9). Exclusively data from full-scale installations, during long-term campaigns collecting high-
frequency data was considered. When the MABR results from this study were not included, R? increased
to 0.73 (p-value < 0.001), indicating our results do not follow the general trend. More details on the data

used to build the graph can be found in Table S2.
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Fig 9. Benchmark of different types of biological N removal technologies according to the % of N load
emitted as N2O-N (y-axis) and the nitrogen loading rate (g N m= d!) (x-axis).

In addition, the correlation presented in Fig 9 could help benchmark technologies based on N20
emissions. Benchmarking EFnzo for different NHx-removal technologies is of utmost importance if water
utilities are to consider this parameter when making decisions. Hence, those who fall above the trend line
would have a lower score (higher than “expected” N20 emissions) than those who fall below the trend

line (lower than “expected” N2O emissions).
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This relationship between higher NLR and higher EFn2o can be explained by the fact that at higher
volumetric specific loading, higher NHx turnover or ammonia oxidation rate (AOR) is expected,
increasing production by NN, DN, and AP pathways (Blum et al., 2018). This has been pinpointed as
one of the leading causes why PN/A technologies (right hand side of Fig 9) treating high strength reject

water have, in general, higher EFnzo values (Ribera-guardia and Pijuan, 2017).

A step-feed plug-flow treatment plant in Australia observed significantly more EFnzo in the second step
(3.5%) than in the first step (0.68%) (Fig 9). The second step received 50% of the influent, plus all the
effluent N from step 1, and therefore, a higher specific N load is expected. The Ejby Mglle WRRF was
monitored for six months in 2019, and three months into the campaign, the two reactors being monitored
changed operation from parallel to series, resulting in a dramatic increase in N2O emissions in the

carrousel tank that was receiving double the specific N load after the change (Miljgstyrelsen, 2020).

We are aware that this approach is a simplification, as N2O production and emissions are complex and
affected by multiple variables, and different operational conditions and strategies can impact emissions
(Vasilaki et al., 2018; Chen et al., 2020). Indeed, attempts to mitigate N2O emissions from PN/A reactors
have resulted in EFn2o values lower than 1.6% (Weissenbacher et al., 2010; Uri-Carrefio et al., 2017). It
also explains the variability in emissions within plants with similar specific N loading (left hand side of

Fig 9).

Results from this study, where R1 and R2 had average annual EFn2o values of 0.88 and 0.82 % and NLR
of 256 and 233 g N m= d, would place MABR below the predicted EFn2o (based on the linear model
presented in Fig 9) of 2.67 and 2.39%. Although full-size, R1 and R2 were not equivalent to a complete

BNR since the % NHx removal was low (Table 2). The operating NHx concentrations are consequently
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higher, which means R1 and R2 operated at a high AOR, which increases N20O production (Blum et al.,

2018). A hybrid MABR removing a higher fraction of N would potentially have an even lower EFnzo.

The top 10% of the NTR was responsible for an increase in the annual EFnzo from 0.58 to 0.86% (Fig
8). And it was disturbances caused by the EA as part of an ORP control in the mixed liquor which caused
high-emission episodes in the NTRuoulk, especially during the warmer months (Fig 2,3,5,7). Hence, future
studies in hybrid MABRs, where the bulk remains anoxic could result in lower N2O production than

observed in this study.

We can conclude that the environmental conditions of the mixed liquor in which hybrid MABRs are
placed will play a major role in the total NTR. Ideally, MABR should be located in anoxic reactors with
sufficient carbon to achieve complete denitrification of any N20O that could diffuse from the biofilm and
prevent incomplete denitrification of other NOx species resulting in N2O accumulation. To reduce the
production of N20 in the MABR exhaust, linked to high NHx turnover, alternative MABR aeration
strategies could be implemented. For example, (Ma et al., 2021) demonstrated in a laboratory-scale
MABR fed with NHx and no external carbon that an intermittent aeration strategy achieved N removal

and low N20 emissions (EFnzo 0.4%).

4.3 MECHANISMS OF N2O PRODUCTION IN FULL-SCALE MABR

Scientific literature reports three main N20 biological production pathways and one abiotic one
(Schreiber et al., 2012; Domingo-Félez and Smets, 2016). Two of the biological processes are related to
ammonia-oxidizing organisms (AOOQ) activity: the nitrifier-nitrification (NN) and nitrifier-denitrification

(ND) pathway, while the third biological production pathway, heterotrophic denitrification (HD), is
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related to ordinary heterotrophic organisms (OHO). The last pathway, abiotic production (AP), is related

to the two chemical reactions driven by hydroxylamine (Heil et al., 2014).

Multivariate analysis revealed that NTRexn was generally responsible for most of the emissions from the
MABRs, except for the sporadic events with high NTRuuik (See Fig 2, 3, 5). The exhaust emissions were
mainly correlated to NHxoad and NHxesf (See Fig 5), and showed similar diurnal variability (Table 2),
indicating N2O production was linked to one or more of the NHx-oxidation-related pathways: NN, DN.
This is consistent with the general knowledge that N2O production in nitrifying biofilms is likely
dominated by AOO activity (Sabba et al., 2018). Previous studies have shown that nitrifiers grow closer
to the membrane lumen in MABRs (Terada et al., 2003), and N20 production occurs primarily close to
the biofilm-membrane interface (Kinh et al., 2017a). Liu et al., 2022 showed in a modeling study of an
MABR performing simultaneous nitrification-denitrification that most of the N2O turnover was regulated
by the hydroxylamine-oxidation pathway. However, nitrite-oxidizing bacteria could also contribute to
the emissions by consuming oxygen in the nitrifying zone of the biofilm and promoting oxygen-limited
conditions (Sabba et al., 2016). The produced N20 back diffuses into the membrane lumen, given that

the membranes are operated open-ended with a constant air flux with atmospheric concentrations of N20.

NTRouik Were further divided into emissions corresponding to 1) periods with EA (NTRbulkaer) and 2)
periods without external aeration (NTRbuikun). Most months NTRubuik aer Values were close to or below the
lower detection limit of 5.5 g N2O-N d*. During these situations, the bulk remains anoxic, and any N20O
produced within the biofilm will diffuse back to the lumen. OHO could reduce it in either the anoxic
outer layer of the biofilm (Kinh et al., 2017a) or in the mixed liquor (Conthe et al., 2019) containing
readily biodegradable carbon from the feed. Therefore, N2O emissions from the bulk during unaerated

periods are either diffused from the biofilm or produced via the HD pathway.
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The use of EA by the ORP control promoted the stripping and production of N20O in the bulk (see Fig 7)
and was responsible for an overall larger annual EFnzo (Fig 2,3,5). The EA is not intended to be sufficient
to support significant nitrification in the mixed liquor, as was previously confirmed (Uri-Carrefio et al.,
2021). The most likely mechanism driving N20O production during episodes with EA is HD since even
microaerobic conditions inhibit denitrification, and N20O reduction is the most oxygen-sensitive step. As
observed, a combination of EA and stopping the feed (no carbon available for denitrification) caused the
highest NTRbwuik emissions episodes (Fig 7). HD has been shown to be the main N20 production pathway
using N-species isotope ratio measurements under anoxic conditions due to organic substrate limitation

(Gruber et al., 2022).

We conclude that the most likely mechanisms for N2O production were those related to nitrification
activity in the MABR biofilm, and denitrification activity in the bulk. Natural abundance isotopic
measurements would elucidate the contribution of each production pathway. One question remains as to
what the role of the scouring aeration is, as it impacted the bulk and exhaust N2O concentrations (Fig.
6,7). Moreover, in commercial applications, MABR exhaust air is internally recycled for scouring (R1)
or mixing (R2), allowing for a potential transfer from the exhaust to the bulk, and the implications on

overall emissions should be further investigated.

CONCLUSIONS

The main findings of this article can be summarized in the following points:

e EFn20 values from both MABRs (R1, R2) were similar in overall quantity and dynamics. N20O

was emitted predominantly from the MABR exhaust gas (NTRexn) but sporadic high emissions
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from the bulk (NTRbukaer) mixed liquor caused by the EA contributed largely to the annual
average EFnco.

NTRexn follows the pattern of the NHx0ad and concentration. In periods with low ORP values
and NHx oad, the actions taken by the implemented control system promoted an increased N2O
flux from the bulk into the biofilm and the membrane lumen.

Process data suggest that NTRexnaust Was linked to one or more of the NHx-oxidation related
pathways: NN and ND. While for NTRbuk, HD seems to be the most likely pathway (during both
externally aerated and unaerated periods).

Different methods for calculating and reporting EFnz2o show the importance of including liquid
emissions when relevant, long-term monitoring to include extreme events, and the added
variability when using data from NHx sensors versus laboratory analysis or calculations based on
OTR.

A strong and significant correlation (R? = 0.65, p-value < 0.001) was found between the NLR (N
load in g N m= d1) and the % of the N load emitted as N20-N (EFnz0). This allows to benchmark
treatment technologies according to; 1) higher and 2) lower than “expected” N2O emissions. The
obtained EF of 0.88 and 0.82 % and NLR of 256 and 233 g N m= d, would place MABR as a
technology capable of achieving intensification at “lower than expected”” N2O emissions.

Future studies should investigate the effects of mixing and scouring processes in MABRs on N20O

production and emission.
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