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a b s t r a c t 

The nitrous oxides emission was measured over 7 months in the full-scale aerobic granular sludge plant 

in Dinxperlo, the Netherlands. Nitrous oxide concentrations were measured in the bulk liquid and the 

off-gas of the Nereda® reactor. Combined with the batch wise operation of the reactor, this gave a high 

information density and a better insight into N 2 O emission in general. The average emission factor was 

0.33% based on the total nitrogen concentration in the influent. The yearly average emission factor was 

estimated to be between 0.25% and 0.30%. The average emission factor is comparable to continuous acti- 

vated sludge plants, using flocculent sludge, and it is low compared to other sequencing batch systems. 

The variability in the emission factor increased when the reactor temperature was below 14 °C, showing 

higher emission factors during the winter period. A change in the process control in the winter period 

reduced the variability, reducing the emission factors to a level comparable to the summer period. Dif- 

ferent process control might be necessary at high and low temperatures to obtain a consistently low 

nitrous oxide emission. Rainy weather conditions lowered the emission factor, also in the dry weather 

flow batches following the rainy weather batches. This was attributed to the first flush from the sewer at 

the start of rainy weather conditions, resulting in a temporarily increased sludge loading. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Nitrous oxide is a greenhouse gas contributing to global warm- 

ng. A molecule of nitrous oxide has a 298 times greater effect on 

lobal warming than a molecule of carbon dioxide ( IPCC, 2007 ). 

itrous oxide can be produced as a by-product of nitrification and 

enitrification processes ( Kampschreur et al., 2009 ). Although in 

eneral only a small fraction of the influent ammonium is emit- 

ed as nitrous oxide, the large greenhouse warming potential can 

ake nitrous oxide emission the dominant factor in the carbon 

ootprint of a wastewater treatment plant ( Daelman et al., 2015 ; 

esloover et al., 2012 ). Emission of nitrous oxide has been stud- 

ed for many wastewater treatment process configurations under 

any process conditions, showing a wide range of emission fac- 

ors. These emission factors, defined as the amount of nitrous 

xide emitted relative to the nitrogen load to the plant, gener- 

lly fall between 0% and 5%, but higher values are also reported 

 Vasilaki et al., 2019 ). 
∗ Corresponding author. 

E-mail address: e.j.h.vandijk@tudelft.nl (E.J.H. van Dijk). 
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Several pathways are shown to be of importance for ni- 

rous oxide production in the wastewater treatment process 

 Kampschreur et al., 2008 ; Wunderlin et al., 2012 ). In the nitri-

cation process, the intermediate product hydroxylamine can be 

xidized to nitrous oxide (both biologically and chemically). Under 

xygen-limited conditions, nitrifiers can denitrify nitrite to nitrous 

xide, the so-called nitrifier-denitrification pathway. Under anoxic 

onditions nitrous oxide can be produced by heterotrophic denitri- 

ers by imbalanced enzyme activity, nitrite accumulation or lack 

f biodegradable COD ( Wunderlin et al., 2012 ). At the same time 

enitrification can be a sink for nitrous oxide, when the reducing 

apacity of nitrous oxide exceeds the production capacity during 

enitrification ( Conthe et al., 2019 ). Fluctuating influent concen- 

rations and seasonal variations in full scale plants combined with 

he variety of pathways leading to nitrous oxide formation make it 

ery complex to find the underlying processes that lead to elevated 

itrous oxide emissions ( Daelman et al., 2015 , 2013 ; Vasilaki et al.,

019 ). 

Research on nitrous oxide emissions has mainly focused on 

astewater treatment processes with flocculent sludge and few 

aboratory studies have been performed with aerobic granular 

ludge ( Jahn et al., 2019 ). This is mainly because the aerobic gran-
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

Average influent and effluent composition dur- 

ing the nitrous oxide measurement campaign at 

WWTP of Dinxperlo, the Netherlands (period Au- 

gust 2017 - March 2018). 

Parameter Unit Influent Effluent 

COD mg L −1 531 28 

BOD mg L −1 202 2.0 

N tot -N mg L −1 54 6.0 

NO 2 -N mg L −1 0.05 

NO 3 333 -N mg L −1 3.3 

P tot mg L −1 6.4 1.1 

PO 4 -P mg L −1 0.9 

SS mg L −1 198 5.0 
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lar sludge (AGS) process is a relatively new wastewater treatment 

rocess. The technology has been rapidly adopted over the last 

ecade and currently almost 70 full-scale aerobic granular sludge 

nstallations are operational or under construction. These full-scale 

erobic granular sludge installations are all Nereda® installations, 

hich is a registered trademark of Royal HaskoningDHV. For the 

ereda® process, only short-term (2 weeks) measurements were 

eported in a pilot reactor and the full-scale reactor in Epe, the 

etherlands. Both showed an average nitrous oxide emission fac- 

or of about 0.7 % of the total nitrogen in the influent ( Roest et al.,

012 ), which is comparable to conventional activated sludge plants. 

owever, other studies have shown that to get reliable data on ni- 

rous oxide emissions long-term measurement campaigns are re- 

uired ( Daelman et al., 2015 ; Gruber et al., 2020 ; Vasilaki et al.,

019 ). 

There are several laboratory studies reporting on nitrous ox- 

de formation in AGS reactors. These studies reported a wide 

ange of emission factors from 1% ( Lochmatter et al., 2014 ) to 22%

 Zhang et al., 2015 ). Due to the strong deviation from conditions in

ull-scale reactors in these experiments, it is uncertain how rele- 

ant the reported values are regarding full-scale installations. Lab- 

ratory systems are very good at isolating a specific parameter, 

ut translation towards full-scale WWTP’s is challenging because 

f differences in influent composition, process control and reactor 

esign and operation. 

Because of the potentially significant contribution to the carbon 

ootprint of full-scale AGS processes, it is important to quantify the 

itrous oxide emission factors. Hereto the nitrous oxide emission 

rom a full scale Nereda® plant treating domestic wastewater was 

onitored for 7 consecutive months. Two different methods were 

sed to measure the nitrous oxide emissions, namely by measuring 

he nitrous oxide concentrations continuously in the water phase 

nd by measuring it in the off-gas during aeration. The former has 

he advantage of showing nitrous oxide kinetics under anoxic con- 

itions, when the aeration is turned off. The latter has the ben- 

fit of measuring the direct nitrous oxide emission without the 

eed for a conversion algorithm. Combined with the dynamic be- 

aviour of the repeated batch-wise operated system, a high infor- 

ation density could be obtained on the nitrous oxide behaviour 

rom the plant. The goal was to get better insight in the nitrous 

xide emissions of the full-scale AGS process, as well as to under- 

tand the major factors preventing and leading to elevated nitrous 

xide emissions in full scale AGS systems. 

. Methodology 

.1. Plant description 

All the measurements took place at the Dinxperlo wastewater 

reatment plant which is located in the municipality of Aalten, 

he Netherlands ( Fig. 1 , geohash: u1hwgpzr). The treatment plant 

s operated by the water authority Waterschap Rijn en IJssel and 

he plant was taken into operation in 2013. The influent consists 

ainly of domestic wastewater (see Table 1 ) and the plant is de- 

igned for 11,0 0 0 p.e., treating on average 3,100 m 

3 day −1 , with a

eak flow of 570 m 

3 h 

−1 . It consists of 3 separate reactors of each

,250 m 

3 . Current effluent requirements are: COD of 125 mg L −1 , 

otal nitrogen of 15 mg L −1 , total phosphorus of 2 mg L −1 , and to-

al suspended solids of 30 mg L −1 , all yearly averaged values. On 

op of this, the effluent requirement for phosphorus is 1 mg L −1 in 

he summer and 3 mg L −1 in the winter. The influent is collected 

n an influent buffer and then treated in one of the three Nereda®

eactors. The effluent is polished by means of a sand filter with the 

ossibility of iron dosing to remove remaining phosphorus. 
2 
.2. Nitrous oxide measurements 

The nitrous oxide emission from the reactor was measured by 

etermining the nitrous oxide concentration in the off-gas of the 

eactor during aeration ( Fig. 2 ). A polyethylene floating hood with 

 cross-sectional area of 0.55 m 

2 was used to capture the air es- 

aping the surface area of the reactor during aeration. The inside 

f the hood was partially filled with polyurethane foam to re- 

uce the headspace and limit the gas retention time to the anal- 

sers. Part of the off-gas that passed through the hood was trans- 

orted via a transparent hose and cooled to 4 °C to remove the 

oisture. The gas concentrations were measured in two online gas 

nalysers (Rosemount NGA 20 0 0 MLT for oxygen and carbon diox- 

de; Servomex 4900 for methane and nitrous oxide). Calibration of 

he analysers was performed using gas cylinders containing known 

oncentrations of the studied gases. For accurate calculations, the 

emperature, pressure and relative humidity of the outside air were 

lso measured, using a micro sensor (Bosch BME280). The nitrous 

xide concentrations were converted into mass fluxes using the 

ethod described by Baeten ( Baeten, 2020; Baeten et al., 2021 ). 

Additional to the nitrous oxide concentration in the off-gas, the 

itrous oxide concentration in the bulk liquid was measured using 

 nitrous oxide sensor from Unisense Environment. This sensor was 

laced one meter below the water surface of the reactor. 

.3. Size distribution 

The granule size distribution of the aerobic granular sludge in 

he reactors was measured by pouring a sample of the sludge over 

 series of sieves with different mesh sizes (212, 425, 630, 10 0 0, 

400 and 2000 μm). A mixed sample of 100 mL was filtered for 

he determination of the total dry weight. The obtained granular 

iomass of the different sieve fractions and the mixed sample were 

ried at 105 °C until no change in weight was detected anymore. 

.4. Online measurements 

The reactor was equipped with probes for dissolved oxygen 

nd temperature (Hach; LDO), redox potential (Hach; Redox), wa- 

er level (Endress + Hauser, radar), suspended solids (Hach, Solitax 

S), and nitrate (Hach; Nitratax). Ammonium and phosphate were 

ontinuously measured using a filter unit and auto sampling de- 

ice (Hach; FILTRAX, AMTAX and PHOSPHAX). The filter unit was 

ituated 0.5 meter below the water surface. Sampling was done at 

n interval of 5 minutes. 

.5. Offline sampling 

Samples for analyses of influent and effluent were col- 

ected using refrigerated auto samplers, collecting 24-hours flow- 

roportional samples for both influent and effluent. The chemical 
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Fig. 1. Photograph of WWTP in Dinxperlo, the Netherlands. The Nereda® reactors are located on the right, attached to the building with the sloped roof. The sludge buffer 

and the sand filter are located to the right of the Nereda® reactors. The inlet works, including the influent buffer are located at the bottom. The old pre-existing aeration 

tank and clarifier on the left are now part of a public water garden (on the top). 

Fig. 2. Schematic representation of the off-gas measurement set-up. Both reactor off-gas and outside air were cooled to 4 °C to remove the moisture before it passed through 

the analysers. 
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nalyses of COD, TN, NH 4 
+ -N, PO 4 

3 −-P, NO 3 
−-N, NO 2 

−-N in the re-

ctor were performed by using the appropriate Hach Lange cuvette 

its. 

.6. Emission factors 

Offline samples were taken every 14 days. To calculate the 

mission factor a total nitrogen concentration in the influent (C TN,i ) 

er batch was needed. Therefore, the total nitrogen concentration 

n the influent was calculated for every batch using the peak am- 

onium concentration during aeration measured by the analyser 

C NH4,max ), the remaining effluent ammonium concentration of the 

revious batch measured by the analyser (C NH4 , e ), and the ex- 

hange ratio (ER). 

 T N,i = 

C NH4 , max − C nh 4 ,e (1 − ER ) 
f ads f org (1) 
ER 

3 
Here the f ads is the factor compensating for adsorption of am- 

onium to the granules ( Bassin et al., 2011 ) and f org is the ratio

etween total nitrogen and ammonium in the influent. The com- 

ined effect of these two factors was found by correlating the es- 

imated C TN with the actual values found by the 14 days offline 

ampling. An average value of f ads x f org of 1.79 was found with an

-squared of 0.75. 

The emission factor was calculated by dividing the total out- 

oing load of nitrous oxide with the total incoming load of total 

itrogen, according to the following equation: 

F = 

M N2 O 

C T N,i V batch 

(2) 

Here M N2O is the total mass of the nitrous oxide in the off-gas 

f the batch, expressed in mg-N and V is the batch size. 
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Time (min) 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285 300 315 330 345 360
Dry weather
Fill/draw
Reaction/aeration
Settling
Wet weather
Fill/draw
Reaction/aeration
Settling

Fig. 3. Batch scheduling for the Nereda® reactor in Dinxperlo. 
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.7. Simultaneous nitrification/denitrification 

During the aerated phase part of the nitrified nitrogen is di- 

ectly converted to nitrogen gas because of the anoxic conditions 

n the granule. The average efficiency of simultaneous nitrifica- 

ion/denitrification (SND) during aeration is expressed as: 

ND = 1 − C N O 3 ,e − C N O 3 , min 

f ads f org C N H 4 , max − C N H 4 ,e − C N,org 

(3) 

Here C NO3,min is the minimum nitrate concentration at the start 

f the aeration phase, C NO3,e is the nitrate concentration at the end 

f the aeration phase and C N,org is the estimated value of the or- 

anic nitrogen in the effluent. For the latter a value of 1.5 mg L −1 

s assumed. 

.8. Process control 

The aeration was controlled using a novel process control devel- 

ped for aerobic granular sludge ( van Dijk et al., 2018 ). This control

trategy targets a nitrate production rate to maximize simultane- 

us nitrification/denitrification. As a result, dissolved oxygen levels 

n the reactor are minimized as is the energy consumption. 

During dry weather conditions the reactors have a fixed cycle 

ime of 6 hours. When the flow increases due to rainy weather, 

he cycle will adapt to treat the increased amount of water. The 

eeding time will increase from 60 minutes to 75 minutes and the 

eed flow from the buffer increases from about 180 m 

3 h 

−1 to a 

aximum of 600 m 

3 h 

−1 . As a result, the cycle time will decrease

o a minimum of 4 hours (see Fig. 3 ). 

. Results 

.1. Plant performance and operation 

The measurements were executed at the Nereda® installation 

f Dinxperlo, the Netherlands. When the trial started the plant 

as already in operation for four years and the reactors contained 

n aerobic granular sludge bed with a MLSS concentration of 8.0 

 L −1 . The three reactors showed normal operation during the 

hole trial period. The measurements were done in Reactor #1. In 

able 1 the average influent and effluent quality during the mea- 

urement campaign is shown. 

In Fig. 4 a typical batch from Dinxperlo is shown. The figure 

hows online measurements of the concentration of ammonium, 

itrate, phosphate and dissolved oxygen during three cycles. Since 

hese sensors were positioned at the top of the reactor, and the re- 

ctor was plug-flow fed from the bottom, the measurements dur- 

ng feeding represent the effluent concentrations. The cycle started 

ith a feed phase, where influent was added to the bottom of re- 

ctor and effluent was decanted from the top simultaneously. After 

eeding, the reaction phase started, where the reactor was aerated. 

he reactor was mixed by the aeration. At the start of the aera- 

ion phase the concentrations of ammonium and phosphate appear 
4 
o increase, which was caused by the mixing of the bottom layer 

ith influent water and top layer with the effluent water. After 

he reaction phase the biomass was allowed to settle and the cycle 

estarted for the next batch. 

.2. Monthly average nitrous oxide emission 

The nitrous oxide emission through off-gas from Reactor 1 was 

easured from the 9 th August 2017 to 18 th March 2018 (the water 

hase sensor was available from the 4 th of October 2017). In this 

eriod the average nitrous oxide emission factor was 0.33%. 

Fig. 5 shows the monthly average nitrous oxide emissions over 

he whole measuring period. There was a distinct difference be- 

ween the summer and autumn period, compared to the winter 

eriod. In December the nitrous oxide emission factor started to 

ise from an average of 0.22% in the first 4 months to a maximum 

f 0.64% in February. In March, the emissions dropped again to 

he pre-December levels. The average water temperature declined 

teadily over the same period, from 20.6 °C in August down to 9.7 

C in March 2018. 

.3. Batch average nitrous oxide emission 

Fig. 6 shows the emission factors as well as the water tempera- 

ure per batch. The graphs show that in the period between August 

017 and mid December 2017 the emission factor for most batches 

as between 0% and 0.5%, with a limited number of batches rising 

bove 0.5%. In this period the emission factor averaged to 0.22%. 

tarting from December 2017 the variability of the emission factors 

ncreased. There were still many batches present with an emission 

actor of almost zero, but the maximum values increased up to 2%. 

n the period between December 2017 and the end of February 

018 the emission factor averaged to 0.42%. Starting from the last 

eek of February 2018 this variability was again comparable to the 

eriod before December 2017. 

.4. Effect of organic loading rate/N-load 

The variability of the nitrous oxide emission factor (and with 

hat the total emission factor) seems to be influenced by the max- 

mum ammonium concentration in the batch ( Fig. 7 ). The maxi- 

um emission factor (up to 2%) was reached at ammonium con- 

entrations between 5 and 10 mg L −1 , but in this range many val-

es close to zero were also measured. At ammonium concentra- 

ions below 5 mg L −1 and above 10 mg L −1 , only few emission

actors above 1% were measured with most values between 0% and 

.5%. 

.5. Effect of rain events 

Fig. 8 shows the effect of the flow to the WWTP on the nitrous 

xide emission factor. During dry weather flow conditions (DWF) 

he influent flow ranged between 0 and 150 m 

3 /h averaging at 
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Fig. 4. Concentration profiles of ammonium (green), nitrate (orange), phosphate (black) and oxygen (blue dashed) for three typical consecutive batches. The grey diagonal 

striped area indicates the feeding phase, the grey diamond grid shows the reaction phase and the grey solid area shows the settling phase. 

Fig. 5. Monthly averaged nitrous oxide emission factor and temperature profile. 

Fig. 6. Emission factor (blue dots) and average temperature (black dashed line) per batch. 

Fig. 7. The nitrous oxide emission factor related to the ammonium peak calculated per batch. 

1
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h

w

s

3

05 m 

3 /h. Rain weather flow (RWF) conditions are characterized 

ith an influent flow up to 600 m 

3 /h (RWF/DWF ratio of 6). Dur-

ng dry weather flow the emission factor (0.40%) was higher than 

uring rain weather flow (0.13%). Although the total load of nitro- 

en transported to the WWTP will not differ much between DWF 

nd RWF conditions, the cycle time was shortened during RWF to 

andle the increased influent flow. The cycle time for DWF batches 

s

5 
as typically 6 hours, while the cycle time for RWF batches was 

hortened to a minimum of 4 hours. 

.6. Effect of temperature 

Temperature had some effect on the variability of the emis- 

ion factor as shown in Fig. 9 . Temperatures above 14 °C resulted 
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Fig. 8. Difference in emission factor of nitrous oxide between dry and rain weather flow conditions. 

Fig. 9. Effect of temperature on the nitrous oxide emission factor. 

Fig. 10. Diurnal pattern of nitrous oxide emission. Average emission (blue) based on start time of the batch (standard deviation in black). 

f

a

a

t

w

3

F

t

i

t

s

0

o

t

n

D

b

P

3

l

c

m

i

o

t

o

or most batches in an emission factor between 0 and 0.5% while 

t temperatures below 14 °C the emission factor varied between 0 

nd 2%. It is uncertain whether this was solely related to tempera- 

ure, because in March the temperature was low (average at 10 °C) 

hile the emission factor did not show this increased variability. 

.7. Diurnal pattern 

The emission factor did not show a clear diurnal pattern. In 

ig. 10 the average emission factor per batch is shown as a func- 

ion of the time of the day. The same variability was present as 

n the previous graphs, leading to a relatively high standard devia- 

ion. The values of the batches starting between 3:00h and 16:00h 

howed a lower emission than the batches between 17:00h and 

2:00h. A problem in this analysis was the batch-wise operation 

f the reactor. The analysis was done based on the starting time of 
6 
he batch, which was several hours before the actual emission of 

itrous oxide was measured. Due to the 6 hours cycle time during 

WF out of 1043 batches analysed in this study, only 19 started 

etween 3 AM and 4 AM, while 71 batches started 6 PM and 7 

M. 

.8. Dynamic nitrous oxide behaviour 

The complexity and dynamics of nitrous oxide emissions is il- 

ustrated in Fig. 11 . Net production of nitrous oxide as well as net 

onsumption of nitrous oxide was visible in the online measure- 

ents. The first batch started [marker 1] without any nitrous ox- 

de in the bulk liquid and therefore also no emission through the 

ff-gas at the start of the aeration phase. At the start of the aera- 

ion, the dissolved oxygen concentration increased and a first peak 

f nitrous oxide emission could be observed [marker 2]. Also, a 
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Fig. 11. Batch with high concentrations of nitrous oxide (start at marker [marker 1]): initial peak due to denitrification of residual NO 3 
− [marker 2]; after a decline of nitrous 

oxide in the bulk liquid production of nitrous oxide [marker 3]; after a drop in the O 2 concentration an increase of the nitrous oxide concentration in the bulk liquid [marker 

4]; no denitrification of nitrous oxide at the end of the cycle at the top of the reactor because sludge has settled [marker 5]; second reaction phase starts [marker 6]; drop 

of nitrous oxide in the bulk liquid by pre-denitrification and mixing [marker 7]; drop in the oxygen concentration [marker 8] led to increase in nitrous oxide production 

[marker 9]; and no nitrous oxide left at the end of the next cycle [marker 10]. The grey diagonal striped area indicates the feeding phase, the grey diamond grid shows the 

reaction phase and the grey solid area shows the settling phase. 
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imultaneous decrease of the nitrate concentration was observed, 

aused by mixing of the nitrate remaining from the previous batch 

ith newly fed influent, low in nitrate. When the dissolved oxy- 

en concentration increased further, the nitrous oxide concentra- 

ion in the bulk liquid and off-gas decreased again (marker [2] to 

3]). In this period, the nitrous oxide production rate was lower 

han the combined effect of stripping through the off-gas and den- 

trification of nitrous oxide. Further on in the aeration phase, the 

itrous oxide concentration in both the bulk liquid and the off- 

as increased [marker 3]. Towards the end of the aeration phase 

he dissolved oxygen concentration was lowered [marker 4] and a 

udden increase of the nitrous oxide concentration in the bulk liq- 

id was seen. Hereafter the aeration, and thus mixing, was stopped 

llowing the biomass to settle [marker 5]. The reactor was ready 

o receive the next influent batch [marker 5]. During the feeding 

marker [5] to [6]) the nitrous oxide concentration in the bulk liq- 

id stayed constant because the sensor was situated at the top of 

he reactor and the sludge bed had settled to the bottom of the 

eactor. There was no sludge present in the top layer and no bio- 

ogical processes occured in the top part of the reactor. After this 

eeding phase, the aeration phase started again, and the nitrous 

xide concentration dropped due to mixing before the production 

tarted again [marker 7]. Halfway through the reaction phase, the 

xygen concentration in the bulk liquid was lowered [marker 8]. 

his led to a period where the production of nitrate was limited, 

ut ammonium was still being converted, thus optimizing for si- 

ultaneous nitrification and denitrification. After lowering of the 

xygen concentration, a similar, although lower, initial increase of 

he nitrous oxide could be seen [marker 9] as was visible in the 

revious batch [marker 2]. At the end of this second batch the ni- 

rous oxide was almost completely removed [10]. 

The process control used here automatically balances nitrifica- 

ion and denitrification to optimize simultaneous nitrification and 

enitrification to get a maximum total nitrogen removal. This was 

one by dynamically altering the dissolved oxygen set-point and 

ometimes this resulted in a drop of the oxygen concentration in 

he reaction phase as previously described. In Fig. 12 an example 

f this behaviour is shown. This seems to trigger a nitrous oxide 

roduction response. When the oxygen concentration dropped [1] 

he nitrous oxide production in the bulk liquid and the off-gas in- 

reased [2]. 

On the 24 th of February the process control was changed to 

 fixed oxygen set-point (2.5 mg L −1 ) during the reaction phase, 

ith the reaction phase being split-up in an aeration phase and 

n unaerated post-denitrification phase. This had an immediate ef- 

ect on the nitrous oxide production. An example of a batch under 

his new process control is shown in Fig. 13 . During the reaction 
7 
hase, almost no nitrous oxide was produced. Only when the aer- 

tion was stopped in the post-denitrification phase, some nitrous 

xide was produced, but this did not lead to any emission, because 

he aeration was switched off and the nitrous oxide was denitri- 

ed before the end of the cycle. This change led to a decrease of 

he emission factor to 0.15% during the three weeks this process 

ontrol was used. 

The nitrogen removal also changed slightly by the change in 

he process control. The average ammonium effluent concentration 

as 10% higher (3.2 mg L −1 after the change, compared to 2.9 mg 

 

−1 before the change). The average nitrate effluent concentration 

as similar under both process controls (5.3 mg L −1 ). The SND ef- 

ciency over the whole period was 69% ( + /-15%). It was 58% ( + /-

2%) after the change compared to 70% ( + /-15%) before the change. 

A typical RWF event is shown in Fig. 14 . When the flow to- 

ards the WWTP increased because of rainy weather, a first flush 

rrived at the WWTP, increasing the ammonium load in the reac- 

or. The load in this batch was too high for the aeration capacity 

nd the reduced aeration duration, leaving some elevated levels of 

mmonium in the effluent. The process control focussed mainly on 

itrification, aerating the system at maximum capacity. Little ni- 

rous oxide is formed in this batch. In the two batches hereafter, 

he load returned to normal levels, but still the focus was mainly 

n nitrification. In these batches, little nitrous oxide was formed. 

hen the RWF event was finished and the flow to the WWTP re- 

urned to normal, the cycle times lengthened again, but still the 

mission of nitrous oxides remained close to zero. 

. Discussion 

.1. Long term nitrous oxide emissions 

This study is the first long-term campaign measuring nitrous 

xide emissions of a full-scale AGS reactor treating sewage. A 

ereda® reactor at the wastewater treatment plant of Dinxperlo, 

he Netherlands was monitored for 7 consecutive months. In this 

eriod an average emission factor of 0.33% was measured. This 

eans that 0.33% of the incoming nitrogen load was emitted as 

itrous oxide with the off-gas. The daily averaged emission fac- 

or ranged from 0.02% to 1.58%. These values are comparable 

o the values found in previous (short term) Nereda® research 

 Roest et al., 2012 ). The average value found in the short-term re- 

earch (0.7%) are higher than the average value found in the cur- 

ent research, but the value of 0.7% is well within the variability 

f this long term study, stressing the importance of long-term re- 

earch. Since the emission was measured for only 7 months, the 

igher winter values contribute proportionately strong in the aver- 
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Fig. 12. Increase of the nitrous oxide production [marker 2] when the oxygen concentration dropped to a value below 1 mg L −1 [marker 1]. The grey diagonal striped area 

indicates the feeding phase, the grey diamond grid shows the reaction phase and the grey solid area shows the settling phase. 

Fig. 13. Dynamics within a Nereda® cycle; different process control. The nitrous oxide appeared only in the water phase when the aeration was turned off [marker 1], 

leading to a very low emission factor. The grey diagonal striped area indicates the feeding phase, the grey diamond grid shows the reaction phase and the grey solid area 

shows the settling phase. 

Fig. 14. Typical RWF event showing a first flush [marker 1], showing little emission in the first batch [marker 2] and almost zero emission in the consecutive rainy weather 

batches [marker 2 to 3]; after the RWF event the emission factor stayed almost zero for a few batches [marker 4 to 6]. The grey diagonal striped area indicates the feeding 

phase, the grey diamond grid shows the reaction phase and the grey solid area shows the settling phase. 

a

i

v

F

t

o

o

t

t

c

s

a  

t

a  

l

o

t

(

t

a

d

4

t  

s

t

a  

t

t

t

b

C

(

ge value presented. A 12 month yearly averaged emission factor 

s estimated to be in the range of 0.25% to 0.30%. 

Compared to conventional activated sludge (CAS) systems, the 

alues obtained fall well within the reported ranges in literature. 

or example, in a study investigating seven CAS plants in Aus- 

ralia, the emission factor ranged between 0.6% and 25.3%, based 

n the kilograms of nitrogen denitrified ( Foley et al., 2010 ). An- 

ther study performing short term measurements in 12 plants in 

he United States showed an emission factor ranging from 0.01% 

o 1.5% ( Ahn et al., 2010 ). More recently a long-term measurement 

ampaign in Switzerland showed an emission factor for the CAS 

ystem of 1.6% – 2.0% while a flocculent sludge SBR system showed 

n emission factor of 2.4% ( Gruber et al., 2020 ). An overview of

he emission factors for different wastewater treatment systems, 

dapted from ( Vasilaki et al., 2019 ) is shown Fig. 15 . This under-

ines that the values found in this study are comparable to most 

ther wastewater treatment systems but are considerably lower 

han the values generally reported for sequencing batch reactors 

e

8 
SBR) systems. This is remarkable, since the AGS system used in 

his study is operated as an SBR. This shows high emission factors 

re not intrinsic to SBR systems and that the correct process con- 

itions can also lead to low emission factors. 

.2. Seasonal and diurnal variations 

For CAS systems a strong seasonal effect has been reported for 

he emission factor ( Daelman et al., 2015 ; Gruber et al., 2020 ),

howing higher emissions at lower temperatures or increasing 

emperatures in early spring. In this study, a seasonal effect is 

lso visible, as can be seen in Figs. 5 and 9 . The variability of

he nitrous oxide emission increases when the water tempera- 

ure drops below 14 °C in December. At temperatures above 14 °C 

he emission factor per batch varies between 0% and 0.5%, while 

elow 14 °C the emission factor ranges between 0% and 2.5%. 

ontradictorily, March shows the lowest monthly emission factor 

0.15%), at the lowest average temperature of 9.7 °C. This differ- 

nce may be caused by a change in process control in March. 
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Fig. 15. Emission factor of nitrous oxide for different wastewater treatment systems, adapted from ( Vasilaki et al., 2019 ). Process groups: AGS: Aerobic Granular Sludge, A/O: 

Anoxic/oxic reactor, A 2 /O: anaerobic-anoxic-oxic reactor, CAS: conventional activated sludge, MLE: Modified Ludzack-Ettinger reactor, OD: oxidation ditch, SBR: sequencing 

batch reactor, PN and PN/A: partial-nitritation and partial-nitritation-anammox. process. 
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aelman et al. (2015) suggested this seasonal effect was primarily 

aused by an increase of NO 2 
− concentrations in early spring. In 

he current study effluent nitrite concentrations were consistently 

ow, with an average value of 0.05 mg L −1 ( Table 1 ). Although ni-

rite concentrations were not measured during the cycle, elevated 

evels of nitrite during the cycle would also, at least partially, have 

nded up in the effluent. Since this was not the case here, no ma- 

or effect of nitrite on the nitrous oxide emissions is expected. 

The drop in the temperature in December was related to the 

nflow of melting snow, and in 4 days the water temperature in 

he reactor dropped from 13 °C to 8 °C. At these low temperatures 

f 8 °C the nitrification rates dropped considerably, but the am- 

onium effluent concentration was still below the consent value. 

t the same time, the nitrous oxide concentrations in both off-gas 

nd bulk liquid were almost zero or below the detection limit for 

everal days, until the temperature increased again above 9 °C. In 

he week before this event the variability of the emission factor 

as already increasing, but after this event the variability of the 

mission factor of nitrous oxide further increased after the water 

emperature was recovered to temperatures above 10 °C. 

A diurnal pattern is observed in the data ( Fig. 10 ). The batches

tarting between 4h and 14h show a lower average emission fac- 

or than the batches starting between 15h and 3h. The relation is 

ot as clear as for CAS systems ( Daelman et al., 2015 ), which is

ainly caused by the fact that the AGS reactor is a batch system, 

unning about 4 batches per day, which does not give a high res- 

lution over the day as in CAS systems. The lowest average emis- 

ion is found between 3h and 15h. It is uncertain what causes this, 

ut variations in batch loading may play a role. Since the reactors 

re operated with a fixed cycle time of 6 hours during DWF con- 

itions, the volumetric exchange ratio is lower if the total flow to 

he wastewater treatment plant is lower. 

.3. Nitrous oxide in the cycle 

Nitrous oxide can be produced by both nitrification and by 

enitrification ( Kampschreur et al., 2008 ; Wunderlin et al., 2012 ). 

mmonia-oxidising bacteria can produce nitrous oxide from ox- 

dation of hydroxylamine and from denitrification of nitrite un- 

er oxygen deprived circumstances. Denitrification can be both a 

ource and a sink for nitrous oxide ( Conthe et al., 2019 ). Nitrous

xide is also an intermediate in the heterotrophic denitrification of 

itrate. At the same time, nitrous oxide can be removed by deni- 

rification ( Conthe et al., 2019 ). In aerobic granular sludge nitrifica- 

ion and denitrification happen simultaneously during the aeration 

hase, which make it difficult to distinguish nitrous oxide produc- 

ion from nitrification and denitrification during the aeration phase 

 De Kreuk et al., 2005 ). Nevertheless, there seems to be clear evi-
9 
ence that both processes contribute to the production of nitrous 

xides. In most batches there is no dissolved nitrous oxide present 

t the start of the cycle. In these cycles nitrous oxide production 

oincides with the conversion of ammonium and the production 

f nitrate ( Fig. 11 at [marker 3]). Often, a peak of nitrous oxide at

he start of the aeration phase is observed ( Fig. 11 at [marker 2]).

his peak seems to be caused by denitrification of nitrate left over 

rom the previous cycle, because nitrification has not started yet. 

t is not clear if nitrous oxide is produced by partial denitrification 

aused by lack of COD at the end of the previous cycle or by rapid

enitrification on readily biodegradable COD from the fresh influ- 

nt. In both cases the increase of the nitrous oxide concentration 

s primarily caused by mixing of the reactor (aeration) and the de- 

rease seems to be primarily caused by denitrification of nitrous 

xides on readily biodegradable COD, although in the latter case 

tripping of nitrous oxide also plays a role. 

It is likely that denitrification acts more as a sink for nitrous 

xide at the start of the cycle after feeding and that denitrification 

cts more as a source for nitrous oxide at the end of the cycle, 

hen most COD from the feeding phase (both storage polymers in 

he sludge and COD in the bulk liquid) is consumed. That would 

mplicate the nitrous oxide production observed when nitrification 

tarts as a net production rate resulting from production by am- 

onia oxidizing bacteria and denitrification by heterotrophic or- 

anisms. Understanding the mechanisms and when nitrous oxide 

roduction exceeds consumption could be important for the de- 

elopment of nitrous oxide emission control strategies. 

The dissolved oxygen concentration is considered an important 

arameter to control nitrous oxide emissions, and concentrations 

elow 1 mg L −1 during nitrification would stimulate nitrifier den- 

trification due to oxygen limitation ( Kampschreur et al., 2009 ). 

xygen limitation in biofilms is a well-known factor even under 

igher oxygen concentrations ( Ødegaard et al., 1994 ). It is therefore 

ot surprising that lower oxygen concentrations seem to result in 

igher nitrous oxide emissions. In Fig. 11 and Fig. 12 an increase 

f the nitrous oxide emission can be seen if the dissolved oxygen 

oncentration drops below 1 mg L −1 . A decreasing dissolved oxy- 

en concentration will also shift the process to denitrification be- 

ause the size of the anoxic zone within the aerobic granules will 

ncrease ( De Kreuk et al., 2005 ). Since this decreasing dissolved 

xygen concentration mostly happens towards the end of the reac- 

ion phase, denitrification might act more as a source than a sink 

f nitrous oxide as carbon availability is low. This would result in 

 double effect on the nitrous oxide emission: both the nitrifier 

athway and the denitrifier pathway could increase nitrous oxide 

roduction in this situation. 

A clear effect of rain events is shown in Fig. 14 . Rain events

ause the batch size to increase, because more water arrives at the 
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WTP. In total 173 batches (18%) were classified as RWF batches. 

hese batches had an average emission factor of 0.09%, which is 

ess than one-third of the 0.33% found for all batches. The reason 

or these lower emissions during RWF conditions is uncertain, but 

here are several processes influencing the emission factor during 

WF. Under RWF conditions the flow to the WWTP increases from 

-175 m3/h during DWF conditions to up to 600 m3/h under RWF 

onditions. Since the reactor is operated as a sequencing batch re- 

ctor, the scheduling needs to be adapted to handle the increased 

nflow of wastewater ( Chen et al., 2020 ). This is done by decreasing

he total cycle time and running more batches per day. This leads 

o shorter, more intense aeration phases, with higher oxygen con- 

entrations. On average, the aeration phase during RWF is 35 min- 

tes shorter than during DWF. Secondly RWF batches can be split 

n two groups. At the start of a rain event a first flush arrives at the

WTP, due to the presence of pressure pipelines in the sewer. The 

oad exceeds the aeration capacity, leading to incomplete nitrifica- 

ion and thus less potential for nitrous oxide production. After this 

nitial peak load, the load returns to a more average value, but the 

eration remains relatively short and intense, focussing on nitrifi- 

ation. The lack of cycle time during RWF results in an increased 

itrate effluent concentration (1.7 mg L −1 under DWF conditions 

nd 4.4 mg L −1 under RWF conditions). The total SND efficiency 

n average was 69% ( + /-15%), but was slightly lower during RWF 

65% ( + /-13%)) compared to DWF (70% ( + /- 15%)), but during DWF

atches, SND happens at lower dissolved oxygen concentrations. It 

lso appears that the RWF event influences the DWF batches fol- 

owing the RWF event ( Fig. 14 , [5] and [6]). In these DWF batches

itrous oxide emissions are close to zero. This might be the result 

f the first flush at the start of the rain event, which results in a

igh sludge loading. A high sludge load will result in higher stor- 

ge polymer concentration in the granular biomass in this specific 

atch, which might stretch out to the following batches. This leads 

o more denitrification capability of the plant. It appears that the 

enitrification process in these batches acts mainly as a sink for 

itrous oxide, denitrifying nitrous oxide at a higher rate than it is 

roduced. Eventually, the positive effect of the higher sludge load- 

ng will dissipate, and normal nitrous oxide emissions will return. 

The nitrous oxide concentrations in the bulk liquid are seldom 

igher than 0.3 mg L −1 and in most cases the concentration at 

he end of the cycle is close to zero. This means that in most cy-

les the denitrification capacity of nitrous oxide is also present to- 

ards the end of the cycle. This study observed nitrous oxide con- 

ersion rates up to 1 mg N 2 O-N L −1 h 

−1 . This rate is a net rate,

ecause it happens simultaneously with denitrification of nitrate, 

hich also can produce nitrous oxide as an intermediate product. 

n most cases in less than 30 minutes of anoxic conditions all ni- 

rous oxide in the bulk liquid is denitrified. This suggests a high 

itrous oxide conversion potential is present if the right conditions 

re met. 

.4. Effect of process control 

The nitrous oxide emission factors varied between 0.02% and 

.58% per day, most of the batches being below 0.5%. The emission 

f nitrous oxide might be lowered by changing the process con- 

rol. The decrease of the emission factor from 0.57% in February to 

.15% in March by changing the process control to a fixed aeration 

trategy is an example of this. A more stable dissolve oxygen con- 

entration during the aeration phase led to a remarkable decrease 

n the emission of nitrous oxide. On the other hand, the process 

ontrol focusing on simultaneous nitrification and denitrification 

id not lead to elevated nitrous oxide emission in the summer pe- 

iod. Different process control strategies may be necessary during 

ummer and winter conditions to limit nitrous oxide emission un- 

er all conditions. 
10 
It also seems that the production of nitrous oxide during the 

ycle is increasing, when the DO drops below 1 mg L −1 . This could

e easily prevented by adjusting the process control as to not al- 

ow for the oxygen to dip below the required set point. Another 

otential improvement relates to the initial peak at the start of the 

eration ( Fig. 11 ). This initial peak could be prevented by adding 

 pre-denitrification phase to the cycle, aiming to remove this 

esidual nitrate, simultaneously removing the nitrous oxide formed 

uring settling and feeding. Another option is to focus on post- 

enitrification to prevent high amounts of residual nitrate to be 

resent in the next cycle, thereby limiting the nitrous oxide emis- 

ion peak. 

Compared with a continuously fed activated sludge system, 

n SBR system gives a much higher information density on the 

hanges in nitrous oxide production and consumption. This gives 

he possibility to develop effective process control strategies to 

inimize the nitrous oxide emissions. A maximum nitrous oxide 

oncentration of 0.3 mg L −1 and a net denitrification rate up to 1 

g L −1 h 

−1 was measured. This would mean that a denitrification 

hase of 20 minutes should be enough to remove nitrous oxide 

rom the water phase in most cases. Splitting the main aeration 

hase and adding one or more intermediate denitrification steps 

ould be an effective measure to minimize nitrous oxide emission. 

.5. Difference with conventional SBR systems 

The AGS reactor was operated as a sequencing batch reactor. 

 comparison with flocculent SBR systems is therefore of inter- 

st. As shown in Fig. 15 , regular SBR systems have shown to have

igher emission factors than continuously fed activated sludge sys- 

ems. High nitrous oxide emissions in SBRs are attributed to sud- 

en changes in the concentrations of ammonium, nitrate and ni- 

rite within the cycle or to accumulated dissolved nitrous oxide 

uring anoxic settling and decanting in the subsequent aerobic 

hase ( Vasilaki et al., 2019 ). These conventional SBR systems show 

mission factors up to 5.6% which is much higher than the value 

f 0.33% found in this study. This might be caused by differences 

n process conditions. The feeding in the AGS process is strictly 

naerobic, which is achieved by plug flow feeding from the bot- 

om of the reactor. By this plug flow, the nitrate remaining in the 

eactor from the previous cycle is pushed upwards while the re- 

ctor is filled with fresh influent from the bottom. This limits the 

ontact between sludge, COD and nitrate, preventing production of 

igh levels of nitrous oxide during the feeding phase. While anaer- 

bic plug flow feeding is a requirement in AGS systems, it is un- 

ommon in SBR systems. For example, in a study by ( Rodriguez- 

aballero et al., 2015 ) the SBR reactors were alternatingly fed anox- 

cally and aerobically resulting in an emission factor of 6.4%. 

.6. Comparison water phase and gas phase measurement 

The nitrous oxide concentration was measured by two differ- 

nt methods: firstly, by measuring the nitrous oxide concentration 

n the bulk liquid by means of an online sensor and secondly by 

easuring the nitrous oxide concentrations in the off-gas via a gas 

nalyser. The latter has the benefit of measuring the emission dur- 

ng aeration directly without the need for converting water phase 

oncentration into emissions to the air. The downside of the off- 

as method is the lack of information about what happens during 

he anaerobic and the anoxic phase, when the aeration is turned 

ff. The water phase sensor gives direct insight into the produc- 

ion of nitrous oxide in the anoxic phase and the denitrification 

f nitrous oxide in the anoxic phase. The water phase sensor thus 

rovides information that otherwise would be lost or obscured by 

ther nitrous oxide forming processes during aeration. For the use 

n process control both methods can be used, but the water phase 
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ensor is likely more effective, as it also gives information about 

he non-aerated phases. 

. Conclusions 

A seven-month measurement campaign of the emission of ni- 

rous oxide was performed in the Nereda® reactor of Dinxperlo, 

he Netherlands. Key findings include: 

• An average nitrous oxide emission factor of 0.33% (0.0033 mg 

nitrous oxide-N/mg TN influent ) was found over a 7-month mea- 

suring campaign spanning summer and winter. 

• The yearly average emission factor was estimated between 

0.25% and 0.30% 

• The emission factor was comparable with continuously fed ac- 

tivated sludge plants with low emissions and lower than values 

found for conventional SBR systems. 

• Both nitrification and denitrification appeared to contribute to 

the nitrous oxide production, denitrification acting both as a 

source and a sink for nitrous oxide. 

• Post-denitrification significantly reduced the nitrous oxide con- 

centration in the reactor. 

• An increased variability of the emission factor was observed at 

low temperatures. 

• Different process control between summer and winter could 

limit the emission factor. 

• In the winter period, aeration on a fixed oxygen setpoint re- 

duced the emission factor compared to aeration using variable 

oxygen setpoint. 

• A temporary increase of the sludge loading decreased the emis- 

sion factor for several batches. 

eclaration of Competing Interest 

The authors declare that they have no known competing finan- 

ial interests or personal relationships that could have appeared to 

nfluence the work reported in this paper. 

cknowledgments 

This research was supported by Royal HaskoningDHV. The au- 

hors wish to thank Waterschap Rijn en IJssel for the cooperation 

n this project and Suellen Espindola, Pascalle Vermeulen and Jelle 

angedijk for their dedication to this project. 

eferences 

hn, J.H., Kim, S., Park, H., Rahm, B., Pagilla, K., Chandran, K., 2010. N2O emissions

from activated sludge processes, 20 08-20 09: results of a national monitoring 

survey in the united states. Environ. Sci. Technol. 44, 4505–4511. doi: 10.1021/ 
es903845y . 

aeten, J. , 2020. Wastewater Treatment with Aerobic Granular Sludge : Challenges 
and Opportunities for Modelling and Off-Gas Analyses. Universiteit Gent. Facul- 

teit Bio-ingenieurswetenschappen . 
11 
aeten, J.E. , van Dijk, E.J.H. , Pronk, M. , van Loosdrecht, M.C.M. , Volcke, E.I.P. , 2021.
Sequentially operated aerobic granular sludge reactors increase the potential of 

off-gas analyses. Sci. Total Environ. Submitted for publication . 
assin, J.P., Pronk, M., Kraan, R., Kleerebezem, R., Van Loosdrecht, M.C.M., 2011. Am- 

monium adsorption in aerobic granular sludge, activated sludge and anammox 
granules. Water Res. 45. doi: 10.1016/j.watres.2011.07.034 . 

hen, G.H. , Loosdrecht Mark, C.M. , V., Ekama , G.A., Brdjanovic, D. , 2020.
Biological Wastewater Treatment : Principles, Modelling and Design 

https://doi.org/https://doi-org.tudelft.idm.oclc.org/10.2166/9781789060362 . 

onthe, M., Lycus, P., Arntzen, M., Ramos da Silva, A., Frostegård, Å., Bakken, L.R., 
Kleerebezem, R., van Loosdrecht, M.C.M., 2019. Denitrification as an N2O sink. 

Water Res. 151, 381–387. doi: 10.1016/j.watres.2018.11.087 . 
aelman, M.R.J., De Baets, B., van Loosdrecht, M.C.M., Volcke, E.I.P., 2013. Influence 

of sampling strategies on the estimated nitrous oxide emission from wastewater 
treatment plants. Water Res. 47, 3120–3130. doi: 10.1016/j.watres.2013.03.016 . 

aelman, M.R.J., van Voorthuizen, E.M., van Dongen, U.G.J.M., Volcke, E.I.P., van Loos- 

drecht, M.C.M., 2015. Seasonal and diurnal variability of N2O emissions from a 
full-scale municipal wastewater treatment plant. Sci. Total Environ. 536, 1–11. 

doi: 10.1016/j.scitotenv.2015.06.122 . 
e Kreuk, M.K., Heijnen, J.J., Van Loosdrecht, M.C.M., 2005. Simultaneous COD, ni- 

trogen, and phosphate removal by aerobic granular sludge. Biotechnol. Bioeng. 
90, 761–769. doi: 10.1002/bit.20470 . 

esloover, J., Vlaeminck, S.E., Clauwaert, P., Verstraete, W., Boon, N., 2012. Strategies 

to mitigate N2O emissions from biological nitrogen removal systems. Curr. Opin. 
Biotechnol. 23, 474–482. doi: 10.1016/j.copbio.2011.12.030 . 

oley, J., de Haas, D., Yuan, Z., Lant, P., 2010. Nitrous oxide generation in full-scale
biological nutrient removal wastewater treatment plants. Water Res. 44, 831–

844. doi: 10.1016/j.watres.2009.10.033 . 
ruber, W., Villez, K., Kipf, M., Wunderlin, P., Siegrist, H., Vogt, L., Joss, A., 2020.

N2O emission in full-scale wastewater treatment: Proposing a refined monitor- 

ing strategy. Sci. Total Environ. 699, 134157. doi: 10.1016/j.scitotenv.2019.134157 . 
PCC, 2007. Climate change 2007-the physical science basis: Working group I contri- 

bution to the fourth assessment report of the IPCC. Cambridge university press. 
ahn, L., Svardal, K., Krampe, J., 2019. Nitrous oxide emissions from aerobic granular 

sludge. Water Sci. Technol. 80, 1304–1314. doi: 10.2166/wst.2019.378 . 
ampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten, M.S.M., Van Loos- 

drecht, M.C.M., 2009. Nitrous oxide emission during wastewater treatment. Wa- 

ter Res 43, 4093–4103. doi: 10.1016/j.watres.20 09.03.0 01 . 
ampschreur, M.J., van der Star, W.R.L., Wielders, H.A., Mulder, J.W., Jetten, M.S.M., 

van Loosdrecht, M.C.M., 2008. Dynamics of nitric oxide and nitrous oxide emis- 
sion during full-scale reject water treatment. Water Res. 42, 812–826. doi: 10. 

1016/J.WATRES.2007.08.022 . 
ochmatter, S., Maillard, J., Holliger, C., 2014. Nitrogen removal over nitrite by aera- 

tion control in aerobic granular sludge sequencing batch reactors. Int. J. Environ. 

Res. Public Health 11, 6955–6978. doi: 10.3390/ijerph110706955 . 
degaard, H., Rusten, B., Westrum, T, 1994. A new moving bed biofilm reactor - 

applications and results. Water Sci. Technol. 29, 157–165. doi: 10.2166/wst.1994. 
0757 . 

odriguez-Caballero, A., Aymerich, I., Marques, R., Poch, M., Pijuan, M., 2015. Mini- 
mizing N2O emissions and carbon footprint on a full-scale activated sludge se- 

quencing batch reactor. Water Res 71, 1–10. doi: 10.1016/j.watres.2014.12.032 . 
oest, H.Van Der , Haskoningdhv, R. , Bruin, B.De , Dalen, R.Van , Uijterlinde, C. , 2012.

Maakt Nereda-installatie Epe hooggespannen verwachtingen waar? Vakbl. H2O 

30–34 . 
an Dijk, E.J.H. , van Schagen, K.M. , Oosterhoff, A.T. , 2018. Controlled Simultaneous

Nitrification and Denitrification in Wastewater Treatment WO 2018/215561 A1 . 
asilaki, V., Massara, T.M., Stanchev, P., Fatone, F., Katsou, E., 2019. A decade of ni-

trous oxide (N2O) monitoring in full-scale wastewater treatment processes: a 
critical review. Water Res. 161, 392–412. doi: 10.1016/j.watres.2019.04.022 . 

underlin, P., Mohn, J., Joss, A., Emmenegger, L., Siegrist, H., 2012. Mechanisms of 

N2O production in biological wastewater treatment under nitrifying and deni- 
trifying conditions. Water Res. 46, 1027–1037. doi: 10.1016/j.watres.2011.11.080 . 

hang, F., Li, P., Chen, M., Wu, J., Zhu, N., Wu, P., Chiang, P., Hu, Z., 2015. Effect
of operational modes on nitrogen removal and nitrous oxide emission in the 

process of simultaneous nitrification and denitrification. Chem. Eng. J. 280, 549–
557. doi: 10.1016/j.cej.2015.06.016 . 

https://doi.org/10.1021/es903845y
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0002
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0002
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
http://refhub.elsevier.com/S0043-1354(21)00357-2/optbGKINHknM7
https://doi.org/10.1016/j.watres.2011.07.034
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0004
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0004
https://doi.org/10.1016/j.watres.2018.11.087
https://doi.org/10.1016/j.watres.2013.03.016
https://doi.org/10.1016/j.scitotenv.2015.06.122
https://doi.org/10.1002/bit.20470
https://doi.org/10.1016/j.copbio.2011.12.030
https://doi.org/10.1016/j.watres.2009.10.033
https://doi.org/10.1016/j.scitotenv.2019.134157
https://doi.org/10.2166/wst.2019.378
https://doi.org/10.1016/j.watres.2009.03.001
https://doi.org/10.1016/J.WATRES.2007.08.022
https://doi.org/10.3390/ijerph110706955
https://doi.org/10.2166/wst.1994.0757
https://doi.org/10.1016/j.watres.2014.12.032
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0019
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0020
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0020
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0020
http://refhub.elsevier.com/S0043-1354(21)00357-2/sbref0020
https://doi.org/10.1016/j.watres.2019.04.022
https://doi.org/10.1016/j.watres.2011.11.080
https://doi.org/10.1016/j.cej.2015.06.016

	Nitrous oxide emission from full-scale municipal aerobic granular sludge
	1 Introduction
	2 Methodology
	2.1 Plant description
	2.2 Nitrous oxide measurements
	2.3 Size distribution
	2.4 Online measurements
	2.5 Offline sampling
	2.6 Emission factors
	2.7 Simultaneous nitrification/denitrification
	2.8 Process control

	3 Results
	3.1 Plant performance and operation
	3.2 Monthly average nitrous oxide emission
	3.3 Batch average nitrous oxide emission
	3.4 Effect of organic loading rate/N-load
	3.5 Effect of rain events
	3.6 Effect of temperature
	3.7 Diurnal pattern
	3.8 Dynamic nitrous oxide behaviour

	4 Discussion
	4.1 Long term nitrous oxide emissions
	4.2 Seasonal and diurnal variations
	4.3 Nitrous oxide in the cycle
	4.4 Effect of process control
	4.5 Difference with conventional SBR systems
	4.6 Comparison water phase and gas phase measurement

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


