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HIGHLIGHTS

Off-gas measurements were performed
on a full-scale aerobic granular sludge
reactor.

Derivation of multiple variables with a
single off-gas sampler is demonstrated.
Liquid-gas transfer, aeration character-
istics and greenhouse gas emissions are
derived.

Concentrations, conversion rates, influ-
ent TOC & N and sludge production are
derived.

There is untapped potential of off-gas
analyses for sequentially operated
reactors.
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ABSTRACT

This work shows how more variables can be monitored with a single off-gas sampler on sequentially operated
than on continuously fed and aerated reactors and applies the methods to data from a full-scale aerobic granular
sludge reactor as a demonstration and to obtain insight in this technology. First, liquid-gas transfer rates were cal-
culated. Oxygen (0,) absorption and carbon dioxide (CO,) emission rates showed comparable cyclic trends due
to the coupling of O, consumption and CO, production. Methane (CH,4) emissions showed a stripping profile and
nitrous oxide (N,O) emissions showed two peaks each cycle, which were attributed to different production path-
ways. Secondly, aeration characteristics were calculated, of which the gradual improvement within cycles was
explained by surfactants degradation. Thirdly, liquid phase concentrations were estimated from off-gas measure-
ments via a novel calculation procedure. As such, an average influent CH, concentration of 0.7 g-m™> was found.
Fourthly, reaction rates could be estimated from off-gas data because no feeding or discharge occurred during re-
action phases. The O, consumption rate increased with increasing dissolved oxygen and decreased once nitrifi-
cation was complete. Fifthly, greenhouse gas emissions could be derived, indicating a 0.06% N,O emission
factor. Sixthly, off-gas gave an indication of influent characteristics. The CO, emitted per kg COD catabolized
corresponded with the TOC/COD ratio of typical wastewater organics in cycles with balanced nitrification and de-
nitrification. High nitrogen removal efficiencies were associated with high catabolized COD/N ratios as estimated
from the O, absorption. Finally, mass balances could be closed using off-gas O, data. As such, an observed yield of
0.27 g COD/g COD was found. All these variables could be estimated with a single sampler because aeration
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without feeding creates a more homogeneous off-gas composition and simplifies liquid-phase mass balances.
Therefore, off-gas analyzers may have a broader application potential for sequentially operated reactors than cur-

rently acknowledged.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The chemical composition of the gas leaving an aerobic wastewater
treatment reactor reflects the liquid-gas transfer of its constituents, such
as oxygen (0;), carbon dioxide (CO-), nitrous oxide (N,O), nitric oxide
(NO), volatile organic compounds (VOC), methane (CH,4) etc. The
liquid-gas transfer is in turn affected by the (biological) consumption
or production of these substances and their presence in the influent.
For example, oxygen is consumed and thus the off-gas contains less ox-
ygen than the aeration air. In contrast, the carbon dioxide content will
be higher in the off-gas, because it is produced during heterotrophic
growth (Hellinga et al., 1996). Also methane is often enriched in the
off-gas, as it enters via the influent (Daelman et al., 2012). Due to this re-
lationship between the gas composition and processes in the water, off-
gas analyses can be used for monitoring and control. Moreover, such
analyses have advantages compared to measurements in the liquid
phase: no chemical reagents are required, a gas sample is well mixed
and has been in contact with a large volume of water and maintenance
is minimal due to the limited fouling and corrosive effects of the gas
(Hellinga et al, 1996; Sonnleitner, 2013; Mears et al., 2017;
Vanrolleghem and Lee, 2003).

Off-gas analyses have been used in many studies, but gas samplers
and analyzers are not (yet) part of the typical instrumentation on
wastewater treatment plants. Full-scale measurements have primarily
been used to calculate aeration characteristics (Table 1), as aeration is
a major cost factor (Rosso and Stenstrom, 2005). For example, Gillot
and Heduit (2000) used the oxygen content in the off-gas to calculate
the Oxygen Transfer Efficiency (OTE). The liquid-gas transfer rate of dif-
ferent substances from full-scale installations can also be monitored,
based on measured off-gas concentrations and flow rates. For example,
Leu et al. (2010) tracked the oxygen and carbon dioxide transfer rate
over time to detect ammonium breakthrough periods. Finally, cumula-
tive emissions over a longer period (hours to years) have been calcu-
lated for different pollutants, e.g. VOCs (Sree et al., 2000) or nitrous
oxide and methane (Daelman et al,, 2013a). Only a few studies have de-
rived other key variables from off-gas analyses, such as liquid-phase
concentrations, conversion rates, influent characteristics and amounts
of sludge produced, even though this is possible (Table 1). This indicates
that the potential of off-gas analyses is under-recognized.

One reason for the limited use of off-gas data is that representative
gas sampling and the calculation of key variables are challenging for
reactors with continuous aeration, feeding and discharge, while this re-
actor type is widespread (Table 1). Representative sampling is compli-
cated due to the simultaneous reactions and water flows, which
produce spatial concentration gradients in the liquid phase along the
flow direction (Vanrolleghem et al., 2003; Meijer et al., 2001), causing
a heterogeneous off-gas composition in turn (Rosso et al., 2011;
Amerlinck et al., 2016; Caniani et al., 2019) (Fig. 1). Therefore, a floating
hood is often successively placed at different locations or several hoods
are used simultaneously (Table 1). Only some full-scale reactors are
completely covered, which makes sampling easier (Daelman et al.,
2013a; Winter et al., 2012; Mampaey et al., 2016). Also the calculation
of a consumption rate of a substance i (R", in g-min—") from mass bal-
ances is difficult in continuous reactors (Eq. (1)), as it does not only re-
quire the knowledge of the liquid-gas transfer rate (rh}™, in g-min~!)
and a continuous measurement of the liquid phase concentration (CF,
in g-m~3), but also the incoming and outgoing liquid phase mass flow
rates (rik,; and mb,; respectively, in g-min~", through the liquid vol-
ume V%, in m®) should be known (Chiesa et al., 1990; ASCE, 1997).

Simultaneous feeding and aeration : (1)
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To estimate consumption rates in continuously operated systems,
several methods have been developed in literature to estimate the miss-
ing terms in Eq. (1), which all require simplifying assumptions that are
not generally applicable, additional off-line measurements or extensive
models and this could discourage their widespread adoption. For exam-
ple, the calculation of the oxygen consumption rate by Rieth et al.
(1995) and Rosso et al. (2011) relied on a negligible accumulation
term. To estimate the carbon dioxide production rate, Weissenbacher
et al. (2007) relied on daily off-line measurements of the inorganic car-
bon in the reactor and influent. Leu et al. (2009, 2010) used off-gas ox-
ygen and carbon dioxide data to calibrate and validate a bioconversion
model based on the activated sludge models (ASM) (Henze et al.,
2000), which was used in turn to estimate the nitrification and hetero-
trophic conversion rates.

Off-gas analyses may be more practically applicable in case of se-
quentially operated reactors. When aeration occurs without simulta-
neous feeding or discharge, the liquid phase shows no significant
spatial concentration gradients in the horizontal direction (Ronner-
Holm et al., 2006; Lindblom et al., 2016; Ni et al., 2009; Keller and
Yuan, 2002). Therefore, also the off-gas composition is more homoge-
neous and a single off-gas sampler is more representative for the com-
plete reactor (Fig. 1). Besides, the absence of feeding during aerated
phases allows easier and more accurate rate estimations from mass bal-
ances (Eq. (2)), as liquid phase mass flow rates are absent.

dgvt g oL
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Separated feeding and aeration :

Such reactors can thus be used as a large respirometer (Yoong et al.,
2000; Spanjers et al., 1996).

Even though sequentially operated reactors have traditionally
been applied less frequently on full-scale (Kent et al., 2018)
(Table 1), they are gaining ground through the installation of aerobic
granular sludge reactors, which rely on separate feeding and aera-
tion phases. Aerobic granular sludge reactors have become very
popular due to the associated savings in space and energy (Pronk
et al., 2017). This is an extra incentive to revaluate the potential of
off-gas for monitoring and control.

In this contribution, the full potential of off-gas analyses for sequen-
tially operated reactors is demonstrated by simultaneously deriving all
the types of key variables with a single sampler and without requiring
bioconversion models or additional off-line liquid-phase analyses
(Table 1). It is also the first full-scale off-gas monitoring campaign pub-
lished in scientific literature on aerobic granular sludge. After the meth-
odology, the dynamics of the liquid-gas transfer rates of oxygen, carbon
dioxide, nitrous oxide and methane within a cycle are linked to pro-
cesses occurring in the liquid phase. Then aeration characteristics, liquid
phase concentrations and conversion rates are derived. Next, the cumu-
lative amounts transferred over one or more cycles are used to estimate
greenhouse gas emissions and wastewater characteristics and the
sludge production is estimated via a mass balance. Finally, perspectives
for practical applications are provided.



Table 1
Journal publications using continuous measurements of the off-gas composition from operational aerobic wastewater treatment reactors. An “x” indicates which types of variables were derived in each study. Strictly controlled lab-scale systems
designed for studying reaction kinetics are not included (Gapes and Keller, 2001; Gapes et al., 2003).

Reference Scale Multiple sampling ~ Operation  Sludge Liquid-gas transfer  Aeration Liquid-phase Conversion  Pollutant Wastewater Sludge
points rates characteristics concentrations rates emissions composition production
Shiskowski and Mavinic (2005) Lab Continuous Flocculent
Wu et al. (2015) Lab Continuous Flocculent
Spérandio and Paul (1997) Lab Sequential  Flocculent X X
Kong et al. (2013) Lab Sequential ~ Granular X X
Lochmatter et al. (2014) Lab Sequential ~ Granular X
Guimaraes et al. (2017) Lab Sequential ~ Granular X
Velho et al. (2017) Lab Sequential ~ Granular X
Rieth et al. (1995) Pilot Continuous Flocculent X X
Sree et al. (2000) Pilot Continuous Flocculent X X
Weissenbacher et al. (2007) Pilot Continuous Flocculent X X X
Butler et al. (2009) Pilot Continuous Flocculent
Cecconi et al. (2019) Pilot Sequential ~ Granular X X X
Redmon et al. (1983) Full x Continuous Flocculent X
Groves et al. (1992) Full x Continuous Flocculent X
Gillot and Heduit (2000) Full x Continuous Flocculent X
Makinia and Wells (2000) Full x Continuous Flocculent X
Mueller et al. (2000) Full x Continuous Flocculent X X
Sahlmann et al. (2004) Full x Continuous Flocculent X X
Rosso et al. (2005) Full x Continuous Flocculent X
Schuchardt et al. (2007) Full x Continuous Flocculent X X
Gillot and Heduit (2008) Full NA Continuous Flocculent X
Leu et al. (2009) Full x Continuous Flocculent X X X X
Leu et al. (2010) Full x Continuous Flocculent X X X
Sandberg (2010) Full Continuous Flocculent X
Racault et al. (2011) Full NA Continuous Flocculent X
Rosso et al. (2011) Full x Continuous Flocculent & X X X
biofilm
Winter et al. (2012) Full Continuous Flocculent X X
Daelman et al. (2013a) Full Continuous Flocculent X X
Amerlinck et al. (2016) Full x Continuous Flocculent X
Mampaey et al. (2016) Full Continuous Flocculent X X X X X X
Caivano et al. (2017) Full x Continuous Flocculent X X
Bellandi et al. (2018) Full x Continuous Flocculent X X
Spinelli et al. (2018) Full x Continuous Flocculent X X
Caniani et al. (2019) Full x Continuous Flocculent X
Aviles et al. (2020) Full x Continuous Flocculent X
This study Full Sequential ~ Granular X X X X X X X

10 32 juoLd ‘W Afiq uva ‘Hq ‘uejeng ‘g

15921 (1202) 282 Judwuonaug [pjof ay] Jo ouaws



J.E. Baeten, EJ.H. van Dijk, M. Pronk et al.

Continuously fed and aerated reactor

Off-gas sampler

.

Concentraiton in the off-gas

Location in the reactor (m)

) dchvt
M T g

+ (mh],i - m[(;ut,i)

Science of the Total Environment 787 (2021) 147651

Sequentially operated reactor

Absence of bulk flow gives
more representative sampling

Off-gas sampler

S3 || <=

Time during the cycle (h)
. . dckvE
Rl = —il—C — c‘lt +0

Separate feeding and acration allows
easier and more accurate rate estimation

Fig. 1. Conceptual difference between off-gas analysis with a single sampler on a continuously fed and aerated (left) and a sequentially operated reactor during the aeration phase (right).

2. Materials and methods
2.1. Process under study

A four and a half day monitoring campaign was performed from 31
July to 4 August 2017 at one of the three Nereda® aerobic granular sludge
reactors at the municipal wastewater treatment plant in Dinxperlo (NL)
of the water board Rijn en IJssel. Nereda® is a registered trademark for
a proprietary aerobic granular sludge technology owned by Royal
HaskoningDHV. On average, the plant treats 3370 m>-d~! with respec-
tive concentrations of organics, total nitrogen and total phosphorus of
538 gCOD-m>,48 gN-m~>and 7 gP-m~> in 2017 (Fig. S5 in the Sup-
plementary information shows the liquid phase nitrate/nitrite, ammo-
nium and phosphorus concentrations during the monitoring campaign
in particular). The total suspended solids in the mixed liquor constituted
11 g TSS-L™! at the time of the measurements, of which 84% had a diam-
eter above 0.2 mm. The bottom of the 1250 m? reactor (7.35 m water
depth and 170 m? surface) was covered with fine-bubble diffusers.

A typical dry weather cycle of the reactor takes about 5.5 h (Fig. 3).
First, simultaneous upward feeding and discharge takes place without
aeration for 1 h. Next, the water level is decreased from about 7.5 to
7.35 m during a twenty minute period to compensate for the gas hold-
up during the subsequent 3.5-hour reaction phase. The reaction phases
start with a period with strong and continuous aeration to favour nitrifi-
cation in particular. Once the ammonium concentration reaches its set-
point, weaker, intermittent aeration is used to stimulate denitrification
of the accumulated nitrate while keeping reactor contents mixed. The
cycle ends with a 45-minute period during which settling and sludge
withdrawal occurs. The cycle length and influent volume per batch are
automatically adapted to the hydraulic and pollutant load conditions.
Phosphorus is mainly removed biologically during the reaction period,
but iron chloride is dosed inside the reactor or in the sand bed afterwards
to complement the biological phosphorus removal when necessary.

2.2. Measured variables and data treatment

2.2.1. Off-gas and liquid phase measurements

A floating hood covering an area of 0.55 m? was used to collect off-
gas from the water surface (Fig. S1). The dead volume inside the hood
was reduced with polyurethane foam, until about 0.1 m® remained
when floating (Fig. S2). Off-gas was sampled from the hood and sent
through a cooler to dry before entering an on-line analyzer to measure

the mole fractions of oxygen carbon dioxide (NGA 2000 MLTI,
Rosemount, Emerson), methane and nitrous oxide (Xentra Continuous
Emission Analyzer 4900, Servomex). The on-site atmosphere was ana-
lyzed for 5 min every hour (Fig. S3). The atmospheric temperature, pres-
sure and relative humidity were monitored (Bosch BME280).

Standard on-line monitoring data were used to supplement the off-
gas analysis. The reactor temperature, dissolved oxygen (LDO, Hach),
ammonium (Amtax, Hach), nitrate plus nitrite (Nitratax, Hach) and
phosphate concentration (Phosphax, Hach) were measured in-situ.
The rotational speed of the three positive displacement blowers (Aerzen
Blower Delta Hybrid/D12S), the position of the valves between the
blowers and the air diffusers and the influent flow rate were logged.

2.2.2. Gas flow rates

The volumetric air flow rate into the reactor Q% (m>-min~
expressed under atmospheric temperature and pressure) was calcu-
lated from the frequency of rotation of the three blowers, using specifi-
cations provided by the supplier, and from the opening and closing of
the valves (Fig. 2). To calculate the off-gas flow rate Q5 (m*-min™1),
this intake flow rate Q§, was corrected for the temperature difference
between the atmosphere TS, (K) and off-gas via Charles' law (Eq. (3)).

1

reactor ()

qut(t) = Qﬁl(t) .Treacctor 5

Tair(t)
Periodic air
sampling
P> Reactor 1
G Off—gas
" semelng
Condenser
>< Reactor 3

Fig. 2. Simplified scheme of the gas flows at the plant.
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The off-gas temperature was assumed equal to that of the reactor
Treactor (K), given the fine bubbles and high water column over which
thermal equilibrium can develop. Changes in the total molar flow
rate due to net absorption or stripping were neglected. This is a com-
mon assumption (Redmon et al., 1983; Le et al., 2016) and it is also
justified in this particular case, as the nitrogen production calculated
via the measured amount of denitrification during the monitoring
period accounted to only 0.3 vol% of the aeration air.

2.2.3. Conversion of gas phase mole fractions to concentrations
Gas phase mole fractions x{ (mole-mole™') were converted to con-
centrations C¢ (g-m~>) through the ideal gas law (Eq. (4)).

. pgir(t) . Mi

G ) — xG
P = X80T

(4)

where p$, (Pa) denotes the measured atmospheric pressure, M;
(g-mole™ ") the molecular mass of substance i, R (8.314]-mole™!-K™1)
the ideal gas constant, and T® (K) the temperature of the gas, where the
measured atmospheric temperature TS, was used to obtain the atmo-
spheric concentrations Cﬁl,i (g'm_3), while the measured reactor tem-
perature Tre,cor Was used for the off-gas concentrations CSy.; (g-m™>).

The mole fractions x{ in Eq. (4) were derived from the measured
values XS casurea; after several corrections (Eq. (5)).

pé
XiG (t> = X%easured,i(t + T) ) pé“v(c:; : (1 7RHG<t)

P&, (0)

. 8,07277%

. 4133.322 10 ® ) 5)
air

A pure time delay T (min) of 3 min was used for the off-gas, to make
the drop in the oxygen content coincide with the start of aeration phases.
This delay originates from the residence time of gas in the reactor and tub-
ing. No time delay was used for the atmospheric sampling because of the
short tubing. Secondly, the pressure ratio was introduced in Eq. (5) to
undo the fluctuations of the signal (Fig. S4) by compression or decom-
pression inside the analyzer when the atmospheric pressure pS; deviated
from the value during calibration pS;.c. (Pa). The third factor corrects for
the water vapour that condensed in the cooler before analysis, using the
relative humidity in the sampled gas RH® (—) and the equilibrium
water content calculated with the Antoine equation (Shriver and
Drezdzon, 1986). The reactor temperature and 100% relative humidity
were used for the off-gas, as suggested by Redmon et al. (1983), whereas
the measured atmospheric temperature and relative humidity were used
for the atmosphere. Finally, the missing mole fraction data for the off-gas
during sampling of the atmosphere and vice versa were filled up by linear
interpolation.

2.3. Calculation of key variables from off-gas analyses

2.3.1. Liquid-gas transfer rates

The liquid-gas transfer rates of O,, CO,, CH4 and N,O were calculated
based on Eq. (6), expressing the liquid-gas transfer rate of a substance i,
mi¢ (g-min—") as the difference between the mass flow out of and into
the reactor via the gas phase (Eq. (6)) (Baeten et al., 2020).

PO = QSu(D) - Couei (D —QG (1) - CG (1) (6)

Eq. (6) implies that the measured off-gas concentrations are represen-
tative for the complete reactor surface and that the gas phase is in pseudo
steady-state. The former was motivated in this study by the intense
mixing during the aeration phases; the latter was fulfilled because of
the short residence time of the gas in the reactor, relative to the inter-
phase mass transfer and biological conversion rates (Baeten et al.,
2020). Positive liquid-gas transfer rates - denote a stripping/emission
rate. If it is negative, the sign can be reversed to obtain an absorption rate.

Science of the Total Environment 787 (2021) 147651

2.3.2. Aeration characteristics

The overall volumetric liquid-gas transfer coefficient of a sub-
stance i, K;a; (d™') can be estimated from its liquid-gas transfer
rate m}"¢ (Eq. (6)), its liquid phase concentration C- and the reactor
volume V" via Eq. (7) (Henze et al., 2008).

;¢ (1)

VE. (ciL—c:L (t))

eq,i

Kia; =

(7)

The calculation of the liquid-gas transfer coefficient Kia;
through Eq. (7) requires measured liquid phase concentrations of
substance i. The dissolved oxygen concentrations measurement in
this study thus allowed the calculation of the liquid-gas transfer co-
efficient for oxygen, K ag,. The equilibrium liquid-phase concen-
tration Ctq; (g-m~3) in Eq. (7) was calculated (Eq. (8)) via the
Henry coefficient h; (g-m~3 in the liquid per g-m~2 in the gas)
corrected for the reactor temperature (Table 1S), the mean of the
mole fraction in the atmosphere and the off-gas X$can.i (Eq. (9))
and the mean hydrostatic pressure pSean (Eq. (10)) (Baeten et al.,
2020).

G (1) - M
Ch o (t) = hy(t) - xS .t.w o
L & Ty )

G G
XS (1) :M ©)

mean,i

H
pglean(t) :paGir(t) +p‘g'§ (10)

with p (kg-m~3) the density of the wastewater, g (m-s~2) the gravita-
tional acceleration and H (m) the water height.

For CH4 and N,O, no on-line liquid phase measurements were
available, so their liquid-gas transfer coefficients Kia; were de-
rived from the relationship with Kiag, (Eq. (11)) (heyder et al.,
1997), using diffusion coefficients D; (cm?-s~!) from literature
(Table 1S).

D.
Kiaj(t) = Kiaoa(t) - D—olz (11)

Note that these Kia;'s are calculated under process conditions and
are therefore affected by fouling of the diffusers and dissolved sub-
stances in the wastewater that hinder liquid-gas transfer (often
characterised by the alfa-factor).

Additional aeration characteristics were calculated, namely the (spe-
cific standard) oxygen transfer efficiency and the average aeration effi-
ciency. The oxygen transfer efficiency OTE (—) is the fraction of the
injected oxygen mass flow that was absorbed by the liquid phase
(Eq. (12)) (Henze et al., 2008)

- G-L
mg, “(t)

=80 G

(12)

based on the measured incoming air flow rate, incoming oxygen gas
phase concentration and calculated oxygen liquid-gas transfer rate
(Eq. (6)). The specific standard oxygen transfer efficiency SSOTE was
obtained from Eq. (13), by correcting the OTE for the water depth H
and dissolved oxygen concentration and expressing it at a standard
temperature and pressure Tsq = 20 °C and p$q = 1013 hPa (Gillot
etal, 2005a,b).

L L G
_ OTE(t) Ceqi (Tstd' pstd) 1.024(20- T (©)
H i) —Cor(t)

eq,i

SSOTE(t) (13)
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The average aeration efficiency AE (g O,-Wh ™) was calculated ac-
cording to Eq. (14) (Henze et al., 2008).

G—L
_ Mg,

AE W

(14)
where m§3 (g O,) represents the total amount of oxygen absorbed dur-
ing the monitoring campaign, obtained by integration of the liquid-gas
transfer rate m5s’ (Eq. (6)). The total work required for aeration W
(kWh) was calculated via integration of the power (kW) needed at
the rotor shaft, using blower specifications.

2.3.3. Liquid phase concentrations

By rearranging the liquid-gas transfer model from Egs. (7) to (15),
the liquid phase concentration of a substance i can be calculated from
its liquid-gas transfer rate m- (Eq. (6)) and the estimated liquid-gas
transfer coefficient Ka; (Eq. (11)).
chy =

L
kv il
1

(15)

Note that the liquid phase concentration of any substance i can be
derived from its gas phase concentration through Eq. (15), as long as
the gas and liquid phase concentration of oxygen are measured simulta-
neously, because estimation of Kia; (Eq. (11)) relies on the value of
Kiaoa (Eq. (7).

2.3.4. Conversion rates

The oxygen consumption rate in the liquid phase R&, (g-min™") was
estimated from its absorption rate Sz (g-min~", Eq. (6)) via a liquid-
phase mass balance (Eq. (1)), in which the accumulation term was
calculated through a central difference approximation (Eq. (16)) with
At = 0.5 min.

_ Coa(t+ A —Coy(t—AL)

L
2At v

Rea (t) = 0S5 () (16)

2.3.5. Sludge production and N and COD conversion via mass balances
From the liquid phase mass balances of oxygen, COD, nitrogen and
nitrate over the complete monitoring period, the following unmeasured

CL

NH4,start reaction j

L
,C NO3,end reaction j-1

Concentration (g N.m?)

L
C NO3,start reaction j
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variables were derived (see Supplementary information 1.3): the COD
mass incorporated in sludge (RE34%¢, in g COD, Eq. (17)), the COD
mass consumed catabolically via aerobic conversion (Rke;.cop, in g
COD, Eq. (18)), the nitrogen mass nitrified (R%jx, in g N, Eq. (19)) and
the nitrogen mass denitrified (Rben, in g N, Eq. (20)).

REo = —0.893m§; " + 0.893 (mj, cop — My cop)
+1.53 (m{-n,N _m](;ut,N) + 4'08m(L)ut,NO3 (]7)
Rier cop = 0.714m§; " + 0.286 <m{-n.COD_m]6ut.COD) (18)
—4.08 (miLn.N _m(L)ur,N> _3'26mgut.NO3
Rpyen = 0.0625mG; * —0.0625 (M, cop —Meyeco)
+0.893 (i, y —Mgy ) + 0.714mg, o (19)
R(I;len,N = 0.0625mg; " —0.0625 (m%n,COD_mI(;ut,COD)
+0.893 (m{-n,N_mléut,N) —0.286Mmg, no3 (20)

In these expressions, m&3 (g 0,) is the total amount of absorbed
oxygen derived via the off-gas analyses. The amount of COD and ni-
trogen entering and leaving the reactor via the liquid phase m§, cop
(g COD), m§yecop (g COD), mfy n (g N) and mgyen (g N) and the ni-
trate in the effluent m5ycnos (g N) were derived from the historical
average influent and effluent concentrations. Due to the sequential
reactor operation, the net ammonium and nitrate mass removed
over the monitoring period could also be calculated via the on-line
ammonium and nitrite/nitrate measurements (Fig. 3). The mass of
ammonium removed during every cycle j, Rh,.m,j (gN), was estimated
from the decrease of the ammonium concentration during the reac-
tion phase from ClNH4,start reaction j to C]I<IH4,end reaction j (Eq (21 ))

L L L L
RNH4,j = CNH4,start reaction j _CNH4,end reaction j] -V (2] )

The nitrate removal during cycle j, Rioz; (g N), was estimated as the
sum of the nitrogen removal during the reaction phase and the residual
denitrification during the other phases (van Dijk et al., 2018). During
the reaction phase, the nitrogen removal Rkos3 reaction j was calculated

Ammonium

Nitrate + nitrite

L -
C NO3,end reaction j

L
C NH4,end reaction j

Settling + sludge

Feeding +
Phase X °
dis ge
DR 4Smn [ 60mn |
Miain conversions [ NS

Cycle j-1

Continuous aeration

»Time (min)
Reaction

Intermittent aeration
210 mi

- Phosphate uptake + nitrification + denitrification

Fig. 3. Typical phase durations and ammonium and nitrate/nitrite concentration profiles measured at the top of the reactor during a dry weather cycle.
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as the decrease of the total nitrogen mass, i.e. the sum of the ammonium
and nitrate (Eq. (22)).

L L L
RN03 reaction j = {(CNH4 + CN03>

.Vt

—(ck. +ck )
start reaction j ( NH4 NO3 end reaction j

(22)

The residual denitrification during the remaining part of the cycle,
R]N03Vresidual j» was calculated as the decrease of the nitrate concentration
between the end of the previous cycle's reaction phase and the nitrate
concentration at the start of the current cycle's reaction phase, corrected
for the output of nitrate via the effluent between these two moments
(Eq. (23)).

R§ = |Cx —Cx
NO3,residual j — | “~NO3,end reaction j—1 NO3,start reaction j
start reaction j

Vh— X CRos(t) - Qp(t)- At (23)

end reaction j—1

The cumulative masses of ammonium (Eq. (21)) and nitrate
(Egs. (22)-(23)) obtained over the whole monitoring period were com-
pared to the mass of nitrified nitrogen (Eq. (19)) and the mass of
denitrified nitrogen (Eq. (20)) to validate the accuracy of the mass bal-
ance calculations.

The amount of catabolized organics (aerobic and anoxic) during
cycle j, Reopj, was calculated through a COD balance for this cycle
(Eq. (24)), which states that the catabolized organics equal the
absorbed oxygen m§3; (derived from integration of Eq. (6)) minus the
theoretical oxygen consumption for the removal of ammonium Rk i
(Eq. (21)), plus the COD catabolized via denitrification (Eq. (22)).

Réopj = MGy —4.578 0, - gN~" - Ry, +2.86 g COD-N~"
Rfo3; (24)

As this calculation relies on the removal of ammonium (Eq. (21))
and nitrate (Eqs. (22)-(23)) per cycle, which can only be observed
from on-line measurements for sequentially operated reactors, also
Eq. (24) is only valid for such reactors.

3. Results and discussion
3.1. Liquid-gas transfer rates

In this section, the dynamics of the liquid-gas transfer rates in the
granular sludge reactor (Eq. (6); Fig. 4A) are analyzed for two cycles
and related to the liquid phase concentrations (Fig. 4E), influent flow
rate and air flow rate (Fig. 4D). Data for the other cycles are provided in
Fig. S5.

The oxygen absorption and carbon dioxide emission rate
showed comparable cyclic trends (Fig. 4A). At the start of the reac-
tion phase, during continuous aeration, a short steep increase was
first seen, followed by a prolonged slower increase. Later in the re-
action phase, during the intermittent aeration, short steep increases
were again seen during the aerated periods, but the rate did not
reach the same levels as during the continuous aeration, due to
the lower air flow rate used (Fig. 4D). The close relationship be-
tween both gasses' transfer rates can be understood by the coupling
of oxygen consumption and carbon dioxide production via the oxi-
dation of organics and nitrification. During the catabolic oxidation
of typical organics, with an elemental composition CH; 03
(Hellinga et al., 1996), 1.1 g CO, is produced per gram of O, con-
sumed (Eq. (25)).

CHi 6003 + 1.25 0, — CO, + 0.8 H,0 (25)
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The oxygen consumption via nitrification is also indirectly coupled
with the production of carbon dioxide. Even though some carbon diox-
ide is consumed for autotrophic biomass synthesis, the protons pro-
duced during nitrification (Eq. (26)) shift the chemical carbon
dioxide/bicarbonate equilibrium towards carbon dioxide, causing
extra stripping (Eq. (27)).

NH4* +2 0, — NO;~ + H,0 + 2H* (26)
HCO5_ + H' = CO, + H,0 (27)

The relationship between carbon dioxide emission and oxygen ab-
sorption rates is not perfectly linear (Fig. S6). This is partly explained
by the pH dependency of the amount of carbon dioxide that is chemi-
cally produced per gram of nitrified ammonium (Weissenbacher et al.,
2007; Spérandio and Paul, 1997). Secondly, after unaerated periods,
the start-up of aeration was associated with a relatively higher carbon
dioxide emission rate compared to the oxygen absorption rate, while
continued aeration was associated with a relative decrease of the carbon
dioxide emission rate compared to the oxygen absorption rate (Fig. 4A).
This can be explained by accumulation of carbon dioxide during the
unaerated phases, which led to an oversaturation and subsequent strip-
ping when aeration was turned on. More precisely, during the feeding
phase, carbon dioxide entered via the influent (Jin et al., 2015) and it
was produced during the conversion of readily degradable COD to intra-
cellular storage polymers (Smolders et al., 1995) and some denitrifica-
tion (van Dijk et al., 2018). During the non-aerated periods in the
reaction phase, accumulation of carbon dioxide occurred due to oxida-
tion of substrates via denitrification.

It should be noted that the initial steep increase in the liquid-gas
transfer rates immediately after non-aerated periods was partly due to
the response time of the off-gas measurements. The residence time of
the off-gas in the floating hood was around 4 min when the aeration
rate was 8 m*>-min~"! (Fig. S7). This did not lead to a pure time delay
that could be easily corrected as in Eq. (5), because mixing occurred be-
tween the new off-gas and gas already present in the hood. Assuming a
perfectly mixed gas, a step change in the actual off-gas oxygen concen-
tration would lead to a measurement signal that reaches 95% of the ac-
tual value in three times the residence time (Hendricks, 2006), which
amounts to a 12 min delay when the aeration rate was 8 m*-min~".
All liquid-gas transfer rates and derived variables during these periods
were thus distorted and were therefore interpreted with care. Yet,
when the aeration rate was maximal (16 m>-min—!), the residence
time in the hood was reduced to 2 min (meaning +6 min delay), caus-
ing only minimal distortion. As the increase in the oxygen absorption
rate after feeding lasted much longer than the delay of 6 min, the
prolonged slower increase was not a measurement artefact.

Methane emissions occurred mainly upon the start of aeration, im-
mediately after feeding (Fig. 4A), which can be explained by dissolved
methane entering via the influent (Foley et al., 2009). Note that the
peaks in the methane emission rate were also distorted by the residence
time in the floating hood due to the initial slow aeration rate. After
reaching a peak, methane emissions decreased almost exponentially,
which is typical for a stripping profile (Mampaey et al., 2015). Nitrous
oxide emissions also peaked closely after the feeding phases (Fig. 4A).
Even though these measurements do not allow exact identification of
the formation pathway, there are three reasons to believe that it was
formed during the feeding phases via heterotrophic or nitrifier denitri-
fication of the residual nitrate/nitrite from the previous cycles
(Kampschreur et al., 2009). First, the lag of the peak corresponded
well with the 12 min delay in the measurements. Secondly, cycles
where little nitrate/nitrite was left during the previous cycle resulted
in a much smaller initial peak (Fig. S5), indicating that nitrate/nitrite re-
duction was indeed the source. Finally, a pilot-scale study also indicated
nitrous oxide production during feeding when nitrate/nitrite was left
from the previous cycle (Velho et al., 2017). A second nitrous oxide
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emission peak always occurred after some time with high aeration most of the denitrification occurred, i.e. during intermittent aeration,

(Fig. 4A). The high nitrification rates at this moment and the limited si- no significant emissions were observed. This indicates that the N,O pro-
multaneous denitrification with this specific applied control strategy duction was balanced by its consumption (Conthe et al,, 2019).

(Fig. 4E) suggest that this nitrous oxide was formed during nitrification, Even though liquid-gas transfer rates can also be calculated from off-
via the hydroxylamine pathway (Sabba et al., 2018). A lab-scale study gas analyses (Eq. (6)) for continuous systems, this section illustrated
showed that nitrification can indeed be a source of nitrous oxide in aer- how changes in the transfer rates can be more easily related to processes

obic granular sludge reactors (Gao et al., 2016). In the period where in the liquid phase with sequential operation. This is because these
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Fig. 4. On-line measurement results of two cycles of the aerobic granular sludge reactor in the night of 2 August to 3 August 2017, fed with 230 and 341 m? of influent respectively, corresponding
to 18 and 27% exchange of the reactor volume. Aerated phases are indicated with a blue shade in all subfigures and values of dashed lines are indicated on the secondary y-axis. (A) Liquid-gas
transfer rates of oxygen, carbon-dioxide, methane and nitrous oxide. (B) Aeration characteristics: (specific standard) oxygen transfer efficiency and liquid-gas mass transfer coefficient.
(C) Consumption rate of oxygen and liquid phase concentrations of methane and nitrous oxide, derived from the off-gas composition. (D) Influent flow rate and air flow rate into the
reactor. (E) Liquid phase concentration of ammonium, nitrate, phosphate and oxygen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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changes can be related to the phase in the cycle, such as the start of aera-
tion, the end of nitrification or re-aeration after a non-aerated period.

3.2. Aeration characteristics

As in most full-scale off-gas studies (Table 1), aeration characteris-
tics were derived from the oxygen absorption rate and liquid phase con-
centration (Egs. (7), (12) and (13)), but the sequential operation of
aerobic granular sludge reactors leads to pronounced cyclic dynamics
(Fig. 4B). The liquid-gas transfer coefficient Kjap, and (standard) oxy-
gen transfer efficiency all gradually increased after feeding. This gradual
improvement is likely due to slow degradation of pollutants with affin-
ity for the liquid/gas interface which hinder mass transfer at the bubble
surface. Surfactants, such as fatty acids and detergents, are known to be
present in wastewater and have this effect (Rosso et al., 2006). The
gradual improvement was less pronounced in cycles with a small vol-
ume of influent added (Fig. S5), which is in line with the hypothesis of
surfactants degradation. A similar gradual improvement has been ob-
served within cycles of other sequentially operated reactors with gran-
ular (Cecconi et al., 2019) and flocculent sludge (Ronner-Holm et al.,
2006) and along the flow direction in continuously fed and aerated sys-
tems (Amerlinck et al., 2016; Redmon et al., 1983). The variation of the
Kiapz under process conditions should be considered when designing
the aeration equipment of new reactors.

The maximum K;ag, under process conditions (sometimes called
oFK ;) during the monitoring period was 110 d~! (Fig. S5), which
corresponds to 108 d~! at the standard temperature of 20 °C
(Redmon et al., 1983). An earlier independent measurement on the
same reactor via the dynamic method, which is based on dissolved ox-
ygen measurements only (Garcia-Ochoa and Gomez, 2009), found a
value of 131 d~! under clean water conditions. The lower value (18%)
measured under process conditions with the off-gas method can be ex-
plained by residual surfactants, diffuser fouling and the use of a Henry
coefficient for pure water (Eq. (8)) (Baquero-Rodriguez et al., 2018).
The specific standard oxygen transfer efficiency reached cycle maxima
between 2.5 and 3.3%-m~! during the complete monitoring campaign
(Fig. S5), which lies close to the range of 2.9-3.7%-m ™' observed in a
pilot-scale granular sludge reactor (Cecconi et al., 2019). The aeration
efficiency under process conditions (Eq. (14)) was 1.53 kg 0,-kWh™!
on average, which lies in the typical range of 0.7-2.6 kg O,-kWh™! for
fine pore diffusers in clean water (Henze et al., 2008). As aeration char-
acteristics are affected by salinity, surfactants, fouling, biomass concen-
tration, diffuser type, reactor operation, aggregate size (granules vs
flocs) (Cecconi et al., 2019) etc., the individual contribution of each of
these factors to the measured values cannot be disclosed without dedi-
cated experiments (Baquero-Rodriguez et al.,, 2018).

Table 2
N0 emission factors reported in literature.
N,O Wastewater type Reference
(% of N load) (xgCOD-m~>; y g NHf-N-m~3)
Full-scale aerobic granular sludge reactor
0.062 Municipal This study
0.69 Municipal de Bruin et al. (2013)

Lab-scale aerobic granular sludge reactors

52.5 Potato Dobbeleers et al. (2017)
0.7-12.9 Synthetic (400; 50) Lochmatter et al. (2014)
7.0-22 Synthetic (300; 45) Zhang et al. (2015)

7-9 Synthetic (400; 50) Lochmatter et al. (2013)
2.8 Municipal Guimardes et al. (2017)
2.72 Synthetic (800; 100) Gao et al. (2016)

1.6 Municipal Velho et al. (2017)

0.6 Synthetic (1047; 63) Kong et al. (2013)

0.12 Slaughterhouse Dobbeleers et al. (2018)

Full-scale activated sludge reactors

0-11.2

Municipal

Foley et al. (2011)

Science of the Total Environment 787 (2021) 147651
3.3. Liquid phase concentrations

The dissolved methane and nitrous oxide concentrations were esti-
mated (Fig. 4C) from their measured liquid-gas transfer rates and re-
spective transfer coefficients Kia; (Eq. (15)), derived from the Kiag, at
every moment (Eq. (11)). Even though the slow aeration at the begin-
ning of the aeration phases distorted the estimated methane concentra-
tions (as explained in Section 3.1), the values provide an indication of
the influent methane concentration. Considering the peaks of the meth-
ane concentration and the added volume of influent per cycle, the aver-
age methane concentration in the influent was 0.5% of the influent COD
(0.7 g CH4-m~3), which is close to the 0.6% reported by Liu et al. (2014)
and lower than the 1% reported by Daelman et al. (2012). This low value
can be explained by differences in the sewer system and absence of an
anaerobic digester (Foley et al., 2009). For nitrous oxide, the liquid
phase concentrations during the second peak were more accurately es-
timated than during the first peak, as the aeration rate was faster here,
limiting the measurement artefact. The new procedure demonstrated
here to estimate dissolved concentrations from off-gas is applicable to
both sequential and continuous reactors. It also requires less assump-
tions and no model fitting, which makes it easier to automate than pre-
viously developed methods (Weissenbacher et al., 2007; Mampaey
et al,, 2015; Castro-Barros et al., 2015). The same procedure can be
used to estimate the concentration of other volatile substances, such
as nitric oxide. A validation of the method with an independent mea-
surement technique is still required.

3.4. Conversion rates

The oxygen consumption rate (often called oxygen uptake rate or
OUR) could be estimated from the absorption rate and liquid phase con-
centration of oxygen (Eq. (16)) thanks to the sequential reactor opera-
tion (Fig. 1). The observed trend (Fig. 4C) is the result of oxygen
consumption via nitrification, oxidation of soluble organics and oxida-
tion of intracellular storage polymers. The rates of these processes de-
pend on the concentration of their respective substrates. For example,
the nitrification rate (ryy4) in an aerobic granular sludge reactor in-
creases with increasing dissolved ammonium (Syn4) and oxygen con-
centrations (Sp») according to Monod kinetics with apparent half-
saturation coefficients Knpa,app and Koz app and maximum rate rmax
(Baeten et al., 2018).
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Fig. 5. The net carbon dioxide emitted versus the amount of catabolized COD, for each
cycle in the monitoring campaign. The lines indicate the theoretical carbon dioxide
production during oxidation of typical wastewater organics, formate and oleic acid. The
net nitrate accumulation in a cycle is indicated with the colour and size of the marker.
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SNHa Soz
I(NH4,e1pp + SNH4 I(Oz,app + S02

(28)

I' = I'max

Immediately after feeding, the liquid phase oxygen concentration
gradually increased from O to above 1 g-m~> (Fig. 4E), so the oxygen
limitation of the aerobic conversions decreased and the oxygen con-
sumption rate increased. Later in the cycle, during the intermittent aer-
ation, the oxygen concentration reached similar and even higher values
(upto 1.7 g-m™3), but the oxygen consumption rate was lower, because
other substrates became limiting instead, e.g. biodegradable COD, inter-
nal storage polymers and especially ammonium. It is expected that con-
tinued aeration would lead to a clear inflection point when nitrification
is complete, but this was not visible because the current control strategy
stopped the aeration at exactly this moment. In reactors without this
control strategy, a bending point in the oxygen consumption rate
could be used to detect the completion of nitrification.

3.5. Pollutant emissions (methane and N>0)

Where the previous sections focused on dynamics within cycles, the
total amounts transferred to or from the liquid phase over one or more
cycles are discussed below.

During the 4.5 days monitoring campaign, the methane emission
factor was 0.7 mg CH,4 per gram influent COD. This lies just below the
range 0.8-12 found in other full-scale plants, without granular sludge
(Daelman et al., 2012). The nitrous oxide emission factor was 0.06% of
the nitrogen load (0.08% of the removed ammonium). This is the lowest
value reported for an aerobic granular sludge reactor, but it is also only
the second full-scale value (Table 2). The broad observed ranges of
emission factors from aerobic granular sludge, activated sludge and bio-
film reactors show that they are not simply a function of the degree of
biomass aggregation, but that the design and operating conditions
play a crucial role (Kampschreur et al., 2009; Wan et al., 2019; Todt
and Dorsch, 2016). For example, nitrous oxide emissions are often cor-
related with the ammonium load for both granular and activated sludge
reactors (Gao et al., 2016; Daelman et al., 2015; Chandran et al., 2011).
This was also found during the short-term campaign in this study
(r = 0.84). The goal of this study was not to determine a general emis-
sion factor to estimate carbon footprints of aerobic granular sludge reac-
tors, as long-term monitoring campaigns on multiple plants are
required for this (Daelman et al., 2013b).
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Fig. 6. The total nitrogen removal versus the amount of catabolized COD, for each cycle in
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3.6. Wastewater composition

To get an indication of the TOC/COD ratio, the cumulative carbon di-
oxide emission was plotted against the amount of catabolized COD de-
rived from the total oxygen absorption and liquid phase sensors
(Eq. (24)) for each cycle of the monitoring campaign (Fig. 5). The carbon
dioxide emissions corresponded well with the theoretically expected
value of 1.1 g CO, per gram COD (Eq. (25)) in cycles with a near zero
net nitrate/nitrite accumulation. A high net nitrate/nitrite accumulation
was associated with higher carbon dioxide emissions than expected
from COD oxidation only. This can be explained by the additional carbon
dioxide production that occurs during nitrification (Eq. (26)) by shifting
the bicarbonate equilibrium to the right (Eq. (27)) (Henze et al., 2008).
In contrast, there was an unexpectedly low carbon dioxide emission
during one cycle with a strongly negative net nitrate/nitrite accumula-
tion. The negative accumulation was caused by nitrate/nitrite remaining
from the previous cycle (Fig. S5), which allowed more denitrification
than nitrification. The extra denitrification caused proton consumption
and therefore shifted the bicarbonate equilibrium to the left.

To get an idea of the sensitivity of the carbon dioxide emission to
variations in the influent organics composition, the theoretically ex-
pected values for oxidation of oleic acid (C;gH340,) and formate
(CH,0,) were included in Fig. 5. This shows that off-gas analysis could
give an indication of the carbon content of wastewater organics without
calibration of an extensive bioconversion model (Leu et al., 2010): a
batch with strongly deviating TOC/COD ratio could be noticed for exam-
ple as a blue dot which lies far away from the bold line. By producing
this graph with a long-term dataset, deviations from typical cycles
could be detected for a specific plant. This diagnostic graph (Fig. 5)
could only be created based on on-line measurements in the reactor
(ammonium and nitrate) and off-gas (oxygen and carbon dioxide)
due to the sequential reactor operation, because the measurements di-
rectly reflect the conversions during the reaction phases, without inter-
ference by mass flows via the influent or effluent (Fig. 1).

To get an indication of the COD/N ratio present at the start of each
aeration phase, the catabolized COD (Eq. (24)) was divided by the
total nitrogen present at the start of each aeration phase, which was cal-
culated from the on-line measured liquid phase ammonium plus ni-
trate. The total nitrogen removal efficiency during each cycle was also
derived from liquid phase measurements of ammonium and nitrate
(Eq. (22) plus Eq. (23)). A higher COD/N ratio was associated with a bet-
ter total nitrogen removal (Fig. 6). This is expected because organics are
required for denitrification (Henze et al., 2008). Similar to Fig. 5, also
this type of diagnostic graph (Fig. 6) was only possible thanks to the se-
quential operation of the reactor: the on-line liquid phase measure-
ments of ammonium and nitrate directly indicate the nitrogen
removal during the separate reaction phase and combined with the
off-gas oxygen measurements, the catabolized COD can be estimated
(Fig. 1).

3.7. Sludge production

The off-gas measurements were used to close the mass balance of
oxygen, COD, nitrogen and nitrate and as such estimate several unmea-
sured variables (Eqs. (17)-(20)), shown in Fig. 7. The ammonium and
nitrate removal could be derived directly from the liquid phase mea-
surements (Eqs. (21)-(23)) and were 119 and 111 kg N respectively,
which closely matched the total nitrified and denitrified nitrogen de-
rived from the mass balances of 111 and 103 kg N respectively. The
small difference (8%) has several potential causes. First of all, the delay
in the off-gas analysis led to an underestimation of the absorbed oxygen.
Secondly, assumptions were made in the mass balance calculations, e.g.
historical average influent and effluent concentrations were used and
no nitrification and denitrification via nitrite was considered. Finally,
the ammonium and nitrate removal derived from the liquid phase mea-
surements do not purely reflect nitrification and denitrification, since



J.E. Baeten, EJ.H. van Dijk, M. Pronk et al.

Oxygen source  Oxygen sinks COD source COD sinks

Science of the Total Environment 787 (2021) 147651

Nitrogen source Nitrogen sinks Nitrate source Nitrate sinks

Outm" op =91

Incorparated in the
sludge (Eq. 17),
Converted via Reludeer oy =437

aerobic COD

oxidation (Eq. 18),
RYercop = 867

Absorbed, Influent,

N ) Converted via
m&-Ly,=1372 m%, cop = 1690

aerobic COD
oxidation (Eq. 18),
RLucr,COD =867

Converted via
nitrification (Eq.

S5),

Converted via
RLnn,oz =505

denitrification (Eq.
S6), R4 cop =295

Out mb o3 =8

Out, mt =16

Incorparated in the
sludge (Eq. S7),

Rsludch =31
Produced via )
Influent, nitrification (Eq. C'or?vens?d via
mt, =149 19), denitrification (Eq.
Converted via REn=111 RL 20)7’ 103
denitrification (Eq. denN
20),
RYyenn= 103

Fig. 7. Mass balances of oxygen (kg O,), COD (kg COD), nitrogen (kg N) and nitrate (kg N)
(Egs. (17)-(20)), while grey variables were measured.

uptake of ammonium for growth, release during ammonification and
absorption and desorption onto the biomass (Bassin et al., 2011) occur
simultaneously. Still, the similarity of the independently derived vari-
ables gives confidence in the mass balance calculations.

For continuously operated reactors, mass balances can be closed using
off-gas analyses as well, but there may be more added value for sequen-
tially operated granular sludge reactors, because the sludge production
can be quantified in this manner (437 kg COD according to Fig. 7). Con-
ventional methods of measuring sludge production are complicated due
to the rapidly fluctuating concentration in the waste stream in this case.
Dividing the sludge production by the total COD removal (1690-91 kg
COD) gives an observed yield of 0.27 g COD per gram of COD removed.
This lies between the 0.2 reported for a lab-scale (Mosquera-Corral
etal, 2005) and 0.34 g COD-g COD™! reported for another full-scale aer-
obic granular sludge reactor (Pronk et al., 2015) (calculated assuming
1.48 g COD-g VSS™! (Henze et al., 2008)). This variability of observed
yields can be explained by different solids retention times and influent
characteristics (Henze et al.,, 2008). A typical solids retention time in an
aerobic granular sludge reactor is 10-30 days (Pronk et al., 2015),
which corresponds to an apparent yield of active biomass in the range
0f 0.09-0.21 g COD-g COD~!, using a typical intrinsic yield Yinrinsic Of
0.625 g COD-g COD ™! and decay rate b of 0.2 d~' (Henze et al., 2000)
in Eq. (29) (Rosso and Stenstrom, 2005).

Yoo
Yapparent = % (29)

The observed yields found for the full-scale reactors were higher
than this range of apparent yields because the estimated COD
incorporation in the sludge also comprised influent particulate
unbiodegradable COD.

3.8. Perspectives

As the processes inside the liquid phase are of primary concern dur-
ing wastewater treatment, liquid phase measurements of ammonium,
nitrate and phosphate are the most obvious variables for monitoring
and control. Yet, for sequentially operated reactors, the low mainte-
nance requirements and diversity of variables that can be derived
with a single off-gas sampler may justify a place for off-gas analyzers
as part of the typical instrumentation. Continuous off-gas measure-
ments may not only be used to detect fouling and thus allows timely dif-
fuser cleaning (Section 3.2). It could also be used to control the length of
the phases, e.g. by using the oxygen consumption rate to detect when

over the monitoring period. The black variables were calculated via the mass balance equations

nitrification is nearly complete (Section 3.4). It allows to make a green-
house gas emission inventory and find mitigation strategies (Sections
3.1, 3.3 and 3.5). Strongly abnormal (illegal) discharges could be de-
tected and low nitrogen removal efficiencies may be diagnosed on the
small time-scale of one cycle, which allows more timely action than
24-hour composite samples (Section 3.6). Furthermore, the start-up of
a reactor may be tracked and the sludge transport and treatment re-
quirements may be assessed by estimating the sludge production
(Section 3.7). This work aimed to give an overview of the diversity of ap-
plications of off-gas analyses, but for use in practice, a floating hood with
a smaller volume/area ratio is preferable to minimize the response time,
which is more crucial in sequentially operated reactors given the fast
changes of the transfer rates on a time scale of minutes (Section 3.1).

4. Conclusions

* Off-gas analyses have potential for monitoring and control of sequen-
tially operated reactors because the absence of feeding and discharge
during the reaction phases allows more representative sampling and
simplifies the calculation of several variables.

A single set-up for off-gas sampling and analysis allows the derivation
of multiple variables: liquid-gas transfer rates, aeration characteristics
(e.g. Krapz), liquid phase concentrations of emitted substances and
conversion rates within every cycle and also pollutant emissions, in-
fluent characteristics (TOC/COD and COD/N ratio) and sludge produc-
tion over one or more cycles.

Application to a full-scale aerobic granular sludge reactor led to novel
process insights: a gradual improvement of the aeration characteris-
tics was observed within cycles due surfactants degradation, carbon
dioxide and oxygen transfer rates were correlated due to the coupling
of carbon dioxide production and oxygen consumption, methane
showed a stripping profile immediately after feeding and nitrous
oxide often showed both a stripping profile immediately after feeding
and a peak coinciding with high nitrification rates.
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