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Abstract

This study demonstrates a comparison of energy usage, land footprint, and vol-
umetric requirements of municipal wastewater treatment with aerobic granu-
lar sludge (AGS) and conventional activated sludge (CAS) at a full-scale
wastewater treatment plant characterized by large fluctuations in nutrient
loadings and temperature. The concentration of organic matter in the influent
to the AGS was increased by means of hydrolysis and bypassing the pre-settler.
Both treatment lines produced effluent concentrations below 5 mg BOD, L™ *,
10 mg TN L', and 1 mg TP L™, by enhanced biological nitrogen- and phos-
phorus removal. In this case study, the averages of volumetric energy usage
over 1 year were 0.22 + 0.08 and 0.26 + 0.07 kWh m > for the AGS and CAS,
respectively. A larger difference was observed for the energy usage per reduced
population equivalents (P.E.), which was on average 0.19 + 0.08 kWh P.E.”!
for the AGS and 0.30 + 0.08 kWh P.E.” ! for the CAS. However, both processes
had the potential for decreased energy usage. Over 1 year, both processes
showed similar fluctuations in energy usage, related to variations in loading,
temperature, and DO. The AGS had a lower specific area, 0.3 m* m > d !,
compared to 0.6 m* m > d ! of the CAS, and also a lower specific volume,
1.3m’ m > d~! compared to 2.0 m® m > d . This study confirms that AGS at
full-scale can be compact and still have comparable energy usage as CAS.

Practitioner Points

« Full-scale case study comparison of aerobic granular sludge (AGS) and con-
ventional activated sludge (CAS), operated in parallel.

« AGS had 50 % lower footprint compared to CAS.

« Energy usage was lower in the AGS, but both processes had potential to
improve the energy usage efficiency.
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« Both processes showed low average effluent concentrations.
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INTRODUCTION

Clean water, sanitation, sustainable cities, and climate
action are goals for sustainable development (SDG;
(Nations, 2022) that need to be examined and addressed
in the water sector. Additionally, the pressures of grow-
ing cities, competition for use of urban areas, and higher
influent loads are pushing for innovative technologies for
treatment with low demands for land footprint and costs
(Winkler & van Loosdrecht, 2022). Future (new and ret-
rofitted) wastewater treatment plants (WWTPs) have the
potential to exhibit improved environmental perfor-
mance and contribute to the achievement of the SDG
(Seifert et al., 2019). Stricter effluent quality requirements
and requirements on positive energy balance are
expected in the future, which is why new plants need to
produce improved effluent quality while at the same time
minimizing energy usage. Technologies based on aerobic
granular sludge (AGS), holds some advantages compared
to the conventional activated sludge (CAS) with respect
to these pressures. The main difference between the two
is the morphology of the microbial aggregates. Compared
to the flocculent biomass typically produced in a CAS sys-
tem (Andreadakis, 1993), aerobic granules are larger and
more compact and therefore settle more rapidly. Reactors
for AGS have a typical design with a single tank volume
for all biological reactions as well as settling. Higher bio-
mass concentrations can be applied compared to CAS
and separate settling tanks are avoided (Bengtsson
et al., 2018; Hamza et al., 2022). With a typical design, an
AGS system will normally have a 40%-50% reduced land
footprint compared to a CAS system (Bengtsson
et al., 2019).

The energy usage of a plant can vary greatly depend-
ing on details of the configuration as well as the mechan-
ical equipment. At full-scale, 50% lower energy usage for
an AGS system compared to a parallel activated sludge
plant was observed (Pronk et al., 2015). However, energy
comparison has only been demonstrated for few
installations. At Garmerwolde WWTP (NL), the energy
comparison was done for 10 months including 3 months
of start-up and was hence not covering the fluctuations
in operational performance during a whole year (Pronk
et al., 2015). Biological nitrogen and phosphorus removal
rely on the availability of organic substrates (Henze

et al.,, 2019). The Dutch AGS plant had relatively high
concentrations of organic matter in the influent (average
concentrations of chemical oxygen demand [COD]
506 mg L', biological oxygen demand [BOD] of
224 BODs mg L', and BOD/N-ratio of 4.5), compared to
the full-scale AGS plant in Sweden (average concentra-
tions of COD 277mgL~', BOD, 110mgL™' and
BOD/N-ratio of 3.2; Ekholm et al., 2022), which influ-
ences the process performance.

Compared to the relatively new AGS technology, CAS
processes have been widely studied regarding energy
usage, biogas production, and environmental impacts
(Foladori et al., 2015; Hao et al., 2018; Llacer-Iglesias
et al., 2021; Silva & Rosa, 2022; Yang et al., 2010). For
example, aeration efficiency has been extensively studied
for CAS systems (Baquero-Rodriguez et al., 2018) but
scarcely for AGS processes (Strubbe et al., 2023). Simi-
larly, the biogas production process from activated sludge
has been broadly studied regarding methods and
improvements (Uthirakrishnan et al., 2022), but the stud-
ies of waste AGS biogas potential are few (Bernat
et al.,, 2017; Cydzik-Kwiatkowska et al.,, 2022; Guo
et al., 2020; Jahn et al., 2019). Biogas can be produced in
anaerobic digestion from the excess sludge, which can
positively impact the energy balance (Gude, 2015) and
thereby contribute to the sustainability of the WWTP.
The biodegradability of waste sludge from AGS has been
observed to be lower than that of CAS (Guo et al., 2020),
but in another study, the methane production was found
to be in the same range for AGS as for CAS (Jahn
et al., 2019). However, whether the amount of sludge pro-
duction is significantly different between AGS and CAS
has not been studied. Consumption of chemicals is
another factor that will impact the sustainability of the
process and in this respect, the extent of enhanced biolog-
ical phosphorus removal (EBPR) is highly relevant.

In summary, the available knowledge of full-scale
AGS operation, land footprint, waste sludge manage-
ment, and process performance including energy usage is
still limited (Bengtsson et al., 2018). Because of the poten-
tial positive contribution to the SDG, studies of wastewa-
ter treatment technologies are needed, especially at full
scale with real variations in environmental conditions
and loadings. In this paper, the aim was to increase the
knowledge of full-scale operation of AGS for municipal
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wastewater treatment, by comparing parallel processes
based on AGS and CAS, with special attention to energy
usage, footprint, and treatment performance. The AGS
system comprised sequencing batch reactors whereas the
CAS system was based on tanks in series with continuous
flow. The case study was performed at the Osterrod
WWTP (Sweden), characterized by large fluctuations in
nutrient loads and temperature (Ekholm et al., 2022).
Effluent quality, land footprint, energy usage, and sludge
production were compared for the two techniques. The
energy usage was divided into different operational cate-
gories such as aeration, mixing, and pumping, to analyze
the potential for optimizations.

MATERIALS AND METHODS
Description of the WWTP

The studied WWTP (Osterrod WWTP) is located in
Stromstad, Sweden (58°55'59.1”N 11°11'48.8"E), designed
for 30,000 population equivalents (P.E.) during the sum-
mer (high season with a large increase in the organic and
nutrient load due to tourism) and 15,000 P.E. from
autumn to spring.

The wastewater line consists of inlet screens (6 mm),
an aerated fat- and sand trap, a flocculation tank, pri-
mary settlers, biological treatment, a flocculation tank for
the effluents of the parallel AGS and CAS (dosage of
poly-aluminum chloride as precipitation chemical), and a
final settler (Figure 1). The AGS line is composed of two
sequencing batch reactors (R1 and R2), and influent and
effluent buffers. One of the pre-settling tanks is used to
supply only the AGS, in which also in-line hydrolysis/
fermentation is applied. One of the pre-settling tanks sup-
plies both the AGS and the CAS, and one is solely used at
peak flow conditions. The pre-settlers removed 40%-50%
of the influent COD. Part of the flow to the AGS was
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bypassed the pre-settlers. Data from the two treatment
lines were analyzed from October 2020 to the end of
September 2021, which coincided with a process guaran-
tee period stating maximum effluent concentrations from
the AGS of 8 mg L™ of BOD,, 10 mg L™ " of total nitro-
gen (TN), and 1mg L' of total phosphorus (TP) as
yearly average and average May-August.

Rejection water from the influent screens, primary
sludge, excess sludge from the AGS, the CAS, chemical
sludge from the final settler and floating sludge are, after
storage, mixed and treated in two aerated or mixed
sludge storage tanks for stabilization or hydrolysis. Exter-
nal sludge is treated by screens and a sand-trap where-
after the sludge, after storage, is aerated or hydrolyzed
together with the excess sludge. The mixed, treated
sludge is then led to a mechanical thickener and a screw
press after polymer addition. Reject water from dewater-
ing (concentrations given in Table S1) is led to the pri-
mary settlers, activated sludge reactor, or to the
flocculation before the final settler. The dewatered sludge
is transported away and spread on agricultural land.

AGS and CAS process properties

The biological treatment consists of parallel lines for AGS
(built 2017-2018) and CAS (renovated 2018-2019). The
volumes and footprints of the tanks for the AGS and CAS
lines are given in Table 3. The two AGS reactors of
758 m® each and a depth of 7 m are equipped with sen-
sors for temperature, redox potential, dissolved oxygen
(DO), pH, suspended solids, and nitrate concentrations,
and analysers for measurements of ammonium and phos-
phate concentrations every 10-14 min (Endress
-+ Hauser). Each of the two aeration systems contains
360 disc diffusers with 20% degree of coverage (Sulzer
PIK S D88,9) and they are supplied by compressed air
from four rotary lobe blowers (Kaeser DB166C, 30 kW).

Bypassto AGS | | High flow bypass
Sa _L I | l——: (/ )Buifr‘]fer
N Floccul Al
=91 SCINens [y a?fg‘%t -ation Primary settler = T ) P:oly A
| 60 % =
Floccul Final
\/ —40 % -ation settler
) ]
MMM A M:M:M
CAS zones Lo P Settler
M: mixing I : CAS
A: aeration

FIGURE 1

Simplified process scheme of the Osterréd wastewater treatment plant (WWTP).
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The DO setpoint was normally 2 mg L', which was
increased to 3 mg L™ at short cycle times.

The CAS reactor is 3.6 m deep, has a total volume of
1300 m* and is designed for both pre-and post-
denitrification. The aerated volume is 520 m*> (Zone 4),
the pre-denitrification volume is 470 m* (Zone 1-3) and
the post-denitrification volume (Zone 5-7) is in total
310 m>. In the CAS reactors, DO, ammonium, suspended
solids, and nitrate concentrations are monitored on-line.
The number of zones, which were aerated, was adapted
automatically depending on the ammonium content in
the effluent, but normally only Zone 4 was aerated. The
CAS line has a secondary settler with surface area of
380 m” and a volume of 1290 m?, equipped with a sensor
measuring suspended solids. The aeration system con-
tains 339 disc diffusers (170 in Zone 4, with 20% degree of
coverage; IFU 520 ABK/IFU diffuser 02-GIGANT), and
the air is supplied from three rotary lobe blowers (Kaeser
DB166C, 18.5 KW).

Sampling of water and sludge
Influent and effluent flow proportional water samples

were collected regularly from the CAS and AGS lines
except from the CAS in May 2021. In the AGS, sampling
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FIGURE 2

of sludge was done at the depth of 1.5 and 5 m (mixed
into one collected sample), and in the CAS at the depth
of 1 m. A Ruttner sampler was used for sludge sampling
during aerated conditions.

Analyses of wastewater and sludge

Analyses of BOD;, COD, ammonium-nitrogen, nitrate-
nitrogen, nitrite-nitrogen, total Kjeldahl nitrogen (TKN),
TN, TP, and phosphate-phosphorus were performed on
influent and effluent samples according to standard
methods (APHA 1992). The soluble fraction of the COD
was determined after filtration through 0.45 pm pore size
filters.

The sludge properties were analyzed by standard
methods for total suspended solids (TSS), volatile sus-
pended solids (VSS), total solids (TS), volatile solids (VS),
and sludge volume index (SVI) after 10 and 30 min
(APHA 1992). Diluted SVI was analyzed for CAS (40%
sludge, 60% effluent). The size distribution of the sludge
and granules was determined by sieving 1L of
sludge through a series of sieves with pore sizes of 2, 1.4,
0.6, 0.4, and 0.2 mm. The washed sample remaining on
each sieve was dried at 105°C. The fraction <0.2 mm was
calculated by subtracting the sum of the sieved samples
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Total flow and load to conventional activated sludge (CAS) and aerobic granular sludge (AGS) (a) total flow and bypassed

flow (to the AGS); (b) load of BOD~; (c) load of total nitrogen (TN); and (d) load of total phosphorus (TP).
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from the TSS. The sludge samples were examined
monthly by light microscopy (Olympus BX53) with
micrographs taken by a digital camera (Olympus DP11).

Influent wastewater characteristics

The plant receives mainly domestic wastewater and the
partly combined sewer system as well as storm water
intrusion resulted in several-fold increased inflow rates
at rain and snow-melt events (Figure 2A). The influent
wastewaters entering the two biological treatment lines
were different (Figure S1, Tables S2, S3, and S4) since
the wastewater to the AGS had been treated with in-
line hydrolysis/fermentation and a part of the influent
was bypassed the pre-settlers (on average 24% + 14% of
the flow to the AGS) to increase the load of organic
matter. The influent to the CAS was pre-settled, with
no hydrolysis/fermentation. The influent wastewater
concentrations of TN and TP were generally similar

ENVIRONMENT RESEARCH

between the lines, except for one occasion in July 2021
when the AGS received a peak concentration of around
75mg TN L~'. The COD and BOD, concentrations
were higher in the AGS influent, as were the BOD,/
TN- and BOD,/TP-ratios, due to the bypassed flow and
the hydrolysis in the pre-settling feeding the AGS
(Figure S1, Table S2).

Reactor operation and loads

The flow was typically divided according to the design,
that is, 60% (+4%) to the AGS and 40% to the CAS
(Figure 2A). The average flow to the AGS was
2636 + 1180 m* d~' and to the CAS 1683 + 656 m> d .
The operational parameters of the AGS and CAS reac-
tors are summarized in Table 1. The loads of BOD,,
TN, and TP were typically higher to the AGS compared
to the CAS, and followed seasonal variations
(Figure 2B,C,D).

TABLE 1 Operational parameters of the AGS and CAS reactors, average + standard deviation from October 2020 to (and including)

September 2021.
Parameter Unit
Solids retention time d
Sludge concentration gTSS L™
Biomass ratio VSS/TSS
SVI, mL/g TSS
SVIzo mL/g TSS
Dissolved oxygen mg/L
Parameter Unit

Average temperature °C (min—max)

Influent pH -

BOD,/N-ratio -

BOD,/P-ratio

F/M-ratio® kg BOD, (kg TSS d)™*
P.E. load® P.E.

P.E. reduced P.E.

Return sludge flow m>h!

Cycle time h (min—max)

Exchange ratio -
Feed velocity mh™!

Hydraulic retention time h~! (min—max)

AGS R1 AGS R2 CAS
26-39* 24-41° 25-48°

8.6 +0.8 8.8 + 0.6 33+0.6
0.86 + 0.02 0.86 + 0.02 0.86 + 0.04
49 + 5 48 + 4 394 + 139
47+6 46 + 4 262 + 120
2.02+04 2.02 + 0.4 1.99 + 0.7
AGS (R1 + R2) CAS

13.2 + 3.9 (6.6-20.6) -

82+ 1.0 -

3.0+ 0.8 2.6+0.5
3349 258 +3.5
0.017 + 0.006 0.024 + 0.007
3300 1500

3100 1400

- 108 + 54

7.7 + 2.1 (2.2-11.6) )
0.46 + 0.05 -
3.44 +0.03 -

16.6 + 5.8 41 +12 (21 + 6)¢

Abbreviations: AGS, aerobic granular sludge; BOD, biological oxygen demand; CAS, conventional activated sludge; P.E., population equivalent; SVI, sludge

volume index; TSS, total suspended solid.

#Calculated from averages. The range was calculated from min- and max sludge concentrations.
PBased on kg BOD, divided by the total amount of sludge in the reactor. The average sludge concentration of R1 and R2 was used for the AGS.

“Based on average BOD;-load and 70 g BOD; per person and day.
9Values in parenthesis include the CAS and its secondary settler.
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Operation of the AGS

The AGS reactors were operated with cycles consisting of
anaerobic feeding and simultaneous decanting (50-60 min),
sludge discharge, pulse aeration for pre-denitrification (5-
30 min, based on nitrate concentration), aeration (30-
120 min, based on ammonium concentration), pulse aera-
tion for post-denitrification (based on time left of the cycle),
stripping (10-20 min), and settling (20 min) with sludge
discharge (only at long cycle times). A control system
(Aquasuite® Nereda controller) was used to determine the
total cycle time based on the influent flow rate. The up-flow
(feeding) velocity was typically 3.5 m h™*, and the exchange
ratio was 35%-50% depending on the influent flow rate
(Table 1). The DO concentration was close to 2 mg L™ on
average (Table 1). A mixed sludge discharge (during aera-
tion) was done typically one to three times per month to
control the sludge concentration and size distribution.

Operation of the CAS

The wastewater was fed to the CAS by gravity to Zone
1, into which also the return sludge was pumped. Zones
1-3 and 5-7 were mixed and under anoxic conditions for
denitrification. Zone 4 was aerated (average DO
1.7 mg L") for nitrification and organic matter removal.
Nitrate recirculation was applied from Zone 4 to 1 until
February 19, 2021 and thereafter, to Zone 2. Operation
for post-denitrification was limited, as feeding of influent
wastewater to Zone 5-7 to increase the available organic
matter for post-denitrification was not in operation. The
temperature was not logged in the CAS but assumed to
be the same as in the AGS.

Data collection

On average, 55% of the flow from the pre-settlers was
pumped to the AGS, and the remaining 45% was entering
the CAS. Hence, the volume and footprint of the pre-
settlers were calculated accordingly for each process. For
the AGS, 60% of the volume and footprint for the shared
flocculation and final settler was considered, and 40% for
the CAS (Table 3).

Data on energy usage (kWh day ') was collected from
the SCADA system. The period from October 1, 2020 to
September 30, 2021 was considered. The sludge treatment
process (dewatering and thickening) was not taken into
account, as it received sludge from both the CAS and the
AGS, which are mixed in the sludge storage. Determining
the contribution of each sludge (CAS, AGS) to the total
energy usage was therefore not possible. Additional

components that were not directly linked to the processes
are the heating system, dehumidifier, ventilation, ana-
lyzers, hydrolysis pump, and compressor, and these were
also excluded from the comparison. The energy usage was
calculated based on removed P.E. and daily average flow
rate. Energy usage per reduced load of P.E. was calculated
for days with BOD, concentrations available and was
based on a BOD;-load of 70 g BOD; per P.E. and day.

The components included in the energy comparison
were blowers, mixers, pumps, and sludge scrapers
(Table S5), and were grouped into the categories of aera-
tion, mixing, sludge pumping, feeding (AGS), and sedi-
mentation (CAS). In the sedimentation category for the
CAS, a sludge pump and sludge scraper were included.
In the AGS line, a mixer was used in the incoming buffer
to prevent sedimentation whereas mixing in the reactor
was done with pulse aeration.

The chemical demand was estimated based on the
yearly consumption of precipitation chemical, flow rate
to the AGS and CAS, and the load of TP from each line
entering the second flocculation tank.

Statistical methods

The effluent values from the CAS and AGS were com-
pared statistically as paired samples on the same day or
the closest day possible (for a few samples), and the two-
tail p-values were calculated. The daily energy usage was
compared as paired samples. The energy usage and pollut-
ants removals (BOD,, TP and TN), as well as temperature,
DO concentration, and flow were analyzed with linear
regression to assess for potential correlations.

RESULTS
Process performance and operation

The conditions at the WWTP were characterized by high
variations in flow rates (1936-12,474 m* day ') and tem-
perature (6.6-19.4°C). The flow ratio was kept constant
around 60%/40% to the AGS/CAS and thus, both lines
experienced similar dynamics in flow rates. The influent
loads of nitrogen and phosphorus followed a seasonal
trend with increased loads in the summer months. The
volumetric loading rates of BOD,, TN, and TP to the AGS
were significantly higher than to the CAS (Figure 2B,C
and D), but the biomass specific loadings were overall
similar (Figure S2). Organic matter removal, assimilation,
nitrification, denitrification, and EBPR produced low
effluent concentrations in both processes (Table 2). The
effluent concentrations of TN, PO,>"P, and TP from
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Effluent wastewater concentrations (mg L™") from the AGS- and CAS reactors, average + standard deviation from October

2020 to the end of September 2021. n is the number of samples. Significant difference is considered for p-values <0.05.

Parameter CAS AGS
BOD, 3.2+06 48 +1
BOD; soluble 3.0+ 0.0 5.0+ 1.8
CoD 34+4 2+6
COD soluble 31+3 34+5
TN 9.7+ 3 87+4
NH,"-N 0.33+0.3 12+ 1.6
NO; -N 8.7+ 3 6.4+ 3
TP 0.76 + 0.74 0.65 + 0.45
PO, 3-P soluble 0.59 + 0.68 0.45 + 0.41
SS 6.6 + 4 11 + 3

n 23 23

Significant differences between CAS and AGS Plant

Yes 3+0

No .

Yes 305

Yes .

No 83+2

Yes 0.46 + 0.6

Yes 71+2

No 0.21 + 0.26

No 2

Yes 78 +4
58

Abbreviations: AGS, aerobic granular sludge; BOD, biological oxygen demand; CAS, conventional activated sludge; COD, chemical oxygen demand; TN, total

nitrogen; TP, total phosphorus.
“Not measured.

the AGS and CAS were similar (p > 0.05), the concentra-
tions of NO; -N were higher in the effluent from the
CAS, and the concentrations of BOD, COD, NH,"-N,
and TSS were higher from the AGS (p < 0.05). The
higher effluent concentration of NH,*-N depended on
the set-point of NH,*-N (1-3.5 mg L~ 1) at which the aer-
ation was terminated. The final effluent concentrations
from the plant are presented in Table 2.

The specific removal rates of organic matter, nitrogen,
and phosphorus were similar between the CAS and the
AGS (p > 0.05), whereas the volumetric removal rates
were generally higher for the AGS throughout the study
(p < 0.05) (Figure S3). The extent of EBPR occurring was
estimated by assuming assimilation of 1.5% phosphorus of
TSS based on a sludge production of 0.45kg TSS
(kg influent COD) '. The difference between TP removal
and phosphorus assimilation was assumed to be due to
EBPR. In the AGS, EBPR accounted for an average of 29%
of the TP removal, and in the CAS, EBPR accounted for
18%. Denitrification and EBPR were found to be periodi-
cally limited by the available organic matter. Bypass of the
pre-settler feeding the AGS was implemented as means to
provide additional organic matter and facilitate more
extensive nitrogen and phosphorus removal. Two periods
with elevated effluent concentrations of nitrate and phos-
phate from the AGS were observed (winter of 2020/2021
and in summer 2021). The reasons behind this were inter-
preted to be low temperatures, leading to low hydrolysis
rates in the pre-settler and in the sewer system, high flows
resulting in short cycle times (winter) and temporary lack
of bypass flow (summer) leading to lack in organic sub-
strate. The average removal of TN was 73% + 13% in the
AGS and 65% + 24% in the CAS.

Energy usage

The relative electricity usage per P.E. for the whole
WWTP was 210 kWh P.E.”" in 2020 and 160 kWh P.E.™"
in 2021. This was higher than before the re-construction
(110-160 kWh P.E.”! over the years 2012-2017), since
the plant was rebuilt with overcapacity, leading to higher
fixed energy usage by machines, other equipment, and
heating. The total energy usage of directly associated
equipment during the year (October 1, 2020 to September
30, 2021) was 147 MWh for the CAS and 191 MWh for
the AGS. The AGS treated 60% of the flow and used 57%
of the total average energy usage for both processes. The
energy usage per m° of treated wastewater was lower for
the AGS (p > 0.05), on average 15% lower than for the
CAS, 0.22 +0.08 kWh m > for the AGS compared to
0.26 + 0.07 kWh m > for the CAS. Furthermore, a lower
(p < 0.05) energy usage per reduced P.E. was found for
the AGS, 0.19 + 0.08 kWh P.E.”' compared to 0.30
+ 0.08 kWh P.E.”' for the CAS. The monthly averages
were often higher for the CAS than for the AGS relative
to the flow and the load (Figure 3A,B, and C). The volu-
metric energy usage for aeration in the CAS and AGS
were correlated (p < 0.05) (Figure 3D).

Energy usage for different categories

Most of the energy usage in the AGS was for aeration,
including pulse aeration for mixing (71% on average), fol-
lowed by feeding (16%), mixing (12%), and sludge pump-
ing (1%). For the CAS, mixing and aeration accounted for
51% and 42%, respectively, followed by sludge pumping
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FIGURE 3

Energy usage for conventional activated sludge (CAS) and aerobic granular sludge (AGS) compared in terms of (a) kWh m

Year

0 01 02 03 04
AGS (kWh m™)

-3

treated wastewater, (b) kWh per reduced kg NH,"-N, (c) kWh P.E.”! based on reduced load of BOD, (data on P.E. [BOD,] is missing for the
CAS in May), and (d) volumetric aeration energy usage for the CAS versus the AGS.

(6%) and sedimentation (1%). The influent was entering
the CAS by gravity; hence, no energy usage was needed
for feeding. The energy usage of aeration and mixing was
dynamic over the year for both processes (Figure 4). The
highest volumetric energy usage was in August and
September, which was due to higher concentrations of
BOD,, COD, TN, and TP during the summer months
(Figure S1, Table S3, and S4). The average energy usages
per reduced P.E. were higher for the months with lower
loads of P.E., December to February for the CAS, and
June for the AGS (Figure 4C and D).

Energy usage related to aeration

The aeration energy per m> varied with the DO concen-
tration and seasonally in the AGS and the CAS
(Figure S4). The energy usage in both processes was
increasing with the temperature (Figure S5). This
was both a direct effect of the temperature (lower satura-
tion concentration of oxygen) and an effect of the higher
pollutant concentrations during summer. No correlation
was observed between the aeration energy usage in the
AGS and the bypassed flow (Figure S6). The removal of

BOD,, NH,"-N, and TP were compared with the energy
usage for aeration in the AGS and CAS, respectively, as
removed kg d~! in relation to kWh d~' and as removed
mg L' in relation to kWh m™>. As could be expected,
the aeration energy usage increased with the removal of
pollutants (Figures S7-S10). The removal of NH,"-N had
the best fit in both systems, which is in line with the
higher stoichiometric oxygen demand for nitrification
compared with organic matter removal (Henze
et al., 2019). Thus, the high energy usage at high removal
rates was likely mainly linked to more extensive
nitrification.

Land footprint and volume

The specific land footprint, that is, area per treated flow
of wastewater (m® m > d ') was about 50% lower for the
AGS than for the CAS (total area) and 70% lower when
excluding the area of the flocculation, pre-settler, and
final sedimentation. Although the volumes of the two
processes were similar, the specific volume (m* m > d ™)
was 36% lower for the AGS (Table 3). The total area foot-
print including all the components related to each
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FIGURE 4 Monthly averages of volumetric energy usage for (a) the conventional activated sludge (CAS) and (b) the aerobic granular
sludge (AGS), and energy usage per reduced population equivalent (P.E.) for (c) the CAS, and (d) the AGS, divided into the energy categories

of pumping, mixing, and aeration.

biological treatment line was 24% lower for the AGS line
than for the CAS, and 50% lower for the AGS if the floc-
culation, pre-settler, and final sedimentation were
excluded (Table 3). The higher sludge concentration
allowing smaller volumes, absence of a settler and deeper
reactors for the AGS process contributed to the lower
footprint. The CAS was refurbished in an existing volume
and could theoretically have been deeper. If the CAS
would have been equally deep as the AGS reactors (7 m),
the land footprint per treated m® of wastewater (total
area) for the AGS would have been 40% instead of 50%
lower than for the CAS.

Sludge characteristics and sludge
production

The sludge concentration was similar in the two AGS reac-
tors (R1 8.6 + 0.6 and R2 8.8 + 0.6 mg L") and lower in

the CAS (3.3 + 0.6 mg L™ ") (Table 1). The SVIs, was very
stable and low in the AGS, as opposed to the CAS, which
had varying and high values of diluted SVI (Table 1). The
organic fraction of the biomass (VSS/TSS) was 0.86 in all
reactors. The granular size distributions in R1 and R2 had
a majority of granules >2 mm. In R1, 80% + 7% of the bio-
mass was >2 mm and in R2, it was 86% + 7%. The total
mass of sludge per treated m> of treated wastewater was
47% + 16% higher in the AGS compared to the CAS. The
two processes had similar average solids retention time
(SRT) (Table 1); however, the SRT in AGS varies greatly
with aggregate sizes (Ali et al., 2019).

The sludge production at Osterrdd WWTP was
assessed. The total sludge production of the whole
WWTP ranged from 270 to 550 tons per year for the years
2011-2021. The specific sludge production was 0.12
+0.03kg TS P.E.”! before the implementation of the
AGS. In 2020-2021, with AGS in operation, it was similar
and on average 0.13 kg TS P.E.” ..
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TABLE 3 Footprint and volume for AGS and CAS line.
AGS line Footprint (m?)
Flocculation 20
Pre-settler (together with CAS)* 110
Buffer 1 70
AGS reactors 220
Buffer 2 70
Sludge buffer 10
Flocculation (together with CAS)° 20
Final settler (together with CAS)® 270
Total 790
Total without floccul. pre-settl. and 370

final settl.

CAS line

Flocculation 20
Pre-settler (together with AGS)* 90
Activated sludge reactor 360
Settler for activated sludge 380
Flocculation (together with AGS)° 10
Final settler (together with AGS)° 180
Total 1040
Total without floccul. pre-settl. and final settl. 740

Abbreviations: AGS, aerobic granular sludge; CAS, conventional activated sludge.

“Divided as 55%/45% for the AGS and CAS, respectively.
"Divided as 60%/40% for the AGS and CAS, respectively.

Specific footprint Specific volume
Volume (m?) m’m3d™) m*m3d?)
70 0.0076 0.027
440 0.042 0.17
340 0.027 0.13
1510 0.083 0.57
450 0.027 0.17
30 0.038 0.011
80 0.0076 0.019
550 0.10 0.21
3440 0.30 1.3
2330 0.14 0.88
70 0.012 0.042
360 0.054 0.21
1300 0.21 0.77
1290 0.23 0.77
80 0.0059 0.018
360 0.11 0.21
3410 0.62 2.0
2590 0.44 1.5

TABLE 4 Chemical consumption and energy usage per treated flow of wastewater for AGS and CAS.
Chemical consumption (kg m ) Energy usage (kWh m )
AGS 0.0489 0.22
CAS 0.106 0.26

Abbreviations: AGS, aerobic granular sludge; CAS, conventional activated sludge.

Chemical and maintenance demand

The CAS process was associated with a higher demand of
precipitation chemicals, due to the higher load of phos-
phorus in the effluent (Table 4). However, with the
potentially improved operation of EBPR in the CAS,
the consumption of precipitation chemicals was expected
to be similar for the CAS and the AGS. Compared to the
CAS, the AGS had more instrumentation with related
costs for reagents and maintenance. However, it can, in
general, be assumed that a similar amount of instrumen-
tation is needed in AGS and CAS if an efficient process

control for nitrogen and phosphorus removal is aimed
for. The maintenance costs of the aeration system and
other machinery was estimated to be similar for the two
processes.

DISCUSSION

In this study, full-scale parallel CAS and AGS processes
were compared along five critical indicators: effluent
quality and removal performances, energy usage, land
footprint, and volumetric need.
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Differences in operation were substantial
but led to comparable effluent quality

Despite fundamental differences (batch-wise
vs. continuous operation, etc.), the processes delivered
similar effluent concentrations of TP and TN (Table 2).
The effluent concentrations of BOD,, COD, and TSS
were slightly higher from the AGS compared to the
CAS. This was likely related to the higher suspended
matter loading during the settling phases of the AGS
reactors compared to the continuously operated second-
ary settler of the CAS. However, the effluent concentra-
tions were still low in comparison with the discharge
targets (according to the process guarantee: 8 mg BOD;
L', 70 mg COD L™"). The anoxic volumes of the CAS
were not optimally used for post-denitrification, as influ-
ent wastewater was not pumped to the zones after the
aeration due to technical problems. This meant that the
post-denitrification in Zones 5-7 could only utilize inter-
nally stored carbon as an electron donor. Nevertheless,
the effluent concentration of TN from the CAS was
under the discharge limit.

In the AGS, the partial bypass of the pre-settler was
used as a measure to increase the BOD,/N- and BOD,/P-
ratio. The bypassed flow led to significantly higher
incoming concentrations of organic matter, TN, TP,
BOD,/N-, and BOD,/P-ratio to the AGS than to the CAS
(p < 0.05, Table S2). It was found that the bypass
improved the denitrification and EBPR performance in
the AGS. For instance, in a period in July 2021 when the
bypass was turned off, the effluent concentrations of
nitrate-nitrogen and phosphate increased, suggesting that
the organic substrate concentration in the pre-settled
wastewater was too low to support both denitrification
and EBPR. The CAS process reached similarly low TN
and TP levels as the AGS (Table 2), without bypass of the
pre-settler. High flow rates and low temperatures were
other factors that led to increased effluent levels of nitrate
and phosphate from the AGS. The high flows led to short
cycle times, and as nitrification (main aeration) was pri-
oritized, the time left for denitrification (pulse-aeration)
was restricted. This is in line with previous research that
suggested that simultaneous nitrification-denitrification
(SND) in AGS was limited by anoxic zones in the gran-
ules and availability of organic substrate (Layer
et al., 2020).

The nitrous oxide emissions were not measured but
previous results from a full-scale AGS plant showed an
average (7 months) emission factor of 0.33% of TN in
the influent, which in the same range or lower com-
pared to activated sludge systems (van Dijk
et al., 2021).

ENVIRONMENT RESEARCH

Phosphorus removal was similar in the
CAS and the AGS

The effluent concentrations of TP from the CAS and the
AGS were similar (Table 2), which facilitates a comparison.
The CAS was not under ideal operation for EBPR given
that the return sludge, carrying nitrate, was pumped to
Zone 1. Furthermore, the recycle flow of nitrate was
pumped to the same zone as the return sludge during the
first 4 months of the study. This operational mode may
have created an anoxic environment for denitrification. To
facilitate uptake of organic matter and phosphorus release
by EBPR, the CAS would have to be operated under anaer-
obic conditions in the tank volume where the influent
wastewater enters the reactor. However, the TP removal in
the CAS indicated that EBPR was occurring alongside
phosphorus assimilation. In the AGS, elevated effluent
phosphorus concentrations (1-1.8 mg TP L™ ') were related
to the colder months and when the bypass flow was turned
off, and was likely caused by limited availability of organic
substrate. The dense biomass structure in the AGS creates
a diffusion resistance, which limits the mass transport into
the granular core (de Kreuk et al., 2010). For the organic
substrate to be available for the AGS, it needs to be in the
form of diffusible compounds. The formation of diffusible
compounds by hydrolysis of particulate organic substrate
in the sewers, pre-settler and during the anaerobic feeding
was likely decreased at lower temperatures (Jonsson
et al., 1996). Nevertheless, the AGS delivered a yearly aver-
age TP concentration of 0.65 + 0.45 mg L™ *. A phosphorus
concentration of 0.65mgL™~' is however above typical
effluent permits in Sweden, which is why the combined
effluent phosphorus from the CAS and the AGS was pre-
cipitated and directed to a final settler. The effluent from
the final settler was on average 0.21 + 0.22 mg L™ ",

Energy usage and compactness

The monthly averages of both volumetric energy usage
and energy usage per reduced NH,"-N and reduced
P.E. varied and were often higher for the CAS than the
AGS (Figure 3B and C). The variation over the year likely
depended on the fluctuations of the flow rate, influent
concentrations, removal performance, temperature, and
DO concentration (Figures S4-S10). These factors varied
simultaneously and thus, the contribution of a single fac-
tor is difficult to assess. The CAS and AGS volumetric
energy usage per day for aeration were correlated
(p < 0.05; Figure 3D), suggesting that the main factors
that influenced the aeration energy demand affected both
systems in similar ways.
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The higher volumetric aeration energy usage for the
AGS was caused by several factors (Figure 4A and B). A
part of the aeration energy (20%) was used for mixing
purposes during pulse-aeration and nitrogen gas strip-
ping and was hence not directly related to the main aera-
tion phases. Furthermore, the higher depth of the AGS
reactors contributed to a higher energy usage since the
specific energy usage per volume of air increases sharply
with the counterpressure for rotary lobe type of blowers
(AtlasCopco, 2015; van Leuven et al., 2010) as further
detailed below. A higher depth increases the oxygen
transfer efficiency, which can be offset by the increased
pressure that leads to higher energy usage per volume of
air (Baquero-Rodriguez et al., 2018). In a theoretical com-
parison of AGS and CAS with EBPR where the same
water depth was considered (5 m), the aeration energy
usage was estimated to be similar in the two systems
(Bengtsson et al., 2019). Additionally, the higher influent
concentrations of organic matter and nitrogen were likely
resulting in a small contribution to a higher demand of
air. The average DO concentrations in the two systems
were similar, on average 2 mg L' (Table 1), thus not a
reason for the higher aeration energy usage in the AGS.
The sludge concentration in the AGS was slightly higher
than the characteristic 8 g L™, whereas in the CAS, the
sludge concentration was lower than the typical design
value of 4 g L™, Previous studies have demonstrated that
sludge concentration can adversely affect oxygen transfer
efficiency (Krampe & Krauth, 2003); however, a higher
SRT can have a positive effect (Rosso et al., 2008). Thus,
the combined influence of sludge concentration and SRT
on the aeration energy usage is difficult to assess.

Interestingly, the aeration energy in the AGS seemed
to decrease at higher DO concentrations, which could be
explained by the higher DO set-point at short cycle times
(higher flows), which coincided with diluted wastewater
and hence decreased the oxygen demand per m’
(Figure S4A). The aeration energy usage in the CAS
seemed to vary irrespectively of the DO concentration,
with the exception of July (Figure S4B). Higher energy
usage was generally observed at higher temperature
(Figure S5). Two temperature phenomena affect the oxy-
genation of water; the mass transport rate of oxygen
increase with the temperature, but the oxygen saturation
concentration and thus the driving force decrease with
the temperature (Bahadori & Vuthaluru, 2010). These
phenomena are counteracting, but the temperature
dependence of the oxygen saturation concentration will
govern the relationship and lead to higher energy
demand at a higher temperature. Furthermore, air has a
lower density at a higher temperature, leading to less oxy-
gen in the air, and hence increased energy demand for
aeration.

The difference between the lines was larger in kWh
P.E.”! than in kWh m 3 (Figure 3A and C), due to the
higher load of organic matter via the bypassed flow to
the AGS. As primary sludge is a potential energy source
via biogas production (Ghimire et al., 2021), the bypassed
flow was theoretically a loss of energy. In presence of
anaerobic digestion, the energy balance for the AGS
would have been negatively affected by the reduced
amount of primary sludge due to the bypassed flow. The
sludge production was similar before and after the AGS
was implemented, which means that the potential biogas
production and/or handling costs were not influenced by
the type of process.

The energy usage was 15% and 38% lower for the
AGS compared to the CAS, per treated m®> wastewater
and per reduced P.E., respectively. The absence of
mixers, return sludge pumping, and recirculation of
wastewater for nitrogen removal has previously been
found to result in 30% (Bengtsson et al., 2019) and 21%
(Cicekalan et al., 2023) lower volumetric energy usage
of AGS compared to CAS with EBPR in theoretical
studies. Results from a full-scale plant showed 51%
higher volumetric energy usage of the CAS (AB-plant),
compared to the AGS (Pronk et al., 2015). The full-scale
study was performed at Garmerwolde WWTP in the
Netherlands, and the energy usage was 0.17 kWh m >
for the AGS and 0.33 kWh m > for the activated sludge
(AB-plant). In comparison, the AGS at Garmerwolde
WWTP had 24% less energy usage per m® than the
AGS at Osterrod WWTP. On the contrary, the CAS at
Osterrod WWTP had 20% lower energy usage than the
AB-plant at Garmerwolde WWTP. AGS and well as
CAS plants can have energy usage varying on broad
spans depending on process configuration, operating
and environmental conditions as well as machine
equipment.

Both the AGS and the CAS process at Osterréd
WWTP have the potential to decrease the operational
energy usage. The energy usage for the mixing in the
CAS reactor tanks could be decreased by a reduction of
the rotation speed, usage of one out of two mixers in
Zones 1 and 5, and intermittent mixing. Considerably
lower values have previously been measured for mixing
energy usage, on average 6.8 W m > for tanks <200 m®
and 4.8 W m 3 for 200-500 m> tanks, in full-scale acti-
vated sludge processes in Austria (Fiireder et al., 2017).
With the values of 6.8 Wm > for tanks <200 m’> and
4.8 W m " for 200-500 m? tanks for mixing energy usage,
the volumetric energy usage for the CAS would have
been 24% lower than measured and 10% lower than for
the AGS. The post-denitrification Zones 6 and 7 had a
very small contribution to the nitrogen removal (data not
shown) because no pre-settled influent was added due to
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a technical failure. The mixers in these zones had limited
influence on the removal performance, and an energy
usage of 40 kWh together, corresponding to 10% of the
total energy usage in the CAS. Without this contribution,
the energy usage in the AGS would have been 6% lower
compared to the CAS.

The same type of blower was used in both the AGS
and the CAS, namely rotary lobe blowers. The energy
usage with this type of blower increases more with
increasing counterpressure (water depth) than for other
types of blower such as screw and dynamic blowers
(AtlasCopco, 2015; van Leuven et al., 2010). Thus, given
the higher water depth in the AGS reactors, screw
blowers or dynamic blower for the AGS reactors would
have led to significantly lower energy usage for aeration
in these reactors. The water depth, and properties and
operation of aeration and mixing equipment are impor-
tant factors governing energy usage. CAS processes may,
as well as processes based on AGS, be designed for mini-
mal energy usage by avoiding mixing and internal recir-
culation. The results from this study confirm that a
process based on AGS can be compact (Table 3) without
increasing the energy usage (Figure 3). Other compact
technologies such as membrane bioreactor (MBR),
moving-bed biofilm reactor (MBBR), and integrated
fixed film activated sludge (IFAS) have typically remark-
ably higher energy usage than CAS (Bengtsson
et al., 2019).

CONCLUSIONS

The AGS and CAS both produced effluent quality below
5mg BOD, L', 10mg TN L', and 1mg TP L' on
average. The AGS was found to be more compact than
the CAS, with a specific footprint of 0.3 m*> m > d
compared to 0.6 m*m > d ' for the CAS. The volumetric
energy usage was 15% lower for the AGS compared to the
CAS, and 38% per reduced P.E. (load of BOD-). More-
over, the AGS treated higher loads of organic matter,
which was increased via bypassing the pre-settlers to
improve the EBPR and denitrification. The sludge pro-
duction of the whole plant remained at a similar level
after start-up of the AGS as in the previous 10 years with
only CAS, which means that the potential biogas produc-
tion was expected to be similar for the AGS and CAS.
The highest energy category for the AGS was aeration
(including pulse-aeration for mixing) whereas the highest
category for the CAS was mixing, which depends on site-
specific reactor design and operation. The aeration
blower type was not ideal for the depth of the AGS reac-
tors and thus, the aeration energy usage has potential to
be decreased. For the CAS, the mixing energy usage was

r 13 of 15

ENVIRONMENT RESEARCH

higher than typical values for mixing (W m>) and an
updated mixing operation strategy would lead to energy
savings. In this case study, the process based on AGS at
the Osterrod WWTP was found to be compact with lower
energy usage compared to the CAS. Other factors than
the treatment technology (AGS or CAS) were found to be
equally important for reducing energy usage, such as the
reactor depth, properties, and operation of the aeration
system and mixers.
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