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ARTICLE INFO ABSTRACT
Editor: Huu Hao Ngo Primary filtration is a compact pre-treatment process for municipal wastewater, which can lead to high removal
of total suspended solids (TSS) if polymer is added prior to filtration. Extensive carbon removal with rotating belt
Keywords: filter (RBF) can be combined with filter primary sludge fermentation at ambient temperature, in order to produce

Benchmark simulation model no 1
Fermentation
Hydrolysis

volatile fatty acids (VFAs) as carbon source for biological nutrient removal (BNR). This process was implemented
at large pilot-scale and operated for more than a year. The results showed that the RBF efficiently removed
Energy balance particles >10 pm, and that the TSS removal had a strong linear correlation to the influent TSS concentration.
Primary sludge Fermentation of the sludge at ambient temperature and five days retention time and addition of the fermentate to
Rotating belt filter the wastewater could nearly double the VFA concentration in the wastewater by adding 31 & 9 mg VFA-COD/L.
Meanwhile, an increase of 2 mg/L of ammonium nitrogen, and 0.7 mg /L of phosphate phosphorus would be
added to the wastewater with the fermentate. Adding the fermented sludge to the wastewater stream and
removing the particles with RBF makes it possible to utilize nearly all the produced VFAs for BNR, and the
feasibility of this configuration was shown at pilot-scale. According to simulations of subsequent BNR, the pre-
treatment would lead to lower effluent total nitrogen concentrations. Alternatively, the required BNR volume
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could be reduced by 11-18 %. The estimated total biogas production was similar for pre-treatment with primary
settler and RBF with fermentation. RBF without fermentation gave the most favourable energy balance, but did
not reach the same low effluent value for total nitrogen as RBF with fermentation.

1. Introduction

Stricter effluent requirements for municipal wastewater treatment
plants (WWTPs) are implemented to lower the environmental impact in
the receiving waters. The key to lower effluent values of nitrogen in
conventional municipal wastewater treatment is well known: full nitri-
fication, and sufficient carbon source and anoxic retention time to reach
low concentrations of nitrate and nitrite through denitrification.
Extensive carbon removal in wastewater pre-treatment is beneficial for
the energy balance (Arnell et al., 2017; Behera et al., 2018; Siegrist et al.,
2008), but on the other hand, it can be detrimental for the biological
nutrient removal (BNR) if the wastewater C:N ratio becomes too low.
Addition of external carbon source as a means to enhance BNR is asso-
ciated with heavy environmental burden (Gustavsson and Tumlin, 2013;
Remy et al., 2014).

Filtration of influent wastewater as primary treatment has been
applied with several types of filters, such as drum-, disc-, and rotating
belt filters (RBFs; Caliskaner et al., 2021). Advantages of primary
filtration compared to primary settling are reduced footprint (Franchi
and Santoro, 2015) and the possibility to control and enhance particle
separation (Rusten et al., 2017). Primary settlers typically have total
suspended solids (TSS) reductions of 50-55 % (Amerlinck, 2015; Pat-
ziger and Kiss, 2015). Research on drum- and disc filters resulted in
average TSS removal of 66/46/43 % with mesh sizes of 30/40/100 pm
without extensive cake filtration and no chemical addition (Vaananen
et al., 2016). Addition of 2-4 g/L cationic polymer increased the TSS
reduction to 80-90 %. Polymer addition prior to filtration has been
successful also for RBF filters, resulting in an increase in COD removal
from 23 to 47 % after addition of 2 g polymer/m® (Franchi and Santoro,
2015). As a comparison, COD removal in primary settling with 2 h
retention time has been reported in the range of 26-40 % (Tas et al.,
2009). In previous studies, primary filtration has predominantly been
studied without addition of chemicals. Information about the particle
size distribution, and its impact on COD removal in the filter enables a
better removal prediction for wastewaters with different characteristics.
An empirical model for prediction of TSS removal in an RBF based on
influent TSS has been proposed (Behera et al., 2018), as well as more
complex dynamic models (Boiocchi et al., 2020; Khan et al., 2021).

In recent years, filter primary sludge (FPS) has rendered interest as a
potential substrate for sustainable internal carbon source production
(Christensen et al., 2022; Da Ros et al., 2020; Ossiansson et al., 2023).
The volatile fatty acids (VFAs), which are produced in the fermentation
of FPS, can be separated from the sludge by e.g. centrifugation
(Andreasen et al., 1997). This can, however, be difficult due to increased
concentrations of humic acids and phosphate, decreased particle sizes,
and altered surface charges (Liu et al., 2021). A part of the soluble COD
will not end up in the fermentate, but in the solid fraction. As a conse-
quence, if the fermented sludge has a total solids (TS) content of 3 % and
is dewatered to 10 %, about 30 % of the produced carbon source cannot
be directed to the biological treatment. This loss of carbon source has
been reflected in full-scale scenarios for VFA production at WWTPs,
where a considerable fraction of the produced VFA was left in the solid
fraction after dewatering of the fermented sludge (Bahreini et al., 2021;
Canziani et al., 1996; Christensen et al., 2022). Therefore, it is desirable
to find a novel method for the transfer of VFAs from sludge to waste-
water, without loss of valuable carbon source.

Pre-treatment with filtration has pronounced effects on the subse-
quent BNR at WWTPs. The aeration energy requirements for BNR have
decreased by 30-50 % in various reactor systems with filtration pre-
treatment compared with without pre-treatment (Franchi and Santoro,

2015; Pasini et al., 2021; Razafimanantsoa et al., 2014; Rusten et al.,
2016). Since much of the bioavailable organic carbon in the wastewater
passes through the filter, nitrogen removal in BNR with or without
filtration can be similar, and filtration can even result in higher deni-
trification rates (Razafimanantsoa et al., 2019). When comparing
filtration with sedimentation in primary settlers, higher removal of
particles in the 5-45 pm range with filtration can decrease the volume
requirement for BNR by as much as 40 % (van Nieuwenhuijzen et al.,
2004). But if the organic carbon removal is extensive in the filtration
step, the nitrogen removal can decrease with filtration compared with
settling, as indicated by simulations (Behera et al., 2018). Fermentation
coupled with filtration may well impact design and operation of the
subsequent BNR, since the amount of bioavailable carbon is expected to
increase by the fermentation. An improvement in nitrogen removal with
fermentate addition from filter sludge has been shown in lab-scale
(Bahreini et al., 2021). However, it is yet uncertain how filtration
coupled with fermentation would affect e.g. aeration- and volume re-
quirements, effluent values and the resulting energy balance.

In this study, we propose and assess a novel pre-treatment for
wastewater: chemically enhanced RBF filtration in combination with
carbon source production from FPS through fermentation at ambient
temperature. This process was evaluated from pilot-scale testing at
Kallby municipal WWTP in Lund (Sweden). The removal of suspended
matter by the filter and the potential effects on the subsequent BNR, as
well as the energy performance were investigated. Empirical models for
reduction of TSS and COD in the filter were tested to provide a simple
tool for prediction of removal efficiency. A strategy of recycling the
fermented sludge to the wastewater, with separation of particles though
filtration was evaluated as a means to utilize nearly all of the produced
VFAs for enhanced biological phosphorus removal (EBPR) and and/or
denitrification. Furthermore, we used the Benchmark Simulation Model
no. 1 (BSM1) and calculation of required BNR volumes to compare
primary settler, RBF, and RBF with fermentation as pre-treatments with
respect to volume requirement in BNR and effluent values, as well as
electricity demand and biogas production. Thereby, the pre-treatments’
impact on BNR is highlighted from several aspects.

2. Material and methods
2.1. Pilot plant operation and sampling

The influent wastewater flow rate to the pilot plant was proportional
to the Killby WWTP flow rate, with an average of 12 m®/h. Limits of
minimum 6-8 m®/h and maximum of 18-20 m3/h were set to the pilot
plant. With this flow variation, the hydraulic load and TSS load were
representative to the full-scale plant, allowing for more realistic condi-
tions for filtration compared to a case with fixes flow rates. The RBF
(SF1000, Salsnes Filter) was subjected to an average load on submerged
filter area of 47 + 11 m3/ (m?, h) during the first year of operation July
2020 to July 2021. When the filter was operated again from November
2021, the plant was first run for a few weeks to stabilise. Then fermented
sludge was recirculated back to the wastewater (after the influent
sampling point, Fig. S1). During the period with recirculation December
2021 to May 2022, the load was 45 + 16 m3/ (mz, h). With this oper-
ating mode, the TSS load to the filter was increased during peak-loads
which occurred every 1-2 h when the fermentation reactors effluent
pumps were running. The filter level was set to 200-230 mm.

A cationic polymer (Superfloc 6260, Kemira Kemi) was dosed based
on a set value of 1-1.5 g/m®, with addition of 2-3 g/kg TSS. Online
measurement of TSS with VisoLid (WTW) was used to control the
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polymer dose. The polymer was chosen based on jar tests with polymers
of different ionic strength and chain length. Anionic polymer gave a high
separation in lab-scale, but the flocs were too weak to be separated in the
pilot plant filter. Two tanks in series, with an average total retention
time (RT) of 9 &+ 3 min, were used for flocculation with mixing at 70 and
50 rpm respectively. Wastewater was collected as 24 h flow proportional
composite samples 2-3 days/week and analysed the same day.

Fermentation of FPS was operated at 5 d RT, and ambient temper-
ature. Further details on the fermentation process is available from
Ossiansson et al. (2023).

2.2. Chemical analyses

VFAs and total alkalinity in the wastewater and in the sludge were
measured as acetic acid equivalents (HAc-eq) with 5-point titration ac-
cording to Ibrahim et al. (2014). Specific VFAs in the fermented sludge
were measured with gas chromatography (GC) or high-performance
liquid chromatography (HPLC) according to Ossiansson et al. (2023)
and converted into COD units. Total nitrogen was analysed by oxidation
and chemiluminescence (Shimazdu TOC_L & TNM_L with ASI_L).

Coarse filtration of particles >20 pm was conducted with paper fil-
ters (Munktell No: 110 116). Samples for analysis of ammonium nitro-
gen and TSS were filtered through 1.6 pm glass fiber filters (Whatman,
GF/A No 1820-055). Filters for TSS analysis were dried for 2h at 105 °C.
Cuvettes (LCK 304, Hach) were used for ammonium-nitrogen analysis.
Total phosphorus was analysed after acidification with 4 M HySO4 with
spectrophotometry (Lambda 35, PerkinElmer).

For COD characterisation, 24 h flow proportional samples of both
influent and pre-filtered wastewater from the pilot plant were collected.
The wastewater was filtered through cloths of 100, 60, 40 and 10 pm
pore size (Monofilament twill polyester cloth). For the fine filters of 5 pm
(Cellulose nitrate filter, Whatman), 1.6 pm (Whatman, No 1820-055),
0.45 and 0.1 pm (Cellulose nitrate filters, Whatman), vacuum suction
was applied. A minimum volume of 30 mL wastewater was filtered for
all pore sizes. Cuvettes (LCK 114, Hach) were used for all COD analyses.

2.3. Calculations

Statistical significance was tested with paired student t-test in Excel
2019 (Microsoft). The reductions of TSS and COD (mg/L) in the filter
were fitted to linear functions versus the influent TSS concentration
(TSS;y) in Origin (OriginLab). Likewise, the TSS reduction (%) was fitted
in Origin, using Levenberg Marquardt iteration for the variables k; and
ko in the exponential model in Eq. (1) according to (Behera et al., 2018).

TSS,ea(%) = 100%(1 — ke ™) €Y}

The temperature dependency for VFA concentration in wastewater
and the VFA concentration increase were fitted to Eq. (2), since the
concentrations were assumed to be representative to the formation rates
given the constant RT and reactor solids concentration (Rieger et al.,
2013).

VFA = VFAy ¢ 077200 &)

The increase in VFA concentration in the wastewater (VFAcrease)
owing to addition of the fermented FPS flow (Qp) with VFA concentra-
tion (VFAp) to the wastewater flow (Qwyw) was calculated assuming that
all the FPS would be recirculated to the wastewater from the fermen-
tation reactor with RT 5 d, thus reaching the full VFA potential. The
resulting concentration increase in the wastewater for VFA, phosphate
phosphorus and ammonium nitrogen were calculated as for the example
of VFA in Eq. (3). Since wastewater and sludge sampling were not al-
ways carried out the same day, and RT for the fermentation reactor was
5 d during the first year, the calculation of ratios between COD and
nutrients with addition of fermentate were calculated from the mean
values of fermentate concentration during a period of +4 d from the
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sampling day for wastewater. For the calculation of COD to nutrient
ratios, the suspended matter in the fermentate was assumed to be
removed before addition to the wastewater.

VFAr o O

VFABrewe == 3)

2.4. Simulations

The BSM1 model, representing a typical activated sludge WWTP for
nitrogen removal (Gernaey et al., 2015) was implemented in WEST
(DHI). Three pre-treatment alternatives were compared by preparing
three corresponding influent matrices (Fig. 1): 1) settler 2) RBF and 3)
RBF with fermentation and addition of fermentate solubles to the
wastewater (RBFF). All parameter values for e.g. kinetics and electricity
usage, as well as stoichiometry were according to Gernaey et al. (2015),
and the corresponding influent file (Jeppsson, 2009) was used as basis
for the influent matrices.

The influent composition after primary settling was set to the stan-
dard values for BSM1, since the primary settler effluent in the bench-
mark simulation model no. 2 (BSM2) results in similar effluent
composition as the influent to BSM1 (Gernaey et al., 2009). Thus, the
original influent to BSM1 is regarded as representative for a primary
settler effluent after 50 % TSS removal. Based on these considerations,
the influent particulate COD for RBF and RBFF (X?BF 'RBFF ), were calcu-
lated from the BSM1 influent particulate COD (Xg) with Eq. (4). The
particle removal in Eq. (4) was calculated from the influent concentra-
tion with a linear model (Section 3.3) and subtracted. The raw influent
wastewater composition was also calculated, by doubling the particulate
fractions (XS,I,BH)~

XEEERBIE _ ) 0 Xg — (a+ (b e 2:Xs)) 4

The inert particulate COD (XX¥"*5F) for RBF and RBFF, as well as
particulate nitrogen (X;3*"") and heterotrophic
(58 ") were calculated from the BSM1 influent values of inert par-

biomass

ticulate COD (Xj), particulate nitrogen (Xnp), heterotrophic biomass
(Xpg) and the ratio between Xs and X5~ **™ as shown in Egs. (5), (6) and
.

RBF RBFF
X
P S

X;iBF.RBFF —X, < (5)
s
RBF .RBFF X,gBF‘RBFF
Xyp =Xwp ® X— (6)
s
XRBF.RBFF
ng,RRBFF = Xy 028 < )
s

The ammonium nitrogen concentration with RBFF (SRE) was
calculated according to Eq. (8) with the increase from the fermented
particulate nitrogen (Xyp) and nitrogen in fermented active heterotro-
phic biomass (0.08-Xpy, Eq. (3)), which is solubilised and recirculated to
the wastewater. The removal of Xyp in the standard BSM1 wastewater
during settling was set to 20 %, thus a factor of 1.2 is utilised for the
influent Xyp in (8). Likewise, the soluble COD concentration with RBFF
(SBBFF), was calculated with an increase of soluble COD from fermenta-
tion (9). The solubilisations of COD and nitrogen were set as the mean
values based on the first year of operation at pilot-scale, Ny, fermentation
= 0.33, and S|, fermentation = 0.16, which corresponded to an SCOD yield
of 163 g COD per g influent volatile solids (VS;y).

Seer = Sy +mean(1.2 @ Xyp — Xxo" +0.08 ® (2 @ Xpy — Xppy,, ) )

° Nsol,fcrmfnmtiou (8)

SEBFE = S5+ mean (2 ® Xs — X&) @ Syot fermentation (C)]
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1) Settler

2) Rotating belt filter (RB

F)
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3) Rotating belt filter with fermentation (RBFF)

Flocculation

)

Carbon
source

" “Hydrolysis-
Fermentation

Fig. 1. Wastewater pre-treatments which were compared by simulations.

These calculations resulted in the influent matrices with RBF and
RBFF for steady state and dynamic simulations (Table S1). The increase
in ammonium nitrogen due to addition of fermentate was on average 2
mg N/L. The RBFF influent contained 107 mg soluble COD/L, compared
to 70 mg/L with settler/RBF.

The TSS concentration in the last aerated zone was controlled by a PI-
controller for the waste activated sludge (WAS) flow rate to reach 3267
mg TSS/L, the steady state value for BSM1 with standard influent
(Gernaey et al., 2015). The allowed WAS flow was set to 30-1000 rn3/d,
Kp = —0.5 and K; = 0.1 d. The initial value was set to 385 m>/d, same as
the non-variable WAS-flow in BSM1.

The models were first simulated during 200 d to reach steady state,
before 14 d dynamic simulations were initiated. Results with 15 min
resolution were used to calculate flow proportional means for the 14-
d period of dynamic simulations. Additionally, the effluent values
were calculated according to the fractionation proposed in Gernaey et al.
(2015). The temperature was set to 15 °C for all simulations.

2.5. Calculation of required BNR volumes

The design volumes for simulations of activated sludge were calcu-
lated from the German standard procedure (DWA, 2016) to obtain
reasonable volumes for the BNR after pre-treatment with settler, RBF,
and RBFF with parameters found in Table S2. The influent concentra-
tions used as design basis were calculated from the flow proportional
means of the BSM1 influent matrices, where the readily degradable COD
in the influent (CODygeg 1aT) Was set to Sg in the BSM1 influent. The
resulting design solids retention times (SRT) was 11.7 d, based on the
influent composition in Table S3.

Table 1

2.6. COD and energy balance

For calculation of biogas potential, the VS from primary settler was
set to 85 % of TS, and 87 % for filter sludge (Ossiansson et al., 2023). The
biomethane potentials were set to 0.32 Nm>/kg VS for RBF sludge, 0.27
Nm®/kg VS for RBFF and 0.29 Nm3/kg VS for settler primary sludge,
based on full-scale data and methane potential tests (Blom, 2022). These
values correspond well to previously reported measurements (Paulsrud
et al., 2014). For WAS, the VS was set to 75 % of TS and the biomethane
potential was set to 0.20 Nm>/kg VS. The electricity usage for the settler
was set to 0.004 kWh/m?> (Longo et al., 2016). RBF and RBFF electricity
usages were set to 0.02 kWh/mg, which represents a large filter (Salsnes
Filter, 2016), with a reduced capacity of 30 % due to the polymer
addition.

3. Results
3.1. Removal of organics and nutrients in the filter

Overall, the operation of the RBF was stable without any operational
problems affecting the process performance. Since both the inflow and
TSS concentrations varied, the daily mean TSS load on the submerged
filter area was variable, ranging from 3 to 20 kg TSS/ (m?, h) with a
mean of 12 + 3 kg TSS/ (mz, h). The influent TSS was variable, 242 +
60 mg/L, whereas the effluent TSS remained rather stable at 84 + 20
mg/L (Table 1). Reductions of TSS, COD, nitrogen and phosphorus in
composite samples were 64 + 10 %, 44 + 9 %, 8.5 + 7.8 % and 18 + 8
% respectively (Table 1). Polymer addition was 3.2 + 1.0 g/m?>, corre-
sponding to 15 + 10 g/kg TSS. The filter level did not affect the TSS
reduction in the range of 200-230 mm during this study (data not
shown).

Chemical parameters for influent and filtered wastewater, as well as reductions of these during the first year of operation presented as mean =+ standard deviation. P-

values for pairwise student t-test are also shown.

Parameter Unit No. of samples Influent wastewater Filtered wastewater P-value
Total suspended solids mg/L 102 242 + 60 84 + 20 <0.001
Volatile suspended solids mg/L 102 224 £ 56 79 +£19 <0.001
Chemical oxygen demand mg COD/L 102 528 £ 110 290 + 52 <0.001
Chemical oxygen demand, coarse filtered (20 pm) mg COD/L 99 225 £ 42 207 + 39 <0.001
Chemical oxygen demand, filtered (1.6 pm) mg COD/L 30 146 + 29 140 + 26 0.253
Ammonium nitrogen mg/L 102 39.0+7.1 385+ 77 0.345
Total nitrogen mg/kg TS 103 55.7 + 9.6 50.8 + 8.9 <0.001
Total phosphorus mg/L 102 6.7 +1.3 54+1.0 <0.001
Volatile fatty acids mg HAc-eq/L 77 23.8 +15.8 20.1 +10.0 0.003
COD to ammonium ratio g COD/g NH4-N 100 13.7 £2.2 7.7 £2.0 0.000
TSS reduction % of TSS 102 64 + 10

COD reduction % of COD 101 44+9

Nitrogen reduction % of N 102 85+7.8

Phosphorus reduction % of P 101 18 +8




E. Ossiansson et al.

There was no statistically significant difference in ammonium con-
centration in influent wastewater compared to filtered wastewater, but a
minor difference in VFA concentration could be observed (P = 0.003), as
the mean value decreased from 23.8 to 20.1 mg HAc-eq/L (Table 1).

3.2. COD characterisation

COD characterisation showed that particles >10 pm were efficiently
removed in the filter with an average removal of 87 %, while the COD in
smaller particles passed through the filter (Fig. 2). The average total
COD removal in the RBF filtration for the characterised samples was 48
%, whereas the average removal of COD for particles larger than 100 pm
was 95 %. There was no statistically significant difference between
influent and filtered wastewater regarding the fraction <0.1 pm, which
both had a mean value of 105 mg/L. During the year of measurements,
the size distribution of COD was fairly stable.

3.3. Models for removal of TSS and COD

A comparison between a linear model and an exponential model for
prediction of TSS reduction (TSS;.q) towards the TSS in influent waste-
water (TSS;y), gave TSSreq (mg/L) = —36 + 6 + (0.80 £ 0.03) - TSS;, for
the linear model (Fig. 3a) and k; = 0.74 £ 0.04, ky = 2.92 + 0.26, in the
exponential model for determination of TSS;eq (%) in Eq. (1), (Fig. 3b).
For the linear model, the correlation was similar regardless of TSS
concentration in the influent within the range of 50-400 mg/L for TSS;,,
while the accuracy for the exponential model was lower at higher
influent TSS concentrations (Fig. 3c). It can also be noted how the
standard deviations of the model impacted the predicted effluent TSS for
the two models (Fig. 3c).

Linear models for COD removal (COD;.q; mg COD/L) based on
COD>1.6 pm, coarse COD >20 pm, as well as total influent COD were
compared for 27 samples during the period April 2021 to June 2021.
The correlations were CODyeq = —55 + 0.75Xx, (R% = 0.79) for COD>1.6
pm, CODyeq = —18 + 0.79x, (R? = 0.77) for coarse COD, and CODyeq =
—132 + 0.69x, (R2 = 0.78) for influent COD (Fig. S2). The linear model
for COD>1.6 pm was used for calculation of the influent matrix in
simulations of RBF and RBFF (Section 2.4). The resulting filtered
wastewater COD in mg/L (Fig. S3) illustrates that the models based on
coarse COD>20 pm and COD>1.6 pm rendered outputs with similar
variability (304 + 37 and 305 + 34 mg COD/L) compared to the
measured values of 304 + 36 mg COD/L, while the outputs from the
total influent COD model were less spread out (306 + 23 mg COD/L).

COD (mglL)

a) Influent wastewater

Science of the Total Environment 902 (2023) 166483
3.4. Feasibility of fermentate addition to wastewater filtration

The mean TSS reduction with recirculation of fermented sludge to
the influent wastewater was 61 + 14 % (Table S4), which was slightly
lower than the 63 + 9 % without recirculation during the same period
the previous year, December 2020 to May 2021. The variability of the
TSS reduction was higher with recirculation. During the period with
recirculation, the additional TSS load to the RBF filter caused peaks of
TSS in the filtered wastewater. With the applied operational settings, the
pumping of fermented sludge occurred during a few minutes every 1-2
h. The velocity of the filter belt increased during these periods, but did
not cause overflow of wastewater. However, the recirculation of sludge
to the filter caused lower fermentation yield during this period (Fig. S4).
Due to the low fermentation yield and the measurement uncertainty for
COD, no actual increase of soluble COD in the wastewater could be
observed during the period with recirculation of fermented sludge (data
not shown). Consequently, a design with a separate side-stream filter for
separation of the fermented solids was adopted in the calculations of
potential for increased soluble COD and VFAs, as well as in the simulated
scenario RBFF.

3.5. Potential for increased soluble COD and VFA with addition of
fermentate

The influent wastewater VFA concentration was variable, but dis-
played a noticeable seasonal variation (Fig. 4a). Curve fitting of the
temperature dependency Eq. (2) rendered a value of VFAgy = 31 + 1 mg
HAc-eq/L with = 1.12 + 0.02 (R? = 0.54) for VFA in influent waste-
water. A sudden drop in the influent wastewater VFA could be noticed
when the temperature was below 12 °C, and the measured values were
lower compared to the fitted curve. The VFA increase in the wastewater
owing to fermentate addition was calculated from the yield during one
year of fermentation reactor operation without recirculation of fer-
mented sludge. Temperature dependency was calculated (Eq. (2)) to
VFAgo = 24 + 1 mg HAc-eq/L with 6 = 1.08 + 0.01 (R? = 0.68; Fig. 4b).
At low wastewater temperature of 12 °C, the influent VFA concentration
for the filtered wastewater could potentially be doubled from ~12 to
~25 mg HAc-eq/L by adding fermented FPS. During summer, at 20 °C,
an increase of ~24 mg HAc-eq/L could be expected from the model,
resulting in a total concentration of ~55 mg HAc-eq/L (Fig. 4b). The
average increase in the wastewater during the year (Table 2) was 16 £ 5
mg HAc-eq/L, with a resulting total wastewater concentration of 38 +
14 mg HAc-eq/L. The soluble COD increase potential in the wastewater
was 39 + 9 mg COD/L, of which 31 + 9 mg was VFA-COD (Table 2).

b) Filtered wastewater

Fig. 2. COD characterisation in a) influent and b) filtered wastewater during one year of operation. Each bar represents one sample.
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Fig. 4. a) Influent VFA concentration and VFA increase potential from
fermentation of filter sludge at ambient temperature and 5 d retention time. b)
VFA in influent wastewater and VFA increase, fitted to wastewater temperature,
presented with their summarised total VFA potential.

Table 2

Increase and total concentrations of COD, VFA and nutrients in filtered waste-
water owing to addition of fermentate of FPS at 5 d RT at ambient temperature
during one year, presented as mean + standard deviation (n).
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Fig. 3. Curve fitting of TSS reduction towards a) a linear model for TSS
reduction versus influent TSS, b) an exponential model for percentual reduction
versus influent TSS, and c) a comparison of the resulting TSS in filtered
wastewater for both models including standard deviations for the fitted curves
marked as areas, with the measured data.

The nutrient release in FPS fermentation at ambient temperature has
been observed to remain rather constant during the year, which affects
the COD to nutrient ratios in the fermentate (Ossiansson et al., 2023).
The added ammonium from fermentate of 1.9 + 0.5 NH4-N/L (Table 2)

Parameter Unit Filtered Increase in
wastewater wastewater
COD <0.45 pm mg COD/L N.D. 39 + 9 (66)
Volatile fatty acids mg COD/L N.D. 31 + 9 (50)
Volatile fatty acids mg HAc-eq/ 20 + 10 (85) 17 £ 5 (66)
L
Ammonium nitrogen mg NH;-N/ 38 + 8 (102) 1.9 + 0.5 (88)
L
Total nitrogen mg N/L 51 +9(102) 1.9+ 0.5 (88)
Phosphate mg PO3~-P/ 3.8+ 0.6 (29) 0.7 + 0.2 (88)
phosphorus L
Total phosphorus mg P/L 5.4 £ 1.0 (102) 0.7 £ 0.2 (88)
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was, however, low compared to the filtered wastewater concentration of
38 4+ 8 NH4-N/L (Table 1). The ratios of COD/N and CODg),/NHZ-N
could potentially be improved notably by fermentate addition: from 5.8
+0.9t06.4 +£1.0gCOD/g N, and from 2.8 4 0.8 to 4.5 £ 0.5 g CODg¢/
g NHJ-N. The potential increase in phosphate due to fermentate addi-
tion of 0.7 + 0.2 mg P/L constituted a higher fraction of the filtered
wastewater concentration of 5.4 + 1.0 mg P/L, compared to the increase
in nitrogen (Table 2). The mean ratios of g COD/g P before and after
fermentate addition were 53.8 + 7.3 and 54.2 + 7.1, with 36.5 + 7.1
and 41.0 + 5.7 g CODgy/g PO3~ —P.

3.6. BNR volumes, effluent values and energy balances

3.6.1. BNR volumes

The design volumes for BNR based on DWA standard procedure
could be calculated for the standard BSM1 influent with settler and the
RBFF influent, whereas the carbon source was insufficient in wastewater
treated with RBF. It was required to apply a lower particle reduction in
the filter or add external carbon source. Therefore, a decreased polymer
dosing was assumed to increase the particulate COD in the wastewater
by 12 % in the adjusted RBF influent compared to the RBFF alternative.

The BNR volume required to reach 7 mg N/L in the effluent was
11,900 m? for the case with settler, 10,600 m® for RBF, and 9800 m? for
RBFF. The corresponding nitrification volumes were 7700, 6600 and
6300 m°. Thus, the total volumes with RBF and RBFF could be decreased
by 11 and 18 %, respectively, compared to the alternative with settler.
To reach the same nitrogen effluent value with settler as with the RBFF,
of 13.1 mg N/L, a volume of 12,900 m® would be required for the case
TN 13.1.

3.6.2. Effluent values based on simulations

Simulations with the default BSM1 plant setup and different influent
matrices resulted in effluent values of 15.6 mg N/L for settler, 16.7 mg/L
with RBF (with higher COD reduction) and 14.0 mg/L with RBFF
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(Table S5). Simulations with the design volumes for the different pre-
treatments were also conducted to quantify the effluent parameters, as
well as the electricity demand and the sludge production which were
needed for the energy balance. Although the alternatives were designed
for the same effluent nitrogen of 7 mg/L, the simulated effluent values
differed. The alternative with settler gave 13.9 mg N/L, whereas RBF
gave higher effluent of 14.4 mg N/L, and RBFF 13.1 mg N/L (Table S5).
A closer look at the effluent ammonium revealed that RBF treatment
improved the conditions for nitrification compared to settler, decreasing
the concentration from 5.3 to 2.6 mg NH;-N/L (RBF) and 3.5 mg NHj-
N/L (RBFF). The denitrification, on the other hand, was impaired by less
COD after RBF treatment, thus increasing the nitrate effluent concen-
tration from 8.6 with settler to 12.5 mg NO3-N/L. With RBFF, the
denitrification was enhanced, and the nitrate could be decreased to 8.6
mg NO3-N/L. The total COD and TSS effluent values were rather unaf-
fected by the pre-treatments in this case.

3.6.3. Energy balance

The COD balances for the different process alternatives are depicted
in Fig. 5 including the flows of primary sludge and WAS that constitute
the energy recovery potentials. Of the 663 mg COD /L into the WWTP,
about 48 mg COD/L remained in the effluent. The case with RBF had the
highest COD flow in the sludge to the anaerobic digestion, 464 g COD/
m® wastewater, and therefore the highest value for recovered COD in the
biogas, 233 g COD/m>. The settler and RBFF designs had similar values
for biogas production of 191 and 189 g COD/m? respectively.

The required electrical energy for aeration could be decreased by 18
% with RBFF compared to settler, and with 22 % compared to the case
TN 13.1 with settler (Table 3), owing to smaller nitrification volumes.
The smaller denitrification volumes required less mixing energy, but its
effect on the total electricity demand was negligible. The energy input
for pre-treatment was increased from 0.004 to 0.02 kWh/m® with RBF.
Nevertheless, the overall energy saving for pre-treatment and activated
sludge treatment was 0.04 and 0.05 kWh/m® for RBF and RBFF,

11900 m?

Primary Pre-treated wastewater Effluent wastewater
Wastewater settler 381g COD/m* 48g COD/m?
Settler 663 g COD/m’ | » 99gScoD/m? = 13.9g N/m?
55.7g N/L 51.4g N/m?
7.171g COD/m?
282 g COD/m? <
Biogas production 191 g COD/m?
Anaerobic Sludge 262 g COD/m?
digestion
Pre-treated wastewater 10600 m*
Wastewater ; . 336 COD/m® Effluent wastewater
RBF 663 g COD/m? Flocculationi !Filtration| 48g COD/m?
- iyl o= 99gSCOD/m* T b
55.7g N/L % | i
eN/ |£I [‘H E pe| 1 49.6 g N/m3 14.4g N/m

la= -
327g coo/m3], 137 g COD/m?

Anaerobic
digestion

Biogas production 233 g COD/m?
Sludge 231gCOD/m?

. Evs;treated waste\suater 9700m* Effluent wastewater
1
% —p 353gCOD/m 48g COD/m®
> Carbon 136 g SCOD/ m? 13.1N/m?
RBFF ] ;
Wastewater source 50.5g N/m
663 g COD/m? 37g COD/m?
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Hydrabysis: : digestion 3
Fermentation Filtration | — 127 g COD/m

LHF i
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Sludge 248 g COD/m?

Fig. 5. Overview of COD flows for the three DWA design with BSM1 influent and pre-treatment with settler, RBF and RBFF. All COD flows are expressed as g COD/

m°® of influent wastewater.
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Table 3
Electrical energy requirement (kWh/m® wastewater) for the different WWTP
designs.

BSM1 DWA design TN 13.1

Settler Settler RBF RBFF Settler
Pre-treatment 0.004 0.004 0.02 0.02 0.004
Denitrification (mixing) 0.01 0.03 0.03 0.02 0.03
Nitrification (aeration) 0.18 0.35 0.29 0.29 0.37
Recirculation flows (pumping) 0.02 0.02 0.02 0.02 0.02
Biological treatment 0.22 0.40 0.34 0.33 0.42
Total electrical energy input 0.22 0.40 0.36 0.35 0.43
Biogas energy production 0.72 0.67 0.82 0.66 0.67
Net energy production® 0.50 0.27 0.46 0.31 0.25

@ Biogas production - total electrical energy input

respectively, corresponding to 11 and 13 % of the total electricity input.

The high biogas potential with RBF improved the net energy balance:
0.46 kWh/m® compared to 0.27 kWh/m? for settler and 0.31 kWh/m?>
for RBFF (Table 3). However, the RBF scenario resulted in higher
effluent nitrogen (Table S5). The TN 13.1, which gave comparable ni-
trogen effluent as RBFF, but with settler, resulted a net energy balance of
only 0.25 kWh/m?.

4. Discussion
4.1. The link between wastewater characteristics and filtration

Both the characteristics of the studied wastewater, and the removal
efficiency in pre-filtration were representative to many other WWTPs.
Coarse COD in the wastewater, filtered through >20 pm, constituted 56
+ 9 % of total COD, close to the 58 % based on characterisation of a
wastewater in Norway (Razafimanantsoa et al., 2014). The COD con-
centrations in unfiltered, and 0.45 pm-filtered wastewater (Table 1)
were similar compared to reported values for wastewater in Turkey (Tas
et al., 2009), as well as the in Netherlands (Van Nieuwenhuijzen et al.,
2001). The ratio of COD in filtered and unfiltered influent wastewater
was 0.27, which is lower than 0.4, and thus meets the recommendation
for filtration suitability (Rusten and @degaard, 2006). Furthermore, the
average VFA-COD in the influent wastewater, calculated with the ratio
of 1.7 g COD/g HAc-eq (Ossiansson et al., 2023) was 39 g COD/L, close
to the typical value of 35 g COD/L found in Henze (1992) and the 20-65
mg COD/L measured in nine Korean WWTPs (Yun et al., 2013). The TSS
removal of 64 % in this study is similar to the 66 % observed for
chemically enhanced RBF filtration with comparable hydraulic load
(Rusten et al., 2017). Moreover, the COD removal of 44 % in this study
was similar to the 46 % for RBF filtration after addition of 2 mg poly-
mer/m? (Franchi and Santoro, 2015) and 43 % reported for chemically
enhanced sand filtration (Van Nieuwenhuijzen et al., 2001). The hy-
draulic load of 47 m®/ (m?, h) in this study can be compared to applied
loads for chemically enhanced filtration of 25 m3/ (mz, h) (Rusten and
(degaard, 2006) and 41-66 m3/ (mz, h) (Rusten et al., 2017).

The suitability of models for TSS reduction over RBF can possibly
depend on the operating conditions. In this study, the linear model for
TSS reduction in mg/L gave a satisfactory result and was suitable to use.
Although the predictability of effluent TSS concentration had an error of
~30 mg/L with the linear model, it is still preferable compared to using
the average percentual reduction for TSS effluent prediction. The data
correlation to the exponential model for percentual reduction of TSS in
the filter (Fig. 3b) was low (R2 of 0.46), which indicates a rather poor
correlation in this study. The same exponential model has been applied
with a considerably higher R? value of 0.78 and 0.65 for 210 and 250 pm
sieves respectively, with constant wastewater flow and without polymer
dosing (Da Ros et al., 2020). The increase in TSS reduction at higher
influent TSS reflects the impact of a filter mat filtration. With polymer
addition, particle separation can be enhanced also at lower TSS con-
centrations, and the filter mat may consequently have less influence on
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the TSS reduction. Another explanation can be the influent TSS con-
centration in this study, which is in the lower range compared to the
data presented in Franchi and Santoro (2015) and da Ros et al. (2020).

Assessment of the linear model for prediction of the COD concen-
tration in the wastewater after RBF showed a similar fit for all three
types of input COD data: influent (total) COD and COD (>1.6 pm and >
20 pm). However, the predictions based on COD (>1.6 pm and > 20 pm)
captured the variability in the wastewater content better than pre-
dictions based on influent COD. If a model for COD reduction based on
influent COD is applied, it is recommended to use a safety factor for
design purposes, but it is preferable to measure particulate COD to
obtain a more accurate prediction of filter removal.

4.2. The effects of pre-treatments on subsequent BNR

The fermentation process was clearly seasonal (see Ossiansson et al.,
2023 for details) resulting in a calculated VFA increase of 11-25 mg
HAc-eq/L in the ambient wastewater temperature range of 11-22 °C
(Fig. 4). This VFA increase appears to be comparable to fermentation
conducted in a primary settler by means of elevated sludge blanket and
sludge recirculation (in-line fermentation). VFA increases of 14-23 mg
HAc-eq/L for in-line fermentation, and 16-36 mg HAc-eq/L for side-
stream configuration were measured at 20 °C (Bouzas et al., 2007). In-
line fermentation of SPS has increased the VFA content from 21 to 40
mg HAc-eq/L during summer in the same region (Hey et al., 2012), and
from 20 to 50 mg HAc-eq/L during 1.5 year of operation (Tykesson et al.,
2005), which is in the same range as the calculated VFA increase in our
study. On the other hand, side-stream fermentation has the advantage of
more control over the sludge retention time, as well as lower risk of
process disturbance due to wastewater flow variations, and the possi-
bility to adjust the addition of carbon source to the requirements in BNR.

The simulations confirm that the nitrogen removal is impaired by
extensive carbon removal in filtration, but can be enhanced by FPS
fermentation. Batch-tests with wastewater before and after filtration,
compared with wastewater after addition of filtered fermentate has
shown that the denitrification capacity is lower after filtration, and that
fermentate raises both the denitrification rate, and the nitrate removal
(Ossiansson et al., 2023).

The phosphate that is solubilised in the fermentation, would most
likely have been solubilised in the anaerobic digestion if fermentation
was not applied, and returned with the reject from dewatering of
digested sludge. Unless phosphate recovery would have been applied for
the reject stream, the phosphate which is added with the fermentate is
not a real addition to the load. On the contrary, ammonium from
fermentation can be a real addition to the load, depending on whether
the anaerobic digestion is followed by separate treatment of reject
water. The contribution from the reject water to the nitrogen load is
normally 10-15 % (van Loosdrecht, 2008). The calculated addition of
1.9 + 0.5 mg NH4-N/L would add ~4 % to the nitrogen load. Similar
moderate additions of nitrogen from fermentation have been reported in
other WWTPs (Banister et al., 1998; Bouzas et al., 2007) as well as no
measurable increase in ammonium (Hey et al., 2012). If the ammonium
from the fermentate would have been removed in this study, the po-
tential decrease in activated sludge volume would have been 20 % for
the RBFF case compared to the alternative with settler, instead of 18 %.
Struvite precipitation of the fermentate has been tested for simultaneous
removal of ammonium and phosphate, but the removal efficiency for
nitrogen is only ~20 %, whereas 90 % of the phosphate can be captured
in the struvite (Liu et al., 2020). The commonly applied designs for EBPR
allows for VFA uptake and phosphate release prior to denitrification,
hence, the VFAs would most likely benefit EBPR rather than denitrifi-
cation. In a full-scale application, it would be possible to add wastewater
with a high concentration of fermentate directly to anoxic zones/anoxic
phase to prioritise nitrogen removal if necessary.
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4.3. Energy balance with fermentation of primary sludge

The higher TSS reduction for RBF compared to the alternative with
settler, resulted in higher total methane potential with RBF and a similar
methane potential for the alternatives with settler and RBFF. A previous
comparison between RBF and settler, both coupled with sludge
fermentation, gave higher TSS removal, and higher production of both
carbon source and methane for settler than for RBF (Bahreini et al.,
2021). However, the TSS-removal was set to a lower value of 45 % for
RBF, and 70 % for settler which is as high as the expected reduction with
chemically enhanced primary settling (Ho et al., 2017). The operation of
an RBF has a profound effect on the TSS-removal efficiency, which can
be higher than settler if operated with a thick filter mat, and lower than
settler if operated at higher hydraulic load without filter mat (Behera
et al., 2018). The methane potential from FPS has been measured to be
lower than SPS (Bahreini et al., 2020), similar to SPS (Odirile et al.,
2021) or higher than SPS (Paulsrud et al., 2014). In this study, the po-
tential of FPS was set to a 10 % higher value than SPS, since tests
indicated a higher potential with the applied pilot setup (Blom, 2022).
An increase in methane potential of primary sludge after acidogenic
fermentation has been shown (Levine et al., 1991), as well as similar
methane potential even after withdrawal of fermentate (Jonsson et al.,
2009). On the other hand, a comparison between raw and fermented
sludge gave 6 and 18 % lower methane potential after 4 d fermentation
for FPS and SPS, respectively (Bahreini et al., 2020). Since methane
potential tests showed ~15 % lower potential for fermented FPS than
raw FPS (Blom, 2022), and since 16 % of the VS was removed with the
fermentate, the resulting methane potential in this study was 27 % lower
for each kg VS removed in filtration in the RBFF scenario than in the RBF
scenario. In conclusion, the efficiency of the pre-treatment can be
increased by chemical addition, both for settlers and for filtration, and
the case-studies should be interpreted from their set conditions. It is
clear that primary sludge fermentation is likely to reduce the methane
potential, unless it is balanced by a higher TSS removal in the primary
treatment.

The simulations of activated sludge in this study showed that a pre-
treatment with filtration and addition of fermentate increases the
volumetric capacity, and decreases the electricity demand of a subse-
quent activated sludge process by 11 % for RBF and 13 % for RBFF. A
similar saving (for plant-wide energy input) of 11 % with RBF has been
shown in simulations (Pasini et al., 2021). Life-cycle analysis of a pro-
cess with chemically enhanced micro-sieving (5-7 g polymer/m®), fol-
lowed by BNR in biofilter showed that the carbon footprint and energy
requirement for chemical production and consumption was minor for
polymer addition to primary filtration compared to that of external
carbon source (Remy et al., 2014).

4.4. Full-scale application

The operation with addition of fermented sludge prior to filtration
could verify that this configuration is feasible, and that the negative
effect on the total TSS reduction was minor. For future applications, it is,
however, recommended to recirculate the fermented sludge to a sepa-
rate filter instead of back to the main stream filter. The separated fer-
mented FPS particles can then be directed to anaerobic digestion, rather
than to fermentation with extended sludge retention time. In a full-scale
application, the pumping of fermented sludge could be evened out to
avoid sudden increase of TSS load. High velocity of the RBF will
decrease efficiency as the newly exposed filter area without a filter mat
increase. Therefore, operating the RBF with a more even TSS concen-
tration in the influent will benefit TSS reduction.

Addition of fermentate should be applied only if it is beneficial for
the effluent values, and for the energy balance. For a wastewater with a
higher content of soluble COD, carbon source addition may not be
needed to reach the effluent requirement for nitrogen. Instead, it can be
applied for EBPR and/or to achieve a very low effluent value for total
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nitrogen. This exemplifies the importance of applying a pre-treatment
that is appropriate for the effluent requirements and influent waste-
water characteristics, in order to design a compact and energy-efficient
BNR.

5. Conclusions

e Pre-treatment with chemically enhanced RBF gave TSS reduction of
64 + 10 % with hydraulic load of 47 + 11 m3/ (m?, h) and polymer
dose of 3.2 + 1.0 g/m>.

e Particles >10 pm were removed effectively in the filtration.

e A linear model for TSS removal (mg/L) was preferable for prediction
of TSS removal in RBF filtration, compared to an exponential model
for TSS reduction (%).

e Addition of fermentate to wastewater, and particle separation
through RBF filtration was a feasible option to transfer the carbon
source to the wastewater prior to BNR. Since recirculation of sludge
to the fermentation process caused decreased VFA yield, we recom-
mend to use separate side-stream filtration to capture the particles
from the fermented sludge, and to use this sludge for biogas
production.

The required design volumes for activated sludge in this study could

be reduced by 11 % with RBF and 18 % with RBFF as pre-treatments

compared to settler.

e RBFF enhanced nitrogen removal, and gave similar biogas produc-
tion compared to primary settler without sludge fermentation. RBF
could render the most favourable energy balance, but caused
increased effluent nitrogen concentrations compared to the alterna-
tives with settler and RBFF.
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