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Wastewater treatment plants are transitioning from a sole focus on
treatment objectives to integrated resource recovery and upcycling.
Effective carbon management is critical for upcycling within a water
resource recovery facility (WRRF) to produce energy or other usable
products, which involves carbon diversion at primary treatment and waste
activated sludge (WAS) from biological treatment processes. Many WRRFs
are also driven to meet stringent effluent nutrient discharge targets while
minimizing energy usage and chemical addition. Nutrient removal systems
still rely on biodegradable organic carbon to support denitrification and
enhanced biological phosphorus removal (EBPR). Biological nutrient
removal not only requires sufficient organic substrate, but also the right
type of bioavailable carbon for optimal utilization. The main objective of this
pilot fermentation testing was to evaluate the most effective utilization of the
range of organic-carbon rich feedstocks within a WRRF. Preliminary results
suggest that a 50–50 blend of primary sludge (PS) and return activated
sludge (RAS) fermentation leads to highest volatile fatty acid (VFA) yield.
PS fermentation resulted in the minimum nutrients release per unit of volatile
suspended solids (VSS), which makes it a best suited for biological nutrients
removal WRRFs with stringent nitrogen (N) and phosphorus (P) limits. The
volatile fatty acids fractions produced from different combinations of
RAS and PS can impact the most suitable end use for each sludge
type fermentation. PS resulted into higher levels of propionate, which are
ideal for selecting phosphate accumulating organisms (PAO) over glycogen-
accumulating organisms (GAO). On the other hand, for denitrification,
acetate is the preferred substrate, which was most abundant with RAS
only fermentation. Our research outcomes will be of value to utilities
aiming to integrate the stringent effluent nutrient (N and P) discharge
targets with energy and resource recovery.
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GRAPHICAL ABSTRACT

1 Introduction

Conventional wastewater treatment plants are more rapidly
transitioning from an exclusive focus on treatment objectives to
integrated resource recovery and upcycling. To effectively
facilitate upcycling within a water resource recovery facility
(WRRF) to produce energy or other usable products,
management of biodegradable organic carbon within the
WRRF is a critical backbone to build on. This involves
developing and implementing approaches to carbon diversion
at primary treatment and waste activated sludge (WAS) from the
biological treatment processes. Carbon management also
includes management of imported bio-feedstocks such as fat,
oil, and grease (FOG) or food-waste. Typically, primary sludge
(PS) and WAS may be digested using anaerobic digestion to
stabilize the solids produced in the plant and recovery energy as
biogas from the anaerobic decomposition of organics (Ozyildiz
et al., 2023). In addition to a drive to boost resource recovery,

many WRRFs are driven to meet increasingly stringent effluent
nutrient nitrogen (N) and phosphorus (P) discharge targets
while also minimizing energy usage and chemical addition
(Roots et al., 2019; Kehrein et al., 2020; Zekker et al., 2021a;
Di Costanzo et al., 2021; McNamara et al., 2022; Sabba et al.,
2022). Most nutrient removal systems still rely on a
conventional, but optimized, nitrification-denitrification
treatment approach requiring biodegradable organic carbon
to support denitrification and biological phosphorus removal.
Furthermore, WRRFs performing enhanced biological
phosphorus removal (EBPR) often experience unstable
performance and unexpected disruptions, particularly when
dealing with influent that has low levels of readily
biodegradable COD (Nielsen et al., 2019a; Gao et al., 2020;
Sabba et al., 2023; Zhang et al., 2023). Many years of
experience have culminated in the clear understanding that
biological nutrient removal not only requires sufficient
organic substrate, but importantly, the right type of
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bioavailable carbon must be supplied in the appropriate location
at the right time for optimal utilization (Wu et al., 2009;
Carvalheira et al., 2014). There are a range of available
biodegradable organic carbon sources (for example, PS:
10–70 gCOD/L; WAS: 4–13 gCOD/L) across a WRRF with
disparate characteristics (Metcalf and Eddy, 2013). Each of
the carbon-rich feedstocks has a suite of optimal value and
utility; in all the use cases, fermentation and hydrolysis play a
starring role in mediating the eventual fate of biodegradable
carbon within WRRFs. Fermentation is a three-step process
(Gavala et al., 2003). Hydrolysis, the first step, involves
breaking down complex organic matter into dissolved
compounds by fermentative bacteria (Kim et al., 2012), which
results in the decrease of sludge volatile suspended solids (VSS)
and increase of soluble COD (sCOD) (Wu et al., 2009). In the
second step, called acidogenesis, fermentative bacteria utilize the
soluble substrates generated by hydrolysis as an energy source
for growth, producing fermentation products like volatile fatty
acids (VFA), lactate, and ethanol; as well as mineral compounds
such as carbon dioxide, hydrogen, ammonia (NH4+-N), and
hydrogen sulfide gas. The rate of hydrolysis and acidification is
influenced by factors such as pH, temperature, substrate loading,
hydraulic and solids residence times (hydraulic retention time, HRT,
and solids retention time, SRT) (Veeken and Hamelers, 1999). The
third step, called acetogenesis, transforms the products generated via
acidogenesis into acetate, and propionate, amounting to 70% of the
initial COD, while the remaining 30% into hydrogen, and carbon
dioxide (Gujer and Zehnder, 1983; van Haandel and Lettinga, 1994).
Banister and Pretorius conducted a study to optimize the
performance of PS acidogenic fermentation without
pH adjustment. The findings revealed that retention time,
seeding, solids concentration, and mixing were the crucial
variables governing the production of volatile fatty acids (VFAs),
and most of the potential VFA yield was reached within the
fermentation time. This study investigates fermentation rates,
hydrolysis mechanisms, and the impact of various factors on
fermentation performance through a pilot-scale evaluation and
batch experiments. Key research objectives include the following:

1) analyse kinetics and products formed through fermentation
2) examine the impact of different mixing strategies, solids

concentration, and different blends of PS and RAS
3) evaluate the impact of solids retention time (SRT) of the RAS

when blended at different ratios with PS on the fermentation
performance

2 Materials and methods

2.1 WRRFs

The fermentation tests were performed collecting samples of
PS and RAS at three WRRFs in the north of California. Plant one
was selected as a facility with trickling filter followed by solids
contact tank with a typical SRT in the range of 2–3 days. The
plant treats an average dry weather influent flow of 34,100 m3/d
primarily for COD and TSS removal. Plant two was selected as a
nitrification/denitrification plant with a typical SRT in the range

of 7–11 days. The plant treats an average dry weather influent
flow of 50,000 m3/d. Plant three was selected only to act as a
surrogate sample of PS for Plant 1. This was needed due to the
low solids content of Plant 1 PS which rendered it infeasible to
use for the batch experiments, and also not characteristic of
typical PS. Plant three treats an average dry weather influent
flow of 46,900 m3/d and was selected as a surrogate due to its
proximity to Plant one and its similar influent characteristics
primary treatment performance to Plant 1. More information
on the plant characteristics, raw influent concentrations, as well
as primary clarifier operation for each plant can be seen
in Table 1.

Was not used because of low % solids content. We
acknowledge that influent characteristics can impact both (i)
the COD content in PS, also as a function of the primary
treatment solids removal efficiency and (ii) the COD content
in RAS, also as a function of SRT. Therefore, the results of the
fermentation tests with the blending of primary sludge from
Plant 3 with RAS from Plant one could potentiality be impacted
by the differences in influent characteristics between Plant one
and Plant 2.

2.2 Experimental set-up

Pilot-scale fermentation experiments were performed using a
two-tank pilot system (Figure 1). Each bioreactor had a working
capacity of 75 L with a depth to width ratio of 3:1, to limit the
8 intrusion of air and maintain anaerobic conditions. Each
bioreactor was equipped with five sampling points with one at
5, 20, 40, 60, and 80 L (for overflow) of volume. The 40 L
sampling port was used for all analysis except when mixing
strategy was investigated, in which case a sample near the top
and bottom were both taken to determine the difference in
various areas of the reactor. An additional port at the bottom
of the reactors was used to drain and flush the reactors with
secondary effluent between batch tests. Each bioreactor was
equipped with a mixer set at 200 rpm with an impeller
(pitched blades) at approximately 50% depth and a surface
impeller (flat blades) to avoid solids stratification and promote
good mixing. A pH probe (DPD1, Hach Company, Loveland,
CO) and an oxidation reduction potential (ORP) probe (DRD1,
Hach, Loveland, CO) were installed in each reactor. ORP and
pH probe data was logged and calibrated using a universal
controller (SC 2000, Hach Company, Loveland, CO). The
temperature was controlled at 20°C ± 2°C in each bioreactor
using a heating strip connected to a temperature probe (ITC-308,
Inkbird Tech., China).

Table 2 shows the summary of all the experiments conducted, in
terms of different biomass and blends tested, mixing conditions and
solids concentrations. Each fermentation experiment was run in
duplicate, for 2 weeks. For each experiment, samples of RAS and PS
were collected from each respective plant and were added to the two
pilot reactors. The target solids concentrations in the pilot reactors
were obtained by either diluting the RAS samples with secondary
effluent or by letting the samples settle in the reactors and removing
the supernatant to increase the solids concentration. Supplementary
Table S1, S2 in the provide details for the initial conditions and sludge
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characteristics in each test. VSS were measured throughout the
experiments and the VSS time series plots for each experiment can
be found in Supplementary Figure S9. The yield of soluble COD for
each experiment was calculated as the soluble COD produced
from the beginning of the experiment per unit of initial VSS, mg
sCOD/(gVSS), as shown in Eq 1. Each yield is shown in the
results as mean ± standard deviation for each duplicate.

sCODYield
mg sCOD

gVSS
[ ]

� sCOD concentrationtimeX − sCOD concentrationtime 0
mg
L[ ]

VSS concentrationtime 0
g
L[ ]⎡⎢⎣ ⎤⎥⎦ (1)

The fermentation rate (sCOD production rate) was calculated as
soluble COD produced from the beginning of the experiment per

FIGURE 1
(A) Batch experimental schematics and (B) picture of on-site reactors at Hayward, CA.

TABLE 1 Typical raw influent and operating concentrations from Plant one, Plant two and Plant three.

parameter Plant 1 Plant 2 Plant 3

Raw influent concentrations

TSS (mg/L) 313 222 241

BOD (mg/L) 332 144 268

NH4+-N
(mgN/L)

39 29 33

Total Phosphorus (mgP/L) 6.0 5.7 6.1

Overall Plant Characteristics

Typical Target SRT (Days) 2 9 7

Average Dry Weather
Influent Flow (m3/d)

34,100 50,000 46,900

Typical RAS TSS (mg/L) 2,000 3,500 4,900

Primary Clarifiers Operation

Typical PS TSS (mg/L) 5,000 (0.5% solids) 39,000 (3.9% solids) 40,000 (4% solids)

Chemical Addition (CEPT) None None None

TSS removal (%) 60% 56% 60%

cBOD removal (%) 36% 23% 30%
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unit of initial VSS per unit of time, mg sCOD/(gVSS,h), as shown in
Eq 2. Each fermentation rate is shown in the results as mean ±
standard deviation for each duplicate.

Fermentation Rate
mg sCOD

gVSS, hr
[ ]

� sCOD concentrationtimeX − sCOD concentrationtime 0
mg
L[ ]

VSS concentrationtime 0
g
L[ ]ptimeX hours[ ]

⎡⎢⎣ ⎤⎥⎦ (2)

Both the sCOD yield and production rate were important
metrics used to compare the fermentation performance between
different experiments under a standardized approach. The sCOD
production rate was calculated as following:

1) at 24 h from the beginning of the experiment, to compare the
different mixing strategies and VSS concentrations.

2) at 72 h (3 days) from the beginning of the experiment to
investigate the fermentation performance of the various
feedstocks and blends. The 3-day fermentation rate was
ultimately used to ensure a representative fermentation rate
was reached for each condition.

2.3 Probes and data collection

Sampling during the experiment was conducted with the focus
of characterizing the predominant trends of each water quality
parameter with time. Data were collected on 3 days during each
week of the experiment, for a total of 6 days of data collection evenly

spaced throughout the two weeklong batch experiment. Sampling
ports were purged three times before sampling to ensure fresh
sample was obtained. Grab samples were collected during the
experiments to measure VFA, soluble COD, total COD, total
suspended solids (TSS), VSS, alkalinity, NH4+-N and
orthophosphate (PO43--P). Specifically, major soluble species
(i.e., VFA, sCOD, NH4+−N, PO43--P) were collected three times
per day at 4-h intervals, spaced to characterize the trend of each
species throughout the data collection day. Sampling of VFA and
sCOD informed the rate of production during the experiment, while
sampling of NH4+-N and PO43--P informed the re-release of nutrients
back into the reactor. Alkalinity was sampled once per data collection
day. Samples were centrifuged and filtered through a 0.45 µm filter
before analysis and were refrigerated at 4°C for up to 48 h if analysis
could not occur immediately. Unfiltered sample was collected at the
first sample time of each data collection day and analyzed for total
solids, volatile solids, and total COD, to characterize how these were
consumed over time. Sample was collected for VFA speciation on day
0, 4, and nine to characterize the VFA proportions at the beginning,
middle, and end of the experiment. VFA species analyzed include
butyric acid,malic acid, acetic acid, citric acid, fumaric acid, lactic acid,
propionic acid, pyruvic acid, succinic acid, and tartaric acid. pH and
ORP were monitored continuously to ensure adequate conditions for
fermentation were maintained during the experiment (i.e., ORP at
least below −100, pH near neutral conditions). Representative
information for pH, ORP, and temperature for the major
experimental conditions can be seen in Supplementarys Figure S1-
S8. Details of sample collection and analysis are listed further
in Table 3.

TABLE 2 Summary of fermentation experiments conditions.

RAS only

Test type Biomass Mixing condition VSSt0 (mg/L)

Short SRT RAS RAS–2 days SRT Continuously mixed 3.7 ± 0.1

Short SRT RAS RAS–2 days SRT Intermittent mixing–every 8 h 4.0 ± 0.1

Short SRT RAS RAS–2 days SRT Intermittent mixing–every 24 h 4.2 ± 0.3

Short SRT RAS–high (mixed
liquor suspended solids) MLSS

RAS–2 days SRT Continuously mixed 7.5 ± 0.2

Long SRT RAS RAS–8 days SRT Continuously mixed 3.6 ± 0.1

PS only

PS_Plant 2 PS_Plant 2 Continuously mixed 9.7 ± 0.1

PS_Plant 3 PS_Plant 3a Continuously mixed 38 ± 3

Blend of RAS and PS

Test type Biomass #1 Biomass #2 VSSt0 (mg/L)

PS3-short SRT RAS Blend RAS from Plant 1–2 days SRT (50% in VSS mass) PS-Plant 3a (50% in VSS mass) 6.9 ± 0.1

PS3-short SRT RAS Blend RAS from Plant 1–2 days SRT (10% in VSS mass) PS_Plant 3a (90% in VSS mass) 13 ± 2

PS2-long SRT RAS Blend RAS from Plant 2–8 days SRT (50% in VSS mass) PS_Plant 2 (50% in VSS mass) 6.2 ± 0.1

PS2-long SRT RAS Blend RAS from Plant 2–8 days SRT (10% in VSS mass) PS_Plant 2 (90% in VSS mass) 12.3 ± 0.2

a
Plant 3 Primary Sludge solids were used as surrogate sample of PS, for Plant 1. Plant one primary sludge was not used because of low % solids content.
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3 Results and discussion

Carbon management through hydrolysis and fermentation at WRFFs
refers to the process of managing carbon emissions using hydrolysis and
fermentation at wastewater resource recovery facilities. This process
involves breaking down organic matter in wastewater through
hydrolysis, which produces VFA. The VFA then can either be used as
a substrate for fermentation, producing biogas, which can be used as a
renewable energy source or as a substrate for biological nutrients removal.
This approachnot only helps to reduce carbon emissions but also generates
renewable energy and minimizes waste. The batch fermentation results of
this study are evaluated in the following subsections:

• Impact of solids concentrations and mixing conditions on
RAS fermentation rate, to analyse the influence of the
fermenter operating conditions on the fermentation
performance

• Impact of SRT of the RAS when blended at different ratios
with PS on the fermentation performance

• Impact of SRT of the RAS when blended at different ratios
with PS on fermentation products, including the VFA content
in the COD produced and the nutrients release

• Impact of SRT of the RAS when blended at different ratios
with PS on VFA distribution, focusing on which VFAs are
most abundant and how the distribution changes based on the
different RAS/PS content.

3.1 Impact of solids concentrations and
mixing conditions on RAS fermentation rate

Figure 2A shows the comparison of fermentation rates between
two continuously mixed experiments with short SRT RAS at
different solids concentration (low, 3.8 g/L VSS and high, 7.5 g/L

TABLE 3 Analytical method, probe, or kit used for analysis, frequency of data collection, and preparation for each sample.

Parameter Method Frequency of
sampling

Sample preparation

Total Suspended Solids
(mg/L)

Standard Method Once per daya

Sample analyzed immediately after collection

Volatile Suspended Solids
(mg/L)

Standard Method Once per daya

Total COD (mg/L) Hach DR6000 Once per daya

Digestion with
DRB200

TNT 823

Soluble COD (mg/L) Hach DR6000 3x per daya

Sample centrifuged, filtered, and immediately refrigerated for analysis within 48 h.
Diluted as necessary with DI water for in range measurements

Digestion with
DRB200

Standard Method
5220D

NH4+-N (mgN/L) Hach DR6000;
TNT 832

3x per daya

PO43--P (mgP/L) Hach DR6000;
TNT 845

3x per daya

Alkalinity (mgCaCO3 eq/L) Hach DR6000;
TNT 870

Once per daya

VFA (mg Hac-eq/L) Hach DR6000 3x per daya

Digestion with
DRB200

TNT 872

VFA speciationb (mg/L) HPLC-DAD analysis Once on day 0, 4, and 9 Sample centrifuged, filtered, andrefrigerated. Sent to external lab

pH DPD1 Hach Probe Continuous, 15-min
intervals

Continuous measurements. Probes calibrated and cleaned as required
ORP (mV) DRD1 Hach Probe Continuous, 15-min

intervals

Temperature (°C) DPD1/DRD1 Hach
Probe

Continuous, 15-min
intervals

aMeasurements taken “per day” were taken 3 days per week in the two weeklong experiment (6 total days of data collection during each batch test period).
bVFA, speciation includes butyric, malic, acetic, citric, fumaric, lactic, propionic, pyruvic, succinic, and tartaric acids.
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VSS). This range was chosen as it represents a typical range of RAS
concentrations at a variety of WRRFs with different biological
processes (Metcalf and Eddy, 2013). The findings highlight that
the increase in solids concentration (twice the concentration from
the default condition) did not impact the fermentation rate. Both
scenarios produced instead around 1.5 ± 0.1 mg sCOD/h/gVSS; this
compares well with previous work on RAS fermentation, with ranges
from 0.6 to 2.5 mg sCOD/h/gVSS (WRF 4975 Report). The similar
sCOD yield between the two different concentrations could be
attributed to how the fermentation process is a function of the
solids and its composition rather than concentrations as the
enzymatic hydrolysis of RAS is commonly described by empirical
first-order kinetics (Vavilin et al., 2008). Hydrolysis is usually the
rate limiting step in fermentation (Miron et al., 2000; Guo et al.,
2021) and it involves breaking down complex organic matter in
particulate form into dissolved compounds. Banister and Pretorius,
1998, show analogous results, with similar VFA yields after 6 days of
tests at different solids concentrations. However, they suggested to
limit the solids concentration to approximately 0.5%–2% to avoid
mixing issues and decrease of fermentation performance.

While the first set of experiments focused on understanding the
impact of solids concentration on fermentation rates, the second set
of experiments investigated the impact of mixing conditions. Three
main mixing conditions were tested:

1) Continuous mixing throughout the experiment
2) Intermittent mixing: 10 min of mixing every 8 h of non-mixing
3) Intermittent mixing: 10 min of mixing every 24 h of

non-mixing

In fermentation processes, the pH typically decreases due to the
VFA production in the acidogenesis step. The pH for all three
mixing strategies started at seven and decreased and 16 stabilized to
6. The ORP of the intermittent mixing tests showed a faster decrease
from the initial anoxic conditions (~+50 mV) of RAS to deep and
stable anaerobic conditions (~-450 mV) within 24 h, while it took
48 h for continuously mixed tests to achieve the same ORP. The

faster decrease of ORP for intermittent mixing tests is likely due to
less oxygen intrusion from the pilot surface and could be beneficial
for full scale applications to achieve deep anaerobic conditions at
shorter HRTs. Figure 2B shows the fermentation rate comparison
between the three experiments at different mixing strategies and
same solids concentration. The highest fermentation rate was
achieved under continuously mixed conditions, at around 1.5 ±
0.1 mg sCOD/h/gVSS. On the other hand, the longer the interval
between mixing episodes, the lower the amount of soluble COD
produced. For example, with 24 h non-mixing intervals, the
production was as low as 0.9 ± 0.1 mg sCOD/h/gVSS, which is
40% less than the continuously mixed conditions. The mixing trends
observed in our study align with the findings in the literature, as
mixing is a crucial factor in biomass fermentation; it keeps organic
material suspended and enhances the contact between
microorganisms and substrate (Pfeffer, 1974), as the surface and
transport phenomena are key characteristics of the hydrolysis
process (Vavilin et al., 2008). Gomez et al. (2009) conducted a
study comparing the effects of mixing and static conditions and
found that agitation could improve the performance of the
fermentation system. In another bench-scale investigation by
Danesh and Oleszkiewicz (1997), it was found that a lack of
mixing significantly reduced the amount of VFA-COD generated,
particularly at low temperatures.

3.2 Impact of SRT and RAS/PS blend on
fermentation rate

This section explores the impact of mixing blends of different
feedstocks on fermentation rates. For example, samples of short and
long SRT RAS were blended with PS (see Table 1 in section 2.2). All
the RAS and PS blends tests were performed in continuously mixed
conditions. The pH range for RAS-only experiments was between
six and 8, while for PS-only experiments it ranged from five to 4. In
contrast, the different blends of PS and RAS showed a larger
variation in pH between the experiments, ranging from five to 8.

FIGURE 2
(A) RAS fermentation rate at 24 h with short SRT at different continuously mixed solids concentration; (B) RAS fermentation rate at 24 h with short
SRT at different mixing conditions. The error bars show ± one standard deviation of the duplicate tests.
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Regarding ORP, the RAS experiments achieved consistently deep
fermentative ORP, around −300 mV to −450mV, the PS showed
higher ORP, ranging from anaerobic to deep fermentative
conditions from −150 mV to −200 mV. The blend of PS and
RAS showed ORP ranges from −150 mV to −300 mV. Figure 3
shows the timeseries of the soluble COD yield, expressed as mass of
sCOD produced per unit mass of VSS (mgCOD/gVSS) throughout
the experiment for the different RAS and PS blends, for both short
SRT combinations (Figure 3A) and long SRT combinations
(Figure 3B). Similar results are shown in Ozyildiz et al. (2023)
where different anaerobic hydrolysis rates were observed with
different blends of PS and RAS. It can be noticed that the sCOD
yield is different between the different PS and RAS blend
combinations and between the long and short SRT RAS. Overall,
the highest fermentation rate is achieved around 3 days from the
start of the experiment for all the tests. Higher sCOD yields are
shown in the first week, while the sCOD production largely slows
down in the second week of the test, which compares well to the
bench-scale RAS fermentation results observed by Yuan et al., 2011.

Figure 4 compares the 3-day fermentation rate for the different
RAS (long and short SRT) and PS blends. For the short SRT RAS
blends, the average 3-day fermentation rates ranged from 1.4 ±
0.1 mg sCOD/gVSS/h for RAS only to 2 ± 0.2 mg sCOD/gVSS/h for
50% PS and 50% RAS. For the long SRT RAS blends, the average 3-
day fermentation rates ranged from 0.25 ± 0.1 mg sCOD/gVSS/h for
RAS only to 3.1 ± 0.2 mg sCOD/gVSS/h for 50% PS and 50% RAS.
Overall, the 50/50 ratio was noticed to be the optimum ratio to
maximize soluble COD production, with both RAS types, however a
higher fermentation rate (around 50% higher) was achieved when
longer SRT RAS was combined with PS compared to the short SRT/
PS blends. PS only fermentation rates from both plants were similar
and ranged around 1.8 ± 0.2 mg sCOD/gVSS/h. RAS only
fermentation rates for short SRT RAS was around 1.4 ± 0.2 mg
sCOD/gVSS/h, while for the long SRT RAS, the fermentation rate

was 5 times lower, around 0.25 ± 0.1 mg sCOD/gVSS/h. The lower
fermentation rates observed for long SRT RAS is likely due to the
accumulation of non-biodegradable particulate COD from the
influent and endogenous decay products in the RAS for long
SRT biological systems (WRF 4975 report).

The fermentation performance is driven by the ratio between the
concentration of hydrolysing microorganisms, mainly deriving from
RAS, and the fermentable substrate, which is more available in PS. In
this study, the 50% PS-50% RAS combination represents the optimal
trade-off for both short and long SRT RAS blends. Furthermore, the
lower fermentation rate of PS compared to the blends with RAS may

FIGURE 4
Fermentation rates as function of the PS content at day 3. Note
that long SRT refers to Plant two blend experiments while short SRT
refers to experiments with Plant 1 RAS and Plant three primary sludge.
Plant 3 PS was used as a surrogate for Plant one due to the low %
solids content of Plant 1 PS. The error bars show ± one standard
deviation of the duplicate tests.

FIGURE 3
Time series of the sCOD yield, expressed as mass of sCOD produced per unit of initial mass of VSS (marker represent experimental data points while
lines are trendlines). (A) Comparison of sCOD production between 100% RAS, 100%PS, 50%RAS/50%PS and 10%RAS/90%PS blends with short SRT RAS
from Plant one and PS from Plant 3. PS from Plant threewas used as a surrogate sample of PS because of low% solids content in Plant one primary sludge.
(B) Comparison of sCOD production between 100% RAS, 100%PS, 50%RAS/50%PS and 10%RAS/90%PS blends with long SRT RAS. The error bars
show ± one standard deviation of the duplicate tests.
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be explained by the lower content of hydrolysing bacteria or by the
lower pH of PS (~5) compared to RAS (~6.8–7) and the higher initial
VFA concentration which may exert product inhibition (Wu et al.,
2009; Huang et al., 2018). The potential low pH inhibition of PS
fermentation was likely reflected also by the higher ORP conditions
achieved for PS tests, where the ORP reached anaerobic conditions
but not as deep and fermentative ORP levels as for the RAS
experiments. Continuous fermenter reactors would potentially
show a different pH and ORP range than the batch experiments
of this study; likely, continuous systems would have a narrower span
of variability compared to the batch experiments.

The low fermentation rate observed with long SRT RAS only
could be attributed to the low fermentable substrate available in
proportion to the hydrolysing bacteria. However, when PS is added,
higher fermentation rates are achieved compared to the low SRT
RAS blends because of the broader hydrolysing and fermenting
bacteria population available with longer SRT biomass. Similar
results are presented in the WRF 4975 Report, which focuses on
RAS only fermentation and it shows increased RAS fermentation
rates as the ratio of the RAS SRT to primary clarifier solids removal
efficiency increases. In other words, this entails that:

• with an activated sludge system that operates at short SRT, the
fermentation of only RAS typically shows good fermentation
rates, even when combined with high performing primary
clarification (high primary solids percentage removal via
chemically enhanced primary treatment, primary filtration
or similar).

• with an activated sludge system that operates at long SRT
instead, the fermentation of only RAS typically shows lower
fermentation rates, especially when combined with high
primary clarifier performance. This is because of a typically
lower fermentable substrate content in long SRT RAS.
Therefore, for long SRT activated sludge systems, it would
be beneficial for their RAS fermenters to integrate primary
sludge addition.

Practically speaking, for continuous fermenter reactors the
content and variety of fermenting and hydrolysing bacteria
would be augmented and could result in higher fermentation
rates compared to the tests presented in this study. This is
especially true for PS only fermentation which could have been
likely limited by the content of hydrolysing bacteria in primary
clarifiers. Similarly, the short SRT RAS and PS blend fermentation
tests consistently showed lower rates compared to the long SRT and
PS blends. However, these blends may exhibit higher fermentation
rates in continuous systems due to the limited variety of hydrolyzing
bacteria available in short SRT sludge, as compared to the
enrichment that can be achieved with continuous
fermenter operation.

3.3 Impact of SRT and RAS/PS blend on
fermentation products

Sections 3.1 and 3.2 showed that fermentation of sludge leads to the
production of sCOD through hydrolysis and acidification. Additionally,
the fermentation of PS and RAS results in the release of nitrogen and

phosphorus as the VSS are reduced. To analyse the nutrients’ release
during fermentation, VFA were monitored to characterize the sCOD
content as well as NH4+-N and PO43--P data. Figure 5A shows theVFA
produced as CODover soluble CODproduced at day 3 of fermentation.
Figure 5B instead shows the VFA produced/NH4+-N produced and
VFA produced/PO43--P produced as function of the PS content, at the
two different SRT. For the short SRT RAS blends, the VFA content
ranged from 60% to 65% of the overall soluble COD produced. For the
long SRT RAS blends the VFA content was around 55% of the soluble
COD for the 50/50 and 10/90 ratio while for the RAS only - long SRT
tests it decreased to 20% only. The twoPS tests fromPlant three and two
showed similar VFA/sCOD ratios, around to 60%–65%. These results
highlight how not only the long SRT RAS only is characterized by a
much lower fermentation rate but also that the quality of the sCOD
produced is inferior (lesser content of VFA).

Figure 5B shows similar results regarding the nutrients
release, for short and long SRT blends. A lower release of both
NH4+-N and PO43--P occurs when higher content of PS is
present, while a minimum release occurs with PS only. This is
due to the high content of bacteria in RAS, which typically
contain more nitrogen and phosphorous (nitrogen 2.8%–5.6%
by dry weight and phosphorus 0.5%–1.2% by dry weight) as
shown in Lu et al. (2019) compared to primary sludge solids
(nitrogen 3.4%–4.4% by dry weight and phosphorus 0.6%–1.0%
by dry weight) as shown in Gao et al. (2020). The two types of PS
only tests show different releases of nutrients; this is likely due to
the difference in treatment plant influent composition. One
important thing to note is that for a successful application of
RAS and RAS/PS blend fermentation, the production of VFA is
needed to drive EBPR and denitrification in the mainstream.
However, the release of nitrogen and phosphorus can overwhelm
the process (Vale et al., 2008; Barnard et al., 2011). Therefore,
understanding the perfect trade-off is beneficial for successful
EBPR and denitrification. A practical outcome of this set of
experiments is that PS fermentation may be best suited to
produce additional readily biodegradable carbon for WRRFs
with stringent N and P limits. This would result in lower
nutrients release; if that is not the case, additional processes
are needed to remove nutrients from the fermentate (e.g., struvite
recovery) (Wu and Vaneeckhaute, 2022).

3.4 Impact of SRT and RAS/PS blend on VFA
distribution

The tests conducted in Section 3.3 were also expanded to
investigate the VFA distribution in the VFA produced. Figure 6
shows the most abundant VFA species as fractions of the
VFA produced as function of the PS content. The VFA
fractions are reported as mgCOD equivalent of each VFA
species over the total VFA produced expressed as mgCOD
equivalent. The VFA 24 species were converted to COD
concentration by using the following conversion factors:
1.07 for acetic acid, 1.51 for propionic acid, 1.82 for butyric
acid (Yuan et al., 2011).

Overall, the acetic acid was the most abundant species of
VFA, representing typically 50% of the VFA, followed in
decreasing order by the propionic acid (30%) and butyric acid
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(around 20%). Other VFA species like malic acid, pyruvic acid
and lactic acid were only detected in traces in some of the tests.
Barnard and Abraham, 2006; Vollertsen et al., 2006 show similar
VFA composition, with acetate accounting for majority of VFA
(60%–80%), followed by other volatile organic compounds like
propionate, isobutyrate, and butyrate. Elefsiniotis and Oldham
(1994) found that acetic, propionic, and butyric acids accounted
for 45%, 31% and 9%, respectively, while Coats et al., 2018 found
that acetic acid dominated the VFA production at 42%, followed
by propionic, butyric and valeric acid. The VFA produced from
the RAS fermentation was largely composed of acetic acid (50%
of the overall VFA produced) while the VFA produced by PS
fermentation presented higher levels of propionic acid (around

40% of the overall VFA produced) (Figure 6B). The findings of
these experiments confirm that the distribution of VFA is critical
to determine the best end use of each sludge type fermentation.
Elefsiniotis and Oldham (1994) reported that naturally
produced VFAs serve as an excellent carbon source for
denitrification, and among the various VFA species, acetic
acid was preferred by denitrifiers. Additional research with
studies by Winkler et al. (2011) and Coats et al. (2018) has
highlighted the potential benefits of propionate, demonstrating
improved and stabilized EBPR metrics when a blend of VFA was
used. This would in turn help selecting for phosphate
accumulating organisms (PAO) over glycogen-accumulating
organisms (GAO) (Oehmen et al., 2007; Carvalheira et al.,

FIGURE 5
(A) VFA produced as CODover soluble COD produced at day 3 of fermentation and (B) VFA produced/NH4+-N produced and VFA produced/PO43--
P produced ratios as function of the PS content, at the two different SRT (long and short). Note that long SRT refers to Plant two blend experiments while
short SRT refers to experiments with Plant 1 RAS and Plant three primary sludge. Plant 3 PS was used as a surrogate for Plant one due to the low % solids
content of Plant 1 PS. The error bars show ± one standard deviation of the duplicate tests.

FIGURE 6
Most abundant VFA fractions of the VFA produced as function of the PS content. Each bar is shown as the average ±standard deviation of the
different blends of PS and RAS, grouping together the short and long SRT RAS experiments. The VFA fractions are reported asmgCOD equivalent of each
VFA species over the total VFA produced expressed as mgCOD equivalent. The error bars show ± one standard deviation of the duplicate tests.
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2014; Tchobanoglous et al., 2014; Shen and Zhou, 2016).
Therefore, PS fermentation could be advised given the higher
levels of propionates observed for EBPR, while for
denitrification RAS fermentation may be best suited because
of the higher levels of acetate produced.

4 Conclusion and practical highlights

The purpose of this study was to investigate fermentation
performance through a pilot-scale evaluation and batch
experiments. Key conclusions and considerations are as follows:

• Short SRT RAS fermentation rate was around 1.4 ± 0.2 mg
sCOD/gVSS/h, five times higher than long SRT fermentation
rates, around 0.25 ± 0.1 mg sCOD/gVSS/h.

• The 50/50 PS and RAS blend was the optimal ratio for
maximizing soluble COD production with both RAS types,
but longer SRT RAS combined with PS achieved a higher
fermentation rate (approximately 50% higher) compared to
short SRT/PS blends.

• VFA content ranged from 55% to 65% of the overall soluble
COD produced for the different experiments, except for long
SRT RAS only tests, with 20% only.

• Acetic acid was the most abundant species of VFA,
representing typically 50% of the VFA, followed by
propionic acid (30%) and butyric acid (around 20%).

• PS fermentation could be best suited for EBPR applications
due to the higher levels of propionates observed, while RAS
fermentation may be best suited for denitrification because of
the higher levels of acetate produced.

• Continuous fermenter reactors may have higher fermentation
rates than in this study due to the increased content and
variety of bacteria, particularly for PS-only fermentation,
which may have been limited by low content of
hydrolysing bacteria in primary clarifiers.

Future research will be focused on modelling the different batch
fermentation experiments and calibrating the kinetics parameters,
specifically the hydrolysis rates. An important step will be the review
of the fermentation rates based on the EBPR activity of the RAS
biomass, estimating the COD uptake by PAO bacteria based on the
PO43--P release in the fermentation tests. Furthermore, future efforts
will focus on microbial community analysis of the different
feedstocks and its impact on fermentation performance.
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