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Abstract

Aqueous pyrolysis liquid (APL) is the water-rich by-product of pyrolysis with high organic content;
however, it is too dilute for economical fuel upgrading, so practical applications remain limited. This
study investigates the feasibility of co-digesting hydrolyzed sewage sludge filtrate with APL in high-
rate anaerobic reactors to enhance energy recovery and as a treatment step for APL. Two lab-scale
reactors were operated for >500 days: one fed with filtrate and APL, and a control fed with filtrate
only. Results show that APL can be degraded at loadings up to 0.3 g CODar/L/d (=2.1% w/w)
without severe inhibition, achieving 93% CODar. removal and stable methane production.
Compared to previous studies, this work demonstrates substantially higher APL degradation under
co-digestion conditions. Higher loadings (20.44 g CODarL/L/d) caused inhibition despite recovery
attempts. Microbial analysis revealed a shift from acetoclastic to hydrogenotrophic methanogenesis,
dominated by Methanobacterium and Methanosarcina, alongside enrichment of taxa linked to resistance
to a toxic environment. Measurements of pollutant concentration in effluent indicated partial
degradation of low-molecular-weight polycyclic aromatic hydrocarbons (PAHs) and transformation
of some polyfluoroalkyl substances (PFAS), though most pollutants persisted in effluent. These
findings highlight the potential of high-rate reactors for APL treatment and underscore the need for
strategies such as inoculum acclimation, pretreatment, or additives to achieve industrial-scale
loadings. The study provides insights into microbial resilience, pollutant fate, and operational
considerations for integrated anaerobic digestion—pyrolysis systems.

Keywords: anaerobic digestion; aqueous pyrolysis liquid; resource recovery; microbial dynamics;
pollutant fate; integration technologies

1. Introduction

In recent years, both the academic and industrial sectors have focused on recovering energy and
valuable products from sewage sludge (SS) and other waste streams. To advance the zero-waste goal,
these efforts prioritize responsible production and consumption alongside material reuse and
recovery, and they prohibit releases to air, land, or water that may jeopardize environmental and
human health (Zero Waste Associates, 2013). SS is commonly stabilized through anaerobic digestion
(AD) in municipal wastewater treatment plants. The products of AD are biogas, an energy carrier,
and digestate, a potential soil amendment. Therefore, these two products are considered bioenergy
and biofertilizer with significant values. However, the digestate may have adverse effects on soil due
to the presence of heavy metals and persistent organic pollutants (POPs) (Golovko et al., 2022;
Czatzkowska et al., 2025). Effluent quality is crucial for using AD as the sole technology. According
to the U.S Environmental Protection Agency, Class A (pathogen-free) and B biosolids can be used as
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soil conditioners and to fertilize vegetation, but not on soil restricted for food production (Walker et
al., 1994). Also in the European Union (EU), SS is not on the EU fertilizing products and is regulated
by a 40-year-old regulation (Leino et al., 2025). These regulations are outdated and do not address
emerging pollutants, which pose potential ecological and human health risks, even as a soil amender.
Therefore, new technologies for handling SS that maximize energy recovery and minimize
environmental burden are needed. One of the proposed new technologies is to use pyrolysis as an
additional unit in the SS treatment system.

While AD can effectively break down organic matter, it has difficulty degrading POPs and
various other contaminants. POPs such as polyfluoroalkyl substances (PFAS), polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and dioxins which can be found in SS
(Clarke and Smith, 2011; Lamolinara et al., 2022). Other pollutants found in SS are pharmaceuticals,
antibiotics, personal care products, and microplastics (Gonzalez-Salgado et al., 2020; Estoppey et al.,
2024; Biel-Maeso et al., 2019). These can be partially degraded in AD, where it is reported that 60% of
antibiotics, 30-50% of pesticides and pharmaceuticals, and only 0-25% of POPs are degraded
(Paramonov et al., 2024). In this sense, most of the pollutants will end up in the effluent. A proposition
is to extend the system beyond AD to remove pollutants. Pyrolysis is emerging as a novel method
for SS treatment. The pyrolysis process operates in the absence of air and produces three products:
pyrolysis liquid (PL), pyrolytic gas, and biochar (Al-Rumaihi et al., 2022). It has been found that
pyrolysis at > 400°C reduced POPs in biochar to below the detection limit (Mosko et al., 2021; Buss,
2021; Husek et al.,, 2022). Biochar can thereby serve as a safe substitute for digestate disposal,
providing valuable nutrients (nitrogen, phosphorus, potassium, magnesium, calcium), increasing
soil pH, and improving soil structure through aeration and water infiltration (Hossain et al., 2020).
Research supports using SS biochar as a fertilizer, highlighting the need to ensure its safe production
for soil application.

Integration of AD and pyrolysis is an emerging topic now for pollution removal, volume
reduction of sludge, and to maximize energy recovery by refeeding the PL (Tayibi et al., 2021).
Previous attempts have been made to recycle the PL back to AD, but research has shown inhibition
and high POP concentrations in effluent (Hamalainen et al., 2022; Flatabg et al., 2024). The PL can be
separated into an organic-rich phase (bio-o0il) and a water phase, termed as aqueous pyrolysis liquid
(APL) (Csutoras and Miskolczi, 2024). Bio-oil can be upgraded to fuel-quality by removing water and
corrosive constituents (Shah et al., 2020; Seyedi et al., 2020). APL, on the other hand, has no particular
use due to its high water content, low heating value, and high chemical oxygen demand (COD)
(Seyedi et al., 2021). Research has shown that PAHs, which are formed during pyrolysis, end up in
the bio-oil rather than the APL, which reduces the POP content in APL (Schlederer et al., 2024). PFAS,
on the other hand, can be redistributed according to the pyrolysis carrier gas flow, where
approximately 6-7% will end up in APL, and 2-5% will end up in the bio-oil, respectively, to the
original PFAS concentration in the biosolids (Schlederer et al., 2024). APL contains less undegradable
oil and a lower concentration of POPs than the entire PL, which may make it a better substrate for
AD (Schlederer et al., 2024). However, there are some challenges regarding APL degradation.

Several articles have investigated APL from lignocellulosic material (Zhou et al., 2019; Torri and
Fabbri, 2014), organic fraction of municipal solid waste (Yang et al., 2018a), digestate (Hubner and
Mumme, 2015), corn stover (Uludag-Demirer et al., 2025), corn stalk (Torri and Fabbri, 2014), and
manure (Yu et al., 2020) in AD. These articles show potential for methane production, but also that
APL introduces inhibitors that could have adverse effects depending on the loading. A few articles
report APL from SS in AD. Seyedi et al. (2020) conducted a long-term continuous experiment with
biosolid APL pyrolyzed at 800°C and synthetic primary sludge and found that APL loadings >0.1 g
COD/L/d enabled methane production without inhibition. Zhang et al. (2025) co-digested SS APL in
a continuous system with SS and degraded >73% of the COD in the APL (CODart) to methane.
Schlederer et al. (2024) conducted batch tests with SS APL and found a long adaptation time but
successful APL digestion. The APL can be digested, but there are some challenges related to
inhibition. Inhibitors such as phenols, cresol, styrene, xylene, and nitrogenated organics have been
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reported in the APL (Seyedi et al., 2019; Ghimire et al., 2021). Accordingly, the literature identifies
APL concentration limits for anaerobic digestion, above which adverse effects become pronounced.
Hubner and Mumme (2015) found that APL from cow manure and maize digestate could be
degraded in a batch reactor at <12 g COD/L, yielding 63.4% COD removal, whereas higher COD
loading (30 g COD/L) led to inhibition. Some articles also report a maximum threshold for the entire
SS PL in co-digestion, with 1% v/w (Hamalainen et al., 2022) or a loading of 0.15 g COD/L/d optimal
(Flatabg et al., 2024). Only one article evaluates the threshold SS APL loading in co-digestion (Seyedi
et al., 2020), therefore, there is a lack of research in that field.

Most research is focusing on APL digestion in batch reactors (Hubner and Mumme, 2015;
Uludag-Demirer et al., 2025; Schlederer et al., 2024; Wen et al., 2020; Yang et al., 2018b; Yu et al., 2020)
or in conventional continuous reactors (Seyedi et al., 2020; Torri and Fabbri, 2014; Zhang et al., 2025;
Zhou et al., 2019). Previous studies suggest that there is a clear advantage to choosing a continuous
reactor due to direct evolution, which can tolerate even higher APL loadings (Zhou et al., 2019).
Hamalainen et al. (2022) found that 1% pyrolysis liquid v/w in batch had an adverse effect on the
methane production, while in the continuous system, it slightly increased methane production. Also,
Seyedi et al. (2020) found that continuous systems produced methane at low APL loadings, whereas
batch systems were inhibited. One step further into the acclimation of microbes is to advance toward
high-rate reactors. The advantage of a high-rate reactor is the use of granules, which have been found
to improve resistance to toxic compounds via extracellular polymeric substance (EPS) production
and stratification (Li et al., 2025). EPS production and stratification are essential for pollutant removal
(Melo et al., 2022). To use a high-rate reactor, the feed must be solid-liquid separated, as the reactor
requires low TS. Only one article has experimented with solid/liquid separation, where the solids are
pyrolyzed and the liquid fraction is sent to AD to be co-digested with APL from the pyrolysis process
(Okopi et al., 2024a). This study specifically examines food waste treatment, in which the addition of
APL did not show any inhibitory effect. However, the article does not investigate microbial pathways
and the APL threshold in the digester.

In this study, we evaluate co-processing of the APL produced from pyrolysis of the solid fraction
of hydrolyzed sludge (HS) with the liquid fraction in a high-rate anaerobic reactor. The experiment
is used to investigate the degradation potential and methane production from APL, as well as the
overall treatment efficiency. The study thereby examines the efficiency and degradability of APL in
AD. Attention is also directed to the microbial dynamics in the system to evaluate the possibility of
direct evolution. Effluent quality is also inspected to assess potential pollutants entering the waste
stream. The results of this study can be used to evaluate the potential of high-rate anaerobic systems
for treating complex waste streams such as APL, particularly with respect to microbial resilience,
pollutant removal, and methane production. These findings contribute to future reactor design and
operational strategies for industrial applications involving toxic compounds and POPs.

2. Materials and Methods

In this study, one reactor was fed filtrate and APL, termed the APL-reactor, and one was fed just
filtrate, termed the control reactor.

2.1. Origin of Inoculum, Substrate, and APL

The inoculum was in the form of granules obtained from Biowater Technology AS. It was
sourced from the full-scale HyVAB® biological treatment facility operated by Smaken av Grimstad
AS in Grimstad, Norway. This plant treats wastewater generated primarily from vegetable washing
processes.

The substrate was filtrate from sludge (60/40% SS and food waste) that had undergone thermal
hydrolysis process (THP) at an industrial AD plant. The filtrate was collected and used either directly
from on-site or transported to the laboratory, where it was frozen first. For extracting the filtrate, first,
polymer (Zetag® 7563, cationic polyelectrolyte) at 0.25% w/w in water was prepared and mixed with
the HS at approximately 20% of mass. HS and polymer were mixed manually and filled into a filter
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cloth. The polymer promoted sludge coagulation and improved dewatering. The HS filtrate was
collected in tanks and frozen for further use. Nutrients were added when operational issues occurred
in the reactor. The supplementation included vitamins (1 mL/L), minerals (1 mL/L), and salts (10
mL/L), with detailed compositions described in Sivalingam et al. (2021).

The APL was obtained from Scanship AS and produced by pyrolysis of digested HS from the
industrial AD plant at 700°C. Pyrolysis was performed in a Biogreen® unit, and details of the process
and setup can be found in Flatabg et al. (2023). There are two condensation temperatures: first, above
100°C, and second, under 100°C. In the first condensation, high-boiling-point compounds such as
heavy tars, PAHs, sugars, high-boiling phenolic compounds, and oxygenated organics (Mati et al.,
2022). The second phase is the APL and consists mainly of water and lighter, water-soluble
compounds, such as light oxygenates (acids, aldehydes, ketones, etc.) and low-boiling-point phenolic
compounds (Mati et al., 2022).

2.2. Reactor Design and Operation

2.2.1. Reactor Design

The laboratory AD reactors were made to resemble a 1-meter vertical reactor with a total volume
of 2.3 L. A rubber stopper was placed at the top and bottom to ensure a closed environment, and a 3
cm headspace was maintained for safety. The active volume was 2.05 L, including the volume of the
recycling line. A recycling line was employed to maintain a constant up-flow velocity, keeping
granules suspended. In the initial phase, the recirculation was set to 2.2 m/h. Still, due to high
washout of granules and a significant number of granules being crushed in the recirculation pump
(peristaltic pump), the recirculation speed was lowered to 1.0-1.5 m/h. Variations in the recirculation
speed were due to clogging. The recirculation line takes liquid from the top and pumps it back to the
bottom, where a plastic retention grid prevents larger granules from settling and clogging inlets.
There was also a feed inlet under the retention grid, which also contributed to the upward speed. At
the top of the reactor, a custom-designed plastic solid separator retained the biomass, preventing it
from being sent to the gas/liquid separator. A sampling port for biomass extraction was set 15 cm
above the inlet line. Moreover, the reactor material was polyvinyl chloride (PVC), and the recycled
line was made from nylon. See Figure 1 for the complete schematic of the process.
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Figure 1. Schematic of the laboratory setup, including continuous mixing of filtered hydrolyzed sludge and APL,

which is stored in a refrigerator, feed pump, vertical reactor with a microbial sampling port, recirculation system,
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and solid/liquid separator, a gas/liquid separator, effluent tank, and COz-trap with methane volume measurer,

which is logged.

2.2.2. Feeding System

The prepared substrates were kept refrigerated (4°C) and stirred continuously while being fed
to the reactors through Tygon® and nylon tubes using a peristaltic pump. A timer switch was used
to control the inlet flow through 20 on/off schedules. The substrate COD, the desired organic loading,
and the pump speed adjusted the inflow. Particulate deposition within the tubing led to fouling,
decreasing the effective internal diameter, however, complete occlusion (clogging) events were rare.
Even though the feed was filtered, some solid particles, averaging 1.2% of total solids (TS), remained
in the substrate. Tubes were flushed regularly, often during pump calibration.

2.2.3. Gas/Liquid Separation System and Effluent Protocol

For gas/liquid separation, a 250 mL glass bottle was inverted, with a Tygon® tube for gas and a
nylon tube for effluent. The effluent tube was used to regulate the liquid level inside the separator,
while the gas tube was placed higher. A loop was made on the effluent line to prevent gas from
entering the effluent. Also, the effluent line was immersed in water as an additional gas lock. The
effluent sample was taken directly from the gas/liquid separator.

2.2.4. Methane Gas Monitoring

Biogas generated from the AD reactor was first passed through a carbon dioxide (CO,)
absorption unit containing 3M NaOH. Saturation of the solution was monitored using
thymolphthalein as a pH indicator, and the solution was replaced upon color change. The remaining
gas, primarily methane (approximately 97%), was subsequently directed to a volume displacement
gas counter for quantification. Gas production was continuously monitored and logged every three
minutes via a custom-built data acquisition system developed in LabVIEW.

2.3. Chemical Analysis

A sample of the filtrate HS was taken directly from the substrate storage tanks, and effluent
samples were measured weekly. The samples were analyzed for TS, volatile solids (VS), total COD
(tCOD), and pH. After filtering, the samples were measured for soluble COD (sCOD), total
ammonium nitrogen (TAN), and volatile fatty acids (VFAs) (acetic acid, propionic acid, butyric acid,
iso-butyric acid, valeric acid, isovaleric acid, caproic acid, iso-caproic acid, and heptanoic acid). TS
and VS were determined following the standard procedure outlined in EPA Method 1684 (2001)COD
was determined using a Spectroquant® test kit in accordance with ISO 15705 (2002), with a
measurement range of 500-10,000 mg/L. For filtering, the samples were centrifuged at 10,000 rpm for
10 min, and the supernatant was subsequently filtered through a 0.45 pum filter prior to analysis. TAN
was quantified using a Spectroquant® test kit, following the ISO 23695 standard protocol. The
measurement range of the kit was 4.0-80.0 mg/L. VFAs were analyzed by gas chromatography with
a flame ionization detector and a capillary column, following the procedures and instrumentation
described by Bergland et al. (2015). Free ammonia nitrogen (FAN) was calculated as a relative fraction
of TAN by Equation 1 (Jiang et al., 2019).

107PH
FAN =TAN x (1 +

-1
575597) 1)
10—(0.09013+ £ )

APL was analyzed in another article, in which chemical characteristics were reported in Indrebe
et al. (2026a). For the biogas, composition was measured weekly or every other week. Biogas
composition was measured before the COq-trap to estimate the actual composition and after to
estimate the efficiency of the trap. The gas composition (CO. and CH,) was measured using a gas
chromatograph, as described by Bergland et al. (2015).
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2.3.1. Chemical Analysis of Pollutants

Samples of the effluent and substrate were taken to estimate the POP concentration. Three
samples from the APL reactor were taken on day 424, 508, and 528, where the first one was during a
stable, low APL loading, while the two latter were during the end phase. Only one sample from the
control was taken on day 424, since it remained relatively stable throughout the entire time period.
The samples were measured for PAH and PFAS. PAHs were quantified because they are a known
constraint when integrating PL into AD, with concentrations reported to be 146-fold higher in PL-
added reactors than in the control reactor (Flatabg et al., 2024). PFAS were also measured due to their
recognized significance and associated health concerns. The samples were centrifuged to remove
solids and sent to a laboratory (ALS Global) that conducted the analysis. Only the liquid fraction was
analyzed, as the study targeted dissolved constituents relevant to immediate bioavailability and
inhibition in AD. The accredited methods used by ALS Global are validated for aqueous matrices. 16
PAHSs were extracted using GC-MS or GC-MS/MS according to EPA 8270/ISO 6468 method. 17 PFAS
were extracted using LC-MS/MS according to the method EPA 537. Due to the complex matrix in the
APL sample, no PAH results were obtained. Only one APL gave results on PFAS.

2.4. Microbial Sample

Microbial samples were obtained from the sampling port where 8 samples from the APL-reactor
and 2 samples from the control reactor were sent for analysis. The samples were centrifuged at 4,500
rpm for 30 minutes. The supernatant was discarded, and the pellet was frozen and shipped on dry
ice to DNASense ApS (9920 Aalborg, Denmark). DNA was extracted using the FastDNA SPIN Kit for
Soil, and libraries were prepared using in-house protocols at DNASense. Gene amplicon sequencing
targeting the variable regions V4-V8 (abeV48A) of the 165/185 rRNA gene was performed to
characterize archaeal, bacterial, and eukaryotic communities. Sequence reads were classified using
the MiDAS 5.3 database.

3. Results and Discussion
3.1. Feed and APL Characteristics

3.1.1. HS Filtrate

The COD of the HS filtrate was 22.6 + 3.9 g COD/L, and the TS was 1.2% * 0.23% with a VS/TS
ratio of 88% +4.35%. To prepare the substrate, SS was first treated using THP. The HS was then mixed
with polymer/water solution to dilute it prior to filtration. Studies found that the COD of HS filtrate
after THP was 21.8 g/L (Flatabo & Bergland, 2022) and 27.5 g/L (Indrebe et al., 2026), without
polymer/water addition. This shows that the COD content in the HS filtrate used in the laboratory
experiment falls within the range reported by the industrial system, making the system industrially
relevant. THP is crucial because it enhances dewaterability, removes pathogens, and solubilizes the
substrate through high heat and pressure (Han et al., 2017). The solubilized fats and proteins are
reflected in the sCOD, ammonium, and VFA concentrations (Xue et al., 2015). Hence, the sCOD
concentration increases after the THP process (Hamalainen et al., 2022), but is subsequently diluted
by polymer addition. The TAN concentration was on average 1.2 + 0.6 g/L with a pH of 6.6, which
means that most TAN will not shift toward the inhibitory FAN. Moreover, the phenol concentration
was measured at 69.4 + 17.4 mg/L, which is much lower than 0.5 g/L, reported to cause reactor failure
(Poirier et al., 2016a).

3.1.2. APL

Quantifying APL yield is essential for industrial loading calculations, as it directly determines
volumetric feed rates and COD-based organic loading rate (OLR). With the pilot-scale pyrolysis unit
at 700 °C, 20 min, 85.7% TS with digested HS, assuming that 89% of PL will be fractioned as APL
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(personal communication), approximately 30% w/w APL is produced per kg HS (Flatabg et al., 2023).
These are yield data for digestate pyrolysis, which are assumed to be similar to or slightly higher than
those for undigested SS. A previous study found that digested SS pyrolysis at 650 °C yielded 21.2%
APL, whereas undigested SS pyrolysis yielded 24% APL (Moussa et al., 2025). The APL yield is only
relevant for estimating the targeted amount of APL in the experiment. The fraction of APL in co-
digestion with HS filtrate should be ~2.7% w/w; however, it is likely to be higher in the real scenario.
In the experiment, the aim was to evaluate the relevant loading and to further assess the possible
maximum APL addition.

The COD of APL will differ from that of digested and undigested HS due to the higher organic
content in undigested HS. Moussa et al. (2025) found that undigested SS APL has higher alcohol, acid,
and amide concentrations, and lower hydrocarbons and ester concentrations compared to digested
SS. In addition, the APL of undigested SS has a lower water content than that of digested SS, affecting
the COD value (Moussa et al., 2025). Therefore, the COD of undigested HS might be slightly higher
in a real system compared to that used in the experiment. The COD values of the APLs were 104 g/L
(£3.8) (APL 1) and 167 g/L (+ 121.6) (APL 2), respectively (Indrebg et al., 2026a). APL 1 was collected
through gravitational separation (non-fractional APL). The APL 2 was collected during fractional
condensation and is the most relevant to the industrial system; however, it was not available until
the end of the experiment. The COD concentration of 167 g COD/L resembles previously reported SS
APL pyrolyzed at 800°C with 202 gCOD/L (Seyedi et al., 2020). The other APL has a COD
concentration of 104 g/L and a low standard deviation, which is lower than typical COD
concentrations for similar substrates. It is possible that the storage of APL altered its chemical
structure due to its unstable nature (Schlederer et al., 2024; Mohamed and Li, 2023). In terms of other
components, TAN was the same (2.4 wt.%) for both APLs, but phenol (0.35 wt.%) and total VFAs
(1.2%) in the fractional APL were 2-fold that of the non-fractional APL. For undigested sludge APL,
the TAN concentration is likely lower due to undegraded proteins.

3.2. Reactor Experiment

The results of methane yield, tCOD reduction, and sCOD reduction in the reactors are presented
in Figure 2. The figure also shows the APL loading along the time period.

3.2.1. Phase I

Firstly, only the HS filtrate was digested in both high-rate reactors to adapt the reactors to the
new substrate. Both reactors started (phase I) with an OLR of 1.7 gCOD/L/d and were increased to 3
gCOD/L/d, which was reached on day 42. The hydraulic retention time (HRT) was adjusted to the
desired OLR and was 8 days + 1.8 days. The inoculum was taken from a reactor running on filtrate
from vegetable waste, which is less complex and inhibitory than the HS filtrate. Microbes were
washed out from both the digesters in the beginning (day 0-69), which could be a sign of inhibition
(Yang et al., 2025; Poirier et al., 2016b) or that microbes did not manage to settle in the reactor due to
too high up-flow velocity. The HS filtrate contains elevated ammonium levels and some phenol,
which can be inhibitory to the AD process, especially with an unadapted inoculum (Indrebg et al.,
2025). As a direct result of the wash-out, recycling speed was lowered, and effluent was centrifuged,
and microbes were added back to the reactor to prevent a complete wash-out. However, this was
stopped on day 71 when a solid/liquid separator was added inside the reactor to hinder microbes
from escaping. The separator retained the granules, increasing the COD reduction from 54-58% to
62% while maintaining the same sCOD reduction. There is also an apparent decline in %TS in the
effluent (Fig. S1), which highlights the importance of adequate solid retention systems in the digester.
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Figure 2. Weekly methane yield (grey), weekly tCOD reduction (green), and weekly sCOD reduction (black) for
a) control reactor, which is only fed filtrate from hydrolyzed sludge, and b) APL-reactor fed filtrate and aqueous
pyrolysis liquid (APL). APL loadings (red) are shown in b). b) is divided into phases in accordance with the APL

loadings.

3.2.2. Phase II

On day 132 (phase II), APL was added to the substrate in the APL-digesters, and both reactors
were kept with an OLR of 3 g tCOD/L/d and an HRT of 8 days. The loading was 0.4% w apL/wWsub,
equivalent to 0.05 g CODarL/L/d (COD fraction by the APL in total feed), the same starting point as
Seyedi et al. (2020). This loading was kept until day 265 to make sure that the reactor adapted
completely. There was a drop in tCOD degradation from 190 to 232, attributable to microbial washout
(Fig. S1). It was decided to wait for a consistent degradation and lower effluent wash-out before
continuing the experiment. The APL contains some compounds or pollutants that need further
adaptation. APL includes compounds such as cresol, alcohols, benzene, phenols, styrene, xylene, and
nitrogenated organics, which can inhibit methane production (Seyedi et al., 2019). Also, POPs such
as PFAS inhibit methane production from VFAs (a 36-46% reduction) (Silva et al., 2022). These
compounds requires time for adaptation and for possible degradation.

From day 132-185, calculations show that 100% of the APL’s COD was degraded. During the
period 186-223, only 38% of the APL was degraded, indicating some inhibition. Vitamins, minerals,
and salt were added on day 210 to improve digestion and reduce washout. Estimating the APL
degradation is based on the COD reduction of the HS filtrate from the control reactor, which was
suggested by Flatabe et al. (2024). Although this calculation is sensitive to COD variations in feed
and in the reactor, it gives valuable insight into the APL degradation.

3.2.3. Phase III- VI, Ramp-Up
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A ramp-up was started on day 266 (phase III), where the reactor was given an APL of 0.08
gCODar/L/d (=0.8 % warL/wsw) (a complete overview of the ramp-up stages is given in Table S1).
Each step was more than 2 HRTs (2x HRT = ~16 days) to allow adequate time to adapt to higher
inhibitor concentrations. Calculations showed that 100% of the COD in the APL was digested at 0.08
g CODarL/L/d (phase III), 98% at 0.1 g CODart/L/d (0.9% warL/wsuw) (phase IV), and 73% during 0.13
g CODart/L/d (0.9% warL/wsw) (phase IV). However, at 0.17 g CODart/L/d (1.1% warL/wsw) (phase
V), the APL digestion dropped to 53% even though COD reductions and gas yields were high, and
the %TS was only slightly higher than from the last loading (0.41% to 0.54%). This was likely due to
some inhibition in the reactor. However, the APL digestion recovered to >60%, and it was decided to
proceed to 0.19 g CODar/L/d (1.25% warL/wsw) (phase V), where the CODarL reduction was 80%.
Since reactor performance was improving, it was decided to increase APL loading to 0.33 g COD/L/d
(phase IV) to investigate the impact of sudden high loadings and to identify microbes' tolerance. At
this loading (day 423-437), the COD reductions remained high, but the gas yield decreased. Using
gas yield as a parameter was challenging because gas could escape into the effluent, as reported on
day 415. Recovering from this situation proved difficult, and some gas likely continued to escape into
the effluent even after the problem was addressed. Even the control reactor exhibited varying gas
yields during the experiment, underscoring the challenges posed by this parameter. This issue was
reported by Indrebg et al. (2026a) and Flatabg et al. (2024), underscoring the limitations of gas volume
measurement by water displacement in continuous systems. However, real-time monitoring of
reactor performance is an effective way to detect issues rapidly. Since the gas yield was decreasing,
vitamins, minerals, and salt were added on day 424.

3.2.4. Phase VII

The next APL loading was 2.9% wart/wsw (phase VII), equivalent to a loading of 0.44 g
CODari/L/d, which was the industrial loading, meaning that all APL could be transferred to AD.
During this loading, COD reductions and gas yield dropped. One thing to note is that some NaOH
entered the system on day 446 due to underpressure from a rupture in the recirculation line. It is
probable that the microbes were severely inhibited and died, with dead microbes going to the effluent
(1.36% TS, Fig. S1), and some entered the recirculation line and clogged it. The drops in COD
reduction and gas yield happened before the accident, where only 19% of APL was degraded. The
reactor was not stopped when this accident occurred, as it had happened in a previous test, and it
recovered after just a few days. To alleviate some of the APL stress, the reactor was only fed HS
filtrate for a couple of days (not shown in the figure for simplicity), and vitamins, minerals, and salt
were added. There were signs of recovery, with gas yield and COD reduction slowly increasing.
However, the recovery process was slow, so to accelerate it, 30% of the APL-reactor volume was
removed and replaced with volume from the control reactor on day 486. It managed to recover but
did not reach the same efficiency as in the previous stages. A new APL (APL 2) was used on day 497,
as the previous one had been depleted. First, only 2.2% fractional APL, equivalent to 0.6 g
CODari/L/d, was used. The CODarL reduction was on average 31.3%, but reached >60% at the end of
the loading. This APL has previously been found to be less inhibiting than the first one (Indrebg et
al., 2026a); therefore, it was interesting to increase the loading higher and even beyond what was
already tested. In this final attempt, a 4.2% wart/wsu (or 1.3 g CODari/L/d) was tested, resulting in
decreased COD reduction and gas yield, ultimately leading to complete inhibition. Although APL 2
was found to be less inhibitory, more time was needed to adapt to the high loading.

3.2.5. Reactor Comparison

The pH of the APL-reactor was on average 8.2 (Fig. S52) and was 2% higher than the control
reactor, which is due to the high pH in APL. Methanogenesis has an optimal pH range of 6.6-7.8 (Fu
et al,, 2021), however, the APL-reactor managed to have VFA reduction suggesting that the pH did
not disrupt methane production. The APL-reactor also had a higher methane content in the biogas,
averaging 76%, which is 1.4% higher than the control reactor (Fig. S3). At higher APL loadings
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(<0.85% warL/wsub), the methane content increased further by 2.2%. These findings align with
previous simulations, which found that PL addition increases the partial pressure of methane and
pH (Indrebg et al., 2025). Compared with the control reactor, the TAN concentration increased by
only 1% in the APL-reactor, whereas the FAN concentration increased by 41% (Fig. S54), indicating
the inhibitory potential of APL. Previous articles have found that FAN is the greatest issue with
digested SS APL in AD (Indrebg et al., 2025; Flatabg et al., 2024). During APL loading at 2.9%, there
was a drop in COD reduction, while FAN remained low, suggesting other inhibitors. This shows that
there is no clear sign of FAN inhibition, but maybe others that are toxic alone or in synergy (Seyedi
et al., 2019).

Low COD reductions and gas yield can indicate inhibition, whereas high microbial washout
signals instability. For both reactors, there was an acclimatization period for the granules to adapt to
the filtrate, which lasted for 125 days after APL addition. This highlights that the granules were not
adapted to the APL mixed feed but managed to adapt. In the remaining experiment, the %TS in
effluent remained low, but was slightly higher in the control reactor. This also shows that even the
HS filtrate inhibited the granules. The TS spiked to 2.4% after the accident on day 446, which clearly
shows the inhibition level, which could be an indirect result of APL addition.

3.3. Microbial Dynamics

The addition of APL can alter the microbial dynamics, and it is crucial to understand how these
changes affect process stability, methane yield, and the resilience of key functional groups. The
control reactor will be analyzed at two points, and the APL reactor at eight points (see Fig. 3).

3.3.1. Control Reactor

The first sample was taken on day 123, which was at the appropriate OLR used for the rest of
the experiment, and was used as a comparison with the APL-digester before APL addition. The
second sample was on day 531, which was at the end of the experiment. The microbial diversity
decreased over time despite stable operating conditions. The Shannon index declined from 3.5 on day
123 to 2.3 on day 531, accompanied by a reduction in Operational taxonomic unit (OTU) richness (116
to 77) and evenness (0.74 to 0.54) (Tab. S2). This indicates a shift toward a more specialized and
uneven community dominated by a few taxa. However, Simpson’s index remained unchanged (1.7),
suggesting that while overall diversity diminished, the dominant functional groups persisted,
maintaining process stability. Such community simplification is typical in long-term AD, where
adaptation to consistent substrates favors highly efficient degraders and methanogens
(Vanwonterghem et al., 2014).

Within the bacterial phylum, on day 123, the community was dominated by Bacteroidota (18.6%)
and Firmicutes (12.2%), with the remaining taxa present at <5%. On day 531, all bacterial phyla
declined in relative abundance such as Bacteroidota (13.2%) and Firmicutes (5.6%). On a genus level,
midas_g_410 (10.0%), Christensenellaceae_R-7_group (5.4%), and Pir4_lineage (5.2%) were the most
abundant on day 123. While on day 531, these genuses were suppressed, and midas_g_1227 went from
0% on day 123 to 8.6% on the last day. Both midas_g 410 and midas_g 1227 are in the phylum
Bacteroidota, which are specialized in breaking down organic matter such as polysaccharides,
proteins, and lipids into simpler compounds through the production of extracellular enzymes
(McKee et al., 2021).

For the archaea community, it is evident that they dominate the reactor at the end of the
experiment, from 51.5% relative dominance to 73.4%. However, the population of Halobacterota
decreased from 37.1% to 29.3%, while that of Euryarchaeota increased from 13.7% to 44%, indicating
a shift in microbial dynamics. At the genus level, Methanosarcina is initially present (32.4%) and at the
end (29%). Methanobacterium is the most abundant in the end from 13.7% to 44.0%, showing that
methane production occurs via the hydrogenotrophic pathway. This shift to hydrogenotrophic
methanogens can occur during high inhibition levels, especially during high FAN inhibition. The ICso
of FAN on acetolactic methanogens is 123 mg N/L, suggesting that this pathway is not viable as the
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average FAN in the reactor is 268 mg/L (Wang et al., 2022). The relative abundance of methanogens
increases over time, along with low VFAs, suggesting steady-state digestion and improved methane
production (Vanwonterghem et al., 2014).

Halobacterota
Euryarchaeota 15.8 43 . g ! b 28.2
Firmicutes 11.8 6.5 8.7 18.2 117 17.6 19.5 10.7 12.2 5.6
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Bacteroidota b p ! h . ! g 8.9 18.6 13.2
Actinobacteriota 1.8 11
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Figure 3. Relative abundance of microbial taxa across samples (APL-reactor and control-reactor). The top
heatmap shows distribution at the phylum level, while the bottom heatmap details the corresponding genus-
level composition within those phyla. Warmer colors indicate higher relative abundance, highlighting dominant

groups. Only >1% relative abundance is shown.

3.3.2. APL Reactor

Microbial diversity in the digester exhibited notable fluctuations over time. The sample from
day 123 (phase I) was before APL addition, and showed moderate diversity (Shannon index = 2.44),
relatively low evenness (0.55), and moderate richness (OTU=86) (Tab S3). This suggests that the
system is still in an adaptation phase. Simpson’s index was at the lowest point (1.29), indicating a
dominance of a few taxa. The sample from day 213 (phase II) showed that APL addition caused a
sharp reduction in richness (OTU=48), but evenness improved. Day 336 and 396 (phase IV), there is
a moderate richness (OTU=68 (both)), higher diversity (Shannon=2.78 and 2.75, respectively), and
higher evenness (0.66 and 0.65, respectively), suggesting adaptation. Shannon (2.81) and OTU (73)
increased slightly, while evenness remained stable on day 426 (start of phase V), indicating well-
distributed taxa and adaptation. On day 486, the reactor entered a recovery phase. To stabilize
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performance, 30% of the reactor content was removed and replaced with biomass from the control
reactor. Samples were collected immediately before and after reinoculation to assess the impact on
microbial community structure. Before reinoculation, evenness (0.59) and Shannon (2.57) were
reduced, indicating a less balanced, less diverse reactor, reflecting the stressed environment. After
reinoculation, the OTU increased by 21 (OTU=98), and evenness (0.63) and Shannon (2.88) increased,
indicating a more diverse microbial community. On the last day, the OTU decreased to 80, Shannon
to 2.31, and evenness to 0.53, showing low evenness and diversity. The mapped reads were also the
lowest, showing a drop in sequencing depth or microbial abundance. Simpson’s index was calculated
to be 1.44, which was much lower than previously 1.91, indicating dominance of a few taxa.

For the bacterial phylum, the Firmicutes (11.8%), Chloroflexi (7.3%), and Bacteroidota (3.8%)
dominated initially (phase I). Firmicutes are known for breaking down complex polymers (Zhang et
al., 2024b), Chloroflexi participate in hydrolysis (Petriglieri et al., 2018), and Bacteroidota are
specialized in degrading polysaccharides and proteins (Chen et al., 2016). Previous studies found that
Firmicutes/Bacteroidota was a good indicator of process stability, where high levels show stable
operation (Chen et al., 2016). This suggests that the AD reactor was stable before the APL was added,
as evidenced by methane production and COD removal. When APL was added (phase II), there was
a drop of Firmicutes (6.5%), Cholorflexi (6.5%), and Bacteroidota (2.3%) while there was a rise in
Proteobacteria (30.9%). In phase IV, the Proteobacteria are absent while Firmicutes and Bacteroidota
dominate. Proteobacteria dominate again in phase V (22.2%), but remains low in the subsequent
phases. Firmicutes and Proteobacteria are the major phyla in the subsequent steps. Among the most
interesting genuses are Christensenellaceae_R-7_group which are often linked to syntrophic
interactions with hydrogenotrophic methanogens (Ruaud et al., 2020). Also, Pshychrobacter were
abundant in phase Il and V, and has been found to be involved in aromatic compound transformation
(Prem et al., 2020).

For the methanogenic culture, only two phylum were detected: Halobacterota and
Euryarchaeota. These two phyla accounted for more than 50% of the reactor's microbial community,
with the lowest being 51% on day 213 (phase II), the first sample taken after APL addition. Initially,
Methanosarcina dominated (53.9%), but decreased until day 396 (16.6%). Methanobacterium
outcompeted with Methanosarcina and reached 39.9% on day 396. Methanosarcina can utilize both
acetate and hydrogen for methane production, while Methanobacterium only utilize hydrogen (Boone
et al., 1993). This suggests that the reactor was hydrogenotrophic. In the subsequent days, both
microorganisms were present, where Methanosarcina had a slightly higher abundance. This suggests
that both acetolactic and hydrogenotrophic methanogenesis occurred simultaneously.

3.3.3. Discussion on microbial dynamics

On day 123, a sample was collected to compare the microbial communities of the reactors before
APL addition. The results showed a significant difference: the APL reactor was predominantly
dominated by methanogens, comprising 70.2% of its microbial population, while the control reactor
had a lower proportion of methanogens at 50.9%. Both reactors produce methane partially by the
hydrogenotrophic pathway through the Methanobacterium. However, most methane production
comes from Methanosarcina, which has the highest abundance. Since no known syntrophic acetate-
oxidizing bacteria (SAOB) were detected and the VFA concentration was low, the main cleavage
pathway is acetogenesis (Jiang et al., 2022). There are also differences in the bacterial structure, such
as the high abundance of Bacteroidota in the control (18.6%) compared to the APL digester (3.8%).

The reactor’'s main methanogenic pathway shifted gradually from acetogenic to
hydrogenotrophic on day 396. The bacteria midas_g_1227 went from being absent to being one of the
more abundant on day 336 (11.8%) and 396 (15.6%). It is seen that this microbe increases with the
abundance of hydrogenotrophic methanogens. This pattern was also seen in the last control sample,
where the hydrogenotrophic population dominated. During sampling periods, the VFAs remained
low, which suggests that SAOBs were involved in producing hydrogen or formate for
hydrogenotrophs. Midas_g_1227 is found in >170 full-scale anaerobic digesters around the world, it
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is considered a globally prevalent and functionally important taxon within AD microbiomes
(Dueholm et al., 2024). However, no data were found on its functions, but it is likely that, based on
this study, it is involved in syntrophic or hydrogenotrophic functions.

This study found that Methanosarcina dominated alongside Methanobacterium, which was
expected since these microbes are more robust and resilient than the widely known Methanothrix.
Methanosarcina often dominates in digesters treating high TAN/FAN, high salt concentrations, high
pH, and high acetate concentrations (De Vrieze et al., 2012; Chellapandi and Saranya, 2024). There
was a shift from Methanosarcina to Methanobacterium for the APL reactor, which is most likely due to
the increase of TAN (>3 g N/L), which partially inhibits Methanosarcina. A shift back to Methanosarcina
is seen when the TAN concentration goes down (~2.5 gN/L). A previous study has also found that
TAN concentration >3g/L shifts the methanogenic pathway to hydrogenotrophic (Oliveira et al.,
2025). Yu et al. (2020) also found that Methanosarcina dominated when digesting lignocellulosic APL
mixed with swine manure. In that study, the TAN was around 2 g N/L, which emphasizes the
hypothesis that Methanosarcina thrives below 2.5 g N/L. Other articles found that Methanothrix were
dominating the digester during APL feeding (Seyedi et al., 2020; Zhou et al., 2019). Seyedi et al. (2020)
analyzed the short-term (<50 days) microbial community during APL digestion of biosolids and
found that methane production occurred via the acetoclastic pathway. However, an unknown
archaea was detected in the sample after APL addition, which could be a more robust archaea or
possibly a hydrogen-utilizing archaea. Another article also found that Methanothrix dominated in the
beginning, but was reduced, and the hydrogenotrophic methanogen, Methanolinea, gradually
dominated in the end (Zhou et al., 2019). Previous articles suggest that the APL gradually shifts the
microbial community, either partially or dominantly, toward a hydrogenotrophic community, which
aligns with this study.

On a bacterial level, previous research found that Firmicutes and Bacteroidetes were dominating
(Yu et al., 2020; Seyedi et al., 2020). In particular, the class Clostridia (phylum Firmicutes) was
dominant, as observed in the reactor in this study (Yu et al., 2020). The Clostridia population ranged
from 1.7 t016.1% across all samples. Clostridia have been found to play a critical role in AD recovery
after ammonia inhibition, because of their ability to ferment protein and amino acid and their
resilience to stress (spore-forming bacteria) (Chen et al., 2018). Other interesting bacterial genera are
Pseudomonas, which have been found to degrade PFAS by secreting specific enzymes that can break
the C-F bond (Ye et al., 2025). This genus has also been shown to degrade PAHs by producing
biosurfactants and oxidizing aromatic rings via dioxygenases (Chen et al., 2023). Tests with this strain
are commonly found in pure culture tests, and limited information is found on mixed culture.
However, this is an interesting observation as Pseudomonas peaks during inhibition (day 486).

3.4. Effluent Pollutants

Effluents from AD processes are typically monitored to ensure compliance with discharge
requirements, especially when directed to a wastewater treatment plant. More attention converges
toward POPs in the discharge from SS treatment. In this study, only PAH and PFAS were measured
in effluents and substrates after centrifugation. The APLs are complex mixtures, and only the PFAS
were measured in APL 2. However, POPs are highly recalcitrant; therefore, it is assumed that not all
of them are biologically degraded. Results from the laboratory analysis of 16-PAHs and 17-PFAS are
presented in Table 1. Values in Table 1 are either given in measured concentrations and/or with the
highest possible value, including the limit of quantification.

Table 1. Concentrations of the sum of 16 PAHs and 17 PFAS in HS-liquid, APL, control reactor effluent, and
APL-reactor effluent across selected sampling days (pg/L). Values in parentheses indicate estimated

concentrations below quantification.

Sum of 16 PAHs
Day 424~ Day 508® | Day 528
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HS-liquid (pg/L) 0.14 (<0.46)

APL (pg/L) 1609.8 627.6 980.8

Control reactor (pg/L) <0.095

APL-reactor effluent (ug/L) | 34.9 (<39.0) | 15.5(<17.0) | 58 (65.9)
Sum of 17 PFAS

HS-liquid (pg/L) 0 (<1.7)

APL (non-fractional) (ug/L) 2.3 (<5.5)

Control reactor (pg/L) 0 (<1.7)

APL-reactor (ug/L) 0 (<1.9) 0 (<1.9) 0 (<1.9)

2 Using APL 1: From gravitational condensation.
b Using APL 2: fractional condensation.

Only naphthalene was measured in the HS (0.14 ug/L), but it was found to be <0.03 pg/L in the
control effluent (Tab. S4). This is a 79% reduction of naphthalene in the reactor. Previous studies have
also demonstrated that low-molecular-weight PAHs, such as naphthalene, can be degraded during
AD (Christensen et al., 2004; Meckenstock et al., 2004). Thermodynamic calculations indicated that
the feasibility of PAH degradation under methanogenic conditions has been linked to the presence
of hydrogenotrophic microbes (Christensen et al., 2004). Hydrogenotrophic microbes have been
detected in the reactor, which makes a favorable environment for PAH degradation.

The PAH concentration in the APLs was estimated and found to be significantly higher on day
424 (1609.8 ug/L) than on the following days (627.6 and 980.8 ug/L). This indicates that the APL 1,
from non-fractional condensation, used on day 424 has a much higher composition of PAHs than
APL 2, from fractional condensation, due to the different separation techniques. According to
Schlederer et al. (2024), PAHs end up in the oil phase rather than the APL. It was expected that the
non-fractional APL would contain PAH, since the APL can be inhomogeneous and may contain oil
fractions. However, it was expected that the fractional APL would contain a lower concentration of
PAHs because there is a better separation technique. Previous studies reported that 3591 mg PAH-
16/kg was present throughout the PL of digested HS at 700°C (Sermo et al., 2024). The article also
showed that there was limited separation between APL and tar (Sermo et al., 2024). However, some
separation was observed in the current study due to aging, but the separation of PAHs was
insufficient. Approximately 45% of the PAHs of the total PL ended up in the non-fractional APL.
While >27% ended up in the fractional APL. However, the calculated PAH (presented in Tab. 1)
assumed that the HS filtrate is the same for all samples; the detection limit was used as the highest
value, and no PAH degradation. It is worth noting that the amount of APL used on day 508 was
lower than on day 528. This can be due to the degradation of PAH during AD. A study found that
some PAHs were degraded during AD in a continuous stirred tank reactor (CSTR): fluoranthene (22%
reduction), Benzo(b)fluoranthene (6% reduction), and Benzo(a)pyrene (18% reduction) (Aemig et al.,
2019). It is possible to degrade PAHSs in AD; however, the compound’s ring number is related to the
degradation rate (Heker et al., 2025). More research on granule adaptation and PAH degradation is
needed to establish the feasibility of a high-rate reactor system.

For PFAS removal, HS filtrate and all effluent samples were below the detection limit (0.1 pg/L).
Non-fractional APL gave a measurement of PFAS of 2.3 ug/L. Perfluorohexanoic acid (PFHxA),
Perfluoroheptanoic acid (PFHpA), Perfluorooctanoic acid (PFOA), Perfluorononanoic acid (PFNA),
Perfluorodecanoic acid (PFDA), and 6:2 Fluorotelomer sulfonate (6:2 FTS) were successfully
measured in the APL. Based on mass balances, PFHxA was reduced by 14-16% on day 424, and was
reduced by 40% on day 528. On days 424 and 508, PFHpA and PFOA were increased by 5-7%, while
PFNA, PFDA, and 6:2 FTS were increased by 15%. On day 528, PFHpA and PFOA were reduced by
4-5% while PFNA, PFDA, 6:2 FTS were increased by 17-18%. Studies show that PFAS does not
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degrade during conventional biological processes such as AD (Liu and Charbonnet, 2025). Instead,
negative removal efficiencies have been observed, as seen in the present study, due to precursor
transformation (Liu and Charbonnet, 2025).

Only one study examines PAH and PFAS in an AD-Py integrated system and its removal, and
found a 12% reduction of PAH when HS was mixed with PL (Flatabg et al., 2024). The study also
found a 4% reduction in PFAS (Flatabgo et al., 2024). In the present study, there were no absolute
reduction values due to values lower than the detection limit or limited data. However, based on
previous research and findings in this study, PAHs and PFAS will remain in the effluent partly
undegraded. Smaller PAH compounds can be degraded, while some of the PFAS can be transformed.
The data presented in this study can be used to evaluate if the PFAS and PAHs are within the limits
for reject water disposal when filtrate and APL are mixed. Strategies for PFAS and PAH removal
should be explored for enhancing POP removal. Biochar can be an effective approach to sorb PAH
(Shi et al., 2023) and PFAS (Sermo et al., 2021; Liang et al., 2024).

3.5. APL Digestion

The results show that mixing the non-fractional APL at 2.1% warr/wsu, 0.3 g CODart/L/d in co-
digestion with HS filtrate did not inhibit methane production. During this period, pH remained stable
around 8.1, with low effluent TS, and low VFA concentration in the effluent (Tab. S1). However, the
reactor managed even higher loadings of 2.9%, even though the COD reduction decreased initially;
it recovered slightly on its own after the reactor's accident. With the second APL, it is probable that
the 2.2% w/w, 0.6 g CODart/L/d, could be possible with a longer adaptation period. At a load of 4.2%,
complete inhibition was observed.

A previous study also examined biosolid APL adaptation in a long-term (>500 days) CSTR
experiment co-digesting synthetic feed (Seyedi et al., 2020). The approach was similar to this study,
where there was a set OLR and the APL was added as a COD fraction of the total feed, which was
stepwise increased. During 0.06-0.1 g CODart/L/d, stoichiometric calculations showed that APL was
degraded for methane production. Ata g CODart/L/d of 0.25-0.5, there were indications of inhibition,
and methane production ceased (Seyedi et al., 2020). The reactor recovered without APL addition
and was reintroduced at 0.3 g COD/L/d, showing no inhibition. In the current study, 0.3 g COD/L/d
showed high APL degradation and no inhibition. This shows that APL can be degraded at loadings
higher than those reported by Seyedi et al. (2020). Another study used PL from SS digestate in co-
digestion with HS and found that the loading was capped at 0.15 g CODrL/L/d (Flatabg et al., 2024).
Hamalainen et al. (2022) co-digested HS with PL from digestate and found that a 1% v/w feed
(equivalent to 0.12 g COD/L/d) was appropriate and did not affect methane yield or digestate
characteristics. PL contains some additional compounds in the organic fraction, which intensifies the
toxicity compared to just the APL (Seyedi et al., 2021). In a recent study with fractional APL of
digested SS, the loading was capped to 0.2 g CODart/L/d (2.4% wart/wsuw) (Indrebg et al., 2026a). In
the current study, it is shown that the APL degradability in another reactor setup increased the APL
loading capacity to 0.3 g COD/L/d.

APL degradation is a critical parameter for evaluating the feasibility utilizing AD for APL
treatment. This study found that 93% of the APL’s COD was possible to digest at the 0.3 g
CODari/L/d. This is calculated as the amount of APL remaining in the effluent after subtracting the
amount of HS filtrate sCOD degraded in the control reactor. This implies that differences between
APL- and control-reactor can have implications. However, sCOD is considered the more stable
parameter in the reactor and should be representative of the substrate's degradability, as it is readily
degradable. Compared with other studies, Seyedi et al. (2020) found that 0.1 g COD/L/d achieved the
theoretical stoichiometric maximum daily methane production, indicating that APL was successfully
degraded at this loading. Another article found that 56.9% and 36.9% COD removal was achieved
with APL from digestate at the pyrolysis temperatures 330°C and 530°C, respectively, in batch tests
(Hubner and Mumme, 2015). A few articles state CODarL reduction, since it is a complex parameter
to evaluate. Previously, a 21% PL COD reduction was estimated, but it was highlighted that such
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simplifications can be challenging as they do not account for COD reduction variations from the co-
feed (Flatabo et al., 2024). In general, this study shows higher APL degradation than in previous
articles. This suggests that the APL was more bioavailable, probably because it was mixed only with
filtrate, which limits adsorption onto sludge.

3.6. Industrial Relevance

The reactor setup has been evaluated as one of the most critical decisions. Co-digesting APL in
batch reactors has been found to be more inhibiting than in semi-continuous systems (Hamalainen et
al., 2022). Continuous systems can prevent shock loadings of toxic compounds, dilute them, and
support microbial acclimatization (Li et al.,, 2024). Therefore, continuous systems should be
prioritized, with further improvement. One drawback of a conventional CSTR is its low solid
retention time (SRT), which allows microbes to escape with the effluent. In high-rate anaerobic
reactors, the decoupling of solid retention time (SRT) and HRT allows microbial communities to
remain in the system longer, thereby increasing their exposure to inhibitory compounds and
promoting adaptation and resilience under toxic conditions (Lee et al., 2025; Seyedi et al., 2021).There
is adaptation to the high TAN/FAN contractions in the system through methanogenic shifts and also
identification on specific genera in the system. TAN/FAN has been identified as the main inhibitor in
the system, and the system’s inoculum should be adapted to this prior to feeding.

Solid/liquid separation of SS prior to pyrolysis and AD is a novel treatment method and allows
optimal utilization of both fractions. The liquid consists of easily degradable organics, while the solids
contain recalcitrant material, which can be unsuitable for AD. APL from pyrolysis of the solid fraction
will contain certain POPs that are introduced into the system. The hypothesis is that POPs are more
bioavailable without any sludge, as POPs sorb onto sludge matter and reduce their bioavailability
(Barret et al., 2010; Aemig et al., 2016). It is evident that the APL is more bioavailable in the high-rate
reactor based on COD removal compared to other reactor types, making solid/liquid separation more
attractive. Previously, Indrebg et al. (2026b) found that this system treating SS showed the lowest
climate benefits among technologies such as AD, pyrolysis, and AD-Py due to lower biogas
production and POPs in the effluent. However, Okopi et al. (2024b) found that solid/liquid separation
followed by AD/Py was the most beneficial, compared with AD, pyrolysis, and ADCo-incineration,
for food waste treatment. Another study by the same author also found that ADCo-Py was more
energetically and economically feasible as well; pyrolysis and ADCo-incineration require 3.8 and 2.8
times more energy (Okopi et al., 2024a). This suggests that the ADCo-Py system outlined in this study
can potentially be more sustainable, energetically, and economically more feasible than other
treatment methods. The same authors also examined solid/liquid separation of food waste and
compared filtrate and filtrate + APL from food waste AD and pyrolysis (Okopi et al., 2024a). This
article found that the APL+filtrate exhibited almost the same methane yield as just filtrate, suggesting
that APL did not pose severe inhibition.

In the ADCo-Py process, it is possible to skip the THP, even though the dewaterability of the
sludge will decrease, it will save energy, and avoid steam dilution. One of the critical parameters is
the VS/TS in the raw sludge, where a VS/TS >63% favors pyrolysis, while an integrated system favors
feed in the range of 61-63% (Li and Feng, 2018). AD is the best strategy for SS treatment due to no
energy or material expenditure for drying and pyrolysis (Li and Feng, 2018). However, standalone
AD will be difficult in the future due to POP regulations. Recommended strategy is therefore to avoid
processes that dilute the raw sludge. Future research should look into the techno-economic
perspective of the ADCo-Py (with or without APL recycling) systems for SS treatment.

In the current study, APL degradation has been shown at a higher loading than previously
reported. However, the APL loading of 2.1-2.2% w/w is lower than the 2.7% w/w needed in an
industrial setting where all SS is pyrolyzed. The experiment shows that the industrial loading was
not achievable without inhibiting methane production. Strategies to improve APL digestion should
be investigated. One strategy is to use acclimated inoculum, such as a methanogenic culture from
reactors treating complex wastewater with high FAN concentration. Other strategies include altering
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the pyrolysis conditions. Studies have shown that lower pyrolysis temperatures are beneficial for
digestion (Zhang et al., 2024a; Hubner and Mumme, 2015; Zhang et al., 2025). It is also possible to
alter the moisture content of the pyrolysis infeed, where a lower moisture content has shown less
toxicity (Zhang et al., 2024a). Another strategy is to pretreat the APL or use biochar or other additives
in the reactor. Zhang et al. (2024a) found that overliming alleviated inhibition and increased biogas
production by 32-fold compared to untreated APL. Pre-ozonation has also proven to decrease toxicity
on APL derived from municipal wastewater solids pyrolyzed at 700°C (Seyedi et al., 2024). Biochar
as an additive to AD has been shown to mitigate APL inhibition (Uludag-Demirer et al., 2025; Torri
and Fabbri, 2014; Wen et al., 2020).

Conclusions

High-rate anaerobic reactors demonstrate promising potential for co-digesting HS filtrate and
APL, achieving high COD removal and methane recovery at moderate APL loadings. The system
tolerated up to 0.3 g CODarL/L/d without severe inhibition, outperforming previously reported
thresholds. However, industrial-scale loadings (20.44 g CODart/L/d) resulted in inhibition, indicating
that further optimization is required. Microbial community analysis revealed adaptive shifts toward
hydrogenotrophic methanogenesis and enrichment of taxa associated with resilience under toxic
conditions. Despite partial degradation of PAHs and transformation of some PFAS, most POPs
remained in effluent, emphasizing the need for complementary removal strategies. Future work
should focus on inoculum acclimation, APL pretreatment, and techno-economic assessment of
integrated AD-pyrolysis systems to enable sustainable S5 management.
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