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High-solid digestion (HSD) for biogas production is a resource-efficient and sustainable method to treat organic
wastes with high total solids content and obtain renewable energy and an organic fertiliser, using a lower
dilution rate than in the more common wet digestion process. This study examined the effect of reactor type on
the performance of an HSD process, comparing plug-flow (PFR) type reactors developed for continuous HSD
processes, and completely stirred-tank reactors (CSTRs) commonly used for wet digestion. The HSD process was
operated in thermophilic conditions (52 °C), with a mixture of household waste, garden waste and agricultural
residues (total solids content 27-28 %). The PFRs showed slightly better performance, with higher specific
methane production and nitrogen mineralisation than the CSTRs, while the reduction of volatile solids was the
same in both reactor types. Results from 16S rRNA gene sequencing showed a significant difference in the mi-
crobial population, potentially related to large differences in stirring speed between the reactor types (1 rpm in
PFRs and 70-150 rpm in CSTRs, respectively). The bacterial community was dominated by the genus Defluviitoga
in the PFRs and order MBAO3 in the CSTRs. For the archaeal community, there was a predominance of the genus
Methanoculleus in the PFRs, and of the genera Methanosarcina and Methanothermobacter in the CSTRs. Despite
these shifts in microbiology, the results showed that stable digestion of substrates with high total solids content

can be achieved in both reactor types, indicating flexibility in the choice of technique for HSD processes.

1. Introduction

Anaerobic digestion (AD) is a well-established, sustainable method
for treating various organic waste streams, such as household waste,
sewage sludge from wastewater treatment and residues from the food
industry and agriculture, and for utilising these as resources to obtain
renewable energy (biogas) and to enable nutrient recycling (Scarlat
et al. 2018; Mignogna et al. 2023; Subbarao et al. 2023). During the AD
process, organic material is degraded in an oxygen free environment,
with methane (CH4) and carbon dioxide (CO2) as final degradation
products (Anukam et al. 2019). The residual material, the digestate, is
typically rich in nutrients and can be used as organic fertiliser (Moller &
Miiller 2012). Anaerobic digestion is carried out by a complex com-
munity of microorganisms in a step-wise process (Anukam et al. 2019),
initiated by a hydrolysis step, followed by fermentation and then
anaerobic oxidation and methanogenesis (Schniirer & Jarvis 2018).
During the first steps, complex polymers (carbohydrates, proteins and

fat) are degraded into monomers that are fermented into various volatile
fatty acids (VFAs), alcohols, Hy and CO, (Anukam et al. 2019). The VFAs
are converted by bacteria during anaerobic oxidation, a process that is
only thermodynamically favourable at low Hj partial pressure, meaning
that Hy-consuming partners are needed (syntrophy) (Schniirer & Jarvis
2018). Finally, methanogenic archaea utilise either acetate (aceto-
trophic), CO2 and H; (hydrogenotrophic) or other single-carbon mole-
cules to produce CH4 (Costa & Leigh 2014).

An important factor in AD is the water content in the process, which
determines the technique and equipment that can be used for the
digestion. The most well-established commercial process for AD is so
called wet digestion, which operates with total solids (TS) content < 15
% and can be applied to an array of different substrates (André et al.
2018; Wang et al. 2023). However, high-solid digestion (HSD) pro-
cesses, which operate with > 15 % TS in the reactor material, are
receiving increased attention as they require less substrate dilution
compared with wet digestion (André et al. 2018; Wang et al. 2023). This
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result in requirements of comparably small reactor volumes and trans-
portation of lesser volumes of substrates and digestate, combined having
the potential to reduce costs (Duan et al. 2012; Wang et al. 2023). Thus,
HSD could be an important technology to access the future potential of
biogas from high TS substrates, such as solid manure and crop residues
(Brown et al. 2012; Chiumenti et al. 2018), as well as food waste and
dewatered fractions of wastewater sludge (Duan et al. 2012; Westerholm
et al. 2020; Nordell et al. 2021).

HSD is often performed in plug-flow reactors (PFRs), which have e.g.
mixing and feeding systems that are suitable for bulky and highly
viscous substrates (Li et al. 2011; Akinbomi et al. 2022, Kothari et al.
2014). In an ideal PFR, material moves slowly from inlet to outlet
without horizontal mixing, keeping all the input material within the
reactor over one full hydraulic retention time (HRT) (Toson et al. 2019).
This is in contrast to completely stirred-tank reactors (CSTRs), typically
used for wet digestion, which ideally have completely homogenous
reactor content (Toson et al. 2019). Theoretically, a higher productivity
can be achieved from a PFR than a CSTR since removal of a fraction of
the substrate shortly after feeding, i.e. short-circuiting, is unavoidable in
a continuous CSTR process, representing a loss in methane potential
(Das et al. 2016). In addition to retaining material within the system,
plug flow should also in theory enable separation of different microbial
steps along the reactor and allow for more optimised and stable degra-
dation, a concept previously demonstrated with sequential CSTRs
(Srisowmeya et al., 2020; Moestedt et al. 2020; Roy et al. 2009; Donoso-
Bravo et al. 2018). Although a few previous studies have reported plug-
flow behaviour or indications of phase separation in AD reactors without
a compartmentalisation or sequential set-up (Nordell et al. 2021; Rossi
et al. 2022), data show that plug flow is not necessarily obtained in PFRs
at laboratory or industrial scale (Li et al. 2014; Perman et al. 2024). In a
previous study by our research group (Perman et al. 2024), two
laboratory-scale PFRs were observed to behave like completely stirred
reactors, based on comparisons between sections and a tracer test. This
raises the question of whether the HSD process could be operated
equally well in CSTRs. The advantage of a CSTR is the simplicity of the
reactor design and that it is a common type of reactor, readily available
for both industrial and laboratory scale processes. If efficient HSD can be
achieved in CSTRs in addition to PFRs, this could provide greater
versatility in the choice of reactor technology and allow for alternative
operational strategies of HSD processes.

In our previous study (Perman et al. 2024), the PFRs were operated
with recirculation of digestate from the outlet back to the feed inlet. This
is a commonly used practice in PFRs, with the main aim of re-inoculating
the reactor section at the feed inlet to keep the microbial community in
this section fresh and active (Li et al. 2011; Donoso-Bravo et al. 2018). In
reactors of PFR type, high recirculation ratio has been observed to be
beneficial both for biogas yield (Ratanatamskul & Saleart 2016; Chen
et al. 2020) and process stability (Gomez et al. 2019; Nordell et al.
2021). In single CSTRs, recirculation of either the liquid or solid fraction
of the digestate can be beneficial in order to dilute the substrate or in-
crease the retention time of solid material and microorganisms
(Nordberg et al. 2007; Rico et al. 2011; Peng et al. 2016; Singh et al.
2019, Brémond et al. 2021). However, recirculation of whole digestate
in a CSTR will not result in the same effect as in a phase-separated
process. Thus, if PFRs behave more like completely stirred reactors
than plug-flow systems, the question is whether recirculation of whole
digestate is necessary to maintain a stable process in these reactors and if
not, does it even reduce the potential to obtain separate microbial
communities across PFRs.

In HSD, high TS content and viscosity involves a risk of process
disturbances due to poor mass transfer and challenges in achieving
sufficient mixing (Bollon et al. 2013; Rocamora et al. 2020; Li et al.
2023). It is therefore of interest to evaluate whether stable digestion of
high TS substrates can be achieved in different reactor types with
different mixing equipment. So far, only a few studies have evaluated
both PFRs and CSTRs in the same experiment (Li et al. 2007; Yue et al.
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2011; Lee et al. 2017) and among those only one made direct compar-
isons using the same substrate and operating parameters (manure,
TS<13 %) in both reactor types (Li et al. 2007). However, no other study
has yet compared PFRs and CSTRs operating under HSD conditions
(>15 %). Given the unique advantages of PFRs and CSTRs respectively,
the present study aimed to explore the possibility of using different
reactor technologies for a HSD process and assess to which extent the
reactor type affects biogas production efficiency, degree of substrate
degradation as well as the microbial population. This was studied by
transferring a thermophilic laboratory-scale HSD process, operated
using substrate with high TS content (27-28 %), from PFRs to CSTRs.
The process performance of both reactor types was assessed by running
the processes in parallel while monitoring process parameters and
assessing biogas and methane yields, reduction of volatile solids (VS)
and nitrogen mineralisation, as well as microbial community structure.
Additionally, an evaluation of recirculation was conducted to test its
necessity for maintaining a stable and efficient process and microbial
community within a PFR.

2. Material and methods
2.1. Laboratory-scale reactors and substrate characteristics

Three CSTRs (CR1, CR2 and CR3) and two PFRs (PR1 and PR2) were
operated during a total of 38 weeks. The CSTR processes were carried
out in three laboratory-scale tank reactors (active volume 5 L) stirred
with rotor blades (Belach Bioteknik, Stockholm, Sweden). The stirring
speed of the CSTRs was first set to 70 rpm, but was increased to 150 rpm
during week 30 to avoid build-up of solids due to sedimentation. The
design parameters of the two laboratory-scale PFRs (referred to as LR1
and LR2) were as described previously (Perman et al. 2024). These re-
actors, built to mimic an industrial-scale plant, each had an active vol-
ume of 45 L and were stirred at a speed of 1 rpm by vertical paddles.
Also, like the industrial-scale process, all laboratory-scale reactors were
operated at thermophilic temperature (52-53 °C), which is an approved
method for hygienisation if the material resides within the reactor
during a sufficient period of time (10 h) (Jordbruksverket, 2016). The
substrate, a mixture of food waste, garden residues, horse manure, olive
cake and potato waste (51, 17, 26, 6 and < 1 % volatile solids (VS),
respectively), was fed to all reactors six days per week. These substrate
fractions were collected at an industrial-scale plant every 3-4 months
and stored at 4 °C until use. All fractions were pre-treated by grinding to
particle size ~ 10 mm and then analysed for TS and VS content. Addi-
tionally, total nitrogen (N), carbon (C), trace elements, organic N,
ammonium-N (NH4-N) and concentration of macromolecules were
analysed in the final substrate mixes (Table 1).

2.2. Experiment start-up and time-line

The study started with inoculation of the three CSTRs with digestate
from one of the PFRs (PR2). At this time-point, the PFRs had already
been operated in parallel for 302 days at an average OLR of 5.2 g VS/L/
d and HRT of 42 days, and with recirculation of whole digestate (30 % of
ingoing material). The inoculum was strained to obtain a maximum
particle size of 7 mm. During the start-up phase (three weeks; Table S1),
the CSTRs were run with low and step-wise increasing loading rate up to
an OLR of 5.2 g VS/L/d. During the first eight weeks of operation at full
OLR, all CSTRs were fed a substrate mix diluted to a TS content of 19 %.
The HRT during this time was 30 days in all CSTRs. Reactor CR1 was
operated under these conditions during the whole experiment, while
operating parameters in reactors CR2 and CR3 were changed to mimic
conditions in the PFRs. From experiment week 9, the TS content in the
substrate (TSj,) was increased to 27-28 % in CR2, by reducing the
amount of added water, and from week 20 the same was done also in
CR3 (Table 2). In the CSTRs with high TS;,, the volumetric HRT was
around 42 days, the same as in the PFRs (Table 2). The whole
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Table 1

Chemical composition of substrate mixes (diluted to 22% volatile solids,
27-28% total solids) used in all completely stirred-tank reactors (CSTRs) and
plug-flow reactors (PFRs) during experiment weeks 1-26, 27-34 and 35-38
respectively. All values are given in g/kg (ww) substrate.

Week 1-26 27-34 35-38
Total N 5.2 5.3 5.2
Organic N ! 5.0 4.9 4.9
NHZ-N 2 0.1 0.4 0.4
Total C * 90.3 108.0 113.2
Total P # 0.7 0.7 0.7
Total K * 3.1 3.0 3.3
Total Mg * 0.6 0.6 0.6
Total Ca * 4.9 4.3 4.5
Total Na * 0.9 1.0 0.8
Total S * 0.5 0.5 0.5
Raw protein ° 26.8 30.6 29.4
Raw fat * 19.6 19.2 18.4
Carbohydrates ° 146.1 152.0 146.0
1 Relative measurement uncertainty (RMU) 5%.

2 RMU 10%.

3 RMU 20%.

4 RMU 30%.

5

RMU not determined.

Table 2
Operating parameters for reactors (PR1, PR2 and CR1-CR3) during experiment
week 20-38.

Reactor PR1 PR2 CR1 CR2 CR3
Type PFR PFR CSTR CSTR CSTR
Volume (L) 45 45 5 5 5
Recirculation 30 - NA NA NA

(%)
OLR (g VS/L/d) 53+0.0 53+00 52+0.1 5.2+0.1 5.2+0.1
HRT (days) 42 42 30 43 42
TSin (%) 27-28 27-28 19-20 27-28 27-28
VSin (%) 22-23 22-23 16 22-23 22-23

NA: not applicable.
! Percent of ingoing wet weight.

experiment was run for 262 days, corresponding to approximately 9
HRTs for CR1 which was operated under the same conditions during the
whole experiment. Reactors CR2 and CR3 were operated at high TS;;, for
209 and 132 days, corresponding to 5 and 3 HRTs, respectively
(Table S1).

In the PFRs, process disturbances were experienced until experiment
week 8, due to high NH4-N levels that had accumulated during a pre-
vious experimental phase. The disturbance was alleviated by operation
at temporarily reduced loading rate (Table S1). However, from week 9
onwards, both PFRs were operated at full OLR, 5.3 g VS/L/d. At the start
of the experimental period, whole digestate was recirculated (30 % of
ingoing material) in both PFRs, but from week 15 onwards recirculation
was stopped in PR2 to evaluate the effect of recirculation on the process.
PR1 and PR2 were operated at these conditions during more than 5 and
3 HRTs, respectively. An overview of the experimental phases in the
different reactors is given in Table S1. The final experimental set-up and
operating parameters effective from week 20 are listed in Table 2.

During the whole experimental period, digestate samples were taken
from all reactors for chemical and microbial analyses (see section 2.3).
For the PFRs, samples were taken from section S3 (outgoing digestate).
In addition, to evaluate plug-flow behaviour, samples from the PFRs
were also taken from section S1 (close to feeding inlet) during weeks
18-31.

2.3. Analytical methods

In the PFRs, gas volume was measured continuously with RITTER
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Drum-type TG0.5 m (RITTER Apparatebau GmbH & Co. KG, Bochum,
Germany). In the CSTRs, gas production was measured continuously by
built-in gas counters (Belach Bioteknik, Stockholm, Sweden), calibrated
using a RITTER Drum-type meter of the same sort as above. Gas
composition (CHg, CO3, O2, Hy, HyS) in all reactors was determined
using AwiFLEX (Awite Bioenergie Gmbh, Langenbach). For the CSTRs,
gas composition was measured in samples collected during an entire
day, while instantaneous gas composition just before feeding was
measured for the PFRs. The TS- and VS content in substrate fractions and
digestate samples were analysed in triplicate according to standard
methods (APHA, 1998). In the substrate samples organic N (SS-ISO 13
878), NH1-N (Foss Tecator, Application Note, AN 5226, based on ISO
11732) and total C (SS-ISO 10 694) content were measured by Agrilab
AB (Uppsala, Sweden). In digestate samples the total concentration of N
in the form of ammonium (NHJ) and ammonia (NH3), here denoted as
NHZ-N concentration, was measured using an LCK 302 Ammonium kit
(Hach Lange Gmbh, Diisseldorf, Germany) as described previously
(Perman et al. 2024). The concentration of N in the form of NH3 (NH3-N)
was calculated based on temperature, pH and the measured NHj-N
concentration (Hansen et al. 1998). Sample preparation and VFA mea-
surements in digestate by high-performance liquid chromatography
(HPLC) (Agilent 1100 Series Agilent Technologies, Waldbronn, Ger-
many) were carried out as described previously (Westerholm et al. 2012;
Perman et al. 2024). Alkalinity and ratio between VFA and alkalinity
(FOS/TAC) were measured on fresh, sieved digestate samples as
described previously (Perman et al. 2024). Protein (based on total
Kjeldahl-N (EN 13342), NH}-N (Standard Methods 1998, 4500 mod.))
and raw fat (NMKL 160 mod.) content in substrate were measured by
Eurofins Food & Feed Testing Sweden (Lidkoping). Carbohydrate con-
tent (SLVFS 1993:21) in substrate was measured by Eurofins Environ-
ment Testing Sweden AB.

2.4. Analyses of microbial community

Sequencing of 16S rRNA genes was carried out to evaluate microbial
community structures. Sampling of digestate for DNA extraction was
performed at five time-points for the PFRs (week 26, 27, 28, 31 and 36)
and six time-points for the CSTRs (25, 27, 28, 30, 31 and 36). Samples
were stored at —20 °C before extraction. For the first three time-points in
the PFRs, samples were taken from two different reactor sections (S1 and
S3). DNA extraction was carried out in duplicate using the FastDNA Spin
Kit for Soil (MP Biomedicals Europe), as described previously
(Danielsson et al. 2017) and extracted DNA was stored at —20 °C. Li-
braries of the 16S rRNA gene were prepared using primers for amplifi-
cation of the V4 region (515F/806R). Library preparation and
sequencing (Illumina Novaseq platform) were carried out by Novogene
(UK) Company Limited, Cambridge, United Kingdom. The procedure for
processing raw sequences and subsequent data analyses was as
described previously (Perman et al. 2024).

2.5. Calculations and statistical analyses

Volatile solids reduction was calculated as (VS (%) — (1 — VR) *
VSout (%)) / VSin (%) and nitrogen mineralisation as ((1 — VR) * NHZ-
Ndigestate (8/1) — NHZ -Nsubstrate (/L)) / Org-Neubstrate (8/L), where VR is
volume reduction of reactor material and VS is percentage of wet
weight. VR was estimated based on daily volumetric gas production
(GPy) and gas density (pg; 1.2 g/L), and was calculated as (GPy (L/d) * pg
(g/L)) / wwiy (g/d), where wwy, is the wet weight of ingoing substrate.

Differences between reactors in terms of specific methane and gas
production, VS reduction and nitrogen mineralisation were evaluated
using data collected during weeks 25-38. Differences between reactors
in VFA, pH and NHj-N levels were investigated during weeks 31-38.
Statistical analyses were carried out with ANOVA, using the Im function
in R v4.1.2. Pairwise comparisons between reactors were carried out
using the emmeans function in the emmeans package v1.7.3.



E. Perman et al.

3. Results & discussion
3.1. Process performance, yield and degree of degradation

3.1.1. Dynamics of process parameters during the experiment

Substrate with high TS;, content (27-28 %) was digested using two
different reactor technologies, horizontal reactors of PFR type and
CSTRs, applying similar operating parameters. The operating parame-
ters applied (temperature, HRT, OLR, TS;,) were based on an industrial-
scale HSD process operated with a similar substrate mixture (Perman
et al. 2024). The OLR was 5.2-5.3 g VS/L/d, which is within the range or
slightly lower than reported previously for HSD processes (Fagbohungbe
et al. 2015; Rocamora et al. 2020; Westerholm et al. 2020; Wang et al.
2023). Average specific methane production (SMP) during the whole
experiment was 317-328 NL CHy/kg VS in the PFRs and 241-253 NL
CH4/kg VS in the CSTRs. This was comparable to values obtained in a
previous experiment in the same PFRs (338 + 57 and 339 + 47 NL CHy/
kg VS in PR1 and PR2 respectively), using a similar substrate composi-
tion (Perman et al. 2024). The SMP level in the PFRs became relatively
stable after some initial disturbances during the first 10 weeks caused by
high NH4-N levels. In the CSTRs, SMP varied more between weeks
throughout the experiment, but with no clear increasing or decreasing
trend (Fig. 1a, 1b).

During the course of the experiment, the NH4-N level ranged be-
tween 1.1 and 2.4 g/L in the CSTRs and between 2.0 and 3.8 g/L in the
PFRs, depending on the operating regime (Fig. 1c, 1d). The pH range in
CSTRs and PFRs was 7.5-8.4 and 8.0-8.6, respectively (Fig. le, 1f),
which resulted in a NH3-N level of 0.2-1.0 and 0.5-1.9 g/L, respectively
(Fig. 1c, 1d). Some changes in the process parameters occurred over
time, coupled to changes in operation during the experiment. During the
first eight weeks of operation, the substrate for all CSTRs was diluted
with water to TSi, 19 % (VSin 16 %). This dilution clearly had an effect
on the NH4-N concentration and on the pH, which decreased compared
with that in the inoculum during the first eight weeks of operation.
When first CR2 and later CR3 were fed higher TS;, and the HRT was
increased from 30 to 42 days (Table S1), pH and NHJ-N increased (from
week 9 and 20, respectively). In CR3, a similar NHZ-N level as in the
duplicate reactor (CR2) was reached after approximately one HRT and
after that it was considered that these two reactors had similar process
performance. In the PFRs, VFA concentration, pH and NH4-N level were
initially high from the previous experimental phase, as mentioned
above. However, after a short period of temporarily reduced OLR
(Table S1), ammonia stress was alleviated, the reactors recovered and all
parameters remained relatively stable from week 10 onwards (Fig. 1b,
1d, 1f, 1h). During the last period of the experiment (week 31-38), there
were no significant differences in NHJ-N and NH;-N levels between the
PFRs and the two high-solid CSTRs (CR2 and CR3) (p > 0.05), while
reactor CR1, still receiving the diluted substrate mix, had significantly
lower levels than all other reactors (p < 0.05). During the same time-
period, pH was significantly lower in CR1 compared with the two
PFRs (p < 0.05), but no significant differences could be seen comparing
the other reactors to each other.

It is well known that high ammonia concentrations are toxic for the
microbial community (Rajagopal et al. 2013), but the threshold for in-
hibition varies widely between different systems. A range of 0.6-1.5 g
NH3-N/L has previously been reported as potentially inhibiting in
thermophilic processes (Westerholm et al. 2016). However, in the pre-
vious experimental phase of the PFRs, disturbances were experienced
when the NH4-N level reached > 4 g/L, in those processes equal to ~ 2 g
NH3-N/L (Perman et al. 2024). A similar trend has also been observed in
industrial thermophilic HSD processes (Westerholm et al. 2020; Perman
et al. 2024). In line with this, no trend for accumulating VFA levels
(Fig. 1g, 1 h) or other signs of inhibition were detected in any of the
reactors in the present study after the initial 10 weeks, as NH4-N con-
centration remained < 3 g/L (<1.5 g NH3-N/L). However, VFA levels
fluctuated more and also reached higher peaks in CR2 and CR3 than in
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CR1, potentially as a result of the comparably higher NH;-N concen-
trations in these two reactors (Fig. 1g, Fig. S1). Among the PFRs, VFA
levels fluctuated more in the non-recirculated reactor PR2 than in PR1
(Fig. 1h, Fig. S1), but in general stayed at a low level in relation to that in
PR1 before week 10 and compared with levels expected during a
disturbance (Perman et al. 2024).

3.1.2. Reactor comparisons; degree of degradation and specific gas and
methane production

The PFRs were fed substrate mix with 27-28 % TS;, throughout the
entire experiment. Initially, high TSy (17-23 %) relative to VSyyt
(12-14 %) were observed in the digestate from these reactors, but after
week 10 the values stabilised and thereafter remained at 14-18 % TSqut
and 11-13 % VSyy: (Fig. 2b). Possibly, the high initial values were
related to the observed process disturbance during this period, and the
corresponding adjustment of operation. All CSTRs were, during the start
of the experiment, fed the same diluted substrate mix (TS;j, 19 %) and
therefore had similar TSqy (8-9 %) and VSt (6-7 %) during the first 10
weeks (Fig. 2b). However, when the TS;, was increased (to 27-28 %) in
CR2 and CR3, the outgoing TS and VS levels increased slowly and
reached the same levels as in the PFRs around experiment week 25-30
(approximately one HRT after the increase in TS;,), but still showed an
increasing trend throughout the experiment (Fig. 2b). Surprisingly,
reactor CR1, still receiving the diluted substrate, showed the same
increasing trend in TSyy. Since the TSy also increased in the PFRs
during the same period, this could indicate a difference in degradability
of different substrate batches introduced week 27 and week 35
(Table 1). The more fluctuating TSy, and VSyy in the CSTRs, especially
during the last weeks of the experiment (Fig. 2b), could also indicate
build-up of TS in the reactors due to insufficient mixing. Another
possible explanatory factor is that it was more difficult to obtain
representative digestate samples from the CSTRs, since the digestate
discharge openings in those reactors were narrower than in the PFRs.

Reduction in VS during the digestion process is an important mea-
sure of degree of substrate degradation. During weeks 25-38, the inter-
quartile range of the VS reduction was 50-54 %, which is low in com-
parison with values reported for other HSD processes operated with food
waste (Karthikeyan & Visvanathan 2013; Rocamora et al. 2020; West-
erholm et al. 2020). However, the substrate mix in the present study
comprised food waste together with a large fraction of recalcitrant
lignocellulosic material, so the VS reduction observed is still reasonable
(Ahlberg-Eliasson et al. 2017; Perman et al. 2024). Comparing the re-
actors operated under HSD conditions (CR2, CR3, PR1 and PR2), there
were no significant differences in VS reduction (p > 0.05), based on data
from weeks 25-38 (Fig. 2d). However, the control reactor operated at
wet AD conditions (CR1) had significantly lower VS reduction compared
with CR3 and the two PFRs (p < 0.05) (Fig. 2d).

Another measure of degree of degradation is N mineralisation, which
was seemingly high at the start of the experiment due to initially high
levels of NHZ-N in the PFRs and the CSTR inoculum (Fig. 2a). After week
10, N mineralisation stabilised and remained relatively constant
throughout the remainder of the experiment, within the inter-quartile
range 29-34 % (Fig. 2a). Pairwise comparisons of N mineralisation
(from week 25) in different reactors showed significantly higher values
in PR1 than in CR2 and CR3 (p < 0.05). However, there were no sig-
nificant differences between any of the other reactors (p > 0.05)
(Fig. 2c). In summary, the VS reduction was not clearly affected by
reactor type, while the N mineralisation was lower in the CSTRs oper-
ating under HSD conditions, indicating somewhat better protein
degradation in the PFRs.

There were no significant differences in specific gas production
(SGP) or SMP between the two PFRs (p > 0.05) (Fig. 3). However, there
was a general trend of significantly lower SGP and SMP in the CSTRs
than the PFRs (p < 0.05) (Fig. 3). The wet AD reactor (CR1) had the
lowest specific gas production among the CSTRs, although the difference
was not significant (compared with CR2 and CR3) (Fig. 3). As mentioned
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Fig. 1. Process parameters during the 38-week study period in reactors CR1, CR2 and CR3 (completely stirred-tank reactors (CSTR)) and PR1 and PR2 (plug-flow
reactors (PFR)). Specific gas production (SGP) and specific methane production (SMP) in (a) CSTRs and (b) PFRs; total ammonium-N (including ammonia-N) (NHj -
N) and ammonia-N (NH3-N) concentration in (¢) CSTRs and (d) PFRs; pH in (e) CSTRs and (f) PFRs; and total volatile fatty acid (VFA) concentration in (g) CSTRs and

(h) PFRs.
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Fig. 3. Specific gas production (SGP) and specific methane production (SMP) in
completely stirred-tank (CSTR) reactors (CR1, CR2, CR3) and plug-flow (PFR)
reactors (PR1, PR2). Measurements from experiment weeks 25-38.

above, the lower N mineralisation in CR2 and CR3 indicated less
effective protein degradation in these reactors compared with the PFRs,
which could be a contributing factor to the comparably lower SGP and
SMP. In CR1, the relatively low VS reduction indicated overall poorer
substrate degradation, which could be one reason for the comparably
low gas and methane production in this reactor. However, a possible
source of error was that gas production in the CSTRs was measured using
a different instrument and strategy than in the PFRs. Gas analysis for the
PFRs was an instantaneous measure at a time-point before feeding, while
gas analysis for the CSTRs was performed on gas collected during a
whole day. This gas sampling strategy also could have affected the
methane content (and thus SMP), which was generally higher in the
PFRs (63 %) compared with the CSTRs (57-58 %) (Table S2).

To more thoroughly evaluate the difference in SGP and SMP
observed between the two reactor types, theoretical values of SGP, SMP
and TS,y were calculated based on assumptions of degree of degrada-
tion (VS reduction) and theoretical methane potential (TMP) values for

the different substrate fractions (Table S3). With the settings given in
Table S3a, the theoretical calculation matched the gas production ob-
tained in practice from the CSTRs, i.e. SGP of 415 and SMP of 250 NL/kg
VS. For the PFR, a comparably higher VS reduction of food waste, horse
manure and garden waste had to be assumed (Table S3b) in order to
reach values similar to those obtained in practice. Here it was possible to
match the SGP (495 NL/kg VS), while the theoretical SMP (290 NL/kg
VS) was lower than what was obtained from the reactor experiment.
This discrepancy is likely related to the comparably higher methane
concentration measured in the PFRs, than obtained from the calcula-
tions. The higher SGP and SMP obtained in the PFRs, compared with the
CSTRs, theoretically should result in a corresponding increase in overall
VS reduction. Based on the calculations, this would give a TSyt of 16 %
in the PFRs, compared with 18 % in the CSTRs. In conclusion, the
theoretical calculations show that higher SGP and SMP from the PFRs
compared with the CSTRs is reasonable if assuming that VS, was
slightly lower for the former. From this exercise it was also clear that an
increased degradation of a single substrate component alone could not
result in the difference in SMP observed between the PFRs and CSTRs
(data not shown).

3.1.3. Effect of digestate recirculation

Comparing the two PFRs to each other, the process parameters, de-
gree of degradation and gas yield (i.e. VFA, pH, NH4-N level, N miner-
alisation, VS reduction, SGP and SMP) indicated no significant
differences between the reactors (p > 0.05). Thus, there was no signif-
icant effect of digestate recirculation in the plug-flow system. This was
further confirmed by comparative analysis (pH, VFA and NH}-N level)
of the first and third reactor sections (S1 and S3) in the PFRs (data not
shown), which showed no significant difference (p > 0.05). This sug-
gests that the PFRs were not plug flow systems, either with or without
digestate recirculation. This result is in line with findings in our previous
study using the same reactors where plug flow was evaluated in the PFRs
with recirculation (Perman et al. 2024).
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3.2. Microbial community structure and links to the process and operating
parameters

3.2.1. Differences in microbial community between reactors and reactor
sections

16S rRNA sequencing was carried out to examine how the microbial
community was affected by transition from PFR to CSTR. To gain an
initial overview of p-diversity in the different reactors, weighted prin-
cipal coordinate analysis (PCoA) was used (including samples from
weeks 25-28). The results showed clear differences between the CSTRs
and PFRs (Fig. 4). Moreover, comparing the CSTRs to each other
revealed that the community in the low-TS reactor (CR1) was slightly
separated from the two others, as further discussed below. Despite the
significant difference in the TS level between CR1 and the two high-TS
CSTRs (CR2 and CR3), the two reactor types still formed two clear
clusters where CR2 and CR3 were more similar to CR1 than to the PFRs
with corresponding TS level. This suggests that the TS level of the pro-
cess was not the strongest deterministic factor for the microbial com-
munity structure. For the PFRs, the PCoA results illustrated no
significant differences between individual reactors or between reactor
sections which confirms that recirculation of digestate had a low influ-
ence on the development of the microbial community and that separa-
tion of microbial phases did not occur, irrespective of whether digestate
was recycled or not. As said above, this is in line with previous findings
for the same reactors (Perman et al. 2024), but contradictory to other
reports where differences in community structure were seen across PFRs
with recirculation ratios of 45-60 % (Chen et al. 2020; Rossi et al. 2022).
In general, few previous studies have investigated the microbial stages
in different reactor sections of a PFR and how they are affected by
different operating strategies such as digestate recirculation. Thus, it is
difficult to draw conclusions on how separation can be achieved.

3.2.2. Dominating microbial groups and relationship to differences in
process parameters

Further analysis of community structure indicated that two groups in
particular, MBAO3 (phylum Bacillota) and Defluviitoga (phylum Ther-
motogota), dominated and differed in relative abundance between the
CSTRs and PFRs (Fig. 5). These two groups have been observed previ-
ously to dominate in various thermophilic HSD processes (Dyksma et al.
2020; Westerholm et al. 2020; Zhang et al. 2022; Perman et al. 2024). In
this study, Defluviitoga was the genus with the highest relative abun-
dance in the PFRs, representing 15-41 % of the total community, while
lower abundance (0-19 %) was observed in the CSTRs. Instead MBAO3
dominated in the CSTRs, with relative abundance 30-73 %, while in the

w@&. ‘

0.0
Axis. 1 [71.8%]

0.10

0.05

0.00

Axis.2 [11.2%]

-0.10

0.1 0.2

Fig. 4. Weighted principal coordinate analysis (PCoA) plot illustrating p-di-
versity in completely stirred-tank (CSTR) reactors (CR1, CR2, CR3) and in two
different sections (S1 and S3) of plug-flow (PFR) reactors (PR1 and PR2).
Samples taken during week 25-28.
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PFRs 10-17 % of the community belonged to this group. Another highly
abundant genus was Lentimicrobium (phylum Bacteroidota), with rela-
tive abundance of 10-20 % in the PFRs and 1-12 % in the CSTRs.
Interestingly, both Defluviitoga and Lentimicrobium decreased in abun-
dance over time in the CSTRs, while MBAO3 became increasingly
dominant, especially in CR2 and CR3 (Fig. 5).

Defluviitoga is known as an important degrader of complex carbo-
hydrates in thermophilic AD and as a producer of acetate, ethanol, Hy
and CO; as fermentation products (Ben Hania et al. 2012). MBAO3, on
the other hand, is relatively uncharacterised, since no species from this
group has yet been isolated, despite the high abundance of MBAO3 in
many processes. Otto et al. (2024) identified MBAO3 as member of a core
community in 80 industrial-scale digesters (present in 100 % of the
samples), indicating its importance in AD. Recently, Puchol-Royo et al.
(2023) suggested MBAO3 as a new candidate order named Darwin-
ibacterales with two subfamilies: “Ca. Darwinibacteriaceae” and “Ca.
Wallacebacteriaceae”. Based on metagenomic data, “Ca. family Dar-
winibacteriaceae” is suggested to have the ability to act as a syntrophic
acetate-oxidising bacteria (SAOB) and it also possesses several hydro-
lytic enzymes, e.g. for starch, cellobiose and pectin degradation (Puchol-
Royo et al. 2023). This is in line with previous observations suggesting
that the MBAO3 group may be involved in all these processes (Zheng
et al. 2019; Dyksma et al. 2020). Although its exact function is not yet
known, a previous study point towards a correlation between high
abundance of MBAO3 and high methane production in digestion of grass
silage using CSTR (FitzGerald et al. 2019). Somewhat contradictory
results were found in the present study, as MBAO3 showed higher
relative abundance in the CSTRs, where methane production was lower
than in the PFRs.

Both Defluviitoga and the known cellulose degrader Halocella
(phylum Halanaerobiaeota) (Simankova et al. 1993) were present at
comparatively lower relative abundance in the CSTRs (<1%) than in the
PFRs (2-5 %). In addition, the relative abundance of both Defluviitoga
and Halocella decreased over time in all three CSTRs, indicating that the
environment in the CSTRs was less favourable for these cellulolytic
bacteria. All CSTRs were initially diluted with water (more than the PFR
processes), which reduced the pH and NHZ-N levels (see Fig. 1).
Throughout the majority of the experiment (week 5-30) the ammonia
level was < 0.5 g NH3-N/L in the CSTRs, while it was around 0.5-1.0 g
NHs-N/L in the PFRs. Although these levels were below inhibitory
concentrations (Perman et al. 2024), ammonia is still a strong driver for
the microbial community composition (Lee et al. 2017; Lv et al. 2019),
and thus the differences in ammonia level might still explain some of the
differences observed between the reactor types. For instance, both
Halocella and Defluviitoga are known to be tolerant to high ammonia-
and high pH-levels (Simankova et al. 1993; Ben Hania et al. 2012; Maus
etal. 2017; Westerholm et al. 2020), and could have had an advantage in
the PFR systems.

Genera identified in the reactors that are known to have protein-
degrading members were Proteiniphilum (phylum Bacteroidota), Aceto-
microbium (phylum Synergistota), Keratinibaculum and Tepidimicrobium
(phylum Bacillota) (Chen & Dong 2005; Slobodkin et al. 2006; Huang
et al. 2013; Hania et al. 2016). Among these, Proteiniphilum was the only
genus showing higher abundance in the CSTRs (3-13 %) than the PFRs
(1-2 %). Tepidimicrobium showed similar relative abundance in all re-
actors (around 1 %), while Acetomicrobium showed a higher relative
abundance (2-5 %) in the PFRs compared with the CSTRs (<1-3 %), and
Keratinibaculum showed a similar pattern, with relative abundance of
1-4 % in the PFRs and < 1-2 % in the CSTRs. These trends in relative
abundance of protein-degrading genera could explain the lower N
mineralisation in CR2 and CR3 compared with the PFRs (see Fig. 2).
However, this is contradicted by the results for CR1, which showed
similar N mineralisation as the PFRs, but similar microbial community
structure as the other CSTRs.

As in other thermophilic HSD processes with relatively high
ammonia levels (Tang et al. 2011; Dyksma et al. 2020; Westerholm et al.
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Fig. 5. Relative abundance of genera in completely stirred-tank (CSTR) reactors (CR1, CR2, CR3) and plug-flow (PFR) reactors (PR1 (section 3) and PR2 (section 3)).

Genera with < 1 % relative abundance grouped as minor genera.

2020), methane was primarily produced through the hydrogenotrophic
pathway, as illustrated by dominance of the hydrogenotrophic genera
Methanoculleus (phylum Halobacteriota) and Methanothermobacter
(phylum Euryarchaeota) within the archaeal community. Comparison of
the methanogenic community in the two reactor types revealed a shift
from higher relative abundance of Methanoculleus in the PFRs (<1-5 %)
to higher abundance of Methanothermobacter in the CSTRs (<1-8 %). In
the CSTRs, also the genus Methanosarcina (phylum Halobacteriota) was
detected (<1-2 %), while this methanogen was absent in most of the
samples from the PFRs. Methanosarcina has a broad substrate spectrum
and can grow as a hydrogenotroph, acetotroph or methylotroph (De
Vrieze et al. 2012). Acetate-consuming methanogens are generally more
sensitive to ammonia inhibition than hydrogenotrophic methanogens
(Fischer et al. 2019; Dyksma et al. 2020), which might explain the
higher relative abundance of Methanosarcina in the CSTR processes. At
high NH3-N concentration, acetate conversion typically occurs through
syntrophic acetate oxidation (SAO) in collaboration with hydro-
genotrophic methanogenesis (Westerholm et al. 2016). In the studied
reactors, ammonia concentrations did not cause disturbance, but were
high enough to promote SAO activity in all reactors. Two potential SAOB
observed within the community were Syntrophaceticus (phylum Bacil-
lota) and Caldicoprobacter (phylum Bacillota) (Westerholm et al. 2018;
Campanaro et al. 2020) and these were slightly affected by the transition
from PFR to CSTR. The relative abundance of Syntrophaceticus was
higher in most of the samples from the PFRs than in samples from the
CSTRs, while the opposite was observed for Caldicoprobacter. However,
the differences between reactor types were small, since the relative
abundances of these genera were < 1-2 % in all samples. In conclusion,
the results indicate that SAO was the predominant acetate degrading
pathway in all investigated reactors, facilitated by e.g. Syntrophaceticus
in collaboration with Methanoculleus or Methanothermobacter. However,
in the CSTRs, acetoclastic methanogenesis by Methanosarcina might also
have contributed to acetate consumption.

3.2.3. Effect of reactor mixing speed on microbial community structure
Although most operating parameters were identical in both reactor
types, certain factors, such as reactor stirring speed, had to be different
to fit the reactor design. In the CSTRs, a higher speed was necessary to
avoid sedimentation of the solid material and enable good heat transfer.
These factors were also the reason for further increasing the stirring
speed from 70 to 150 rpm at week 30 in the CSTRs. In the PFRs, the inner
walls were scraped by stirrer blades to prevent sedimentation and,
compared with the CSTRs, a greater volume of material was moved in
each revolution in the PFRs, which allowed use of much lower stirring
speed (1 rpm). Stirring frequency can have a significant effect on the
microbial population, i.e. the observed difference between the PFRs and
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CSTRs could be related to differences in stirring rate. For example,
higher mixing speed has been shown to impede the interaction between
bacteria performing SAO and hydrogenotrophic methanogens (Singh
et al. 2020). In line with this, the higher abundance of Methanosarcina in
the CSTRs could be a result of higher stirring speed since acetoclastic
methanogens such as Methanosarcina are reported to be present in
higher abundance in more agitated systems, while less agitation favours
hydrogenotrophic methanogens such as Methanoculleus (Zhang et al.
2019; Sekine et al. 2022). In contrast, the hydrogenotrophic metha-
nogen Methanothermobacter was present in higher relative abundance in
the CSTRs. A trend for higher relative abundance of Meth-
anothermobacter at higher stirring speed has been observed previously
(Ghanimeh et al. 2018) and could be related to improved distribution of
H; in the material at higher mixing speed (Singh et al. 2020), promoting
growth of Methanothermobacter in these reactors. Slower mixing, and
thereby lower Hj transfer in the PFRs, appears to have been more
favourable for Methanoculleus, which can grow at low H, levels
(Neubeck et al. 2016; Kato et al. 2020).

The VFA profiles were similar throughout the experiment, with ac-
etate and propionate as the main VFA species in all reactors (Fig. S1). No
significant differences in propionate levels (during week 31-38) could
be observed between the reactors (p > 0.05). The level of acetate
however was significantly higher in the CTSRs operated at HSD condi-
tions (CR2 and CR3), than in the PFRs (during week 31-38, p < 0.05).
The reason could be a higher rate of acetate generation and/or a
decreased SAO activity in the CSTRs. The latter potentially as a result of
the higher stirring speed inhibiting the interaction between metha-
nogens and SAOB. Several studies have shown that lower mixing fre-
quency and intensity are beneficial for methane yield and process
stability (Latha et al. 2019; Zhang et al. 2019; Sekine et al. 2022). In line
with this, acetate concentration in all CSTRs peaked during, or just after,
week 30 when the stirring speed was increased. The indication of
decreased SAO activity in the CSTRs contradicts the hypothesis that
MBAO3 function as SAOB. If MBAO3 were indeed SAOB, its high abun-
dance would likely correlate with efficient acetate conversion, which
was not observed.

Mixing intensity and speed have also been observed to affect cellu-
lose degradation which is dependent on microbes attaching or coming
into close proximity to the substrate (Schwarz 2001), interactions that
can be disrupted at higher stirring rate. Kim et al. (2017) found that low
or intermittent mixing in a semi-continuous CSTR was beneficial for
cellulose degradation while an increase in mixing speed (50-150 rpm)
caused severe disturbance and a significant decrease in methane pro-
duction from rice straw. This is consistent with the reduction in the
highly abundant cellulose-degrading genera (Defluviitoga and Halocella)
observed in the CSTRs in comparison with the PFRs, and suggests that
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the stirring intensity could be a contributing factor to the lower SMP in
the CSTRs.

A potential reason for the high relative abundance of MBAO3
observed in the CSTRs could be related to the substrate dispersion rate
which likely was improved by the high stirring speed (Singh et al. 2020),
meaning that new substrate was distributed more rapidly to the entire
reactor volume. The initially higher water content in the CSTRs might
also have simplified distribution of soluble organic matter in these re-
actors which may have favoured fast-growing microbes and microbes
that easily can take up and metabolise soluble substrates. This could
have favoured MBAO3 and Proteiniphilum that both have members with
the ability to ferment soluble carbohydrates (Hahnke et al. 2016;
Puchol-Royo et al. 2023), and be a reason for the marked increase in
relative abundance of these genera. Lentimicrobium also has members
that can grow on soluble carbohydrates (Sun et al., 2016). However, this
genus decreased in abundance in the CSTRs, possibly outcompeted by e.
g MBAO3.

4. Conclusions

This study investigated the performance of an HSD process trans-
ferred from laboratory-scale reactors of PFR type to CSTRs. Theoreti-
cally, a process operated in a PFR has an advantage over a CSTR process,
since short-circuiting of material is avoided in a well-functioning PFR.
However, no evidence of plug-flow behaviour was observed and thus
both the PFRs and CSTRs were effectively completely stirred reactor
systems. Also, recirculation of whole digestate (30 %) in the PFR could
not be shown to affect plug-flow behaviour and process performance
significantly, nor influence the potential to obtain separate microbial
communities across the length of the reactor.

In line with the lack of plug-flow characteristics, results from the
comparative analysis in the present study could not clearly confirm
theoretical benefits of PRF over CSTR for HSD, as no clear difference in
degree of degradation could be shown. Still, the significantly higher SGP
and SMP obtained from the PFRs indicated a better degradation capacity
in this system. The higher NHj-N level in the PFRs compared with the
CSTRs suggests improved protein degradation in the PFRs, which might
have contributed to the higher gas yield. However, as indicated by
theoretical calculations as well as the microbial analysis this may not be
the sole explanation for the comparably higher gas production in the
PFRs. Most likely a combination of factors interplayed, affecting not
only protein degradation but also conversion of other components. Such
factors included differences in stirring frequency and ammonia level,
leading to reduced activity of e.g. SAOB and cellulose degrading mi-
crobes in the CSTRs. Analysis of microbial community structure revealed
a shift in both the potential cellulolytic and proteolytic genera between
the reactor types with, Defluviitoga and Lentimicrobium dominating in the
PFRs and the to the yet-to-be cultivated order MBAO3 and the genus
Proteiniphilum in the CSTRs. The methanogenic community also shifted,
from dominance of Methanoculleus in the PFRs to Methanothermobacter
and Methanosarcina in the CSTRs.

In addition, although process disturbances were not experienced in
the present study, it is possible that the intense stirring could make the
CSTR process more susceptible to e.g. inhibiting ammonia levels, as the
SAO pathway is sensitive to high mixing speed. This could be an
important disadvantage when operating HSD processes in CSTRs, as
high ammonia concentration is a common problem in thermophilic
HSD. Thus, HSD in CSTR processes could likely benefit from optimisa-
tion of operating parameters such as stirring intensity and mechanism.
Despite differences in methane yield, this reactor comparison demon-
strated that stable operation could be maintained while digesting sub-
strates with high TS level (TS;, 27-28 %) in both PFRs and CSTRs,
indicating flexibility in the choice of reactor technique. This could help
in making informed decisions about selection of reactor system when
designing and planning HSD experiments and processes.
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