Energy Conversion and Management 300 (2024) 117978

Contents lists available at ScienceDirect Eneroy
1)

Conversion
{Management

Energy Conversion and Management

R

journal homepage: www.elsevier.com/locate/enconman

ELSEVIER

Check for

Comparative study of high-solid anaerobic digestion at laboratory and e
industrial scale — Process performance and microbial community structure

Ebba Perman *", Maria Westerholm *°, Tong Liu®°, Anna Schniirer "

@ Department of Molecular Sciences, Swedish University of Agricultural Sciences, Uppsala, Sweden
Y Biogas Solutions Research Center, Linkoping, Sweden
¢ Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, Umed, Sweden

ARTICLE INFO ABSTRACT

Keywords:

High-solid anaerobic digestion
Laboratory-scale plug-flow reactor
Process performance

Microbial community structure

High-solid anaerobic digestion (HSD) for biogas production, compared with wet digestion, is attracting interest
due to advantages such as reduced fresh water usage, improved digestate quality and potential for high organic
loading rates. However, the underlying processes are not well described and evaluated for HSD. In this study, two
laboratory-scale reactors (46 L) of plug-flow type were designed to simulate an industrial-scale HSD process co-
digesting food waste, agricultural waste and garden residues under thermophilic conditions. Performance of the
laboratory-scale HSD process under stable and disturbed conditions was compared with that in industrial-scale
reactors. The results showed that the laboratory- and industrial-scale processes had similar efficiency (93 %) and
VS-reduction (43 % and 41 %, respectively) and relatively similar specific methane production (339 and 366 NL
CHy/kg VS, respectively). Results from tracer studies combined with chemical analyses showed no phase-
separation or plug-flow behaviour along the horizontal axis in either laboratory- or industrial-scale reactors,
indicating a need for further process optimisation. Analyses of microbial community structure showed high
similarity between laboratory- and industrial-scale, but with some differences caused by downscaling. During the
experiment, the laboratory- and industrial-scale processes both showed signs of disturbance, i.e. VFA accumu-
lation at NH4-N levels > 4 g/L, accompanied by a shift in microbial community structure at both scales, with
significant increases in relative abundance of e.g. genera Defluviitoga and Methanothermobacter. In conclusion, this
study confirmed the validity of simulating HSD at laboratory scale, thus providing valuable insights into biogas
production from high-solid substrates, both in laboratory- and industrial-scale processes.

1. Introduction

Anaerobic digestion (AD) is a process in which organic materials are
degraded and converted into biogas, a renewable energy source [1,2].
The residual material from the process, ie. the digestate, has a high
content of plant-available nutrients and can be used as biofertiliser
[3,4]. Industrial-scale AD is widely used for treatment of organic waste
streams, e.g. sewage sludge, agricultural residues and food waste from
households and industries [5]. The most commonly applied AD tech-
nology is wet digestion, where the total solids (TS) content is < 15 % [6].
This technology is well-investigated and established at industrial scale.
An alternative, less commonly applied technology is high-solid digestion

(HSD), which typically operates with TS > 15 % [6]. HSD has several
advantages over wet AD, such as lower use of fresh water for substrate
dilution and the potential to use relatively high organic loading rate
(OLR), and thus smaller reactor volumes in relation to input substrate
[7]. Another advantage compared with wet digestion is that the diges-
tate produced has a lower water content and higher nutrient concen-
tration [7]. The dry nature of many agricultural wastes, e.g. crop
residues and animal solid manure, and of food waste make these sub-
strates suitable for digestion in HSD processes [8]. However, more
research is needed to achieve high reliability and profitability at in-
dustrial scale [6,9].

Irrespective of the technology used for AD, the substrate is degraded
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by a diverse community of anaerobic microorganisms in four main steps:
i) hydrolysis of polymers to monomers, ii) fermentation of monomers to
volatile fatty acids (VFAs) and alcohols, iii) anaerobic oxidation of
fermentation products to the main methanogenic substrates acetate and
Hy/CO, and iv) methanogenesis [1]. Conversion of VFAs is strictly
dependent on a close syntrophic relationship between bacteria per-
forming anaerobic oxidation and methanogens [1,10]. For an efficient
process, all AD steps need to be synchronised. When there is a kinetics
imbalance between acid production and consumption rates, VFA accu-
mulation can occur [11].

HSD processes are generally operated at relatively high OLR
[8,9,12]. Thus the risk of process disturbances and VFA accumulation is
high compared with wet AD, particularly for easily degradable sub-
strates with high protein content, such as food waste [13-16]. During
degradation of proteins, ammonium-nitrogen (NH}-N) is released and at
high concentrations this can cause inhibition of the microbial commu-
nity, especially methanogens, resulting in problems with acid conver-
sion [17,18]. Co-digestion with more recalcitrant carbon-rich materials,
e.g. plant materials, paper or solid manure with high levels of lignocel-
lulose, has been observed to improve process stability [12,14,16,19-21].

In addition to the above-mentioned biological obstacles, HSD also
involves some technical challenges relating to use of materials with high
TS content, including issues with mixing highly viscous materials with
large particle size. To tackle these issues, continuous HSD processes are
often run using plug-flow reactors (PFR) [9,22], rather than the
continuous stirred tank reactors (CSTR) commonly applied for wet
digestion. Horizontal PFRs are fed from one end and digestate is taken
out from the other end, and inside the reactor the material is pushed
from the feeding inlet to the digestate outlet. In an ideal system there is
no horizontal mixing or diffusion, which would create separate reaction
zones along the length of the reactor, like a series of CSTRs but within
the same reactor [23-25]. Operation at close-to-ideal plug-flow condi-
tions could thereby theoretically give a process similar to multi-phase
anaerobic digestion set-up, with phase separation between the hydro-
lysis/acidification steps at the start of the reactor and methanogenesis
towards the end [9,25-27]. Modelling evaluations have suggested that
minimal diffusion along the reactor can optimise process efficiency [28],
although this could also be problematic in cases of local accumulation of
inhibitors [29]. In the ideal case, material resides in the reactor during
exactly one hydraulic retention time (HRT) [24], which eliminates
short-circuiting of readily accessible organic compounds and thereby
optimises substrate utilisation. However, to the best of our knowledge,
only one study has previously validated plug-flow behaviour in a lab-
scale AD reactor of horizontal PFR type [30]. Thus, the necessary con-
ditions for establishing phase-separated plug-flow in terms of substrate
characteristics, process operation and technology remain unclear, which
highlights the importance of more investigations on PFRs. Moreover, the
microbiology of PFRs and whether distinct separation of the biological
steps can be achieved has been investigated in only a few previous
studies [31,32].

To maximise efficiency, resource utilisation and economic perfor-
mance, AD processes must be operated under optimised conditions. New
optimisation strategies are best explored using laboratory-scale reactors,
thereby avoiding decreases in productivity and risks of process failure in
large-scale reactors during the experiments. However, this means that
processes at laboratory and industrial scale must be comparable and that
the laboratory results can be scaled up. Promising results in this regard
were obtained by Gallert et al. [33], who optimised OLR at laboratory
scale and successfully applied the results in a full-scale AD process.
Moreover, Bouallagui et al. [34] found laboratory-scale evaluation to be
useful for prediction of performance in a full-scale reactor treating
sewage sludge and Liidtke et al [35] observed good agreement in
methane production from an industrial-scale process mimicked at lab-
oratory scale. However, these studies were all carried out in CSTR sys-
tems and when it comes to HSD systems of plug-flow type there is a lack
of comparative studies at laboratory and industrial scale. Moreover, few
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previous studies have studied the effect of upscaling or downscaling on
microbial community structure and links to process performance.

The main aim of this study was thus to investigate whether HSD
processes can be operated in the laboratory with the same efficiency and
yield as in an industrial-scale system, and thereby serve as a useful
model for evaluation of process operation. An additional aim was to
investigate plug-flow behaviour and phase separation in laboratory- and
industrial-scale reactors. A thermophilic industrial-scale HSD process
fed a mixture of food waste, agricultural residues and garden waste was
mimicked in the laboratory. The laboratory-scale and industrial-scale
reactors were both horizontal PFRs, with three sampling ports along
the reactor. Process performance and plug-flow or phase separation
between reactor sections were evaluated using chemical and microbio-
logical methods and the processes were assessed under both stable and
disturbed conditions.

2. Methods
2.1. High-solid laboratory- and industrial-scale reactors

High-solid digestion of mixed organic waste (see below) was evalu-
ated at laboratory scale for 53 weeks and at industrial scale for 44 weeks.
Duplicate laboratory-scale reactors (LR1, LR2) of plug-flow type with
horizontal orientation were designed in-house, each with an active
volume of 45.7 L (filled to 85 % of reactor height) and a length:width (L:
W) ratio of 4.1 (Fig. 1). The industrial-scale system consisted of triplicate
reactors of plug-flow type (RK1, RK2, RK3), each with an active volume
of 2,100 m? (filled to 85 % of reactor height) and L:W ratio of 5.3.

The laboratory-scale reactors were stirred radially at a speed of 1
rpm by six paddle blades scraping the inside walls. Material was added
through a feeding funnel and digestate was removed from the other end
of the reactor (Fig. 1). The reactors had three sections (S1, S2, S3), each
with a separate sampling point, and reactor material flowed freely be-
tween the sections. The industrial-scale reactors were constructed
similarly, with three sections and radial stirrers (~0.5 rpm), although
with slightly higher L:W ratio and different feeding inlets, using a screw
instead of a funnel. Due to practical difficulties, section S2 in the
industrial-scale reactors was only sampled on one occasion (microbio-
logical analysis in week 33). Sampling was carried out weekly from S1
and S3 of both the laboratory- and industrial-scale reactors.

Digestate from the industrial-scale reactors was used as inoculum for
the laboratory-scale process. Before inoculation, the digestate was
sieved to reduce the particle size to 15 mm and contaminating waste
(plastics etc.) was removed. The industrial scale reactors were operated
under thermophilic conditions (53-56 °C) to achieve hygienisation
during the digestion process and similar conditions were used also in
laboratory scale (52-53 °C). Temperature sensors were placed at three
positions along all reactors (Fig. 1). At both scales, digestate (without
any post-treatment) was recirculated at an average ratio of 30 % of
ingoing substrate mass. Recirculation in laboratory scale was carried out
manually at each feeding occasion by mixing parts of the discharged
digestate with the substrate fed to the feeding inlet. Volumetric HRT
was ~ 42 days in laboratory-scale reactors, and HRT and OLR were
calculated based on substrate input, excluding the recirculated material.
To avoid volume reduction in the laboratory-scale reactors due to gas
production, reduction of volatile solids (VS) was estimated to 50 % and
was compensated for daily by adjusting the recirculation ratio. The
laboratory-scale reactors were fed semi-continuously once per day, six
days per week. The industrial-scale reactors were fed semi-continuously
for 12 h per day, seven days per week, and the average volumetric HRT
was ~ 33 days.

2.2. Substrate characteristics

The substrate consisted of different organic waste fractions: food
waste, garden residues, horse manure, olive cake, crop residues (wheat)
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Fig. 1. Schematic illustration of the laboratory-scale high-solid reactor used in the presentstudy.

and potato waste (Table A.1). At industrial scale the substrate was
shredded and sieved to particle size ~ 60 mm before being fed into the
reactors, with an average VS;, of 23 %. Due to variations in the substrate
supply chain at the plant, the ratios of different substrate fractions
differed somewhat from day to day. Therefore, it was not feasible to
collect homogenous substrate samples representing the entire mixture
from the industrial-scale reactors. Instead the different substrate frac-
tions were collected sperately and later mixed for use in laboratory scale.

The substrate used in laboratory-scale was mixed to mimick the ra-
tios used in the industrial process (based on the average substrate
composition during 24 weeks before the start of the experiment). The
substrate fractions were collected at the industrial-scale plant to use the
same substrate in both scales. For practical reasons, substrate fractions
used in laboratory scale were collected every 3-4 months during the
experimental period and stored at 4 °C until use. At laboratory scale, the
substrates were pre-treated by grinding to particle size ~ 10 mm. All
fractions were analysed for TS and VS, and the final substrate mixes were
analysed for total N and C, organic N, NH4-N, and concentration of
macromolecules (Table 1). Before feeding the reactors, water was added
to the substrate mix to obtain a final VS;, of 22 %.

2.3. Analytical methods

The volume of gas produced in the laboratory-scale reactors was
measured continuously using RITTER Drum-type meters TG0.5 (RITTER
Apparatebau GmbH & Co. KG, Bochum, Germany). Gas composition
(CHy4, CO9, Oy, Hy, HyS) was measured before every feeding occasion,
using an AwiFLEX device (Awite Bioenergie Gmbh, Langenbach).

Concentrations of TS and VS in substrate fractions and digestate

Table 1
Chemical composition of substrate mixes used in laboratory-scale reactors dur-
ing different periods of operation.

Substrate period Week 1-14 Week 14-25 Week 26-53
Tot-N [g/kg] 5.1 6.8 5.1
Org-N [g/kg] 4.7 6.1 5.0
NHZ-N [g/kgl 0.4 0.7 0.1
Tot-C [g/kg] 108.5 122.3 90.2
Raw protein [g/kg] ND 33.4 26.8
Raw fat [g/kg] ND 35.7 19.6
Carbohydrates [g/kg] ND 155.7 146.1

ND, not determined.

samples were analysed in triplicate using standard methods (APHA,
1998). Potential VFA losses during TS analyses were investigated (based
on SGC Rapport 2013:273) but found to be negligible, and thus no
correction was made for VFA losses.

Organic N (SS-ISO 13 878), NH4-N (FOSS TECATOR, Application
Note, AN 5226, based on ISO 11732) and total C (SS-ISO 10 694) in
substrate samples were measured by Agrilab AB (Uppsala, Sweden).
Biweekly measurements of NH{-N concentration in digestate samples
from the laboratory-scale reactors were performed using a LCK 302
Ammonium kit (Hach Lange Gmbh, Diisseldorf, Germany). In brief,
digestate samples were sieved using a tea-strainer and then frozen at
—20 °C until analysis. Before analysis, samples were thawed and
centrifuged at 11500xg for 15 min. The supernatant was removed and
diluted in dH5O, sterile filtered (0.2 um syringe filter), and then finally
added to the test cuvette (200 pL), following the manufacturer’s in-
structions. Absorbance was measured using a DR3900 spectrophotom-
eter (Hach, Germany). Ammonia-nitrogen (NH3-N) concentration was
calculated based on temperature, pH and NH-N concentration [36].

The concentration of VFA in digestate samples from laboratory-scale
reactors was measured by HPLC (Agilent 1100 Series, Agilent Technol-
ogies, Waldbronn, Germany), as described previously [37]. Digestate
samples were sieved using a tea-strainer and then frozen at —20 °C until
sample preparation and analysis. Alkalinity and the ratio between vol-
atile organic acids and total inorganic carbon (FOS/TAC) was measured
on fresh, sieved (using tea-strainer) digestate samples from laboratory
reactors by titration with 0.1 N H3SO,4 Standard Solution, using a
TitraLab AT1000 Series (Hach Lange Gmbh) according to the manu-
facturer’s instructions, based on the Nordmann method for FOS/TAC
measurement.

The protein content in digestate and substrate samples was calcu-
lated based on total Kjeldahl-N (EN 13342) and NHZ-N (STANDARD
METHODS 1998, 4500 mod.) measured by Eurofins Food & Feed Testing
Sweden (Lidkoping). Carbohydrate content (SLVFS 1993:21) was ana-
lysed by Eurofins Environment Testing Sweden AB, and content of raw
fat (NMKL 160 mod.) by Eurofins Food & Feed Testing Sweden
(Lidkoping).

For digestate samples from the industrial-scale reactors, the
following analyses were performed: TS (SS-EN 12880:2000), VS (SS-EN
12879:2000), VFA (Clarus 550 gas chromatograph (Perkin Elmer,
Waltham, MA, USA) with a packed Elite-FFAP column (Perkin Elmer,
USA) for acidic compounds (Jonsson & Borén, 2002)), pH (SS-EN ISO
10523:2012) and NH{-N (ISO 5664:1984). All these analyses were
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carried out by Tekniska verken i Linkoping AB (Linkoping, Sweden).
2.4. Tracer test

Plug-flow behaviour was evaluated in laboratory-scale reactor LR1
with a tracer test using LiCl (Alfa Aesar, ThermoFisher (Kandel) GmbH,
Germany), with an average concentration in the reactor of 91 mg Li*/kg
TS [38]. Digestate for recirculation was collected before the tracer was
added and was used for recirculation throughout the test. Samples of
outgoing digestate were taken on every feeding occasion (6 days/week)
for a period of 40 days. Digestate was analysed for Li" concentration (SS
028150:1993/SS-EN, ISO 11885:2009) by Eurofins Environment
Testing Sweden AB. A tracer test using Li* had been performed at the
industrial-scale plant, to ensure sufficient residence time for hygienisa-
tion. In that test, LiOH-H20 (Helm AG, Hamburg, Germany) was added
to one of the reactors to obtain an average Li* concentration of 25 mg/
kg TS and the Li* concentration in the outgoing digestate was measured
regularly during the first 48 h. During the test, the reactor was operated
under minimum HRT conditions (~25 days), ie. fed the maximum
possible substrate amount to simulate a “worst-case scenario”. It was
estimated that the amount of outgoing digestate during the test was
0.5-0.75 m>/hour. Analysis of Li™ concentration in digestate samples
was carried out by Agrolab GmbH, Germany.

2.5. Analyses of microbial community

Microbial community structure was analysed by 16S rRNA gene
sequencing on two occasions. First, samples from steady-state operation
were analysed to compare the different reactor sections (S1-S3) and
laboratory- and industrial-scale reactors. Samples at laboratory scale
were collected during the start-up phase (before week 1) and in exper-
iment weeks 11 and 14, from all three reactor sections of LR1 and LR2.
Samples from S1 and S3 in industrial-scale reactors RK2 and RK3 (RK1
excluded due to process disturbance) were collected in experiment
weeks 6, 13, 20, 28 and 33. During week 33, a sample was also taken
from S2 in RK3. In the second sequencing round, samples from the
period with process disturbances, as observed by VFA accumulation,
were collected (18 time points for the two laboratory-scale reactors and
12 time points for the three industrial-scale reactors). DNA extraction
was performed as a single replicate (for samples in time-series with > 3
sampling time-points) or three replicates per time-point, using the
FastDNA Spin Kit for Soil (MP Biomedicals Europe) as described previ-
ously [39]. All samples were stored at —20 °C, both before and after DNA
extraction.

Libraries of the 16S rRNA gene were prepared using primers for
amplification of the V4 region (515F/806R). Library preparation and
sequencing (Illumina Novaseq platform) was carried out by Novogene
(UK) Company Limited, Cambridge, United Kingdom. Raw sequences
(with primer and barcode sequences removed) were processed using the
DADA2 pipeline v1.16.0 [40]. Optimal trimming sites to minimise error
rates were chosen using the tool Figaro [41]. Sequences were annotated
with the Silva database v138.1 [42]. Processing of results was carried
out in R, using the phyloseq package v1.38.0. Weighted principal co-
ordinate analysis (PCoA) was used to analyse p-diversity in different
reactors and sections at steady state. Distances were calculated by the
UniFrac method [43] based on a phylogenetic tree generated using
neighbour-joining [44], using the phangorn package in R.

The gene copy number of archaeal groups in samples from the
steady-state period was investigated by qPCR targeting the 16S rRNA
gene. Two different primer pairs were used, designed for detection of
orders Methanobacteriales (MBT) and Methanomicrobiales (MMB) [45].
The qPCR protocol and programme were as described previously [37].
Before analysis, sample dilution was tested [46] and the optimal dilution
was found to be 100x. The qPCR reaction was run with a QuantStudio 5
Real-Time PCR system (ThermoFisher Scientific), and the raw data were
processed using QuantStudio Design & Analysis Software v1.5.2
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(ThermoFisher Scientific).
2.6. Degradation efficiency and residual methane production

Residual methane potential (RMP) and degradation rate of protein
(egg white powder, Kallbergs Industri AB, Toreboda, Sweden), cellulose
(microcrystalline cellulose, Alfa Aesar, ThermoFisher GmbH, Kandel,
Germany) and fat (rapeseed oil) were measured in digestate samples,
taken from both S1 and S3, from laboratory (pooled digestate from LR1
and LR2) and industrial-scale (RK3) , in principle as described previ-
ously [47]. Batch tests for analysis of degradation rates were carried out
in triplicate with 200 mL digestate and 2 g VS/L of added substrate in
bottles with total volume 600 mL. RMP i.e., background methane pro-
duction, was measured in digestate without substrate addition. Methane
production were measured during 28 days incubation at 52 °C in AMPTS
II systems (Bioprocess Control, Lund, Sweden).

Volatile solids reduction was calculated as (VSin-VSout)/VSin [32].

Based on RMP, methane production per active reactor volume (MPy)
and HRT, process efficiency (%) was calculated according to Rico et al.
[48] as: Efficiency (%) = 100*(MPy*HRT)/(MPy*HRT + RMP).

2.7. Statistical analyses

The process parameters VFA concentration, VS content, VS reduc-
tion, pH, specific methane production (SMP), RMP, NH3-N, and NH}-N
concentration were compared between the laboratory-scale and
industrial-scale reactors, and also between sections S1 and S3 within
each reactor. Sections were compared using paired t-test, within reactor
and at the same time point. For comparisons between laboratory- and
industrial-scale reactors, values from S3 in both systems were compared
using Welch’s t-test assuming unequal variances. All statistical analyses
were carried out in R v4.1.2.

3. Results

3.1. Process parameters and performance in the laboratory- and
industrial-scale systems

At laboratory scale, mean SMP was 338 + 57 and 339 + 47 NL CH4/
kg VS in LR1 and LR2, respectively (Table 2), with no significant dif-
ference between the two replicate reactors. Weekly average SMP varied
constantly in the laboratory-scale process, but no general descending or

Table 2

Overview of the laboratory-scale and industrial-scale processes, based on mea-
surements on digestate samples taken from the last section (S3) of the reactors.
Mean values or minimum-maximum range during the experiment is shown
where appropriate.

Parameter Laboratory-scale Industrial-scale
OLR [g VS/L day] 5.2° 4.2-8.4
VSsubstrate [%] 22° 19-25
TSout [%] 13.6-22.8 15.1-23.9
VSour [%] 10.8-14.2 10.6-16.4
HRT [days] ~42 ~33
Recirculation rate [% of ingoing material, 30 30
ww]
Weekly average SMP [NL CHy/kg VS] 200-563 (LR1) 269-466
183-464 (LR2)
Total VFA [g/L] 0.1-9.0 0.2-12.9
NH4-N (NH3-N) [g/L] 2.1-4.6 2.3-4.1
(0.7-2.0) (0.3-1.7)
pH 8.0-8.5 7.5-8.7
Alkalinity [mg CaCO3z/L] 14 261-24 284 ND¢
RMP‘ [NmL CH,/g inoculum] 5.2+ 0.4 5.9+ 0.5

# OLR during stable process.

b All substrate batches diluted to 22% VS content on ww basis.
¢ Not determined.

4 Mean value and standard deviation over nine replicates.
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increasing trend over time was observed (Fig. 2a). In industrial-scale
reactors, SMP was calculated based on the total amount of gas pro-
duced in all three reactors per week (Fig. 2b). The mean value over the
whole experiment period was 366 + 52 NL CHy/kg VS (Table 2).

The OLR was kept constant when the laboratory-scale processes were
stable, but had to be lowered to 75 %, 50 % or even 0 % during process
disturbance events (Fig. B.1). The process was considered stable when
daily volumetric gas production was relatively constant from day-to-day

a) o Laboratory scale b)
> 600
2
: 400
Z
<= 200
o = |R1
s A LR2
w 0 20 40
c) g d)
8.5
T W B
o 80
75 u LR1
70 ALR2
0 20 40
e LR1 f
) )
—_
= 5
=)
2
c
Ke]
=
© 1
£ &M "= :
C
[0} LR2
8 10 B Acetate
o) A Propionate
o ® Total VFA
<
[
>
5
1 AR
m “ea H
0 20 40
g) LR1 h)
4 s .,
— A ‘ at
4 2 . .
=
~ " L] "
c 1 - A - ] " "
il
=
T 0
c LR2
3 R = NH-N
S 4 L A NH,*N
o R as
Z 3 Lt ~ N
) . s
0
0 20 40
Week

SMP (NL/kg VS)

pH

VFA concentration (g/L)

N concentration (g/L)

Energy Conversion and Management 300 (2024) 117978

and when there was no significant increase in CO, and H; content in the
gas (Fig. B.1). The FOS/TAC-value was also considered an indicator of
process stability, and OLR was decreased when a steep increase in this
parameter was observed (Fig. B.1). Changes in process performance,
indicating process disturbance, were observed in laboratory-scale re-
actors around experiment weeks 20-45 in LR1 and 25-35 in LR2. These
changes included increasing NH4-N and VFA concentrations, with pro-
pionate concentration reaching 6.2 and 4.2 g/L in LR1 and LR2,

Industrial scale
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Fig. 2. Process data from (left) laboratory-scale reactors (LR1, LR2) and (right) industrial-scale reactors (RK1, RK2, RK3). Specific methane production at a) lab-
oratory and b) industrial scale (mean production from all three reactors). pH in outgoing digestate (S3) at c) laboratory and d) industrial scale. €) Total VFA, acetate
and propionate concentration at laboratory scale and f) total VFA and propionate concentration at industrial scale, all measured in outgoing digestate (S3). Con-
centration of NH3-N and NHJ-N in outgoing digestate (S3) at g) laboratory and h) industrial scale.



E. Perman et al.

respectively (Fig. 2e, Fig. B.2). Additionally, H,S and CO» content in the
gas increased, a sharp peak in Hy was observed and the CH4 content
dropped slightly (Fig. B.1). However, pH remained relatively stable
throughout the entire experimental period (Fig. 2c).

In the industrial-scale reactors, the variation in OLR depended on
substrate availability and no adjustments were made based on process
performance. During the experimental period, the OLR ranged between
4.2 and 8.4 g VS/L day, with a mean value of 6.9 g VS/L day (Fig. B.1
and Table 2). Process parameters such as pH, NH4-N concentration and
gas composition remained relatively stable throughout the experimental
period (Fig. 2d, 2 h, Table 2 and Fig. B.1). However, RK1 showed a
disturbance during experiment weeks 19-26, with a peak in VFA con-
centration, mainly represented by propionate reaching 11.0 g/L
(Fig. 2f). In reactors RK2 and RK3, the VFA concentration fluctuated
during the same weeks but did not reach the same level as in RK1.
During the same period, a peak in NH4-N concentration was observed,
reaching the highest values in RK1 (Fig. 2h).

3.2. Comparison of process parameters and performance between systems
and sections

Comparison of process performance between laboratory and indus-
trial scale revealed several significant differences, with higher VFA
concentrations and pH at laboratory scale and higher NH{-N concen-
trations and VS, at industrial scale (Fig. 3a-d, Table C.1). Mean SMP
and RMP were also higher at industrial compared with laboratory scale
(Fig. 3f-g). On average, NH{-N levels were higher in industrial-scale
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reactors, but the relatively high pH in laboratory-scale reactors led to
significantly higher levels of free ammonia at laboratory (0.8-2.0 g NHs-
N/L) than industrial scale (0.6-1.8 g NH3-N/L) (p = 0.006).

Comparisons of process parameters were also made between reactor
sections S1 and S3 in all reactors, at both laboratory and industrial scale
(Fig. 3a-d, 3f, Table C.1). In the laboratory-scale reactors, significant
differences between sections were seen in VFA concentration and alka-
linity, but not in VS content, pH, NH4-N concentration or RMP. In the
industrial-scale reactors, there were significant differences between
reactor sections in VFA concentration, pH, NH;-N concentration, VS
content and RMP.

To study plug-flow behaviour, a tracer study was carried out using
Li*. At laboratory scale, around 60 % of total Li* added to the reactor
left the system within 40 days (Fig. D.1). The highest Li* concentration
in outflowing digestate was seen after 3—4 days (Fig. D.2). A tracer test
was also carried out at the industrial-scale plant, for 48 h in total to
ensure sufficient residence time for hygienisation. The Li* concentration
in outgoing digestate from the industrial-scale reactors exceeded the
background level ~ 19 h after addition of tracer, but the majority of
added Li" was not detected during the test period (data not shown).

3.3. Substrate degradation, degradation rates and macromolecule
concentrations

VS reduction was measured to evaluate the extent of organic fraction
degraded in the reactors. Although VS reduction varied more between
time points in the industrial-scale system, the average value was
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significantly higher at laboratory (43 %) than industrial scale (41 %)
(Fig. 3e). RMP, quantifying the remaining gas potential in the digestate,
was significantly higher in outgoing digestate from industrial-scale re-
actors (5.9 NmL/g digestate) compared with laboratory-scale reactors
(5.2 NmL/g digestate) (Fig. 3f). Process efficiency, calculated based on
HRT, RMP and volumetric methane production, showed similar values
at laboratory and industrial scale (92.5 and 93.1 %, respectively).

At both scales, the dry matter fraction in the digestate was dominated
by carbohydrates (53-74 % of TS), followed by protein (13-16 % of TS)
and fat (2-5 % of TS) (Table 3). The digestate samples from laboratory-
scale reactors had similar composition to the substrate mixtures (in
terms of percentages of TS), but with a lower fat content and slightly
higher protein fraction in digestate samples (Table 3). In all sections of
the laboratory-scale reactors, the reduction in comparison with sub-
strate was similar except for carbohydrates which first decreased by 39
% in S1 and then further to 47 % reduction in S3 (Fig. E.1). The most
efficient degradation was obtained for raw fat, which decreased by
almost 90 % (Fig. E.1). In samples from the industrial-scale reactors,
there were no clear differences between digestate samples from sections
S1 and S3 (Table 3).

The degradation rate of different components of the substrate was
evaluated by determination of gas production from fat, protein and
cellulose in digestate from the different reactor sections (S1 compared
with S3). The batch tests with digestate from the laboratory-scale re-
actors revealed similar initial cellulose degradation rate in both sections,
whereas degradation of protein and fat was faster in S1 than in S3
(Fig. E.2). Digestate samples from the industrial-scale reactor showed
large variations between replicates in the batch tests and therefore no
significant differences between sections could be observed (Fig. E.2).

3.4. Microbial community structure

3.4.1. Community during steady-state

Analyses of microbial community structure using 16S rRNA gene
sequencing were performed during a period of stable process operation,
with the aim of evaluating differences between laboratory- and
industrial-scale reactors, and between sections within reactors. All
processes were found to be dominated by Defluviitoga (phylum Ther-
motogota), which accounted for 32-39 % in industrial-scale and 10-14
% in laboratory-scale reactors, and the Clostridia group MBAO3 (phylum
Bacillota), which accounted for 19-26 % at both laboratory and indus-
trial scale when the process was stable. Other genera with high relative
abundance were Halocella (phylum Halanaerobiaeota), with relative
abundance 6-7 % at laboratory scale and 2-5 % at industrial scale,
Lentimicrobium (phylum Bacteroidota), with relative abundance 10-11
% and 2-3 % at laboratory and industrial scale, respectively, and the
group DTUO14 within class Incertae Sedis (phylum Bacillota), which
accounted for ~ 7 % of the community at laboratory scale and 3-4 % at

Table 3

Concentrations of raw protein, carbohydrates and raw fat in laboratory-scale
substrate mixture and in digestate samples from laboratory- and industrial-
scale reactors.

Lab-scale Industrial-scale
Macromolecule Substrate”  S1° s2¢ 3¢ S1° S3¢
TS" [%] 25 16 16 16 22 19
Raw protein [% of TS] 11 13 13 13(1) 14 16
Carbohydrates [% of TS] 60 60 61 53(5) 71 74
Raw fat [% of TS] 8 2 3 3(0) 4 5

# Mean values over the experiment period.

Y Mean of two substrate mixes used in laboratory-scale reactors, from week
14-25 and week 26-53, respectively.

¢ Mean for reactors LR1 and LR2 at laboratory scale and for reactors RK2 and
RK3 at industrial scale (from one time-point each).

4 Mean values from reactors LR1 and LR2 from two sampling time-points,
standard deviation in brackets.
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industrial scale. Within Archaea, the results demonstrated dominance of
genus Methanothermobacter within the order Methanobacteriales
(phylum Euryarchaeota), accounting for ~ 1 % and 3-10 % of the total
community at laboratory and industrial scale, respectively. Another
dominant methanogen was Methanoculleus within the order Meth-
anomicrobiales (phylum Halobacterota), accounting for 3-6 % and 0-2
% of the total community at laboratory and industrial scale,
respectively.

Analysis of p-diversity by weighted PCoA indicated significant dif-
ferences between industrial and laboratory scale, but no significant
differences in community structure between sections (Fig. 4a), sampling
time-points or parallel reactors (Fig. F.1). Samples from the inoculum
and start-up phase clustered together with the industrial-scale samples
(Fig. 4a). Genera that distinctly increased in relative abundance upon
downscaling were: Lentimicrobium and Proteiniphilum from phylum
Bacteroidota, Halocella, Acetomicrobium (phylum Synergistota) and
groups within the phylum Bacillota (Firmicutes); Hydrogenispora (order
level), DTUO14 (order level), Dethiobacteraceae (family level) and Ker-
atinibaculum. Genera that distinctly decreased in relative abundance
upon downscaling were Defluviitoga and Tepidimicrobium (phylum
Bacillota) (Fig. 4b). For Archaea, a shift in the two dominant groups was
observed. Higher abundance of Methanoculleus in the laboratory-scale
reactors and in the inoculum was confirmed by qPCR analysis target-
ing the two dominant archaeal orders Methanomicrobiales (i.e. Meth-
anoculleus) and Methanobacteriales (i.e. Methanothermobacter)
(Fig. G.1). However, the dominance of Methanobacteriales over Meth-
anomicrobiales in industrial-scale reactors observed in 16S rRNA anal-
ysis was not clearly confirmed by qPCR analysis.

3.4.2. Community during process disturbance

To study microbial community dynamics during process distur-
bances, digestate samples were collected at several time-points during
the period of VFA accumulation (Fig. 2e, 2f). These samples were all
taken from S3 (i.e. no section comparison). In both laboratory-scale re-
actors (LR1, LR2), there was an increase in relative abundance of
Defluviitoga and decrease in relative abundance of MBAO3 during the
disturbance phase, and in LR1 this change was associated with the in-
crease in VFA concentration (Fig. 5a). At the point when VFA concen-
tration decreased in LR1 (around week 45), microbial community
structure returned to the original proportions. Industrial-scale reactor
RK1 also showed a decrease in relative abundance of MBAO3 during the
disturbance period, together with a peak in relative abundance of
Methanothermobacter (Fig. 5b). In both laboratory-scale reactors and in
RK1, the genera Halocella, Keratinibaculum and Tepidimicrobium
increased in relative abundance simultaneously with the highest VFA
concentrations, while there was a decrease in Lentimicrobium at the same
time-points (Fig. 5a, 5b).

4. Discussion

4.1. Process performance, downscaling effects and link to the microbial
community in laboratory- and industrial-scale reactors

4.1.1. Methane production and substrate degradation in laboratory- and
industrial-scale reactors

During the experimental period, mean SMP in the laboratory- and
industrial-scale reactors was 338 and 366 NL CH4/kg VS respectively,
which is within the range reported previously for thermophilic co-
digestion of food waste (~50 % of VS) and vegetable, straw or garden
waste (330-520 NL CHy/kg VS) [13,14,49,50]. The values obtained
were also within the wide range of SMP values (160-420 NL CH4/kg VS)
reported in previous studies of thermophilic high-solid digestion systems
treating food waste (80-100 % of VS) [15,32,51]. The differences be-
tween studies are likely caused by large differences in operating pa-
rameters, such as substrate characteristics, OLR and HRT. The overall
VS-reduction was similar in industrial- and laboratory-scale reactors
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(41-43 %), but at the lower end of the range reported for thermophilic
HSD processes digesting food waste (40-70 %) [8,12,15,32]. This result
could be expected since the substrate mix used in this study contained
only around 50 % food waste and the additional fractions consisted of
more recalcitrant lignocellulosic material (i.e. horse manure, garden
residues and crop residues).

4.1.2. Scale comparison and downscaling effects on overall process
efficiency and degree of degradation

When simulating an industrial-scale HSD process at laboratory scale,
there are several factors to consider. One is particle size of the substrate
and inoculum, which needs to be smaller in a laboratory-scale system. In
the present study, the inoculum used for the laboratory-scale reactors
was sieved and the substrate was grinded, while rougher shredding and
sieving of the substrate was applied at the industrial-scale plant. In
addition, the feeding strategy, i.e. semi-continuously every day at in-
dustrial scale and once per day, six days per week, at laboratory scale,
differed for practical reasons. Another difference was substrate compo-
sition, which was more consistent in the laboratory and only represented
a few samples of the industrial-scale substrate mix. Furthermore,
average OLR and HRT differed between the scales. These parameters
were initially set according to the operating conditions at the industrial-
scale plant, but during the time of the experiment, parameters were
changed slightly at the plant.

Despite the above-mentioned differences, process performance was
relatively similar at laboratory and industrial scale (Fig. 3). Addition-
ally, overall process efficiency estimated based on volumetric methane
production, HRT and RMP [48] was similar for laboratory- and
industrial-scale reactors (93 %). However, some small differences were
observed, such as slightly higher VS-reduction at laboratory scale
(Fig. 3e). This difference could be a result of the additional substrate pre-
treatment at laboratory scale, potentially increasing substrate avail-
ability to microorganisms, and consequently biodegradability and
methane production [5,52]. Higher degree of substrate degradation in
laboratory-scale reactors was also supported by lower RMP compared
with industrial-scale reactors. Additionally, the concentrations of mac-
romolecules (% of TS) in digestate samples were generally slightly
higher in industrial-scale (Table 3). Interestingly, in contrast to VS-
reduction, SMP was higher (8 %) at industrial scale. Both VS-
reduction and RMP pointed towards a higher degree of degradation in
laboratory-scale reactors, but the higher level of NH;-N in outgoing
digestate from industrial-scale reactors (Fig. 3b, 3e and 3f) instead
indicated more efficient protein degradation at the larger scale. How-
ever, this difference could also have been caused by greater variability
and, on average, higher protein content in the substrate mix at industrial
scale. Since proteins in general have higher biomethane potential than e.
g lignocellulosic substrates [53], this could potentially explain the
higher SMP in the industrial-scale reactors. The larger weekly fluctua-
tions in gas production at laboratory compared with industrial scale
(Fig. 2a-b) could also have influenced mean SMP at laboratory scale in a
negative way. A similar observation was made in a laboratory-/indus-
trial-scale comparison by Liidtke et al. [35], who speculated that smaller
fluctuations in industrial-scale reactors could be a result of more accu-
rate automated feeding and measurement procedures compared with
manual operation at laboratory scale. In addition, gas production in
industrial-scale reactors in the present study was calculated as a mean
value for all three reactors, providing seemingly more stable results
compared to separate measurements of gas production from each
reactor, which was the procedure in laboratory-scale. Another factor
that could have affected average methane production was process dis-
turbances, which were more severe at laboratory scale and only arose in
one of the three industrial-scale reactors, which might have lowered
average SMP at laboratory scale in comparison with the industrial-scale
process.
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4.1.3. Microbial community structure in laboratory- and industrial-scale
reactors and downscaling effects

In line with previous studies on CSTR reactors [47,54], a down-
scaling effect was observed on comparing microbial community struc-
ture in the laboratory- and industrial-scale processes (Fig. 4a). One cause
of this difference may be the different feeding regimes, as previous
findings have indicated that feeding frequency has a significant effect on
microbial community structure [55]. However, differences in parame-
ters such as OLR, pH, VFA and temperature could also have had an
impact (Table 2). Nevertheless, the laboratory- and industrial-scale
communities shared strong similarities, e.g. dominance of the bacterial
group MBAO3 and genus Defluviitoga. Both these groups have previously
been shown to be highly abundant in dry thermophilic AD processes
[13,15,56]. The function of MBAO3 is not yet known, although it has
been suggested to be linked to syntrophic acetate oxidation (SAO) [57]
or involved in carbohydrate fermentation [56], while Defluviitoga is
suggested to be very important for hydrolysis of complex carbohydrates
in thermophilic processes [13,56,58]. Another highly abundant genus
was Halocella which, like Defluviitoga, is cellulose-degrading and halo-
philic [59] and previously has been observed in dry thermophilic
digestion processes [15,60]. Another highly abundant genus was Lenti-
microbium, which is proposed to be involved in acidogenesis in the AD
process [61], with the type species growing on starch and simple sugars
[62]. However, members of this genus have also been enriched in both
acetate- and propionate-fed reactors, and may be involved in acetate
degradation [57,63].

Analysis of the carbohydrate-hydrolysing microbial groups upon
downscaling revealed a clear decrease in relative abundance of Deflu-
viitoga, whereas Halocella generally had higher relative abundance in the
laboratory-scale than the industrial-scale reactors. Other notable
changes were increases in the relative abundance of two genera
belonging to phylum Bacteroidota (Lentimicrobium and Proteiniphilum).
In the reactor communities, mainly three genera known to possess
proteolytic abilities (Proteiniphilum [64], Keratinibaculum [65] and the
closely related Tepidimicrobium [66]) were identified. The relative
abundance of Proteiniphilum and Keratinibaculum increased upon
downscaling, while that of Tepidimicrobium decreased. These changes in
the microbial community indicated shifts in both the proteolytic and
saccharolytic groups at laboratory scale compared with the industrial-
scale process, but these shifts did not seem to affect the degree of
degradation of the corresponding substrates.

For the predominant methanogenic genera, there was a clear shift in
dominance by Methanothermobacter at industrial scale towards Meth-
anoculleus at laboratory scale. Species belonging to Methanothermobacter
have a growth optimum at 55-65 °C [67], so the slightly higher average
temperature in the industrial-scale systems may have favoured growth
of this genus. The reason for the increase in Methanoculleus relative to
Methanothermobacter upon downscaling in the present study (Fig. G.1) is
not clear, but could be related to the generally lower Hy level in
laboratory-scale than industrial-scale reactors (Fig. B.1). Previous find-
ings suggest that Methanoculleus is enriched and has competitive
advantage at low levels of Hy [68,69]. However, no firm conclusions can
be drawn on whether the downscaling effect on the methanogenic
community influenced overall methane production efficiency.

4.2. Ammonia and VFA levels coupled to microbiology under stable
conditions and process disturbance

4.2.1. VFA accumulation in response to high levels of NHj-N

During the entire experimental period, both the laboratory- and
industrial-scale processes had high NHZ-N levels which, combined with
thermophilic conditions and relatively high pH, led to high ammonia
concentrations (0.6-2.0 g NH3-N/L), exceeding levels previously re-
ported to inhibit microorganisms, cause VFA accumulation and decrease
methane production in thermophilic systems (0.6-1.5 g NH3-N/L)
[18,70]. In line with this, both laboratory-scale reactors (LR1, LR2) and
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one industrial-scale reactor (RK1) showed rapid accumulation of VFA,
particularly propionate, when the NH-N level increased slightly and
reached 4.2-4.5 g/L (1.6-2.0 g NH3-N/L) and 4.1 g/L (0.8 g NH3-N/L)
respectively (Fig. 2g-h, Fig. B.1, Fig. B.2). In laboratory-scale reactors,
the increase in NH3-N was observed after introducing the second batch
of substrate mix, which had a relatively high content of fat and protein
(Table 1), indicating that the overall high ammonia level made the re-
actors sensitive to small changes in substrate composition. More severe
disturbance and maintained higher propionate concentration were
observed in LR1 compared with LR2. This process imbalance could have
been caused by technical issues in LR1, such as difficulty maintaining
reactor volume and thereby sporadic substrate overloading, in addition
to the substrate composition change. Previous studies of thermophilic
HSD operating with food waste have also observed signs of disturbance,
e.g high propionate levels relative to acetate, upon an increase in OLR
[32,71], and in processes with 1.2-1.9 g NH3-N/L [15]. Accumulation of
propionate is considered an important indicator of ammonia inhibition
and process disturbance, but also an inhibitor in itself, especially since
propionate degradation often has a long lag-phase and elevated levels
can persist over a long period [72].

4.2.2. Microbial community structure and links to NHs-N and process
instability

The microbial communities in both laboratory- and industrial-scale
reactors were generally dominated by bacterial groups known to be
ammonia-tolerant, such as the abundant MBAO3 and Defluviitoga
[15,73]. Lentimicrobium has also been observed previously at high NHZ-
N concentrations in thermophilic conditions [63], as have Halocella and
DTUO014 [15]. Similarly, both dominating methanogenic genera, Meth-
anothermobacter and Methanoculleus, are known to include members that
are ammonia-tolerant. As an example, in bioaugmentation experiments,
members of these genera have been shown to significantly improve
methane production in ammonia-stressed systems [74,75]. The domi-
nance of these hydrogenotrophic methanogens strongly indicates that,
in line with previous findings on thermophilic HSD [15,56,60], the
hydrogenotrophic methanogenic pathway was favoured over the ace-
toclastic in our reactors. Under these conditions, acetate is degraded by
syntrophic acetate-oxidising bacteria (SAOB) in cooperation with
hydrogenotrophic methanogens [70]. Potential candidate SAOB in the
community were MBAO3 [57], Syntrophaceticus (phylum Bacillota) and
Caldicoprobacter (phylum Bacillota) [56]. The Syntrophaceticus sequence
identified in the present study was shown to be identical to the 16S rRNA
gene sequence of a novel SAOB candidate that cooperates with Meth-
anothermobacter and/or Methanoculleus in thermophilic and high-
ammonia conditions [76,77]. Also, this genus has previously been
shown to comprise a mesophilic SAOB species that cooperates with
Methanoculleus to degrade acetate [78].

Microbial community structure was studied over time during process
disturbance, to reveal the microbial response to high ammonia and VFA
levels at both scales. In agreement with Lv et al. [79], who observed
different changes in community structure in parallel reactors upon
ammonia inhibition, all three disturbed reactors (LR1, LR2, RK1) in the
present study showed slightly different responses (Fig. 5a-b). Interest-
ingly, after the decrease in relative abundance of Defluviitoga upon
downscaling, this genus increased again in laboratory-scale reactor LR1
to a peak where it accounted for > 60 % of the total microbial com-
munity, which coincided with the NHZ -N and VFA peaks. There was also
a slow increase in Defluviitoga in reactor LR2 during the course of the
experiment, but a similar peak in relative abundance was not seen in this
reactor. At industrial scale, no difference in relative abundance of
Defluviitoga was seen between reactors or over time, even in RK1 during
the disturbance phase. Thus the link between this genus and reactor
instability is not clear. However, the type species, Defluviitoga tunisiensis,
is known to produce acetate, CO3 and Hy [58] and thus the high relative
abundance of Defluviitoga in LR1 may have contributed to the relatively
high acetate levels in that reactor.
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Interestingly, in contrast to the laboratory-reactors, the degradation
of propionate in RK1 was relatively rapid, which was possibly explained
by the lower level of free ammonia in industrial-scale compared with
laboratory-scale reactors (Fig. 2e-h, Table 2). An alternative explanation
could be the pronounced change in relative abundance of Meth-
anothermobacter in reactor RK1, which peaked at > 9 % of the total
community during the disturbance period. Singh et al. [77] observed
that efficient propionate degradation at thermophilic temperature is
strongly linked to activity of Methanothermobacter. Thus, the high levels
of this methanogen in industrial-scale compared with laboratory-scale
reactors suggests that Methanothermobacter could have played a role in
achieving efficient propionate oxidation in the former. A similar pro-
nounced change in relative abundance of methanogens was not
observed at laboratory scale. Looking specifically at possible propionate-
degrading bacteria, sequences here assigned to Pelotomaculum were
found to be identical to the potential thermophilic and ammonia-
tolerant syntrophic propionate-oxidising bacteria ‘Candidatus Thermo-
syntrophopropionicum ammoniitolerans’ [77]. That species showed low
relative abundance (<0.2 %) at all time-points but could still have
contributed to propionate degradation, as syntrophic VFA degraders can
be present in very low abundance but still be essential for a stable
process [80]. Similarly, the potential syntrophic acetate oxidisers Syn-
trophaceticus and Caldicoprobacter increased only slightly in relative
abundance as a response to peaks in acetate concentration in the
laboratory-scale reactors. Relative abundance of MBAO3 instead
declined during the VFA and ammonia peak, but it was still one of the
dominant groups in all reactors. Thus, no clear correlation between VFA
level and the relative abundance of potential VFA oxidising groups could
be observed.

4.3. Evaluation of plug-flow behaviour and phase separation

The occurrence of phase separation or plug-flow behaviour in
laboratory-scale reactors of plug-flow type has been investigated in
some previous studies. For instance, Rossi et al. [32] studied microbial
communities and VFA production in different sections of a thermophilic
laboratory-scale plug-flow reactor digesting organic household waste.
Plug-flow was also confirmed by Nordell et al. [30] in a tracer test in a
laboratory-scale reactor operating with dewatered digestate of sewage
sludge. Here, the industrial-scale reactors showed indications of phase
separation across the reactor, with higher VFA concentration and VS in
the first section and higher pH and NH4-N concentration in the outgoing
digestate (Fig. 3a-d, Table C.1). If the PFR is assumed to work as a serial
digester system, the first step is expected to have a higher hydrolysis and
acidification activity, which would lead to higher VFA levels and lower
pH [47,81]. In contrast, the last step of a serial system is expected to
have more complete degradation and thereby lower VS and VFA levels,
but also accumulation of NHJ-N [47,82]. However, in the laboratory-
scale system of the present study, the levels of NH4-N, pH, VFA, and
VS were relatively similar in different sections (Fig. 3a-d, Table C.1),
indicating absence of phase-separation, and the behaviour was instead
more similar to a single CSTR. The slight phase separation observed in
industrial-scale reactors could be a sign of plug-flow behaviour but could
possibly also be explained by the sampling and feeding strategy. In
laboratory-scale reactors, samples were always taken a day after the
previous feeding, while in industrial-scale reactors, samples were taken
during continuous feeding, when theoretically e.g. the VFA levels are
higher [55,83]. Also, this means that samples taken in the first section in
the industrial-scale process most likely included some newly fed sub-
strate, which could have contributed to the higher VS level in this
section.

At laboratory scale, some differences were still observed between the
reactor sections, e.g. slightly faster protein and fat degradation in S1
compared with S3 (Fig. E.2). Furthermore, lower carbohydrate con-
centration towards the end of the laboratory-scale reactors (Table 3,
Fig. E.1) indicated slightly better degree of degradation in the last
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section. Unfortunately, it could not be confirmed whether the same
trends were obtained in the industrial scale reactors since the results
from the batch tests showed high variation between replicates (Fig. E.2),
probably due to the inhomogenous nature of the digestate samples from
the larger scale reactors. Also, there were no clear differences in
macromolecule concentrations between S1 and S3 in industrial scale
(Table 3). Based on microbial community structure and the results of
PCoA analysis (Fig. 4a), there was no significant difference between the
sections in either laboratory- or industrial-scale reactors. It is routine
practice at the industrial-scale plant to reinoculate the first section of the
plug-flow reactor with digestate, which has been observed to increase
process stability [30]. Such recirculation of digestate might have
contributed to homogenize the microbial community across the sections,
potentially hindering separation of the AD steps in the reactor. However,
Rossi et al. [32] observed significantly different microbial communities
in different sections of a laboratory-scale plug-flow reactor, with higher
relative abundances of Defluviitoga in the first and last section, and
higher relative abundance of protein-degrading genera in the middle.
This was achieved using a digestate recirculation ratio of 45 %, indi-
cating that recirculation alone does not explain the lack of phase sepa-
ration. In line with this, Chen et al. [31] obtained a significantly different
microbial community at the inlet of a plug-flow reactor than in the
middle and last sections, even with recirculation ratio as high as 50-60
%. There are several factors that potentially contributed to better phase
separation in those studies, such as substrate characteristics, different
recirculation ratios and mixer properties. Another important factor in
reactor design is length:width (L:W) ratio, which was 4.1 in our
laboratory-scale reactors (5.3 in the industrial-scale reactors), while in
other studies using laboratory-scale plug-flow type reactors it has typi-
cally been slightly higher, e.g. 4.4 [84], 6 [30], 10.8 [85], 12 [31], 15.7
[86] or 30 [87]. Unfortunately, of the above mentioned studies, only
Nordell et al. [30] and Chen et al. [31] investigated plug-flow behaviour
or phase separation, which makes it difficult to draw conclusions about
which conditions are key factors for obtaining a plug-flow. Phase sep-
aration can be achieved, and short-circuiting reduced, if the PFR is
compartmentalised or the design in some way hinders material from
flowing freely through the reactor [87-89]. More research is needed to
fully understand the extent to which this can affect yield and process
efficiency.

The tracer tests carried out both in laboratory- and industrial-scale
confirmed that there was no plug-flow behaviour in the reactors.
Theoretically, in an ideal plug-flow system the peak in outgoing tracer
would come after one HRT, but the Li*-concentration curve in the
laboratory-scale (Fig. D.1 and D.2) instead resembled that of a
completely stirred reactor, with the peak in tracer appearing within the
first few days after addition [24]. Although the duration of the tracer test
in industrial-scale reactors was not long enough to obtain a tracer curve
for an entire HRT, the results indicated short-circuiting also in this
system and ingoing material started to flow out already within the first
24 h.

5. Conclusions

This comparison of a laboratory- and industrial-scale process high-
lighted some of the difficulties that can arise in direct comparisons of
systems at different scales. The main differences were the substrate mix
(more non-homogeneous, larger particle size and more varying in in-
dustrial- compared with laboratory-scale), digestate characteristics
(particle size) and feeding strategy. However, the differences in process
parameters, efficiency and yield were relatively small, indicating that
the laboratory-scale system represented a good approximation of the
industrial-scale system over time.

Within the microbial community, pairs or groups of genera with
similar suggested functions in the AD process were identified, where one
genus decreased upon downscaling while the other increased. Examples
were the saccharolytic genera Halocella and Defluviitoga, the proteolytic
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genera Proteiniphilum, Keratinibaculum and Tepidimicrobium and the
hydrogenotrophic ~ methanogens  Methanoculleus and  Meth-
anothermobacter. Thus these might have replaced each other to adapt to
the slightly altered conditions in the laboratory compared with the
industrial-scale process, without significant loss of efficiency and pro-
ductivity by the overall microbial community.

Process disturbances occurred in laboratory- and industrial-scale
reactors when the NHJ-N level reached > 4 g/L and led to accumula-
tion of VFA, especially propionate. Both processes were run at relatively
high NHZ-N levels throughout the experimental period, which likely
increased the risk of even small changes in e.g. substrate composition
inducing process disturbance, highlighting the importance of contin-
uous process monitoring. Additionally, a potential link between high
relative abundance of Methanothermobacter and propionate degradation
was observed during the disturbance phase.

The results obtained at both laboratory and industrial scale indicated
no plug-flow behaviour, suggesting that high-solid digestion in reactors
of plug-flow type is perhaps not utilized to its full potential. Theoreti-
cally, a true plug-flow system has several advantages over CSTR pro-
cesses, such as reduced short-circuiting and the possibility to obtain
phase separation. To conclude, more investigation is needed to deter-
mine how to operate an HSD process to achive plug-flow and better
exploit its potential advantages.
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