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Challenges associated with high-solid
anaerobic digestion
Down-scaling, plug-flow behaviour and ammonia inhibition

Abstract

Biogas production through anaerobic digestion (AD) enables use of resources
contained in organic waste streams to produce renewable energy and biofertiliser.
For treatment of organic material with high total solids content, high-solid anaerobic
digestion (HSD) reduces the need for dilution, but has not been as extensively
studied as more conventional wet AD processes. The low dilution rate in HSD
involves a high risk of accumulation of toxic substances, such as ammonia, a well-
known inhibitor of AD processes. Monitoring of thermophilic HSD systems in this
thesis indicated disturbances, with associated accumulation of propionate and
changes in microbial population at ammonium-nitrogen concentrations >4 g/L.
Continuous HSD processes are typically run in reactors of plug-flow type (PFR),
characterised by a concentration gradient of organic material and degradation
products from inlet to outlet. This thesis demonstrated challenges in obtaining plug-
flow dynamics and phase-separated microbial communities in PFRs both at
laboratory and industrial scale. Serial digestion systems, which have characteristics
similar to plug-flow behaviour, improved methane yield and protein degradation
significantly when food waste was digested in wet conditions. A down-scaling study
of an industrial-scale HSD process showed that similar process performance and
yield could be obtained in laboratory-scale PFRs, but also that HSD experiments can
be carried out in completely stirred-tank reactors (CSTR) usually used for wet
materials. Thus the work in this thesis addressed some of the challenges associated
with HSD and demonstrated that laboratory-scale studies can be used for future
process optimisation trials.

Keywords: Biogas production, serial digestion, high-solid (dry) anaerobic digestion,
plug-flow reactors, continuous stirred-tank reactors, microbial community structure,
process disturbances, ammonia inhibition, down-scaling



Utmaningar relaterade till torrotning
Nedskalning, plugg-fldode och ammoniakhamning

Sammanfattning

Biogasproduktion via anaerob nedbrytning (rotning) ger mojlighet att ta tillvara pa
resurser i organiskt avfall for att producera fornybar energi och biogddsel. Tekniken
torr6tning reducerar behovet av utspadning vid nedbrytning av material med hog
torrsubstanshalt. Trots fordelarna med denna teknik s& har den inte studerats i lika
omfattande grad som den mer konventionella vatrotningstekniken. Den laga
utspadningsgraden vid torrdtning medfor dock hog risk for ackumulering av toxiska
substanser, exempelvis ammoniak som &r vilkdnd for att orsaka hdmning av
rétningsprocesser. Termofila torrétningssystem som studerades i denna avhandling
visade tecken pa processstorningar, med ackumulering av propionat och
fordndringar 1 den mikrobiella populationen som f6ljd, vid ammonium-kvavehalter
>4 g/L. Kontinuerliga torrdtningsprocesser kors ofta i reaktorer av pluggflodestyp
som kénnetecknas av koncentrationsgradienter av bade organiskt material och
nedbrytningsprodukter mellan inlopp och utlopp. Detta arbete demonstrerade dock
utmaningar med att dstadkomma pluggflode och fasseparering av mikrobiomet, i
bade laboratorie- och industriell skala, vilket indikerar ett behov av fortsatta studier.
Seriella rotningssystem, som har egenskaper liknande pluggflode, visades kunna ge
en signifikant 6kning av metanutbyte och proteinnedbrytning vid vatrétning av
matavfall. En nedskalningsstudie av en industriell torrdtningsprocess visade pa att
liknande forhallanden och processutbyte kunde erhéllas i pluggflodesreaktorer i
laboratorieskala, men ocksa att torrdtningsexperiment kan utforas i totalomblandade
reaktorer som vanligtvis anvinds vid vatrotning. Arbetet som presenteras i denna
avhandling syftade till att uppmérksamma nagra av de utmaningar som associeras
med torrdtning, och ocksé demonstrera att forsok i laboratorieskala kan anvidndas for
framtida optimeringsstudier.

Keywords: Biogasproduktion, seriell rotning, torrdtning, pluggflodesreaktorer,
kontinuerligt omrérda reaktorer, mikrobiell sammanséttning, processtdrningar,
ammoniakinhibering, nedskalning
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1. Introduction

1.1 Biogas production through anaerobic digestion

In the biogas process, organic waste streams are transformed into valuable
resources, i.e. renewable energy in the form of biomethane (CH4) and
nutrient-rich biofertiliser (IEA, 2020; Bastabak & Kogar, 2020). Production
of biomethane is highly interesting in light of the current high demand for
sustainable and renewable energy sources, and can help reduce the need for
natural gas from fossil sources (EurObserv’ER, 2023; Scarlat et al., 2018;
REPowerEU, 2022). Due to several advantages, including sustainable waste
treatment and production of an organic fertiliser, biogas production can be
an important part of a sustainable society.

Methane production through anaerobic digestion (AD) is carried out by
communities of microorganisms, a process that occurs naturally in
environments with low levels of oxygen. However, only a fraction of the
methane emitted to the atmosphere comes from natural processes, while
around 60% is estimated to be a result of human activity, mainly agriculture,
fossil energy industry and waste (Saunois et al., 2020; Lee ef al., 2017; IEA,
2021). Emissions of methane represent a major environmental problem,
since it is a potent greenhouse gas (Saunois et al., 2020). In a biogas reactor,
AD takes place in a controlled environment, where the biomethane is
collected and used as a biofuel, instead of leaking out into the atmosphere.
This can help reduce methane emissions from agriculture and waste handling
and provide a replacement for fossil fuels (Rama et al., 2023; Chadwick et
al., 2011; Clemens et al., 2006; Scarlat et al., 2018).

The AD process is generally divided into four steps (Figure 1):
hydrolysis, acidogenesis (fermentation), acetogenesis (anaerobic oxidation)
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and methanogenesis (Anukam et al., 2019; Schniirer & Jarvis, 2018; Sarker
et al., 2019; Angelidaki et al., 2011). In short, AD systems are fed substrates
composed of complex organic polymers, mainly proteins, fat and
carbohydrates. During hydrolysis, the polymeric molecules are cleaved into
monomers by extracellular enzymes excreted by hydrolytic bacteria
(Angelidaki et al., 2011). In the acidogenesis step, the main hydrolysis
products, i.e. simple sugars, fatty acids and amino acids, are taken up by the
bacteria and fermented into various volatile fatty acids (VFA), alcohols,
ammonia (NH3), hydrogen gas (H») and carbon dioxide (CO,) (Sarker ef al.,
2019). Next, in the anaerobic oxidation step, the fermentation products are
converted into acetate, CO, and H, (Angelidaki et al., 2011). During
methanogenesis, these molecules are the main substrates for the methane-
producing archaea, which in general use either acetate (acetoclastic) or CO»
and H» (hydrogenotrophic) for production of the final products, CH4 and CO»
(Anukam et al., 2019; Sarker ef al., 2019).

Acetate

Proteins Amino acids Fermentation

products Biogas

Lipids Fatty acids SAO (CH,+CO,)

HYDROLYSIS

VFAs, Alcohols

Carbohydrates Sugars

ACIDOGENESIS
ACETOGENESIS
METHANOGENESIS

H,+CO,

Figure 1. Overview of the anaerobic digestion process. SAO: syntrophic acetate
oxidation, VFA: volatile fatty acids.

The microbial community involved in AD consists of taxonomically diverse
groups of bacteria and archaea that are responsible for the different
degradation steps (Angelidaki et al., 2011). During operation, it is of the
utmost importance to keep the system in balance, as inhibition of any
microbial group leads to the build-up of intermediary products, which can
eventually result in process failure. A well-documented example of this,
which is also a key issue in many AD processes, is ammonia inhibition
(Rajagopal et al., 2013). Ammonia is a by-product of protein fermentation
and can reach high levels in processes fed with protein-rich substrates, such
as food waste (Rajagopal et al., 2013; Sarker et al., 2019). The methanogens
that perform the final methane-producing step are especially sensitive to high
levels of ammonia (Rajagopal et al., 2013). Reduced methanogenic activity
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in turn affects the microorganisms converting VFA, leading to VFA
accumulation and potentially reactor acidification (Westerholm et al., 2016;
Capson-Tojo et al., 2020). However, despite the challenges of process
instability and reduced yield, high ammonia level in the process has the
advantage that the digestate produced contains a high concentration of
ammonia-nitrogen, which is desirable for biofertiliser purposes
(Alburquerque et al., 2012; Drosg et al., 2015).

Common substrate sources are sewage sludge, organic household waste,
industrial food waste and agricultural wastes such as crop residues and
manure (EurObserv’ER, 2023; IEA, 2020; Sarker et al., 2019).The
performance and stability of a process are highly dependent on the
composition of the substrate and on the organic loading rate (OLR). High
OLR can overload the system and result in short hydraulic retention time
(HRT), i.e. the time required to exchange the reactor volume in a continuous
system (Schniirer et al., 2016). Short HRT may not permit thorough
degradation and could cause washout of slow-glowing organisms,
contributing to instability and VFA accumulation (Sarker et al., 2019;
Ferguson et al., 2016). The substrate needs to have a balanced composition,
containing all essential macro-nutrients, vitamins and trace elements, in
order to support the growth and functions of the microorganisms (Angelidaki
et al., 2011; Fosua et al., 2023). This requirement can be addressed by co-
digestion of different substrate fractions to obtain a mixture with a
combination of all necessary components (Arelli et al., 2018; Zhang et al.,
2022; Wang et al., 2023). Co-digestion can also help balance the content of
nitrogen-rich proteins and carbon-rich carbohydrates, and of quickly
degradable, such as simple sugars, and more recalcitrant components, such
as lignocellulosic materials (Mao et al., 2015; Brown & Li, 2013; Lansing et
al.,2019).

1.2 High-solid anaerobic digestion

In terms of process design, different AD techniques are available, with a key
factor in the process selection being the total solids (TS) content present in
the substrate. A commonly used type of process is wet digestion,
characterised by a TS content typically <15%. An alternative approach, high-
solid anaerobic digestion (HSD), generally operates at TS level >15%
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(Carlos-Pinedo et al., 2019; André et al., 2018). In the literature, several
advantages of HSD over wet AD are described. The main advantages are:

» Reduced need for fresh water for dilution (Angelonidi & Smith,
2015; Hayyat et al., 2024).

» Reduced substrate volume, which lowers reactor size and the
energy requirement for heating (Duan et al., 2012; Carlos-Pinedo et
al., 2020).

» Reduced digestate volume and increased concentration of nutrients
because of the lower dilution of the material (Fagbohungbe ef al.,
2015; Carlos-Pinedo et al., 2020).

» High OLR can be applied while maintaining relatively long HRT
(Duan et al., 2012; Wang et al., 2023).

» High tolerance to bulky material, enabling a wider substrate range
with less need of pre-treatment (Angelonidi & Smith, 2015;
Akinbomi et al., 2022, Colazo et al., 2015).

High-solid digestion is already extensively utilised at industrial scale in
Europe (Hayyat et al., 2024). According to reviews by Fagbohungbe ef al.
(2015) and Gao et al. (2023), >50% of all AD systems in the European Union
in 2010 operated under high-solid conditions. In Sweden, however, the first
HSD plant was not built until 2013 (Feiz, 2016), and the number of HSD
plants is still relatively low. HSD is a suitable technology for treatment of
organic material with naturally low water content, e.g. various dry fractions
of agricultural residues and municipal solid waste fractions including garden
waste, food waste and organic household waste (Arelli et al., 2021; Carlos-
Pinedo et al., 2019; Zamri et al., 2021; Westerholm et al., 2020; Rocamora
et al., 2020; Kothari et al., 2014, Franca & Bassin, 2020). Given the high
abundance of municipal solid waste and solid agricultural residues generated
within Sweden and Europe (Lindfors & Feiz, 2023; van der Linden &
Reichel, 2020), there is great potential for wider utilisation of the HSD
technology.

During HSD, careful operation is necessary since these systems run a
relatively high risk of suffering from process disturbances, especially during
treatment of food waste and other protein-rich substrates (Zamri et al., 2021,
Bi et al., 2020; Shapovalov et al., 2020). The combination of low dilution
rate and generally high load of organic material leads to high risk of
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ammonia-induced disturbances in HSD processes (Wang et al., 2023; Bi et
al., 2020). An additional challenge in treating high-solid substrates is that
both substrate and digestate are more difficult to handle compared with wet
material, since they can be more bulky and have larger particle size and
therefore cannot be pumped (Fagbohungbe et al., 2015). Due to the low
water content, the reactor material becomes highly viscous, which limits
mass transfer and makes it difficult to mix efficiently (Wang et al., 2023; Li
et al., 2023a). Thus, there are several challenges related to this type of
process that need to be taken into consideration and numerous studies have
pointed out that knowledge about HSD needs to be improved (e.g. Akinbomi
et al., 2022; Carlos-Pinedo et al., 2019; Li et al., 2023a, Franca & Bassin,
2020).

1.3 Reactor types

For HSD applications, various reactor types exist, each with different
geometries and mixing strategies. For exceptionally high TS levels (around
40%), it is common to operate HSD as a batch process (Li ef al., 2011;
Nizami & Murphy, 2010; Zamri et al., 2021). This entails filling a reactor
with pre-inoculated substrate and allowing it to undergo one retention time
without additional feeding, often with minimal stirring. A common type of
batch digester is the German garage type, Bekon, which is mixed by
recirculation of process liquid (Fagbohungbe et al., 2015; Akinbomi et al.,
2022). Although batch processes are cost-effective and require low energy
input (Zamri et al., 2021), gas production is not continuous and the labour-
intensive task of filling and emptying the digester before and after operation
makes them less suitable for larger-scale application. Consequently, batch
processes are more commonly used in small-scale biogas production (Gao et
al., 2023).

Continuous processes are beneficial for industrial-scale production, as
this enables continuous substrate treatment and constant and consistent
biogas production (Gao ef al., 2023). Common examples of reactor types for
continuous HSD are the Valorga, a vertical reactor mixed by injection of
pressurised biogas, the Dranco, another vertical reactor that has no internal
mixing system (Fagbohungbe et al., 2015; Gao et al., 2023; Zamri et al.,
2021; Elsharkawy et al., 2019), and the Kompogas reactor, a continuous
horizontal plug-flow type reactor (PFR) with mechanical mixing, developed
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for digestion of high-solid substrates with a T'S content of 10-40% (Wellinger
et al., 1993). In Sweden, the most common type of reactor used for HSD is
the Kompogas technology (Westerholm et al., 2020) and it was therefore the
main focus in this thesis work.

A reactor of plug-flow type is tubular in shape, with substrate introduced
at one end and digestate extracted from the opposite end. Ideally, the
substrate should flow as a plug through the reactor, moving from the inlet to
the outlet over one HRT (Panaro et al., 2022). In contrast to reactor types
typically used for wet digestion processes, e.g. the completely stirred-tank
reactor (CSTR), the PFR is not completely mixed and is characterised by
having no or very limited mixing and diffusion along the horizontal axis of
the reactor (Das et al., 2016; Toson et al., 2019). A disadvantage of
continuous processes conducted in CSTRs is that a fraction of the material
fed into the reactor exits the system within the first day as a consequence of
the complete mixing, a phenomenon referred to as short-circuiting (Boe &
Angelidaki, 2009). This issue is avoided in an ideal PFR (Toson ef al., 2019),
which is one of the main advantages of this reactor configuration. In addition,
plug-flow operation could theoretically result in division of the AD steps
across the reactor, creating a phase-separated process (Panaro et al., 2022).
This would result in more fresh substrate at the inlet and more thoroughly
digested material towards the reactor outlet, a set-up that could enable
optimisation of each step separately (Chatterjee & Mazumder, 2019).
However, these advantages only apply if plug-flow is obtained within the
reactor, highlighting the importance of evaluating plug-flow behaviour as
part of the reactor evaluation process.

1.4 Aims of the thesis

The studies described in Papers I-1V in this thesis addressed different aspects
of HSD processes, such as reactor types, plug-flow behaviour and phase
separation, operating parameters, process stability and down-scaling. All
studies also involved evaluation of process yield, degradation efficiency and
the microbial communities present. Specific objectives of the work in Papers
I-IV were to:
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Study ammonia-driven disturbances in HSD processes and
investigate the response in terms of process performance, microbial
community structure and microbial activity (IL, IV).

Evaluate whether plug-flow behaviour is actually obtained in
reactors of horizontal plug-flow type (I, III) and whether differences
in microbial community structure and microbial activity are obtained
along the reactor (II, IV).

Compare the differences between operating an HSD process in a
PFR and in a CSTR (III).

Evaluate effects of down-scaling an industrial-scale system in order
to enable laboratory trials of HSD processes (II).
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2. Experimental overview and methods

This chapter provides a brief overview and discussion of the experiments and
of the methods used in the thesis work. For more detailed information, see
the respective methods sections in Papers I-IV.

2.1 Experimental laboratory-scale reactors

Parts of the work reported in this thesis were carried out in two laboratory-
scale (active volume 43-47 L) custom-made reactors of horizontal plug-flow
type (Figure 2a), which were designed to simulate an industrial-scale
Kompogas process under HSD conditions (Paper II). The reactors were
constructed by three sections (without dividing walls in between). Substrate
was fed into section 1 (S1), passed through the middle section (S2) and
digestate was taken out from section 3 (S3). An important feature in the
laboratory PFRs was multiple sampling ports, enabling sampling from
various points along the reactor length (Figure 2a). This enabled analyses of
chemical composition, microbial community structure and process
parameters and how they changed along the length of the reactor (Papers I1-
IV).

In total, the reactors were operated for a period of >770 days, divided into
three main experimental phases. In Paper II, the reactors were used to
demonstrate the viability of simulating an industrial-scale HSD process at
laboratory scale and to examine whether plug-flow or separation of microbial
degradation steps was achieved within this type of reactor. In Paper III,
digestate from the PFRs was used to inoculate CSTRs operated with the same
operating parameters and substrate conditions as those used in the PFRs, in
order to compare process yield and operation in the two reactor types. In
Paper IV, a controlled process disturbance was induced by additional protein
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supplementation in the substrate to study the microbial response to changes
in the process parameters. In addition, TS content and OLR was increased in
one of the reactors to test the effect on plug-flow behaviour (unpublished
data).

Laboratory-scale CSTRs are commercially available and often used for
experiments on continuous biogas processes, since they have a simple design
and are relatively easy to operate (Schniirer et al., 2016; Usack et al., 2012).
The reactor typically consists of a tank stirred with propeller blades in the
middle (Figure 2b), which should enable homogenisation of the material
(Usack et al., 2012). Within this thesis work, CSTRs were used to evaluate
serial digestion of wet material in two or three reactor steps compared with
a single-step CSTR (Paper I) and in the comparison of reactor technologies
(PFR and CSTR) (Paper III).

Figure 2. (a) Custom-built laboratory-scale plug-flow reactor (PFR) used in Papers II-
IV, where S1, S2 and S3 are sampling ports in reactor sections 1-3. (b) Laboratory-scale
completely stirred tank reactor (CSTR) of the type used in Papers I and III.

2.2 Operating parameters

Process temperature, organic loading rate (OLR), hydraulic retention time
(HRT), substrate composition and TS/VS level are all key parameters in an
AD process (Schniirer ef al., 2016). For the serial CSTR set-up in Paper I,
operating parameters (temperature 41-42 °C, OLR 2.4 g VS/L d, HRT 55
days, VSin 13%) were chosen to mimic a wet AD plant operated with organic

22



household, slaughterhouse and industrial waste. For the process operated in
the laboratory PFRs (Papers II-1V), operating parameters (temperature 52-53
°C, OLR 5.2 g VS/L d, HRT ~42 days, VSix 22%) were initially chosen to
simulate an industrial-scale Kompogas process.

Anaerobic digestion processes are generally operated under mesophilic
(35-42 °C) or thermophilic conditions (46-60 °C) (Schniirer et al., 2016).
Mesophilic processes in general have lower energy consumption and higher
microbial diversity, while processes at higher temperature have higher
degradation rate, but also run a higher risk of experiencing process instability
(Guo et al., 2014; Labatut et al., 2014). Moreover, thermophilic temperature
can be used as a method for hygienisation, i.e. removal of pathogens, if
sufficient residence time of the material can be demonstrated
(Jordbruksverket, 2016). Therefore, several continuous HSD processes
operated in reactors of plug-flow (Kompogas) type use thermophilic
conditions, which offer a practical advantage as no additional hygienisation
step of the substrate or digestate is necessary in those cases (Paper II;
Westerholm et al., 2020; Wellinger et al., 1993).

Figure 3. Organic household waste fed to high-solid digestion processes in laboratory-
and industrial-scale. (a) Substrate handling at industrial-scale, (b) substrate pre-treatment
to reduce particle size in laboratory scale and (c) pre-treated substrate, grinded to particle
size of around 10 mm.

In the experiments conducted with PFRs in Papers II-IV, the reactors were
fed a substrate mix consisting of food waste, mainly source-sorted municipal
organic household waste (~51% of VS) (Figure 3). This is a waste fraction
with high methane potential, rich in protein, fat and relatively easily
degradable carbohydrates, although the composition and degradability can
vary widely depending on the source and waste sorting method (Zhang et al.,
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2022; Xu et al., 2018). The mesophilic, wet AD processes in serial digesters
studied in Paper I were operated with similar food waste, but in that case co-
digested with slaughterhouse waste, which can contribute a high amount of
fat and proteins (Xu et al., 2018). The HSD processes in Papers II-1V instead
co-digested lignocellulosic waste fractions, in general consisting of garden
residues or green wood chips (26% of VS), horse manure (11-22% of VS),
crop residues (wheat) (0-6% of VS) and olive cake (0-6% of VS). The high
lignocellulose content in these fractions can make the substrate difficult and
time-consuming to degrade (Yang et al., 2015; Jasinska et al., 2023).
However, this type of material can also improve process stability when co-
digested with nitrogen rich food waste (Borth ef al., 2022; Perin et al., 2020).

The substrate fed to the PFRs was also mixed with digestate (30% of
ingoing material) before feeding to recirculate material (Papers II-1V), which
is a common approach used in PFRs in order to re-inoculate, i.e. return
microorganisms, to the first reactor section (Chen et al., 2020; Rossi et al.,
2022a; Li et al., 2024).

For most of the experiments conducted in the PFRs (Papers II-IV), the TS
level within the reactor was kept at around 15-18% to simulate HSD
conditions. However, the cut-off for an HSD process can differ between
studies (Angelonidi & Smith, 2015; Kothari ef al., 2014; Shapovalov et al.,
2020). In some cases, AD processes are even divided into three types: wet
(<10% TS), semi-dry (10-20% TS) and dry or high-solid (20-40% TX)
(Abbassi-Guendouz et al., 2012). In contrast, Carlos-Pinedo et al. (2019)
used TS level >15% in substrate to classify processes as high-solid. In this
thesis work, a process was considered to operate under HSD conditions at
TS >15% within the reactor, while TS in incoming material (TS;») was kept
at around 27-28% (Papers II-1V).

2.3 Process monitoring and evaluation

Several different parameters are of importance for monitoring an AD process
and monitoring aims at evaluating the stability, yield and efficiency of the
process (Drosg et al., 2013; Schniirer et al., 2016).

To maintain process stability, it is essential to keep the pH range optimal
for growth and activity of the participating microorganisms (usually 7-8)
(Zhai et al., 2015; Drosg et al., 2013) and to avoid accumulation of ammonia
and VFA (Rajagopal et al., 2013). Volatile fatty acids are an indicator of
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instability and can cause problems, such as reduced pH, at high
concentrations, so VFA content is an important parameter to track (Mata-
Alvarez et al., 2014; Schniirer et al., 2016; Boe ef al., 2010). A relatively
quick and simple measure of stability in AD is the ratio between VFA and
alkalinity (FOS/TAC) (Drosg et al., 2013). The optimal FOS/TAC ratio can
differ between different types of processes, but a sudden increase indicates
rapid accumulation of VFA or decreased buffering capacity (Martin-
Gonzalez et al., 2013). In Paper II, FOS/TAC and pH were used in weekly
monitoring to quickly indicate the status of the process. The concentration of
different VFA species and total concentration of mineralised nitrogen in the
process, referred to as ammonium-nitrogen (NH4"-N), were also measured
weekly or biweekly, to show process performance (Papers II-IV). Other
important indicators of instability are volumetric gas production and gas
composition, e.g. levels of CHa, CO», H> and HS in the biogas, where a drop
in gas volume or CH4 or sudden increase in CO, or H» could be signs of
disturbances (Boe et al., 2010; Schniirer et al., 2016). H,S is a toxic and
corrosive gas, mainly generated during protein degradation, and an increase
in H,S level can indicate high protein content in the substrate (Paper IV, Vu
et al., 2022). In some cases H»S level needs to be regulated, e.g. by the
addition of iron, to avoid microbial inhibition and damage to equipment (Vu
etal., 2022, Zhou et al., 2016).

One of the main objectives in biogas production is to achieve a high yield
of methane in relation to the amount of organic material fed into the process,
i.e. specific methane production (SMP) (Schniirer et al., 2016). This is
important in order to maximise the outcome of the process and, to the greatest
extent possible, avoid potential methane emissions from the outgoing
digestate (Ekstrand et al., 2022). Thus SMP was one of the main performance
parameters used in the experiments in this thesis (Papers I-IV).

Degree of degradation describes how well the process digests organic
matter present in the substrate and can be highly variable depending on the
type of process and material (Ekstrand ef al., 2022). Reduction in VS, i.e. the
fraction of organic material that was converted into gas (Schniirer et al.,
2016) was evaluated in Papers I-1II to estimate degree of degradation. In
addition, nitrogen mineralisation, i.e. rate of conversion of organic-N into
NH,"-N, which also gives a measure of degree of protein degradation
(Bareha et al., 2018; Schniirer et al., 2016) was evaluated in Paper III. The
efficiency of degradation can also be evaluated based on residual methane
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potential (RMP) in the digestate (Ekstrand ef al., 2022; Ahlberg-Eliasson et
al., 2021), which in this thesis was determined through incubation of the
digestate in batch mode until gas production stopped (Papers I, II). In Paper
II, an additional measure of process efficiency was applied to compare
different systems, using a combination of volumetric methane production,
RMP and HRT (Rico et al., 2015). It has previously been shown to be
promising and to accurately represent process performance (Ahlberg-
Eliasson et al., 2021). In addition, the composition of macromolecules
(protein, fat and carbohydrates) in the substrate and digestate can be
measured to estimate the reduction of the different substrate components in
the process (Papers I, II). This evaluation indicates if a specific type of
macromolecule remains to a higher extent in the digestate, thus suggesting
whether degradation of a certain fraction needs to be improved (Ekstrand et
al., 2022). The rate of protein, cellulose and fat degradation in digestate was
also evaluated, mainly as a method for comparison of activity in digestate
samples from different reactors or reactor sections (Papers I, II). This was
performed through measurement of gas production from batch incubation of
digestate samples fed with different substrate components (cellulose,
albumin and oil).

However, the above mentioned analyses were challenging due to the non-
homogeneous nature of the material. Therefore measured values of
especially degradation rate, macromolecule concentrations, VS and RMP in
digestate samples from the HSD experiments (Papers II, III) showed
relatively large variability, indicating one of the challenges of working with
high-solid materials compared with wet samples as used in Paper 1. Another
limitation in the analyses of the high-solid samples was that high TS level
was not accounted for when soluble compounds, such as VFA and NH4"-N
concentration, were measured (Papers II-IV). Pastor-Poquet et al. (2018)
suggested a model for estimation of concentrations within the liquid fraction
of'a HSD sample, based on the TS content and density. However, this model
was not used in Papers II-1V, since density was difficult to estimate and also
since systems with relatively similar TS were compared, which would give
similar error in all reactors included in the comparisons.

2.3.1 Tracer tests

A common method for evaluating plug-flow behaviour experimentally is to
use a tracer test, where a pulse of an inert tracer (soluble compound or
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insoluble particles, representing the substrate added at a certain time-point)
is fed into a reactor and the tracer concentration is measured in the outgoing
digestate (Nordell et al., 2021; Toson et al., 2019; Wellinger et al., 1993;
Hernandez-Shek et al., 2023). This gives the retention time distribution
(RTD), which shows the probability of material leaving the reactor within a
certain period (Toson et al., 2019), i.e. on average how long the substrate
resides within the reactor.

To evaluate plug-flow behaviour in the laboratory PFRs in Paper II,
lithium (Li*) was used as a tracer to illustrate how the soluble material moved
through the reactor and was added at a concentration that should be below
inhibitory levels in the AD system (Anderson ef al., 1991). The tracer study
was first carried out at a TS level of ~15-18% in the digestate (Paper II) and
later the same test was repeated when the TS level in the digestate was ~26%
(unpublished data).

2.4 Analysis of microbial communities

Different methods can be used to study the microbial community in reactor
samples, such as microscopy, quantitative polymerase chain reaction (qPCR)
or a meta-omics approach such as sequencing of the metagenome or
metatranscriptome (Cabezas et al., 2015; Hashemi et al., 2021). A widely
used method is sequencing of variable regions within the highly conserved
marker gene encoding 16S ribosomal RNA (rRNA) (Cabezas et al., 2015).
This method gives information about the relative abundance of
microorganisms present in the sample, and was used in Papers I-IV. There
are many examples of how results from 16S rRNA gene sequencing can be
used, for instance to study changes in community structure over time or to
compare different operating conditions or substrates (Lv et al., 2019;
Westerholm et al., 2019; Westerholm et al., 2015). In this thesis, microbial
community structure was studied over time during shifts in process
performance (Papers II, IV), to investigate differences between reactors of
different type and scale (Papers II, III), and as an indicator of phase
separation across a PFR or serial reactor system (Papers I-I1I). A limitation
of this approach is that different microbial groups have different 16S rRNA
gene copy numbers per genome. For example, archaea often have a lower
gene copy number than bacteria, leading to underestimation of the relative
abundance of Archaea when the two groups are compared (Dyksma et al.,
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2020; Wirth et al., 2023). Another limitation is that in Papers II-IV, universal
primers (5151/806r) were used for detection of both bacteria and archaea, but
these have been shown to be more specific for bacterial groups and have
lower coverage for archaea (Merkel et al., 2019). In Paper I, primers specific
for both domains were used separately, which most likely provided a more
accurate view of the species distribution within the archaeal community.

Although data from 16S rRNA sequencing can give valuable information
about the most abundant microbial groups within a sample, the function of
these microbial groups cannot be directly inferred (Hashemi et al., 2021). To
gain a better understanding of the function and activity of the microbial
community, the genes expressed by the population and quantitative
information about gene expression levels can be investigated using
metatranscriptomics (Hashemi et al., 2021; Wang et al., 2022; Gaspari et al.,
2024). Metatranscriptomic analyses were carried out on samples from one of
the laboratory-scale PFRs operated at high ammonia levels in Paper IV, to
investigate gene expression in two different reactor sections and before and
after a process disturbance. The metatranscriptome is investigated through
sequencing of mRNA, which are the transcribed sequences from actively
expressed genes. However, in interpretation of the results it is important to
consider that this method has several challenges, for instance that mRNA is
highly unstable and that the transcription profile can change quickly, which
can give results with high variability (Hashemi ef al., 2021).
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3. Process-related challenges in HSD

There are several advantages with using HSD technology, such as reduced
freshwater usage, more concentrated digestate and capability for high
loading rates. However, since the water content is low and the substrate can
be relatively bulky, the material cannot be pumped as in wet AD systems and
feedstock handling therefore becomes more difficult (Nizami & Murphy,
2010; Fagbohungbe et al., 2015). In addition to the practical aspects, HSD
systems also risk developing process disturbances relatively easily, for
instance due to high loads of inhibitory substances and limited mass transfer
in the material (Shapovalov et al., 2020; Wang et al., 2023). These aspects
are discussed in more detail in this chapter.

3.1 Instability at high ammonia concentration

3.1.1  Mechanism of ammonia inhibition

High ammonia level is one of the most common reasons for instability in
anaerobic digestion. Nevertheless, there is a fine balance between too high
and too low ammonia concentration, since nitrogen is required for microbial
growth (Schniirer & Jarvis, 2018) and is also an important factor for
producing a digestate with high biofertiliser value (Arelli et al., 2018; Drosg
et al., 2015). Ammonium-nitrogen (NH4'-N) is the total nitrogen
concentration in the form of free ammonia (NH3) and the soluble ammonium
ion (NH4"). These two forms are in equilibrium, driven towards higher
content of ammonia at higher pH and temperature (Astals et al., 2018;
Rajagopal et al., 2013). NH4"-N can be inhibiting in its soluble ionic form
(Astals et al., 2018), but it is mainly free ammonia that is toxic to
microorganisms (Rajagopal et al., 2013). Therefore, processes operated
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under thermophilic conditions are at greater risk of experiencing ammonia
inhibition than mesophilic processes.

A theory about the mechanism of ammonia inhibition proposed by Sprott
et al. (1984) is that ammonia can diffuse freely into cells, where it is
converted to NHs" by binding protons, resulting in a pH imbalance in the
cell. This is compensated for by active uptake of H', leading to loss of
potassium (K), since K ions are pumped out of the cell when protons are
pumped in. It has been observed in many cases that methanogenic species
are the most sensitive to high ammonia levels in an AD system (Rajagopal
et al., 2013). Related to this, direct inhibition of enzymes involved in
methane synthesis has been suggested as another possible mechanism of
ammonia toxicity (Sprott & Patel, 1986).

Ammonia toxicity is not limited to the archaeal community and affects
all microbial groups to a greater or lesser degree depending on their tolerance
(Finn et al., 2023). However, when methane production is a rate-limiting
step, this affects the entire AD process as there is a risk of accumulation of
the substrates used for methanogenesis, i.e. acetate and H, (Rocamora ef al.,
2023; Pan et al., 2021). In turn, accumulation of H, reduces the efficiency of
VFA oxidation, since this process is energetically unfavourable unless the
partial pressure of H; is kept below a certain limit (Schink, 1997; Miiller et
al., 2010). Thus, VFA conversion can only occur when H, is continuously
consumed and a close cooperation, called syntrophy, is necessary between
hydrogen-consuming (hydrogenotrophic) methanogens and acid-degrading
bacteria (Schink, 1997). Unless the AD system has good buffering capacity,
high VFA concentrations can lower the pH, which also can lead to a decrease
in methane production rate (Rajagopal et al., 2013). In addition, high VFA
concentrations are toxic per se and can further inhibit the process (Jiang et
al., 2018; Li et al., 2020).

Acetate is one of the main intermediary products in AD, as it is formed in
fermentation processes during anaerobic oxidation of longer VFAs and can
also be produced from CO; by specialist acetogenic bacteria (Pan et al.,
2021; Miiller et al., 2010). Acetate degradation is therefore an important step
in converting organic matter into CHs. There are two main pathways for
acetate degradation, (acetoclastic) methanogenesis and syntrophic acetate
oxidation (SAO), where SAO is carried out by bacteria (SAOB) in
cooperation with hydrogenotrophic methanogens (Pan et al., 2021). Within
the methanogenic community, high ammonia levels are especially toxic to

30



acetoclastic methanogens, as shown based on both transcriptomic and
metagenomics data (Yan et al., 2020; Fischer et al., 2019; Gaspari et al.,
2024). This gives the relatively ammonia-tolerant SAOB an advantage at
these conditions (Paper II; Westerholm et al., 2016; Sun et al., 2014; Pan et
al., 2021).

3.1.2 Operation of thermophilic HSD processes at high ammonia level

Many industrial HSD processes today are operated with organic household
waste or food waste as one of the primary substrate components (Carlos-
Pinedo et al., 2019; Westerholm et al., 2020; Wang et al., 2023; Angelonidi
& Smith, 2015). Since food waste has a high protein content (Xu et al., 2018)
and HSD processes typically apply high OLR with low dilution rates (Duan
et al., 2012; Wang et al., 2023), HSD processes frequently reach high
ammonia concentrations (Paper II; Westerholm et al., 2020; Rocamora et al.,
2020; Shapovalov et al., 2020). Ammonia inhibition ultimately decreases
methane content in the gas and overall gas production (Paper II; Paper IV;
Rossi et al., 2022b), reducing the process yield and leading to less efficient
substrate utilisation.

As mentioned in section 2.2, many HSD processes in reactors of the
Kompogas type operate under thermophilic conditions in order to hygienise
the material during digestion. Although this has practical advantages, the
high temperature can further increase stress for the microbial community, as
thermophilic conditions lead to a higher fraction of free ammonia (Rajagopal
et al., 2013). Nevertheless, a microbial community well adapted to high
ammonia can function in AD processes under these conditions (Finn et al.,
2023). Tolerant microbial communities can be obtained through adaptation
to high ammonia conditions over time and can be a result of selection of
groups with the ability to e.g. regulate intracellular pH level and K" uptake
or block diffusion of ammonia across the cell membrane (Finn et al., 2023;
Yan et al., 2020; Gaspari et al., 2024).

Studies examining the methanogenic community of thermophilic HSD
processes have in several cases found it to be dominated by the
hydrogenotrophic methanogens Methanoculleus and Methanothermobacter
(Papers II-IV, Westerholm et al., 2020; Dyksma et al., 2020; Rossi et al.,
2022a, Tang et al., 2011). This indicates that methane production from H»
and CO, was the predominant pathway in those processes, even at ammonia
concentrations previously reported to potentially cause severe inhibition of
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the process (0.6-1.5 g NH3-N/L) (Westerholm et al., 2016). Previous findings
have also indicated that NH4*-N concentrations above 2 g/L (0.24 g NH;-
N/L) favour SAO over aceticlastic methanogenesis at thermophilic
temperature (Fotidis et al., 2014; Sun et al., 2014; Westerholm et al., 2016).
Methane production through the hydrogenotrophic pathway, coupled to
acetate conversion by bacteria with SAO activity, can therefore be an
important adaptation strategy to stressful conditions (Westerholm et al.,
2016).

Thermophilic HSD processes operated with protein-rich substrates have
in several cases been observed to exhibit similar bacterial communities,
especially dominated by the order MBAO03 and/or by the genera Defluviitoga,
Halocella, Lentimicrobium and Proteiniphilum (Paper 1I-IV; Rossi et al.,
2022a; Dyksma et al., 2020; Westerholm et al., 2020; Zhang et al., 2022).
These genera are considered ammonia-tolerant due to their frequently high
relative abundances within processes operated at high ammonia loads and
are all suggested to be involved in hydrolysis and fermentation of
carbohydrates and proteins (Puchol-Royo et al., 2023; Ben Hania et al.,
2012; Maus et al., 2016; Sun et al., 2016a; Chen & Dong, 2005; Liu et al.,
2022). The key group, SAOB, can be difficult to identify as these microbes
are often present at low relative abundance, but frequently observed SAOB
candidates are thermophilic species closely related to Syntrophaceticus
(Paper II; Paper III; Dyksma et al., 2020). Nevertheless, the uncultivated
order MBAO3, observed at high relative abundance in many AD systems,
both thermophilic and mesophilic (Paper II-IV; Otto et al., 2023;
Westerholm et al., 2020), is also suggested to have the ability to perform
SAO (Puchol-Royo et al., 2023; Dyksma et al., 2020; Zheng et al., 2019).

The process disturbance that occurred in Paper II resulted in distinct
changes in microbial community structure, the most pronounced being an
increase in relative abundance of the carbohydrate degrader and acetate
producer Defluviitoga (Ben Hania et al., 2012) in one laboratory-scale
reactor (LR1) during VFA accumulation and a simultaneous peak in NH4"-
N concentration (Figure 4a). However, a similar increase in Defluviitoga was
not observed in an industrial-scale reactor also exhibiting VFA accumulation
(Figure 4b) and high ammonia levels (RK1). Functional characterisation of
the microbial community during ammonia accumulation in Paper IV
indicated that gene expression of the class Thermotogae, most likely
represented by Defluviitoga, was relatively unaffected by an increase in

32



ammonia level. In previous studies, Defluviitoga has been found to be
positively correlated with high VFA concentration (Guo et al., 2014). In
addition, Zhang et al. (2022) saw a clear increase in the genus when OLR
was increased, especially in reactors fed carbohydrate-rich substrate, but
could not distinguish a clear trend coupled to VFA or ammonia. Although it
can be concluded from the above that the genus Defluviitoga can tolerate
high ammonia and VFA concentrations, its role during process disturbance
remains unclear.
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Figure 4. Microbial community structure based on abundance of 16S rRNA gene
sequences and acetate, propionate and total volatile fatty acid (VFA) concentrations
during process disturbances in (a) two laboratory-scale plug-flow reactors (PFRs) (LR1
and LR2) and (b) three industrial-scale PFRs (RK1, RK2 and RK3). Figure from Paper
IL, reproduced with permission.

3.1.3 Ammonia-induced disturbances in HSD — monitoring and
mitigation strategies

Propionate is one of the VFAs especially prone to accumulation, primarily

because anaerobic oxidation of propionate is less energetically favourable

than anaerobic oxidation of other VFA types (Stams & Plugge, 2009; Miiller

et al., 2010). Therefore in many cases one consequence of instability,
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including instability caused by high ammonia levels, is propionate
accumulation, from which it can be difficult to recover (Paper II; Paper 1V,
Rocamora et al., 2023; Moestedt et al., 2016; Boe et al., 2010; Li et al., 2020;
Westerholm et al., 2020). Thus, finding ways to degrade propionate
efficiently can be important to recover quickly from a disturbance.

In an industrial-scale HSD reactor studied in Paper II, fast propionate
degradation was observed after a disturbance phase (Figure 4b). This was
hypothesised to be related to the simultaneously high relative abundance of
Methanothermobacter (1), which has been observed previously as an
important partner in syntrophic propionate oxidation (Singh et al., 2023).
However, propionate-degrading taxa, such as Pelotomaculum, were low in
relative abundance in Paper II. In the metatranscriptome analysis in Paper
IV, RNA samples were taken during a phase of accumulation of propionate
and NH4™-N, and also during the peak in propionate and NH4'-N
concentration. Gene fragments related to propionate degradation through the
most well-studied pathway (the methylmalonyl-CoA pathway) did not show
any trend of upregulation or downregulation between the sampling time-
points. It was therefore difficult to deduce how the propionate-degrading
species were affected by disturbances based on results from Paper IV, and
those from Paper I1.

As acetate is one of the products of propionate degradation, high levels
of acetate can lead to product inhibition and render oxidation of propionate
unfavourable (Miller et al., 2010). Therefore, the ratio between propionate
and acetate is sometimes used as a measure of the risk of suffering a severe
disturbance (Westerholm et al., 2020; Drosg et al., 2013; Boe et al., 2010).
This was also in line with results from the disturbance phases in Papers II
and IV, where propionate was degraded faster when acetate levels were
comparatively low.

The HSD systems studied in this thesis work exhibited signs of instability
and VFA accumulation in processes that reached NH4'-N levels >4 g/L
(Papers II & IV). One of the industrial-scale (RK 1) and one of the laboratory-
scale PFRs (LR2) in Paper II (Figure 4), as well as the reactor studied during
protein addition in Paper IV, reached similar NH4"-N concentrations of
around 4.0-4.2 g/LL (0.8-1.6 g NH3-N/L, with high variation due to pH
values), but experienced relatively moderate instability with quick recovery.
In contrast, the laboratory-scale reactor (LR1) in Paper II reached a higher
NH4"-N concentration, 4.5 g/L (2.0 g NH3-N/L) and experienced prolonged

34



propionate accumulation (Figure 4a). Potentially the higher NH4"-N and
NH3-N level obtained in LR1 (Paper II) resulted in a more severe disturbance
that was more difficult to recover from, indicating the importance of trying
to address instabilities before they go too far and escalate. Overall, this
highlights the importance of monitoring the process to detect disturbance
events at an early stage.

High H; level is related to poor propionate degradation, and therefore
Rocamora et al. (2023) suggested that H, level is a good measure of process
stability in HSD operated with food waste. This was in line with results
obtained by Illmer & Gstraunthaler (2009) for an industrial-scale HSD
process, and with observations from disturbance phases in Papers Il and IV.
Additionally, increased CO, content in relation to CHs in the gas was
observed to be a clear indication of perturbation (Papers I & IV). It is also
vital to monitor VFA and NH4"-N concentrations, but this involves relatively
time-consuming analyses. A more instantaneous measure of stability can be
obtained by measuring the FOS/TAC ratio (see section 2.3), which has been
found to be informative and to serve as an early indicator of process
instability (Paper II; Veluchamy et al., 2019).

Several different strategies to mitigate ammonia-induced disturbances
have been evaluated and described in the literature. For instance,
Westerholm et al. (2020) evaluated lowering the process temperature of an
industrial-scale HSD plant to mesophilic conditions to avoid future process
instability. Addition of trace elements is another method to improve process
stability and can be necessary for stable digestion of food waste (Banks et
al., 2012). Trace elements such as iron, nickel, selenium and cobalt are
essential components of enzymes involved in e.g. syntrophic acid oxidation
and other important AD pathways (Banks et al., 2012). Addition of trace
elements to the process can be especially important under thermophilic
conditions, since microorganisms require higher trace element
concentrations at higher temperature (Qiang et al., 2013; Kang & Ahn,
2024). However, the use of trace elements varies in HSD of food waste
(Westerholm er al., 2020) and was not used in the industrial-scale process
monitored in Paper II.

Operating thermophilic HSD with food waste as the sole substrate
fraction, without co-digestion with a more carbon-rich substrate such as
garden waste, has been observed to be challenging (Zhang et al., 2022). A
strategy to overcome this that has proven to be efficient in many cases is to
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increase the ratio between total carbon and total nitrogen (C/N) in high-solid
substrates (Zhang et al., 2022; Huang et al., 2016; Rossi et al., 2022b; Zeshan
etal.,2012). In HSD, increasing the C/N ratio in the process through addition
of recalcitrant lignocellulosic carbon sources, such as garden waste or straw,
that are degraded inefficiently or slowly at anaerobic conditions can be a way
of ‘diluting’ the substrate, i.e. lowering the load of easily degradable or
nitrogen-rich fractions that are more prone to cause disturbance, while
maintaining a high TS level (Shapovalov et al., 2020).

However, even during co-digestion of food waste and carbon-rich
substrates (horse manure and garden residues), inhibiting ammonia levels
were observed in Paper II. A strategy to recover from VFA accumulation
used within this thesis work was to temporarily reduce the OLR and
consequently increase the HRT (Paper II & IV). This allowed the process to
recover and degrade the material at a slower rate and also stopped further
accumulation of VFA. However, this strategy might not be optimal for
industrial-scale processes that need to treat waste at a certain rate since
substrate storage is often limited.

3.2 Influence of high TS content

Relatively high TS levels can be applied in HSD processes, e.g. in some cases
substrates with TS level up to 40% (Kothari et al., 2014). However, there is
a limit to the TS level that can be applied without reduced efficiency of
microbial activity and substrate availability. Abbassi-Guendouz et al. (2012)
found that TS level >30% led to VFA accumulation in a batch system, while
Benbelkacem et al. (2015) identified a TS level of >20% as the threshold for
efficient degree of degradation. However, evaluations of the optimal or
maximum TS content in a HSD system can in some cases be problematic,
since this parameter is tightly connected to the OLR in continuous systems,
which also has a significant effect on process performance (Chen et al., 2014;
Wang et al., 2023). To distinguish between the effects of overloading the
system and the effects of mass transfer limitations, Le Hyaric et al. (2011)
tested propionate degradation at different TS levels (18-35%) (same load of
propionate at all levels). They observed a linear increase in specific methane
production with higher moisture content, potentially due to limitations in
mass transfer at high TS. This was in line with findings in a study by Xu et
al. (2014) where a mathematical model was developed to explain the effect
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of increased TS level in batch digestion of cellulose. Their results suggested
that inhibition caused by hydrolysis products due to poor mass diffusion is
the main reason for decreased methane production rate at high TS and that
the optimum TS-level in agitated batch systems is 15-20% (Xu et al., 2014).

Bollon et al. (2013) developed a method to determine diffusion
coefficients in digestate with different TS content and observed a sharp
decrease in diffusion from 0-15% TS, while diffusion was relatively constant
at TS from 15% to 25%. Li et al. (2023b) observed decreased diffusion in
digestate from co-digested food waste and sewage sludge from 10 to 18%
TS. Mass transfer limitation in the material is strongly linked to the viscosity,
since diffusion is generally slower in more viscous material. Both TS level
and type of waste has been shown to have significant effect on rheological
behaviour, e.g. shear stress, which has demonstrated increasing trends with
higher TS and with higher fraction of green waste in the substrate compared
with food waste (Benbelkacem et al., 2013). This indicates that both the TS
content and substrate composition are important for viscosity characteristics
and consequently for mass flow and availability of microorganisms to the
substrate (Gao et al., 2023).

In addition to the mass transfer limitations at high TS, the water fraction
in HSD systems is to a high degree bound to the solid material. For example,
Garcia-Bernet et al. (2011) estimated that digestate with around 20% TS,
originating from municipal waste and green waste, had around 50% of the
total water in bound form. This makes the apparent concentration of soluble
compounds higher than the total concentration in the system (Pastor-Poquet
et al., 2018), which is important to keep this in mind when determining
substrate composition, since the apparent concentration of e.g. ammonia
could become higher than expected for a certain load of proteinaceous
substrate. Thus, even small variations in substrate composition can have a
large impact on the apparent concentrations, making HSD processes
sensitive to fluctuations. An example of this was observed in Paper II, where
a new substrate batch with slightly higher protein and fat content caused
accumulation of ammonia and VFA.

37






4. Plug-flow behaviour and phase-
separated digestion

Plug-flow reactors are often used for continuous HSD processes at industrial
scale (Hayyat et al., 2024; Gao et al., 2023). However, the plug-flow
behaviour of these reactors is rarely investigated. Plug-flow dynamics can
theoretically give rise to phase separation along the reactor, with differences
in the microbial community and chemical composition between the inlet and
the outlet (Panaro et al., 2022). To model and investigate the plug-flow
effect, sequential reactors have been used in some cases (Wen et al., 2007,
Donoso-Bravo et al., 2018). Plug-flow behaviour, differences in
performance between processes operated in completely stirred reactors
(CSTRs) and PFRs, and the effects of sequential digesters are discussed in
detail in this chapter.

4.1 Plug-flow behaviour in HSD reactors

In a perfect plug-flow reactor, all material that is fed into the system is
retained for exactly one HRT (Das et al., 2016). This can be illustrated by
the RTD curve that, for ideal plug flow, shows a narrow peak at time t after
tracer addition, equal to the hydraulic retention time (Toson ef al.,, 2019). In
contrast, an ideal CSTR has an exponentially decreasing RTD curve, with
the highest peak obtained on the first day (Paper I; Toson ef al., 2019). As
new substrate is constantly mixed with the reactor material, part of which is
continuously removed from the reactor, short-circuiting is obtained.
Therefore, the time available for degradation is more limited in a CSTR
compared with a PFR.

One of the main questions regarding the laboratory-scale PFRs used in
this thesis was whether plug-flow behaviour could be obtained (Paper II).
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However, tracer (Li") tests first carried out at a TS level of ~15-18% in the
digestate (Paper II), and later repeated with TS ~26% in the digestate
(unpublished data), did not yield the RTD expected for ideal plug-flow.
Instead, a peak in tracer concentration was seen after 3-5 days at both TS
levels (Figure 5). Higher TS level is related to higher viscosity and reduced
diffusion within the digestate (Li et al., 2023a). It was hypothesised that
increased TS could delay the flow of material through the reactor, but this
was not the case here (Figure 5). However, as proof of concept of Kompogas
reactors, Wellinger et al. (1993) showed that the retention time determined
by tracer tests of solid material agreed well with the expected retention time,
indicating plug-flow behaviour at TS ~27%. In a reactor without an internal
stirring mechanism, Hernandez-Shek et al. (2023) observed indications of
plug-flow behaviour of the solid material in a PFR treating unshredded straw
and manure. Nordell et al. (2021) demonstrated that obtaining plug-flow
characteristics was possible at TS of ~23% in a PFR operated with dewatered
digested sewage sludge. In that case, a delay of almost 30 days was obtained
before the peak in outgoing tracer was seen, which was just slightly shorter
than the retention time (36 days). The features of the process design which
enabled plug-flow in the reactor studied by Nordell er al. (2021) are
unknown, but potential factors are stirring mechanism and reactor length to
height ratio, as also discussed in Paper II. Sewage sludge and, in particular,
digested sewage sludge are reported to be highly viscous and to have low
diffusion coefficient (Zhang et al., 2016). For that reason, these materials are
difficult to treat under high-solid conditions (Li et al., 2018), but could have
been beneficial for plug-flow performance in the reactors by Nordell ef al..
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Figure 5. Tracer (lithium) test in laboratory-scale plug-flow reactor. Lithium
concentration in outgoing digestate up to 34-40 days after tracer addition during
operation at TS level in the reactor of (a) 15-18% (adapted from Paper II) and (b) 26%.
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4.2 Phase separation in reactors of PFR type

An effect of plug-flow dynamics within a reactor is, in theory, separation of
microbial stages. Fresh substrate is fed into one end of a PFR, which
promotes hydrolytic and acidogenic activity of easily degradable matter at
the reactor inlet, while the reactor outlet would have higher methanogenic
activity and contain more thoroughly degraded material, which could
promote digestion of the recalcitrant fractions (Goberna et al., 2009;
Chatterjee & Mazumder, 2019). This behaviour is revealed by high VFA
concentration, high content of VS and low pH in early reactor phases, as well
as accumulation of NH4*-N towards the outlet (Roy et al., 2009; Massé et
al., 2013; Chatterjee & Mazumder, 2019). Investigation of phase separation
was performed in Paper II by measurement of VFA, pH, NH4*-N and VS at
different ends of the PFRs. In line with the lack of plug-flow behaviour, no
clear differences in either chemical composition or microbial community
structure were observed between reactor sections in the laboratory-scale
PFRs (Paper II). Similar results were obtained by Li et al. (2014), who
observed no differences in chemical parameters or microbial community
structure between three sampling positions along a curved PFR treating
manure, although under wet AD conditions (<5% TS) in that case. Similarly,
Ren et al. (2022) found that the expected division between hydrolysis and
methanogenesis within a PFR treating maize straw was not observed.

In contrast, a few previous studies have reported significant separation of
microbial community structure (Rossi et al., 2022a, Chen et al., 2020) and
also minor differences in VFA concentration and composition across PFRs
(Rossi et al., 2022c). Rossi et al. (2022a) concluded that VFA production
was most active within the middle sections of a PFR treating high-solid
organic household waste under thermophilic conditions. As for the microbial
community, carbohydrate-hydrolysing genus Defluviitoga dominated and
had the highest abundance in the first and last sections, while protein-
degrading groups (such as Proteiniphilum) increased in relative abundance
in the middle of the reactor, which was believed to be related to the VFA
production (Rossi et al., 2022a). Zhou et al. (2022) observed a difference in
the methanogenesis pathway along a PFR treating food waste, with higher
relative abundance of methylotrophic methanogenic taxa towards the reactor
outlet. Li ef al. (2024) studied a pilot-scale PFR operated with solid garden
and kitchen waste at increasing OLR and observed significantly higher
acetate concentration and FOS/TAC at the inlet section and pH and ammonia
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concentration at the outlet. They also observed slight separation of microbial
communities between sections, for example with an increase in relative
abundance of the cellulose-degrading genus Halocella along the reactor at
some time-points, although these differences were smaller at higher OLR.

While the reactors studied in Paper II did not exhibit separation in
microbial community structure and chemical parameters, there were some
indications of section differences in terms of macromolecule degradation
rate. Relatively low rate of protein and fat degradation was seen in digestate
samples collected towards the reactor outlet (S3) compared with digestate
from the first section (S1), while carbohydrate degradation rate was similar
in samples from both ends. In addition, the degree of carbohydrate removal
increased along the reactor, indicating that there was active carbohydrate
degradation also in section S3 (Paper II). This was further supported by the
metatranscriptome data, which revealed differences in gene expression
between reactor sections (Paper IV) (Figure 6). The results in Paper IV also
showed that reactor sections appeared to have larger impact on gene
expression than differences in operating parameters, VFA concentration and
NH4"-N level (Figure 6b). Section comparison showed, in summary, an
overall downregulation of genes towards the outlet of the PFR (Figure 6a).
The genes that were downregulated in reactor section S3, and effectively
upregulated in the feeding end (S1), encompassed several different
functional categories, including metabolism, cellular processes and
signalling as well as information storage and processing, indicating a more
active community in the first reactor compartment (Paper IV). This also
suggests phase separation across the reactor, at least temporarily. However,
it should be noted that samples used for metatranscriptomic analysis were
taken ~4 hours after feeding, to capture a phase with high methane
production, which could also be a phase of more clear section separation as
the substrate had little time to spread along the reactor. Interestingly, despite
the overall downregulation of genes in S3, this section exhibited upregulation
of several genes annotated as belonging to Thermotogae, especially within
the category carbohydrate metabolism, (Paper IV). As Thermotogae was
most likely represented by the genus Defluviitoga, this group might be more
active in degrading recalcitrant carbohydrate fractions towards the reactor
outlet, which could explain the active carbohydrate degradation in S3
observed in Paper IL
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Figure 6. Metatranscriptomic analysis in laboratory-scale plug-flow reactor. (a) Log2-
fold change of gene expression in section close to reactor outlet (S3) compared with
section close to reactor inlet (S1). Protein-coding genes (open frame reads, ORFs) with
log2-fold change <-2.5 or >2.5 and adjusted p-value <0.05 were considered significant.
The numbers of significantly upregulated and downregulated ORFs are indicated in the
plot. (b) Principal component analysis (PCA) plot of normalised (variance-stabilising
transformation) fragment counts in samples taken from reactor sections S1 and S3 during
(SA) and after (SB) addition of protein to the substrate. Figures from Paper IV.

A stronger effect of phase separation can be obtained in reactors with
compartmentalisation that prevents material from flowing freely within the
reactor. An example of this is provided by Varol & Ugurlu (2017), who
operated a type of horizontal plug-flow with four separate compartments,
where the first two stages acted as acidogenic reactors and the last two stages
acted as methanogenic reactors. This design significantly improved methane
yield and VS reduction of manure and maize silage compared with a
completely stirred reactor, although under wet AD conditions in that study.
Veluchamy et al. (2019) studied a PFR operated with maize silage (12% TS)
that obtained higher VFA, VS and FOS/TAC ratio, and lower pH, in the first
reactor compartment compared with the second compartment and the
outgoing digestate, and argued that the mixing screw that was running
through the reactor helped with compartmentalization. Similar trends for pH
and FOS/TAC were seen in a PFR operated with pineapple waste at TS <4%
when flow was hindered by baffles (Namsree ef al., 2012). In that case,
methane production mainly occurred within the last reactor compartment
(Namsree et al., 2012). In a horizontal tubular reactor operated with cattle
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manure, phase separation was enabled by using a U-shaped reactor design
(Dong et al., 2019). Goberna et al. (2009) investigated a thermophilic full-
scale PFR, digesting organic household and garden waste, which they
claimed did not have any backflow of material. How the reactor was
designed to avoid backflow was not described, but significant differences
between the reactor parts were observed, with reduced VFA and increased
pH at the outlet. Despite this, the microbial community structure remained
similar across the reactor, with the exception of increased relative abundance
of SAOB towards the outlet (Goberna et al., 2009).

Another question relevant for reactors of PFR type is digestate
recirculation, which is applied in many cases to maintain an active
community and avoid wash-out of microorganisms in the first reactor section
(Donoso-Bravo et al., 2018). The PFRs studied in Papers II-IV were in most
cases recirculated by mixing whole digestate with the substrate at a ratio of
30:70. In an attempt to improve separation between the microbial
communities, recirculation was removed from one of the reactors in Paper
III. However, irrespective of recirculation, no significant differences
between sections were observed in either chemical parameters such as VS,
VFA and NH4"-N or in the microbial community composition (Paper III). In
contrast, previous studies have observed differences between microbial
communities in different reactor sections even with 25-60% digestate
recirculation, indicating that removal of recirculation in itself does not
promote microbial phase separation (Rossi et al., 2022a; Chen et al., 2020;
Li et al., 2024). Studies have also shown that recirculation can be beneficial
for gas production, conversion of fatty acids and degree of degradation
(Namsree et al., 2012; Chen et al., 2020; Dong et al., 2019; Li et al., 2024;
Goémez et al., 2019), and can improve process stability (Nordell ef al.. 2021).
However, in Paper III there was no significant difference in process yield or
degree of degradation between the recirculated and the non-recirculated
reactor, likely because the reactors had no phase separation.

4.3 Serial anaerobic digestion

Serial CSTRs, where the first reactor is fed substrate, the second is fed
digestate from the first reactor and so forth, are frequently used to model the
behaviour of reactors of PFR type (Donoso-Bravo ef al., 2018; Benbelkacem
etal.,2013; Wen et al., 2007). This is also a potential strategy to reduce the
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effect of short-circuiting normally obtained in CSTR processes. In theory,
this increases the probability of degradation of material before it leaves the
reactor (Paper [; Angelidaki et al., 2005; Das et al., 2016), in the same way
as in a phase-separated plug-flow reactor.

Different approaches can be used in serial digestion. One strategy is to
create a stage-separated process, with mainly hydrolysis and acidogenesis in
the first stage and methanogenesis in the subsequent stage (Roy et al., 2009;
Massé et al., 2013; Moestedt et al., 2020; Parawira et al., 2008; Chatterjee
& Mazumder, 2019). This can be achieved by subjecting the first reactor to
overloading through high OLR and short HRT, which leads to production of
VFA and consequently low pH. While methanogens are washed out due to
the low HRT or inhibited by the low pH, the acidic conditions are beneficial
especially for carbohydrate hydrolysis, which helps with efficient
solubilisation of carbohydrates before the methanogenic stage (Chatterjee &
Mazumder, 2019). Further optimisation can be achieved by using a
temperature phased process, with a thermophilic first stage to increase the
hydrolysis rate and a subsequent mesophilic stage to reduce the ammonia
stress during methanogenesis (Wu et al., 2016; Schmit & Ellis, 2001;
Amodeo ef al., 2021). In this way, the stage-separation strategy offers a
flexible system where different stages in the AD process can be optimised
separately.

An alternative approach is to have a methanogenic first reactor followed
by post-digestion to capture remaining methane potential (Paper I; Boe &
Angelidaki, 2009; Li et al., 2017; Kaparaju et al., 2009). This has been
shown to improve digestion of lignocellulosic materials (Kaparaju ef al.,
2009; Li et al., 2017). Paper I investigated serial reactor systems operated
with food waste under wet AD conditions. The systems had a methanogenic
first-step reactor followed by one or two post-digesters, which significantly
improved the methane yield and reduced the residual methane potential in
the digestate compared with a one-step reactor. In addition, protein
concentration in the digestate was >20% lower after serial compared with
single-step digestion. In line with this, slight enrichment of the proteolytic
genera Proteiniphilum and Fastidiosipila was observed in the post-digesters
(Paper I). Previous research has shown that it can be difficult to achieve a
good degree of degradation of recalcitrant protein structures (Ekstrand et al.,
2022) and that protein degradation can be especially inefficient at high
carbohydrate concentrations (Breure ef al., 1986; Tepari et al., 2020) and in
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acidic conditions (Duong et al., 2019). These factors make the hydrolytic
reactor in a stage-separated system unsuitable for protein hydrolysis
(Moestedt et al., 2020). In that regard, a serial set-up could provide a good
division between carbohydrate degradation in early reactor steps and protein
degradation in later reactor steps, where pH is higher and the main part of
carbohydrates have been degraded (Paper I). In addition, since there are
reports of reduced cellulose degradation efficiency at high ammonia levels
(Ahlberg-Eliasson et al., 2023; Sun et al., 2016b; Fischer et al., 2019), this
separation might also be beneficial for cellulose degradation. In comparison
with a stage-separated system, an advantage of the serial set-up with post-
digestion is that the majority of methane production takes place in the first
reactor, where the NH4"-N concentration is relatively low (Paper I).
Conversely, in a stage-separated system, the main protein degradation takes
place in the methanogenic reactor stage (Moestedt et al., 2020), posing a
greater risk of inhibition of the methanogenesis process due to ammonia
accumulation.

Comparing serial AD systems to PFRs, reactors of plug-flow type are
unlikely to obtain as clear division of phases and degradation steps as is
possible to achieve with serial CSTRs. This was confirmed in Papers II-1V,
although with some differences between sections in microbial activity, as
mentioned above (Figure 6). However, despite the lack of clear phase
separation in the PFR studied by Rossi et al. (2022a), they concluded that
division of carbohydrate and protein degradation was obtained, based on the
microbial community structure. Carbohydrates were assumed to be
hydrolysed at the start and very end of the reactor, based on the relative
abundance of the main carbohydrate-degrading genus Defluviitoga, while the
relative abundance of the protein-degrading genus Proteiniphilum was
higher in the middle section (Rossi et al., 2022a). This indicates that PFRs
might offer the same advantages of separation between carbohydrate and
protein degradation as observed for the serial strategy. Nordell et al. (2021)
also achieved significant reduction of recalcitrant protein structures in a PFR,
potentially enhanced by the plug-flow dynamics, although the mechanism
was not completely revealed since the chemical composition in different
sections was not investigated. Compartmentalised PFRs could offer an
intermediate strategy between a serial digestion system and a PFR. As
mentioned above, it has been shown that phase separation can be obtained in
such reactors, with acidified first reactor compartments (Veluchamy et al.,
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2019; Varol & Ugurlu, 2017) and methanogenesis occurring towards the
reactor outlet (Ren ez al., 2022).

4.4 Comparison of reactor types CSTR and PFR

As explained in section 4.1, reactors of the PFR and CSTR types have
different characteristics in terms of retention time distribution (RTD). In
theory, PFRs outperform CSTRs operated at identical HRT and OLR,
because material in the PFR has the potential for complete degradation, while
this cannot be achieved in the CSTR because of short-circuiting, an effect
that becomes more pronounced with shorter HRT (Das et al., 2016).

Whether the impact of extended retention of material in a PFR compared
with a CSTR can be demonstrated experimentally was investigated in Paper
11, by comparing PFRs and CSTRs operated with the same substrate, HRT,
OLR and TS;,. The comparison was carried out to assess the effect of the
theoretically longer RTD in PFRs, but also to evaluate whether high-solid
substrates can be efficiently treated in CSTRs. Thermophilic HSD
experiments with similar substrate composition, i.e. food waste co-digested
with garden waste, have been performed previously (Zhang et al., 2022), but
CSTRs are more commonly used for wet AD processes (Akinbomi et al.,
2022; Kothari et al., 2014). Problems with high TS content arose in the
comparative study in Paper III, with more difficulties obtaining
representative samples of TS and VS from the CSTRs than the PFRs. This
was potentially due to the dimensions of the feeding and digestate openings
in the CSTRs being better optimised for wet materials.

In agreement with the hypothesis that more efficient degradation can be
acheived in PFRs, this reactor type exhibited slightly more stable process
parameters, higher methane yield (309-321 NL CHu/kg VS compared with
249-253 NL CHu/kg VS) and marginally improved mineralisation of organic
nitrogen (33-34% compared with 28%) than CSTRs operated at identical
operating settings (Paper III). However, the VS reduction was consistent
across both reactor types (51-54%) (Paper I1I). Thus, there was no significant
difference in degree of degradation and, since plug-flow behaviour or phase
separation was not established in the PFRs (Papers II & III), the reason for
the higher methane yield from these reactors was likely not related to the
retention time distribution.
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A potential challenge when operating CSTRs with dry substrates is that
their mixing mechanism is seldom optimised for high TS content in the same
way as in PFRs, as pointed out by Veluchamy et al. (2019). In line with this,
it was concluded that one of the main differences between the reactor types
compared in Paper III was the stirring mechanism and speed, which was
considerably higher in the CSTRs (70-150 rpm) than in the PFRs (1 rpm).
Differences in mixing speed have been demonstrated to significantly affect
microbial communities in AD (Singh et a/., 2020). In general, a more stable
and efficient process can be expected at lower stirring speed and frequency
(Sekine et al., 2022; Zhang et al., 2019; Latha ef al., 2019) and high stirring
speed can potentially interfere with microbial interactions, for example
between SAOB and hydrogenotrophic methanogens (Singh et al., 2020). It
can also hinder microbes from attaching to substrates, especially for
hydrolysis of cellulose (Kim et al., 2017). In line with this, the cellulose-
degrading genera Defluviitoga and Halocella decreased in relative
abundance in the more agitated CSTRs. In the CSTRs, the order MBAO3
dominated instead and towards the end of the experiment accounted for
>60% of the community in the high-solid CSTRs (Paper III). The
methanogenic community was also different in the two reactor types, with
more Methanoculleus in the PFRs and more Methanothermobacter and
Methanosarcina in the CSTRs, potentially relating to the mixing and
distribution of Ha, as discussed in Paper III.

a)

Figure 7. (a) Illustration of concentration gradients of substrate and degradation products
along a plug-flow reactor. (b) Illustration of a completely stirred-tank reactor with
homogenous reactor content.
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When PFR or phase-separated processes are compared with single-stage
CSTR in literature, a key question is often the process stability (Park et al.,
2008; Chatterjee & Mazumder, 2019; Veluchamy et al., 2019). Studies by
Varol & Ugurlu (2017) and Zhang et al. (2017) obtained systems with
significantly better stability at increased OLR in phase-separated reactors
than in single-stage CSTRs. One of the main differences between PFRs and
CSTRs is that material within a CSTR should be completely homogenised,
while a PFR should have a gradient of substrate and intermediary products
along the reactor (Panaro et al., 2022) (Figure 7). This would imply that toxic
substances are not necessarily found at inhibitory concentrations within the
whole system, thereby keeping parts of the process stable even at high
loading rates or during ammonia accumulation. Nordell et al. (2021) found
that a relatively stable process could be maintained at a NH3-N level as high
as 2 g/L, which was shown to cause severe disturbances in Paper II. They
argued that since plug-flow behaviour was demonstrated in their system, it
is likely that inhibitory ammonia levels were only obtained in the outgoing
digestate, while the level at the inlet was lower (Nordell et al., 2021).
However, as PFR behaviour was not obtained in Paper III, the potential
improvement in stability compared with CSTRs could not be evaluated.
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5. Down-scaling of industrial-scale HSD

Industrial-scale HSD plants, especially those operated under thermophilic
conditions and with protein-rich substrates, are known to frequently
experience disturbances due to ammonia inhibition (Westerholm et a/., 2020;
Illmer & Gstraunthaler, 2009; Zeshan et al., 2012). Despite its challenges,
HSD is an interesting technology with high potential for industrial-scale
biogas production (see section 1.2). For example, according to Angelonidi &
Smith (2015), HSD offers advantages over wet AD due to the low water input
required and wide range of potential substrates. Also, a modelling study of a
thermophilic Kompogas plant by Carlos-Pinedo et al. (2020) found that the
HSD plant theoretically had 10% higher energy yield than a corresponding
wet AD plant.

Given the challenges mentioned in Chapters 3 and 4, such as those
relating to reactor design and ammonia inhibition, optimisation experiments
are needed to identify strategies that can improve the robustness and
performance of HSD processes. An important aspect in this regard is to
demonstrate that experiments carried out at laboratory scale are applicable
for industrial-scale processes. In particular, comparative studies are
important to prove transferability of results and to reveal limitations in terms
of up-scaling or down-scaling (Lansing et al., 2019). Previous down-scaling
studies have demonstrated good agreement between laboratory and industrial
reactors (Gallert et al., 2003; Liidtke et al., 2017; Bouallagui et al., 2010).
The aim of these studies has been e.g. to identify the OLR limit of the system
and to evaluate new substrate pre-treatments, without risking process failure
at industrial scale, and they have contributed valuable information
(Westerholm et al., 2019; Gallert et al., 2003). However, these comparative
studies were all carried out in wet AD conditions, while there is a lack of
research on the agreement between laboratory- and industrial-scale operation
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of HSD. There are many examples of HSD experiments at laboratory scale
(e.g. Rossi et al., 2022a; Zeshan et al., 2012; Zhang et al., 2022; Li et al.,
2024) and pilot scale (Basinas et al., 2021; Carlos-Pinedo et al., 2019), but
few previous studies have attempted to replicate the conditions in an
industrial-scale plant. Carlos-Pinedo et al. (2019) reviewed HSD carried out
at laboratory, pilot and full scale and found that in general, the laboratory-
scale studies achieved higher methane production. However, the mode of
operation in the studies reviewed was very different and therefore the scales
could not be directly compared. Another observation was that laboratory-
scale experiments often studied mono-digestion of single substrate types,
while co-digestion was more common in the full-scale cases (Carlos-Pinedo
et al., 2019), which suggests a lack of laboratory-scale HSD experiments
covering common full-scale operating conditions.

One of the main objectives of Paper Il was therefore to simulate a
thermophilic industrial-scale HSD plant in the laboratory. The plant, treating
a mixture of organic household waste, manure and garden waste in three
separate Kompogas-type digesters (each with active volume 2100 m?), was
monitored over a period of >40 weeks. During the same period, two
laboratory-scale reactors of the same type were inoculated with digestate
from the thermophilic plant, operated with the same substrate mixture and
monitored during >50 weeks, beginning after a start-up phase.

Some aspects of HSD processes make these more difficult to scale down
than wet AD processes. In wet digestion, the same substrate mix can be used
in both full- and laboratory-scale operations, making down-scaling more
straightforward. Due to the characteristics of high-solid substrates, this type
of process is more challenging to operate at small scale and the substrate
therefore needs to be mechanically milled to smaller particle size when an
HSD process is scaled down (Carlos-Pinedo et al., 2019). This theoretically
has a significant impact on the potential degree of degradation, as substrate
with smaller particle size is degraded more easily (Bong et al., 2018;
Carlsson et al., 2012). In the experiment carried out in Paper II, substrate
particle size was reduced from ~60 mm to ~10 mm before the substrate was
fed into the laboratory reactors. However, only a small effect on VS
reduction was observed when the scales were compared (43% and 41% in
the laboratory- and industrial-scale process, respectively) (Paper II).
Additionally, in contrast to the VS reduction, SMP was in fact higher in the
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industrial-scale system (366 NL CH4/kg VS) compared with the laboratory-
scale system (339 NL CH4/kg VS (Figure 8).
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Figure 8. (a) Volatile fatty acid (VFA) concentration, (b) ammonium-nitrogen (NH4"-N
concentration), (c) pH and (d) volatile solids (VS) level in reactor sections close to inlet
(S1) and outlet (S3) in industrial-scale and laboratory-scale plug-flow reactors (PFRs).
(e) Volatile solids reduction and (f) specific methane production (SMP) in the laboratory-
and industrial-scale PFRs. Figure adapted from Paper II.

At industrial scale, slight phase separation was observed across the plug-flow
systems (Figure 8), with significantly higher VFA and VS, and significantly
lower pH and NH4"-N levels, in the first (S1) compared with the last reactor
section (S3). At laboratory scale these trends were much weaker (Figure 8),
as also described in section 4.2. Illmer & Gstraunthaler (2009) observed
analogous trends while monitoring a very similar HSD plant (treating
household waste and green waste in Kompogas reactors), with a clear
decrease in VFA and slight increase in average pH and NH4"-N concentration
along the reactor. It could be argued that, since distances within industrial-
scale reactors are greater and therefore homogenisation of material within
reactors of this scale likely takes longer, phase separation could potentially
be easier to obtain at industrial scale. However, analysis of the microbial
population in the industrial-scale reactors in Paper II contradicted any
suggestion of true phase separation, since no significant separation of the
community structure was observed.
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An important factor that will differ at different scales is the practical
procedure of reactor feeding. Industrial-scale plants often have automated
systems that enable continuous feeding, while feeding in the laboratory is
generally performed manually and therefore can only be semi-continuous. In
addition, sampling time-point in relation to feeding could affect the results,
especially for samples taken from the first reactor section, which contains a
mixture of digestate and substrate (Paper II; [llmer & Gstraunthaler, 2009).
Thus, a possible explanation for the clearer differences between reactor
sections observed in the larger-scale reactors may be related to the sampling
time-point, as samples from those reactors were taken during continuous
feeding, while samples from the laboratory-scale reactors were taken a day
after the previous feeding, giving more time for homogenisation of material
at smaller scale (Paper II). Unfortunately, conclusive results on the plug-flow
behaviour in industrial-scale reactors could not be obtained in the evaluation
in Paper II, since tracer studies at the plant were interrupted 48 hours after
tracer addition, only to ensure that requirements for hygienisation were
fulfilled.

Although microbial communities were similar along the length of the
PFRs at both industrial and laboratory scale, down-scaling had significant
influence on the population. A distinct separation of the communities in the
two different scales emerged after an initial start-up phase (Paper II). There
was in particular a clear decrease in Defluviitoga, while groups such as
DTUO014, Proteiniphilum, Lentimicrobium and Halocella increased as a
result of down-scaling. In Paper I, where inocula were taken from industrial-
scale wet AD reactors and transferred to laboratory-scale reactors with the
same operating parameters, down-scaling effects such as enrichment of
Actinomyces, Gallicola and Paludibacteraceae were observed, while e.g.
MBAO3 decreased in abundance. In line with results from Paper 11, relative
abundance of Defluviitoga decreased upon down-scaling also in Paper L.
Some of these changes were hypothesised to relate to transition from
continuous feeding at full scale to semi-continuous feeding at laboratory
scale (Paper I, Mulat et al., 2015). Although the reasons for the changes
could not be completely revealed, the conclusion was that the overall
function of the communities remained similar at both scales (Paper 1), which
is in line with previous observations (Westerholm et al., 2018; Westerholm
etal.,2019). For example, in Paper Il hydrogenotrophic methanogenesis was
the main pathway for methane production at both scales, but in industrial
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reactors Methanothermobacter was the dominant genus, while in laboratory-
scale reactors Methanoculleus was present in higher relative abundance.

5.1 Summary of challenges and limitations related to
down-scaling

The main challenges in comparisons of laboratory and industrial-scale HSD
processes that were identified in Paper 11 were:

» Feeding was carried out more continuously throughout the day at
industrial-scale, compared with semi-continuous feeding in
laboratory-scale reactors. This likely affected microbial community
structure and influenced the results of chemical analyses, especially
in samples taken from the reactor section close to the inlet.

» Additional pre-treatment of the substrate was necessary at laboratory
scale to reduce the particle size, which potentially affected the
degradability of the substrate.

» It was not possible to collect homogeneous substrate samples from
the industrial-scale plant. This made evaluation of degree of
degradation and OLR difficult and unreliable at industrial scale, as
TS and VS values of the different fractions were based on standard
values, while TS, VS and chemical composition of each fraction
could be more thoroughly analysed at laboratory scale.

» Substrate fractions for laboratory-scale digestion were collected
from the industrial-scale plant every 3-4 months and represented the
average composition of substrate fractions fed to the full-scale
reactors. This made it difficult to simulate fluctuations in substrate
composition experienced at industrial-scale. Furthermore, the
substrate batches collected for laboratory-scale use might not have
accurately reflected the composition of the substrate utilised in the
full-scale process.

» It was easier to keep operating parameters consistent at laboratory
scale (except during process disturbances), while e.g. OLR and
substrate composition varied between weeks and over seasons in the
industrial-scale process depending on substrate availability.
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6. Summary and conclusions

This thesis work identified and explained some important challenges
associated with HSD processes, including:
» Ammonia inhibition, especially in HSD operated under
thermophilic conditions.
» Difficulty in obtaining plug-flow behaviour of organic material in
the tubular reactors designed for HSD processes.
» Digestion of high-solid substrates in laboratory-scale processes and
comparison to industrial-scale processes.

High-solid digestion processes are exposed to a high risk of process
disturbances due to high loading rate, often with protein-rich substrates, low
dilution rate and poor mass transfer. In this thesis, there were cases of
ammonia-induced disturbances in thermophilic HSD processes operated
with a large fraction of food waste co-digested with manure and garden
waste. Disturbances occurred at NH4"-N concentrations >4 g/L and led to H»
and propionate accumulation, and consequently reduced methane yield. The
response in terms of microbial community structure varied depending on the
severity and time-span of the disturbance and differed between laboratory-
scale and industrial-scale reactors. Results from a metatranscriptome study
revealed general downregulation of cellular processes at higher ammonia
levels in a laboratory-scale PFR.

According to literature, a process operated in a phase-separated PFR has
the advantages that the material is retained within the reactor over a longer
period than in a completely stirred system, and that process stability and
resilience to disturbances are improved. Evaluations of PFR systems in this
thesis however showed that it is difficult to obtain plug-flow behaviour and
phase separation within tubular reactors, with or without digestate
recirculation, at different TS levels and also both at laboratory and industrial
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scale. Although functional analysis illustrated some differences in microbial
activity across a PFR, no clear phase separation was observed based on
chemical parameters or DNA-based microbial analysis. A comparative study
between PFRs and CSTRs showed similar process performance and degree
of degradation in both reactor types, indicating that the theoretical
advantages of a PFR could not be demonstrated in practice due to the absence
of plug-flow behaviour. However, slightly better specific methane
production and nitrogen mineralisation was obtained in the PFRs, which was
partly attributed to the lower mixing speed applied in these reactors. Features
similar to a plug-flow system can also be obtained using a set-up of serial
completely stirred reactors, which in this thesis was shown to significantly
improve methane production and degree of degradation, especially of
proteins. This was attributed to degradation of different substrate fractions in
different compartments and to a gradient of NH4"-N across the systems, with
low levels in the main methanogenic compartment.

This thesis showed that high-solid materials can be treated in laboratory-
scale reactors, but require additional pre-treatment compared with industrial-
scale reactors. A comparative study demonstrated that volatile solids
reduction, specific methane production and other performance parameters
were within the same ranges in both laboratory and industrial HSD systems,
although average values differed in some cases. An effect of down-scaling
on microbial community structure was observed, but it did not alter the
overall function of the community. Although certain factors, such as feeding
strategy and substrate particle size, cannot be kept consistent across different
scales, the down-scaling evaluation demonstrated the viability of performing
laboratory-scale experiments of HSD processes.
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7. Future perspectives

Extensive research has been conducted on biogas processes but there is still
much to learn, such as how to avoid and handle process disturbances,
utilisation of new substrate types and how to design reactors and choose
operating parameters for maximum performance. Optimisation strategies are
also important to make the most of existing biogas plants and avoid
emissions of residual methane from the digestate. In addition, the complex
microbial communities that are the core of AD processes are still largely
uncharacterised and consist of plenty of unknown species, often with
unknown functions. With better knowledge about the organisms involved in
AD processes, optimisation strategies, such as changes in temperature or
trace element addition, can be specifically designed in future studies to
promote the activity of key species.

7.1 Exploration of microbial communities

A great part of current research on AD revolves around the microbial
communities involved, their interactions and functions, and on optimising
their potential through different operating strategies. High-throughput
sequencing of the 16S rRNA gene is a widely used method for analysis of
microbial community composition that can provide large amounts of data
with relatively high resolution and enable estimation of diversity within
complex communities. However, this method has limitations such as
differences in 16S rRNA gene copy numbers and PCR primer specificity, as
discussed in section 2.4 of this thesis. In addition, conclusions about the
function of the observed microbial groups cannot directly be drawn based on
the taxonomic placement, especially since the function of many species
remains unknown. Therefore, discussions on how process performance
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correlates with microbial community structure are relatively speculative and
build on knowledge about known species or metagenomics information for
identified taxa, as well as previous experiences from other similar processes.

The activity and function of the microbial community can instead be
investigated through isolation and sequencing of mRNA sequences, i.e. the
metatranscriptome. Even though such studies are challenging, since
preparation of RNA samples, sequencing and data analysis are costly and
time-consuming, metatranscriptomics can be an important complement to
analysis of microbial communities using DNA-based methods.
Metatranscriptomic analysis is however only one of the possible methods to
study the function of the microbial community more in depth in future
studies. For example, combined data from different meta-omics methods,
such as metagenomics, metaproteomics and metabolomics, could provide a
better understanding of the metabolic pathways within HSD and AD in
general, and the activity of microbial groups under different environmental
conditions.

7.2 Optimisation of reactor design and operation

The theoretical features of a reactor of plug-flow type offer potential for
enhanced process stability and degradation efficiency. This makes it a
suitable choice for digestion of high-solid substrates, which may contain
protein-rich fractions and recalcitrant material that need long retention time
for degradation. However, plug-flow behaviour within a reactor of plug-flow
type should not be assumed without performing tracer studies. Identifying
operating factors necessary for plug-flow behaviour in a tubular reactor, such
as viscosity and substrate composition, is an interesting topic for future
research. A potentially rewarding approach in further investigations could be
to implement modelling studies to simulate conditions at different TS levels,
viscosity and reactor design and identify the optimal parameters for plug-
flow dynamics. Such a strategy has been used e.g. by Rasouli et al. (2018)
to investigate mixing within a PFR.

The challenges in obtaining plug-flow behaviour in this thesis indicate
that some modifications in reactor design, such as compartmentalisation or
altered stirring mechanism, might be necessary to achieve the hypothetical
effects and obtain a robust phase-separated system, both in laboratory and
industrial scale.
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An alternative to PFRs is to use sequential CSTRs. Although CSTRs in
most cases are not used for treatment of high-solid substrates, the results
obtained in Paper Il demonstrate that this is possible, at least at laboratory
scale. This makes sequential CSTRs an interesting alternative for evaluation
of phase-separated HSD processes, using a relatively simple technology.
This set-up could be used to assess to what extent a phase separated process
can help reduce the risk of disturbances. Additionally, strategies such as
temperature gradient with thermophilic hydrolysis phase and mesophilic
methanogenic phase, as well as optimisation of recirculation rate could be
evaluated using serial reactors.

The challenges linked to down-scaling identified in this thesis,
particularly in HSD processes, suggest that in addition to laboratory-scale
analyses, more studies monitoring and evaluating full-scale processes could
provide valuable information. This could help estimate the extent to which
factors such as substrate particle size and fluctuations in substrate
composition affect the process. Such studies could also provide more insights
into current challenges during industrial-scale operation and reduce the gap
between biogas research and full-scale production.
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Popular science summary

Biogas production plays an important role in contributing to a more
sustainable and circular society by utilizing resources in waste products.
These resources include energy and nutrients that would otherwise go to
waste. Several different types of organic waste, such as sewage sludge, food
waste, cow manure and agricultural residues, can be used to produce biogas.
A large group of different microorganisms, such as bacteria and archaea,
working under oxygen-free conditions, produce the biogas in a
decomposition process known as anaerobic digestion. This process has two
main products; biomethane and digestate. Biomethane is a renewable energy
source that can be used to power cars and buses, or to produce electricity and
heat. The digestate contains all the nutrients from the organic waste and can
be used as fertilizer in organic farming.

Digestion is a multi-step process that starts with the breakdown of large
protein, fat and carbohydrate molecules. After a number of intermediate
steps carried out by different bacteria, these complex molecules have finally
been converted into acetic acid, carbon dioxide and hydrogen gas, which in
turn are the source of energy for specialised archaea that further can convert
the molecules into methane. During the various decomposition steps, other
products are also formed, for example ammonia, which is produced during
protein degradation. The ammonia that is formed is important for the
digestate’s value as fertilizer. At high concentrations, however, ammonia
becomes toxic, especially for the methane-producing archaea.

Many types of waste, for example from households and agriculture, can
be relatively dry and usually need to be diluted with large amounts of water
before they are used for biogas production. Another method is so-called
high-solid digestion that significantly can reduce water consumption. In a
high-solid digestion process, the material resembles a viscous porridge,
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while in a more conventional wet digestion process, the material is more
fluid. This means that special technology and equipment, such as special
types of reactors, need to be used to handle the dry and thick material. This
thesis focuses on high-solid digestion processes and the unique challenges
associated with working with these viscous materials in different types of
biogas systems.

One of the challenges is related to toxic levels of ammonia that cause
disturbances and reduced biogas production. A combination of the fact that
high-solid digestion systems often are fed with protein-rich waste and the
low dilution with water means that these processes often suffer from high
concentrations of ammonia. In this thesis, disturbances caused by ammonia
in different high-solid digestion systems were studied to investigate how the
microorganisms reacted and to try finding early warning signs of process
inhibition. The results could show that high hydrogen levels and propionic
acid concentrations were clear signs of an unbalanced process.

Due to the material's thick consistency and relatively large particle size,
high-solid digestion processes are difficult to work with on a laboratory
scale. Therefore, high-solid digestion has generally been investigated less
than wet digestion which is easier to scale down. In one of the projects within
this thesis, special biogas reactors were constructed on a laboratory scale to
simulate an industrial high-solid digestion plant. The material fed into the
process first needed to be ground before it could be digested in the laboratory.
Even so, the processes on laboratory and industrial scale behaved very
similarly. When evaluating different ways to improve biogas production, it
is a good strategy to first test them on a laboratory scale, before industrial
application. One of the conclusions from this thesis is that digestion
processes at different scales produce similar results.

The reactors that were constructed for the laboratory-scale experiments
are so-called plug-flow reactors. These are built as horizontal tubes. In a
plug-flow system, the material is fed to one side of the reactor, moves slowly
through the tube where decomposition occurs gradually, and exits at the
opposite end as digestate, while the biogas is collected via outlets at the top
of the reactor. Unlike completely mixed reactors, which are more often used
for wet materials, the contents of a plug-flow reactor should not be evenly
distributed. Instead the reactor should have different populations of
specialized microorganisms in different parts. In theory, a well-functioning
plug-flow system can provide more complete degradation and process
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stability compared to a completely mixed reactor. However, achieving this
in practice is more difficult, which was also shown in several of the projects
within this thesis. To get more optimized high-solid digestion processes in
the future, new reactor design can be an interesting strategy.
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Popularvetenskaplig sammanfattning

Biogasproduktion spelar en viktig roll for att bidra till ett mer hallbart och
cirkulart samhédlle genom att utnyttja resurser i restprodukter. Detta
inkluderar energi och niringsimnen som annars skulle g till spillo. Flera
olika typer av organiskt avfall, sdsom avloppsslam, matrester, kogddsel och
jordbruksrester, kan anvindas for att producera biogas. En stor grupp av
olika mikroorganismer, till exempel bakterier och arkéer, som arbetar under
syrefria forhallanden producerar biogasen i en nedbrytningsprocess som
kallas anaerob rotning. Denna process har tva huvudprodukter; biometan och
rotrest. Biometan &r en fornybar energikélla som kan anvéndas till att driva
bilar och bussar, eller till produktion av el och virme. Rotresten innehéller
all néring frén det organiska avfallet och kan anvindas som gddningsmedel
i ekologisk odling.

Rotning dr en process i flera steg som startar med nedbrytning av stora
protein-, fett- och kolhydratmolekyler. Efter ett antal mellansteg som utfors
av olika bakterier har dessa komplexa molekyler slutligen omvandlats till
attiksyra, koldioxid och vitgas som i sin tur dr energikélla for specialiserade
arkéer som vidare kan omvandla molekylerna till metangas. Under de olika
nedbrytningsstegen bildas dven andra produkter, till exempel ammoniak som
produceras vid proteinnedbrytning. Ammoniaken som bildas ar viktig for att
rétresten ska bli anvandbar som gddningsmedel. Vid hoga koncentrationer
blir dock ammoniak giftigt, framforallt for de metanproducerande arkéerna.

Manga typer av avfall, exempelvis hushallsavfall och jordbruksavfall,
kan vara relativt torra och brukar darfor spddas ut med stora méngder vatten
innan de anvinds till biogasproduktion. En annan metod &r sa kallad
torrotning, déar vattenforbrukningen kraftigt kan reduceras. I en
torrotningsprocess liknar materialet en trogflytande grot, medan materialet 1
en mer konventionell vatrétningsprocess dr mer lattflytande. Det innebar att
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speciell teknik och utrustning, som speciella typer av reaktorer, behdver
anvindas for att hantera det torra och tjocka materialet. Den hér
avhandlingen fokuserar pa torrdétningsprocesser och de unika utmaningar
som &r kopplade till att arbeta med dessa trogflytande material i olika typer
av biogassystem.

En av utmaningarna ar relaterad till giftiga halter av ammoniak som
orsakar storningar och minskad biogasproduktion. En kombination av att
torrdtningssystem ofta matas med proteinrikt avfall och avsaknad av
utspddning med vatten gor att dessa processer ofta drabbas av hoga
koncentrationer av ammoniak. I denna avhandling studerades stdrningar
orsakade av ammoniak i olika torrrdtningssystem for att underséka hur
mikroorganismerna reagerade och for att forsoka hitta tidiga varningstecken
pd hamning av metanproduktionen. Resultaten kunde visa att hoga
vatgashalter och propionsyrakoncentrationer var tydliga tecken pa en
obalanserad process.

Pé grund av materialets tjocka konsistens och relativt stora partikelstorlek
ar torrétningsprocesser svéra att arbeta med i laboratorieskala. Darfor har
torrotning generellt undersokts mindre &n vatrotning som ar littare att skala
ner. I ett av projekten inom denna avhandling konstruerades speciella
biogasreaktorer 1 laboratorieskala for att simulera en industriell
torrdtningsanldggning. Materialet som matades in i processen behdvde forst
malas innan det kunde rotas i laboratoriet. Trots det upptriddde processerna
valdigt lika 1 bade laboratorie- och industriell skala. Nar man utvérderar olika
satt att forbéttra biogasproduktion &r det en bra strategi att forst testa dem i
laboratorieskala, innan de appliceras industriellt. En av slutsatserna fran
denna avhandling dr att rotningsprocesser i olika skalor ger liknande resultat.

Reaktorerna som konstruerades for experimenten i laboratorieskala &r sa
kallade pluggflodesreaktorer. Dessa dr byggda som horisontella ror. I ett
pluggflodessystem matas materialet in pa ena sidan av reaktorn, ror sig
langsamt genom roret dér nedbrytningen sker gradvis och kommer ut i
motsatt dnde som rotrest, medan biogasen samlas upp via gasutfloden pé
toppen av reaktorn. Till skillnad fran totalomblandade reaktorer, som oftare
anvénds for vata material, bor innehéllet i en pluggflodesreaktor inte vara
jémnt fordelat. Man vill istéllet ha olika populationer av specialiserade
mikroorganismer i olika delar av reaktorn. I teorin kan ett vilfungerande
pluggflodessystem bade ge mer fullstindig nedbrytning och processtabilitet
jamfort med en totalomblandad reaktor. Att uppna detta i praktiken dr dock
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svérare, vilket ocksé visades i flera av projekten inom denna avhandling. For
att fa mer optimerade torrétningsprocesser 1 framtiden kan ny reaktordesign
vara en intressant strategi.
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Optimization of the biogas generation process is important to achieve efficient degradation and high methane
yield, and to reduce methane emissions from the digestate. In this study, serial digester systems with two or three
biogas reactors were compared with a single reactor, with the aim of improving degree of degradation and
methane yield from food waste and assessing adaptation of microbial communities to different reactor steps. All
systems had the same total organic load (2.4 g VS/(L d)) and hydraulic retention time (55 days). Serial systems
increased methane yield by >5% compared with the single reactor, with the majority of the methane being
obtained from the first-step reactors. Improved protein degradation was also obtained in serial systems, with
>20% lower outgoing protein concentration compared with the single reactor and increasing NH;-N concen-
tration with every reactor step. This resulted in separation of high ammonia (>384 mg NH3-N/L) levels from the
main methane production, reducing the risk of methanogen inhibition. Methanosarcina dominated the meth-
anogenic community in all reactors, but increases in the hydrogenotrophic genera Methanoculleus and Meth-
anobacterium were observed at higher ammonia levels. Potential syntrophic acetate-oxidizing bacteria, such as
MBAO3 and Dethiobacteraceae, followed the same trend as the hydrogenotrophic methanogens. Phylum Bacter-
oidota family Paludibacteraceae was highly abundant in the first steps and then decreased abruptly, potentially
linked to an observed decrease in degradation in the last-step reactors. Nevertheless, the results indicated a trend
of increasing relative abundance of the potentially proteolytic genera Pr iphilum and idiosipila with
successive reactor steps.

1. Introduction

environmental benefits it is important to obtain a high degree of
degradation of the organic material. Many previous studies have

Production of biogas through anaerobic digestion (AD) is a stepwise
degradation process of organic material, carried out by a complex mi-
crobial community in an anaerobic environment [1]. Biogas production
has several benefits, e.g., it is a sustainable treatment method for organic
wastes and the methane in biogas is a renewable energy carrier that can
be used as vehicle fuel or for production of electricity and heat [2].
Moreover, during the AD process, mineral nutrients in the wastes are
concentrated and the resulting digestate can be used as biofertilizer,
thereby contributing to recycling of nutrients and reduced use of arti-
ficial fertilizer [3].

In order to reach the full potential of AD in terms of economic and

investigated different strategies to improve degradation and efficiency
of various AD processes, including both management and technological
approaches. So far, a lot of effort has been put on materials rich in
lignocellulose, difficult to degrade and thus typically giving low effi-
ciency of the biogas process [4]. However, several recent publications
have reported that also degradation of proteins in AD can be inefficient
and result in high levels of residual protein, representing an unexploited
potential of methane as well as ammonium-nitrogen (NH4-N), in the
outgoing digestate [5-8]. Even so, less effort in the scientific literature
has been devoted to understanding conditions giving efficient degra-
dation of proteins.
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Different types of food waste, e.g. source sorted organic household
waste and residues from food industry, can vary greatly in its chemical
composition, but generally has high protein and fat concentrations as
well as a relatively low content of complex carbohydrates [9]. Fat and
protein are energy-rich, so food waste has high biomethane potential
and, owing to a low level of lignocellulose, are relatively easy to degrade
[9]. AD of food waste even needs to be managed carefully, as fast
degradation can cause accumulation of volatile fatty acids (VFA) and a
subsequent drop in pH. Additionally, high levels of protein can lead to
inhibitory levels of the fermentation product ammonia (NHs), which is
toxic to the microbial community and especially the methanogenic
community [9,10]. Nevertheless, proteins have been shown to represent
the major fraction of non-degraded macromolecules in the digestate [8].

Previous studies have evaluated degradation of recalcitrant struc-
tures by replacing a single reactor with a main methanogenic reactor
followed by a methanogenic post-digester that collects residual gas po-
tential. This has been successful for agricultural residues with high levels
of recalcitrant lignocellulosic structures; both for manure [11], and crop
residues, where serial reactors improved conversion of cellulose and
hemicellulose compared with a single reactor [12]. In the present study
we hypothesize that a serial reactor setup, in comparison to a single
reactor, could enable improved degradation of food waste, and specif-
ically proteins, in the same way as previous studies on serial digestion
have shown an improved degree of degradation of recalcitrant ligno-
cellulosic substrates [11,12]. In line with this hypothesis, Nordell et al.
[13] achieved improved protein degradation in sewage sludge upon
addition of a post-digester step to the process. During serial digestion,
the process can be set up in different ways in regard to hydraulic
retention time (HRT) and organic loading rate (OLR). For food waste,
previous studies have mainly applied a high load and short retention
time in the first reactor with the aim to obtain microbial phase separa-
tion [14]. Separation of hydrolysis/acidogenesis and methanogenesis
steps can be a way of improving the degradation of food waste and many
studies have shown promising results in terms of process stability, high
methane yields, volatile solid (VS) reduction, and potential to extract
additional products, such as VFA or hydrogen (Hz) gas, from one of the
process stages [9,14-17]. However, as mentioned above, serial digestion
can also be applied without phase separation and with methanogenesis
in all reactors, a setup that remains to be investigated for processes
operated with food waste.

In the current study, we are evaluating a setup with serial meth-
anogenic reactors for biogas production from food waste. The main aims
of this study were to investigate the possibility for improved process
performance and degradation of recalcitrant structures, e.g. proteins,
compared with a single reactor. If successful, this approach could give
both higher methane yield and reduce the risk of methane emissions
from the digestate. An additional aim was to investigate the microbial
community structure in the different reactor steps. It has been shown
that stage separation of the AD process leads to differences in the mi-
crobial communities in the different reactor steps, with enrichment of
hydrolytic/acidogenic species in the first reactor [15,18]. However, the
effect of a serial digester setup on the microbial community structure in
different reactor steps has not yet been studied, nor how this is coupled
to the degree of degradation of different molecular structures, i.e., pro-
teins, lipids, and carbohydrates. For the study, an industrial-scale biogas
plant using food waste from households, in co-digestion with slaugh-
terhouse waste and industrial organic waste, was used as a model for an
experimental lab-scale setup. Systems with one, two, and three serial
reactors, all with the same total HRT, were operated and compared with
regard to efficiency and process performance. The industrial-scale plant
has already access to several reactor tanks which, based on the result
from this study, easily could be reorganized in a way that optimizes the
overall process performance, without need for construction of new
digesters.
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2. Material and method
2.1. Experimental setup

Three systems of laboratory-scale reactors were set up (see graphical
abstract): a one-step system with a single reactor (A1), a serial system
with two reactors (B1 and B2), and a serial system with three reactors
(C1, C2, and C3). In the two- and three-step systems, the first reactors
were fed with substrate, while the other reactor/s were fed the outgoing
digestate from the previous reactor step. Inoculum for the reactors was
collected from a full-scale co-digestion plant in Linkoping, Sweden, that
runs a two-step completely-stirred tank reactor (CSTR) process (total
active volume 17,100 m®). The full-scale process is operated at 42 °C and
35 days HRT in the first step and 41 °C and 20 days HRT in the second
step. For the laboratory-scale reactors Al, B1, C1, and C2, the inoculum
used was collected from the first reactor step of the biogas plant, while
the inoculum for B2 and C3 was collected from the second reactor step.
The co-digestion plant receives food waste from households (50% of
incoming wet weight), organic industrial residues (25%), and slaugh-
terhouse waste (25%) and is fed an average total OLR of 4 kg VS/(m3 d)
to the first-step reactor. The first-step reactors in this lab-scale study (A1,
B1, C1) were fed substrate with a VS content of 13.3% retrieved from a
hygienization tank at the co-digestion plant (temperature 70 °C). This
substrate was collected on a single occasion and frozen in batches of 5L
until thawing and use. A process additive (Kemira Oyj, Helsingborg,
Sweden, developed and patented by Tekniska verken i Linkoping AB
(publ.)) containing iron (Fe?*/Fe"), cobalt (Co®"), nickel (Ni*") and
hydrochloric acid (HCl, <0.5%) was added in the substrate, as in the
full-scale plant. The dose was set to suppress HaS levels to <50 ppmv in
the biogas and supply the reactor microorganisms with extra trace ele-
ments (0.5 mg/kg Co>* and 0.2 mg/kg Ni2*).

The digesters at the full-scale co-digestion plant were used as the
basis for the experimental design in lab-scale, in terms of relative reactor
volumes, HRT, OLR, and process temperatures. The reactor experiment
was performed with CSTRs (developed and patented by Tekniska verken
[19]) with an active volume of 3.3-9.1 L and operated at 41-42 °C
(Table 1). For practical reasons, the initial steps (B1 and C1) were
over-dimensioned in comparison with the following steps, in order to
allow excess volume for sampling. Initially the total HRT was set to 55
days in all systems, however after 21 days of operation these values had
to be slightly changed to compensate for the volume reduction from
production of biogas. The mass of gas produced, calculated using the
ideal gas law, was estimated to be 11-12% of ingoing substrate volume.
Thus, to reach correct volume relationships between the reactors, the
HRT of B2 and C2 was adjusted from 20 to 23 days and from 19 to 21
days, respectively (Table 1). In the results, the gas production presented
was normalized to the relative volume of the reactors (Table 1). The
reactors were fed semi-continuously once per day, 7 days per week, and
the volume was adjusted 5 days per week. The reactors were operated
for 203 days in total. The process parameters presented here are average
values of measurements taken after day 174, unless otherwise stated,
after three complete HRTs for all three systems.

Table 1
Process parameters for the laboratory-scale test reactors operating in mono-
digestion or in series with two or three reactors.

System  Reactor ~ HRT OLR Reactor Temperature Relative
(days) (gVS/  volume Q) volume
wd) (%)
One- Al 55 243 9.1 42 100
step
Two- B1 35 3.82 9.1 42 64
step B2 23 4 41 36
Three- C1 23 5.74 9.1 42 42
step Cc2 21 6.3 42 35

c3 12 3.3 41 23
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2.2. Analytical methods

Volumetric gas production was measured online with a Ritter mil-
ligas counter (MGC-10, Ritter, Waldenbuch, Germany) and methane
concentration was determined with a gas sensor (BlueSens, Herten,
Germany). Gas volume was normalized for standard temperature and
pressure (273.2 K and 1.01325 bar). Gas composition (CH4, CO2, HaS,
Hp, O2) was further analyzed using a Biogas 5000 device (Geotech In-
struments, Coventry, UK). The VFA content was analyzed with a Clarus
550 gas chromatograph (PerkinElmer, Waltham, MA, USA) with a
packed Elite-FFAP column (PerkinElmer, USA) for acidic compounds
[20]. Total NH4-N was analyzed as the sum of NH;-N (aq) + ammo-
nia-nitrogen (NH3-N) (aq), by distillation (Kjeltec 8200, FOSS in Scan-
dinavia, Sweden) in acidic solution (H3BOs3). The NH4-N concentration
was then determined by titration with HCl (Titro 809, Metrohm, Her-
isau, Switzerland) according to the Tecator method for Kjeltec ISO 5664.
Kjeldahl-nitrogen was determined using the same procedure and
equipment as NHj-N, with the exception that the samples were
pre-treated with HpSO4 and then heated to 410 °C for 1 h. The pH was
measured with a potentiometric pH meter at 25 °C, using a Hamilton
electrode (WTW Inolab, Houston, TX, USA). Lignin content was
measured using standardized method Tappi T 222 (acid hydro-
lysis/gravimetrical extraction), at MoRE Research Ornskoldsvik AB,
Sweden. Bound and complexed sugar concentrations (xylose, mannose,
glucose, galactose and arabinose, with measurement uncertainty of
15%, 10%, 5%, 10% and 10% respectively) were measured using
SCAN-CM 71:09 (GC-MS), also at MoRE Research Ornskoldsvik AB,
Sweden. Concentrations of hemicellulose and cellulose were estimated
from the sugar composition. Raw fat concentration was measured using
method NMKL 160 mod. (acid hydrolysis/gravimetric extraction)
(measurement uncertainty 30%) at Eurofins Food & Feed Testing Swe-
den, Lidkoping, Sweden. Protein concentrations were measured at three
time-points (day 148, 169, and 199) and calculated according to equa-
tion (1). Total solids (TS) and volatile solids (VS) were measured ac-
cording to Swedish standard methods (1981, SS028113). Samples for
macromolecule analyses (lignin, sugars and fat) were taken twice (day
95 and 193). Since the process was stable, samples were homogenous,
and substrate composition was the same throughout the experiment,
these samplings were considered to be representative for the processes.

Raw protein = (Kjeldahl-N - NHj -N)  6.25 1)

2.3. RMP and methane production rate determination

Batch tests were performed to investigate the residual methane po-
tential (RMP) of the different digestates (taken at day 203) and to
evaluate the degradation rate of the key substrates: cellulose (crystalline
cellulose, Macherey-Nagel GmbH & Co. KG, Germany), fat (refined
rapeseed oil, Di Luca & Di Luca AB, Sweden), and protein (gelatin,
Haugen-Gruppen AB, Sweden). For this, triplicate 300 mL portions
(containing 9.6, 10.2, 8.4, 11.4, 9.0 and 8.4 g VS in Al, B1, B2, C1, C2,
and C3, respectively) of each digestate were added to individual bottles
(594 mL) and methane production was measured during incubation at
38 °C, using an automatic methane potential test system, AMPTS II
(Bioprocess Control, Lund, Sweden). RMP was also measured for
digestates without substrate and for digestates with added substrate
(cellulose, fat, or protein) to determine how well and at what rate each
substrate was digested, using 1.8 g of substrate (6.0 g VS/L). Specific
methane production from the substrates was calculated according to
Ref. [21]. The experiment was run until gas production leveled off and
results collected until day 25 were used. To compare the degradation
rates of the added substrates, initial degradation rate was calculated
using 50% of the average accumulated methane production at day 25 in
digestate from reactor Al as a cut-off value. Average methane
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production per day until the time-point where the cut-off value was
reached was calculated for each substrate.

2.4. 16S rRNA gene sequencing

DNA extractions were performed on samples from all digestates,
taken at day 200, and on the two inocula from the co-digestion plant in
Linkoping. All samples were stored at —20 °C until extraction. Extrac-
tion was done in triplicate, using the FastDNA Spin Kit for Soil (MP
Biomedicals Europe) according to manufacturer’s instructions, with the
exceptions that aliquots of 200 pL of sample were used and an extra
wash step was included to remove humic acids as described in Ref. [22].
DNA was eluted using 70 pL of water. DNA concentrations were
measured using a Qubit 3.0 Fluorometer with a Qubit dsDNA BR Assay
Kit (Invitrogen, Thermo Fisher Science, Waltham, MA, USA). 16S
rRNA-gene amplicon libraries for bacteria and archaea were prepared
from the DNA samples as described previously [23]. The concentrations
of the final PCR products were measured with Qubit 3.0 Fluorometer
(Invitrogen, Thermo Fisher Science, Waltham, MA, USA) and 20 ng of
DNA from each sample were submitted for sequencing with the Illumina
MiSeq platform at SciLifeLab in Uppsala, Sweden.

16S rRNA-gene sequences were processed according to the DADA2
pipeline tutorial (version 1.16) [24], using the DADA2 package (version
1.16.0) in R (version 4.0.2). Primer and adapter sequences were
removed from the raw data using Cutadapt [25]. For bacteria, param-
eters for filtering and trimming the reads to minimize error rates were
selected using FIGARO [26]. Trimming sites 236 and 173 for forward
and reverse reads, respectively, were selected and maximum number of
expected errors was set to 1. For archaea, trimming sites 220 and 200
and maximum number of expected errors of 2 and 5 for forward and
reverse reads, respectively, were selected. One replicate of sample C3 in
the archaea dataset had few (544) reads, and was therefore removed
from the subsequent analyses. Taxonomy was assigned to the sequences
using the Silva reference database training set (version 138) [24,27].
The package phyloseq (version 1.32.0) was used to organize the data
and visualize relative abundances of the sequences.

Bacterial communities were further analyzed using non-metric
multidimensional scaling (NMDS) in R to visualize the similarity be-
tween samples from different reactors in terms of bacterial community
structure, plotted together with concentrations of macromolecules
(protein, fat, sugars, and lignin). To generate the distance matrix, the
ordinate function in the package phyloseq was used with the Bray-Curtis
calculation method. Plots were generated using the function ggplot in
package ggplot2 (version 3.3.3) and macromolecule concentrations
were fitted to the data using the function envfit in package vegan
(version 2.5.6). Ellipses representing the 50% confidence intervals for
the most abundant phyla (represented by more than three data points in
the NMDS plot) were included in the NMDS plot showing the phyla,
assuming multivariate normal distributions.

2.5. Calculation of retention time distribution

The retention time distribution (RTD) for an ideal CSTR was used
here (eq. (A.1)) to indicate how the probability distribution of retention
of material in the system changed when CSTRs were connected in series
[28]. The RTD for a combination of CSTRs in series, with the HRTs used
in this experiment (Table 1), was obtained using eq. (A.2) [28]. The
probability of material leaving the system within the total HRT was
calculated based on eq. (A.3), using the integrate function in R.

2.6. Data analysis

Statistical analyses on the results were carried out in R programming
language (version 4.0.2). One sample t-test with confidence level 95%
was used for pair-wise comparisons of daily specific methane production
between the three different systems and between the three different
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first-step reactors. One-way ANOVA with confidence level 95% was used
for comparisons of values in the different reactors: macromolecule
concentrations, NH4-N- and NH3-N-concentrations, pH, VS content, VS
reduction, RMP, and methane production rates from different sub-
strates. The t.test function was used for t-tests and the linear model (Im)
followed by the anova function was used for ANOVA. Pairwise com-
parisons between reactors were made using the emmeans function in
package emmeans (version 1.5.2.1). In case of heteroscedasticity, values
were log-transformed before performing the ANOVA.

3. Results
3.1. Effects of serial AD on methane production efficiency

The reactors were operated for 203 days in total and during this time
fed semi-continuously with food waste once a day. Measurements pre-
sented here were made after all systems had reached three complete
HRTs (from day 174), unless otherwise stated. Specific methane pro-
duction (SMP) for the complete systems was within the range 489-517 L
CHy/kg VS (Table 2, Figure B1). During the course of the experiment the
reactors remained stable, both in terms of gas production and process
parameters. VFA concentrations were below the detection limit in all
reactors throughout the experiment. The average daily SMP was
significantly higher (p < 0.05) in the serial systems than in the single
reactor, reaching 5.7% and 5.2% higher in the two-step and three-step
system, respectively (Fig. 1). However, there was no significant differ-
ence in SMP between the two serial systems (p = 0.43). Most of the
methane produced from each serial system was generated in the first-
step reactor (96% and 92% in B1 and C1, respectively) and small con-
tributions were obtained from the second and third steps (Table 2).
Comparing the SMP in the first-step reactors (Table 2), B1 had signifi-
cantly higher methane production than both Al and C1 (p < 0.05).
However, SMP did not differ significantly between Al and C1 (p = 0.56).

The VS reduction increased with every reactor step and was finally
>80% in the two serial systems, which was a significant improvement
(p < 0.05) in comparison with the single CSTR (79%) (Table 2). In line
with this, an increase in both NH4-N and NH3-N concentrations was
observed across the steps in the serial systems (Table 2). The NHj4-N and
NH3-N concentrations in the final digestate from the serial systems (B2
and C3) were significantly higher than those in the final digestate from
Al (p < 0.05).

Among the reactors, the highest methane content in the gas was
obtained in reactor B1 (65%) (Table 2). The highest methane content in
the three-stage system was obtained in reactor C2 (64%). Lower

Table 2
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Fig. 1. Difference (%) in average methane and gas production from each serial
reactor compared with reactor Al. Reactor A1 was operated as a single reactor,
and B1 and B2 and C1, C2, and C3 in two and three steps in series, respectively.
The accumulated differences for each system are shown.

methane content, of around 59%, was obtained in the last-step reactors
(B2 and C3).

3.2. Retention time distributions with serial reactors

To evaluate the probability of material leaving the reactor system
within the HRT, the theoretical RTD was calculated for each system. The
RTD values obtained illustrated the probability distribution of a pulse of
an inert material added at time t = O to a reactor system with one, two,
or three serial ideal CSTRs (Fig. 2). With a single reactor, the probability
of material spending less time in the reactor than the HRT was 63%. In
the two-step system with the same total HRT this probability was
reduced to 60%, while replacing the single reactor with the three-step
system reduced the probability further, to 58%. Thus increasing the
number of reactors within the system, without changing the total HRT,
increased the average time material spent in the reactor system.

3.3. Macromolecule concentrations and RMP in digestate

Concentrations of fat, lignin, and sugars (xylose, mannose, glucose,
galactose, and arabinose) were measured in digestate from all reactors
(sampled at day 95 and 193) (Figure C1). Measured sugar was assumed

Analytical data for the digestate and gas produced from the different test reactors. Reactor A1 was operated as a single reactor, B1 and B2 as a two-step serial system,
and C1, C2, and C3 as a three-step serial system. Letters indicate statistical significance (values with different letters differ significantly (p < 0.05)). Columns are

compared separately.

Reactor ~ NHz-N NH3-N pH* VS in VS reduction Methane SMP complete system SMP first-step Methane
i ducti hs 1 fi it
g/kg)* (mg/kg)* ligestate (%)* %)* content (%)** L CH4/kg VS)** reactors (L CH4/! production (%)***
(g/kg) kg) d ©)* (%) (%) ( kg VS) kg d (%)
VS)*+
Al 3.0(0.1* 287 (9.5° 7.8 3.2 (0.0 78.9 (0.3 61.8 (0.5) 489 (24)" 489 (24)° 100.0
(0.0
Bl 270.1)° 261 (.60 7.8 3.4 (0.0)° 77.3(0.3)° 65.4 (0.2) 517 (20)° 499 (18)° 9.3
0.0
B2 3.4(0.1  395(6.4)° 7.9 2.8(0.1)° 81.0 (0.4)° 59.9 (1.1) ND 3.7
0.1
c1 2.40.0" 200 7.7 3.8 (0.1)¢ 73.4 (0.4)" 62.2 (0.2) 515 (14)° 475 (14)°* 92.3
(24.8)° 0.0)°
c2 3.3(0.1)° 384(6.9° 8.0 3.0 (0.0)° 79.1 (0.3 64.2 (0.5) ND 6.2
0.1)¢
c3 3.5(0.1)° 543 8.0 2.8 (0.1)° 80.4 (0.7)° 59.3 (1.8) ND 1.5
(58.5) ©0.1)¢

*Mean values based on three measurements. Standard deviation within brackets.

**Mean values based on data from day 174-203. Standard deviation within brackets.
***Relative methane production, indicating how much each reactor contributed to the total amount of methane produced from each system.ND = not determined.
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Fig. 2. Retention time distribution (RTD) for the three systems with one (solid
line), two (dashed line), or three (dotted line) reactors in series.

to be bound as cellulose and hemicellulose. No significant differences
between the reactors in concentrations of fat, lignin, or bound sugar
were detected (p > 0.05). The measured concentrations were within the
range 8-14, 3-5 and 2-3 g/kg for lignin, sugar, and fat, respectively
(Figure C1). Among the measured macromolecules, the highest con-
centrations were obtained for protein (12-19 g/kg), with the lowest and
highest concentration in reactor C3 and C1, respectively (Fig. 3). Com-
parison of protein concentrations (measured on day 148, 169, and 199)
in digestate from the three different systems showed a significant (p <
0.05) improvement in protein degradation with the serial systems
(Fig. 3). Overall, 22% and 23% lower protein concentration was ob-
tained in the two- and three-step system, respectively, in comparison
with reactor Al.

As an indicator of degradation efficiency, RMP in the digestate was
measured, ie., the accumulated amount of methane produced from
digestate during 25 days of incubation (Fig. 4, Figure C2). The highest
RMP was obtained for digestate from reactor C1 and the lowest for
digestate from C3, although levels in C3 were not significantly different
from those in reactor B2 (p = 0.81).

Based on the macromolecule analysis, theoretical RMP in the
digestate was calculated, assuming that the sugars, protein, and fat (not
lignin) contributed to the RMP and assuming theoretical methane po-
tential for these compounds of 415, 496, and 1014 L CHa/kg

N
o

-
(&)}

Concentration (g/kg)
» >

A1 B1 B2 c1 c2 c3
Reactor

Fig. 3. Protein concentrations in the different reactor systems studied: Al
(single reactor), B1 and B2 (operated in series), and C1, C2, and C3 (operated in
series). All reactor systems had the same total organic loading rate and hy-
draulic retention time (values with different letters differ significantly (p
< 0.05)).
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Fig. 4. Residual methane potential (RMP) in digestate from a single reactor
(A1), reactors in a two-step system (Bl and B2), and reactors in a three-step
system (C1, C2, and C3), after 25 days of incubation, measured in triplicate.
Error bars represent standard deviation for the measured RMP. Theoretical
RMP is based on sugar, protein, and fat concentrations in the digestates, ARMP
represents the difference between theoretical and measured RMP. Letters
indicate statistical significances (values with different letters differ significantly
(p < 0.05)).

respectively [29]. A comparison between the theoretical and measured
RMPs showed that less than 35% of the theoretical methane potential
was reached in all digestates (Fig. 4). The difference between the
theoretical and measured RMP was around 8-9 L CHy/kg digestate for
all samples (Fig. 4).

3.4. Conversion of protein, fat, and cellulose in digestate

Methane production from digestate after addition of protein, cellu-
lose, and fat was evaluated in batch tests. To compare the degradation
rates in the different reactors, a rate coefficient was calculated using the
cut-off values (as described in section 2.3) 167 mL, 155 mL, and 442 mL
for protein, cellulose, and fat, respectively (solid line, Figure C3).

For all substrates, the digestate from the first-step serial reactors (B1
and C1) had significantly higher conversion rate than the digestate from
the second- and third-step reactors (p < 0.05) (Table 3). The most
pronounced difference was seen for protein degradation, which was
much higher in the tests started with digestate from C1. In general, the
rates for fat and protein decreased in the order: C1 > B1 > Al > C2 > B2
> C3. For cellulose, however, the digestate from A1 had a relatively slow
conversion rate and behaved more like that from the second-step re-
actors (B2 and C2).

Table 3

Methane production rates from fat, protein, and cellulose substrates added to
digestate from a single reactor (A1), reactors in a two-step system (B1 and B2),
and reactors in a three-step system (C1, C2, and C3). The methane production
rates are given as the average volume per day (mL CH4/(g VS d)) until a cut-off
time-point was reached. Methane production rates with different letters differ
significantly (p < 0.05). Rate coefficients for each substrate are compared
separately.

Reactor Fat Protein Cellulose
Al 113.6 (11.6)* 96.2 (3.3)° 35.7 (6.4)"
Bl 136.4 (38.7)" 123.6 (46.4)" 70.7 (2.3)
B2 45.6 (2.0 31.9 (7.0)™ 29.5 (1.6)°"
c1 133.9 (37.6)° 208.8 (34.9) 51.5 (0.4)
c2 67.5 (6.7)° 50.8 (2.8)" 39.3 (0.6)°
c3 421 (3.0° 21.4 (0.4)° 23.3 (0.4)
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3.5. Microbial community structure

The sequence analysis of 16S rRNA genes indicated that the archaeal
community in all reactors was almost entirely dominated by the genus
Methanosarcina (Fig. 5a). Meth and Meth bacterium were
also observed at relative abundance >1% in some of the reactors.
Methanobacterium increased in relative abundance in the second and
third reactor steps in comparison with the first step. The bacterial
community in the reactors was dominated mainly by the phyla Actino-
bacteriota, Bacteroidota, Cloacimonadota, and Firmicutes (Fig. 5b).
Caldatribacteriota, Synergistota, and Thermotogota were also repre-
sented in some of the reactors, but at lower relative abundances.

The relative abundance of Bacteroidota was high in reactors B1 and
C1, and decreased abruptly in the next reactor in the system. The most
abundant genus within the Bacteroidota was H1, classified as a genus
within the family Paludibacteraceae (Table 4). H1 had 23% and 31%
relative abundance in B1 and C1, respectively, and this decreased to 1%
and <1% in B2 and C2, respectively. Other groups showing a trend for
slightly decreasing abundance over reactor steps were the family Rike-
nellaceae (phylum Bacteroidota) and genus Sedimentibacter (phylum
Firmicutes) (Table 4).

For many taxa, a trend for increasing relative abundance over reactor
steps was observed (Table 4). A representative of the phylum Bacter-
oidota, Proteiniphilum, was detected in all systems, but in highest relative
abundance in reactor A1l (10%). In the serial reactor systems, the rela-
tive abundance of this genus was lower, but still with an increasing trend
between reactors. A similar trend was seen for Gallicola, one of the
dominant genera within Firmicutes, which accounted for almost 35% of
the sequences in reactor Al. In the serial systems it had lower relative
abundance, but it increased between reactors in both the two- and three-
step systems. Other groups showing an increasing trend over reactor
steps were MBAO3 within the class Limnochordia (phylum Firmicutes),
DTUO014 within the class Incertae Sedis (phylum Firmicutes), the families
Dethiobacteraceae and Erysipelotrichaceae (phylum Firmicutes), Fastid-
iosipila (phylum Firmicutes), and Acetomicrobium (phylum Synergistota).

One of the most highly abundant phyla in all reactor systems was
Cloacimonadota, which was represented mainly by two groups; the W5
genus within the family Cloacimonadaceae and the W27 family within
the order Cloacimonadales. W27 had relative abundance around 25% in
both reactors in the two-step system and also in reactor C2. Group W5
was present at lower abundances, with the highest abundance in reactor
Al, where it accounted for 4% of the sequences.

Although the two-step system in this study was operated in the same
manner (but a down-scaled version) as the co-digestion biogas system
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used as the source of inocula, these systems were not similar in terms of
bacterial community structure, suggesting a downscaling effect. Instead,
the single reactor (A1) showed the highest bacterial community simi-
larity with the original inocula from the co-digestion plant (Figure D1).
Actinobacteriota was present at high relative abundances in the serial
reactors, but at abundances <1% in the original inocula and in the
single-step system (Table 4). The genus Actinomyces within Actino-
bacteriota was highly abundant, especially in the three-step system,
comprising up to 44% of the sequences in reactor C3. Another effect of
downscaling was a clear decrease in relative abundance of Thermoto-
gota, mainly represented by Defluviitoga tunisiensis (Table 4).

A NMDS plot showing the bacterial phyla was created to look for
clusters in relation to macromolecule concentrations (Fig. 6). The five
most abundant phyla were marked with ellipses indicating the multi-
variate normal distribution with a confidence interval of 50%. A positive
correlation was observed between high protein concentration and
Actinobacteriota, Bacteroidota, and Firmicutes, and a trend for a cor-
relation was seen between high fat concentration and a high relative
abundance of Actinobacteriota and Bacteroidota. Trends for lower
protein, fat, and sugar concentrations with higher abundance of Cloa-
cimonadota, and lower lignin and sugar concentrations with higher
abundance of Synergistota, were observed (Fig. 6).

4. Discussion
4.1. Degree of degradation and methane production

The SMP from the reactor systems (489-517 L CH4/kg VS) was in line
with previously reported values of biomethane potential for food waste
[9,10]. In this study, serial digestion increased methane production by
more than 5% in both the two- and three-step systems compared with a
single reactor with the same total HRT (Fig. 1). This represents an in-
crease with >25 L CHa/kg VS, which would give a considerable increase
in methane yield on industrial scale. For example, with the system used
as the basis for this study design (total volume 17,100 m®, total OLR
2.43kgVS/ (m® d)), a 5% increase in SMP would increase the volumetric
production with >1,000 m® CHy/d (corresponding to >9.8 MWh/d [2]).
Previous evaluations of serial digestion in comparison with single CSTRs
have found increases in gas production of around 8-15% [12,30]. The
setup in those studies was similar to that in the present study, but using
agricultural waste with high lignocellulose content as substrate, which
might benefit more from serial digestion than relatively easily degrad-
able food waste. The improvement in substrate conversion obtained by
serial digestion has previously been attributed to the prolonged average
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Fig. 5. Relative abundances of a) archaea at genus level and b) bacteria at phylum level, based on 16S rRNA-gene sequences in digestate from reactor Al (operated as
single reactor), B1 and B2 (operated in series), and C1, C2, and C3 (operated in series), and in the two inocula. ‘Inoculum main digester’ was used for inoculation of
reactors Al, B1, C1, and C2. ‘Inoculum post-digester’ was used for inoculation of reactors B2 and C3.
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Fig. 6. Non-metric multidimensional scaling (NMDS)
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retention of organic matter in a serial reactor system compared with a
single reactor [30,31]. As shown by the theoretically calculated RTDs
(Fig. 2), increasing the number of reactors in series, without changing
the total HRT, delayed the exit of material from the system. In theory, a
system with an infinite number of serial reactors and a sufficient total
HRT could give complete degradation. In line with this, we observed a
slightly greater VS reduction in the serial systems than in the single
reactor (Table 2). Moreover, protein concentration was more than 20%
lower after the serial systems compared with the single reactor (Fig. 3),
suggesting that for food waste with recalcitrant protein, a setup with
serial reactors is beneficial. Less efficient degradation in the single
reactor (A1) was also demonstrated by higher RMP compared with the
last steps in the serial systems (B2 and C3). Interestingly, comparisons of
theoretical RMP, estimated from the macromolecule concentrations,
with measured RMP in the digestates showed that approximately the
same amount of undigested material remained in all digestates after the
residual methane was removed (Fig. 4). This may indicate that all
remaining organic material was microbial biomass that was similar in all
reactors. If this was the case, the degradation was complete after the
RMP test and the low RMP from B2, C2, and C3 was due to a low amount
of remaining substrate, and not inactive microbial communities. How-
ever, the comparison between measured and theoretical RMP should be
interpreted with care since the theoretical values were based on
macromolecule concentrations, measured at a different time point as
compared to the RMP. Although serial digestion improved protein
degradation and VS reduction, lowered RMP in the digestates, and
increased methane production, no significant differences in these pa-
rameters were observed when comparing the two serial systems. Thus
for the process studied, two reactors in series were sufficient to reach
higher productivity.

An important advantage of serial systems is increased average
retention time of the material in the total system, but slightly higher
methane production was obtained already in the first reactor in the two-
step system compared with the single reactor (p = 0.046), despite the
shorter HRT. Moreover, the SMP in reactor C1 did not differ significantly
from that in Al, indicating that, compared with the single reactor, the

system could be ‘pressured’ more by shortening the HRT and increasing
the OLR, without causing disturbances and a decrease in methane pro-
duction. This has previously been shown to be feasible and a way of
optimizing the productivity of biogas processes [32]. The increase in
OLR and shortened HRT in B1 were even slightly favorable for the SMP,
possibly as a result of the lower NHi-N concentration obtained in this
reactor compared with Al (Table 2).

4.2. Hydrolysis of macromolecules and microbial community structure

Methane production rates from different macromolecules indicated
significantly faster methane production with inocula from the first-step
reactors compared with the subsequent steps (Table 3). The first-step
reactors all had the lowest NH4-N relative concentration and were fed
with fresh substrate at a higher organic load than subsequent reactors in
the series, which might have contributed to more active microbial
communities in these digestates. As regards macromolecule concentra-
tions in the digestate, there were no significant differences in the con-
centrations of sugars, lignin, and fat between the reactors. It is probable
that the majority of hydrolysis of these compounds took place already in
the first reactor in the serial systems. Slightly lower methane content in
the gas from the first-step reactor with the shortest HRT (C1) relative to
the subsequent reactor (C2) (Table 2) could also be a sign of higher
hydrolytic activity in the first step since this increases the CO; content in
the gas [14]. The relative abundance of Paludibacteraceae H1 decreased
notably after the first steps, suggesting involvement in the initial hy-
drolysis and acidogenesis steps in the first reactor. Members of Pal-
udibacteraceae have previously been reported to utilize various sugars
[33], starch [23], and potentially cellulose [34]. Although the differ-
ences in fat concentrations between the reactors were not statistically
significant, an interesting trend was observed for Cloacimonadota in the
NMDS plot, with higher relative abundance of this phylum at lower fat
concentrations (Fig. 6). Members within this phylum may be involved in
digestion of long-chain fatty acids [35], which might explain the
comparatively higher relative abundance of Cloacimonadota family
‘W27 in reactors B1, B2, and C2 (Table 4).
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One of the most abundant genera in the serial systems was Actino-
myces. The most abundant sequence classified as Actinomyces had 99.6%
similarity with Gleimia europaea (NCBI, RefSeq Genome database), a
sugar-fermenting bacterium [36,37] previously observed in biogas sys-
tems processing food waste [38]. In the present study, higher relative
abundance of Actinomyces was observed in reactors with shorter HRT.
This is in line with Feng et al. [38], who observed a sharp increase in
relative abundance of Actinomyces upon downscaling from industrial to
laboratory scale, suggesting that the genus was favored by the shorter
retention time applied in the laboratory-scale reactors. Actinobacteria
has been shown to be an important phylum in degradation of lignocel-
lulosic material in compost, expressing a wide range of lignin-degrading
enzymes [39]. Jaenicke et al. [40] also observed genes belonging to
Actinobacteria in a biogas community degrading agricultural waste.
Whether Actinomyces is involved in fiber degradation under the condi-
tions maintained in reactors in the present study is unknown, but the
NMDS analysis indicated higher abundance of Actinobacteriota with
higher lignin and sugar concentrations (Fig. 6).

Defluviitoga, one of the most abundant genera (11-16%) in the
inocula, is known for its ability to degrade carbohydrates [41]. It is a
thermophilic genus but with the ability to grow at temperatures down to
37 °C [41], which explains its prevalence in the present study. In
contrast to genus Actinomyces, the relative abundance of Defluviitoga
decreased (<2%) in all reactors as compared to the inocula, suggesting a
downscaling effect (Table 4). Effects of the microbial community by
downscaling have been shown before and suggested to be caused by
changes in feeding regimes [42,43]. Still, previous work on lab-scale
processes have indicated that such changes not necessarily lead to dif-
ferences in function and performance of the process [32,43].

In previous studies, inefficient protein degradation in AD has been
reported at certain conditions, such as low pH [6] and high carbohydrate
concentration [44,45]. It has been noted that proteins are not degraded
in the acidogenic stage in phase-separated processes [15]. Nevertheless,
Breure et al. [44] suggested that a phase-separation reactor setup would
be beneficial for protein degradation, since it would allow carbohy-
drates to be acidified in a separate chamber and protein degradation
could take place in the methanogenic chamber. No phase separation was
used in the present study, but carbohydrate hydrolysis and acidogenesis
still appeared to take place mainly in the first-step reactors, thereby
creating a favorable environment for protein degradation in the subse-
quent reactors, with slightly higher pH and lower carbohydrate con-
centrations. A stepwise decrease in protein concentration across the
serial systems (Fig. 3) and an increase in relative abundance of the
potentially proteolytic genera Proteiniphilum, Fastidiosipila, and Aceto-
microbium over reactor steps was observed. Proteiniphilum, within Bac-
teroidetes, has been described to degrade peptides and also complex
carbohydrates [46-48]. Fastidiosipila, within Firmicutes, has previously
been coupled to proteolytic activity in pure cultures and in AD systems
[15,49,50]. The type species of Acetomicrobium (Acetomicrobium flavi-
dum), a genus within Synergistota, can hydrolyze starch, casein, and
tributyrin [51]. The relative increases in these groups in the second and
third reactors in this study could also be a result of relatively high NH3
tolerance, e.g., it has been shown that Acetomicrobium can grow at high
NHj3 levels [52].

Although an important proportion of protein degradation appeared
to have occurred by later reactor steps, methane production from pro-
tein measured in the substrate conversion test was especially fast in
reactors B1 and C1 (Figure C3, Table 3). The protein degradation in
these reactors might have been performed by members within the
phylum Bacteroidota classified as Paludibacteraceae (using the Silva
database), which was highly abundant in both reactors. The most
abundant of these sequences (relative abundance 20% in B1 and 25% in
C1) had 100% sequence similarity with uncultured Porphyromonadaceae
(NCBI, Nucleotide collection (nr/nt) database), whose type genus Por-
phyromonas is described as being proteolytic [53]. High relative abun-
dance of Bacteroidota was also positively correlated with protein
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concentration according to the NMDS analysis (Fig. 6), possibly indi-
cating involvement of this phylum in protein degradation in the study
reactors.

In summary, one of the main trends in terms of links between mi-
crobial community structure and degradation of molecular structures
was a sharp decrease in the abundance of family Paludibacteracea in the
second-step reactors relative to the first steps. This decrease was
potentially related to a comparably higher reduction of readily
degradable macromolecule structures, both proteins and carbohydrates,
in the first as compared to the second steps. On the other hand, there was
a slight increase over reactor steps in the abundance of the potentially
proteolytic genera Proteiniphilum, Fastidiosipila, and Acetomicrobium,
possibly linked to the step-wise decreasing protein concentrations.
Additionally, a link between Cloacimonadota family W27 to fat degra-
dation was indicated.

4.3. Effect of increasing ammonia concentrations over reactor steps

The NH3-N level is an important parameter in biogas processes, as
methanogens are known to be inhibited at concentrations around
200-400 mg/L in mesophilic processes [54]. The toxicity depends on the
process parameters, as the equilibrium between NH3 and NHj is driven
towards higher NH3 levels at increasing temperature and pH. The
NHZ-N concentrations were kept at relatively low levels in the first re-
actors (Al, Bl and C1), constantly diluted with fresh substrate, and
accumulation was observed in the later reactor steps as more protein
was degraded (Table 2). The pH also increased over reactor steps,
creating a more toxic environment for ammonia-sensitive microorgan-
isms in the last reactor steps compared with the first. A great advantage
with the serial reactor setup used here was that the majority of the
methane from each system was produced in the first reactor step
(Table 2), separately from accumulation of NHs-N. Nevertheless,
although the NH3-N concentrations were at potentially inhibiting levels
in the last reactors (Table 2), the VFA concentrations did not increase,
which is normally a sign of process disturbance caused by ammonia
inhibition [54]. However, the OLR in the reactors with the highest
NH3-N levels was low and the material was represented by slowly
degradable recalcitrant material, which might have reduced the risk of
VFA accumulation.

As the NH3-N concentration increased, there was also a slight change
in methanogen community structure (Fig. 5a). The relative abundance
of the hydrogenotrophic genera Methanoculleus and especially Meth-
anobacterium increased in the later reactors in the serial systems, where
the ammonia levels were higher. In general, hydrogenotrophic metha-
nogens are more tolerant to high ammonia levels than acetoclastic
species [54]. Although the abundance of hydrogenotrophic metha-
nogens increased slightly with reactor steps, Methanosarcina was still the
predominant genus in all reactors. This is a methanogen with a wide
substrate range that can produce methane from e.g., acetate, methanol,
and COz and Hy [55]. The Methanosarcina genus is also known to be
tough and have a high tolerance to stress factors such as high ammonia,
low pH or high OLR [56].

The hydrogenotrophic methanogens are important to enable syn-
trophic oxidations of various organic acids, which is unfavorable at high
partial pressure of Hy [54]. A trend seen in our systems was for potential
syntrophic acetate-oxidizing bacteria (SAOB) to increase in relative
abundance with reactor steps, in line with the increase in hydro-
genotrophic methanogens. This was possibly linked to increasing NH3-N
levels, since the syntrophic acetate oxidation (SAO) pathway for acetate
degradation can often compete better with acetoclastic methanogenesis
at high NH3-N concentrations [54]. SAOB are also slow-growing, and
could therefore also have been favored by the long total retention time
in the last digesters in the serial systems. The orders DTU014 and the
NHs-tolerant MBAO3 and family Dethiobacteraceae within Firmicutes,
groups with suggested SAO activity [34,57,58], followed the trend for
increasing abundance over reactor steps.
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In summary, although the methanogenic community was dominated
by genus Methanosarcina, hydrogenotrophic methanogenic genera
(Meth ulleus and Methanobacterium) increased in relative abundance
over reactor steps, possibly due to increasing NH3-N concentration. A
similar trend was observed for the suggested SAO bacterial taxa,
DTUO014, MBAO3, and Dethiobacteraceae.

5. Conclusions

Although food waste contains relatively easily degradable material
that is digested soon after it has been added to the process, this study
clearly showed that serial digestion significantly can improve degrada-
tion of recalcitrant structures. Analysis of process performance showed
that the serial system increased the methane yield by >5% compared
with a single reactor, but with no significant differences between the
two-step and three-step reactor systems. Serial systems also improved
the degree of degradation, indicated by significantly lowered RMP,
which both suggested a more efficient substrate utilization and proposes
lowered risk for residual methane emission from the digestate.

Among macromolecules, proteins showed the highest reduction,
with concentrations >20% lower after the serial systems compared with
the single reactor. Microbiological analysis showed adaptations to the
changing environment and substrate availability across the serial sys-
tems as well as links between the relative abundances of bacterial phyla
with suggested hydrolytic and acidogenic function, with macromolecule
concentrations and degradation rates. Moreover, the methanogenic
community changed in relation to the NH3-N concentration, also linked
to relative abundances of potential SAO bacteria.

The observed positive effects of the serial setups could have derived
from comparatively low NH3-N concentrations in the first reactor step,
lowering the risk of ammonia inhibition and associated process distur-
bances in the reactors where the majority of the methane is produced.
The serial setup also had the advantage of retaining recalcitrant struc-
tures in the system for a longer time on average, increasing the proba-
bility of degradation and thus leading to improved yield and reduced
levels of residual methane production from the digestate.
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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
CH,/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 Defl and Meth h bacter. 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, i.e. 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

Abbreviations: AD, anaerobic digestion; VFA, volatile fatty acids; CSTR, continuous stirred-tank reactor; PFR, plug-flow reactor; HSD, high-solid digestion; TS,
total solids; VS, volatile solids; OLR, organic loading rate; HRT, hydraulic retention time; SMP, specific methane production; RMP, residual methane production;

SAOB, syntrophic acetate-oxidising bacteria.
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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
H,/CO2 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 (NH4-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 VSj, 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, CO2, Oz, Ha, H2S) 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
NH-N [g/kg] 0.4 0.7 0.1
Tot-C [g/kg] 108.5 1223 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 NH4-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 dH2O, 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 HSO,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 NH;-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 NH4-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-H,0 (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 Lit 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 (515'F/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
DADAZ2 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 f-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

Energy Conversion and Management 300 (2024) 117978

(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
1I systems (Bioprocess Control, Lund, Sweden).

Volatile solids reduction was calculated as (VSjy-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

VSaupstrace [%] 22" 19-25

TSou [%] 13.6-22.8 15.1-23.9

VSou [%] 10.8-14.2 10.6-16.4

HRT [days] ~42 ~33

Recirculation rate [% of ingoing material, 30 30

ww]

Weekly average SMP [NL CH,/kg VS] 200-563 (LR1) 269-466
183-464 (LR2)

Total VFA [g/L] 0.1-9.0 0.2-12.9

NH,-N (NHs-N) [g/L] 2.1-4.6 2.3-41
(0.7-2.0) (0.3-1.7)

pH 8.0-8.5 7.5-8.7

Alkalinity [mg CaCO3/L]
RMP“ [NmL CHy4/g inoculum]

14 261-24 284 ND*
52+ 0.4

2 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 CH/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

Laboratory scale
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and when there was no significant increase in CO5 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. e) Total VFA, acetate
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centration of NH3-N and NH3-N in outgoing digestate (S3) at g) laboratory and h) industrial scale.
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respectively (Fig. 2e, Fig. B.2). Additionally, HyS 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, NHZ-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 NH{-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 NH4-N concen-
trations and VSoy 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 NH3-
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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Fig. 3. Process parameters a) total VFA concentration, b) NHi-N concentration, ¢) pH and d) VS, in industrial-scale and laboratory-scale reactors, with comparison
between sections S1 and S3. e) VS-reduction in digestate from S3 relative to substrate VS content (22-23 %). f) RMP in digestate from industrial-scale reactor RK3,
sections S1 and S3, and laboratory-scale reactors, sections S1 and S3. g) SMP at industrial and laboratory scale. Asterisks indicate significant differences (*p < 0.05,
#*p < 0.01, ***p < 0.001).
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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° 2  s3¢ s1©  83°
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.

b 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).

d 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 B-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, ie. 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 NH4-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 NH}-N

During the entire experimental period, both the laboratory- and
industrial-scale processes had high NH4-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 NH4-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 NH3-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 NHj-
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 NH3-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 tunisienss,
is known to produce acetate, CO2 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 NH4-N [47,82]. However, in the laboratory-
scale system of the present study, the levels of NH-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 NH4-N level reached > 4 g/L and led to accumula-
tion of VFA, especially propionate. Both processes were run at relatively
high NH4-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.

CRediT authorship contribution statement

Ebba Perman: Formal analysis, Investigation, Writing — original
draft, Visualization, Project administration. Maria Westerholm:
Conceptualization, Writing — review & editing, Supervision, Funding
acquisition. Tong Liu: Supervision. Anna Schniirer: Conceptualization,
Writing — review & editing, Supervision, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

16S rRNA-gene sequence data can be accessed at BioProject acces-
sion numbers PRINA1011979 and PRJNA1012582 at Sequence Read
Archive (SRA), National Center for Biotechnology Information (NCBI).

Acknowledgments

The authors would like to thank Simon Isaksson at the Swedish
University of Agricultural Sciences (SLU), Uppsala, Sweden, for labo-
ratory assistance and expertise, and Sara Simon for help with data
collection, sampling and substrate collection at the industrial-scale
plant. Research Institutes of Sweden (RISE) in Uppsala is acknowl-
edged for help in designing, constructing and maintaining the
laboratory-scale reactors. This project was funded by Kamprad Family
Foundation (project no. 20200626), SLU and the Biogas Solutions
Research Center (BSRC), Linkoping, Sweden, which in turn is funded by
the Swedish Energy Agency (grant number P2021-90266). The authors
declare no conflict of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.enconman.2023.117978.



E. Perman et al.

References

[11

[2

(31

[4

[51

[61

[7.

[8

[9

[10]

[111

[12]

[13]

[14]

[15]

[16]

(171
[18]

[19]

[20]

[211

[22]

[23]

[24]

[25]

[26]

[27]

[281

[29]

[30]

Anukam A, Mohammadi A, Nagvi M, Granstrom K. A Review of the Chemistry of
Anaerobic Digestion: Methods of Accelerating and Optimizing Process Efficiency.
Processes 2019;7(8):504.
Borjesson P, Mattiasson B. Biogas as a resource-efficient vehicle fuel. Trends
Biotechnol 2007;26(1):7-13.
Moller K, Miiller T. Effects of bic digestion on
and crop growth: A review. Eng Life Sci 2012;12(3):242-57.
Bastabak B, Kogar G. A review of the biogas digestate in agricultural framework.
J Mater Cycles Waste Manag 2020;22(5):1318-27.
Sarker S, Lamb JJ, Hjelme DR, Lien KM. A Review of the Role of Critical
Parameters in the Design and Operation of Biogas Production Plants. Appl Sci
2019;9(9):1915.
André L, Pauss A, Ribeiro T. Solid anaerobic digestion: State-of-art, scientific and
technological hurdles. Bioresour Technol 2018;247:1027-37.
Fagbohungbe MO, Dodd IC, Herbert BMJ, Li H, Ricketts L, Semple KT. High solid
anaerobic digestion: Operational challenges and possibilities. Environ Technol
Innov 2015;4:268-84.
Karthikeyan OP, Visvanathan C. Bio-energy recovery from high-solid organic
substrates by dry anaerobic bio-conversion processes: a review. Rev Environ Sci
Biotechnol 2013;12(3):257-84.
Kothari R, Pandey KA, Kumar S, Tyagi VV, Tyagi SK. Different aspects of dry
anaerobic digestion for bio-energy: An overview. Renew Sust Energ Rev 2014;39:
174-95.
Morris BEL, Henneberger R, Huber H, Moissl-Eichinger C. Microbial syntrophy:
interaction for the common good. FEMS Microbiol Rev 2013;37:384-406.
Alavi-Borazjani SA, Capela I, Tarelho LAC. Over-acidification control strategies for
enhanced biogas production from anaerobic digestion: A review. Biomass
Bioenergy 2020;143:105833.
Rocamora I, Wagland ST, Villa R, Simpson EW, Ferndndez O, Bajon-Fernandez Y.
Dry anaerobic digestion of organic waste: A review of operational parameters and
their impact on process performance. Bioresour Technol 2020;299:122681.
Zhang S, Xiao M, Liang C, Chui C, Wang N, Shi J, et al. Multivariate insights into
enhanced biogas production in thermophilic dry anaerobic co-digestion of food
waste with kitchen waste or garden waste: Process properties, microbial

ities and ic analyses. Bi Technol 2022;361:127684.
Zeshan OP, Karthikeyan C. Visvanathan, Effect of C/N ratio and ammonia-N
accumulation in a pilot-scale thermophilic dry anaerobic digester. Bioresour
Technol 2012;113:294-302.
Westerholm M, Liu T, Schniirer A. Comparative study of industrial-scale high-solid
biogas production fromfood waste: Process operation and microbiology. Bioresour
Technol 2020;304:122981.
Rocamora I, Wagland ST, Hassard F, Villa R, Peces M, Simpson EW, et al. Inhibitory
mechanisms on dry anaerobic digestion: Ammonia, hydrogen and propionic acid
relationship. Waste Manage 2023;161:29-42.
Chen Y, Cheng JJ, Creamer KS. Inhibition of anaerobic digestion process: A review.
Bioresour Technol 2008;99:4044-64.
Rajagopal R, Massé DI, Singh G. A critical review on inhibition of anaerobic
digestion process by excess ammonia. Bioresour Technol 2013;143:632-41.
David A, Govil T, Tripathi A, McGeary J, Farrar K, Sani R. Thermophilic Anaerobic
Digestion: Enhanced and Sustainable Methane Production from Co-Digestion of
Food and Lignocellulosic Wastes. Energies 2018;11(8):2058.
Perin JKH, Borth PLB, Torrecilhas AR, Santana da Cunha L, Kuroda EK,
Fernandes F. Optimization of methane production parameters during anaerobic co-
digestion of food waste and garden waste. J Clean Prod 2020;272:123130.
Rossi E, Pecorini I, Ferrara G, lannelli R. Dry Anaerobic Digestion of the Organic
Fraction of Municipal Solid Waste: Biogas Production Optimization by Reducing
Ammonia Inhibition. Energies 2022;15(15):5515.
Akinbomi JG, Patinvoh RJ, Taherzadeh MJ. Current challenges of high-solid
anaerobic digestion and possible measures for its effective applications: a review.
Biotechnol biofuels bioprod 2022;15(1).
Donoso-Bravo A, Sadino-Riquelme C, Gomez D, Segura C, Valdebenito E, Hansen F.
Modelling of an anaerobic plug-flow reactor. Process analysis and evaluation
approaches with non-ideal mixing considerations. Bioresour Technol 2018;260:
95-104.
Toson P, Doshi P, Jajcevic D. Explicit Residence Time Distribution of a Generalised
Cascade of Continuous Stirred Tank Reactors for a Description of Short
Recirculation Time (Bypassing). Processes 2019;7(9):615.
Roy CS, Talbot G, Topp E, Beaulieu C, Palin M-F, Masse DI. Bacterial community
dynamics in an anaerobic plug-flow type bioreactor treating swine manure. Water
Res 2009;43(1):21-32.
Liu T, Ghosh S. Phase separation during anaerobic fermentation of solid substrates
in an innovative plug-flow reactor. Wat Sci Tech 1997;36:303-10.
Moestedt J, Nordell E, Yekta SS, Lundgren J, Marti M, Sundberg C, et al. Effects of
trace element addition on process stability during anaerobic co-digestion of
OFMSW and slaughterhouse waste. Waste Manage 2015;47:11-20.
Panaro DB, Mattei MR, Esposito G, Steyer JP, Capone F, Frunzo L. A modelling and
simulation study of anaerobic digestion in plug-flow reactors. Commun Nonlinear
Sci Numer Simul 2022;105:106062.
Benbelkacem H, Bollon J, Bayard R, Escudié R, Buffiere P. Towards optimization of
the total solid content in high-solid (dry) municipal solid waste digestion. Chem
Eng J 2015;273:261-7.
Nordell E, Moestedt J, Osterman J, Yekta SS, Bjorn A, Sun L, et al. Post-treatment of
dewatered digested sewage sludge by thermophilic high-solid digestion for
pasteurization with positive energy output. Waste Manage 2021;119:11-21.

nutrient

12

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

[471

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

Energy Conversion and Management 300 (2024) 117978

Chen R, Li Z, Feng J, Zhao L, Yu J. Effects of digestate recirculation ratios on biogas
production and methane yield of continuous dry anaerobic digestion. Bioresour
Technol 2020;316:123963.

Rossi E, Becarelli S, Pecorini I, Di Gregorio S, Iannelli R. Anaerobic Digestion of the
Organic Fraction of Municipal Solid Waste in Plug-Flow Reactors: Focus on
Bacterial Community Metabolic Pathways. Water 2022;14(2):195.

Gallert C, Henning A, Winter J. Scale-up of anaerobic digestion of the biowaste
fraction from domestic wastes. Water Res 2003;37:1433-41.

Bouallagui H, Marouani L, Hamdi M. Performances comparison between
laboratory and full-scale anaerobic digesters treating a mixture of primary and
waste activated sludge. Resour Conserv Recycl 2010;55(1):29-33.

Liidtke M, Nordberg A, Baresel C. Experimental power of laboratory-scale results
and transferability to full-scale anaerobic digestion. Water Sci Technol 2017;76(4):
983-91.

Hansen KH, Angelidaki I, Ahring BK. Anaerobic digestion of swine manure:
inhibition by ammonia. Water Res 1998;32:5-12.

Westerholm M, Hansson M, Schniirer A. Improved biogas production from whole
stillage by co-digestion with cattle manure Bioresour. Technol 2012;114:314-9.
Anderson GK, Campos CMM, Chernicharo CAL, Smith LC. Evaluation of the
inhibitory effects of lithium when used as a tracer for anaerobic digesters. Wat Res
1991;25:755-60.

Danielsson R, Dicksved J, Sun L, Gonda H, Miiller B, Schniirer A, et al. Methane
Production in Dairy Cows Correlates with Rumen Methanogenic and Bacterial
Community Structure. Front Microbiol 2017;8.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. DADA2:
High-resolution sample inference from Illumina amplicon data. Nat Methods 2016;
13(7):581-3.

Weinstein MM, Prem A, Jin M, Tang S, Bhasin JM, Figaro,. An efficient and
objective tool for optimizing microbiome rRNA gene trimming parameters. Cold
Spring Harbor Laboratory; 2019.

C. Quast, E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P. Yarza, J. Peplies, F.O.
Glockner, The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools, Nucleic Acids Res. 41 (2013) D590-D596.
Lozupone C, Knight R. UniFrac: a New Phylogenetic Method for Comparing
Microbial Communities. Appl Environ Microbiol 2005;71(12):8228-35.

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol Biol Evol 1987;4:406-25.

Yu Y, Lee C, Kim J, Hwang S. Group specific primer and probe sets to detect
methanogenic communities using quantitative real-time polymerase chain
reaction. Biotechnol Bioeng 2005;89:670-9.

Ahlberg-Eliasson K, Westerholm M, Isaksson S, Schniirer A. Anaerobic Digestion of
Animal Manure and Influence of Organic Loading Rate and Temperature on
Process Performance, Microbiology, and Methane Emission From Digestates. Front
Energy Res 2021;9:740314.

Perman E, Schniirer A, Bjorn A, Moestedt J. Serial anaerobic digestion improves
protein degradation and biogas production from mixed food waste. Biomass
Bioenergy 2022;161:106478.

Rico C, Munioz N, Rico JL. Anaerobic co-digestion of cheese whey and the screened
liquid fraction of dairy manure in a single continuously stirred tank reactor
process: Limits in co-substrate ratios and organic loading rate. Bioresour Technol
2015;189:327-33.

Zhang L, Kuroki A, Loh K-C, Seok JK, Dai Y, Tong YW. Highly efficient anaerobic
co-digestion of food waste and horticultural waste using a three-stage thermophilic
bioreactor: Performance evaluation, microbial community analysis, and energy
balance assessment. Energy Convers Manag 2020;223:113290.

Shi X, Guo X, Zuo J, Wang Y, Zhang M. A comparative study of thermophilic and
mesophilic anaerobic co-digestion of food waste and wheat straw: Process stability
and microbial community structure shifts. Waste Manage 2018;75:261-9.
Bolzonella D, Innocenti L, Pavan P, Traverso P, Cecchi F. Semi-dry thermophilic
anaerobic digestion of the organic fraction of municipal solid waste: focusing on
the start-up phase. Bioresour Technol 2003;86:123-9.

Miiller JA. Comminution of Organic Material. Chem Eng Technol 2003;26(2):
207-17.

LiY, Zhang R, Liu G, Chen C, He Y, Liu X. Comparison of methane production
potential, biodegradability, and kinetics of different organic substrates. Bioresour
Technol 2013;149:565-9.

Westerholm M, Castillo MDP, Chan Andersson A, Jahre Nilsen P, Schnurer A.
Effects of thermal hydrolytic pre-treatment on biogas process efficiency and
microbial community structure in industrial- and laboratory-scale digesters. Waste
Manage 2019;95:150-60.

Mulat DG, Jacobi HF, Feilberg A, Adamsen APS, Richnow H-H, Nikolausz M.
Changing Feeding Regimes To Demonslrale Flexible Biogas Production: Effects on
Process Performance, Microbial C ity Structure, and Mett

Pathways. Appl Environ Microbiol 2016;82(2):438-49.

Dyksma S, Jansen L, Gallert C. Syntrophic acetate oxidation replaces acetoclastic
methanogenesis during thermophilic digestion of biowaste. Microbiome 2020;8(1).
Zheng D, Wang H, Gou M, Nubo MK, Narihiro T, Hu B, et al. Identification of novel
potential acetate-oxidizing bacteria in thermophilic methanogenic chemostats by
DNA stable isotope probing. Appl Microbiol Biotechnol 2019;103:8631-45.

Ben Hania W, Godbane R, Postec A, Hamdi M, Ollivier B, Fardeau M-L. Defluviitoga
tunisiensis gen. nov., sp nov., a thermophilic bacterium isolated from a mesothermic
and anaerobic whey digester. Int J Syst Evol Microbiol 2012;62:1377-82.
Simankova MV, Chernych NA, Osipov GA, Zavarzin GA. Halocella cellulolytica gen.
nov., sp. nov., a new obligately anaerobic, halophilic, cellulolytic bacterium. Syst
Appl Microbiol 1993;16(3):385-9.




E. Perman et al.

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[671

[68]

[691

[70]

[71]

[72]

[73]

[74]

Tang Y-Q, Ji P, Hayashi J, Koike Y, Wu X-L, Kida K. Characteristic microbial
community of a dry thermophilic methanogenic digester: its long-term stability
and change with feeding. Appl Microbiol Biotechnol 2011;91(5):1447-61.

Wang Y, Wei W, Huang Q-S, Ni B-J. Methane production from algae in anaerobic
digestion: Role of corncob ash supplementation. J Clean Prod 2021;327:129485.
Sun L, Toyonaga M, Ohashi A, Tourlousse DM, Matsuura N, Meng X-Y, et al.
Lentimicrobium saccharophilum gen. nov., sp. nov., a strictly anaerobic bacterium
representing a new family in the phylum Bacteroidetes, and proposal of
Lentimicrobiaceae fam. nov. Int J Syst Evol Microbiol 2016;66(7):2635-42.

Li M-T, Rao L, Wang L, Gou M, Sun Z-Y, Xia Z-Y, et al. Bioaugmentation with
syntrophic volatile fatty acids-oxidizing consortia to alleviate the ammonia
inhibition in continuously bic digestion of icipal sludge. Ch here
2022;288:132389.

Chen S, Dong X. Proteiniphilum acetatigenes gen. nov., sp. nov., from a UASB reactor
treating brewery wastewater. Int J Syst Evol Microbiol 2005;55:2257-61.

Huang Y, Sun Y, Ma S, Chen L, Zhang H, Deng Y. Isolation and characterization of
Keratinibaculum paraultunense gen. nov., sp. nov., a novel thermophilic, anaerobic
bacterium with keratinolytic activity. FEMS Microbiol Lett 2013;345(1):56-63.
Slobodkin Al, Tourova TP, Kostrikina NA, Lysenko AM, German KE, Bonch-
Osmolovskaya EA, et al. Tepidimicrobium ferriphilum gen. nov., sp. nov., a novel
moderately thermophilic, Fe(Ill)-reducing bacterium of the order Clostridiales. Int
J Syst Evol Microbiol 2006;56(2):369-72.

Wasserfallen A, Nélling J, Pfister P, Reeve J, Conway de Macario E. Phylogenetic
analysis of 18 thermophilic Methanobacterium isolates supports the proposals to
create a new genus, Methanothermobacter gen. nov., and to reclassify several
isolates in three species, Methanothermobacter thermautotrophicus comb. nov.,
Methanothermobacter wolfeii comb. nov., and Methanothermobacter
marburgensis sp. nov. Int J Syst Evol Microbiol 2000;50:43-53.

Neubeck A, Sjoberg S, Price A, Callac N, Schniirer A. Effect of nickel levels on
hydrogen partial pressure and methane production in methanogens. PLoS One
2016;11:e0168357.

Kato S, Takashino M, Igarashi K, Mochimaru H, Mayumi D, Tamaki H. An iron
corrosion-assisted H2-supplying system: a culture method for methanogens and
acetogens under low H2 pressures. Sci Rep 2020;10(1).

Westerholm M, Moestedt J, Schnurer A. Biogas production through syntrophic
acetate oxidation and deliberate operating strategies for improved digester
performance. Appl Energy 2016;179:124-35.

Rossi E, Pecorini 1, Paoli P, Iannelli R. Plug-flow reactor for volatile fatty acid
production from the organic fraction of municipal solid waste: Influence of organic
loading rate. J Environ Chem Eng 2022;10(1):106963.

Westerholm M, Calusinska M, Dolfing J. Syntrophic propionate-oxidizing bacteria
in methanogenic systems. FEMS Microbiol Rev 2021;46:1-26.

Calusinska M, Goux X, Fossepre M, Muller EEL, Wilmes P, Delfosse P. A year of
monitoring 20 mesophilic full-scale bioreactors reveals the existence of stable but
different core microbiomes in bio-waste and wastewater anaerobic digestion
systems. Biotechnol Biofuels 2018;11.

Yan M, Treu L, Campanaro S, Tian H, Zhu X, Khoshnevisan B, et al. Effect of
ammonia on anaerobic digestion of municipal solid waste: Inhibitory performance,

[751

[76]

[771

(78]

[791

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[871

[88]

[891

Energy Conversion and Management 300 (2024) 117978

bioaugmentation and microbiome functional reconstruction. Chem Eng J 2020;
401:126159.

Yan M, Zhu X, Treu L, Ravenni G, Campanaro S, Goonesekera EM, et al.
Comprehensive evaluation of different strategies to recover methanogenic
performance in ammonia-stressed reactors. Bioresour Technol 2021;336:125329.
Westerholm M, Miiller B, Singh A, Karlsson Lindsj6 O, Schniirer A. Detection of
novel syntrophic acetate-oxidising bacteria from biogas processes by continuous
acetate enrichment approaches. Microb Biotechnol 2018;11:680-93.

Singh A, Schniirer A, Dolfing J, Westerholm M. Syntrophic entanglements for
propionate and acetate oxidation under thermophilic and high-ammonia
conditions. ISME J 2023.

Westerholm M, Roos S, Schniirer A. Syntrophaceticus schinkii gen. nov., sp. nov., an
anaerobic, syntrophic acetate-oxidizing bacterium isolated from a mesophilic
anaerobic filter. FEMS Microbiol Lett 2010;309:100-4.

Lv Z, Leite AF, Harms H, Glaser K, Liebetrau J, Kleinsteuber S, et al. Microbial
community shifts in biogas reactors upon complete or partial ammonia inhibition.
Appl Microbiol Biotechnol 2019.

Fujimoto M, Carey DE, Zitomer DH, McNamara PJ. Syntroph diversity and
abundance in anaerobic digestion revealed through a comparative core
microbiome approach. Appl Microbiol Biotechnol 2019;103:6353-67.

Moestedt J, Nordell E, Hallin S, Schniirer A. Two-stage anaerobic digestion for
reduced hydrogen sulphide production. J Chem Technol Biotechnol 2016;91(4):
1055-62.

Wen Z, Frear C, Chen S. Anaerobic digestion of liquid dairy manure using a
sequential continuous-stirred tank reactor system. J Chem Technol Biotechnol
2007;82(8):758-66.

Maurus K, Kremmeter N, Ahmed S, Kazda M. High-resolution monitoring of VFA
dynamics reveals process failure and exponential decrease of biogas production.
Biorefin: Biomass Convers; 2021.

Gomez, S. Ramos, Fernandez, Munoz, Tey, G. Romero, Hansen, Development of a
Modified Plug-Flow Anaerobic Digester for Biogas Production from Animal
Manures, Energies 12(13) (2019) 2628.

Eftaxias A, Georgiou D, Diamantis V, Aivasidis A. Performance of an anaerobic
plug-flow reactor treating agro-industrial wastes supplemented with lipids at high
organic loading rate. Waste Manag Res 2021;39(3):508-15.

Patinvoh RJ, Kalantar Mehrjerdi A, Sarvari Horvath I, Taherzadeh MJ. Dry
fermentation of manure with straw in continuous plug flow reactor: Reactor
development and process stability at different loading rates. Bioresour Technol
2017;224:197-205.

Dong LL, Cao GL, Wu JW, Yang SS, Ren NQ. Reflux of acidizing fluid for enhancing
biomethane production from cattle manure in plug flow reactor. Bioresour Technol
2019;284:248-55.

Massé DI, Gilbert Y, Saady NMC, Liu C. Low-temperature anaerobic digestion of
swine manure in a plug-flow reactor. Environ Technol 2013;34(18):2617-24.
Namsree P, Suvajittanont W, Puttanlek C, Uttapap D, Rungsardthong V. Anaerobic
digestion of pineapple pulp and peel in a plug-flow reactor. J Environ Manage
2012;110:40-7.






AcTA UNIVERSITATIS AGRICULTURAE SUECIAE

DocTtorar THESIS NO. 2024:41

This thesis addressed some challenges associated with high-solid anaerobic
digestion,a method for biogas and biofertiliser production from waste materials
with high total solids content. The results demonstrated the feasibility of
down-scaling high-solid anaerobic digestion to laboratory-scale to simulate
the conditions at an industrial-scale plant. However, the results indicated high
risk of disturbances due to ammonia inhibition in these processes. Additionally,
plug-flow behaviour and phase-separation could not be established in horizontal

tubular reactors at either laboratory or industrial scale.

Ebba Perman received her graduate education at the Department of
Molecular Sciences, SLU, Uppsala. She received her M.Sc. Eng. in Molecular

Biotechnology at Uppsala University, Sweden.

Acta Universitatis Agriculturae Sueciae presents doctoral theses from the

Swedish University of Agricultural Sciences (SLU).

SLU generates knowledge for the sustainable use of biological natural
resources. Research, education, extension, as well as environmental monitoring

and assessment are used to achieve this goal.

ISSN 1652-6880
ISBN (print version) 978-91-8046-346-1
ISBN (electronic version) 978-91-8046-347-8




 
 
    
   HistoryItem_V1
   StickOnPages
        
     Source: File: Z:\Mallar\Avhandlings_Omslag_2019\Omslag_S5_till_Epsilon\Avh_Omslag_400x262.pdf
     Source: Range: all pages
     Target: Range: all pages
     Origin: centre
     Offset: horizontal 0.00 points, vertical 0.00 points
     Scale: 100.00%
     Rotate: 0°
      

        
     D:20240507123448
      

        
     C
     1
     Z:\Mallar\Avhandlings_Omslag_2019\Omslag_S5_till_Epsilon\Avh_Omslag_400x262.pdf
     1037
     520
     1
     AllDoc
     qi4alphabase[QI 4.0/QHI 4.0 alpha]
     R0
     1.0000
     Fixed
            
                
         Both
         AllDoc
              

       PDDoc
          

     0.0000
     0.0000
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     bc6ada37-426e-4de4-98f0-5401130598e4
      

   1
  

    
   HistoryItem_V1
   PageTools
        
     Action: Duplicate pages
     Range: all pages
     Copies: 2
     Collate: yes
      

        
     D:20240507123448
      

        
     DuplicatePages
     1
     2
     1
     1062
     494
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
            
                
         AllDoc
              

       PDDoc
          

      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all odd numbered pages
     Request: bleed left 566.93, right 90.71, top 35.43, bottom 35.43 points
     Bleed area is outside visible: no
      

        
     D:20240507123448
      

        
     35.4331
     1
     566.9291
     0.0000
     0
     1056
     454
     90.7087
     Margin
            
                
         Odd
         AllDoc
              

       PDDoc
          

     35.4331
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     2
     0
     1
      

   1
  

    
   HistoryItem_V1
   DefineBleed
        
     Range: all even numbered pages
     Request: bleed left 62.36, right 595.28, top 35.43, bottom 35.43 points
     Bleed area is outside visible: no
      

        
     D:20240507123448
      

        
     35.4331
     1
     62.3622
     0.0000
     0
     1056
     454
     595.2756
     Margin
            
                
         Even
         AllDoc
              

       PDDoc
          

     35.4331
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     2
     1
     1
      

   1
  

    
   HistoryItem_V1
   Nup
        
     Create a new document
     Trim unused space from sheets: no
     Allow pages to be scaled: no
     Margins and crop marks: none
     Sheet size: 6.614 x 9.331 inches / 168.0 x 237.0 mm
     Sheet orientation: best fit
     Layout: rows 1 down, columns 1 across
     Align: centre
      

        
     D:20240507123450
      

        
     0.0000
     10.0000
     20.0000
     0
     Corners
     0.3000
     ToFit
     0
     0
     1
     1
     0.7000
     0
     0 
     1
     0.0000
     1
            
       D:20230814111203
       671.8110
       S5_Avhandling
       Blank
       476.2205
          

     Best
     1064
     464
     0.0000
     C
     0
            
       PDDoc
          

     0.0000
     0
     2
     0
     0
     0 
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     1
     1
     671.8110
     476.2222
     671.8110
     476.2222
     2
     2
      

   1
  

    
   HistoryItem_V1
   InsertBlanks
        
     Where: after current page
     Number of pages: 1
     Page size: same as current
      

        
     D:20240507123849
      

        
     Blanks
     Always
     1
     1
     1
     882
     269
    
     0
     1
     1
            
       CurrentAVDoc
          

     SameAsCur
     AfterCur
      

        
     QITE_QuiteImposingPlus5
     Quite Imposing Plus 5.3f
     Quite Imposing Plus 5
     1
      

        
     1
     1
      

   1
  

 HistoryList_V1
 qi2base





