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ABSTRACT

The production of sewage sludge, the main byproduct of municipal wastewater
treatment plants (WWTPs), is likely to increase due to growing urban populations and
stricter effluent disposal regulations. Anaerobic digestion (AD) is among the most
widely adopted methods in municipal WWTPs for the treatment and stabilisation of
sewage sludge. The AD process has been found to perform optimally in two
temperature regimes: mesophilic (3540 °C) and thermophilic (55-60 °C), and it offers
the advantage of recovering clean energy in the form of methane-rich biogas which can
help offset the plant’s energy costs.

Given the increasing constraints on energy supply, exploring ways to enhance biogas
yield from AD becomes important. Sewage sludge pyrolysis is another technology that
has received growing attention as an alternative method of sludge management.
It involves heating the dewatered and dried sewage sludge at high temperatures
(300-800 °C) in the absence of oxygen, producing sludge biochar as a byproduct. With
properties that can favour microorganism growth and metabolism, sludge biochar could
potentially improve anaerobic digestion performance when used as an additive during
the digestion process.

This thesis investigates the impact of using sludge biochar as an additive in
thermophilic anaerobic digestion of easily biodegradable substrates, specifically
microcrystalline cellulose (MC) and sodium acetate (SA). A batch anaerobic digestion
experiment was conducted over 49 days in two consecutive phases: the first phase using
MC and the second phase using SA as substrates. Sludge biochar (SB) and synthetic
graphite (SG) were used as additives in two different reactor groups to assess their
impact on the cumulative biogas yield.

Results from Phase 1 showed that the overall biogas yield in the SB and SG dosed
reactors exceeded the control group by 1.5% and 2.1% respectively, indicating a
minimal impact of SB on thermophilic anaerobic digestion of MC. However, results
from Phase 2 using SA as the substrate showed that biogas yield in the SB and SG dosed
reactors exceeded the control by around 21% and 8.5% respectively, indicating a much
greater impact of the additive. This suggests that SB could have influenced the
methanogenesis reactions in the second phase, resulting in an increase in total biogas
yield. While SB shows potential as an additive for improving anaerobic digestion
performance, further investigations are needed to understand the enhancement
mechanism and its potential application with sewage sludge digestion.

Keywords: wastewater treatment plant, sewage sludge, anaerobic digestion, sludge
pyrolysis, biochar, sludge biochar, biogas, methanogenesis.
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1 Introduction

Global wastewater production is projected to increase by 24% by 2030 and 51% by
2050 compared to current levels, underlining the growing importance of wastewater
treatment plants (WWTPs) in keeping natural water bodies safe from pollution (Qadir
etal., 2020). In line with this, one of the main targets of Sustainable Development Goal
6 is to halve the proportion of untreated wastewater discharged into natural water bodies
by 2030, together with substantially increasing their recycling and safe reuse. This has
spurred municipal WWTPs to improve and increase their existing treatment capacity to
comply with the stricter effluent disposal regulations. This anticipated development in
wastewater treatment will lead to a parallel increase in the production of sewage sludge
— the main byproduct of WWTPs. In 2020, over 8.7 million tons of sewage sludge dry
mass was produced in the European Union, while more than 200,000 tons was produced
in Sweden alone (EurEau, 2021; Dagerskog & Olsson, 2020).

Sewage sludge produced in a conventional WWTP can be classified into two types -
primary sludge (PS) which settles in the primary sedimentation tanks; and secondary
sludge or waste activated sludge (WAS) which settles in the secondary sedimentation
tank after the completion of biological treatment process (Gebreeyessus & Jenicek,
2016). PS primarily consists of suspended inorganic and organic solids, and is poor in
microorganisms, whereas WAS is rich in bacterial flocs and microorganisms (Sun et
al., 2021). The management of this sludge is challenging because of the large quantity
produced and their high concentration of pathogens and heavy metals. As a result,
sludge management constitutes a significant component of WWTPs, typically
accounting for around 30% of the plant's initial capital cost and 50-60% of its
operational cost (Gebreeyessus & Jenicek, 2016; Appels et al., 2008). A typical process
layout of a conventional WWTP consisting of wastewater line, sludge line and reject
water line is illustrated in Figure 1.1.

Anaerobic digestion (AD) is among the most widely adopted sludge stabilisation
methods, especially adopted in larger municipal WWTPs, for its advantages like
recovery of clean energy, reduction of sludge volume and destruction of pathogens
(Gebreeyessus & Jenicek, 2016). AD consists of a complex process in which
microorganisms break down the organic matter of sewage sludge through a series of
biochemical reactions in an oxygen-free environment, producing a methane-rich biogas
and a liquid residue rich in micro and macronutrients. The AD process has been found
to perform optimally in two temperature regimes — mesophilic (35-40 °C) and
thermophilic (55-60 °C). Mesophilic anaerobic digestion (MAD) has been the
conventionally adopted method in majority of WWTPs because of its greater process
stability and lower energy requirements. However, thermophilic anaerobic digestion
(TAD) offers an interesting alternative to MAD as it results in a higher reduction of
pathogens in the stabilised biosolids and has faster reaction rates giving increased
biogas production, although at a cost of reduced process stability and higher energy
demand (Labatut et al., 2014).

Another method of sludge management that has seen growing interest is sludge
pyrolysis (Djandja et al., 2020; Agrafioti et al., 2013). Sludge pyrolysis involves the
combustion of dried sewage sludge within a high temperature range of 300—800 °C in
the absence of oxygen, resulting in the production of a carbon-rich, solid by-product
known as biochar. Production of sludge biochar (SB) from sewage sludge can be a
viable method of sustainable sludge management at WWTPs. Thermochemical
conversion of sewage sludge into biochar can significantly reduce sludge volume
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minimising its disposal costs, destroy pathogens and yield a versatile resource with
various applications.

In Sweden, AD plants have been in use since the 1940s to reduce sludge quantities from
wastewater treatment, and it later became a common practice during the great expansion
of wastewater treatment in the 1960s (Gustafsson & Anderberg, 2023; SEPA, 2012). In
2011, there were 135 AD plants in operation for treatment of sewage sludge, producing
638 gigawatt-hours of clean energy per year (Persson, 2012). Today, the country aims
to further increase its biogas output from anaerobic digestion from 2 terawatt-hours per
year in 2020 to 7 terawatt-hours per year by 2030, in line with its national energy goals
and European Union climate objectives (Gustafsson & Anderberg, 2023).

Conventional AD plants in Swedish WWTPs typically operate within the mesophilic
temperature range of 3540 °C, although operation at higher thermophilic temperatures
of 55-60 °C is also possible. Research has also shown that using biochar as additives
can improve digester performance by boosting microorganism metabolism, mitigating
inhibitor stress, and promoting process stability (Zhang et al., 2019). Given these
possibilities, WWTPs are increasingly interested in converting their mesophilic AD
plants to high-temperature operation and exploring the use of additives such as sludge
biochar to enhance biogas production.

Legend
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Figure 1.1  Process layout at a conventional WWTP (adapted from Lanko, 2021).
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1.1 Aim

This master’s thesis project aimed to investigate the effect of sludge biochar as an
additive in thermophilic anaerobic digestion, examining its impact on biogas
production. This was accomplished by performing a lab scale anaerobic digestion
experiment using batch reactors fed with easily degradable substrates. The experiment
was carried out in two consecutive phases, with the Phase 1 using microcrystalline
cellulose and Phase 2 using sodium acetate as substrate.

The specific aims of this thesis included the following:

1. Design and conduct a laboratory-scale experiment to investigate daily biogas
production in batch anaerobic reactors maintained at 55 °C and 21 °C, fed with
easily biodegradable substrates and supplemented with and without sludge
biochar as additives.

ii.  Monitor and record daily biogas production in the batch reactors by measuring
their headspace pressure and normalising it to biogas volume at standard
temperature and pressure (STP).

iii.  Analyse the recorded data and present results showing the biogas production
curves in different reactor groups, comparing their digestion performance.

1.2 Limitations

The limitations of this thesis study include the following:

1. Given the limited timeframe for this study, the batch experiment was conducted
using a single inoculum to substrate (ISR) ratio of 2, a substrate concentration
of 10 g VS/I and an additive concentration of 50 g/l in the test reactors.

ii.  The experiment used only one blank reactor to measure the background biogas
production from the inoculum at 55 °C. There was no blank reactor for the
reactor group at room temperature.

iii.  The effect of vapour pressure on the measured headspace pressure was not

considered. It was assumed that the pressure build up inside the reactors was
solely due to the produced biogas consisting of methane and carbon dioxide.
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2 Background

Anaerobic digestion is among the most widely adopted methods used for sludge
stabilisation in municipal WWTPs. It is favoured over other sludge management
alternatives due to its advantages like reduction of sludge volume by up to 50%,
destruction of pathogens, removal of bad odour and recovery of clean energy in the
form of biogas (Gebreeyessus & Jenicek, 2016). It is particularly favoured in larger
WWTPs, with a capacity of over 20,000 population, where energy recovery from
utilising the produced biogas becomes economically advantageous (Foladori et al.,
2010).

2.1  Mechanism of anaerobic digestion process

The process of anaerobic digestion occurs through a series of biochemical reactions in
which a consortium of microorganisms collaborate to break down complex organic
polymers in multiple stages and convert them into a gaseous mixture consisting of
methane (50-70%), carbon dioxide (30-50%) and trace levels of other gases like
hydrogen sulphide, ammonia, nitrogen and hydrogen (Uddin & Wright, 2021). The
process also produces a stable liquid digestate which is a mix of bacterial biomass and
inert organics. At the start, anaerobic digesters are usually inoculated with a mixed
microbial consortium from running digesters after which the microbial community
develops over time depending upon the characteristics of inoculum, substrate and
environmental growth conditions (Menzel et al., 2020). The biochemical reactions
taking place during anaerobic digestion is completed in four stages: (i) hydrolysis (ii)
acidogenesis (iii) acetogenesis and (iv) methanogenesis, which has been shown
schematically in Figure 2.1. These biochemical reactions occur simultaneously in an
oxygen-free environment and are directly linked in such a manner that the byproduct
of one phase acts as the substrate for the next phase.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 4
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Figure 2.1 Schematic representation of the different stages of anaerobic digestion
(adapted from Schniirer & Jarvis, 2018).

2.1.1 Hydrolysis

It is the first stage in anaerobic digestion process in which extracellular enzymes
secreted by the microbial community break down complex organic molecules of
proteins, carbohydrates and lipids into their respective simpler units of amino acids,
monosaccharides and fatty acids (Schnurer & Jarvis, 2018). This biodegradation of
higher mass organic molecules is very important as the resulting low weight
intermediates can be absorbed and used by microorganisms as food source in
subsequent stages. Hydrolysis is generally considered as the rate-limiting step as it
depends upon the freely accessible surface area of the organic matter and overall
structure of the solid substrate (Chen et al., 2020). Some products after hydrolysis are
ready to be converted into biogas but most others need additional breakdown through
subsequent stages. Equation 2.1 shows a typical hydrolysis reaction in which cellulose,
a complex carbohydrate, is broken down into glucose, its monomer unit, due to the
action of hydrolytic enzymes.

(C¢H1905),, + nH,0 — nCeH,,04 + nH, [Equation 2.1]

2.1.2 Acidogenesis

In the second stage of anaerobic digestion, which is also known as fermentation, the
soluble organic monomers and oligomers formed after hydrolysis are further broken
down by acidogenic bacteria into volatile fatty acids (VFAs) and alcohols along with
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by-products like carbon dioxide, hydrogen, ammonia and acetates (Schnurer & Jarvis,
2018). The most common VFAs include acetic, propionic, isobutyric, butyric,
isovaleric, valeric and caproic acids (Wainaina et al., 2019). The by-products carbon
dioxide, hydrogen and acetates can readily be converted into methane after this stage
but the produced VFAs and alcohols need further decomposition in the next stage.
Acidogenesis is a fast process, but it involves the risk of VFA accumulation in the
digester which can result in acidification of reactors that can cause process inhibition.
Among the VFAs, the effect of propionic acid on system disruption is stronger than
other acids (Schnirer & Jarvis, 2018). Nitrogen-rich substrates can also lead to
increased production of ammonia which at high concentrations can inhibit the growth
of microorganisms (Schnirer & Nordberg, 2008). Equation 2.2—-2.4 illustrate typical
acidogenic reactions on glucose producing ethanol, ethanoic acid and propionic acid,
along with byproducts.

CoHy,0, © 2CH;CH,0H + 2C0, [Equation 2.2]
CoHy,04 + 2H, & 2CH;CH,COOH + 2H,0 [Equation 2.3]
CoH,,0s — 3CH,COOH [Equation 2.4]

2.1.3 Acetogenesis

This is the third stage during anaerobic digestion in which the produced VFAs and
alcohols are further digested by acetogenic bacteria to produce hydrogen, carbon
dioxide and acetic acid. Hydrogen plays a key role in this process since the acetogenic
reaction is thermodynamically possible only if the partial hydrogen pressure in the
digester is less than 10-4 atmospheric pressure (Uddin & Wright, 2021). This condition
is made possible due to the syntrophic collaboration between two microbial groups, as
the hydrogen produced by the acetogenic bacteria is used up by the hydrogenotrophic
methanogens in the final stage to produce methane, lowering the partial hydrogen
pressure in the system. Compared to other steps in anaerobic digestion, acetogenesis is
believed to proceed at the fastest rate, but this is strongly dependent upon the rate of
interspecies hydrogen transfer between the two microbial groups (Meegoda et al.,
2018). Equation 2.5-2.7 shows acetogenic reactions producing acetate, carbon dioxide
and hydrogen from the previously produced organic acids and alcohols.

CHyCH,C00™ + 3H,0 < CH,CO0™ + H* + HCO; +3H,  [Equation 2.5]
CoHy,04 + 2H,0 & 2CH;COOH + 2C0, + 4H, [Equation 2.6]
CH;CH,O0H + 2H,0 & CH,C00™ + 3H, + H* [Equation 2.7]

2.1.4 Methanogenesis

In the final stage of anaerobic digestion, methanogenic archaea utilise the previously
produced acetate, carbon dioxide and hydrogen to produce methane and carbon dioxide
(Schnirer & Jarvis, 2018). Methane production occurs through two main
methanogenesis pathways: acetoclastic methanogenesis, in which acetate-consuming
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methanogens split acetate into methane and carbon dioxide (Equation 2.8), and
hydrogenotrophic methanogenesis in which hydrogen-consuming methanogens reduce
carbon dioxide into methane (Equation 2.9) (Uddin & Wright, 2021). A less prevalent
third pathway also exists in which methylotrophic methanogens consume methyl
compounds like methanol, methylamines and methyl sulphide to produce methane
(Equation 2.10), but this constitutes a very small share of the produced methane
(Conrad, 2020). Hydrogenotrophic methanogenesis plays a crucial role by consuming
the previously produced hydrogen, and maintaining a low hydrogen pressure in the
digester which enables the otherwise unfavourable acetogenic reactions to move
forward. Methanogens are very sensitive to pH changes and have the slowest
regeneration rates (5-16 days) among the microbial groups involved in anaerobic
digestion process, making this the most sensitive and critical step (Meegoda et al.,
2018).

CH;COOH - CH, + CO, [Equation 2.8]
CO, +4H, - CH, + 2H,0 [Equation 2.9]
CH;0H +H, - CH, + H,0 [Equation 2.10]

2.2 Microorganisms in anaerobic digestion process

The majority of microorganisms involved in anaerobic digestion belong to the domain
Bacteria, except for methane producers, which exclusively belong to the domain
Archaea (Schniirer & Jarvis, 2018). Among the bacteria, the most common phyla
include Firmicutes, Bacteroidetes, Proteobacteria, Synergistetes, Chloroflexi,
Fibrobacteres, Spirochaetes, Planctomycetes, Tenericutes, Verrucomicrobia,
Acidiobacteria and Actinobacteria. Among these, Bacteroidetes, Firmicutes,
Chloroflexi, and Proteobacteria are particularly abundant, housing most of the known
species of hydrolytic and acidogenic bacteria (Schniirer & Jarvis, 2018). Hydrolytic
bacteria secrete extracellular enzymes to break down organic compounds. They exhibit
fast growth rates and are relatively resilient to shifts in environmental conditions like
pH and temperature. Acidogenic bacteria then further metabolise the products of
hydrolysis, converting them into VFAs, alcohols, ammonia, and carbon dioxide through
fermentation reactions.

The acetogenic bacteria are diverse but are primarily classified within the phylum
Firmicutes (Schnirer & Jarvis, 2018). They are strict anaerobes and are considered
quite sensitive to the changes in the process environment as compared to other bacteria.
Their main role involves converting products from the acidogenic phase into acetic
acid, carbon dioxide, and hydrogen, which serve as key substrates for methanogens.
They also play an important role in the degradation of propionate, butyrate and other
VFAs which is crucial for maintaining the stability of the digestion process. Common
acetogens involved in these processes include Pelotomaculum, Smithella,
Syntrophobacter, Syntrophus and Syntrophomonas (Harirchi et al., 2022). There also
exists a syntrophic association between the syntrophic acetate-oxidising bacteria
(SAOB) and the hydrogenotrophic methanogens, in which the methanogens utilise the
hydrogen produced by the SAOB to produce methane, thereby lowering the reactor's
partial hydrogen pressure and enabling acetogenesis (Harirchi et al., 2022). SAOB
involved in this process consist of both thermophillic and mesophillic species, including
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Thermacetogenium phaeum, Thermotoga lettingae, Syntrophaceticus schinkii,
Tepidanaerobacter acetatoxydans and Clostridium ultunense (Mosbaek et al., 2016).

The methanogenic archaea are unique for their methane-producing ability and extreme
sensitivity to oxygen, setting them apart from other species. Although less abundant
than bacteria, they mainly belong to the phylum Euryarchaeota (Schnirrer & Jarvis,
2018). Methanogens are categorized into three main groups based on their
methanogenesis pathways: acetoclastic methanogens, which use acetate to produce
methane and carbon dioxide; hydrogenotrophic methanogens, which use hydrogen to
convert carbon dioxide into methane; and methylotrophic methanogens which produce
methane from demethylation of compounds containing methyl group (Deublein &
Steinhauser, 2008; Conrad, 2020). Acetoclastic methanogens fall into two genera:
Methanosarcina and Methanothrix (formerly Methanosaeta). Methanosarcina is a
facultative acetoclastic methanogen and can utilise both methanogenesis pathways. It
has a higher growth rate and shows a lower affinity for acetate. Methanothrix, on the
other hand, solely utilizes acetate for methane production and can thrive even at low
acetate concentrations despite having a slower growth rate. Common hydrogenotrophic
methanogens include Methanobacterium, Methanobrevibacter, Methanoculleus,
Methanospirillum, and Methanothermobacter (Harirchi et al., 2022).

2.2.1 Microbial metabolism pathways

Microorganisms use different metabolic strategies to carry out their specific roles in the
different stages of anaerobic digestion. These microorganisms need a carbon source to
build and repair their cells, an energy source for running their cellular processes and a
means of transferring electrons from one compound to another (Plante et al., 2015).
Carbon sources can be either organic (carbohydrates, fats, and proteins) or inorganic
(such as carbon dioxide), as shown in Table 2.1. For energy, they rely exclusively on
chemical energy which can come from inorganic compounds like hydrogen or from
organic compounds like sugars, fats, or proteins (Plante et al., 2015). This acquisition
of chemical energy is achieved through oxidation-reduction reactions in which
electrons are exchanged between donors and acceptors.

Table 2.1 Carbon sources, energy sources and terminal electron receptors for
microorganisms involved in anaerobic digestion.

Carbon source Energy source Terminal electron receptor

Inorganic compounds:

CO, (autotrophy) H, (lithotrophy)

0, (aerobic respiration)

_ Organic compounds: NO3, Mn**,Fe®* S03?, CO,
Organic compounds ] i —
(heterotrophy) sugar, fat, protein (anaerobic respiration)

(organotrophy)

Organic compounds
(fermentation)

The molecule that undergoes reduction upon receiving electrons at the end of the
electron transport chain is known as the terminal electron acceptor. In case of aerobic
respiration, oxygen (0, ) serves as the terminal electron acceptor. When there is no
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oxygen, either anaerobic respiration or fermentation occurs. Anaerobic respiration
occurs when the terminal electron acceptor is an inorganic compound such as nitrate
(NO3), manganese (Mn**), iron (Fe3*), sulphate (SO;?), or carbon dioxide (CO,).
Conversely, fermentation occurs when the terminal electron acceptor is organic,
resulting in the production of acids, alcohols, hydrogen gas, and carbon dioxide. The
reduction of electron acceptors yields varying amounts of energy to the
microorganisms, with O, providing the most energy and CO,, the least (Plante et al.,
2015). In aerobic processes, microorganisms utilize surplus energy to produce a
significant amount of biomass, while in anaerobic processes, up to 90% of substrate
energy remains bound to the biogas (Koch et al., 2020). CO, abundance in anaerobic
digesters favours the methanogens that use CO, as an electron acceptor. However, the
presence of other electron acceptors can reduce methane production as methanogens
may be outcompeted by other microorganisms utilizing the same substrate.

2.2.2 Methanogenesis pathways

As discussed in Section 2.1.4, methane can be produced during AD by three groups of
methanogens: acetoclastic methanogens, hydrogenotrophic methanogens and
methylotrophic methanogens. Based on the main substrate used for methanogenesis,
there are three main methanogenesis pathways: (i) pathway using acetate (ii) pathway
using H2/CO; (iii) pathway using methyl compounds (Conrad, 2020). The first two
pathways are the major pathways producing the bulk share of methane, while the
pathway using methyl compounds produces only a small share of methane during
anaerobic digestion.

The first pathway using acetate can proceed either through acetoclastic methanogenesis
(AM), in which acetate consuming methanogens directly split the acetate into methane
(Equation 2.11) and carbon dioxide, or through the two-step syntrophic acetate
oxidation (SAO) followed by hydrogenotrophic methanogenesis (HM), in which
syntrophic acetate oxidising bacteria (SAOB) first convert the acetate into hydrogen
and carbon dioxide, which is then utilised by hydrogenotrophic methanogens to reduce
carbon dioxide into methane (Equation 2.12 and 2.13) (Dyksma et al., 2020). The
overall reaction for both AM and SAO-HM pathways have the same stoichiometry;
having an overall Gibbs free energy of -31 kJ/mole in both cases. However, the energy
produced inthe SAO-HM pathway needs to be shared by two microorganisms that have
to struggle close to the thermodynamic equilibrium, making AM the favoured pathway
in mesophilic conditions.

HM is the second pathway in which carbon dioxide is reduced to methane by hydrogen
consuming methanogens. Apart from hydrogen, the reduction of carbon dioxide can
also occur in presence of formate or simple alcohols. In HM, the balance between
hydrogen pressure in the digester and the inter-species hydrogen transfer between
acetogens and hydrogenotrophic methanogens plays a crucial role in keeping the
digestion process stable. Excessive hydrogen concentration inhibits acetogenesis
whereas too low hydrogen hinders methane production by hydrogenotrophic
methanogens. Thermodynamically, hydrogenotrophic methanogenesis has a higher
Gibbs free energy of -135.6 kJ/mol, making it less favourable than AM at normal
operating conditions.

The primary methanogenesis pathway during anaerobic digestion has been observed to
be influenced by parameters such as process temperature and ammonia concentration
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(Dyksma et al., 2020; Yang et al., 2018). In municipal anaerobic digesters operated at
mesophilic temperatures, AM has been observed to be the dominant pathway,
producing over two-thirds of the total methane with the rest coming from
hydrogenotrophic methanogenesis (Schnirer & Jarvis, 2018). However, at
thermophilic temperatures, it has been observed that the acetoclastic methanogens are
outcompeted by the SAOB, bringing a shift in the dominant methanogenesis pathway
(Schnirer & Nordberg, 2008). This shift may occur because syntrophic acetate
oxidation becomes thermodynamically more favourable at higher temperatures.
Furthermore, the thermophilic degradation of nitrogen-rich substrates like sewage
sludge leads to increased ammonia production. This increased ammonia concentration
has been found to have a greater inhibitory effect on the acetoclastic methanogens
compared to hydrogenotrophic methanogens (Schnirrer & Nordberg, 2008). As a result,
under such high ammonia conditions, SAO-HM can become the dominant process for
acetate consumption, bringing a shift in the dominant methanogenesis pathway.

CH3;CO00™ + H,0 — CH, + HCO; (AG® = -31.0 kJ mol-t)
[Equation 2.11]
CH3;CO00™ + 4H,0 — 2HCO; + 4H, + H* (AGY = +104.6 kJ mol-)
[Equation 2.12]
4H, + HCO; + H* - CH, + 3H,0 (AGY = -135.6 kJ mol)

[Equation 2.13]

2.3  Factors influencing anaerobic digestion performance

Various operational parameters influence the performance of anaerobic digestion,
impacting biogas yield, pathogen destruction, sludge volume reduction, and process
stability. These parameters, which are numerous and depend on factors such as
feedstock, process conditions, process inhibitions, reactor design and reactor control,
have been listed in Table 2.2 (Deublein & Steinhauser, 2008; Sarker et al., 2019). While
discussing all these parameters exceeds the scope of this thesis project, this section
briefly addresses crucial factors like substrate composition, carbon-to-nitrogen ratio,
pH, VFA accumulation and ammonia inhibition. Detailed discussions on the effect of
temperature and use of biochar as additives are provided in Sections 2.5 and 2.6,
respectively.
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Table 2.2 Parameters affecting anaerobic digestion performance.

=  Substrate composition
= Carbon to nitrogen ratio (C:N ratio)
* Inoculum
1. Feedstock = Co-digestion
= Pre-treatment
= Use of additives

2. Process =  Temperature

condition * pH

= Batch versus continuous

3. Rez}ctor = Feedstock water content (wet versus dry)
design * Mixing versus no mixing

4. Reactor = Hydraulic retention time (HRT)
control * Organic loading rate (OLR)

5. Process * VFA accumulation
inhibition * Ammonia inhibition

Substrate composition: The quantity of biogas produced has been found to be
influenced by the physical and chemical characteristics of the substrate, which
primarily constitutes of carbohydrates, lipids, and proteins. Lipids have been identified
as having the highest potential for methane production, although their breakdown into
long-chain fatty acids (LCFAS) can also hinder the digestion process (Holohan et al.,
2022). Additionally, waste materials rich in proteins and fats, such as municipal solid
waste, food waste, fish waste, and sewage sludge, can lead to production of ammonia
and sulphides, potentially disrupting the digestion process (Rajagopal et al., 2013).

C:N ratio: The ratio of carbon to nitrogen in the substrate is another crucial factor in
the digestion process. Microorganisms rely on carbon for energy and require nitrogen
for growth and metabolism. Maintaining an optimal C:N ratio ensures a balanced
nutritional environment for the microbes and promotes stable pH levels throughout
digestion. Theoretically, the most efficient methane production occurs when the C:N
ratio falls between 25 to 30:1, depending on the specific characteristics of the substrate
(Gaur & Bardiya, 1997). Higher ratios can deplete nitrogen rapidly, hindering methane
production and reducing overall biogas output. Conversely, lower ratios may lead to
excessive ammonia production, causing pH levels to rise and biogas yield to fall
(Muzenda, 2014).

pH: Even though anaerobic digestion has been found to be feasible within a pH range
of 5.5-8.5, methanogens, which are the most sensitive microbial group in the digestion
process, operate optimally at a pH of around 7 (Schnirer & Jarvis, 2018). Even minor
pH changes can have a profound impact on their microbial metabolism, affecting
reaction rates and methane production. Failure to metabolize intermediates produced
during digestion, like VFAs and ammonia, can lead to a significant decrease in pH
levels, potentially causing process inhibition or failure. Achieving an ideal pH level for
all microorganisms within a single digester can be challenging, especially when
digesting substrates with varying compositions, such as sewage sludge.
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VFA accumulation: VFAs are among the main intermediate products formed during
the acidogenesis phase of AD, consisting mainly of acetic, propionic, isobutyric,
butyric, isovaleric, valeric and caproic acids (Schnurer & Jarvis, 2018). These VFAs
are largely transformed into acetate, which is subsequently converted to methane
through methanogenesis. Efficient VFA conversion is advantageous for maintaining a
balanced pH and achieving improved methane production. However, achieving optimal
VFA conversion during digestion may be challenging due to variations in organic
loading rate, pH, temperature, and partial hydrogen pressure, potentially leading to
VFA accumulation and process inhibition.

Ammonia inhibition: Ammonia is produced during the decomposition of nitrogen-
rich materials in the feedstock. In digesters, the main inorganic forms of ammonia
nitrogen are free ammonia (NHs) and ammonium ion (NHs*), with free ammonia
having a greater inhibitory effect on microorganisms. Most of the ammonia is usually
produced during hydrolysis stage, and the type produced is influenced by factors such
as temperature, pH, inoculum or microbial community (Sarker et al., 2019).

2.4 Impact of temperature on anaerobic digestion

Temperature plays a crucial role in the anaerobic digestion process, impacting both
physiochemical parameters and microbiota. Anaerobic digesters are most typically
operated at mesophilic (35-40 °C) or thermophilic (50-55 °C) temperature regimes
(Metcalf & Eddy, 2014). These two temperature modes are considered optimal for
process stability, biogas production, and microbial adaptability. Mesophilic anaerobic
digestion (MAD) has been widely adopted in municipal WWTPs due to its good process
stability and lower energy requirement. On the other hand, adoption of thermophilic
anaerobic digestion (TAD) has been limited due to its higher energy demand and poor
stability. However, TAD has been gaining favour in recent times due to its advantages
of having faster biogas production rates, higher sludge degradation rates and better
inactivation of pathogens (Gebreeyessus & Jenicek, 2016).

Among the microorganisms involved in the digestion process, methanogens are the
most sensitive group to temperature changes (Schniurer & Jarvis, 2018). In case of
temperature change, methanogens stop producing methane while the more resilient
acidogenic and acetogenic bacteria continue producing VFAs and alcohols. These
products are then not digested by the inactive methanogens resulting in acid
accumulation. In the absence of a good buffering capacity, the pH can drop significantly
inhibiting the digestion process altogether. Hence, it is important to have a steady
temperature in the digestion tank which is often achieved by some form of mixing and
having good thermal insulation.

2.4.1 Thermophilic versus mesophilic anaerobic digestion

The higher temperature in TAD accelerates substrate degradation, resulting in higher
methane production compared to MAD (Schniirer & Jarvis, 2018). This increased
methane yield can offset the higher energy demand required to maintain the elevated
temperature. Moreover, the faster reaction rates in TAD lead to more rapid substrate
breakdown, potentially reducing digester volume. The higher temperature in TAD also
gives better pathogen removal capabilities, making it more widely acceptable for
meeting the sludge discharge limits set by environmental regulatory agencies.
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However, TAD is more sensitive to disturbances making the process less stable. This
could be because thermophilic microorganisms are more temperature sensitive and
even small changes in temperature can cause process disturbances because of imbalance
between fermentation and methane production. In case of nitrogen rich substrates like
sewage sludge, the higher temperature and faster degradation rate can also result in
faster ammonia production, potentially leading to ammonia inhibition if not addressed.
Furthermore, compared to MAD, TAD exhibits lower microbial diversity despite faster
reaction rates, which may contribute to its reduced stability since greater microbial
diversity enables better adaptation to changes.

Table 2.3 presents the general differences between TAD and MAD in some key
performance parameters of anaerobic digestion, which may differ based on other used
process parameters.

Table 2.3 General differences between TAD and MAD, which may differ based on
other process parameters used (adapted from De la Rubia et al., 2013; Schnirer &
Jarvis, 2018).

Parameter TAD MAD
Substrate degradation rate Higher Lower
Biogas production Higher Lower
Volatile solids reduction Higher Lower
Pathogen reduction Higher Lower
Reactor volume Lower Higher
Alkalinity Higher Lower
Heat and energy recovery Higher Lower
VFA accumulation Higher Lower
Ammonia concentration Higher Lower
Energy input Higher Lower
Risk for process instability Higher Lower
Microbial diversity Lower Higher
Resistance to foaming Higher Lower

Kardos etal. (2011) conducted a comparative study of MAD and TAD of sewage sludge
in full-scale anaerobic reactors at a municipal wastewater treatment plant (WWTP).
The findings revealed that TAD exhibited a higher average specific biogas output
compared to MAD. Moreover, the methane content of biogas was higherin TAD (59%)
than in MAD (54%). Although alkalinity was higher in the mesophilic system, both
systems demonstrated sufficient buffer capacity for process stability. The thermophilic
system showed increased volatile acid concentration and utilization, as confirmed by
larger specific gas production data.

In another study, Ferrer et al. (2011) compared MAD and TAD from an energy
perspective across lab-scale, pilot-scale, and full-scale anaerobic reactors operating
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under various conditions. The results indicated that thermophilic digesters with half the
solid retention time (SRT) of mesophilic digesters exhibited comparable performance.
This suggested that converting MAD to TAD could potentially reduce digester volume
or increase system loading rates, leading to operational cost savings. Additionally, the
study found that anaerobic digesters could be net energy producers, with the most
favourable outcomes achieved at low SRT (10-15 days) and high organic loading rates
(OLR) (2-3 kg VS/m?/d), which is possible in TAD.

Furthermore, Lanko (2021) compared mesophilic (38 °C), thermophilic (57 °C), and
temperature-phased AD of sewage sludge in a lab-scale study using WAS as substrate
and employing simple mixing mechanisms. The results showed that TAD had better
organic matter removal and methane production compared to MAD. TAD also showed
better pathogen deactivation in the digestate, potentially allowing for its direct
application in agriculture. Additionally, a life cycle assessment of the three systems
revealed TAD to be the most environmentally friendly option for sewage sludge
treatment.

2.5 Influence of biochar on anaerobic digestion

Biochar is a carbon-rich porous material produced by the pyrolysis of biomass with
limited or no oxygen. Its physical and chemical composition varies depending on
production methods, influenced by factors like original feedstock and pyrolysis
conditions such as temperature, heat transfer rate, and residence time (Fransson et al.,
2020). As a result, biochar can closely resemble the original material or transform into
graphite-like charcoal with carbon atoms arranged in hexagonal rings, bound to various
functional groups present in the feedstock. Pyrolysis-induced physiochemical changes
give biochar many of its properties like large specific surface area, high porosity,
presence of functional groups, pH buffering capacity, strong adsorption, and good
electrical conductivity (Tan et al., 2014).

The production of biochar from dried sewage sludge is gaining traction as a sustainable
method for sludge management at WWTPs. Thermochemical conversion of sewage
sludge into sludge biochar reduces sludge volume, minimizing its disposal costs.
Moreover, the high pyrolysis temperature can also eliminate pathogens in the sludge,
producing environmentally safe biochar with versatile applications. In Sweden, there
are ongoing projects which aim to conduct pilot-scale studies on sewage sludge
pyrolysis and explore potential beneficial applications of the produced sludge biochar
(Sweden Water Research, 2024).

The use of biochar as an additive in anaerobic digestion has been studied extensively
in recent times. Studies suggest that biochar additives can enhance and stabilize
biochemical reactions during anaerobic digestion, facilitating faster process start-up,
increased methane yield, and process stability (Tang et al., 2020). Table 2.4 presents
results from some of these studies, demonstrating biochar's potential to improve
anaerobic digester performance.
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Table 2.4

Results from previous studies showing enhancement of anaerobic
digestion performance using biochar as additives.

BC BC g AD AD process | Observed AD
characteristics Reference
feedstock and dose feedstock parameters | performance
BC1 pyrolysis at
350 °C,pH 6.4 Batch test, Methane yiild ipcreased
Sewage | BC2 pyrolysisat | Fruit 400 ml Egtjrgéom 3d30§e“;lttg - (Ambaye
Sludge 550 OC, pH 9.5 wastes Mesophﬂic for BC1 and 3.75 g/l for et al',
Dose 1.25,2.5, (B7°0) BC2 2020)
3.75,5 g/l
Methane production
600 C Municing | BACh test | increased by 10%, 22%
Sewage pH 9.7 W%S%l)pa 500 ml and 33% in first three
sludge Dose 6.2, 15.9, sludge Mesophilic | dosages wherez;s it (Zhang et
26.1, 342 g/l (35 °C) decreased by 2% with a al., 2019)
T high dose of 34.2 g/l "
BC1 pyrolysis at
300 °C, pH 6.78
BC2 pyrolysis at | WAS from Batch test, Methane production
Sewage 500 °C, pH 7.5 municipal 500 ml increased by 19%, 10% (Wu et al.,
sludge P i | and 3% with BC1,BC2 | 2019)
g . WWTP Mesophl 1C
1730((:)3 Iéyrogs;s;;t (37 °C) and BC3 respectively
o , p .
Dose 10g/1
Batch test,
500 °C WAS + 120 ml Lag phase decreased to 2 (Li et al.
Sawdust days compared to up to 18 ’
Dose: 10 g/l food waste | Thermophilic | 4,y without biochar 2018)
(55 °0C)
450-550 °C, pH | Acidified Lab-scale, Lae ohase d d04
Forestry 8.1 mixed 160 ml ag phase decreased to (Khoei et
waste sludge from .| days from 12 10 52 days al., 2021)
Dose 8.5 g/g VS g Thermophilic | \ithout biochar "
inoculum WWTP (55 °C)

2.5.1 Biochar mechanisms in enhancement of anaerobic digestion

The stability and efficiency of the AD process depends on the balance among its four
stages of biochemical reactions. Disruption can occur due to slow degradation of
feedstocks, accumulation of intermediate products, and inhibition of methanogen
activities (Schnirer & Jarvis, 2018). With properties like having a large specific surface
area and good buffering and adsorption capacities, biochar use could result in reducing
process imbalances, thereby enhancing digestion performance. Studies by Pan et al.
(2019) and Qiu et al. (2019) show how these positive effects could be the result of
specific biochar mechanisms. The following sections describe these biochar

mechanisms and their potential to improve digestion performance.
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2.5.1.1 Effect on pH and VFA accumulation

AD processes exhibit optimal performance within neutral to slightly alkaline pH range
(between 7.0 and 8.5), and there is a potential decrease in the activity of the
methanogens when the pH falls outside this range (Schnirer & Jarvis, 2018).
Maintaining this optimal pH during the digestion process depends on the balance
between the production and degradation of VFAs, the main intermediate products in
AD. Rapid VFA accumulation, particularly at high organic loading rates and with easily
acidifiable substrates, can result in pH reduction, inhibiting the metabolic activities of
methanogens.

Biochar, with its alkaline functional groups, possesses a good buffering capacity that
can effectively neutralize the generated VFAs and prevent rapid pH drops. Shen et al.
(2015) tested the effects of corn stover biochar on thermophilic anaerobic digestion of
sewage sludge and found that the alkaline functional groups existing on the surface of
biochar helped maintain the optimal pH of 7.5 to 8, increasing process stability. Another
study by Wang et al. (2018) investigated the effects of 12 types of biochar derived from
various biomass sources (sawdust, wheat bran, peanut shell and sewage sludge) in
mesophilic co-digestion of food waste and sewage sludge and discovered that biochar
promoted the production of the easily utilized acetate over other difficult to degrade
VFAs. Additionally, biochar's excellent adsorptive capacity allows it to adsorb
accumulated VFAs, preventing process slowdown due to acid accumulation.

2.5.1.2 Effect on overcoming ammonia inhibition

Ammonia is produced during the biological degradation of nitrogen-rich substrates like
food waste, manure, or sewage sludge. While it serves as a crucial nitrogen source for
anaerobic microorganisms, high concentrations of ammonia can inhibit methane
production during anaerobic digestion (Schnirer & Jarvis, 2018). High concentrations
of total ammonia nitrogen (TAN) have been observed to cause inhibition of specific
biochemical reactions leading to a disruption in the digestion process (Sharma &
Melkania, 2017). In digesters, ammonia exists primarily as free ammonia (NHs) and
ammonium ion (NH4*), with free ammonia exerting a stronger inhibitory effect by
adversely affecting microorganisms at the cellular level.

Biochar use has been found to reduce TAN through physical and chemical adsorption
mechanisms. The adsorption capacity of biochar depends on its physiochemical
properties, influenced by the original material and pyrolysis process. Studies have
shown that adsorptive capacity increases with specific surface area and the presence of
certain functional groups (Wang et al., 2018; Koukouzas et al., 2007). Biochar
containing acidic groups, sulphur groups, alkali earth metals, and other metals may
facilitate chemical catalytic reactions that enhance the adsorption of ammonia and other
compounds. There is also the possibility that the microorganisms growing on biochar
surfaces and forming biofilms could be more resilient and effective in overcoming
ammonia inhibition compared to suspended microorganisms (Sossa et al., 2004).

2.5.1.3 Role in interspecies electron transfer

Among the two main methanogenesis pathways, hydrogenotrophic methanogenesis
relies on the symbiotic relationship between SAOB and hydrogen consuming
methanogens to overcome thermodynamic barriers. In this process, hydrogen can be
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considered a diffusive electron carrier, and this process is thermodynamically feasible
only if the hydrogen produced by the SAOB is efficiently utilised by the hydrogen-
consuming methanogens (Uddin & Wright, 2021). Interspecies electron transfer (IET)
facilitates this mutualistic symbiosis, wherein electron donor microorganisms transfer
electrons to electron acceptor microorganisms through either direct cell contact (direct
IET) or indirect pathways mediated by intermediates (indirect IET), enabling metabolic
processes that are difficult for a single microorganism to accomplish (Su et al., 2023).

The use of biochar in the AD process has been found to promote direct interspecies
electron transfer (DIET) (Baek et al., 2018). Unlike indirect pathways reliant on
intermediates like hydrogen, DIET occurs directly on the surface of biochar, facilitating
electron exchange between SAOB and methanogen communities. Biochar can support
the growth of DIET-capable microorganisms, effectively serving as electrical conduits
for electron exchange. This mechanism enables much faster electron transfer velocities
between microorganisms resulting in faster degradation of the substrate and
intermediates.

2.5.1.4 Role in enrichment of functional microbes

Biochar possesses properties such as a large specific surface area and porous structure,
making it an effective carrier material that promotes the formation of biofilms and
enhances microbial abundance in AD. In addition to promoting growth of DIET capable
microorganisms, biochar can also promote the growth of other selective microbial
groups. Different types of biochar have been shown to enrich the abundance of specific
microbial species that can improve digestion performance (Dang et al., 2016). Huggins
et al., (2016) noted that biochar pore sizes ranged from 1 to 40 um, providing ample
space to accommodate microorganisms. Additionally, Zhang et al., (2017) observed
that biochar stimulated the secretion of extracellular polymeric substances, enhancing
microorganism adhesion to the carrier surface during biofilm formation.

2.6  Experimental determination of biogas yield through
batch tests

Experimental assessment of biogas yield from anaerobic digestion of various test
substrates can be conducted through laboratory-scale experiments using either
discontinuous (batch) or continuous stirred tank reactor (CSTR) methods (Weinrich et
al., 2018). Continuous experiments give a better representation of the conditions of
continuously operated anaerobic digestion plants, but they are more laborious and time
consuming to perform at the lab scale. In contrast, batch tests are simpler to conduct
and can offer valuable preliminary insights into the anaerobic biodegradability of test
substrates.

In batch tests, a known quantity of the test substrate is placed in a closed, airtight glass
vessel under mesophilic or thermophilic temperature conditions, and gas production is
monitored over time. The glass vessel contains an empty headspace for gas formation,
and the internal pressure is vented after each measurement. Gas measurement can be
performed using volumetric, manometric, or pressure transducer methods.

The simpler batch method for estimating the biochemical methane potential (BMP) of
feed sources in anaerobic treatment was first developed by Owen et al. (1979) and has
since been widely used in biogas potential studies, with or without modifications.
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Efforts to standardize the test protocol for improved accuracy and reliability of results
have led to guidelines provided by Angelidaki et al. (2009), Holliger et al. (2016), and
VDI 4630 (2016). These guidelines cover parameters such as substrate selection,
inoculum source, experimental setup, monitoring parameters, test duration, replication
and controls, and data analysis.

2.6.1 Theoretical biogas potential

The theoretical biogas potential of a specific substrate serves as a benchmark, indicating
the maximum biogas yield achievable through AD and providing valuable insight into
digestion performance. If the chemical composition of the organic substrate is known,
its theoretical biogas potential can be stoichiometrically calculated using the model
proposed by Buswell & Mueller (1952), as represented by Equation 2.14. This model
assumes complete stoichiometric conversion of the organic substrate into methane and
carbon dioxide.

For more complex substrates containing nitrogen and sulfur, Buswell’s model was
modified by Boyle (1977) to incorporate the production of ammonia and hydrogen
sulfide during digestion (Equation 2.15). However, it isimportant to note that the actual
biogas potential of any substrate is always lower than the theoretical potential. This
discrepancy arises because the microorganisms involved in anaerobic digestion utilize
some portion of the substrate for their own growth and maintenance, thereby reducing
the amount of degradable substrate available for biogas production.

b ¢ a b c a b c
CaHb0c+(a—Z—§)H20 _>(§_§+Z>COZ+(E+§_Z)CH4
[Equation 2.14]
b ¢ 3d e
CatlyOcNaSe+ (a =5 =5+ +3) Ha0
a b ¢ 3d e a b ¢ 3d e
—>(E—§+Z+§+Z)COZ+<E+§—Z—§+Z)CH4+CZNH3+eHzS

[Equation 2.15]

In experiments, especially those employing simple substrates like glucose or cellulose
as controls, comparing the actual biogas yield with the theoretical yield is pivotal for
validating experimental results. Weissbach (2009) has presented theoretical and
effective biogas potential data for various groups of organic substrates, some of which
are summarised in Table 2.5.
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Table 2.5

Methane percentage, theoretical methane yield and theoretical biogas

vield of some organic compounds (adapted from Weissbach, 2009).

. Theoretical Theoretical
Substrate Sslrflr;)lcl):ilion léilethane methane yield | biogas yield
(ml/g VS) (ml/g VS)

Carbohydrate (Glucose) CsH1206 50 373 746
Carbohydrate (Cellulose) CsHi00s 50 415 829
Alcohol (Methanol) CH40O 75 525 699
Alcohol (Ethanol) CoHesO 75 730 973
Protein (Alanin) CsH70:N 50 473 946
Protein (Lycin) CeH1402N> | 58.3 612 1049

Lipid (Palmitic acid triglyceride) | CsiHosOs 71.1 1006 1416
Lipid (Stearic acid triglyceride) | Cs7H11006 71.5 1024 1433
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3 Methods

This section outlines the methodology adopted for carrying out this thesis project.

3.1 Literature review

A literature review was first conducted using the scientific databases Google Scholar
and Scopus. The literature review focused on the following thematic areas:

* Anaerobic digestion process mechanism

= Effect of temperature on anaerobic digestion at WWTPs

= Effect of using biochar as an additive in anaerobic digestion

» Standard protocols for conducting anaerobic digestion batch experiments

3.2  Experimental work

3.2.1 Design of batch test

The experiment was carried out using 300 ml glass bottles as batch anaerobic reactors.
A total of 13 bottles were used, categorised into four triplicate groups: Group A (Al,
A2, A3), Group B (B1, B2, B3), Group C (C1, C2, C3), and Group D (D1, D2, D3),
alongside a single blank reactor E, as illustrated in Figure 3.1.

Groups A, B, C, and the blank reactor E were consistently maintained at 55 °C inside
an incubator throughout the experimental period to sustain thermophilic conditions
(Setup 1), while Group D was kept at room temperature (Setup 2).

The experiment was carried out in two consecutive phases, with each phase examining
the impact of additives on anaerobic digestion using distinct substrates. Phase 1 utilized
microcrystalline cellulose (CsH100s5)n as the substrate, while Phase 2 employed
anhydrous sodium acetate (CH3COONa). Both these substrates had known chemical
compositions allowing for the calculation of their theoretical biogas potential.

Throughout both phases, reactor groups A, B, C, and D received inoculum and
substrate, while the blank reactor E only received inoculum to measure the background
biogas production. Furthermore, Group A reactors were supplemented with synthetic
graphite (SG), and Group B reactors with sludge biochar (SB) as additives. Group C
served as the control, receiving only inoculum and substrate without additives, whereas
Group D received the same without additives but was maintained at room temperature.
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Figure 3.1 Schematic arrangement of experimental setup.

3.2.2 Inoculum, substrate and additive characteristics

The inoculum used in the experiment was collected from one of the three mesophilic
digesters at Ryaverket WWTP in Gothenburg on 20 February 2024. These digesters
operated at a temperature of 35-36 °C, with a retention period of 18-20 days and an
organic loading rate of 2.6 kg VS/m3-d. The digesters were fed continuously with mixed
sludge consisting of PS and WAS in equal proportions. Based on data from the previous
year, the average total solids (TS) and volatile solids (VS) content of the digested sludge
was 3.5 % and 2.12 % respectively (D. Lorick, personal communication, Feb. 28, 2024).

The experiment used two different substrates in each phase to investigate the impact of
additives on their anaerobic digestion. In the first phase, microcrystalline cellulose
(CAS Number: 9004-34-6, Sigma-Aldrich, powder, 20 um) was used as the substrate,
which is a widely used control substrate in anaerobic digestion batch tests (Figure 3.2).
This substrate offers several advantages, including a precisely defined chemical
composition that facilitates straightforward calculation of its theoretical biogas
potential. Moreover, being a natural carbohydrate, it undergoes all four stages of
anaerobic digestion.

In the second phase, anhydrous sodium acetate (CAS Number: 127-09-3, Sigma-
Aldrich, purity > 99%) was used as the substrate (Figure 3.2). Unlike microcrystalline
cellulose, sodium acetate is an organic salt that readily dissolves in water to produce
acetate ions, the primary substrate for methane production. This characteristic allows
for the occurrence of only the final stage of anaerobic digestion, specifically targeting
the methanogenesis reactions to assess the impact of additives.

The experiment utilized two different additives to assess their impact on anaerobic
digestion performance. The primary focus of this study was sludge biochar, which was
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added to reactors B1, B2, and B3. This biochar was produced from pyrolysis of dried
sewage sludge at 650°C and was supplied by Va Syd AB (Figure 3.3). It originated
from dewatered sewage sludge at Farevejle WWTP in Denmark and underwent
integrated steam drying and pyrolysis at the AquaGreen pyrolysis plant in Farevejle on
December 20, 2023, as part of the Testbed Ellinge Project.

Synthetic graphite (ProGraphite GmbH, coarse granular, 0.7—2 mm, carbon purity >
99%) was used as the second additive and was added in reactors A1, A2 and A3 (Figure
3.3). Synthetic graphite is manufactured by high temperature processing of amorphous
carbon materials derived from petroleum, coal, etc. It was selected as a second additive
for comparison with sludge biochar, as previous studies have indicated its positive
effects on anaerobic digestion performance (Xie et al., 2020).

Figure 3.2 Substrates used in the experiment: microcrystalline cellulose (left) and
anhydrous sodium acetate (right).

Figure 3.3 Additives used in the experiment: sludge biochar (left) and synthetic
graphite (right).
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3.2.3 Total solids and volatile solids analysis

Total solids content (TS) refers to the materials that remain as residue after the sample
has been dried at 105 °C for 24 hours, whereas volatile solids content (VS) represent
the measure of organic content present in the sample and refers to the amount of total
solids lost when the sample is combusted at 550 °C in the presence of excess air. Both
TS and VS content of the inoculum was calculated prior to the start of the experiment
using the standard method outlined in APHA (2017). It was also calculated for the
reactor samples in all 13 test reactors after the end of the experiment. The following
steps were followed for their calculation:

1. The empty dish was weighed, and its value recorded as W1.

ii. A known volume of sample (30 ml for inoculum, 25 ml for reactor
samples) was added in the dish and the weight of dish with sample was
recorded as W2.

iii.  The dish with sample was placed in an oven at 105 °C for 24 hours.

iv.  After 24 hours, the dish was taken out, cooled, and weighed again with
remaining solid contents to give W3.

v.  After recording W3, the dish was put inside a pre-heated furnace at 550
°C for 20-30 minutes.

vi.  The dish was taken out, allowed to cool and then weighed again to give
W4.

After this, TS and VS were calculated using Equations 3.1 — 3.4.

(W3 -w1)* 1000

TS (mg/l) = sample volume inmi [Equation 3.1]
VS (mg /1) = Safnﬁe‘vffj:nle"ii"ml [Equation 3.2]
TS % (w/w) = %’Zﬁﬂ [Equation 3.3]
VS % (wjw) = Il [Equation 3.4]

3.2.4 Alkalinity test

Alkalinity of the sludge biochar, synthetic graphite and inoculum samples was
determined by potentiometric titration method reducing the pH of sample to 4.5 based
on APHA (2017) method. Hydrochloric acid (0.05 M) was used as the standard acid
which was gradually added to the test samples until the pH was reduced to 4.5. The test
was carried out with following steps.
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1. 3 test samples were prepared consisting of

1. 5 g of SG in 100 ml of water
il. 5 g of SB in 100 ml of water
1ii. 50 ml of inoculum diluted to 250 ml sample
2. The initial pH for each of the samples was measured using a pH meter and
recorded.

3. The samples were stirred uniformly using magnetic stirrers while known
volume of standard acid was added until the pH dropped to 4.5.

4. The volume of acid added in each step and the corresponding change in pH was
recorded until the pH reached 4.5.

After this, alkalinity of the samples was calculated using Equation 3.5.

AxN+50000
sample volume in mL

Alkalinity (mg CaCO3 /L) = [Equation 3.5]

where A = total volume of standard acid used (ml)
N = normality of standard acid

The calculated alkalinity values were then normalized to the mass of added SG and SB
and the volume of undiluted inoculum to determine the contribution of alkalinity from
the additives and inoculum in the test reactors.

3.2.5 Electrical conductivity and pH of reactor samples

After the end of experiment, the electrical conductivity and pH of the reactor samples
from all 13 test reactors was measured using EC meter and pH meter. Electrical
conductivity values were indicative of the salinity levels in the reactors at the end of
digestion.

3.2.6 Performance of batch test
3.2.6.1 Preparation of reactors for Phase 1

The glass bottles used in the experiment had a total available volume of 323.21 ml
which was calculated by weighing the bottles when empty and when filled with water.
To have a good working volume and sufficient reactor headspace for biogas production,
all 13 reactors were fed to a working volume of 150 ml leaving a head space volume of
173.21 ml. The working volume constituted of inoculum, substrate and additives.

Based on the recommendation from Holliger et al. (2016), an inoculum to substrate
ratio (ISR) of 2:1 was adopted for Phase 1 of the experiment. This was done to have the
portion of VS from the inoculum greater than that from the substrate to minimize
acidification or inhibition problems during the batch test. A VS content of 2% was
assumed for the inoculum at the start of the experiment based on previous year averages
for Ryaverket WWTP. Based on this, all 13 reactors were filled with 150 ml of
inoculum to give an inoculum concentration of 3 g VS per reactor.
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For the substrate, a VS content > 99% was assumed which resulted in the addition of
1.5 g microcrystalline cellulose per reactor to maintain the adopted ISR of 2:1. Based
on its chemical composition, 1.5 g of microcrystalline cellulose amounted to 0.67 g of
carbon per reactor. Figures 3.4 — 3.6 show the preparation of reactors at the start of
Phase 1.

For the addition of additives, a higher concentration of 50 g/l was adopted resulting in
the addition of 7.5 g of synthetic graphite in Group A reactors and 7.5 g of sludge
biochar in Group B reactors. Due to the short time frame of this study, only a single
concentration of the additive was tested. However, Zhang et al., (2019) has observed
that the effect of additives can vary based on different doses which can be the scope of
future investigations. Appendix A shows the calculations for the initial dose of
inoculum, substrate and additives before the start of the experiment.

Figure 3.5 Test reactors after receiving 1.5 g substrate and 7.5 g additive at the
start of first phase of the experiment.
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Figure 3.6 Sealed test reactors after the addition of inoculum, substrate and
additives at the start of first phase of the experiment.

3.2.6.2 Start and maintenance of batch test

Following the addition of inoculum, substrate and additives, the reactors were flushed
with nitrogen gas for about 30 seconds before being closed with butyl rubber septa and
aluminium crimp cap to maintain anaerobic conditions. Reactors from Group A, B, C
and the blank E were kept inside an incubator at 55 °C (Figure 3.7) while Group D
reactors were maintained at room temperature of 21 °C inside a fume hood.

Daily measurements of headspace pressure, resulting from biogas production, was
taken for all 13 reactors by inserting a syringe needle through the butyl rubber septa.
This needle was connected to a pressure transducer (Model AP-13S, Keyence
Corporation, Japan), which quantified the pressure inside the reactor in kilopascals
(kPa) relative to atmospheric pressure. Figures 3.8 and 3.9 illustrate a schematic
representation of the reactor setup and the measurement process.

Before each measurement, the reactors were gently swirled to allow for proper mixing
of the contents. After recording the measured pressure value, the produced biogas was
vented out through the needle until the headspace pressure returned to zero (Figure
3.10). These daily pressure measurements were conducted as swiftly as possible to
minimize temperature fluctuations, particularly for the thermophilic reactors when
removed from the incubator. When it was not possible to access the lab during
weekends and on public holidays, the reading measured on the first day after the gap
was averaged over the missed days to have a continuous series of measured data. For
example, if there was a reading on Day 15 (Friday) and then the next reading was on
Day 18 (Monday), the reading on Day 18 was divided by 3 and averaged over Day 16,
17 and 18. The daily measurement routine was continued until the daily biogas
production in the reactors fell below 1% of the cumulative biogas yield.
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Figure 3.7  Maintenance of test reactors inside an incubator at 55 °C.
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Figure 3.8  Schematic illustration showing process of headspace pressure
measurement in the test reactors.
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Figure 3.9  Daily pressure measurement in the reactors using pressure transducer.

Figure 3.10  Releasing the produced biogas through the inserted needles after each
measurement.

3.2.6.3 Preparation of reactors for Phase 2

Once the daily biogas production in the reactors fell below 1% of the cumulative biogas
yield, it indicated the completion of anaerobic digestion in Phase 1. After this, the
reactors were opened and about 5 ml of reactor sample was collected from all 13
reactors for analysis. The working volume in the reactors was restored back to 150 ml
by adding 5 ml of water.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 28



After this, 2.28 g of anhydrous sodium acetate (CH3COONa) was added as the second
substrate to Group A, B, C and D reactors, maintaining a carbon content of 0.67 g per
reactor, similar to that from microcrystalline cellulose in Phase 1 (Figure 3.11). The
additives added to Group A and B reactors during Phase 1 remained unchanged for
Phase 2.

Following this, the reactors were again flushed with nitrogen gas for about 30 seconds
before being resealed with butyl rubber septa and aluminium crimp cap to maintain
anaerobic conditions. After this, the daily pressure readings in the reactors was
continued similar to that in Phase 1, until the daily biogas production fell below 1% of
the cumulative biogas yield.

Figure 3.11  Weighing 2.28 g of sodium acetate at the start of second phase of the
experiment.

3.2.7 Calculation of biogas data
3.2.7.1 Biogas volume calculation

Using the ideal gas equation (Equation 3.6), the measured headspace pressure inside
each reactor was converted into the number of moles of produced biogas. This general
equation offers a reliable approximation of gas behaviour under varied conditions.
Throughout the experiment, the reactor headspace volume (V) and temperature (T)
remained constant parameters, while the headspace pressure (P) and number of gas
moles inside the reactor (n) changed with biogas production. It was assumed that the
produced biogas consisted of only methane and carbon dioxide since the used substrates
were simple and did not contain nitrogen and sulphur which can lead to production of
other gases like nitrogen, ammonia and hydrogen sulphide.
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The effect of vapour pressure and the high water solubility of carbon dioxide was not
considered while calculating the biogas volume. After computing the number of moles
of produced biogas at reactor temperature using Equation 3.1, the same equation was
utilized to convert the calculated moles into biogas volume at standard temperature and
pressure (STP) conditions. For this conversion, the adopted STP values were 273.15
Kelvin temperature and 101.325 kPa pressure. This standardization facilitated the
comparison of produced biogas volumes across different reactors at STP conditions.
Sample calculations demonstrating the determination of the number of moles of
produced biogas and its subsequent conversion to biogas volume at STP conditions is
shown in Appendix B.

PV = nRT [Equation 3.6]

where P = headspace pressure due to produced biogas
V = reactor headspace volume (0.000173 m?)
n = number of moles of biogas produced
R = universal gas constant (8.314 Pa m3/mol K)
T = temperature in Kelvin (328.15 K for Setup 1 and 294.15 K for Setup 2)

3.2.7.2 Theoretical biogas potential

Previous studies by Wang et al., (2014) and Weinrich et al. (2018) calculated the
theoretical biogas potential of cellulose to be 829 ml/g VS at STP conditions, based on
the model of Buswell & Mueller (1952). Using this value, the theoretical biogas yield
for 1.5 g of microcrystalline cellulose was calculated to be 1245 ml at STP conditions.
The calculation for this has been shown in Appendix C.

For estimating the theoretical biogas potential of sodium acetate, a manual
stoichiometric approach was adopted since sodium acetate did not undergo all four
stages of anaerobic digestion and only underwent the methanogenesis stage.
Stoichiometric calculation was carried out for the two-step methanogenesis reaction
(Equation 2.2a and 2.2b), consisting of the syntrophic acetate oxidation and subsequent
hydrogenotrophic methanogenesis, as it has been found to be the dominant
methanogenesis pathway in thermophilic conditions (Dyksma et al., 2020). Assuming
a methane to carbon dioxide ratio of 50:50, the theoretical biogas potential of 2.28 g of
sodium acetate was calculated to be 1246 ml at STP conditions. The calculation for this
has been shown in Appendix C.

3.2.8 Statistical analysis

The biogas volume produced in each triplicate group was recorded as the mean value
with standard deviation (Mean = SD). To assess potential statistical differences among
the mean production in Groups A, B, and C, a single-factor ANOVA (p < 0.05) was
conducted on the biogas yields using MS Excel. Furthermore, a two-tailed Student’s t-
test, accounting for unequal variance and a 95% confidence interval, compared the
results between Groups A and B with those of Group C. Dixon’s test was employed to
identify any significant outliers within the triplicate readings. Additionally, the
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coefficient of variation was computed for each group, with a CV less than 10% deemed
indicative of reliable measurements.
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4 Results and discussion

The findings from the experiment are discussed in this section.

4.1 TS and VS analysis

The results from TS and VS analysis of the inoculum are presented in Table 4.1. Given
the high purity of both substrates, it was assumed that they had a VS content > 99%.
Results show that the actual VS for the inoculum sample was less than the assumed 2%,
which was used to calculate the mass of substrate added in each reactor at the start of
the experiment. This indicates that the actual ISR in the reactors was 1.64, meaning that
the substrate availability to the microorganisms was higher than it would have been at
a VS of 2%.

Table 4.1 Results from TS and VS analysis of inoculum before the start of
experiment.
Sample TS% (w/iw) | VS% (w/w) VS/TS (%) | Remarks
Inoculum 2.63+0.07 | 1.64+0.04 62.5 From test
Microcrystalline cellulose >99 >99 100 Assumed
Sodium acetate >99 >99 100 Assumed

Following the completion of Phase 2, the TS and VS content of all 13 reactor samples
was measured, which is presented in Table 4.2. Notably, the TS and VS content in the
thermophilic reactors was lower than that of Group D reactors maintained at room
temperature. This difference could be attributed to the higher substrate degradation rate
observed at 55 °C compared to 21 °C, resulting in reduced TS and VS content. Within
the thermophilic reactors, the VS content remained consistent at around 1.45% across
all three groups, while the TS content varied from 3.29% in Group C to 3.53% in Group
B. The TS and VS content in the blank reactor was the lowest at 2.32% and 1.20%
respectively.

Table 4.2 Results from TS and VS analysis of reactor samples after the end of
Phase 2 of the experiment.
Reactor TS% (w/w) VS% (w/w) VS/TS (%)
Group A (A1, A2, A3) 3.40 £ 0.07 1.45 +0.07 42.7
Group B (B1, B2, B3) 3.53+0.20 1.45+£0.10 41.1
Group C (C1, C2, C3) 3.29 +0.07 1.44 £ 0.03 43.7
Group D (D1, D2, D3) 4.08 £ 0.03 2.07 £0.02 50.6
Blank (E) 2.32 1.20 51.7
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4.2  Alkalinity test

The measured total alkalinity values for synthetic graphite, sludge biochar, and
inoculum samples are presented in Table 4.3, while Table 4.4 presents their normalized
alkalinity values. Figure 4.1 illustrates the pH decrease across the three samples after
acid addition during titration, confirming the higher buffering capacity of SB compared
to SG.

Initially, the pH of the synthetic graphite sample was acidic, measuring 6.1, whereas
that of the sludge biochar and inoculum samples was alkaline, at 7.8 and 7.4
respectively. The calculated alkalinity for the inoculum was 5219 mg CaCOs/l which
met the alkalinity quality criteria as recommended by Holliger et al. (2016).

Comparing the two additives, the alkalinity of sludge biochar measured notably higher
at 40 mg CaCOas/l which was 16 times more than that for synthetic graphite, measured
at 2.5 mg CaCOz3/l. The higher alkalinity of sludge biochar means it has a greater
buffering capacity to acid accumulation which is a common problem during anaerobic
digestion. This higher buffering capacity of sludge biochar could be beneficial in
resisting the pH fluctuation caused by the production and accumulation of intermediate
products during substrate degradation.

However, looking at the normalised alkalinity values (Table 4.4), it is clear that over
99% of the alkalinity in the test reactors originated from the inoculum, suggesting
minimal impact from the additives on alkalinity.

Table 4.3 Results from alkalinity test.

Starting
Mas.s.of . volume of Initial Vo.lume of Total
additive/undiluted acid . .
test sample | pH of alkalinity
Sample volume of consumed
. after water | test (mg
inoculum used for . to pH 4.5
addition sample CaCOs/l)
test (ml)
(ml)
Synthetic
graphite 5¢g 100 6.1 0.1 2.5
Sludge
biochar 5¢g 100 7.8 2.05 40
Inoculum 50 ml 250 7.4 8.35 5219
Table 4.4 Normalised alkalinity in test reactors.
aTl‘:::llini Alkalinity
Sample in mg Rl Normalised alkalinity contribution in 150
CaCO3/l ml test reactors
SG 2.5 0.5 mg CaCOs/1 per g biochar 0.56 mg CaCO3
SB 40 8 mg CaCOs/l per g biochar 0.9 mg CaCOs3
Inoculum 5219 104.375 mgCaCOs/l per ml inoculum | 2348.4 mg CaCO;
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Figure 4.1 Observed decrease in pH in test samples during alkalinity test.

4.3  Electrical conductivity and pH test

Table 4.5 presents the results from the electrical conductivity and pH tests conducted
on the reactor samples after the end of the experiment. Electrical conductivity values
are indicative of dissolved salt concentration and can serve as a measure of sample
salinity, with higher salt content correlating to increased electrical conductivity.

The results indicated relatively consistent electrical conductivity levels across the
thermophilic reactor samples. Notably, Group B reactors exhibited lower electrical
conductivity values compared to the other thermophilic reactors, potentially attributed
to enhanced acetate ion degradation facilitated by the presence of sludge biochar.

In terms of final pH, thermophilic reactors in Groups A, B, and C demonstrated a more
alkaline pH range between 8.2-8.3, in contrast to the room temperature reactor, which
recorded a pH of 7.6. The blank reactor registered the lowest electrical conductivity
value among the reactor groups, coupled with a pH of 7.9.

Table 4.5 Results from electrical conductivity and pH test on the reactor samples after
the end of Phase 2 of the experiment

Pl
Group A (A1, A2, A3) 22.4+0.2 8.3
Group B (B1, B2, B3) 21.7+0.2 8.2
Group C (C1, C2, C3) 222+0.1 8.2
Group D (D1, D2, D3) 19.1£0.1 7.6
Blank (E) 2.32 7.9
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4.4  Biogas production in Phase 1

Phase 1 of the experiment lasted for 26 days, from Day 0 to Day 25. At the end of Phase
1, the cumulative biogas yields (Mean = SD) in the thermophilic reactor groups A, B,
and C were measured at 1444.6 + 41.3, 1436.0 + 37.3, and 1414.7 = 36.0 ml at STP,
respectively. The measured pressure readings and the corresponding biogas volume in
different test reactors has been presented in Appendix D.

Comparing the cumulative biogas yields in the thermophilic groups, there was not a
significant difference between Groups A and B; however, both showed higher yields
than the control Group C by approximately 2.1% and 1.5% respectively. This suggests
a small positive effect due to the addition of additives in Group A and B reactors.
Throughout Phase 1, the cumulative yield curves for all three reactors exhibited a
similar trend. Group B demonstrated a slightly faster start-up and higher yields for the
initial 10 days compared to Groups A and C (Figure 4.2).

Daily average biogas production rates in Groups A, B, and C exceeded 100 ml/day from
Day 2 to Day 8, followed by a gradual decline (Figure 4.3). The peak daily average
production rates for Groups A, B, and C were observed at 172.9, 156.9, and 155.4
ml/day, respectively, occurring on Day 4, Day 7, and Day 6 of the experiment.
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Figure 4.2 Cumulative biogas yield in different reactor groups during Phase 1 of
the experiment. Error bars indicate standard deviation.
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Figure 4.3 Daily average biogas production in different reactor groups during
Phase 1 of the experiment. Error bars indicate standard deviation.

Group D, maintained at room temperature, showed a much lower cumulative biogas
yield at the end of Phase 1, producing 939.7 + 4.13 ml at STP, which was 33.6% less
than the control C maintained at 55 °C. The average daily production rate for Group D
was also considerably lower compared to the thermophilic reactors, with the highest
average daily production of 149.8 ml/day recorded on Day 5. This difference could be
attributed to the slower activity of methanogens at room temperature resulting in
reduced methane production. Additionally, the lower temperature might have slowed
down the hydrolysis and acidogenic reactions, leading to a delayed start-up of the
digestion process.

The blank reactor E, maintained at 55 °C, yielded a cumulative biogas yield of 503 ml
at STP at the end of Phase 1. This accounted for approximately 36% of the cumulative
biogas yield in the control reactor C, representing the background biogas production in
the thermophilic reactors. The average daily production rate in E remained low, ranging
between 10 to 35 ml/day on all days except Day 1, where it peaked at 67.2 ml/day.

By deducting the background biogas production from the total biogas yields in the
thermophilic reactor groups, the actual cumulative biogas yields in A, B, and C were
calculated to be 941.7 £ 41.3, 933.1 + 37.3, and 911.7 £+ 36.0 ml at STP respectively.
Comparing this with the theoretical biogas potential of 1.5 g microcrystalline cellulose,
calculated to be 1244 ml at STP, the percentage degradation of substrate in reactor
groups A, B, and C was approximately 76%, 75%, and 73%, respectively (Figure 4.4).
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Figure 4.4  Actual biogas yield in the thermophilic reactors in Phase 1 after
deducting biogas background production. Error bars indicate standard
deviation.

4.5 Biogas production in Phase 2

The second phase of the experiment was started on Day 25 after the addition of 2.28 g
of sodium acetate as the second substrate in reactor groups A, B, C and D. Phase 2
lasted for 23 days from Day 25 to Day 48 of the overall experiment. In contrast to Phase
1, which consisted of all four anaerobic digestion stages, digestion in Phase 2 consisted
only of methanogenesis stage as sodium acetate readily dissolves in water to form
acetate ions which is the main substrate for producing methane.

At the end of Phase 2, the cumulative biogas yield (Mean = SD) in thermophilic reactor
groups A, B and C was recorded at 710.2 £+ 23.6, 790.8 + 16.0 and 654.5 + 26.4 ml at
STP respectively (Figure 4.5). The measured pressure readings and the corresponding
biogas volume in different test reactors has been presented in Appendix D. Notably, the
final production in A and B surpassed that of the control by 8.51% and 20.82%
respectively. Reactor B showed significantly higher daily average production rates for
the first 7 days which were almost double than those in reactors A and C (Figure 4.6).
However, B experienced a notable decline in daily production from Day 34 onwards,
maintaining levels below 15 ml/day for the remainder of the experiment. Reactors A
and C, on the other hand showed lower daily average production rates as compared to
B, but they remained steady throughout the experiment period, dropping significantly
only from Day 41 onwards. The presence of sludge biochar in B likely facilitated the
accelerated conversion of acetate into methane by promoting syntropy between SAOB
and hydrogenotrophic methanogens.
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Figure 4.5 Cumulative biogas yield in different reactor groups during Phase 2 of
the experiment. Error bars indicate standard deviation.
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Figure 4.6 Daily average biogas production in different reactor groups during
Phase 2 of the experiment. Error bars indicate standard deviation.
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Reactor D showed a much lower cumulative yield at the end of Phase 2, producing
406.7 £ 40.86 ml of biogas. This was less than the production in the control reactor C
by around 38%. The average daily production rate in Group D also lagged those in
Groups A, B, and C, suggesting a slower digestion process at room temperature.

The blank reactor E, maintained at 55 °C, yielded a cumulative yield of 154.9 ml at the
end of Phase 2, representing the background biogas production. This accounted for
approximately 24% of the cumulative biogas yield in the control reactor C. The average
daily production rate in E was much lower in Phase 2, staying below 10 ml/day for most
of the experiment duration.

Deducting the production in blank reactor from the total cumulative yields in A, B and
C, their actual biogas yields amounted to 555.3 + 23.6, 636.0 £ 16.0 and 499.6 + 26.4
ml respectively. Comparing this with the theoretical biogas potential of 2.28 g of
sodium acetate, calculated to be 1246 ml at STP, the percentage degradation of substrate
in reactors A, B and C was around 45%, 51% and 40% respectively (Figure 4.7). This
percentage degradation of substrate was lower compared to Phase 1, possibly due to the
higher water solubility of the produced HCO3 ions (Equation 2.13), resulting in lower
headspace pressure due to biogas.
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Figure 4.7  Actual biogas yield in thermophilic reactors in Phase 2 after deducting
background biogas production. Error bars indicate standard deviation.

4.6  Combined biogas yield in both phases

The entire experiment, including both phases, ran for 49 days, starting on Day 0 and
ending on Day 48. Phase 1 lasted from Day 0 to Day 25, while Phase 2 lasted from Day
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25 to Day 48. The combined cumulative biogas production in reactor groups A, B and
C totalled 2154.8 + 57, 2226.9 + 53.3 and 2069.1 + 62.5 ml at STP respectively (Figure
4.8).
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Figure 4.8 Combined cumulative biogas yield during Phase 1 and Phase 2 of the
experiment. Error bars indicate standard deviation.

The combined total biogas production for both phases is presented in Table 4.6. It can
be seen that the combined total yields in A and B, measured at 2154.8 + 57 and 2226.9
+ 53.3ml respectively, surpassed that of control C by 4.14% and 7.62% respectively.
Regarding the average daily production rate, there was not a big difference in reactors
A, B and C in Phase 1. However, this shifted in Phase 2, where B exhibited a notably
higher average daily production rate than A and C, resulting in an overall increased
yield.

Table 4.6 Combined total biogas production in Phase 1 and Phase 2.

Reactor group Phase 1 (ml STP) | Phase 2 (ml STP) Total (ml STP)
Group A (SG) 1444.6 + 41.3 710.2 £23.6 2154.8 £ 57
Group B (SB) 1436.0 £ 37.3 790.8 £16.0 2226.9 +53.3
Group C (control) 1414.7 £ 36.0 654.5 +26.4 2069.1 £ 62.5
E (blank) 503.0 154.9 657.8

E as % of C 35.5% 23.6% 31.8%

Group D (room temp) | 939.7 £4.13 406.7 £40.86 1346.4 +42.6
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The combined total biogas production in reactor D amounted to 1346.4 + 42.6 ml,
which was about 35% less compared to the control reactor C. Meanwhile, the blank
reactor E yielded a combined total yield of 657.8 ml, roughly 32% of the combined
total in the control reactor.

Deducting this background production from the combined total yields in A, B and C
gave their actual combined yields of around 1497.0 + 57.0, 1569.0 £ 53.3 and 1411.3
+ 62.5 ml respectively. Comparing this with the combined theoretical biogas potential
of 1.5 g cellulose and 2.28 g of sodium acetate, calculated to be 2490.4 ml, the overall
percentage degradation of both substrate in reactors A, B and C was around 60%, 63%
and 57% respectively (Figure 4.9).
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Figure 4.9 Combined actual biogas yield in the thermophilic reactors in Phase 1
and Phase 2 after deducting background biogas production. Error bars
indicate standard deviation.

4.7  Statistical test results

Results from the one-way ANOVA test, with a 95% confidence interval, revealed
statistically significant (p < 0.05) differences between the mean biogas production in
A, B, and C on 17 out of 25 days during Phase 1. This indicated that biogas production
in A and B was statistically different from that in the control. Results from Student’s t-
test (two-tailed, unequal variance, 95% confidence interval) comparing the daily biogas
production in A and B with that in C indicated statistically significant (p < 0.05)
differences between A and C on 9 out of 25 days and between B and C on 11 out of 25
days of Phase 1.

In Phase 2, the one-way ANOVA test showed statistically significant differences in
mean biogas production among A, B, and C on 20 out of 23 days, indicating a stronger

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30 41



effect of additive on biogas production compared to Phase 1. Similarly, results from
Student’s t-test comparing daily biogas production in A and B with that in C revealed
statistically significant differences between A and C on 10 out of 23 days and between
B and C on 18 out of 23 days of Phase 2.

The experiment used triplicate readings for each reactor group, with the exception of
the blank reactor. However, this sample size was not sufficient to determine if the
measured values followed a normal distribution. Nonetheless, no significant outliers
were detected in any group's triplicate readings, confirmed through Dixon’s test for
single outliers.

Throughout the 48-day experiment, the coefficient of variation (CV) in daily readings
for reactors A, B, C, and D remained below 10% for 32, 26, 36, and 38 days
respectively, suggesting reliable measurements. When the permissible CV was
increased to 15%, the readings were consistent on 43, 40, 43 and 45 days for each group.
The higher CV in the readings could be attributed to the small size of the triplicate
dataset for each group, which was not enough to reliably predict if they were normally
distributed.

4.8  Possible mechanisms of stimulating biogas production
from biochar

The potential mechanisms by which biochar can influence biogas production, as
outlined in Section 2.5.1, include its influence on pH levels, VFA accumulation,
overcoming ammonia inhibition, promoting the growth of beneficial microbes, and
facilitating faster interspecies electron transfer. Results from the experiment indicate
enhanced biogas yields in the SB dosed reactors compared to the control group. The
increase in biogas yield due to SB was more significant in Phase 2 than in Phase 1. In
Phase 1, the yield exceeded that of the control reactors by 2.1%, while in Phase 2, it
exceeded the control reactors by 20.8%.

The first phase of the experiment, using microcrystalline cellulose as substrate, likely
underwent all four stages of anaerobic digestion, including the production and
conversion of VFASs in the acidogenesis and acetogenesis stages. However, since no
VFA analysis was conducted, understanding the effect of SB on VFA production and
conversion is difficult. Nonetheless, the 2.1% higher biogas production could likely be
attributed to enhanced VVFA conversion efficiency due to the presence of biochar.

Regarding reactor alkalinity, which is essential for maintaining optimal pH and good
buffer capacity in the digester, over 99% of the alkalinity was contributed by the
inoculum in both phases. However, SB exhibited higher alkalinity compared to SG,
suggesting its potential to improve buffering capacity at higher concentrations, thereby
maintaining an optimal pH and improving VFA conversion efficiency.

In the second phase of the experiment, sodium acetate was used, a compound that
readily dissolves in water to produce acetate, thereby triggering only the
methanogenesis stage of anaerobic digestion. Biogas yield in this phase saw an increase
of around 20.8% compared to the control.

This increase could be attributed to the higher water solubility of sodium acetate in
contrast to the insolubility of microcrystalline cellulose. The acetate so produced could
have reached the microorganisms in the biochar pores more easily facilitating its
degradation. Additionally, the larger specific surface area of sludge biochar could have
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resulted in an increased growing area for the microorganisms, potentially contributing
to the increased biogas yield. Moreover, the micro and mesopores present on the
biochar surface could have facilitated the functional enrichment of the microbial
community, thereby accelerating the methanogenesis reactions. Performing a microbial
analysis could offer better insight into the abundance and diversity of microorganisms
in the different reactor groups.

Dyksma et al. (2020) observed that under thermophilic conditions and with high acetate
concentrations, syntrophic acetate oxidation followed by hydrogenotrophic
methanogenesis (SAO-HM) can become the dominant methanogenesis pathway. The
efficiency of this two-step pathway depends on the efficient utilisation of the hydrogen
produced by SAOB by hydrogenotrophic methanogens. SB could have played a role in
enhancing this collaboration between the two microbial groups, potentially facilitating
a faster interspecies electron transfer between them. However, confirmation of this
hypothesis would require additional analysis of the reactor samples, which was not
possible within the short timeframe of this thesis project.

The effect of SB on ammonia inhibition could not be assessed in the experiment since
both test substrates lacked nitrogen, resulting in no ammonia production in the reactors.
Conducting the same experiment using nitrogenous substrates like WAS or food waste
could help elucidate the effect of SB on ammonia inhibition. Similarly, physiochemical
analysis of the SB was not conducted, which could have provided a better
understanding of its chemical composition, presence of functional groups, specific
surface area and adsorption capacity. Additionally, performing VFA analysis and
microbial analysis on reactor samples at different stages could provide insight into the
VFA concentrations and different groups of microorganisms present in each reactor.
Such analyses could be considered in future studies to gain a better understanding of
SB’s effect on the anaerobic digestion process.
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5 Conclusion

This thesis aimed to investigate the effect of sludge biochar as an additive in
thermophilic anaerobic digestion of easily biodegradable substrates by examining its
impact on biogas production.

In the first phase of the experiment, which used microcrystalline cellulose as the
substrate, the addition of SB resulted in a small increase in biogas yield. Reactors with
SB and SG additives produced only 1.5% and 2.1% more biogas, respectively,
compared to control reactors without any additives.

In the second phase, which used sodium acetate as the substrate, a significant difference
in biogas production was observed among the reactor groups. Reactors with SB and SG
additives produced 21% and 8.5% more biogas, respectively, compared to the control
group. This finding highlights the potential of sludge biochar to improve thermophilic
anaerobic digestion performance, especially in environments where SAO-HM s the
dominant methanogenesis pathway. However, additional investigations are necessary
to gain a better understanding of the enhancement mechanism and its applicability with
complex substrates like sewage sludge.

In contrast, biogas production in Group D reactors, maintained at room temperature,
remained consistently low across both phases. These reactors produced 35% less biogas
in Phase 1 and 25% less in Phase 2 compared to the control, indicating slower substrate
degradation and microbial inactivity at lower temperatures.

5.1 Future studies and recommendations

Given the constraints of time for both the literature review and laboratory experiments
in this thesis project, the following recommendations are proposed for future research:

* Compare digestion performance at mesophilic and thermophilic temperatures.

* Perform the experiment with different substrates, varied inoculum to substrate
ratios, and different additive concentrations.

= Perform gas chromatography to determine the proportions of methane and
carbon dioxide in the produced biogas.

» Perform VFA analysis to evaluate digestion performance at different stages of
the experiment.

* Perform microbial analysis to understand the impact of SB on the diversity and
abundance of microorganisms.
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Appendix A

Calculation of initial dose for inoculum, substrate and additives

a) Inoculum dose

Assumed VS (w/w%) of inoculum based on previous year data from Ryaverket WWTP = 2%
Adopted inoculum volume per reactor = 150 ml

Resulting concentration of inoculum per reactor = 0.02*150 =3 g VS

b) Substrate dose

Assumed VS (w/w%) content of microcrystalline cellulose = > 99%

Assumed VS (w/w%) content of anhydrous sodium acetate = > 99%

Adopted inoculum to substrate ratio (ISR) = 2:1

Phase 1: Microcrystalline cellulose dose per reactor

=0.5*3 (based on adopted ISR value)
=15 g¢gVS
Molecular weight of cellulose (CsH100s)= 6*12 + 10*1 + 5*16
=72+10+80
=162 g/mol
Carbon content in 1.5 g cellulose =(72/165) * 1.5
=0.67 ¢

Phase 2: Anhydrous sodium acetate

Molecular weight of sodium acetate (CH;COONa)
=2*12 + 3*1 + 2*16 + 23

=24+3+32+23

=82 g/mol

Sodium acetate dose per reactor

=0.67 * (82/24) (to maintain the same carbon content as in Phase 1)
=228 g

c) Additive dose

7.5 g of additive added per reactor to maintain a high additive concentration of 50 g/I.



Appendix B

a) Sample calculation to calculate number of moles of produced biogas using measured
headspace pressure

Reactor volume (equal to empty headspace volume) =0.00017321 m? (constant)
Reactor temperature for Setup 1 reactors (55 °C) =328.15 K (constant)
Reactor temperature for Setup 2 reactors (21 °C) =294.15 K (constant)
Universal gas constant (R) =8.314 Pa-m*/mol.K
Measured headspace pressure in reactor Bl on Day 3 = 156.6 kPa (variable)
Measured headspace pressure in reactor D1 on Day5 =93.7 kPa  (variable)
Ideal gas equation: PV = nRT

PV

n =—
RT

Calculated number of moles of biogas produced in reactor B1 on Day 3
= (156600 * 0.00017321) / (8.314 * 328.15)
=0.00995 moles

Calculated number of moles of biogas produced in reactor D1 on Day 5
= (93700 * 0.00017321) / (8.314 * 328.15)
=0.00664 moles

b) Sample conversion of the calculated number of moles of biogas to biogas volume at
STP conditions

Reactor volume (equal to empty headspace volume) =0.00017321 m® (constant)
Standard temperature (T) =273.15 K (constant)
Standard pressure (P) =101.325 kPa  (constant)
Universal gas constant (R) =8.314 Pa-m%mol.K
Calculated number of moles in reactor B1 on Day 3 = 0.00995 moles (variable)
Calculated number of moles in reactor D1 on Day 5 = 0.00664 moles (variable)
Ideal gas equation: PV = nRT
y = MET
P

Calculated biogas volume (STP) in reactor D1 on Day 5
=(0.00995 * 8.314 * 273.15) / 101325

=0.000223 m?

=223 ml

Calculated biogas volume (STP) in reactor D1 on Day 5
=(0.00664 * 8.314 * 273.15) / 101325

=0.000148 m?

=148.8 ml
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Appendix C
Calculation of theoretical biogas yield of substrates
Phase 1: Microcrystalline cellulose (CeH100s)

Based on model by Buswell & Mueller (1952):

CHO+( b C)HO (a b+c)co +<a+b C)CH
— e — — ﬁ — —— — J— — ——
atipbe T \A =5 =5 )2 2 87 4) 2T\ Tg )

For cellulose, a =6, b =10, c =5

CoH0 (6 10 5>H0 (6 10 5>C0 (6 10 S)CH
— — — — ﬁ — — — J— J— — — —
6111005 + 4 2)7* 7 g tg)tlet\gtg )t

C6H1005 + H20 g 3C02 + 3CH4,

1 mole cellulose — 3 moles methane

162 g cellulose — 3 moles methane

Using ideal gas equation: V= %

162 g cellulose  — 3831427315 _67.238m® = 67238 ml at STP
101.325

1 g cellulose N 61‘62;8 =0.415m*  =415mlat STP

Since the molar ratio for CO; and CHs is 3:3, the gas composition is 50% CO; and 50% CH,

Thus, the theoretical biogas yield (methane + carbon dioxide) of cellulose
=2*415ml/ g VS =830ml/g VS at STP

Theoretical biogas yield of 1.5 g cellulose =15%*830
= 1245 ml at STP

Phase 2: Sodium acetate (CH3COONa)

Two-step methanogenesis reaction:
CH3C00~ + H,0 — 2HCO; +4H, + H* (Syntrophic acetate oxidation)

4H, + HCO; + H* - CH, + 3H,0 (Hydrogenotrophic methanogenesis)

Molecular weight of sodium acetate = 82 g/mol
Based on the equations, 1 mol acetate (CH3COO") gives 1 mol methane.

Then, 2.28 g sodium acetate will give 2.28/82 = 0.0278 mol acetate
= 0.0278 mol methane

Using ideal gas law to get volume of methane at STP:

\% =nRT/P
=0.0278*8.314*273/101325
=0.000623 m?
=623 ml

Assuming volume of produced methane and carbon dioxide to be in the ratio 50:50, theoretical
biogas potential of 2.28 g sodium acetate = 2*623 = 1246 ml at STP

iii



Appendix D

h test reactor throughout the

ing in eac

Table D1 shows the daily recorded pressure read

duration of the experiment.
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h test reactor

10gas In eac

Table D2 shows the calculated number of moles of produced b

throughout the duration of the experiment.
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Table D3 shows the produced biogas volume (in ml at STP) in each test reactor throughout

the duration of the experiment.
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Table D4 shows the average value of produced biogas volume (in ml at STP) with standard

deviation for each reactor group.
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Table D5 shows the average cumulative biogas production (in ml at STP) with standard

deviation for each reactor group.
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