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High energy consumption and demand have significantly raised concerns regarding the need
for sustainable energy production and effective waste management. This issue has intensified
the global demand for renewable energy sources and the need to mitigate greenhouse gas emis-
sions which have led to a growing interest in biomethanation as a means of upgrading traditional
biogas production process. The potential for biomethanation has become particularly relevant
with growing interest in syngas (synthetic gas) as feedstock for enhancing methane production.
Syngas a mixture primarily composed of carbon monoxide (CO), hydrogen (H2), and carbon di-
oxide(CO2) can be introduced into biogas system offering a promising method for increasing me-
thane content and energy output. Syngas feeding process in AD system has gained attention for
its ability to address inefficiencies in traditional anaerobic digestion (AD) processes as well as this
process is seen as a more sustainable and cost-effective approach, especially when applied in-
situ. However, the challenge lies in optimising conditions for syngas injection into AD reactors to
maximize methane production while minimizing inhibitory effects. Thus, understanding the opti-
mal flow rate of syngas could unlock the full potential of upgrading biogas efficiently.

The objective of this study was to enhance methane content in the AD process by introducing
syngas through an in-situ feeding method. Various syngas flow rates were evaluated to optimize
the conversion of syngas components. Three identical continuous stirred-tank reactors (CSTRs)
with a working volume of 4.8 liters were designed to operate under thermophilic conditions. Cow
manure was used as the substrate for the AD process in all reactors. Reactor 1 served as the
control, operating as a standard anaerobic digester. Syngas was directly introduced into Reactor
2 at varying flow rates (0.5 mL/min, 1 mL/min, and 2 mL/min), while Reactor 3 employed gas
recirculation in combination with syngas feeding at different flow rates.

Feeding syngas into the AD process did not result in an increase in methane content of biogas
compared to the conventional AD process using the proposed in-situ method. However, a higher
volumetric methane production was observed in reactor R2 (5.3 L/d) at a high syngas flow rate (2
mL/min), compared to the control reactor (2.5 L/d). The highest conversion efficiencies of CO
(97%) and H2(99%) were achieved in R2 at a syngas flow rate of 0.5 mL/min. Syngas flow rates
exceeding 1 mL/min were found to be suboptimal for maintaining favourable CO content stoichi-
ometry in the gas recirculation reactor R3.

Keywords: biomethanation, syngas, syngas flow rate, methane content
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1 INTRODUCTION

Over the past decades, rapid population growth, urbanization, industrialization, and tech-
nological advancement have dominated the world and affected living standards. Energy
consumption and demand have significantly increased due to these changes. According
to International Energy Agency (IEA), energy consumption is rising globally at the rate of
1-2 % each year, it is estimated that the global energy demand will increase by 47% by
the year 2050 (Energy Agency, 2021). Currently, most of the world's energy is resourced
from natural gas and fossil fuels, more than 80% of global energy use (Zhang et al.,
2022) . Meanwhile, natural resources to supply the energy demand are limited and are
depleting globally. Energy production is responsible for 87% of global greenhouse gas
emissions (GHGs), causing a severe threat to the environment and humanity, including

global warming and climate change (Roser, 2020).

To combat the climate change and global warming issues, the UN decided to implement
an ambitious plan to reduce the emissions to zero by 2050. Furthermore, the UN sus-
tainable development goals listed affordable and clean energy among the proposed 17
Goals to transform our world. The transformation of energy resources from natural fossil
fuel-based energy and coal to the renewal and environmentally friendly energy is one of

the highly prioritized in the UN recommended action plan.

In recent years diverse research on renewable energy and many large-scale energy
plants have been installed globally. Significant interest and big investments have been
in renewable energy production (Energy Agency, 2021). Energy production through bio-
mass has received more significant attention due to immense benefits compared to nat-
ural fossil resources. Biomass includes bio-waste obtained from household waste, mu-
nicipal waste, agriculture waste, and other bio-degradable waste containing cellulose,
hemicellulose, lignin, and a tiny percentage of extractives. Biomass to produce energy
(biogas and biofuel) is easily accessible, adds value to waste management, and miti-

gates the broader ecological problems created by waste (Hameed et al., 2021)

Anaerobic Digestion (AD) is a conventional process used for biomethane (biogas) pro-
duction from biomasses and is commonly applied in organic waste treatment plants and
bioenergy production (Braga Nan et al., 2020). However, the amount of methane (CHa)
produced by AD is usually between 40% to 75% and high carbondioxide (CO2) content

limits its utilization for heat and electricity generation. Further treatment is required to



increase the methane content by removing CO: or converting CO- into CH.4 (biogas up-

grading) to increase border usage of biogas.

Biological hydrogen methanation (BHM) is one of the preferred options for upgrading
using exogenous H.. However, it is challenging to assure a continuous supply of the re-
quired amount of exogenous H- for BHM (Dupnock & Deshusses, 2019). Synthetic gas
(syngas), a product gas from the thermochemical process, can be used as an alternative
to Hz for the biomethanation process (Grimalt-Alemany et al., 2018). Syngas bio-
methanation is conducted mainly via ex-situ and in-situ methods to obtain high purity
CH4. In an in-situ method, syngas is internally injected into an existing reactor system.
This process is comparatively cheaper, energy-efficient, and gained significant research
and commercial interest (Fu et al., 2021). Recently, much active ongoing research with
significant interest in developing novel and economical in-situ methods (Rafrafi et al.,
2020; Sarker et al., 2018).

The objective of this study was to enhance the methane content in the anaerobic diges-
tion (AD) process by feeding syngas into selected reactors through an in-situ process.
The study also aimed to find the optimal syngas flow rate that could potentially increase
the volumetric methane production as well as increase the methane content. To achieve
the goal of the study reactor performances were monitored in terms of methane content,
syngas conversion efficiency, ammonium concentration and volatile fatty acids (VFA’s)

production at variable syngas flow rates.

The theory section present a relevant overview of anaerobic digestion process gradually
shifting the focus towards biogas upgrading methods prioritizing targeted biological
method (biomethanation). Third chapter of the thesis focuses on schematic of syngas
biomethanation, highlighting the microbiology and metabolic pathways involved in syn-
gas conversion. Next, the experimental setup and reactor configuration used for the ex-
periment is described in method and methodology chapter followed by an analysis of
experimental results. The thesis concludes by discussing the performances of reactors
during startup phase (AD process) as well as impacts of various syngas flow rates in

reactor performances.



2 ANAEROBIC DIGESTION

Anaerobic digestion (AD) is defined as a process of decomposition and conversion of
organic matter into a gaseous product (biogas) by a diverse microbial community through
a series of metabolic stages in absence of oxygen (K. S. Khanal & Li, 2016). AD process
is widely used for treatments of waste streams and recovery of renewable energy. The
product gas, also known as biogas, obtained from AD, is primarily a mixture of CH4 (40-
75%) and CO; (20-60%), with trace amounts of air gas components such as nitrogen
(N2), oxygen (O2), and hydrogen (H2). Biogas can be utilized as a renewable energy
source for generating heat and electricity or upgraded into biomethane which can then

be used as transportation fuel or can be fed into national gas grids. (Christensen, 2010)

2.1 Microbiology

Organic matter consists of complex compounds such as carbohydrates (polysaccharide-
rides), lipids, and proteins, and breaking down these complex compounds in the AD pro-
cess, involves multiple steps of the metabolic process carried out by a consortium of
microorganisms (Christensen, 2010). Biogas in the AD process is formed through four
major linked steps where initial compounds in the used substrate are broken down into
smaller units. Following are the four major steps in the AD process: hydrolysis, acido-

genesis, acetogenesis, and methanogenesis (Al Seadi et al., 2008) (Figure 1)

Hydrolysis is considered the first step of the AD process where complex organic com-
pounds such as lipids, proteins, and carbohydrates are broken down into soluble mole-
cules such as sugars, amino acids, and fatty acids (Al Seadi et al., 2008). Microorgan-
isms responsible for the hydrolysis process excrete hydrolytic enzymes and thus are
called hydrolytic bacteria(Al Seadi et al., 2008) . In terms of class, these hydrolytic bac-
teria can fall under either obligate anaerobes (a group that survives only in absence of
oxygen) or facultative anaerobes (a group that survives under both aerobic and anaero-
bic conditions) (K. S. Khanal & Li, 2016).The complexity of substrates can often slow
down the rate of degradation in the AD process. Particular feeds with high lipid content
or high amounts of plant material and particulate matter significantly limit the hydrolysis
rate (K. S. Khanal & Li, 2016).
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Figure 1. Major pathways of the anaerobic digestion process modified
from(Al Seadi et al., 2008)

Hydrolysis is followed up by the second step acidogenesis. In this step, products from
hydrolysis are fermented into short-chain fatty acids (also known as volatile fatty acids
(VFAs)), a small trace of alcohol, CO,, and H: (Al Seadi et al., 2008). Bacterial groups
such as Clostridium, Bacteroides, Butyribacterium, Propionibacterium, Pseudomonas,
and Ruminococcus are known to be responsible for the acidogenesis process (K. S.
Khanal & Li, 2016).

Volatile fatty acids and alcohol produced from acidogenesis are not suitable substrates
for methanogenic bacteria responsible for methane production. Thus, it undergoes the
acetogenesis step where VFAs and alcohol are metabolized to acetate and Hz by H;
producing acetogenic bacteria (Christensen, 2010). H, produced during acetogenesis is
regarded as a waste product as it increases the partial pressure of H, which can inhibit

the metabolism of the bacterial group involved in acetogenesis. However, it causes a



great symbiosis to methanogenic organisms as they can convert H; along with CO- into
methane (Equation 2) (Al Seadi et al., 2008).

Products from acetogenesis are converted into CH4 and CO in the methanogenesis step
(Equations 1 and 2). (Al Seadi et al., 2008)

CH3COOH - CH, + CO, (1)
H, + CO, - CHy + H,0 (2)

Microorganisms responsible for methanogenesis are classified as Archaea. Archaea are
sensitive to oxygen and known to be strict anaerobes (K. S. Khanal & Li, 2016). The
predominance of methanogens is determined on basis of biokinetic parameters such as
specific growth rate, specific substrate utilization rate, yield coefficient, and so on (S.
Kumar. Khanal, 2008) .Methanogens that convert acetate to methane fall under aceto-
trophic methanogens which are known for their slow growth rate as well as doubling time
of 4-9 days (Zinder, 1990) in continuous stirring AD systems. The slow growth rate of
acetotrophic methanogens limits the biochemical reactions in methanogenesis leading

to the accumulation of acetic acid in the AD process (S. Kumar. Khanal, 2008).

2.2 Factors influencing anaerobic digestion

Anaerobic digestion (AD) is a biological process and the factors influencing its perfor-
mance and efficiency primarily revolve around the microorganisms involved in the con-
version process (K. S. Khanal & Li, 2016). The initial AD phases occur in acidic condi-
tions and the later phase (methanogenesis) in neutral conditions (Bhajani et al., 2022).
Thus, it is crucial to maintain and monitor the suitable conditions for each step for anaer-
obic microorganisms, especially methanogens as this group is more susceptible to envi-
ronmental and operating conditions (Al Seadi et al., 2008). Besides microbial involve-
ment, the major factors influencing the overall stability of operation and performance of
the AD process are mainly categorized under operational and environmental factors
(Laiqg Ur Rehman et al., 2019) .

2.21 Operational factors

Operational factors in the AD process mainly include hydraulic retention time (HRT) and
organic loading rate (OLR). HRT is the average time interval when the substrate is kept
inside the reactor tank and is correlated to the reactor volume (V) and substrate flow
rate (v) (Equation 3)(Al Seadi et al., 2008) .

HRT = % (3)



HRT is an important design parameter in any biological treatment process including the
AD process. The optimal value of HRT varies depending on the quality of substrate in
use and process temperature. Doubling time for anaerobic bacteria in AD usually takes
10-15 days so, the ideal HRT should at least exceed the timeframe (Al Seadi et al.,
2008). The HRT should be higher than the doubling time to reduce the volatile solid
(VS%) and increasing the biogas yield. A short HRT (10 to 15 days) might lead to re-
duced biogas yield (Laiq Ur Rehman et al., 2019). Thus, during reactor design, hydraulic
retention time should be considered sufficiently long to prevent the washout of microor-
ganisms (Al Seadi et al., 2008).

OLR is the amount of organic matter form of chemical oxygen demand (COD) or volatile
solids (VS) fed into the reactor per unit of time and per unit of reactor volume (Equation
4)(Al Seadi et al., 2008).

OLR = —>in (4)

Vreactor

Where, Si, is organic substrate input measured in kg of COD or VS per day (kg/day) and
Vreactor IS the volume of anaerobic reactor/digestor typically measured in cubic meters

(m3) or litres (L).

OLR also plays an essential role in the AD process by controlling the growth of the mi-
crobial community. OLR is dependent on reactor design, substrate type, and other oper-
ational conditions such as HRT (Al Seadi et al., 2008) . As OLR is detrimental to the
biogas yield, excessive loading rate of substrate exceeding the capacity of the opted AD
process can lead to fast microbial growth at the same time risk of intoxication arises.
Whereas a decrease in OLR of the substrate in the reactor can trigger starvation of mi-
crobes thus depleting the growth of microorganisms. Low OLR also risks causing an

acidic state of digester thus increasing VFAs production

(Lohani Sunil P.and Havukainen, 2018).

2.2.2 Environmental factors

Important environmental factors affecting methanogenesis are temperature, pH, and nu-
trients (S. Kumar. Khanal, 2008). The temperature in the AD process has a significant
influence on the microbiological process as well as the physicochemical process. Sev-
eral studies suggest three optimal temperature ranges for AD to take place: psychrophilic
(5-15°C), mesophilic (35°C - 40°C), and thermophilic (565°C - 60°C) (Christensen, 2010;
K. S. Khanal & Li, 2016). When the temperature is at the optimum range, the growth rate
and activity of microorganisms increase exponentially whereas, beyond the optimum

temperature, a rapid decrease in growth rate occurs (Christensen, 2010).Besides the



growth rate and activity of microorganisms, the temperature has an impact on other phys-
ical phenomena such as substrate diffusion, gas solubility, and mixing (Al Seadi et al.,
2008)

The pH in the AD process influences the growth and activity of methanogenic microor-
ganisms. The optimal pH range for methanogens is 6.5-8.2 (Christensen, 2010) .Since
the acidogenic group with an optimal pH range of 5.5-6.5 also exist as a consortium in
the AD process, the ideal operation pH for the consortium should be neutral or close to
neutral (Christensen, 2010) .If the pH value reduces any lower than 6.8, then methano-
gens activity is inhibited causing the accumulation of VFAs and hydrogen (K. S. Khanal
& Li, 2016). In AD reactors pH value is controlled by a bicarbonate buffer system thus,
the pH value in the reactor greatly depends on the partial pressure of CO; and the alka-
line and acidic concentration of components in the liquid phase. Accumulation of VFAs
in the AD system, the buffer capacity will counteract and drastic changes in pH value

occur that could inhibit the whole process (Al Seadi et al., 2008).

Substrates composition can determine the degree of biogas yield and productivity thus,
it is the most significant factor to influence the AD process (Laig Ur Rehman et al., 2019).
Macronutrients and trace elements serves as an electron source for biomass growth of
the involved microbial community in the AD process. Whereas compounds such as am-
monia, heavy metals, and hydrogen sulfide can inhibit the growth of the favourable mi-
croorganisms. Hence, the ratios of these compounds present in the substrate should
correspond to the optimal microbial growth (Safari¢, 2019). For example, the ratio of car-
bon and nitrogen (C/N) should be around 20-30:1 ratio respectively as microorganisms

consumes carbon 25-30 times faster than nitrogen (Laiq Ur Rehman et al., 2019)

2.3 Reactor configuration

In AD technology, the selection of a suitable reactor configuration is extremely essential
to make the process successful. Reactors configurations such as digestor type and op-
erations modes are mainly selected based on substrate properties (Uddin & Wright,
2022). Operational parameters such as temperature and feeding frequencies are also
determined based on substrate to be used which then helps to navigate through the
suitable reactor design. Based on total solid (TS) content of substrate, temperature se-
lection, and digestion mode are decided. Substrates with low TS content, as low as less
than 15 % are more suitable for wet digestion (Al Seadi et al., 2008). Some common

substrates with low TS contents are cow manure and sewage sludge. To yield higher



biogas production from the AD system, optimal mixing of the substrate is essential. Sub-
strate with lower TS contents usually have moisture content over 85 % which require
proper mixing during AD system (Al Seadi et al., 2008; Uddin & Wright, 2022).

(Lohani Sunil P.and Havukainen, 2018; Tabatabaei Meisamand Valijanian, 2018)

Inlet

mimim

@

Qutlet

Figure 2. A schematic diagram of common CSTR reactor design

As AD systems are well established, several standard digestor designs and options are
readily available in the market for wet digestion. Among them, the most commonly used
digestors are vertical digestors known as completely stirred tank reactors (CSTR) (Al
Seadi et al., 2008). In terms of design, CSTR digestion typically consists of tank-shaped
vessel with a mixer (Figure 2) making it easy to build and operate (K. S. Khanal & Li,
2017) .The CSTR digestor is ideal for continuous biogas production and can be operated
under both mesophilic and thermophilic conditions. Another favourability of CSTR is that

it helps in the reduction of HRT with enhanced production of biogas (Singhal et al., 2019)

2.4 Limitation of AD

Despite being a mature technology, AD has limitations and challenges for its standard
application, major challenges are slow degradation rates of feedstocks/biomass, inhibi-
tion by toxic compounds such as ammonium, microorganism’s sensitivity to environmen-
tal conditions, variability in biogas yield and long retention times for the AD process to
complete. Another significant limitation of AD process is the low energy content of feed-
stocks which impacts the production quality of biogas that is potentially used in conven-
tional applications. (Braga Nan et al., 2020; K. S. Khanal & Li, 2017; S. Kumar. Khanal,
2008)



Despite the conventional application of AD produced biogas in heating, biogas can also
be utilized as a vehicle fuel and injected into the natural gas grid for power sources by
compressing into a pressure pipeline (K. S. Khanal & Li, 2017). However, these applica-

tions of biogas require more caloric value and are limited by the Wobbe index of biogas

(Rodero Maria Rosarioand Angeles, 2018). Also, components of biogas other than me-
thane is technically considered biogas pollutants which can possess significant risks
such as increased emission, corrosion, and hazards for human health Thus, impurities
should be removed to avoid risk factors as well as enhance the quality of biogas and to
do so biogas must undergo further processing which is known as biogas upgrading (K.
S. Khanal & Li, 2017; Uddin & Wright, 2022) .

2.5 Biogas upgrading

Biogas upgrading is the process of converting the biogas into higher standard fuel by
increasing the caloric value of the biogas through various technologies. The final gas
product obtained after biogas upgrading is called biomethane which caloric value can be
up to 100% . Biogas upgrading is essential to increase CH4 content and remove CO:

and other impurities. (Angelidaki et al., 2018a)

Various physical, chemical, and biological methods are established to upgrade biogas.
The physical biogas upgrading method is based on removing CO- from biogas using
water scrubbing, pressure swing adsorption (PSA), organic solvent absorption, mem-
brane separation, or cryogenic separation. In chemical method, CO, is converted to CH4
through Sabatier reaction (Equation 5) by adding H as converting agent . The biological
method for biogas upgrading is based on photosynthetic or chemoautotrophic reactions.
(Angelidaki et al., 2018b; Sun et al., 2015)

COy + 4Hy > CH, + 2H,0 A°H = —167 - (5)
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Table 1.  Advantages and disadvantages of various biogas upgrading methods(Al Seadi et al., 2008;
Angelidaki et al., 2018a; Fu et al., 2021; Jiirgensen et al., 2014)

Technologies Advantages Disadvantages

Physical methods | - overall processes are simple - Most process have high in-

and easy to operate vestment cost

- CH, purity can be obtained - are energy intensive, and re-

up to 99% in most process quired water

-possess risk of contamination

Chemical method | - high CH4 purity - high amount of pure H; is re-

- efficient process quired

- reduction of CO; emission by = ®*PeNSVe catalyst are need

conversion of CO2into CH4 - high energy cost
Biological method | -can be easily integrated with - Possess risk of biological con-
AD process tamination

-moderate temperature and -under developing process

atmospheric pressure

- environmentally friendly

The conventional physical and chemical method of biogas upgrading contribute to high
cost and energy consumption and is not economically feasible in terms of commerciali-
zation. Compared (Table 1; (Fu et al., 2021)) to these conventional methods combined
biological method ; biomethanation is a good alternative for biogas upgrading as it re-
quire minimum energy to operate as well as cost are controlled due to the use of micro-

organisms for the process (Al Seadi et al., 2008).
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3 BIOMETHANATION

Biomethanation is the biological conversion of CO; into CH. by injecting external hydro-
gen to the reactor as an electron source. It is based on Sabatier reaction principle stated
in (Equation 5) where the hydrogenotrophic methanogens utilize Hz to convert CO; into
CHo.. (Angelidaki et al., 2018a).

In order to make the process affordable and sustainable, the external H. required in the
reaction is produced from using renewable electricity to hydrolyse water. Hydrogen has
low volumetric energy density which makes it challenging for storage and transportation.
This also reduce the energy efficiency of Hz in various storage methods. Thus, the sur-
plus energy produced from windmills or photovoltaic modules creates a technology
called power to gas (P2G) where water electrolysis is used to split H.O into O, and H»
from surplus stored renewable electricity. This generation of Hz is a clean power source

free of CO; emission. (Angelidaki et al., 2018b; Jurgensen et al., 2014)

3.1 Syngas as feedstock

In recent years, it has been noted that the renewable energy sources are intermittent in
nature and might not be available all over the year. As the biomethanation process re-
quires exogenous Ho, the process is only economically feasible when the Hz can be pro-
duced via electrolysis using energy generated from surplus renewable energy sources.
Thus, the other alternative H, source is syngas. In recent years, syngas utilization as
alternative source of Hy in biomethanation process has been a topic of interest and re-
search as it offers advantage over conventional catalytical methanation techniques
(Bredwell et al., 1999) as well as circumvents the limitation of biological degradation of
complex substrates by gassifying into a directly fermentable gas (Grimalt-Alemany et al.,
2018)

Syngas also known as synthetic gas is mainly the product of thermochemical processes
from both renewable and non-renewable sources. It is mainly composed of CO, CO, and
H. (Luo et al., 2013). However, the composition can vary slightly with traces of CHys,
water and other sulfur contaminants based on the gassified material (Bredwell et al.,
1999) . Syngas can be used in combined electrical energy and heat production (CHP) or
synthesis of chemicals. However, due to the impurities often found in the composition, it
needs to be pretreated before use. Pretreatments of syngas in CHP process are expen-

sive and therefore an alternative approach is biological conversion of syngas to methane.
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Several studies have successfully demonstrated use of syngas in bio-methanation and

conversion of CO present in syngas into CH4 (C. Li et al., 2020; Luo et al., 2013).

3.2 Syngas Biomethanation

Syngas biomethanation follows a robust bioconversion route by combining the benefit of
both biochemical and thermochemical conversion process. It involves the synergistic ac-
tions of integrate microbial consortium to synthesize biomethane. In syngas biomethana-
tion process, organisms utilize composition of syngas as an energy and carbon source
for the synthesis (Grimalt-Alemany et al., 2018) . Syngas in biomethanation is converted
into biomethane through intermediary products by several microbial groups such as
acetogens (e.g Clostridium species), methanogens (e.g Methanococcus and Methano-

sarcina species) and syntropic bacteria (Figure 3).

co SYNGAS H2/CO2
A
‘_[ Water-gas shift ]
’l CO + H20 ---> CO3 + Hz J

! ,

Carboxydotrophic acetogenesis Homoacetogenesis
4CO + 2H20 ---> CH3COOH + 2C0O2 4Hz + 2C0g <---> CH3COOH + 2H20

\ 4 I—¢ ‘v—f y

Carboxydotrophic methanogenesis ] [ Hydrogenotrophic methanogenesis ]

-

4CO + 2H20 ---> CHg4 + 3CO2 Acetate 4H2 + CO2 ---> CH4 + 2H20

!

Acetoclastic methanogenesis
CO3CO0H -—-> CHy + CO2

Y l Y

Methane (CHy)

Figure 3. Schematic of conversion pathway of syngas leading of me-
thane (revised from (Grimalt-Alemany et al., 2018))

Typically, microbes such as methanogens play the primary role in the conversion of syn-
gas into methane. Such syngas biomethanation process follows two major pathways:
Hydrogenotrophic methanogenesis (CO- reduction) and carboxydotrophic methanogen-
esis (CO utilization). (Grimalt-Alemany et al., 2018; Henstra et al., 2007)
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In hydrogenotrophic methanogenesis, methanogens such as Methanobacterium, Meth-
anococcus and Methanospirillum species uses H» as an electron donor to reduce CO-to
methane (Equation 5). Given the abundance of CO; in syngas, this pathway is crucial in
syngas biomethanation. The hydrogenase enzyme catalyses the reduction of CO; into
CHg4, which is an energy-efficient process in terms of ATP production. (Grimalt-Alemany
et al., 2018; Ragsdale, 2004)
Similarly, in carboxydotrophic methanogenesis, different strains of Methanococcus,
Methanobacterium and Methanosacrina species uses CO as the electron donor for CH4
production (Equation 6). The carbon monoxide dehydrogenase enzyme system allows
certain methanogens, such as Methanococcus and Methanosarcina species, to utilize
CO. CO acts as both electron donor and carbon source in this pathway thus, making it a
crucial pathway for the utilization of CO present in syngas (Ragsdale, 2004)
4CO + 2H,0 - CH, + 3CO0, (6)

Besides the methanogenesis pathway, other secondary pathway in syngas biomethana-
tion is acetogenesis. In cases when acetate is produced from organic matter (used feed
in the AD system) during fermentation, acetogenesis occurs in the syngas biomethana-
tion process. Acetogenesis follows two significant metabolic pathways carboxydotrophic
acetogenesis and homocetogenesis followed by acetoclastic methanogenesis (Figure
3).
In carboxydotrophic acetogenesis, certain acetogenic bacteria such as Clostridium,
Acetobacterium and Eubacterium uses CO as substrate for growth and acetate produc-
tion. These bacteria follows a commonly known process called Wood-Ljungdahl path-
way which is crucial for acetogenesis to generate acetate (CH3COOH) using CO, CO-
and CHa. This approach include two main steps; CO is oxidized by carbon monoxide
dehydrogenase enzyme and CO2 is reduced to acetyl-CoA by acetylCoA synthase and
methyltransferase enzyme which then converted to acetate (CH3COOH) (Equation 7).

CO + 2H,0 — CH;COOH + CO, (7)
Homocetogenesis, another pathway of acetogenesis is equally an important pathway
where microbes convert CO and CO; directly into acetate (CH3COOH) (Equation 8)
through different biochemical pathways without producing acetyl-CoA intermediates as
shown in carboxydotrophic acetogenesis. Homocetogenic bacteria such as Clostridium
species and Acetobacterium plays important role in directly utilizing CO and CO».Though
the pathway is significant, well documented in depth information of this pathways is chal-
lenging to understand. (Henstra et al., 2007; OELGESCHLAGER & ROTHER, 2008;
Ragsdale, 2004)

CO + CO, + 2H, - CH;COOH + H,0 (8)
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After the formation of acetate, the acetogenesis pathway undergo acetoclastic methan-
ogenesis where the methanogens such as Methanosarcina and Methanothrix convert
acetate (CH3COOH) into methane (CH.) (Equation 9). (King, 1984)

CH3;COOH - CH, + CO, (9)
The illustrative diagram (Figure 3) display the complex conversion pathways that poten-
tially occur in syngas biomethanation. It also indicates that, though the methanogens are
primary contributors of methane production, other organisms can also compete together
for resources which could potentially lead to reduced efficiency in biomethanation pro-

cess.

3.3 Factors influencing syngas biomethanation

Similar to any other biological process, operating process parameter such as tempera-
ture and pH always have a significant impact in syngas biomethanation. As the conver-
sion process in syngas biomethanation is taken place by mixed microbial consortium,
their optimal growth conditions can be proven a critical parameter in optimizing the pro-
cess. Other than operating parameters, partial pressure of gas composition also has
significant influence on syngas biomethanation (Grimalt-Alemany et al., 2018) .

Most general parameters such as pH, temperature, HRT, OLR have already been dis-
cussed in Chapter 2 in this thesis. However, feeding syngas into the anaerobic digestor
expands the ranges of factors that potentially influence the whole biomethanation pro-
cess as well as the production rate of methane yield from the process. Such factors that

could influence the experiment are covered in this section.
3.3.1 Microbial consortium

A key factor in syngas biomethanation is the microbial community's composition and
organisation. The total efficiency of methane production can be significantly impacted by
the interactions between various microbes, each of which performs specialised tasks in
the process. Though the various microbial consortium present in syngas biomethanation
perform their specific roles to facilitate conversion of syngas into methane, the microbes
can end up competing for resources (C. Li et al., 2020). Being the main component syn-
gas is recognised as a substrate for microorganisms and the abundance of different
strains of microbial groups such as acetogens and methanogens compete to utilize the
components of syngas. Thus, it is crucial for microbes to have syntrophic and stable
relationship to efficiently produce methane. (Grimalt-Alemany et al., 2018; Henstra et al.,
2007; King, 1984; Ragsdale, 2004)
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3.3.2 Gas flow rate

Gas flow rate/ gas retention time is a crucial factor to consider as it significantly impacts
the availability of substrates to microorganism. It also play crucial role in ensuring proper
gas liquid mass transfer. The ideal gas flow rate maintains a sufficient supply of substrate
for ongoing methane production while allowing microbes ample time to interact with the
syngas components. In case of high flow rate, the microbial community may not have
sufficient time to utilize syngas leading to lower gas conversion and methane production
whereas low flow rate may result in substrate accumulation and reduced process effi-
ciency. Thus, for the process to remain stable the gas flow rate should be constant and
regulated as it aids in stabilizing the microbe’s reaction environment. (Dupnock &
Deshusses, 2019; Navarro et al., 2016)
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3.4 Syngas biomethanation technology

Syngas biomethanation technology are mainly progressed in two major forms: ex-situ
and in-situ.
Step 1

T oy
b

Froduct Methane

Biomass [——m Anerobic
Digestor

(Reactar)

Step 2

A

s B2
Syngas i%

Figure 4. Process illustration of ex-situ syngas biomethanation

Ex-situ biomethanation is a biological process in which microbial activity transforms syn-
gas into methane in a controlled setting away from the syngas production source. In this
process, syngas is introduced in special bioreactors where it gets dissolved into liquid
phase or is passed directly though the microbial cultures. Gases (CH4 and CO,) pro-
duced from anaerobic digestors are fed together with syngas into the special bioreactors
to obtain efficient methane production. This process is more controlled and proven to be
efficient. (Grimalt-Alemany et al., 2018; Tang et al., 2021)
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Figure 5. Process illustration of in-situ syngas biomethanation

In-situ biomethanation is the biological process where syngas is directly fed into the an-
aerobic digesters in which microbes uses both syngas and biomass as substrate and
convert it into methane. This is relatively new approach compared to ex-situ method.
However, it is an attractive approach that is being studied in recent years due to its fea-
sibility, sustainability, and low infrastructure costs.

(Angelidaki et al., 2018a; Fu et al., 2021; Rodero Maria Rosarioand Angeles, 2018)

Table 2. Advantages and disadvantages of in-situ method
(Angelidaki et al., 2018a; Fu et al., 2021; Rodero Maria Rosarioand Angeles, 2018)

Advantages of In-situ Method Disadvantages of In-situ Method

Reduced transportation cost and capital | Process control challenges

cost

Speedy response to waste fluctuation Limited Scalability

Low energy consumption Lower efficiency compared to ex-situ
Sustainable

As the in-situ method is attractive for its sustainability and feasibility to deal with waste
fluctuation, this method is opted as a novel approach to study and understand the pro-
spect of feeding syngas directly into anaerobic digestors and compare the methane yield
with the regular digestion process (only with biomass). Both advantages and challenges

(Table 2) were analysed prior to the research approach.
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4 MATERIALS AND METHODS

The experimental part of this study included substrate characterization and bioprocess
design for in-situ syngas biomethanation. The following subchapters support the details
of experimental choices made and analytical methods carried out to monitor the experi-

ment.

4.1 Inoculum and substrate characterisation

The inoculum was obtained as reject water from Stromossen biogas plant using bio-
waste as the substrate for anaerobic digestion in Vaasa, Finland. Before use, the inocu-
lum was sieved using a 250 um pore size kitchen sieve to remove large solid particles
present. TS and VS content of inoculum were 3.0% and 2.13%, respectively. The pH of
the inoculum was 7.45 and it contained 1.18 g/L of acetate, 1.76 g/L of ammonium
(NH4%), and 26.4 g/L of soluble chemical oxygen demand (COD).

~

~—n.

Figure 6. Cow manure (substrate) being sieved with help of kitchen
spatula using a 500 um size test filter

Cow manure from a local farm was used as substrate. The substrate consisted of solid
particles such as hay and small stones making its physical consistency unsuitable for
direct feeding. Thus, the substrate was double sieved using a 500 um pore size filter and
250 ym pore size kitchen sieve, respectively (Figure 6). Substrate was delivered multiple
times during the experimental time. Even though the substrate was collected from the
same location at the same hour of the day, there was variation in composition, con-
sitency, and C/N ratio among the substrate from different batches. These variations cre-

ated challenges in the process.
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Table 3. Substrate characteristics

Parameters Inoculum Substrate Substrate Substrate Substrate
1 2 3 4
Total Solids (TS)% | 3.0 6.94 54 5.98 6.0
Volatile Solids (VS) | 2.13 5.16 3.23 4.68 4.65
%
pH 7.45 6.92 75 7.89 7.8
SCOD (g/L) 26.4 97.7 78.2 68.7 70.8
Ammonium (g/L) 1.76 1.84 6.8 4.25 2.33
Acetate (g/L) 1.18 5.27 7.43 4.52 3.16
Propionate (g/L) 0.57 2.60 0.3 0.46 0.41
Butyrate (g/L) 0.19 1.45 0.21 0.36 0.42
Isobutyrate (g/L) 0.37 1.21 0.5 0.6 0.8

*SCOD = Soluble Chemical Oxygen Demand

Substrate was received in four batches throughout the experimental duration. The char-
acteristics of the feed are presented in Table 3. The total solid content of the second
batch substrate (substrate 2) was lower than in the first batch, so single sieving of 250
um was done, whereas the substrates received on the 3™ and 4" batch were double
sieved, similar to 15 batch substrate. Before double sieving, substrate received in the 3™
and 4" batches were diluted with 25 % of purified water (obtained from Millipore Mil-li-Q
lab water system), making the ratio of 75 % feed and 25 % milli-Q water. This step was
done to maintain a constant and stable organic loading rate of 3.4 kg-VS/m3/d as well

as dilute any excess cations and VFA compounds present in the feed.

4.2 Experimental setup

Three CSTR reactors were used for the experiments with a working volume of 4.8 Liters.
Mixing was done by placing each reactor on top of a magnetic stirrer along with a 10 cm

in size magnetic bead inside the reactor. All three reactors were operating at thermophilic
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conditions (55 £ 1°C). The temperature was controlled by wrapping a circulating hot wa-
ter coil around reactor glass walls and the temperature was maintained with a water bath
(Optima T100-ST26 Heated Circulating Bath, Grant, UK).

Anaerobic digestion of cow manure was done in all reactors. Reactor 1 (R1) was kept as
a control reactor. Syngas was injected into reactor 2 (R2) and reactor 3 (R3). Syngas
was recirculated in R3. Syngas mixture containing 35 % H, 15 % CO2, and 55 % CO
was used (Linde, Fin-land). The syngas flow into R2 and R3 was controlled using mass
flow controllers (EL-Flow Prestige FG-201CV). The syngas was moisturised before in-

jecting to the reactor.
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Figure 7. Schematic diagram of the experimental setup used for reac-
tors operation

R2 and R3 designs included three ports for feed inlet/outlet (manual feeding), gas inlet
via gas diffusers, and gas outlet. In contrast, the R1 design was a more conventional
CSTR setup with only two ports for the feed inlet/outlet and gas outlet (Figure 7). A gas
diffusing system consisting of two diffusion stones was installed at the bottom of R2 and
R3 and gas was directed to the diffusion stones through the gas inlet port on top of the

reactor. The substrate was warmed up to thermophilic temperature (50 °C) in a water



21

bath (SUB Aqua 26, Grant, UK) before feeding manually into the reactors via a luer-lock
mortar injection syringe. A 10 liters aluminum gas bag (SUPELTM 30229-U, Sigma-Al-
drich) was connected to the gas outlet port on the top part of each reactor to collect
produced gas. BCP-CH. gas analyzer (BluSens) was connected in between the gas out-
let port and gas collection bag to monitor CH4 production online via Blue VIS soft-ware

connected to a ThinkPad laptop (Figure 7).

To maximize gas-liquid mass transfer, R3 was equipped with gas-phase recirculation.
The produced gas was collected in a gas bag, from where gas was pumped with a high
precision peristaltic pump (Masterflex® 77201-60) to the gas moisturizing bottle (where
also the syngas was fed). A level controller was built with the offgas working mechanism
to activate the pump for gas recirculation. It was placed at a 2 cm height on top of the
gas bag in R3, as illustrated in (Figure 7). The idea was to automatically activate the

pump once the gas bag expanded to that height.

4.3 Reactor configuration and start-up

Hydraulic retention time (HTR) of 20 days was used for the experiment. The initial oper-
ational organic loading rate was calculated according to (Equation 4) and was 3.4 kg-
VS/m3/d. The reactor feeding rate was 240 mL/day. The total duration of the experiment
with all three reactors was 135 days and was divided into three main experimental
phases (Table 2): start-up phase, adaptation phase, and gassing phase. The start-up
phase lasted one HRT (20 days). The experimental changes during the process are fur-
ther identified in smaller phases represented on graphs. These small phases are A1, A2,
A3, E1, E2, E3, and E4 (Table 4).

The process was started by adding 4.8 L of inoculum to each reactor. Feeding began
after 24 hours and was repeated every 24 hours at a rate of 240 mL/day. Once one HRT
was completed, the adaptation phase was started on day 21 to 85 by feeding syngas in-
to R2 and R3 at the rate of 0,5 mL/min. Due to substrate inhibition which occurred after
feed change on day 39, a significant decline in process performance in terms of CH4
content and total gas productivity was observed. On day 56, the substrate was changed
again, which showed no positive impact on the process performance. On day 75,syngas
feeding in R2 and R3 was stopped, and all three reactors were restarted. 70% of reactor
volume was replaced with fresh inoculum. Once steady state was achieved, on day 86

gassing was resumed in R2 and R3 at the rate of 0.5 mL/min.
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Table 4. Experimental timeline in the process phase

Phases Time period Graph Experimental Decisions

(Day) Marking

Start up 1-20

39-55 A1 Switch to substrate 2
Adaptation | 56-75 A2 Switch to substrate 3
76-85 A3 Experiment restarted by adding fresh
inoculum
86-97 - Syngas flow rate 0,5mL/min (R2, R3)
98-112 E1 Syngas flow rate 1mL/min (R2, R3)
Gassing 113-121 E2 Syngas flow rate 2 mL/min (R2), syn-

gas feeding stopped for R3
121-135 E3 Syngas flow rate1mL/min (R2)

127-135 E4 Syngas flow rate 0.5 mL/min (R3)

The gassing phase (86-135) was done to check the syngas loading potential for 50 days.
On day 86, syngas was fed to R2 and R3 at a 0.5 mL/min flow rate and increased to 1
mL/min on day 98 for both reactors. On day 103, pressurization and production of water
were detected in R3. Hence, 600 mL of digested volume from the reactor (R3) was re-
moved to create enough headspace for gas accumulation. Both gas and substrate feed-
ing was stopped in R3 for three days to let the reactor adapt and recover. Meanwhile,
syngas flowrate in R2 was doubled (2 mL/min) on day 113 and the gassing in R3 was

halted until day 127. On day 121, the gas flow rate in R2 was switched back to 1 mL/min.

4.4 Analytical Methods

The digestate removed daily from the reactors was used for the analysis of TS/VS, pH,
VFAs, and cations. The digestate was centrifuged at 4500 rpm for 15 min and filtered
three times per week via a 0.45 ym PTEE filter (CHROMAFIL Xtra PET 45125, Machin-
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ery Nagel Germany) for analysis of VFAs, and cations. Sample measurements for anal-
ysis were done in duplicates. Total solid (TS) and volatile solids (VS) of samples and
feed were measured and calculated according to the standard method (SFS-EN 15169).
SCOD analysis of substrates was carried out according to the Finnish standard method
SFS 5504. The pH of the samples from reactors was monitored with a WTW pH3210
meter and the temperature was monitored with a digital thermometer. The concentration
of volatile fatty acids (VFA’s) in substrate and digestate were analyzed using a gas chro-
matograph (Schimadzu GC-2010 Plus, ZB-WAXplusTM column: 30 m x 0.25 mm x 0.25
mm) with a flame ionization detector (GC-FID). Helium was used as carrier gas. Operat-
ing temperature conditions for desired VFA’s analysis were column temperature 40°C
(which was gradually increased), detector temperature 255°C, and injection temperature
250°C. The concentration of cations present in the substrate and digestate were deter-
mined using ion chromatography based on standard SFS-EN ISO 10304-1. lon chro-
matograph (Dionex DX-120) with separating column, lonpac CS12A cation exchange
with ASRS-300 suppressor (4mm) was used. Methanesulfonic acid was used as an elu-

ent.

Online CH4 measurement was done using bluesensors. The offgas composition was an-
alyzed daily using gas chromatography. A gas chromatograph (Shimadzu GC- 2014)
with a thermal conductivity detector (TCD). CH4 and CO, were measured using gas chro-
matography-thermal conductivity detector (GC-TCD) with Porapak N 80-100 MESH col-
umn: 1.8 m x 2.0 mm with the following operating temperatures: detector 250 °C, injector
110 °C, and column 80 °C. H, and CO were analyzed using GC-TCD with column
Porapak N 80-100 MESH column: 1.8 m x 2.0 mm with the following operating tempera-
tures: detector 250 °C, column 50 °C, and injection port 110 °C. Gas volumes were de-
termined via the water displacement method and gas results were converted using

standard temperature and pressure recorded each day via a weather thermometer.
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5 RESULTS

The experimental process results on basis of reactor performance in terms of methane
production, VFAs production, and Hz and CO conversion efficiency are discussed in this
section. Based on the experimental sections of the study, the results are categorized as
three distinct phases: Start-up phase, Adaptation phase, and syngas feeding phase (re-

ferred as gassing phase in figures).

5.1 Start-up phase

The primary focus of the start-up phase was to perform anaerobic digestion and stabilise
all three reactors (control, reactor 2 and reactor 3) at a steady state before starting the
execution of syngas feeding in reactor 2 and 3. The start-up phase lasted for 20 days
(also the selected HRT for the process). The duration was the time needed for the mi-
croorganisms to grow in abundance. Starting organic loading rate of the substrate was
3.40 kg-VS/m3/d and VS was 2.13%. The starting pH in all three reactors was 7.45.
Ammonium concentration in all three reactors was 1.4 g/L at the start of the process.
Total VFAs concentration in the control reactor was 2.98 g/L, in reactor 2 was 3.48 g/L
and in reactor 3 was 3.36 g/L whereas acetate concentration was 1.25 g/L, 1.45 g/L, and

1.39 g/L, respectively.
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Figure 8. Methane content in reactors during different phases of the
experiment
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During the start-up phase (day 1-20), the control reactor (R1) was producing an average
of 3.63 L/d of methane, reactor 2 (R2) was producing 3.11 L/d whereas reactor 3 (R3)
was producing 2.49 L/d. The methane content in the control reactor during the first 72 hr

operation was higher than the other two (Figure 8).

The average methane content observed in the steady state range was 65 + 2% in control
and reactor 2 whereas me-thane content in reactor 3 was comparatively low in the range
63+2%. The pH in all re-actors started to rise and stabilised in the average range be-
tween 7.7 to 7.8 (Figure 9).
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Figure 9. pH value in different reactors throughout the experimental
process

The inoculum used to start the culture development in the process already contained
some VFAs and ammonium. As the experiment progressed, 4.4 g/L VFA production was
observed in R2 which was the highest amount compared to R1 (2.1 g/L) and R3 (3.2 g/L)
(Figure 10). During the start-up phase, ammonium concentration in all three reactors
started to rise from 1.4 g/L to 3.08+£0.08 g/L (Figure 11).

5.2 Adaptation phase

Once the opted 1 HRT period (20 days) was over, feeding of syngas was started in
reactor 2 and 3 at the flow rate of 0.5mL/min. After starting the syngas feeding at 0.5
mL/min, reactor 2 was produced 3.6+0.3 L/d me-thane on average whereas methane
content was decreased by 3-4% (observed average value 58+2%) (Figure 8). pH stabi-

lized at 7.8+0.09. Slight decrease in total VFA production was observed with fluctuating
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range from 4.9 g/L to 3.6 g/L. Gradual increase in ammonium concentration was ob-
served from 2.3 g/L to 3.61 g/L (Table 5). Average Conversion efficiency of CO was 60%

whereas H; was 90%.
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Figure 10. Total VFAs concentration in reactors throughout the experi-
ment

Recirculating gas in reactor 3 started producing an average of 2.7£0.3 L/d volumetric
methane along with 7-8% decrease in CH4 content (stabilized around 53+4%). pH was
slightly decreased and stabilized at 7.7+£0.05. Total VFA production was increased by 1
g/L after syngas feeding. Similar to reactor 2, ammonium concentration was observed to
be gradually increasing from 3.1 g/L to 3.7 g/L (Table 5). Conversion efficiency of CO

was observed to be over 90% and H, over 99%.

In comparison to syngas fed reactors (R2 and R3), control reactor (R1) was stabilized
with an average 3.5 L/d methane production and average of 65% methane content. pH
continued to stabilize at 7.8+0.1. Total VFA concentration was observed to be slightly
lower compared to R2 and R3 with increase from 2.3 g/L to 3.7g/L (Table 5, Figure 10).
Increase in ammonium concentration was also observed from 2.8 g/L to 3.7 g/L (Table
5, Figure 11).
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Table 5.  Reactors (R1, R2, and R3) performance results obtained during (A1, A2, and A3) phases of adaptation phase of the experiment
Reactors/Phase/Day | CH4 content (%) | Volumetric CH. NH4* (g/L) VS (%) pH Total VFAs (g/L)
range production(L/d)

R1 (A1) (39-55) 62.7 - 48.50 3.50-0.70 3.70 - 4.60 2.34-3.25 797 -7.72 3.34-6.44
R1 (A2) (56-75) 46.9-16.20 0.50 - 0.45 4.19 - 3.49 2.05-2.26 7.76 - 7.37 4.92-7.93
R1 (A3) (76-85) 37.05 - 83.20 0.45 - 3.80 3.55-2.41 2.06-2.13 7.67-7.20 7.94 -3.43
R2 (A1) (39-55) 58.0 -45.10 0.44 -1.87 3.70-4.90 3.37 -2.63 7.85-7.74 4.56 - 7.36
R2 (A2) (56-75) 40.83-17.90 0.17 - 0.50 4.19-3.20 2.63-2.07 7.76 - 7.30 7.92-4.48
R2 (A3) (76-85) 27.20 - 85.50 0.39 - 3.11 3.46 - 2.36 212-2.05 7.20-7.62 5.21-3.42
R3 (A1) (39-55) 59.90 - 41.30 1.56 - 0.45 3.75-4.65 3.43-3.10 7.71-7.85 6.20 - 7.63
R3 (A2) (56-75) 46.50 - 13.20 0.51-0.03 4.25 - 3.61 3.05-2.25 7.84 -7.28 7.94 -6.69
R3 (A3) (76-85) 88.00 - 27.00 0.00 - 2.67 3.56 - 2.53 2.15-2.05 7.15-7.56 8.98 - 3.80
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On day 39, substrate 2 with lower VS content was fed to all there reactors. Performance
of reactors after feeding the lower VS content substrate is subcategorized as phase A1
under adaptation phase. All three reactors performance in terms of volumetric methane
production started to decline 48 hours after the reactors were fed with substrate 2 (Table
5). A significant 20% drop was observed in R1 within 10-12 days of operating the reactor
feeding substrate 2. Decline in pH range was also observed (Table 5). VFA production
continued to rise from 3.3 g/L to 7 g/L. Increase in ammonium concentration was also
observed from 3.9 g/L to 4.6 g/L.

Despite the reduction in process performance in terms of CH, yield and volumetric me-
thane production the conversion efficiency of CO and H» in R2 was 85% and 99%, re-
spectively, whereas the conversion efficiency of CO and H, in R3 was 97% and 99%,

respectively.
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Figure 11. Ammonium concentration in reactors throughout the experi-
ment

As the reactors performance continued to deteriorate, it was determined that the sub-
strate 2 composition had not been optimal for reactors microbial community as high am-
monium concentration (6.8 g/L) present in substrate 2 might have potentially lead to in-
hibition or slow fermentation. Thus, on day 56 of the experiment, new substrate 3 with
lower ammonium content and similar characteristics (VS content, ammonium concentra-
tion and VFAs concentration) as original substrate 1 was fed to the reactors in hopes

that it would support the recovery of the reactors.
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Performance of reactors after feeding new substrate 3 is subcategorized as A2 phase
under Adaptation phase. Despite feeding new substrate 3, R1 was still not recovering
and the volumetric methane production and CH4 content continued to decline (Table 5).
Significant decline in pH value was observed from 7.7 to 7.3 (Table 5, Figure 9). How-
ever, fluctuation of VFA production (7 g/L to 5 g/L) was observed after feeding substrate

3. Ammonium concentration was observed to decline from 4.19 g/L to 3.49 g/L.

Similar to R1 not much recovery was observed in R2 and R3 performance, pH continued
to decline in both reactors (Table 5, Figure 9). However, VFA production was reduced
compared to A1 phase (Table 5) in R2 whereas it only fluctuate slightly lower in R3 and
continued to maintain VFA production rate of 7£0.2 g/L. The conversion efficiency of CO
and Hz in R2 was around 80% and 99%, respectively, whereas it was in 60% and 99%,

respectively, in R3.

As the performance in all reactors did not improve during the operation from day 56 until
day 75, decision was made to remove 3.8 litres of the digestate from the reactors and
restart the reactors by adding equal volume of fresh inoculum. Reactors were restarted
on day 76. Reactors were continued to be fed with substrate 3. The performance of re-
actors after restarting the reactors is subcategorized as A3 phase under Adaptation
phase. After restarting, all three reactors were operated under same condition (no sygas
feeding) until their performance got stabilized i.e. similar reactor performance was ob-
served as the first 20 days operation of the reactors. R1 started of producing an average
of 3.5 L/d volumetric methane whereas average CH4 content was around 70% with slight
fluctuation between 65-83%. pH continue to increase and stabilized at 7.7. Total VFA
pro-duction and ammonium concentration started to decline (Table 6). Similarly, average
volumetric methane production in R2 and R3 was around 3.6 L/d and average CH4 con-
tent was around 70% same as R1 (Table 6). Gradual increase in pH was observed in
both R2 and R3 (Table 6, Figure 9). VFA production and ammonium concentration was

observed to decrease (Table 6, Figure 10 and 11).

After ensuring a stable performance of all three reactors same as initial startup values,

syngas feeding was started on R2 and R3 at the flowrate of 0.5 mL/min on day 86.

5.3 Syngas feeding/gassing phase

This is the crucial phase of the experiment in this thesis. The goal of the syngas feeding/
gassing phase is to find the optimal syngas flow rate of the reactors and flow rate for
efficient syngas conversion. Direct syngas feeding/gassing is done in R2 whereas pro-

duced gas is recirculated along with syngas and fed continuously into the R3 to increase
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the contact time for the microbes and to increase syngas conversion efficiency. To find
out optimal flow rate for the selected system syngas was fed into reactors at the starting
flow rate of 0.5 ml/ml and gradually increasing the flow rate. Based on the flow rate var-
iation fed into the reactor’s, gassing phase is divided into 4 phases (E1, E2, E3 and E4)

and reactors performance during the phases are reported in this section.

Simultaneously after the restarting of reactors while R2 and R3 were experimented by
feeding syngas, R1 was continued to operate as normal AD process. R1 continued to
produce an average of 2.5 g/L volumetric methane along with and average production of
65%+3 CH4 content. pH was fluctuating slightly between 7.7 to 7.6. VFA production grad-
ually increased from 0.3 g/L to 3 g/L. Increase in ammonium concentration was also

observed simultaneously (Figure 11, Table 6).
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Figure 12. CO and H- conversion efficiencies during adaptation and
syngas feeding/gassing phase in reactor 2

E1 phase marks the day 86 when syngas was fed into R2 and R3 at 0.5 mL/min. Reactor
2 was producing an average of 4+0.4 L/d volumetric methane whereas CH4 content was
6613 %. pH was stabilized at 7.7+0.02. Total VFA production was 2.1 g/L. Ammonium
concentration was around 2.6 g/L. Conversion efficiency of CO in R2 during E1 phase

fluctuated between 71% to 99% whereas conversion efficiency of H2 was around 90%.

During E1 phase, Reactor 3 produced an average of 4+0.4 L/d volumetric methane
whereas CH4 content was 65+3 %. pH was stabilized at 7.6+0.04. Total VFA production
was observed to be decreasing and stabilize around 1.9 g/L (Figure10). Ammonium con-
centration was around 2.6 g/L with gradual increase (Figure 11). Conversion efficiency

of CO in R2 during E1 phase was 30% to 99% whereas conversion efficiency of H, was
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60-80%. Fluctuation on production values during E1 phase might potentially be related
to feeding new substrate 4 on day 92.

On day 98 syngas flow rate was increased from 0.5 mL/min to 1 mL/min. Reactor per-
formance at 1 mL/min flow rate is subcategorized as E2 phase under gassing phase.
After increasing the flow rate R2 was observed producing an average of 3.9+0.2 L/d
volumetric methane whereas 10% drop in CH4 content was observed (Figure 8). De-
crease in pH was also observed with pH stabilizing at 7.6+£0.05. Conversion efficiency of
H> was over 95% whereas conversion efficiency of CO was 55% to 99%. Average VFA

production was around 2.3 g/L and average ammonium production was 2.9 g/L.
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Table 6. Reactors (R1, R2, and R3) performance results obtained during (E1, E2, E3, and E4) phases of syngas feeding/gassing phase of the experiment

Reactors CH4 content % Volumetric CHy4( L/d) NH.* (g/L) VS% pH Total VFAs (g/L)
R1 (E1) 70.6 - 63.1 1.67 - 3.01 3.55-2.41 2.05 7.66-7.79 2.26-0.19
(E2) 61.6 - 65.1 1.76 - 1.10 2.48 - 2.68 2.08 7.75-7.65 0.24 -1.75
(E3) 60.4 - 62.7 0.97 - 1.06 2.78 - 3.00 2.11 7.55-7.74 2.00-3.25
(E4) 61.0 - 65.5 1.27 - 0.82 2.80-3.30 2.13 7.77 - 7.59 3.04 - 2.67
R2 (E1) 69.3 - 64.0 1.34 - 4.69 2.57 -2.80 2.07 7.58-7.70 1.50-2.13
(E2) 85.5-61.7 3.00-1.70 2.90-3.00 2.07 7.50 - 7.67 217 -2.27
(E3) 61.6 - 48.3 1.95-1.55 3.00 - 3.40 2.09 7.68 - 7.55 2.75-2.74
(E4) 41.9-33.0 1.29-0.98 3.20 - 3.49 2.1 7.62-7.50 2.74 - 3.05
R3 (E1) 67.6 - 58.1 2.94 -1.50 2.57-2.80 2.06 7.53 -7.72 3.55-1.98
(E2) 56.9-1.0 1.77 - 0.00 2.80-2.90 2.08 7.3-7.74 1.81-4.16
(E3) 41.2-57.0 0.35-0.74 3.10-3.40 2.1 7.25-7.43 4.40-4.20
(E4) 65.8 -42.9 0.96 - 0.66 3.20 - 3.49 2.10 7.61-7.43 3.90-4.16
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After increasing flow rate in E2 phase, R3 was performing well until day 103. Increase in
volumetric methane production (average of 4 L/d) was observed in R3 whereas 13%
drop was observed in CH4 content (Figure 8). Decline in pH was observed similar to R2.
pH was stabilized 7.6+0.05. Conversion efficiency of H, was around 85% whereas CO
was fluctuating in the range of 21% to 88%. Total VFA was increased by 1g/L whereas
ammonium concentration increasing graduation at the rate of 0.1 g/L with range 2.8 L/g
to 3 L/g. However, on day 104 pressurization was observed in R3. Thus, substrate feed-
ing and syngas feeding was stopped in R3 on day 106, 108, 109, and 111 to let the re-
actor recover. Substrate feeding was continued regularly in R3 expect for mentioned
dates. However, syngas feeding and recirculation was stopped to let the reactor recover
on its own. R3 gradually started producing methane at low volume but CH4 content was

recovered to the stable stage i.e. 60% by day 122.
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Figure 13. CO and H- conversion efficiencies during adaptation and
syngas feeding/gassing phase in reactor 3

Meanwhile syngas feeding rate was increased to 2 mL/min in R2 on day 113. R2 perfor-
mance at 2 mL/min was subcategorized as E3 phase under ga phase. Within 6 days of
operation at 2 mL/min, R2 performance significantly dropped up to 302 % indicating the
limit of the system (Figure 8). Conversion efficiency of Hz in R2 during E3 phase was
significantly reduced to as low as 16% with random fluctuation (Figure 12) whereas CO
conversion efficiency was significantly hindered as was recorded as low as 0% (Figure
12).
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Thus, syngas flow rate in R2 was switched back to 1mL/min on day 121 marked as E4.
Meanwhile, R3 started to recover from overpressure and achieved optimal methane con-
tent of this process by day 126. Hence, syngas was again at 0.5 mL/min in R3 after which
throughout the experimental timeframe methane yield in R3 remained comparable to
initial timeline with 0.5 mL/min as a setpoint. Throughout E3 and E4 phase, high fluctu-
ation in pH was observed in reactor 3 simultaneously with VFAs concentration rising from
day 113 onwards (Table 6).
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6 DISCUSSION

This chapter include the summary of findings based on the set goals and objectives of
the study. Substrate selection and reactors performance during start-up phase is dis-

cussed followed up by impacts of syngas flow rate in reactor performance.

6.1 Process performance during start-up phase

Start-up phase of AD process is the period where reactors are inoculated, and system
gets adjusted to the operating conditions. Microbial communities typically gets adapted
during the startup phase and reach a steady state performance. Thus, startup phase is
critical in achieving efficient methane production and reactor stability in long terms.
(Brambilla et al., 2012)

Cow manure used as substrate is readily available waste from agriculture and animal
husbandry which is rich in nutrients necessary for bacterial growth. Use of cow manure
as a substrate for AD process is already a common and effective practice for biogas
production. (Toma et al., 2016) have successfully demonstrated stable production of bi-
ogas thorough AD within 20 days (1 HRT) thus, cow manure is selected for AD process
in this study. As already established substrate for AD, use of cow manure as a substrate
in this study is not the primary focus of the study. However, it is extremely crucial to
highlight that concentration levels of ammonium present in cow manure could potentially
impact the methane production. While low levels of ammonium enhance microbial
growth, high concentration lead to significant inhibition of methane production and reac-
tor instability. (Kayhanian, 1999; Toma et al., 2016; Yenigin & Demirel, 2013)

Substrate 2 with lower VS% content that was fed into the reactors on day 39 had over 3
times higher concentration of ammonia compared to substrate 1. This concentration of
ammonia (6.78 g/L) is already extremely high comparted to the threshold (2000 mg/L)
for methanogenic archaea inhibition mentioned by (Jiang et al., 2019). Thus, inhibition
of methanogenic microbial community occurred (decrease in volumetric methane pro-

duction as well as methane content) making it render less to continue the experiment.

During startup phase, the fluctuation observed in pH (Figure 9) was likely due to the
accumulation of VFA as acidogenic bacteria become more active (Al Seadi et al., 2008;
Christensen, 2010) . Stabilization in pH (7.7) signifies that the AD system is achieving
balance between acidogenesis and methanogenesis where methanogens have started

to compete for intermediate products (Shin et al., 2022). Reactors performance during
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startup phase is more or less expected to be unsteady as the methane production is not
stabilized due to system adaptation. Rise in ammonium concentration during start-up

phase is likely due to natural nitrogen content found in the substrate (Toma et al., 2016).

Steady state methane content (65 + 2%) in control reactor (R1) hints the towards the

possible highest achievable biogas production of the opted AD process.

6.2 Impact of syngas flow rates in reactor performances

When syngas was fed to reactors R2 and R3 at flow rate of 0.5 mL/min during A1 (from
day 20-39) phase, the volumetric gas (CH.) production was increased and stabilized 3.8
L/d in R2 which was higher than what R1 was producing (average 3.5 g/L) at normal AD
process. Simultaneously, CH4 content was decreased and stabilized at 59% which was
lower compared to R1 (64%). Despite the decline in CH4 yield in R2, syngas components
(CO and H2) had high conversion efficiency 85% and 99 %, respectively, simultaneously.
It indicates that the microbes are effectively converting fed syngas at the flowrate of 0.5
mL/min. Stabilized pH in R2 (7.8) was slightly lower than R1 (7.9).

Similarly, the average volumetric gas (CH4) production was 2.8 L/d and CH4 yield was
fluctuating between 56-59% in R3 which was lower compared to R1 and R2. pH (7.7)
was also observed to be lower than R1 and R2. However, the conversion efficiency of
CO and Hz were observed (97% and 99% simultaneously) higher compared to R2. This
indicates that recirculating the gas in R3 at 0.5 mL/min flow rate increased the syngas
conversion at maximum efficiency. As the methane production is not up to par with con-
version efficiencies in R3, it possibly indicates that methanogens are not able to process
VFA efficiently which is confirmed by the rise in VFA production rate observed highest in

R3 compared to other reactors.

After restarting and stabilizing the reactors, on day 86 of the experiment, syngas was
again fed into R2 and R3 at 0.5 mL/min flow rate as before (on day 20). During this phase
(E1) both R2 and R3 were producing nearly similar amounts of volumetric methane pro-
duction (4+0.4) and CH4 content (66+£3%). pH values were still stabilized at 7.7 and 7.6,
respectively. VFA production was higher in R2 (2.1 g/L) than R3 (1.9 g/L). Syngas com-
ponents conversion efficiencies during this phase were fluctuating a lot. In R2, CO con-
version efficiency ranging from 71%-99% whereas Hz over 90%. Meanwhile in R3, CO

conversion efficiency ranging from 30%-99% whereas Hz over 60-80%.

Results observed (Chapter 5.3) after doubling the gas flow rate (1 mL/min) indicate that
the reactor 3 with recirculation performs better in terms of volumetric methane production

as well as obtain the highest H> conversion efficiency 95% whereas 21-88% of CO con-
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version efficiency. However, increased accumulation of VFAs as well as pressurization
in R3 led to experimental hold of R3. Meanwhile increase of flow rate in R2 resulted in
significant drop of CH4 content. However, average volumetric methane production in-

creased.

Doubling the syngas flow rate (2 mL/min) further deteriorate the process within 6 days of
operation. Though attempts were made to decrease the flow rate to small volume and
let the reactors stabilize, it was not practical to continue the experiment back forth as it
would have nearly impossible to recover the performance range as well as might have

taken longer HRT.

To summarize, feeding syngas into AD could not increase methane content (%) of biogas
compared to normal AD through purposed method (in-situ method). However, high con-
version efficiencies of CO and Hz (95%, and 99%), respectively, clearly shows that it is
possible to use syngas as substrate in AD processes and convert CO component of

syngas into methane though more sophisticated and controlled operation.

During the period of this study/experiment (year 2021/2022), direct feeding of syngas
into AD systems to produce methane through in-situ method under thermophilic condi-
tion was yet to be explored deeply. Researchers such as (Andreides et al., 2021) studied
the novel two state process for biological conversion of syngas to biomethane where
various syngas stoichiometry were experimented to achieve optimal syngas composition
that could potentially maximize methane content and volumetric production of methane.
Among the experimented syngas stoichiometry, CO abundant syngas composition (30%
Hz, 50% CO, and 20% CO.) was reported to increase methane production by 10% com-
pared to sewage sludge whereas methane content was decreased thus suggesting fur-
ther biogas upgrading to increase methane content. Similar to (Andreides et al., 2021),
syngas stoichiometry in this study (thesis) have demonstrated increase in methane pro-
duction at higher syngas feeding flow rates in direct feeding. Hence, the findings of this
study (thesis) emphasizes the need for further biogas upgrading to enhance methane
content as well as provides a potential benchmarking for future research in optimizing
reactors and process parameter to support high syngas flow rates to convert high CO

content syngas into methane.
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7 CONCLUSION

The main objective of this study was to enhance the methane content in the anaerobic
digestion (AD) process by feeding syngas through an in-situ process and finding the
optimal syngas flow rate for efficient conversion of syngas components. This includes
the analysis and monitoring of reactor performance in terms of methane yield, syngas
components (CO and Hz) conversion efficiency, volatile fatty acids (VFAs) production

rate as well as ammonium concentration.

The organic substrate (cow manure) used in AD process is readily available agricultural
product, which is notoriously known for its natural ammonium concentrations, beneficial
for microbes during AD process. As, such substrate with high ammonium concentrations

are risked with causing potential inhibition of microbes in the AD process.

Based on the experiment, the most suitable flow rate for increased volumetric methane
production was determined to be 1 mL/min in gas recirculation reactor (R3) compara-
tively, this flow rate enhanced substrate (syngas) availability resulting in higher volumet-
ric methane production. However, this advantage accompanied with the risk of gas pres-
surization in the system which jeopardise reactor performance safety and integrity. Ad-
ditionally, increased syngas flow rate potentially result in diminishing conversion effi-

ciency overtime.

On the other side, flow rate of 2 mL/min in R2 emerged as more ideal choice for our
system (in situ biomethanation) in terms of volumetric methane production. It can be
concluded that feeding higher syngas flow rates directly into AD process (reactor) could
produce more volumetric methane compared to normal AD process. Whereas the high-
est CO and H2 conversion efficiency of 97% and 99%, respectively is achieved at lower

syngas flow rate 0.5 mL/min .

In summary, the optimal syngas flow rate in terms of conversion efficiency of CO is 0.5
mL/min based on experiment. However, it is also recognized that the substrate/biomass
characteristics is equally important to consider and control to achieved efficient conver-
sion. High syngas flow rates above 1 mL/min are not yet suitable for high CO contented
syngas composition in the studied reactor configuration (R3) whereas high syngas flow
rates (2 mL/min) are achievable in in-situ process. It can also be concluded that once
the CO inhibition occurs in the biomethanation process, it is almost impossible to recover

the process, or it will take longer HRT.
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