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Abstract:

Anaerobic digestion is a prominent green technology used for methane production from organic waste.
Previous studies have shown that CHa4 in AD can be increased by adding inorganic electron donors such
as H2 and CO. These can be for example; produced as syngas from wood. If so, AD could be a method to
convert the syngas into methane. The principal of this thesis work is to implement syngas into AD.

In this thesis, the principles were investigated by experimental work and modelling. The experiment did
not give any useful result, but relevant experimental data was found in the literature.

Modelling involves implementing syngas degradation pathways into the ADM1 model. Simulation is
carried out by choosing an experimental sludge treatment study by Batchstone[2], a published pilot
scale case with experimental data where model parameters were used as the best case. The case was
further modified by a diffusive link in AQUASIM software. Three different compositions; the first one is
pure hydrogen, and two other compositions of syngas are 86% Hz, 7% CO and 7% CO2, and 44.4 % Ha,

33.3% CO and 22.2 % CO:2 respectively were used for simulation.
Load of Hp
Load of Feed

ratio is 0.35(kgCOD hydrogen.day-1 / (kgCOD feed.day-1) where the threshold corresponds to pH going

The CHa production rate can be increased up to 40% by adding H2and the threshold limit i.e.

above 8.5. The maximum CHa content in the produced biogas is around 94%. The addition of H2-rich

syngas (composition of 86% H2, 7% CO and 7% CO2) shows more favorable condition than pure Ho.
Load of H,

Load of Feed

with Ha-rich syngas is around 81%. The third composition of syngas (44.4 % H2, 33.3 % CO and 22.2 %

CO2) produce more biogas but CHs content obtained from simulation results is only around 49%.

ratio is around 0.89 and CHas production rate can be increased up to 60%. The CH4 content

University College of Southeast Norway accepts no responsibility for results and conclusions presented in this report.
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1 Introduction

Modern society is on the verge of high consumption of energy from fossil fuels (coal, oil,
and natural gas). The massive utilization of fossil fuels is unsustainable and results in the
emission of harmful greenhouse gases to the atmosphere. The fossil fuels reserve is
limited and cannot encounter the growing global energy demand in near future. So, the
alternative source of energy from renewable and eco-friendly sources are an urgent
need. The exploration of alternative energy and fuels has inspired the researchers to put
more focus on the renewable and sustainable resources rather than relying on the
conventional source of fuel production[3]. Several green technology was developed in
last decades, and some of them are even commercialized. Biomass is renewable and
abundant, and its accumulation releases harmful greenhouse gases that have an adverse
impact on the global environment. At the same time, municipal solid waste and
agricultural wastes generation are rapid. 1.3 tons of solid waste is generated from world
every year, and it is expected to be double in 2025[4]. More than half of this solid waste
is organic and can be reduced to a renewable energy source in the form of biogas (has
been developed)[5]. Biogas consists of mixtures of gases mainly methane (CH4) and
carbon dioxide (CO3)[6].

The concept of Waste to energy from different kind of biomass waste and wet organic
waste like manure for biogas generation by Anaerobic Digestion (AD) is prominent green
technology since it reduces greenhouse gases and odors. The Norwegian government has
put forward a goal where 30% of manure waste must be treated by AD within 2020[7].
Manure is the largest source of methane production by AD which accounts to produce
nearly 40% in Norway[8]. Anaerobic digestion (AD) is a biochemical process, where
anaerobes reduce organic pollutant in the absence of oxygen to produce biogas. The
produced biogas consists of (55-75) % methane and (25-45) % carbon dioxide[9].

There is various kind of waste used to generate methane. For readily degradable material
like food waste, AD process has been employed. But however, for woody biomass which
contains complex compound like lignin and cellulose cannot be degraded by AD
process[10]. So to circumvent these disadvantages, a new two-stage process is proposed
where the first step is to produce syngas by gasification and further this syngas is fed to
the AD reactor for methane production. Gasification is a thermochemical process where

biomass waste converted into a mixture of gases called syngas that contains H, CO, and
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CO3[11]. The acetogens can utilize syngas in the AD process and act as biocatalyst which
consumes syngas and produces CHs and CO;. So, methane production from syngas is a
combination of gasification (conversion of biomass to syngas) and fermentation (bio-
methanation of syngas in AD reactor) as shown in figure 1.1. This thesis was a study on

methane production from syngas.

l food waste, agricultural we waste woody biomass ]

Prima Solid digestate
Convegion Anaerobic

Digestion AD

Syngas

Primary e
Product
Processing cu, Ppurification/ seperation \_
End energy l
product [ RNG |

Figure 1-1: A waste-processing biorefinery concept is integrating anaerobic digestion

and gasification towards the production of renewable natural gas[12].

A major challenge during syngas degradation is the gas- liquid mass transfer rate (kLa).
Due to the low solubility of CO and H, klLa limits the syngas degradation in AD
process[13]. Another main problem is the H; if present in excess amount can cause the
rise of pH[14] and ultimately failure of Reactor. The ADM1 model is the best model for
AD process developed by IWA in 2002 [2], but the implementation of syngas into ADM1
model is also a challenge.
The aim of this thesis was to evaluate and suggest syngas composition and degradation
pathways in AD reactor which include:
e Experimental evaluation of syngas component effects on the AD reactor
performance with different quality of syngas (mainly hydrogen) to be used in AD

reactor.

14



Evaluation of syngas microbial degradation pathways and kinetics, and
implementation of the syngas degradation in ADM1 model and simulate this
model using AQUASIM software.

Optimization of the overall energy production by evaluating both the AD reactor
performance and the syngas production process. But due to time restriction, this

task is not included in this thesis.
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2 Theory

2.1 Biogas Production by Anaerobic Digestion process

Biogas is a very promising source of renewable energy and consists of mixtures of gases
mainly methane (CH4) and carbon dioxide (CO;) with traces of hydrogen sulphide (H.S),
oxygen (0;) and Hydrocarbons[15]. Its production does not require high capital
investment and operating cost with the major benefit of occupying fewer areas for the
landfill.[16]. The market of global biogas upgrading is growing rapidly, and it is estimated
to reach up to $338.5 million by the year 2016 with the compounded annual growth rate
of 22 % [17]. The central element of biogas is methane which is odorless and colorless at
ambient condition, and it has tetrahedral structure. Due to methane’s abundance and
high energy density makes it very attractive fuel in comparison with other fuels [18], as

mentioned in Table 1.

Table 2-1: energy content of various fuels[18].

Fuel Energy content (MJ/Kg)
Methane 55-55.7

Natural gas 38-53.3

Diesel 48.1

Ethanol 23.4-30

Charcoal 30

Wood 6-17

Methane is considered to remain a very potent greenhouse gases and has the GWP of 25
over 100 years [19]. If properly utilize, biogas can also be seen as a valuable source of
renewable energy which can be used for cooking or heating as a fuel, upgrading to natural
gas quality (biomethane) or can be utilized directly for electricity production[20]. There
are several technigues which are being used for biogas upgrading like water washing,
polyglycolic adsorption, pressure swing adsorption and chemical treatment [21]. The
methods mentioned above are performed outside of the anaerobic reactor for biogas
upgrading which requires extra investment for external means like pumps, compressor,

membrane, etc.[20]. So to avoid this additional cost, the alternative and efficient way to
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upgrade methane production from waste is to add syngas directly into Anaerobic
Digestion process. This process is a technologically simple and effective method for
treatment of organic waste along with a greater environmental and economic
advantages[22].

Anaerobic digestion (AD) is a biochemical process, where microbial activity comes
underplay and reduce organic pollutant in the deficiency of oxygen to produce biogas.
The produced biogas consists of (55-70) % methane and (25-45) % carbon dioxide[9]. This
process is considered to be as established green technology for the generation of

methane-rich biogas production from biomass waste and wastewater[23].

2.2 Biochemical process of Anaerobic Digestion.

Anaerobic digestion is a complex process where reduction of organic waste takes place
through some biochemical reactions under anoxic conditions[24].The microbiological
process, where microorganisms grow and drive energy for the metabolism of organic
waste in oxygen-free condition to produce methane, occurs in four steps [9], which is

described below and shown in figure 2.1.

The Biochemistry complex organic matter
Carbohydrates, proteins, fats

1 Hydrolysis |
En-nlywu'mgzymr. soluble organic molecules
mel@Eciusles to solumbie

sugars, amino acids, fatty acids

2 Acidogenesis l
Srvall argadic meleciles -
g 1:11-:.- o vnl't'l_-'d;‘“?
a2
2 Acetogenesis
Conwersihon to acetic achdl &
co, |ac-ti|: acid | H, CO,

4
4 Methanogenesis

Final conversion to methane
[CHa1

CH, + CO, |

Methane + Carbon dicxide |

Figure 2-1: systematic representation of the primary conversion process in anaerobic

digestion for biogas production[25].
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Hydrolysis: The first step of AD where non-soluble biopolymer and complex
organic matter such as lipids, polysaccharides, fats, proteins, nucleic acids, etc.
gets converted into simple soluble organic compounds by the help of hydrolytic

enzymes produced by hydrolytic microorganism([26].

lipids—%¢ 5 fattyacids, glycerol (R2-1)
polysachhaides—aecdlobisselansse 4 0n05achharides (R2-2)
proteins—"““* s aminoacids (R2-3)

Acidogenesis: The produced monomers which are the product of hydrolysis are
being degraded by different facultative and obligatory acidogenic bacteria and
transform the soluble organic compound to VFA (volatile Fatty Acid) and CO,[27].
Acetogenesis: The third step of anaerobic digestion process where the product
formed during acidogenesis step cannot be converted directly into methane by
methanogen bacteria. VFA oxidized into methanogenic substrate like Acetate and
Hydrogen [26]. The production of H; increases the partial pressure of hydrogen
and inhibits the metabolism of acetogenic bacteria. So it is crucial that the
microorganism responsible for anaerobic oxidation reactions must collaborate
with the other group which consumes hydrogen within the system. Methanogens
consume the hydrogen and make the partial pressure low for oxidation reactions.
Therefore, methanogenesis and acetogenesis run parallel to produce methane
which explains the symbiotic relationship between two groups of the
organism[28].

Methanogenesis: This step is considered to be a critical step and slowest
biochemical process where acetate, carbon dioxide plus hydrogen are converted
into methane gas by methanogenic bacteria[6].

70% of methane are produced from acetate by acetoclastic methanogenesis
while 30% from hydrogen and carbon dioxide by hydrogenotrophic

methanogenesis[26].

methanogenicbacteria

Aceticacid > methane+ carbonoxick (R2-4)

methanogenicbacteria

Hydrogen+ carbondioxde >methane+ water (R2-5)



Since it is a biological process, some environmental factors like temperature, pH,
alkalinity C/N ratio, hydraulic retention time (HRT) and toxicity has a strong influence.
Neutral pH is necessary for biogas production, and the favourable range is given for
methanogens to grow between the pH ranges of (6.5-7.5). Also, the alkalinity should be
present in high amount since it causes an adverse effect on biogas production. Similarly,
the temperature is another critical parameter since it plays a vital role in the production
of biogas. Most of the acetogens and methanogens grow under the mesophilic condition,
but however thermophilic condition seems to be more favourable for methanogens [6].
C/N ratio mainly depends on upon the substrate used. Too many variations in C/N ratio
may affect the production process. It is seen that microorganism consumes 25-30 times
more Carbon than Nitrogen, so microbes need 30:1 C/N ratio[29]. Methanogens grow
slowly and a reported doubling time is around 5-16 days. So HRT should be at least 15
days[27].

Two parameters are used to determine the organic content of aqueous waste i.e.
Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD). COD
represented the organic compound present in the aqueous waste stream and used to
predict the potential for sustainable biogas production. It is equivalent to the amount of
oxygen consumed by the strong chemical oxidizing agent to oxidize the organic
compound in acidic medium and is consider as the best among the two most important
parameters used to determine the total organic load[30].

Volatile Fatty Acids (VFAs) are known as important transitional compounds produced
from the microbial action in the metabolic pathway of methane fermentation process,
and its higher concentration develops some microbial stress which results in a decrease

of pH and eventually causes digester failure[31].

2.3 Modelling of Anaerobic Digestion Process

The International Water Association (IWA), an anaerobic digestion modelling task
group[32] prepared the generalized mathematical model (ADM1) for anaerobic digestion
processes. ADM1 is a structured model that describes the biochemical and
physicochemical processes that are responsible for methane production. The
biochemical reactions are the core of this model which includes disintegration of complex

organic material to carbohydrates, proteins, and lipids. The products of decay are then

19



hydrolyzed into sugars, amino acids and long-chain fatty acids (LCFAs). Carbohydrate and
protein undergo fermentation and produces molecular hydrogen and volatile organic
acids (acidogenesis). Then, LFCA is broken down to acetate and hydrogen (acetogenesis).
The last step is the split of acetate ions into methane and carbon dioxide (acetoclastic
methanogenesis). The hydrogenotrophic methanogenesis step also produces methane
when hydrogen reduces carbon dioxide[33]. Each step can be inhibited, and inhibition is
due to pH, hydrogen and or by NHs. Inhibition is a factor which is multiplied by reaction
rate. If it is below one, then it shows inhibition.

Similarly, the physiochemical process is a non-biological process, and three types of

kinetics rates which occur in Anaerobic Digestion process are[2]:

1. Liquid-liquid mass transfer process (i.e. ion association/ dissociation: rapid)
2. Liquid-gas exchange(i.e. liquid-gas mass transfer: rapid/medium)

3. Liquid-solid transformation process(i.e. precipitation and solubilization of ions:
medium/slow)

In ADM 1 model, only first two processes are addressed, and liquid-solid transfer process
is not included because of its robust in implementation in the process. Figure 2.2 shows

the overview of processes that is discussed in the ADM1 model[2].

20



Composite Particulate Material ( 10055) ]

Inerts Ltl‘fn|

£y

Dizinfegration

Carbohydrates  30%

Hydrolysis 194
Y
LCFA 29%
Acidopenesis
g
Acetogenesis . an;
L
Acetic 4% \A H; 26%
Methanegenasis /

[ CH, oo% |

Figure 2-2: systematic representation of anaerobic digestion process described in

ADM]I model[2].

2.4 Biomass gasification and syngas production

2.4.1 Biomass as feedstock for energy production

The demand for biomass-based energy is increasing. Biomass is one of the most abundant
energy sources for biofuel production since it contains mainly carbon, oxygen, and
hydrogen and it is generated biologically by nature. According to “Lynn and Osburn”, the
world’s biomass production is estimated to be more than 146 billion metric tons/year[34].
Biomass contains lignocelluloses which are the biggest pool of carbohydrate (55-65)
%[35]. Lignocellulosic biomass generally consists of (35-50) % cellulose, (22-32) %
hemicellulose followed by (15-25) % lignin[17]. These Lignocellulosic biomass doesn’t
easily get degraded by a microorganism, which gets accumulated in nature and causes
methane emission into the atmosphere. The difficulty in degradation is because of the
complex nature of lignocellulose compounds (Strong bond between the lignin, cellulose,
and hemicellulose). Cellulose is a polysaccharide that aligns in a linear chain or row. These
chains forms bigger rows in parallel with each other and synthesize a crystalline structure

which provides strength to lignocellulosic biomass[36]. Cellulose is a polymer of hexose
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blocks like glucose, while hemicellulose is from xylose (pentose block). During
fermentation of glucose and xylose, hexoses become easier to digest by the
microorganism rather than pentose. Lignin is another complex organic polymer which has
very high energy content. It is made up of non-sugar molecules, which helps to hold the
biomass molecule together. Further, lignin compound can be burned at a higher

temperature for energy production or turned into high strength carbon fibres[17].

2.4.2  Biomass gasification

Waste like lignocellulosic biomass can be utilised to generate power by gasification, which
is one of the established and excellent technology for solid waste treatment in many
countries. The main advantage of gasification is that it converts a variety of waste
feedstock into valuable biofuels and reduce the emission of methane from landfills[37].

Gasification is a thermochemical process which converts biomass at high temperature
(500-1500)°C and pressure (1-80 atm) into a mixture of combustible and non-combustible
gases called as synthetic gas or producer gas[13]. Gasification is either air based or steam
based. Steam based gasification produce synthesis gas with high hydrogen content[11].
An example of biomass gasification from steam with and without selective transport of

COzare shown in Figures 2.3 and 2.4[38].

Producer gas Flue gas
{H.-rich) (+C0,)

Heat

~ Gasification Combustion
+absorptior +desorption
Biomass 500...700°C D CaCo, = B50.._B00°C

Circulation
(bed matenal,

Steam char coal) Air

Figure 2-3: biomass gasification with the selective transport of Coz[38].
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Figure 2-4: biomass gasification without selective transport of Co[38].

2.4.3 Syngas

The mixture obtained from the gasification process is called synthesis gas or syngas. The
syngas composition consists of carbon monoxide (CO), carbon dioxide (CO2) and hydrogen
(H2) as a major component. Along with few minor components which include methane
(CH4), water vapour (H20), light hydrocarbons like ethane (C;Hg), ethylene (C;Ha), and
some volatile impurities[13]. Its composition mainly depends on upon gasification
temperature and gasification agent{11]. Syngas can be directly utilised by power
industries to generate electricity, or it can also be upgraded into methane with the help
of chemical catalyst as suggested in Fischer- Tropsch process. This process includes Water-
gas-shift (WGS) which increases the H,/CO ratio and then nickel is use as a catalyst for
methanation process (Sabatier) which converts CO & CO; into methane and water as
shown in below equations[13].

nCoO+(2n+1)H, — C,H,, ,, +nH,O (Fischer-Tropsch Equation) (R2-6)
CO, +4H, —» CH, +2H,O (Sabatier Equation) (R2-7)

Also, syngas can be used to produce methanol and ammonia as shown in figure 2.5.
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Figure 2-5: Synthesis gas production and conversion routes in various products[39].

2.4.4  Syngas Production-Thermochemical Process

The more efficient way for energy recovery from feedstock is the thermochemical process,
in which syngas is produced as an intermediate between pyrolysis and gasification.
Pyrolysis is the thermal conversion of biomass which is conducted at a high temperature
at about (100-600) °C in the absence of oxygen. As a result, the product of pyrolysis
consists of solid charcoal, coke, liquid (tars), hydrogen and methane. The composition of
pyrolysis product depends mainly on temperature and residence time, higher the
temperature and longer the residence time yields more gases while shorter residence
time and moderate temperature yields more liquids[11]. During gasification, the produced
coke shows some reaction with oxygen and water at higher temperature. The following

extreme reactions occurring during gasification are summarised in equations R2 (8-

10)[40].

cﬁuéo2 « CO (R2-8)
C+0, < CO, (R2-9)
C+H,0+-CO+H, (R2-10)

The first reaction (R2-8) shows the partial oxidation of carbon into CO (carbon monoxide)
and the second reaction is the complete oxidation of carbon molecule into carbon dioxide
(CO») that takes place during gasification. The third result is water gas shift (WGS) reaction.
During WGS reaction, CO oxidation provides the required energy by the transferring of an

electron from CO to H,0 as mentioned in following reactions[41].

H+2e —H, (R2-11)
CO+H,0 < CO, +H, (R2-12)
CO+3H, <>CH, + H,0 (R2-13)
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The equation R2-11 is an electrochemical equation, where carbon monoxide
dehydrogenase (CODH) provides the electron and proton. In equation R2-12, an enzyme
catalyst known as hydrogenase make available energy for cell growth{42]. The last
reaction shows methane formation during gasification. The less amount of energy
(4.46Kcal/mol) is generated during anaerobic pathways of WGS reaction where microbial
cell growth is much slower than aerobic reaction, which produces 61.6Kcal/mol.

Gasification process deals with the number of complex chemical reactions. The primary
method includes biomass drying (which decompose biomass at 100 °C -200 °C), pyrolysis
followed by oxidation and reduction. During oxidation, Carbon molecule is oxidised to
carbon dioxide and hydrogen is converted into water, the reaction is exothermic.
However, the reduction is made under anaerobic conditions[43]. After that, the syngas is
purified. The gasification process is done in gasifiers, and two different types of gasifiers
which are most common in use are fluidised bed and fixed bed gasifiers[44]. The fluidised

bed is used for large scale gasification process and is considered to be more cost-effective.

2.5 Syngas degradation and microbial pathways in AD

Methane gas is generated from syngas by two different methods. The first method is
anaerobic digestion process, where various types of microorganisms are used as a
biocatalyst to ferment the syngas. The second way of up gradation of methane from
syngas is with the chemical as a catalyst, which was first proposed by Fisher and Tropsch
in 1925 in Germany[13]. A variety of products can be generated from anaerobic or
biological digestion process such as methane, ethanol, butanol butyric acid, and acetic
acid[45]. The combination of gasification and anaerobic digestion is considered to be one
of the most promising technology which has many advantages over the first generation

for biofuel production process[46].

2.5.1 Microbiology and biochemical process of syngas in AD

During the anaerobic digestion process, the microorganism responsible for methane
formation as a catabolic end product belongs to the kingdom of Euryarchaeota. These
Archea-group microbes called methanogens produce energy for themselves during
process and convert acetate, carbon dioxide, and hydrogen to methane[47]. During syngas

degradation, a group of bacteria collectively known as acetogens is capable of fermenting
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syngas (i.e.CO, CO; and Hj) into fuels via reductive acetyl-CoA pathways also recognised
as carbon monoxide pathways[48]. In the Acetyl-CoA pathways, carbon monoxide
dehydrogenase enzyme is the key enzyme which converts CO to C0O,[49].

Three different group of microorganisms are usually found in the anaerobic digestion
process. They are acetogenic bacteria (acetogens?!), sulphate reducing bacteria, and
methanogenic bacteria (methanogens ?)[50]. The acetogens generate acetate and
hydrogen, methanogens consume this hydrogen and produce methane. Both acetogens
and methanogens show a symbiotic relationship with each other[28]. Sulphate reducing
bacteria reduces sulphate to hydrogen sulphate providing a more favourable condition
for methanogens[50].

Methanogens are either strict anaerobes which degrade complex proteins or facultative
anaerobes that digest pure organic compounds. Most of the microbes can grow under
mesophilic condition (i.e. temperature range between 30 - 35 °C) and also, they can grow
well under the thermophilic environment (i.e. temperature range between 50 - 55 °C).
More than 50 different kinds of methanogens are discovered so far which comes
underplay during the anaerobic process and converts CO from syngas into methane[51].

Some of them are listed in below table 2.

1 Obligatory anaerobes responsible for acetate formation.
2 Obligatory methane forming anaerobic archaebacterai.
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Table 2-2: Methanogens that converts methane.

Microorganisms Reference
Methanobacterium thermoautotrophicum [52]
Methanothermobacter wolfeii [53]
Methanosarcinabarkeri [54]
Metnanobacteriumformicicum [55]
Methanosaracinaacetivorans C2A [56]
Methanobrevibacter arboriphilicus [57]
Methanocaldococcus jannaschii [13]
Methanopyrus kandleri [30]
Methanosaeta thermophila [58]

2.5.2  CO-degradation and catabolic pathways in AD

Some microorganisms are responsible for the degradation of carbon monoxide into
methane. CO degradation is either by direct reaction or by indirect reaction[13].
Immediate reactions are:

4CO+2H,0 — CH, +3CO, (AG" = -53 KJ/mol CO) (R2-14)
CO+3H, >CH,+H,0O (AG" = -150 KJ/mol CO) (R2-15)

The first reaction shows slow growth while the second reaction shows faster growth and
thermodynamically more feasible. Both these reactions depend on hydrogen
concentration inside the reactor. When Hyis sufficient, the second reaction should prevail,

and the first reaction should occur once H; starts to decrease.

Possible indirect reactions are:

CO+H,0 — H, +CO, (AG" =-20KlJ/mol CO) (R2-16)
4CO+2H,0 — CH, +3C0, (R2-17)
2CO +2H, — CH,COOH (AG" = -67 K)/mol CO) (R2-18)
4CO +2H,0 — CH,COOH +2CO, (AG" = -44KJ/mol CO) (R2-19)
CO+2H, — CH,OH (AG" =-39KJ/mol CO) (R2-20)
CH,OH — 3/4CH , +1/4CO, +1/2H,0 (R2-21)
CO + H,0 — HCOOH (R2-22)
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The reaction (R2-16) is a WGS reaction and equation (R2-17) is obtained by either
carboxydotrophic methanogenesis, or the methanogenic reduction of CO,. The equations
(R2-18) and (R2-19) are CO-homoacetogenisis and acetogenesis respectively, which is
followed by acetoclastic methanogenesis or methanol production (R2-20). This methanol
further converted into methane by methylotrophic methanogenesis (R2-21), or oxidation
of CO to formic acid (R2-22), which is reduced into methane[13].

Under mesophilic condition, CO first gets converted mainly into acetate and then further
It gets reduced into methane. CO conversion pathways depend on the partial pressure.
Partial pressure (Pco) lower than 0.3 atm is more favourable for methanogenic activity
under mesophilic condition. Further increase in CO leads to inhibition for methanogenesis,
but, however, the hydrogenotrophic methanogenesis is enhanced more at high CO[12] as

shown in figure 2.6.

A LrCO B ‘,céo\ C O

Acetate T H,/CO, Acetate _'_’ H,/CO, Acetate H,/CO,

R

\ C;Hd/ . (;H4 . CH,,I

Figure 2-6: Different catabolic pathways for CO conversion into methane.[12]

Three different potential pathways at different partial pressures are shown in below
figure. A represents the paths at low CO (P <0.5 atm), B shows at higher CO (P >1 atm)
and last C, after acclimation, which is 100% CO. Four different widths of the arrow are
used to indicate the possible conversion routes. Thick arrows indicate (60-70) %
conversion followed by intermediate pointer (20-40) % and the thin arrow accounts for

(5-20) %. The dotted line shows blockage.i.e. no conversion of CH4 by CO is possible[12].

2.5.3 Effect of H, and CO addition for biogas production/upgrading

Hydrogen is used to upgrade the methane production directly into the reactor to increase
the hydrogenotrophic methanogenesis. It has some positive effect only in
methanogenesis, but no any effect on the acetogenesis is observed[20]. Methanogenesis
process enhanced by the addition of hydrogen where hydrogenotrophic microorganisms

bind the H, with CO; and converts them into methane[15].

4H, +CO, — CH, +2H,0 (AG" =-130KJ/mol) (R2-23)
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Hydrogen addition for the biogas upgrading has many advantages and also some negative

impact as well. The advantages are:

e More than 90% of hydrogen gets converted into methane which increases the
heating value of biogas, and can be added to the natural gas grid as a renewable
energy source[15].

e Hydrogen consumes CO; in the biogas reactor ensuring biogas with a lower content
of CO, which in turn decreases the upgrading cost. Also, some left or unconverted
hydrogen would increase the combustion properties of biogas[14].

The disadvantages are:

e The addition of hydrogen can affect the anaerobic digestion process by increasing the
pH of the reactor. Therefore, particular attention is required, and one way to control
the pH is Co-digestion of manure by acidic substrate[15].

e |f Hydrogen is added directly to the reactor’s headspace, the biggest problem is the
hydrogen consumption rate which depends on the partial pressure of H, and mixing
intensity. Increase in the partial pressure can lead to the VFA (propionate and
butyrate) inhibition. VFA inhibition can also occur at higher mixing intensity (300
rom)[14].

Some challenges were observed in the biogas reactor during bioconversion of Carbon
monoxide. Due to its high affinity towards metal-containing enzymes, it has been
considered as the highly toxic for several microorganisms[59].

In 2013, Irini Angelidaki and Gang Luo published the article given in [1]. The work is the

experimental study of CO Biomethanation and Anaerobic digestion from sewage sludge

treatment. The experiment shows that CO depends on partial pressure and retention time.
At low partial pressure, i.e. between 0.25 and 1 atm, CO shows inhibition only to
methanogens under thermophilic condition. But at high pressure, i.e. 1.58 atm, it shows
no inhibition inside the Hollow Fibre Membrane due to low solubility in the liquid. At 0.2d

of gas retention time, total consumption of CO was reached as shown in figure 2.7.
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Figure 2-7: biogas production by CO conversion in Anaerobic Digestion[1].
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3 Methods

3.1 Experiment

Two parallel fed-batch reactor A and B (600 Ml laboratory glass bottles) were established
for the Anaerobic Digestion process. Each reactor contains 500 ml of working volume and
100 ml of headspace. Both reactors were filled up by the mixture of three solutions; 200
mL of granular sludge, 200 mL of effluent, and 100 mL of pig manure. To investigate the
conversion efficiency of hydrogen gas to methane by AD process, reactor A was further
connected with 1 L of a glass bottle. Hydrogen gas was introduced inside the glass bottle
with the help of 20 ml syringe. The silicon tube of small diameter was dipped inside the
reactor A and linked with a hollow metallic rod which was combined with syngas bottle.
Both reactors were well insulated and conducted under mesophilic condition; 35° C. The
produced biogas was collected in the gas bags and periodically analyzed in the gas

chromatography (GC).

3.1.1 Reactor design
3.1.1.1 Reactor setup

Two identical 600 mL of the glass laboratory bottle were chosen for reactor A, and B.
Both reactors were equipped with plastic caps which has three vents, one inlet, and two
outlets. Further, these holes have opening and closing lid mounted at the top. A
transparent plastic tube was inserted into the different openings of the reactor. All these
three inlet/outlets were equipped for various purposes. The first channel was
constructed to introduce feed inside the reactor. Similarly, the second outlet is to take
effluent out of the reactor, and the third opening is connected with the gas bags for
produced biogas collection. Both reactors are well insulated and sealed with a white
solution called as patrix silicone. All the outlet pipe are assembled with a plastic valve
which can be operated manually as shown in figure 3.1.

Furthermore, the Reactor A was assembled with 1 L Glass bottle, where hydrogen gas
was introduced with the help of a syringe. A 1 L bottle was chosen in order to control the
pressure inside the bottle since at higher pressure hydrogen might diffuse into the

atmosphere. The bottle was sealed with the thick rubber cap, and a thin hollow metal rod
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of 20 cm was penetrated inside the bottle at one end and connected to the Reactor A at
the other end. The metal rod was further dipped into the reactor’s headspace and at the
end of this metal rod, a silicon tube of 2.79 mm diameter was connected and fixed to the
bottom of the reactor. The closing valve closes the silicon tube at the end of tube and
magnet (of a certain weight) is attached to prevent it from coming out of the liquid
volume. The primary benefit of the hollow metallic rod is to avoid the syngas diffusion
into the atmosphere since hydrogen gas is very light gas. The function of chosen silicon
tube is for better diffusion of hydrogen gas, directly by the tubes into the reactor. The

experimental setup is shown in figure 3.1.

@

o

Gas Bag

H2

Figure 3-1: Schematic of Experimental setup. (1) Gas cylinder (2) hollow metallic rod
(3) gas sample outlet (4) gas collection bag (5) feed inlet and outlet (6) anaerobic digester
with H> (7) magnet of certain weight (8) silicon tube (9) digital electrical heater (10)
effluent outlet of reactor B (11) feed inlet of reactor B (12) anaerobic digester without

syngas (13) water at 35°C (14) rectangular water beaker.

Initially, Water bubble test was performed to check the leakage and both reactors are
flushed with nitrogen to make anaerobic condition while the big bottle was flushed with
hydrogen gas. The nitrogen cylinder was maintained at control pressure, and gas was sent
directly into the both reactors through the openings for about 10 minutes. Nitrogen gas

was carried into the reactor through one opening and simultaneously it was allowed to
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leave the reactor from another opening, regulated by the manual valve. Similarly, the
hydrogen bottle was flushed with hydrogen gas where 100 mL of hydrogen gas was used
for flushing the bottle, and it was performed by the help of syringe needles. Two long
syringe needle were taken, both were penetrated through the rubber cap of the bottle
and 20 ml of hydrogen gas was injected from one needle by the help of a syringe and
simultaneously it leaves the bottle from another needle. The same procedure is repeated

for five times (20 mL each time).

3.1.2 Reactor Operation
3.1.2.1 Preparation of anaerobic culture

Preparation of anaerobic culture (inoculum) was done before the start of the experiment.
An anaerobic culture used is granular sludge. 300 ml of granular sludge was collected and
100 ml of pig manure was added into it and leave it for one week period for incubation
at room temperature. After one week of incubation, the inoculum was diluted with the
effluent from sludge bed AD treatment of the same feed. The dilution was done several
times and the primary purpose to dilute the mixture with effluent is to balance free
ammonia concentration into equal amount of granular sludge since ammonium is

inhibition of some bacterial growth.

3.1.2.2 Start-up of the reactor

Fed-batch experiment was conducted. The temperature inside the both reactor was
controlled at 35° C by hot water. The reactors are placed inside the rectangular vessel of
30 L volume provided with the digital electrical heater as shown in figure 3.1.

During operation phase of the reactor, initially the temperature was controlled at room

temperature, and it was increased by one ° C to every day until it reached up to 35 ° C.

3.1.2.3 Feedingto the Reactor

Substrate or feed was added into the reactor through the inlet, and a particular volume
of bulk liquid (effluent) was taken out (by syringe) from the outlet of the reactor. The
feeding was done twice in a week. Each time 100 mL of feed was added, and 100 mL of
effluent was taken out from the both reactor. The hydraulic retention time (HRT) of feed

was calculated by:
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HRT = Volume(mL) 500 3500

- = = =17,5da
Load(mL/ day) 20% 200 4

20 mL of hydrogen gas was injected every day into the Reactor A. 10 mL of hydrogen gas

was added twice a day, once in the morning and other at the evening.

3.1.3  Analytical methods

The pH, Total and soluble COD, VFA of effluent and added feed was then measured in the
laboratory. The volume of biogas produced was measured, and the gas chromatography

analyzed the composition.

3.1.3.1 pH measurement

The pH of the effluent and feed are measured by a pH meter (Beckman 390).The ph
measurement was carried out twice in every week. An electrode was immersed into the
sample to perform the pH measurement, and value was displayed after 30-60 seconds

depending upon the sample.

3.1.3.2 COD measurement

The COD analysis was carried out according to US standard 5220D (APHA, 1995)[60]. For
COD: determination, the samples were homogenized first into homogenizer for 5 minutes
and then oxidized with a hot sulphuric solution of potassium dichromate, with silver
sulfate as a catalyst. The sample is then heated at 148°C for about 2 hours in MT 00114
THERMOREACTOR TR620, and the final value is noted down after displayed in the
photometer. Similarly for CODs measurement the samples were centrifuged at 10,000

rpm for 30 minutes and then filtered (0.45 um)[60].

3.1.3.3 VFA analysis

The samples were prepared for VFA’s measurement in the laboratory and measured by
gas chromatography (Hewlett Packard 6890) with a flame ionization detector with a
capillary column (FFAP 30 m, film 0.5 um, and inner diameter 0.250 mm). The oven was
programmed to go from 100° C, hold for 1 min, at 200° C at a rate of 15° C/minute, and
then to 230" C at a rate of 100° C/minute. Helium gas was used as carrier gas at 23
ml/minute. The temperatures of detector and injector were set to 250° C and 200° C,

respectively[60].
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3.1.3.4 Biogas composition analysis.

The amount of biogas were collected in the gas bag. Gas composition (CHa, CO,, and H>)
were analyzed by multiple gas analyzer chromatograph (GC system, the SRI Model 8610C,
Bad Honnef, Germany). The carrier gas was argon and temperature was kept constant at

40° C.

3.2 Modelling and simulation

Ordinary ADM1 model was chosen, and simulation of this model was performed in the
AQUASIM software. The selected case is the simulation of an experimental sludge
treatment study of AD for wastewater treatment by Batchstone[2]. This ADM1 model is
based only on biochemical process. The addition of syngas is not included, so the ADM1
model was modified by a diffusive link. All the syngas is now transported through this
diffusive link. Hydrogen gas diffuses to the reactor from membrane while CO and CO; are
sent to reactor from feed by the ratio between components in the syngas. Some changes
are made where new biochemical and physiochemical parameters are added, and

processes are modified[61].

3.2.1  Addition of new compartment in AQUASIM

The new compartment was added in AQUASIM software. The name of the new
compartment is a membrane. Here the pressure of hydrogen is set through the inflow of
a given amount. From here the Hy diffuses to the reactor through a diffusive link by using

Henry’s constant for hydrogen|[61].

3.2.2  New linkin AQUASIM

New link “gas_from_membrane” was added for diffusion of hydrogen from the

membrane compartment to the reactor compartment as explained in figure 3.2[61].
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Figure 3-2: flow diagram of syngas diffusion through the membrane of the tube to the

reactor.

Some new variables are added and changed model parameters are listed in Table 3. In
the model, S_co and S_co; are added to the reactor through the water inflow. The main
aim is to get the right ratio of hydrogen for slowest diffusion. Also, S_co is added to the
existing diffusive link between the reactor and the headspace. S_co in both reactor and

headspace is activated before the simulation starts.

Table 3-1: changed biochemical and physiochemical parameters used for the new

model.
S.NO. | Variables Description Units
1. inputM_gas_in The flow of syngas into the tube | m3/d
membrane to  maintain  some
membrane pressure. It is the amount
of Hy going into the membrane to keep
up the H; pressure. Therefore, it is
affecting the diffusion of Hz through
the membrane.
2. inputM_p_h2_in Partial pressure of h2 in membrane. Bar
3. inputM_p_Co_in Partial pressure of Co in membrane. Bar
4, inputM_p_CO2_in Partial pressure of CO2 in membrane. | Bar
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5. km_co_ac Maximum uptake rate for Co | kg COD S.kg
degrading organisms. COD X.d-1

6. X_co_ac Co degrading organisms. Units: kg COD.m-3

7 Ks co_ac half saturation constant for co | kg COD.m-3
degradation (same as for h2)

8. | ph_co_ac pH inhibition of Co to acetate |-
degrading organisms

9. | h2 co_ac hydrogen inhibition for Co. -

10. kdec_x_co_ac decay rate for Co degrading organisms | d-1

11. Y co_ac The yield of biomass on the uptake of | kg COD.kg
Co to acetate. COD-1

12. S _co Total carbon-monoxide. kg COD.m-3

13. S co2 Total carbon-dioxide. kg COD.m-3

14. S _co2_mem, Carbon-dioxide in membrane and | kg COD.m-3

S_co2_reac reactor.

15. S _co_mem, S_co_reac | Carbon-monoxide in membrane and | kg COD.m-3
reactor

16. C co Carbon content of Co mole.g

COD-1

17. KH_co Non-dimensional henry's law constant | Mlig.Mgas-
for co with temperature correction |1
(calculated from original KH in M.bar-
1)

18. KLa_in Apparent mass-flux coefficient for | m3d-1
syngas into reactor

19. kLa_in Volume-specific gas-liquid transfer | d-1
coefficient (1-20) h'1;[13]

20. p_Cco Partial pressure of Co. S_co/16*R*T Bar

21. p_co_adjust Partial pressure of co adjusted. | %
p_co/P_headspace*100

22. methaneflowl Methane flows out of reactor m3/d
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23. exp_gasflow_methane | Real list variable. Calculated from | -

batchstone experimental values.

24, S h2_mem Elemental hydrogen in membrane. kg COD.m-3

25. S _h2_reac Elemental hydrogen in reactor. kg COD.m-3

Similarly, two new processes are added into the model. One is the uptake of carbon
monoxide to acetate and second is decay rate of carbon monoxide organisms. The rate

equation and stoichiometry coefficient are given in Table 4.

Table 3-2: uptake rate and decay rate of Co in the model.

Dynamic process | Rate equation Stoichiometry coefficient

uptake_co_ac km_co_ac*X_co_ac*S co | km_co_ac*X_co_ac*S co/(Ks_co_ac

/(Ks_co_ac+S_co)*|_ph_c | +S_co)*I_ph_co_ac*l_h2 co_ac*I_N

o_ac*l_h2 co_ac*I_NH_Ili | H_limi
mit
decay_co_ac X_co_ac*kdec_x co_ac X_co_ac*kdec_x co_ac

3.2.3 Estimation of kn» and Y for CO.

In anaerobic process CO converts into acetate. Acetogens utilize the CO and yields
acetate, energy, cell material and CO,. The stoichiometry reaction of CO utilization is given
by [50] is:

6.8CO — CH,COOH +3.5CO, + 0.4biomassC+ 0.9unrecoveredC (R3-1)

This unrecovered C is further splitting into acetate, CO», for simplicity. The above reaction
R3-1is based on a carbon basis. This equation can be converted into mole and gCOD.g™*
by following steps of calculation:

6.8CO — 1.15CH ,COOH +4.1CO, +0.4biomassC (R3-2)

The reaction R3-2 is the final equation after splitting of unrecovered C. this equation is
further converted into mole basis.

6.8CO — 1.15CH;COOH + 4.1CO, +0.08biomass (R3-4)

The equation R3-4 is on mole basis where 0.08-mole biomass is obtained by dividing 0.4
with 5. The equation is further reduced to gram basis by multiplying with molecular

weight.
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6.8%28—5—C0 - 1.15%60—5—CH,COOH +4.1%44—5—C0, +0.08biomass ~ (R3-5)
mole mole mole

Further to convert the above equation into gCOD.g!, The COD values are taken from
“Advanced course in environmental biotechnology, TU Delft”. The different value for a

different compound is shown in Table 5.

Table 3-3: Mass and COD value of chemical compounds.

Compound Mass of compound | COD-value per mass of | Reference
name (g.mole™?) compound (gCOD.g?)

CO 28 0.5714 (62]
Acetate 60 1.0667

CO2 44 0

For biomass, 160 gCOD.moleis used for calculation[2].
Now after calculation, the final equation in gCOD.gt is

108.8CO — 73.6CH,COOH +0CO, +12.8biomass (R3-6)

Now biomass yield per mole of CO is achieved by:

1238
1088

=0,12gCODbiomass.g* CODCO

The relation between maximum uptake rate of substrate (km) and maximum specific

growth rate (um) per day of organism is:

Where Y is a yield of biomass and pm of the organism can be calculated from doubling
times under growth condition[63].

Um = In2/doubling times

The reported doubling times for acetogenesis bacteria which shows the fastest growth

on COis 0. 125 day: [50]

So,
In2
= =5.54
Hn = 0125
Now,
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= 554 =46.20
2

b

m

So from the calculation, km_co_ac is equal to 46.20 and Y_co_ac is equal to 0.12 is used

in the model.

3.2.4 Simulated reactor operation

This is a file provided by Batchstone, which includes both experimental work and
simulated work. The volume of reactor used is 28 m3. The feed load is shown in figure
3.3. The load of feed is increased at steps, after dayl6 and day37. The increment in the

load balance the H,/CO; ratio and increase the reactor’s performance.

Feed

m3.day-1
Laa

0 10 20 30 40 50 60
time (day)

Figure 3-3: Feed to the reactor.
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4 Results

Experimental results and simulation results are described in this chapter.

4.1 Experimental results

The experiment work was conducted for 50 days. The main aim of this experiment is to
observe the syngas component effect on AD process. To achieve this goal, the biogas
production rate from reactor A (with hydrogen addition) and reactor B (without
hydrogen) is monitored. The results from the 50-day experiment are presented from

figure 4.1to 4.8.

The test was carried out at room temperature at the beginning, and the temperature was
increased slowly and reached to the mesophilic range. So during temperature increase
biogas production was not monitored therefore only after day 30 the result is published.
Figure 4.1 and figure 4.2 is the biogas production rate and methane production rate after
day 30 under mesophilic condition. RA represent the produced biogas from reactor A,
and RB is from reactor B. from the figure it is clear that the addition of hydrogen doesn’t
show any difference between two reactors. Both RA and RB produce in equal amount.

Biogas composition (CHs and CO3) % is presented in figure 4.3 and 4.4 respectively. Both

reactors show same performance.
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Figure 4-1: Biogas production rate in 50 experimental days of both reactors RA and RB.
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Figure 4-2: Biogas production rate in 50 experimental days of both reactors RA and RB.
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Figure 4-3: percentage of methane in 50 experimental days of both reactors RA and RB.
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Figure 4-4: percentage of CO: in 50 experimental days of both reactors RA and RB.
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Figure 4-5: the pH value of bulk liquid of feed and effluent of RA and RB.

Figure 4.5 shows that the pH from both reactors is constant throughout the experiment.
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Figure 4-6: Total COD of combined feed and effluent of both reactors RA and RB

respectively.
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Figure 4-7: soluble COD of combined feed and effluent of both reactors RA and RB

respectively.

Figure 4.6 and figure 4.7 represents the total COD and soluble COD concentration. Both
the total COD and soluble COD of feed is increases with time while COD of RA and RB

decreases with respect to time.
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Figure 4-8: Acetate concentration of feed and effluent of both reactors, RA and RB

respectively.
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Figure 4.8 is the acetate consumption rate of both reactors. Both RA and RB shows value

in the almost similar range.

4.1.1 Limitation on H; load for the reactor A

This shows how much H; is added to the reactor for not to get the failure of AD process.
This can be described by the ratio load of H; to the reactor and load of feed.

20 ml of hydrogen was added per day to the reactor A.

Load H_zomle_ 20 LH, LH,
oad of Hp = day 1000 day  ~ day
At room temperature, one mole of gas contains 24 litre.
Now,
0.02 mol H, mol H, gram
Load of H, = —— = 0.00083 = 0.00083 * 2
24  day day mole.
gram gram _ gramCOD gramCOD
= 0,0016 —— = 10,0016 * 8 =0.013—
day day gram day
Now,

Load of feed can be calculated as:

200 ml of feed was added to the reactor per week. So,

200ml 28.5 ml
7day " day
Now,
ml L L gram COD
load of Feed = 28.5—— = 0,0285—— = 0,0285 * 5.68 ———
day day day L
gram COD
=0,16188 ————
day
Now,

Load of H, ~ 0.013

Load of Feed _ 016188 _ 08
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4.2 Simulation results

Three different compositions of syngas were simulated at three different gas-liquid mass
transfer rates (kLa) in AQUASIM software. The gas input to the membrane is maintained
at 25m3day . Altogether there are ten various cases were simulated. Among them, case
1(original shown in all figures) was the already simulated results by Batchstone while rest

9 cases are simulated and its overview is presented in Table 6.

Table 4-1: an overview of different cases of syngas composition for simulation in

AQUASIM.

Run Syngas composition (%) Input (m3day?) | kLa values(day)
Case 2 Pure Hz (100%) 25 24
Case 3 Pure H, (100%) 25 240
Case 4 Pure H, (100%) 25 480
Case 5 86% Ha, 7% CO & 7% CO; 25 24
Case 6 86% Hy, 7% CO & 7% CO; 25 240
Case 7 86% Hy, 7% CO & 7% CO; 25 480
Case 8 | 44.4% H,, 33.3% CO & 22.2% CO, 25 24
Case 9 | 44.4% H», 33.3% CO & 22.2% CO;, 25 240
Case 10 | 44.4% H>, 33.3% CO & 22.2% CO> 25 480

4.2.1  Simulation results with pure hydrogen

The simulated final results with hydrogen at three different kLa values is illustrated in
below figures from 4.9 to 4.23.

The simulation results for three different cases are shown in figure 4.9. In this figure,
biogas production rate is explained for 50 days of reactor’s operation. The black dotted
line is the experimental results which are around 47 m3.day®. The original is a simulation
result without hydrogen. Case 2, case 3, and case 4 are the results obtained after addition
of hydrogen at three different kLa values. At the beginning, all three cases produce biogas

between ranges of (15-20) m3.day™.
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Figure 4-9: Biogas production at various kLa with pure hydrogen. Case 2(kLa 24),
Case 3(kLa 240) and Case 4(kLa 480).

After 16 days, biogas production rate is rapid and reaches 37 m3.day®. And finally, it
shows the similar trend up to 35 days and again after that production rate increases and
reaches above 45 m3.day?!. From figure (4.9), it is clear that all three cases including
original produce biogas almost in similar range. Between (20-25) days, case 4 production

rate is quite higher than the other cases.

CASE2

CASE3 = = -CASE4 € experiment

ORIGINAL
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Methane production (m? d!)

Figure 4-10: Methane gas production rate at different kLa with pure hydrogen. Case
2(kLa 24), Case 3(kLa 240) and Case 4(kLa 480).
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The methane production rate with different kLa values is shown in figure 4.10. The impact
of kLa is clearly illustrated for various cases in above figure. Methane production rate
increases with increasing kLa values. Case 4 produces more methane per day followed by

case 3 and case 2.
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Figure 4-11: Acetate consumption rate for pure hydrogen with different kLa. Case
2(kLa 24), Case 3(kLa 240) and Case 4(kLa 480).
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Figure 4-12: Propionate consumption rate with pure hydrogen at different kLa. Case
2(kLa 24), Case 3(kLa 240) and Case 4(kLa 480).
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The acetate concentration is very higher at kLa 480 day* which reach up to 3.8 g.L'!
followed by the case 2 at 240 day* as shown in figure 4.11. At low kLa values, case 1
shows the same trend as original and almost very near with the experimental
concentration.

Figure 4.12 represents the propionate consumption rate in the reactor. For each case,

the concentration is similar to original value as shown in above figure.
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Figure 4-13: percentage of methane in headspace at different kLa. Case 2(kLa 24),
Case 3(kLa 240) and Case 4(kLa 480).
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Figure 4-14: percentage of CO: in headspace at different kLa. Case 2(kLa 24), Case
3(kLa 240) and Case 4(kLa 480).
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Figure 4-15: percentage of hydrogen in headspace at different kLa. Case 2(kLa 24),
Case 3(kLa 240) and Case 4(kLa 480).

51



Figure 4.13 shows the detected percentage of methane in produced biogas. First, 20 days
the methane concentration is high and at kLa value of 480 it reaches around 94 %. After
20 days it starts to decrease and follow the usual trend. This figure clearly tells that the
addition of hydrogen enhances the methane concentration. The percentage of methane
in reactor’s headspace is increasing with increase in kLa which means diffusion of
hydrogen through the membrane is better with higher kLa values as shown in figure 4.13.
Case 4 shows a higher percentage than case 3 and followed by case 2.

On the other hand, carbon dioxide (CO2) concentration detected followed the similar
behaviour but in opposite way as present in figure 4.14. With the increment in kLa values,
the CO, decreases. The percentage of CO, drops more in case 4 which is then followed
by case 3 and case 2 respectively.

The percentage of hydrogen in biogas composition is illustrated in figure 4.15. The
hydrogen is higher up to day16 but after day16 its concentration starts to decrease. Again
case 4 reflects higher percentage than case 3 followed by case 2.

Figure 4.16 represents the pH value inside the reactor. The pH values of the original
simulation are similar to the experimental values which are between 7-7.5. However, the
addition of hydrogen causes a rise in pH. Case 4 and case 3 represents higher diffusion
rate of hydrogen into the reactor. The pH of the bulk liquid inside reactor becomes higher
with high kLa values and reaches the maximum level of pH above 8.5 as shown in figure
4.16. First, 16 days pH increases in a rapid way up to 8.7 and after that, it falls back quickly
and stabilises to normal pH values. Also from the figure it is clear that case 4 reaches at

maximum than case 3 followed by case 2.
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Figure 4-16: pH of bulk reactor volume with pure hydrogen at different kLa. Case
2(kLa 24), Case 3(kLa 240) and Case 4(kLa 480).
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Figure 4-17: Total nitrogen concentration for three different cases with pure hydrogen.

Case 2(kLa 24), Case 3(kLa 240) and Case 4(kLa 480).

The total nitrogen concentration is almost equal to the original values which are in the
range between (0.02-0.03) g.L-1 as shown in figure 4.17. The graph also tells us that

nitrogen concentration inside the reactor does not change much with the addition of

hydrogen.
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Figure 4-18: Total COD for a different case with pure hydrogen. Case 2(kLa 24), Case
3(kLa 240) and Case 4(kLa 480).
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Figure 4-19: soluble COD for a different case with pure hydrogen. Case 2(kLa 24),
Case 3(kLa 240) and Case 4(kLa 480).
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Figure 4.18 and figure 4.19 shows the total COD concentration and soluble Cod
concentration for the different case including original simulation results. With the
addition of hydrogen to the reactor, total COD doesn’t change much while soluble COD
reflects the precise impact of hydrogen addition. Soluble COD has significant increase
with higher kLa values. Case 4 and case 3 increases up to 2.4 g.L 't and follow the same

trend for about day20.
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Figure 4-20: Inhibition of pH_ac for different kLa. Case 2(kLa 24), Case 3(kLa 240)
and Case 4(kLa 480).
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Figure 4-21: Inhibition of h2_co_ac for different kLa. Case 2(kLa 24), Case 3(kLa 240)
and Case 4(kLa 480).
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Figure 4-22: Inhibition of pH co_ac for different kLa. Case 2(kLa 24), Case 3(kLa 240)
and Case 4(kLa 480).
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Figure 4-23: Inhibition of NH;_ac for different kLa. Case 2(kLa 24), Case 3(kLa 240)
and Case 4(kLa 480).

From figure 4.20 to figure 4.23 shows the inhibition of methane production inside the
reactor. The addition of hydrogen shows some inhibition. In all case, the value of

inhibition is either 1 or less than 1.

4.2.1.1 Limitation on H; load

This shows how much H; is added to the reactor for not to get the failure of AD process.

This can be described by the ratio load of H; to the reactor and load of feed.

Load of H,
Load of Feed

This ratio provides the border line which the reactor can handle.

Load of feed calculation:

A load of feed is the input which includes amino acid, fatty acid, sugar and composite
organic material (such as dead biomass). The unit of feed is Kg COD.m3. All the input with

values is given in Table 7.
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Table 4-2: an input for a load of feed calculation with values.

Input Values(Kg COD.m3)

input_ S aa in| 4.2

input S fa_in | 6.3

input_S _su_in | 2.8

input X _c_in |10

Total 23.3

Now for calculation of feed the values, 16 days of input_Qin_dyn is taken, and total values

of feed multiply an average of this.

Table 4-3: Values of input_Qin_dyn for 16 days and its average for feed calculation.

No. of days Values (m3.day™?)
0 1.59
1 1.49
2 1.41
3 1.69
4 1.66
5 1.58
6 1.56
7 1.62
8 1.57
9 1.99
10 1.38
11 1.75
12 1.64
13 1.54
14 1.79
15 1.6
16 1.52
Average 1.61
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So,

Kg COD m3 Kg COD
Feed = 23,3——— *1,61—— =375
m3 day day

A load of hydrogen can be calculated from the figure 5.1.

syngas transport to reactor

0.97

(1]

G.T_ . cod
0.6 7
0.57
0.47
0.3 7
0.27
0.17

kmole gas /d

-0.1

Figure 4-24: Amount of hydrogen diffuses to the reactor at kLa values 240 day™.

Now from figure 5.1, hydrogen gas transported into the reactor at kLa values 240 day™ is

0.82 kmole.day™.

Kmole mole gram gram
Load of H, = 0.82 = 820 = 820 * 2 = 1640
day day mole. day
gram _gramCOD gramCOD KgCOD
= 1640 * 8 =13120————=13.1
day gram day day
Now at kLa values of 240 day, load to feed ratio is:
Load of H 13.12
fHa =035

Load of Feed  37.5
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Inorganic Carbon in Reactor
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Figure 4-25: Inorganic carbon in the reactor at kLa values 240 day™ for pure H-.

4.2.2

Simulation results with 86 % H2, 7 % CO and 7 % CO..

The simulated final results with syngas composition of 86 % Hz, 7 % CO and 7 % CO»

at three different kLa values is illustrated in below figures from 4.26to 4.42.

10

Biogas production (m? d!)

ORIGINAL ===-=- CASE 5 CASE 6

10 20 30

Time (d)

= = =CASE7

40

*

experiment

50 60

Figure 4-26: Biogas production rate at various kLa with syngas composition of 86 %

H>, 7% CO and 7 % CO:.Case 5S(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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The simulation results for cases 5, 6 and 7 with Hy-rich syngas composition are shown in
figure 4.26. In this figure, biogas production rate is presented for 50 days of reactor
operation. The black dotted line is the experimental results which are around16 m3.day
lin the beginning and reaches to 47 m3.day! at the end. The original is a simulation result
without syngas. Case 5, case 6, and case 7 are the results obtained after addition of syngas
at three different kLa values. In the beginning, all three cases produce biogas between
ranges of (15-20) m3.day!. After day16, biogas production rate is rapid and reaches 37
m3.day®. And finally, it shows the similar trend up to 35 days and again after that
production rate increases and reaches above 45 m3.day*. From the figure it is clear that
case 7 produce more than case 6 followed by case 5.

The methane production rate with different kLa values is shown in figure 4.27. The impact
of kLa is clearly illustrated for various cases in the graph. Methane production rate
increases with increasing kLa values. Case7 produces around 35 m3.day?, slightly more

than case 6 followed by case 5.
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Figure 4-27: methane gas production rate at different kLa with syngas composition of 86
% H>, 7% CO and 7 % CO.. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-28: Acetate consumption rate at different kLa with syngas composition of 86
% H>, 7% CO and 7 % CO>. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-29: propionate consumption rate at different kLa with syngas composition of

86 % H>, 7 % CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4.28 and figure 4.29 represents the acetate and propionate consumption rate in
the reactor. For each case, the concentration is similar to the original. Case 7 and case 6
shows little higher acetate concentration than case 5 while no any significant changes in
propionate concentration.

Figure 4.30 shows the detected percentage of methane in produced biogas. First 16 days,
the methane concentration is higher with high kLa value of 480 where it reaches around
81 %. After day16, it starts to decrease and follow the usual trend. This figure clearly tells
that the addition of syngas enhances the methane concentration. Case 7 shows a higher
percentage than case 6 followed by case 5.

On the other hand, carbon dioxide (CO;) concentration detected followed the similar
behaviour but in opposite way as present in figure 4.31. With the increment in kLa values,
the CO; decreases. The percentage of CO; falls more in case 7 which is more than case 6

and caseb5 respectively.
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Figure 4-30: percentage of methane in headspace at different kLa with syngas
composition of 86 % H>z, 7 % CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and
Case 7(kLa 480).
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Figure 4-31: percentage of CO: in headspace at different kLa with syngas composition
of 86 % H>, 7 % CO and 7 % CO:. Case S(kLa 24), Case 6(kLa 240) and Case 7(kLa
480).
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Figure 4-32: percentage of H: in headspace at different kLa with syngas composition of
86 % H>, 7 % CO and 7 % CQOs. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa
480).
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The percentage of hydrogen in biogas composition is illustrated in figure 4.32. The
hydrogen is higher up to day16 days, but its concentration starts to decrease after day16.
Again case 7 reflects higher percentage than case 6 followed by case 5.

Figure 4.33 represents the pH value inside the reactor. The pH values of original
simulation are similar to the experimental values which are below 7.5. However, the
addition of syngas causes rises in pH since syngas contains more hydrogen. Case 7 and
case 6 represents higher diffusion rate of hydrogen into the rector through the
membrane. The pH of the bulk liquid inside reactor becomes higher with high klLa values
and reaches around 7.5. First, 16 days pH increases in a rapid way up to 7.6 and after
that, it falls back quickly and stabilises to normal pH values. Also from the figure it is clear

that case 7 reaches at maximum than case 6 followed by case 5.
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Figure 4-33: pH of bulk reactor volume with syngas composition of 86 % H>, 7 % CO
and 7 % CO: at different kLa. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-34: Total nitrogen concentration for three different cases with syngas

composition of 86 % H>, 7 % CO and 7 % CO: at different kLa. Case 5(kLa 24), Case
6(kLa 240) and Case 7(kLa 480).

The total nitrogen concentration is almost equal to the original values which are in the
range between (0.02-0.03) g.L-1 as shown in figure 4.34. The graph also tells us that
nitrogen concentration inside the reactor doesn’t change much with the addition of

syngas.
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Figure 4-35: Total COD for a different case with syngas composition of 86 % H>, 7 %
CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-36. Soluble COD for a different case with syngas composition of 86 % H>, 7
% CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).

Figure 4.35 and figure 4.36 shows the total COD concentration and soluble COD
concentration for the different case including original simulation results. With the
addition of syngas to the reactor, total COD doesn’t change much while soluble COD

reflects the clear impact of syngas addition.
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Figure 4-37: Inhibition of pH ac for different kLa with syngas composition of 86 % H.,
7% CO and 7 % CQO:. Case S(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).

——case5 ——caseb ——case?/
1
c
=
=
o 038
=
£ 075
0.7
0.65
06 !
0 10 20 30 40 50 60

Time (d)

Figure 4-38: Inhibition of h2_co_ac for different kLa with syngas composition of 86 %
H>, 7% CO and 7 % CO:. Case 5S(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-39: Inhibition of pH co_ac for different kLa with syngas composition of 86 %
H>, 7% CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4-40: Inhibition of NH3_ac for different kLa with syngas composition of 86 % H>,
7% CO and 7 % CO:. Case 5(kLa 24), Case 6(kLa 240) and Case 7(kLa 480).
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Figure 4.37 and figure 4.40 shows the inhibition inside the reactor. In all case, the

value of inhibition is either 1 or less than 0.9.

4.2.2.1 Load of H; calculation for Ha-rich syngas (composition of 86 % Hz, 7 % CO and 7
% CO3.)

Load of hydrogen can be calculated from the figure 5.2.

syngas transport to reactor

ced

kmole gas /d

0 10 20 30 40 50 60

Figure 4-41: Amount of hydrogen diffuses to the reactor at kLa values 480 day™ and
inputM_gas_in of 81 m*.day.

Now from figure 5.2, hydrogen gas diffused into the reactor at kLa values 480day ™t is 2.1

kmole.day ™.

Kmole mole gram gram

Load of H, = 2.1 = 2100 =2100%2—— =
day day mole mole
gramCOD gramCOD KgCOD

= 4200 * 8———— = 33600———— = 33.6
day day day
Load of Feed is same for all case which is calculated earlier and the value is:
Kg COD m3 Kg COD
Feed = 23,3——— *1,61— = 37,5
m3 day day

Now at kLa values of 480 day'and inputM_gas_in of 80 m3.day?, load to feed ratio is:

Load of H,  33.6
Load of Feed 37.5

= 0.89
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Inorganic Carbon in Reactor
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Figure 4-42: Inorganic carbon in the reactor at kLa values 480 day™ for syngas
composition of 86 % Hz, 7 % CO and 7 % CO..

Figure 4.42 is the inorganic carbon in the reactor for borderline (threshold limit).

. KgCOD
So from calculation, 33.6 ia

amount of hydrogen gas shows failure of reactor. This is

the threshold limit. In case of kLa 240day! the inputM_gas_in of 117 m3.day?! is the

threshold limit. Further increment can cause the failure of process.

4.2.3 Simulation results with 44.4 % H,, 33.3 % CO and 22.2% CO;

The simulated final results with third syngas composition of 44.4 % H,, 33.3 % CO
and 22.2% CO; at three different kLa values is illustrated in below figures from 4.43
to 4.57.
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Figure 4-43: Biogas production rate at different kLa with syngas composition of 44.4 %
H>, 33.3 % CO and 22.2 % CQO:. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).

The simulation results for cases 8, 9 and 10 with syngas composition of 44.4 % H», 33.3 %
CO and 22.2% CO; are shown in figure 4.43. The black dotted line is the experimental
results which are around16 m3.day™* up to dayl6 and reaches to 47 m3.day* at the end.
The original is a simulation result without syngas. Case 8, case 9, and case 10 are the
results obtained after addition of syngas composition of 44.4 % H>, 33.3 % CO and 22.2%
CO; at three different klLa values. At the beginning, all three cases produce biogas
between ranges of (15-30) m3.day!. And final production rate increases and reaches
above up to 58 m3.dayt. From the figure it is clear that case 10 produce more than case
9 followed by case 5.

The methane production rate with different kLa values is shown in figure 4.44. The impact
of kLa is clearly illustrated for various cases in the graph. Methane production rate
increases with increasing kLa values. Case10 produces more methane per day than case

9 followed by case 8. The final production at day 50 is around 33 m3.day™.
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Figure 4-44: methane gas production rate at different kLa with syngas composition of
44.4 % H>, 33.3 % CO and 22.2 % CO.. Case 8(kLa 24), Case 9(kLa 240) and Case
10(kLa 480).
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Figure 4-45: Acetate consumption rate at different kLa with syngas composition of 44.4
% H>, 33.3% CO and 22.2 % CO:. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).
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Figure 4-46: propionate consumption rate at different kLa with syngas composition of

44.4 % H>, 33.3% CO and 22.2 % CO.:. Case 8(kLa 24), Case 9(kLa 240) and Case
10(kLa 480).

Figure 4.45 and figure 4.46 represents the acetate and propionate consumption rate in

the reactor. Case 10 and case 9 shows little higher acetate concentration than case 8

after day 40, while no any significant changes in propionate concentration.

Figure 4.47 shows the detected percentage of methane in produced biogas. First 16 days,
the methane concentration decreases with increase in kLa and it reaches around 51 % at
kLa 480. After day16, it starts to increase but remains less than original throughout the
whole period. Case 10 shows lower percentage than case 9 followed by case 8.

On the other hand, carbon dioxide (CO2) concentration detected followed the similar
behaviour but in opposite way as present in figure 4.49. With the increase in kLa values,
the COzincreases. The percentage of CO; increment is more in case 10 than case 9 and
case 8 respectively.

The percentage of hydrogen in biogas composition is illustrated in figure 4.48. The
hydrogen is higher during up to dayl6 but its concentration starts to decrease after

day16. Again case 10 reflects lower percentage than case 9 followed by case 8.
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Figure 4-47: percentage of methane in headspace at different kLa with syngas
composition of 44.4 % H>, 33.3% CO and 22.2 % CO:. Case 8(kLa 24), Case 9(kLa
240) and Case 10(kLa 480).
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Figure 4-48. percentage of H> in headspace at different kLa with syngas composition of
44.4 % H>, 33.3% CO and 22.2 % CQO:. Case 8(kLa 24), Case 9(kLa 240) and Case
10(kLa 480).
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Figure 4-49: percentage of CO: in headspace at different kLa with syngas composition
of 44.4 % H>, 33.3% CO and 22.2 % CO:. Case 8(kLa 24), Case 9(kLa 240) and Case
10(kLa 480).
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Figure 4-50: pH of bulk reactor volume with syngas composition of 44.4 % H>, 33.3%
CO and 22.2 % CO: at different kLa. Case 8(kLa 24), Case 9(kLa 240) and Case
10(kLa 480).
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Figure 4.50 represents the pH value inside the reactor. The pH values of original
simulation are similar with the experimental values which are around 7.2. However, the

addition of syngas composition of 44.4 % H;, 33.3 % CO and 22.2% CO; causes a decrease
in pH.
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Figure 4-51: Total nitrogen concentration for three different cases with syngas
composition of 44.4 % H>, 33.3% CO and 22.2 % CO: at various kLa. Case 8(kLa 24),
Case 9(kLa 240) and Case 10(kLa 480).

The total nitrogen concentration is almost equal to the original values which are in the
range between (0.02-0.03) g.L-1 as shown in figure 4.51. The graph also tells us that
nitrogen concentration inside the reactor doesn’t change much with the addition of

syngas consists of 44.4 % H3, 33.3% CO and 22.2 % CO».
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Figure 4-52: Total COD for different case with syngas composition of 44.4 % H>,
33.3% CO and 22.2 % CO:. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa 480).
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Figure 4-53: Soluble COD for a different case with syngas composition of 44.4 % H>,
33.3% CO and 22.2 % CO.. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa 480).
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Figure 4.52 and figure 4.53 shows the total COD concentration and soluble COD
concentration for the different case including original simulation results. With the
addition of syngas to the reactor, total COD doesn’t change much while soluble COD
reflects the clear impact of syngas addition. Soluble COD shows a significant decrease in
higher kLa values. Case 9 and case 10 reduces up to 1.3 g.L ! and follow the same trend

for about 18 days.
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Figure 4-54: Inhibition of pH_ac for different kLa with syngas composition of 44.4 %
H>, 33.3 % CO and 22.2 % CQO>. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).
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Figure 4-55: Inhibition of h2_co_ac for different kLa with syngas composition of 44.4
% H>, 33.3 % CO and 22.2 % CQO>. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).
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Figure 4-56. Inhibition of pH co_ac for different kLa with syngas composition of 44.4
% H>, 33.3 % CO and 22.2 % CQO>. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).
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Figure 4-57: Inhibition of NH;_ac for different kLa with syngas composition of 44.4 %
H>, 33.3 % CO and 22.2 % CQO:. Case 8(kLa 24), Case 9(kLa 240) and Case 10(kLa
480).

Figure 4.54 and figure 4.57 shows the. The addition of syngas shows inhibition. In all

case, the value of inhibition is either 1 or less than 0.9.
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5 Discussion

5.1 Experiment

The experimental results don't show any significant difference between both reactors.

The experimental work is considered as start-up phase since both reactors show no

Load of H,

ratio for the reactor
Load of Feed

difference within this 20 days of the experiment And the

A is 0.08, which represents a very low value. This value also explains the lack of a
significant difference between both reactors. When we compare this value with the
simulation value (0.35 is the limit calculated in section 4.2.1.1.), it should be higher than
0.08 and closer to 0.25 or 0.30 to see the difference.

This work functioned well as a start-up phase since H; did not go directly through the
reactor and into the headspace that means that the hydrogenotrophic methanogens had
time to establish. Further work on this experiment should be done where the load of H;

should be increased.

5.2 Modelling and simulation

The main objective of this simulation is to investigate the effect of pure hydrogen addition
and syngas addition into the ADM1 model. The input to the reactor is fixed at 25 m3.day"
1 and the gas-liquid mass transfer rate (kLa) is varied from a minimum value (24 day!) to
maximum value (480 day?).

In the case of pure hydrogen, the biogas production rate (figure 4.9) is not increased
significantly except on minor changes on transient phases (between 20-25 days) but
methane production rate (figure 4.10) affected clearly by different levels of hydrogen
introduced by various kLa. With the increase in kLa methane production increases. The
simulation results show that the methane production rate (figure 4.10, case 4) is around
14m3.day?), which is 4m3.day! more than experimental value, i.e.,10 m3.day(figure
4.10, experimental). So one can conclude that the methane production rate increases up
to 40% by addition of pure hydrogen.

The influence of pure hydrogen addition in AD process enhance the hydrogenotrophic
methanogenesis process and increase production of methane. (R4-1)

4H, + CO, - CH, + 2H,0 (R4-1)
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CO, + H,0 & H,CO; & HY + HCO3 (R4-2)

HCO; & H* 4+ CO3 (R4-3)
Reaction R4-2 and R4-3 are the equilibrium reaction between CO; and H2COs. Hydrogen
uses more COy, which disturbs the equilibrium. To preserve the equilibrium, the surplus
of COzwas then provided by H,COs, which indicates loose of more H*ion into the reactor,
causes pH inside the reactor goes up as shown in figure 4.16. Also, pH is higher up to
day16 due to less load of feed (figure 3.3) which results in less hydraulic retention time
(HRT) but after day17, HRT increases due to increase in feed and pH stabilizes.

Figure 4.10 shows higher methane production after day 16. The production of methane
increases because of inhibition reduction and the acetate concentration falls as
illustrated in figure 4.4. In figure 4.4, during the day (0-16), the acetate concentration
increase with higher kLa values. With kLa 24, the concentration is ok, but as the value
increases at 240 and 480, the concentration is continuously increasing. The high acetate
concentration can be explained by high H; load to feed load ratio; it leads to high pH and
high concentration of NHs which inhibits the process of acetoclastic methanogenesis. The
biomass responsible for methane production from acetate belongs from the archaeal
group (methanogens) which is inhibited by NH3 which means slow down the conversion
of acetate to methane process.

The main reason for high inhibition is due to more NHs present in the reactor which can
be explained by the reaction R4-4.

NH, & H* + NH,4 (R4-4)

Since pH goes up, H* ion from reaction R4-4 is removed which produce more NHs into
the reactor. The case with kLa 240 and 480 shows higher inhibition than kLa 24.
Propionate concentration is similar in all case, which means degradation unaffected of H;

or syngas addition.

Load of H,

Toad of Feed is higher before

Load of feed increased after day 16, which means the ratio of

day16. So, there is higher possibilities of failure before dayl6 than afterwards. After
day16 the load of feed was increased which increase the amount of CO; into the reactor
since, feed contains CO». Around 0.35 is the threshold limit a reactor can handle. This is
the number which leads to the failure if feed is not added after 16 days. Also for the
theoretical border line (threshold limit), pH (figure4.16) seems to stabilise at 8.5 but

Inorganic Carbon (IC) graph (figure 4.25) seems to go down, so it cannot be saved by
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adding feed after dayl6, failure is certain. Lie Xi and Irini Angelidaki[64], they show
through experiment that pH 9 is the failure and based on the simulation in this thesis
work, the border line is 8.5.

The total COD does not change much, but soluble COD changes with an increase in klLa.
Soluble COD contains COD from acetate, COD from propionate, COD from methane and
COD from Ha.

CODs = CODgcetate + CODpropionate + CODpethane + CODhydrogen

So, soluble COD increases due to acetate, methane, and hydrogen.

In the case of Hj-rich syngas composition (86 % Hz, 7 % CO and 7 % CO;), biogas
production rate and methane production rate increases with increase in kLa than pure
Ha; since syngas also contains some CO, which shows more favourable condition than
pure hydrogen. From the graph(figure 4.33), it is clear that syngas is easier to handle than
pure H; since the pH values don't rise too high as we observe in the case of pure
hydrogen. The methane production rate is around 16m?3.day *(figure 4.27, case 7), which
is 6 m3.day* more than experimental value i.e10 m3.day(figure 4.7, experimental). So
from this result, one can say that methane production rate can be increased by 60% by
adding Hy-rich syngas. The acetate (figure 4.28) concentration at all three klLa is ok with

this composition of syngas because NHs does not much inhibit it (figure 40). Similarly, the

Load of H,
Load of Feed

threshold limit for with Hy-rich syngas composition is around 0.89.

In the case of syngas composition of 44.4 % Hj, 33.3 % CO and 22.2 % CO3, The biogas
production rate, and methane production is more and increases with kLa. But, the
produced biogas contains more percentage of CO; and less percentage of methane which
is due to more amount of CO; present in the syngas. The amount of acetate increases
more during last days which is due to more inhibition in the last days.

The methane percentage is around 94 % (figure 4.13) with pure Hy, around 81 % (figure
4.30) with Ha-rich syngas (composition of 86 % Hj, 7 % CO and 7 % CO;) and around 49%
(figure 4.47) in 3™ syngas composition (syngas composition of 44.4 % H,, 33.3 % CO and
22.2 % CO;). Syngas 3 contains more percentage of CO;, and this is the reason for less

methane in 3™ syngas composition since it depends on the H,/CO; ratio.
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6 Conclusion

The simulation shows that it is possible to increase the methane production rate up to

40% by adding pure H> and up to 60% by adding Hx-rich syngas. Literature experimental

data supports these findings. The following conclusion was reached from a simulation of

the various cases investigated.

With pure hydrogen

In the case of pure hydrogen, The addition of hydrogen can improve CHs4 content
in produced biogas. The percentage of CH4 at the highest kLa (480day!) is around
94 %.

Load of H,

W ratio of 0.35 (kgCOD

kLa 480 represents the maximum limit of

hydrogen.day / (kgCOD feed.day*) which was observed during simulation.
CHaproduction rateincrease with kLa but biogas production do not increase much
because of the higher percentage of methane in biogas.

The reactor’s pH enhances with the amount of hydrogen added. For example in
the simulated case, the pH goes above 8.5 with kLa 480.

Apparently, there is a borderline which shows how much H; is added before the
process avoids failure. The simulation show if borderline is crossed, then pH will
rise above 8.5 and process become a failure. At borderline, pH seems to stabilise
at 8.5, but the Inorganic carbon (IC) is still falling which means the pH
concentration on the borderline could even be lower than 8.5.

Such a borderline is also observed experimentally with failure at ph 9 and not
failure at 8.

The rise in pH increase the NHs inhibition because a larger fraction of total NHa
present as NHs (which is a most toxic form of ammonia).

The addition of hydrogen do not affect the propionate concentration.

The total COD remains similar with different amount of hydrogen addition, but
soluble COD increases with h, addition.

Under the case condition | have simulated, changing H, addition can be simulated
by both kLa and input (inputM_gas_in) flow rate. Both klLa and input
(inputM_gas_in) increase the diffusion of hydrogen. So, it's hard to conclude the

exact values of kLa on diffusion.
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With syngas composition of 86% H, 7% CO and 7% CO,

In the case of syngas composition of 86% H,, 7% CO and 7% CO», both biogas
production, and methane production increases with increase in klLa.

The highest level of CHs content can achieve in produced biogas with H-rich
syngas composition is around 81 %.

It appears that there is easier to avoid failure if we use syngas than pure hydrogen
due to the pH problem.

Syngas show less inhibition of NH3 than pure hydrogen due to pH.

The theoretical borderline (threshold limit) with syngas is better than pure H,. The

Load of H,

ratio is 0.89. The higher ratio than pure H; due to the simultaneous
Load of Feed

addition of CO; into the reactor.

With Syngas composition of 44.4% H,, 33.3% CO and22.2% CO,

86

In the case of Syngas composition of 44.4% H,, 33.3% CO and22.2% CO;, biogas
production is higher than pure H, or Hz-rich syngas was added, but methane
content in produced biogas is very low. The methane production rate depends on
the H,/CO; ratio, and syngas with this composition contains more CO; than H,-
rich syngas (syngas composition of 86% H», 7% CO and 7% CO,).

CHacontent is lower in every tested case with this composition. It decreases more

with an increase in kLa. The highest percentage of CHs at kLa 480 is around 49%.
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