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Abstract

Particle size distribution (PSD), or the distribution of particles over distinct size ranges,
in pretreated organic substrate is relatively unknown, even though it is generally
recognised that particle size reduction affects the efficacynafrobial fermentation.
When the size of the particles is reduced, biological responses have access to a greater
specific surface areaA shorter retention periodreduced capital and operational
expenses could also result from smaller particle size Higion, which would be
beneficial to remote, rural, and urban regions alike. As a result, the cost of the substrate
biomass that must be disposed of is reduced, and a greater percentage of biogas is
produced. The study consisted of tahtory tests to redwce particle sizes and analyse

the result PSD profilehesetechniqueswere used, like as collected, manual chopping,
shredding, grinding, and mincing. Shredders were shown to be less effective at reducing
particle sizes for prereatment level one when aopared to manuathopping and non
treated waste The fine particle size distribution (PSD) ranges of thetreated tomato

waste were noticeably higher (41%) than those of the other three substrates, such as
grass waste 10%< 2.9, banana peel waste 14%ms2md paper waste 25% <3mirhe

trials showed that, combine effect of mincer, grinderdextending processing time by

5 minutes resulted in a greater methane output at higher-peatment levels with

more surfae area Thestudy found that of the four substrate biomass greatment

levels, banana peel waste substrate biomass (BPWSB) produced the most methane, at
a rate of about332+36Nml/gVS and a volatile solids reductior5@®R) of 67% for batch
tests, while GWSB of semmdntinuous tests produce#53 +29Nml/gVSThe simulation
results and experimental data for different levels of degradability revealed that while
large particles decay sldyy a smaller fraction degrades more rapidly. This supports the
findings of oher studiesn terms of specific surface area, smaller particles had a greater

influence on biodegradation than the larger particles

Key Words: Anaerobic, methane, particle siz@pmass, banana peel grass, paper,
tomato substrate, biochemical methane potential, batch and semntiouous
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Abbreviations and acronyms

A Surface Area Is Available for Hydrolysig|]
AD Anaerobic Digestion

BMP Biochemical Methane Potential

BPW Banana Peel Waste

BPWSB Banana Peel Waste Substrate Biomass
BR Batch Reactor

C/IN Carbon to Nitrogen Ratio

CSTR Continuous Stirred Tank Reactor

Dm Dried matter

GW Grass Waste

GWSB Grass Waste Substrate Biomass

HRT Hydraulic Retention Time

1A Intermediate Alkalinity

Ksbk SurfaceBased Hydrolysis Constant (Kgtdy).
M Massof The Substrate (Kg)

OLR Organic Loading Rate

PA Partial Alkalinity

PS Particle size

PSD Particle size Distribution

PSR Particle Size Reduction

PT Pretreatment

PTLs Pretreatment levels

PW Paper Waste

PWSB Paper Waste Substraiomass

Ro Initial Organic Solid Particle Radius [L],
Rt Average Particle Radius at Timen;(
SMP Specific Methane (GHProduction

T Time (Days)

TA Total Alkalinity

TS Total Solid

TW Tomato Waste

TWSB Tomato waste substrate biomass

VFA Volatile Fatty Acids

VS Volatile Solid

VSR Volatile solid reduction

[ Density of The Substrate (Kug),
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1 Introduction

1.1. Background of the Study

Energy is very critical for economic development. No country can achieve
sustainable development when its energy sector is not well developed. The
production of energy is indeed through various means, but having an energy mix
that will help mitigate, or nocompound, the problem of global warming remains a
challenge, especially in a developing nation like Nigeria. Most of the people in rural
and remote areas of developing countries depend on firewood to meet basic energy
needs. This practice is known to leagaused air pollution and significant health
problems for individuals. On the other hand, the continued enetiance on fossil

fuels such as coal, oil and natural gas presents risks like, land degradation and
environmental pollution of air, water, leadinto global warming and, climatic
change, thus resulting in multiple problems for humans and animals in the future.
Nigeria as the seventlargest country in the African continent and like other
developing nations has a growing potential for increased alednfor energy. The
population is more than 170 million with a GDP growth rate of about 7%. The current
population made up of females is about 49.4% and male about 50.6%. Also,
population growth has resulted in an increase in uncontrolled waste across the
country, thereby creating environmental hazards through skin contact, inhalation
and ingestion, economic and social problems that need urgent attention by the
nation. About 95 million Nigerians and 55% of the population have no access to clean
energy (eled NA OA (&0 gKAES (GK2asS tAy{SR (42 GKS
challenge of lengthy power interruptions. Systemic problems influence all the stages
of the power value chain, such as production, transmission, distribution, and gas
supply. Thisas driven most of the people to rely mainly on ggdheration of energy

in the residential, commercial, and industrial sectors with diesel generators at a

higher cost (NGN 624 kWh) compared to the national grizhsed (NGN 288 kWh)
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power. This selfienerated energy has resulted in an environmental hazard that
using clean energy could reduce this impact. These have been the existing historic
gap between the demands for power across the nation that needs renewable energy
technology. Also, it causes tipeice of the commodity to increase. This affects the
consumers because of recurrent expenditure by business owners because of the
seltgeneration of energy (electricity). In Nigeria, energy (electricity) has contributed
to the total gross domestic produdifGDP), yet the nation is affected by many
LIN2POf SYad 06SOFdzaS 2F (GKS AYIFRSljdzh &S LI2gSN 2
sector cannot meet the electricity demand and is currently causing enormous
economic challenges across the nation. Historically,veetoinvestment level of
power generation in the country creates a massive barrier for most of the private
investment companies in Nigeria. The World Bank reported that 41% of business
owners in Nigeria produce their power supply as this will enable theaugpment
the supply from the country's national grid supply at about 126 kWh per capita. In
comparison, the Ghana per capita consumption of energy is about 361kWh which is
2.9 times higher compared to Nigeria and South Africans per capita consumption
(3926 kwh) which is 31 times greater with growth in the population of about 52
million as compared to the size of Nigeria. From literature data, as the population of
a country increases, the demand and supply for energy equally increase.
Surprisingly, Nigeriasaan oil producer could only generate about 7,411 MW of
electricity and with a lower operational capacity of about 3879MW. Figure 1 shows
Nigeria has a transmission capacity of 3,600MW and 3,100 MW distrijajed
However, the main drawbacktothél G A2y Qa Sy SNH& 3ISYSNIGAz2yYy

W Vandalism

W Demand and supply imbalance because of higher interest recurrence

W Infrastructure tools transmission insufficiency (line requirement)

W Poor management of natural water resource
However, Nigeria has an installed electricity generation capacity for supply to the
natural grid of 12,522 MW, but at the end of January 2016, the demand for electricity
in Nigeria was estimated to be 12,800 MW, yet less than 26% of Nigeria installed

. ____________________________________________________________________________________________|
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capadty could reach the endiser[1]. Also, access to electricity is about 10%, for the
rural communities, 51% for the urban region of the nation, and the energy
consumption per capita is 8.1 MWhr while the total power consumption is 1259
TWhr per annumAccording tf2] energy prevents deprivation and poverty resulting
from economic degradation while at the same time, supports production in
manufacturing, agriculture, commerce, and mining. Also, poverty is significant in
Nigeria as about 61% of the nation live belthe poverty line. Energy plays a
significant role in education, transport, and communication. Nigeria is faced with a
massive economic challenge and a lack of access to clean energy. However, the
energy situation in most developing countries, especialtgl communities, can be

improved[1], [3].

12,522

~6.9% commercial and
346.5% colection losses

~)2.5% technicol CD
l0ss 2

4055 |

447 —216 -

1.065

Figurel.l Installed Nigeria distributioncapacity.

Source [1]
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The biogas technology undoubtedly can assist developing nations in enhancing their
ability to acces clean energyThe process generates methane, which is a useful
energy resourceA valuable horticultural soil conditioner and fertilizédee materials

are also produced by the AD proceRd. The AD process, when adequately
developed, can contribute significantly to solving the energy problerdswéloping
countries. The AD system runs on a small scale and requires little capital. It allows
for decentralisation of the system, which is very advantageous. These imply that the
AD system can be installed in remote, rural, and urban locations adressation.

This technology will clearly be used to help Nigerians with their energy issues
because it will contribute to their solutiomherefore, it is expedient to improve our
understanding of the operation and optimisation of the AD process concetheng
mechanical prdéreatment and particle size distribution of biodegradable fractions

of some selected waste biomass. This thesis focuses on the effect of particle size
distribution on system kinetics and overall degradation on the anaerobic digestion
of waste biomass byexploring various mechanicaquipment andfour selected

feedstockgBanana, graspaper,and tomatoes respectively

1.1 The energy situation in Nigeria

The following are some aspects of the energy crisis in Nigeria:

X

Nigeria, which is richly endowed with a variety of energy resources, is the most

populated country in all of Africa.

x  Over 60% of Africa's oil resources are in Nigeria and Angola.

x Nigeria has enormous resources of lignite and bitumen in addition to ranking
second to Algeria in terms of natural gas reseif&gs

x  The Nigerian economy's growth is mostly dependent on energy.

x Additionally, energy is used as a raw material in the nation's transportation,
healthcare, and education sectors as well as an instrument of security, politics,
anddiplomacy|6].

x Nigeria's crude oil reserves, which make up well over seventy perceni @f0%

the country's GDP, are the source of all the country's energy income.
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x Resources for primary energy are plentiful in Nigeria. With a barrel capacity of
around 36.2 billion, the country is home to the teAtrgest reserve of unrefined
petroleum in theentire globe.

x Nigeria is regarded more as a normal gas base than an oil one, with an estimated
reserve of 166 trillion standard cubic feet. Nigeria is among the top ten countries
with the largest gas reserves in the world based on this amount, which eslud
linked and unrelated reserves.

x Despite having ample biomass resources to cover both traditional and modern
energy needs, Nigerigr] lacks both advanced technologies and a tight supply
demand balance.

x  The Nigeran federal government continues to encourage increased alienation
and isolation because most communities are not adequately represented in
national planning. Given the profound effects it has on the economy, society and
environmental welbeing of every peson affected, the gravity of this issue

cannot be overstated.

However, most oil and gas reservoirs can be found in the Niger Delta region, the Gulf
of Guinea, and the Bight of Bonny. Residents in remote and rural villages suffer in
Nigeria, like they doni other developing countries, when problems with
infrastructure, logistics, inhospitable terrain, and vandalism affect energy
generation, transmission, and distribution. To reduce the energy deficit, it is
advantageous to use the waste from these commasito produce clean fuel in the
form of biogas. This is because almost all these rural villages' major sector is
agriculture, which generates large quantities of agricultural waste and municipal
(biodegradable) waste. Additionally, because the energy geedr would be
transmitted inside the same region, the federal government would save money in
that area. There would be further benefits as well, like better public health (since
trash is not disposed of), a stronger local economy through the creatiorosf gmd
valuable fuels as this would also help to save the country from the current severe

economic crisis
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1.2 Research motivation

From the summaries of Nigerian energy situations, it can be concluded that
alternative renewable energy technology plays an increasingly significant role in the
economic development of any country, including anaerobic digestion and my
motivation is the exwitation of agricultural resources described earliedif.1, for

the purpose of bieenergy generation.

1.3 Scope of study

The initial part of my research work focuses mainly on three mechanical
types of machinery, specifically:

W Inox No.8 Stailess Steel Electric Mincer 220/5@: minces the feed
material using a sharp knife and is made entirely of stainless steel. It
consisted mainly of a mincer knife, two nozzles, and two stainless steel
plates (6mm and 16mm). When the knife is taken outhef iincer and the
plate is inserted, it works by inserting one of the nozzles through the front
screw. A casing should be spread out over the nozzle, leaving an inch
hanging over the end before the material is filled and fed through the
mincer. One of thimachine's main benefits is how easily it can be unbolted,
which makes it simple to clean and maintain.

W Magimix 5200XL Premium Blender Mix Food Procesisoperates on the
principle of impact and can quickly and easily slice, chop, grind, and knead
feed material. The powerful motor adapts to the task at hand because of
its straightforward and simple operation, which only requires 3 buttons to
access all functions. The convenient storage box that is provided keeps all
the blades and discs securely. Theesif the plate's hole determines how
much grinding is done.

W Paper Shredder PS1840 ProdG&tU: SHRED102003hredders consist of

two parallel, counterrotating shafts with a series of discs. The core of the
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counterrotating shafts is where the shredder waste is directed. Shearing

and tearing serve as its governing principles.
This mechanical equipment that isleeted is of different types because it will be
used to assess the performance of different size fractions of municipal solid waste
(MSW).They were also selected because they could emulate the type of common
mechanical préreatment equipment for AD plast e.g., shredders, macerators etc.
This mechanical machinery for the biomass size reduction of feedstocks such as
paper, grasses, banana peeling, and laboratory analysis of their particle sizes. The
scope of this research work will include the utilisat@frboth a batch reactor and a
semicontinuous stirred tank reactor. Investigating the effect of particle size (PS)
distribution on the anaerobic digestion (AD) process, the effects of the PS
distribution on the operation and optimisation of the AD processout the
maximum OLR and other relevant process parameters. Evaluation of the impact of

mechanical prareatments applied to the AD system.

1.4 Project Aim and Objectives

The project aims to use experimental and modelling methods to study the effect of
medanical size reduction on the performance of anaerobic digestion processes. The
experiment using Automatic Methane Potential Test System (AMPTS II) and
Bioreactor Simulator (BRS) bioprocess for batch testing and@amtinuous testing

was performed in théAD lab at the University of Sheffield.

1.4.1 Aim

The study's aim is to investigate the effects of various mechanicairgaénent
methods on the size reduction of different organic materials and their potential to
degrade under anaerobic conditions in ternfsparticle size distribution and other

process parameters.

1.4.2 Objectives of the study

x To evaluate the effect of mechanical reduction methods on the PS distribution of the

biomass constituents of MSW.
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x To investigate the effect of PS distribution on the biogas potential and biogas
production kinetics.

x To study the effect of the particle size distribution (PSD) on the operation and
optimization of the AD process on the maximum OLR and other relevanegsoc
parameters.

x To develop and validate a particle size distribution (PSD) based degradation model to
incorporate the effects of PS distribution and its effects on kinetics.

x To investigate the difference in methane production at the different physical pre

treatment levels.

1.5 Structure of the thesis

The thesis compriseggen(7) chapters which include about 70% laboratory work
and 30% simulation in terms of effort. The results obtained from the experiment are
adapted for simulation using MATLAB/Simulinkdeoand integrated into an
anaerobic digestion model no. 1 for the complex organic matter to predict the
overall biogas productiof8]. This research work follows the regulaesis structure;
introduction to energy, review of relevant literature data, description of the
experimental material and methods used, presentation of the results and discussion
of the laboratory experimental investigations obtained, summary, conclusiod,
recommendations for furtherwork. Generally the thesis has been presented
following the order that the investigation was carried out from the start on the
background of energy, previous work, and relevant literature review, experimental
material andmethods, results, and discussion. This is followed by the investigation
which progresses in increasing complexity after baseline study to establish

fundamentals.
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2 Literature Review

2.1 The Biogas Technology
The term anaerobic digestion (AD) is a known process by which a consortium of

microbial culturesattacksa complex organic material in the absence of free oxygen.
The AD process results in the generation of biogas together with solid and liquid
residues de to the natural decay of organic matter that is fed into a digegtgthe
principal constituents of biogas are methane {C&hd carbon dioxide (G Other
components, such as hydrogen>(Hhydrogen sulphide @3), ammonia (Ng)
nitrogen, carbon monoxide, oxygen, and siloxanes, are sometimes found in biogas,
but in small amount$9]. In contrast to aerobic systems where the rate of reaction
occurs when oxygen is present. The general equation for anaerobic digestion action
is given by[10] as follows: Organicmatter + Combined Oxygen + Anaerobic
YA ONEZ 0 S & @o+Othel dndproducts (L1)

As indicated irfigure 2.1, the four dynamic biological stages of AD processes are
hydrolysis,acidogenesis acetogenesis, and methanogenekish provides a brief

summary of their core methodologig¢$1].

polymers

proteins carbohydrates fats

Hydrolysis hydrolytic bacteria

monomers
(amino acids, sugars, fatty acids)

Acidogenesis acetogenic acidogenic bacteria
bacteria

volatile fatty acids; alcohols
(e.g., propionic, butyric acid; ethanol)

Acetogenesis l /
syntrophic || bacteria
s hydrogen,
acetic acid = ——  carbon dioxide
acetate oxidizing/ acetogenic bacteria
Methanogenesis
——> methane <

aceticlastic | " hydrogenotrophic
methanogens methanogens

Figure2.1 Four main pathway of anaerobic particulate

Source11]
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From figure 23, the AD process is the product of several metabolic activities among
various groups of microorganisms comprising the hydrolytic and fermentative
bacteria, acetogenic bacteria, and the methanogearchaebacteria. Bacterial
relationships have a role in the Alopess.This demonstrates that theicrobes in

the first and second group$ydrolysis and acidogenesis)s well as the third and
fourth groups(acetogenesis and methanogenesiaje closely relatedAs a result,

the AD process can be separated into twajan categorie$12], [13] The syntrophic
interaction betweenarchaedhat use hydrogen, like methanogens, and organisms
that produce hydrogen through fermentation is known as interspecigdrdgen
transfer. Methanogensarchaeaneed fermenters/acetogens to provide them with

the hydrogen, carbonate, and acetic acid they need as substrates, while acetogens
depends on methanogens to release hydrogen because their catalysts are just
endothermic & very low hydrogen levelfl4]. Additionally, these bacteria work
together to utilize the substrate in the AD system. As a result, solids cannot build up
and obstruct the gas pipeline. The biomass in the bioreactor will therefore be
adequately agitated, minimizing an excessive accutimmeof VFA, ammonia, pH,

and foaming that could lead to the failure of the AD systétawever, for complete
degradation to take place, many microbes need to be present in the reactor to speed
up the digestion process of the substrdtks]. Also, the techniques of anaerobic
digestion systems are very superior to the aerobic system due to low energy input
and the production of biogas as a valuable product. Accordingnigelidaki and
Sanders[16], greater contact betweenenzymesand substrate is essential for
hydrolysis. This is because the mmmganism emits hydrolytic enzymes and equally
benefits from the digestion of the firsirder surface area of particulate materials.
Also, the reduction of substrate particle size through-peatment can increase the
surface area that becomes available foicrobial activity, and this can cause the
generation of more biogas. Many scientific researchers have explored diverse pre
treatment techniques such as physical, chemical, biological, and even a combination
of techniques to enhance the microbial degréida of complexwaste [17]¢[20].

Pretreatment of lignocellulosic materials wdsund to cause profound alterations
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in the structure of the complex materials at the level of polymerisation, therefore
breaking the molecular bonds betwedignin and carbohydrate and expanding the
shallow area of particulatenatters [21], [22] Thus, to ehance microbial activity

and methane production, it is advantageous to give mechanicaltrpegment
before anaerobidigestion[20]. Thereforejt is expedient to check some mechanical
devices that are employed in the combination of feedstock and to studglifferent
particle sizes and shapes of the feedstock shredded and fed into the anaerobic
digester system to have an enhanced understanding of the particle size and shape

of the feedstock and how they affect the performance of the AD process.

2.2 Phases of the@naerobic digestion process

2.2.1 Hydrolysis
A process whereby complex organic matter is converted into much simpler soluble
molecules is known as hydrolysis. This process is catalysed by enzymes, which is
produced by the activity of the anaerobic bacteria feeding on the subsfeap It
includes carbohydrates, proteins, lipids, or composite compounds such as sludge or
yeast. The core products are lonbain fatty (LCFA), amino acids and
monosaccharides, respectively. AccordingBsposito et al [24] there are three

fundamental pathways of enzymatic hydrakys

W The anaerobic bacteria release catalysts into the mass fluid where it adsorbs onto a

molecule or responds with a dissolvalsigbstrate.

W The anaerobic bacteria attach to the particle and produce enzymes near the particle.
After the enzymatic reactionhe microorganism benefits from the soluble products

that aredischarged.

W The anaerobic organisms have an attached catalyst, which may double up a vehicle
receptor to the inner part of the cell. This technique requires the bacteria to adsorb

onto the surfae of the moleculeg25]¢[27].
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According to the study o¥avilin et a[26], the hydrolysis of complex particulate
substrates isa two-phase reaction propelled by extracellular enzymes during
hydrolytic reactions secreted by bacteria that obligate the facultatineerobes.
Thefirst phase is bacterial colonization, a point where the hydrolytic bacteria cover
the surface of particaite matter, and the reaction rate strongly relies on the
available contact area. Bacteria that are on the surface, or close to the surface,
secrete enzymes and produce the monomers that are used by the hydrolytic
bacteria. In the second phase, the hydratytenzymes degrade the complex
particulate matter on the available surface at a constant depth per unit of time. Also,
the extent of the reaction rate of hydrolytic enzymes relies on the substrate physical
and chemical composition, solid concentration ahe digester hydraulics, which
significantly affect the rate at which hydrolysis tak@ace [28]¢[30]. The steps

involved in the enzymatic hydrolysis process are as follows:

W Production of catalysts can decrease when there is excessive soluble substrate
available [31].

W The producing microbe transfers enzymes to the bulk.
W Enzymes diffuse from the bulk to the feedstock patrticle.
W The Adsorption processes are limited to the substrate particle (surface. area)

W The reaction rate is limited by the enzyme concentration and the substrate surface

area.
W Diffusion of product from the particle to the bulk.

W Deactivation of the catalyst can become excessive when there is a shift from optimal

pH and temperature[25].

However, there has been a wide range of different complex hydrolysis kinetic
models that include all these steps (Figur@)J30], but the validation of this

complex model has been difficult. The fimder kinetic rate model proposely
I ————
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Eastman andrergusori32] is the simplest and the mosbmmonly used in practice

to describe the hydrolysis process.

4. Adsorption of enzyme
onto surface

5. Reaction

6. Transport of
product to bulk| TEEEEEZIIL

2. Transport to bulk

7. Deactivation of enzyme
\—/ 3. Diffusion from

bulk to particle

Figure2.2 Main steps in enzymatic hydrolysis

Source]30]
Also, the firstorder kinetic model has been presented by Eastman and Ferguson
[32], as an empirical expression that represents the cumulative effects of all the
microbial action occurring in the AD process. During the hydrolysis process, the
particulate substrate met the hydrolytic microbial celisdarealised a catalyst for
long-chain fatty acid ester (LCFA) known as hydrolases and lapses. Lapses break
down the bonds in the polymeric, and this results in shorter chain mole¢lids
[26], [30], [33] Thereaction of the hydrolysis of lipids and protein is indicated in
figure 23 and 24 respectively.

CH,” OH CHo-O-fatty acid
CI:H — OH CH-O-Tatty acid
(I3H2_ OH (|3H2-C)-fatty acid
Glycerol Triglyceride

Figure2.3 Glycerol and triglycerides

Source{30]
A | § N
'H R OuH R OH R O
LI | T Y A |

SRR |'N—C|3—C-HN—(|3—CJI-:N—(|3—C-I----
I |
R B T
L - N

Figure2.4 Protein chain and amino acids linked by amideoup.
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Source: 30]
Hydrolysis is affected by substrate biodegradability of complex organic matter
structures (lignocellulosic biomass) such as part of food waste and mgg#jr¢35]
The cellulose degradation rate is affected by the hydrolysis enzymatic activity, as
well as it also depends on the cellulose polymers, physical, chetoieditions,and

high-temperature pretreatment [36].

2.2.2 Acidogenesis
In acidogenesishe products of hydrolysis are broken down into further simpler and
easily degradable fractions. It is the second stage of the AD process, and the fastest
step as wel[15], [34], [37] This stage yields VFA alongside ammonia, 8Qand
other by-products through the action of acidogenic bacteria. The most essential of
the organic acids is acetate since it can be used directly as a substrate by the
methanogenic organisms. The common products of acidogenesis from C6
monosaccharide & shown in figure 3.in which the anaerobic microbial organisms

generate acetate and butyrate (VFA) from glucose.

1glucose
e

opyruvate T g
Jde G
8e~ 3

2lactate :

, 20055 |2
2propicnate 5. <
2e ‘v 2C0,
2acetyl-CoA
2a”
2e =H, <:| 6e~ 7 e~ ‘i i
2acetate 1butyrate 2ethanol

Figure2.5 Acidogenesis products from C6 monosaccharide fermentation

Source[30].
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2.2.3 Acetogenesis

This is the third stage of the AD process. During this stage, the hydprgdacing
acetogens consume VFAs and LCFAs, which are produced during the hydrolysis of
lipids into acetic acid, hydrogen, and £Jhese bacteria work in synergy with
methanogenic bacteria, which is known as the interspecies transfer of hydrogen,
while the homoacetogenic bacteria break down the.G@d H to acetic acid.
Acetogenic bacteria are known to be very sensitive to both physical and chemical

conditions such agemperature, and hydrogen ion concentration.

2.2.4 Methanogenesis

Methanogenesis is the final stage of the anaerobic digestion where methane is
synthesized by methanogemschaebacteriaThis synthesis is achieved by breaking
down acid molecules to form carbalioxide and methane. It would also be achieved
through the reduction of carbon dioxide (€Qwith hydrogen[38]. Anaerobic
bacteria and acetogenins provide methanoganshaeawith their needed substrate
such as hydrogen, carbonate, and acetic acid whereas the acetaggend on the
methanogens at a very low concentration of dissolved hydrogen and making the
degradation of organic matter thermodynamically favoural&5]. This involves

two groups of bacteria that depend on the substrate they can use in the AD system
known as the acetoclastic methanogen and hydrogenotropimethanogens.
Methanogenarchaeacan producanethane, gpotential fuel energy. Enzymes have
been used to activate the acetate in the mathosarcina and methanosaeta genera of
methanogens archaea. They can both produce aceticlastic methanogenesis. On the
other hand, Mathanosaeta struggles to adapt to acetate hatbiand outperforms
mathosarcina in waste environments. Additionally, the methanosaeta genus only
eats acetate[30], [39] Members of this genus can also use;C@ydrogen, and
methylated Gcompounds. The methanosaeta dominates the acetate belowMO
while the methanosarcina dominates the acetate above® M methanosaé is

more sensitive to pH, and ammonia and is foundigh-rate systems and while the
methanosarcina is often found present in a solid digester with the high effluent of

organic acidg30]. Figure 2.6 shows the different paths of methanogeneside
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Methanogeniarchaean an anaerolic system are the most sensitive anaerobes that
can function better at very low dissolved oxygen concentrations. But it also requires
a redox potential of less that800mV for growth and in an anaerobic system, and it
requires physical conditions such astiperature and pH to be a monitor for efficient
production of methane. Methanogemrchaealive in a natural habitat such as
sediment and a digester system which is known to be a more suitable condition for
the organism$15]. Retention of methanogenic bacteria in the digester is panamo

to maintain the reactor performance since the methanogenic organism grows very
slowly in the ABsystem [40]. The devéopment rate of the methanogenic archaea

is slow; this makes the methanogenesis phase become dinaiting phase because

the rate of growth of the methanogenic organisms is prone to wash out. In the
methanogenesis phase, methane production is often pastlin two potential

ways, as shown in equation (2.2nd b.

CQ+ 4 ™=  CH+2HO (2.29)
CHCOOH === CH+ CQ (2.2b)

However, equation (2&2and ) represents the most important one that most of the
anaerobicorganismsdepend on Also, if the methanogen phase is unable to keep
pace with the generation of VFA, the accumulation could prompt inhibition of the
methanogenic process and possibly failurd the digester system. The
methanogenesis process can be inhibited with excessive accumulation of toxic
compounds such as sulphide, ammonia, or hydrogen. Table 2.1 below gives the
summaries of the stages of anaerobic digestion. Besides, the degradatiompfex
particulate substrate biomass is incomplete until the substrate has passed through
all the fourphase digestion. The microbialganismdound in the anaerobic system

are developed from a customary or facultative form of culture at the concentratio
shown in Table 2. This microbial organism is very sensitive to environmental
conditions like pH, temperature, and the organic complex matter (substrate) that is

fed into thesystem.
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Figure2.6 depicts the various methanogenic pathways: Hydrogenotrophic (red),
methylotrophic (blue), and acetolactic (gregrgthways.
Source [11]
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Table 2.1 Summaries of the stages of anaerobic digestion

acetogens consume VFA and | bacteria
long-chain fatty acids,
resulting from the hydrolysis
of lipids into acetic acid,

hydrogen, and CO:.

reducers, low production of

acetate

Methanogenesis Acetate is cleaved to Methanogenic
methane (CH.) and carban bacteria
dioxide (CO0z), and It involved
two groups of bacteria
known as the acetalactic
methanogen and
hydraganotrophic

methanogens

Slow development rates,
wash-out, inhibition due to
excessive accumulation of
toxic compound like sulfide,

ammaonia, or hydrogen

Stages Description bacteria potential drawbacks | Two-phase
categories
Hydrolysis Solubilization of complex Hydrofytic  or | Hydrolysis of lignocellulosic | Acid phase
organic matter into simpler fermentative materials
soluble molecules bacteria
Acidogenesis Excessive accumulation of Acidogenic Accumulation of acd
WFA alongside ammonia, bacteria
00, Hs, and other by-
products
Acetogenesis The hydrogen-producing Acetogenic Competition with sulfate | Methane phase

Table 2.2 Population of microbial organisms in anaerobic digestion

system

Source [41]
Anaerobic Microbial Bacteria Group Cell/mL
Hydrolytic microbial bacteria 108-10°
Proteolytic 107
Cellulolytic 10°
Hemicellulolytic 10°-107
Acetogenic microbial organisms 108-10°
(Hydrogengproducing)
Homoacetogenienicrobial bacteria 10°
Methanogens 10%-10°

Sulphate reducers

104
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2.2.5 History of the anaerobic digestion

Anaerobic digestion technology is a weditablished technology that hasisted for
centuries, and lots of studies and discoveries concerning thpré&ess have been
carried out. Jan Baptista Van Helmont discovered in the 17th Century that organic
matter gave out flammable gasses; and in 1776, Count Alessandro Volta discovered
a clear correlation between the number of biological materials decayingtlaad
amount of combustible gas produced. Sir Humphry Davy discovered methane in the
fumes released by cow manure in 18Q80], [42]. The first digestion plant was
actually created in 1859 at a leper colony in Bay, India[42] . AD came it
England for the first time in 1895 through Exeter, where bsofyfam a "well built"
sewage treatment plant was recovered and used to light streetlaj#®ps In 1881,
anaerobic digestion was used to treat sewage in a septic tank; since then, it has been
used on fardrger scaleBuswell and other researchers carried out investigations in
the 1930s to identify anaerobic bacteria and the environmental factors that
stimulate methane productiof43]. The mosiprevalent AD technology facilities are
probably those that are based on farms. With different degrees of success, six to
eight million familysized, lowtech digesters are utilised to produce biogas for
cooking and lighting purposes. The use of larger, enontricate electricity
generating systems is becoming more popular in China and India. Additionally, these
technologies offer better process contrdh general, AD plants in Europe have had
success treating a variety of acceptable farm, industrial, andiapal wastes. The
approach was widely used during and after World War 1l when energy sources were
scarce. There are AD facilities that have been operational for more than 20 years
across Europe. More than 600 faitmased digesters are in use in Europed @heir

easy design is the key element of the profitable facilities. Around 250 of these
systems were put into use in the past five years, just in Gerrfély The country

with the most experience utilizing larggeale digesting facilities is Denmark, that is
currently operating 1&normous, centralise@lants. These facilities commonly-co
diges manure, municipal solid waste, and clean organic industrial wastes (MSW).

The energy strategy for Denmark, which calls for a quadruple of biogas production
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by 2005 and a doubling by 2000, has increased its support for AD. One of the main
government strategies used to promote the use of cuttedge technology is "green
pricing,” or allowing producers of fuel produced from biogas to sell their product at
a profit [44]. It's intriguing to observe how pvading cegenerated hot water to
advanced district heating plants is transforming into a more significant revenue
source for developer®ver the past ten years, there has been a huge increase in
the use of the Biogas technology for the treatment of indiastwastewaters. There

are currently more than 1,000 supplier systems in use or being built throughout the
globe. According to estimates, 44% of the installed base is made up of European
plants. Only 14% of the plants are in North Ameridast ofthe plants are found in
South America, predominantly in Brazil, ear@ utilisedto the vinasse byroducts

of ethanol production from sugar can&he first biogas plant®r using MSW as a
substrate was built in the United States from 1939 to 1974, there isntgcea
resurgence of interest in this technolofd?], [45] The commercial exploitation of
MSW praluction plants haveen in operation for more than 15 years has advanced
greatly in recent years. There are various kinds of developed technologies, and each
of them has asignificant advantageThe only biological treatment for promoting
recycling and nutents from MSW's organic content is through processes like as AD

and composting.

2.2.6 Future of the anaerobic digestion in Nigeria

Biogas technology is a thriving technology that has not been used in Nigeria due to
the abundance of other naturaksources such as solar and fossil fuels. Although
Nigeria is also blessed with different waste streams (biomass) that are readily
biodegradableThe country is also known to operate at an ambient temperature of
30 to 4®C with a high climatic condition &.538kwh/nt/day permitted [46].It
means that Nigeria can operate a mesophilic digester at full scale to meet some of
the energy needs of the nation, which is faced with a severe energy shortage.
However, biogagroductionis a current technologyhich could beused to treat
various waste streams, and in the process, generate methane which is a useful

energy resourceThe AD process can contribute significantly to solving the energy
I ————
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problems of develping countries like Nigeria because it is also operated on a small
scale. This means that the AD system can decentralize among rural, urban, and
remote areas, which is a huge advantage to the coutogording to the review of

[47], Nigeria biogas technology started in 1982 in the state of Nsukka, Sokoto and
among other tertiary research institutions thatre involved in the research of
renewable energy, but this technology has not been utilised. It reported that less
than 20 pilotscale projects might exist in th@untry. Howeverbecause Nigeria is

a producer, the recent fall in the prices of oil andural gas may drive the current
economy towards alternative renewable energy sources. The AD process and its by
products offer a variety of advantages to Nigeria. The AD process anepitedhycts

offer a variety of advantages to Nigeria. The generateddsocould power lights,
generators, gas stoves, etc., while the end products, called the digestate, can serve
as a source of fertiliser to farmers across the country. It is also fascinating to know
that all the materials (raw sewage, agricultural and foadste) fed into the
anaerobic digester are most of the time, considered unwanted but can cost little or
nothing in most developing nations which can be a benefit to the society for its

responsible treatment and disposal method.

2.2.7 Achievable merit of the anambic digestion in Nigeria

There is an agreement by the United Nations Development Programme (UNDP) that
the anaerobic digestion (AD) system is the most valuable decentralised energy
source (UNDP 1997). According[4&] the AD process is useful for the supply of
cooking gas to homes, whereas fabrased digesters provide cheap and loost
energy regarding electricity and cookiddSWis one of these waste streams that is
often recklessly deposited on the ground, shops, markets, supermarkets, drainage,
putting the environment and the health of the locals at rigksq in urban area
MSWare often deposited in open dumps and unregulated landfills in most locations
with extremely poor waste collection facilities. Open dumping of waste is not an eco
friendly approach of waste disposal. There are a variety of dangers connected to
open dunping, such as the health threat to scavengers at the dump site,

contamination of the groundwater aquifers, the transmission of infectious diseases
____________________________________________________________________________________________________________________|
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such asir, water, and foodborne diseases-¢hli, molds, salmonella etc), as well as

an unpleasant odoufrom decomposing wasteDiseases such as, typhoid fever,
malaria, and cholera, poor respiratory infection, tuberculosis are primarily brought
on by ingestion, inhalation, and dermal absorptiof#].Additionally, Nigeria
experiences its yearly floodinmguals because of anthropogenic activity obstructing
drains. The routes by which pathogens and diseases from solid waste spread to

people are shown in figur2.7 [40], [50]

Pathogens and Diseases Associated with Disposal of Solid Waste

Pathogens in Solid Waste

Air Water Soil Crops Vectors

Voo

\

N

Food

v

Humans and Animals

Figure2.7 Pathogens' modes of infection in humans through solid waste

Source [49]
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Some of the many advantages that anaerobic digestion can bring to Nigeria include:

W Conversion of waste materials to chemical fertilisers for farmers
W Reduction of nuisance from foul odours from the waste

W Provides lowcost cooking fuel and reducesarticulates and greenhouse gas

emissions.

W Reduces thegricultural wastepathogenssuchhas Escherichiacoli, salmonella

etcthat cause health problems, especially in the rural regiorisigéria.

W Provides affordable and reliable energy for economic development, especially in

rural communities.
W Creates job opportunities fadigerians.

W Consumptions of fossil fuel will beduced.

[51] Reported some global energy needs and various environmental merits of biogas
table 2.3. It means the cost of the waste is significantly reduced with relatively low
feedstack cost in developed countries and might cost little or nothing in developing
nations such as Nigeria when compared to diesel and petrol prices that are estimated

to be $0.77 and $0.75 respectivgb2].

Table 2.3 Environmental benefits of the anaerobic degradation of complex
organic matter
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Aspects Obtained Benefits References

Water (H0) Reduce leachate concentrations [53]

treatment benefits Reduce the volume to be disposal

waste and the weight to be landfill

The natural process of waste

treatment

Economic benefits Low-cost production as compared to [53]

other processes of treatment

Production of Production ofhigh-quality renewable [51],
energy benefits energy e.g., Heat, trigeneration, [53]

vehicle fuel, Electricity

Producing process of net energy

Biogas to methane proven application

to various eneuse

Environmental Generation of organic sanitised [51]1,[53],
protection benefit compost and nutrient use for soil

conditioning (Fertilizer)

Elimination of odours and pathogenic

microbial bacteria

Effective reduction of emissiofrom
greenhouse gas production by the
substitution of conventional energy

sources

Reduction of air and water ¢

pollution

2.3 The endproducts of the anaerobic complex particulate matter

2.3.1 Biogas

Biogas is produced in the AD system by degradation of the organic materials
caused by the four anaerobic bacteria (hydrolytic, acidogenic, acetogen and
methanogens bacteria in an AD system. The vital primary constituents of biogas
determine the energy values of the gas known as methane) @# carbon dioxide
(CQ). Other components, such as ammonia ¢NHhydrogen (B, nitrogen,
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hydrogen sulphide (%) oxygen, and volatile siloxanes, are sometimes present in
the biogas in inconsiderable amounts. However, for biogas to be used as fuel, it
required scrubbing or upgrading to biomethane. The presence of sulphigs) (Kl
biogas makes it toxic. Therefore, it is important to remove sulphid8)(flom biogas
whereas another inhibitive element is the siloxanes which come from the AD of
wastewater anchousehold wastg54].

Table 24 Methane production component from the complex particulate matter of
substrate waste biomass

Source [50], [55], [56]

Components Symhol Concentration (Vol-%)
Methane CH, 5-10

Carbon doxide 00, 3-40

Weter H0 2120°C)-7140°C)
Hydrogen sulphide HS 20-20000 ppm 2%)
Nitrogen N, <l

Oxygen 0, ¢

Hydrogen H, <

Ammonia NH, <005

2.3.2 Digestate

Digestate is known as the processefiuant of the biogas generated from feedstock
materials after converting to biogas through the AD system. It can be used as
produced or refined through various treatments and technology. The digestate is
collected from different anaerobic reactors, and thare in solidiquid form. In an

AD process, the initial step is to separate the liquid from the solid digestate into a
low dry matter, and solid dry matter materials, for instance fibre sludge. However,

the inhibition level in the digestate relies mairdy the source and nature of the
I ————
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substrate that is fed into an AD system. At the point when there are high ammonia
contents in the digestate, ammonia will decrease into nitrates and thereby increase
the level of nutrients in the fertiliser; subsequentiyet digestate turns into good

fertilizers[54].

2.3.3 Available feedstock

Any material or substrate that can be easily biodegradable by anaerobic
microorganisms is known as a feedstock. A fundamental requirement for feedstock
is that it contains substardl amounts of degradable organic matter which can be
converted into methane (Cifand carbon dioxide (Gin the final stage of the AD
process[57]. Some commonly found wastes used in AD reactors include livestock
manure, food processing wastes, industrial wastes, slaughterhouse wastes, sewage
sludge, garden wastes, agricultural wastes, amongisthAlso, in Nigeria, feedstock
sources come from the wastes of sheep, goats, cattle, pigs, poultry, and abattoirs.
Other sources may be cropped wastes, huneawreta,and municipal solid waste
(MSW) [58]. However the skills in converting these feedstocks to biogas vary.
Depending on their physical and chemical characteristics (cellulose and lignin
content), biodegradability, toxicity, and moisture contdB6], [59k[61] [36]. This
means that substrate containing larger amounts of cellulose and lignin is harder to
process in the AD reactors because of the bond holding the molecules, which is the

basic reason for the difficulty in degradatifé2].

2.4 Factors affecting the digestion of the anaerobic substrdti®mass.
Several factors influence the stability of the AD kinetics, both at the reactor input

and output. These include the most important operational measures and pre
treatment methods of feedstocks and pogteatment of the endproduct in
anaerobic food chain production. However, the factors affecting reactor inputs
include pH, temperature, organic loading rate (OLR), mixing, retention time,
physical, chemical, and biological treatmengdc. Whereas those influencing the

reactor output include byproducts such as biogas and digestate [51], [Bf[1].
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2.4.1 Operating temperature of the reactor

Anaerobic digestion can occur under a wide range of temperatures, including
psychrophilic (10 to 2%5), mesophilic (30 to 49) and thermophilic (5@0°°). The
temperature in the AD system represents an important parameter of interest of
most researchers, used when biogas is generated. The major effects are that
temperature affects the microbial actiyibf bacteria, bacteria community structure,
process stability, and hydrolysis kinetiperations[30], [63k[65]. Most bacteria
depend strongly on temperature for their microbial activities and when the bacteria
activities become suppressed, result in volatile fatty acids (VFAs) accumulation till
the bacteria recover from the shock that has taken place because of thgehihat

has occurred by temperature. Bacteria in the mesophilic reactor grow betw&en 5
and 40°¢ whereas thermophilic bacteria grow best at °€5 and 70C. These
temperatures are the two most significant ranges known for high methanogenic
bacteria actiorf15], [54], [55], [59]Most digesters are operated either at mesophilic
temperatures with an optimum temperature of 35 &8r thermophilic temperature

with an optimum of 55®as shown in Figure @. [55], [66]Figure 28 shows the
graphic connection between temperature and the rate of anaeratigestion. At
thermophilic temperatures, the retention time reduces. Thermophilic anaerobic
digestion has the potentially promote microbial growth, enhanced biogas
production and digestion efficacy since thermophilic bacteria have a faster specific
growth rate than mesphilic bacteria[67]. Thermophilic conditions outperform
mesophilic ones in terms of production because of a more loaded reactor and a
slight increase in methane production. Additionally, yields lawested,and more
methane is produced at thermophilic temperaturds.thermophlic conditions, it is

also possible to accelerate the degradation of organic acids and the eradication of
pathogens. Additionally, thermophilic anaerobic digestion can provide-tpgthity
residue that can be used as fertiliser or soil conditioner instgdaking dumped in
landfills. [30], [37], [46], [53] According to[66], the mesophilic condition is
considered as the fastest operatioate, with a higher loaebearing limit, whereas

the thermophilic systems achieve more efficient sterilization and higher methane
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production [68], [69] This means that a thermophilic system also assists in
increasing the destruction of pathogenic organisms, solid reduction as well as

enhancing dewatering in the AD syst¢aT].

| paychrophilic mesophilic thermophilic
‘i i / | u'll
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Figure22.8 Effect of temperature on the anaerobic digestion process
Adapted From[55], [66]

Among the problems associated with thermophilic digesters is that fermentation
may occur, thereby indering the production of biogas. Also, the system is very
susceptible to environmental conditions, while laguality influents can result in
poor methanogens and greater energy inp[81], it has a more expensive
technology and requires a high operational degree and monitoring. According to
[37], [70Kk[72], temperature significantly affects the anaerobic digestion processes,

including methanogenic bacteria actions, pH, \/lésl biogas generation.

2.4.2 Retention time

Retention times come in two matgpessuch as:

x Hydraulic retentiontime (HRT)
I ————
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x solid retention time (SRT)

Hydraulicretention time HRT) ighe mean duration that the input slurry spends

inside the digestef48], [69]. This may be explicit as follows:

OYY - 2.3

Where
V is the biological digester volunaad.
Q is the influent stream rate in time.

Whereas, solidetention time (SRT), which is the average time that microorganisms
(solids) spend in the digestefAnaerobic processes (hydrolysis, fermentatiand
methanogenesis) and reactors volume are closely related to these fg@B}sA

longer retention time incurs more cost as it requires digesters with large volumes
while short retention times may bring about washout of the active bacterial
population. Achieving a good HRT often relies upon the substrate, organic loading
rate and thecomposition of the substrate, temperature, and other environmental
conditions. The anaerobic digestion (AD) system is sensitive to MRA.
accumulation often occurs when the HRT is reduced, whereas improper digester
componentutilization occurs when the RT is prolongeb1]. While studying the
effects of temperature and HRT on the anaerobic digestion (Afdpd waste (FW),
Kimet al[74], reported that a hydraulic retention time (HRT) of 10 days produced a
higher yield of methane from food wastes compared to the HRT of 8 days where the
anaerobic digestion stability decreased. Similarly, HRT below 10 days also results in
a decrease in the prodiion of methane yield of algal biomass. This implies that to
achieve maximum production of methane, long HRT, and low organic loading rate is
required [74]. Although increasing SRT means an increase in HRT. It should be
achieved by utilising greater digester volume by reducing the influent fio
prevent biomass from washing out of the AD process digester such as sludge reused,
or biomass immobilisation becomes the opinion [66]. Howeja] concluded that

SRT is an important parameter when designing the operation of an AD system.
I ————
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2.4.3 Mixing

Mixing is one of the important parameters in AD and could have a profound effect
on the behaviour ofinaerobic microorganisms. This means mixing is essential for
the growth of anaerobic organisms to ensure each of the anaerobic bacteria
obtained their nutrients as rapidly as possibkdditionally, mixing prevents the
build-up of scum and the emergencetemperature gradients inside the digester.
Anaerobic digesters can perform poorly if there is excessive mixing in the anaerobic
reactors, which can disturb the anaerobic microorganismsthe AD of primary
sludge (PS) or a mixture of PS and the fruitaegktable fraction of municipal solid
wastes, a low mixing ratio (80 rpm) lead to a high specific productiommataane

of 0.5 and 0.6 Lg-' VS, respectively, whereas the lack of stirring resulted in a decline
in specific biogas production (0.3 and Q.5g' VS) because the substrate and
bacteriahad lessinteraction [72], [75] . A slow mix is preferred. This is because
mixing is necessary to prevedead zonescum formation.lt plays a vital role in
enhancing the contact between substrates and microorganisms in the re@&pr

[69]. Whereas vigorous mixing can affect the operation of anaerobic digesters,
reducing the speed and degrees of methane production, slowing the oxidation of
fatty acids, and causing instabilities in the bioreactblewever, minimal mixing can

allow the anaerobic digester remain constant and perform much b¢#éy.

2.4.4 The Organic loading rate of an anaerobic digestion system

The organic loading rat@LR) is the mass of VS fed into an anaerobic digester per
unit volume per unit timelt represents an important parameter in an AD process
because if it gets too high, potential methane production could be washed out of
the system. The process can be gdpd by an accumulation of ammoraad VFA
However if the loading rate is too low, reduced organic materials will be degraded
and low methane will be producett.canbe expressed as:

Ly Tk ;

O
Additionally, larger, les productive digesters will need more heat. These factors

mean that the optimal loading rate should maintain between having the maximum
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production of methane and having adequate economic syqténp As a result, the
substratesand operational conditions of the digestéoth affect the OLRA typical
range of organic loading for the lerate digester is 0.64.64 and forhigh-rate
digesters are 2.40 to 6[48]. The daily addition of a significant amount of substrate
can cause the AD to become unstable because of the accumulztidFA, and a pH
drop (figure 29). The process can inhibit microbial action during the early phase of
the anaerobic fermentation process and can quickly prompt higher hydrolysis and
acidogenesis microbial action than methanogenic bacteria activityarAh system

and thus increase the VFA production that can be uncontrollagfter that, there

is a drop in pH in the digester, and the hydrolysis process becomes very inhibiting,
meaning that the methanogenic bacteria cannot transform a large quantityF@{

into biogas[51] . According toDemirer and Chefi79], short retention times may
have caused acidifiers to wash out, resulting in high OLR of 20 to 30 kgi8Ah

in the AD of cattle maure that resulted in a decrease in specific methane production
(0.066 nikg! VSadded day') and pH value (pH @) a study of different PSD on AD

of organic MSW under a semmontinuous condition, the wet digester was loaded at

an OLR of 6 kg VSifday. There was a shift in the PSD that changed the biogas yield,
whereas in a dry reactor; the finer particle size shows a drop in pH and VFA. This
leads the process to collapse at the highest organic loading rate (OLR) while with wet
digestion the finer partile size results in severe foaming at OLR 6&flkg VS riday.

It means that an AD should be loaded fairly and monitored to avoid process failure
[20]. Additionally,Borja et al[80] found that the volume of biogas produced daily
increased with increased OLR over the range tested when slaughterhouse
wastewater was anaerobically treated in a fluidiZsed reactor, but the methane

content decreased.
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Figure2.9 Simple scheme of high organic loading rate (OLR)reactor, methanogenic
microbial population activities, hydrolysis constant and the degradation of complex

particulate matter

2.4.5 pH

pH is an essential factom&wn for the development of microbes in anaerobic

digestion processes. The optimal requirement for pH varies in the AD system, which

depends on the microorganisms: hydrolytic (pH7)6 According to research,

controlling the pH in a hydrolytic bacteria réaccan boost microbial degradation

about twice compared to an uncontrolled operatif81]. Figure 2L0ademonstrates

how pH control over the range of 5 (no control) to 11 changed the degree of

solubilization of kitchen waste. At different pH levels, rumen organisms degrade

cellulose, as shown ifigure 210b [82]. For optimal hydrolysis, many studies use

hydrolytic reactors with pH contrdB3]. The optimum for acidogenic(5.5-6.5),

acetogen pH & and methanogenic bacteria@6 in the AD process. To maintain a

good environmental condition for methanogenic microbial organisms, it is necessary

to keep the pH of the AD system between the pH ef7’5 and this could be
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obtainable if the pH of the AD system is a balance between te¢hamogenic
microbial organisms and the acetogenic bacterdawever, the best operational pH
range for methanogeniarchadacteria is at pH 8:7.6 that methane produced
[84]¢[86]. At pH values lower than 6.6, methanogershaeabacteriagrow more
slowly as their action is reducefl5], [87], [88] [84].Low pH can result from an
unbalanced condition in the AD bioreactwhere the bacteria that produce acid
dominate those that consume [84]. Avoidingthe preponderance of acifiorming
microbes and minimizéhe accumulation of VFA, pH is normally kept under
methanogenic limit$89], [90] According toveeken et al[91] the concentration of
volatile fatty acids (VFA) can cause a pH to rise or fall depending on the composition
of the feedstock or waste and controls the overall rate of hydrolysis of sadianic
matter. For example, protein digestion can increase buffer ability by producing
ammonia, that could increase pAdditionally, according to reports frofa1], [92]

the hydrolysis rate constant is pitependent.

100 LT S 7 A T A |

% solbilization

H § ' ] "

Sl ae

oH pH

nop
edjaaiment

Figure2.10: The influence of pH on the degree of anaerobic solubilization
Sources[15], [82], [93]

2.5 The C/N ratio

The carbon/nitrogen (C/N) ratio of the feedstock is essential for the stability of an
AD processA very high C/N ratio could result in failure due to nitrogen deficiency

for biomass synthesis, whereas a very low C/N ratio could result in inhibition due to

. ____________________________________________________________________________________________|
EBAYE SCHOLASTICA BEJOR 140260368 2-33



an excess of nitrogen. According to studies[®¥], [95] the ideal C/N ratio for

anaerobic digestion is thought to be between 20/1 and 30/1.

2.6 Inhibition of the anaerobic digestion degradation

Inhibition occurs when the biochemical reaction rate of bacterial growth decreases.
In an anaerobic digestion system, many materials are reported to be inhibitory to
microbial action. This process may result in the bupdof VFA and low methane
output [8], [37] Moreoften, inhibition occurs in the thermophilic condition than the
mesophilic condition of an AD system. There are four common inhibitors found
present in an anaerobic reactor which have been believed to cause anaerobic
digestion disturbance or failure. Treeshibitors include ammonia, light metal ions,
heavy metals, and various organics, although inhibitory concentration varies
substantially in an anaerobic digester due to the origin of the feedstock and the
difference in the anaerobic bacteria, waste corsfimn, experimental methods as
well as a conditiofi82]. The concentration of inhibitors used in anaerobic digestion

is shown in Table 2.5.

Table 25 Inhibitor concentration in anaerobic digestion

Inhibitor Concentration (mg/L)
Volatile acids =2,000 (as acetic acids)"
Armmonia nitrogen 1,500-3,000 {at pH=7.6)
Sulfide {:-iulu.blc]h =200,

=300 (toxic)
Calcium 2,500-4,500;

8,000 strongly inhibitory
Magnesium 1,000-1,500;

3000 strongly inhibitory
Potassium 2,500-4,500;

12,000 strongly inhibitory
Sodium 3,500-5,500;

8,000 strongly inhibitory
Copper 0.5 (soluble metal)
Cadmium 150°
Iron 1,710°
cr'” 3
cr? S00
Nickel 2¢

Source: Polprasert, 1996
*within the pH range 6.6-7.4, and with adequate buffering capacity, volatile acids
concentration of 6,000-8,000 mg/L. may be tolerated
" off gas concentration of 6 % is toxic
“ Millimol of metal per kg of dry solids

9 Mickel promotes methane formation at low concentration. It is required by methanogens
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Sourcef41], [96]

2.6.1 Inhibition by ammonia

Ammonia inhibition is known to be a potential barrier of anaerobic digestion,
especially wherealing with complex substrates, like organic fraction of municipal
solid waste (OFMSW) or manure. Ammonia is produced through the biological
degradation of nitrogenous compounds is accepted to be the ergroduct of the
anaerobic digestion food chain akdownto be a problem in the AD system. This is
particularly the case whethe anaerobic substrate contains high nitrogen content,
for example, poultry manure and slaughtertswastg15], [93] According to Chen

et al.[97] ammonia has a complex mecham of inhibition, which includes a change

in the intracellular pH, the increase of maintenance, energy requirement, and
inhibition of the specific enzyme reaction [BRAmmoniainhibitions include free
ammonia (NHK) (nortionic) and ammonium (NH. Free aaxmonia is the most
poisonous compound which causes inhibition since it passes through the membrane
of cells, whilebeing hydrophobic causes potassium insufficiency and proton
imbalance[37], [97[99]. Ammonia concentrations below 200 mg/| aoeneficial

to AD systems because nitrogen is a nutrient that is essential for the growth of
microorganisms [37] Waste containing a high concentration of total ammonium
nitrogen, the bacteria and composition are affected by [8F]. The actual toxic
compound is said to be free ammonia in the AD process, thereby, a step up in the
pH would result in a processhere toxicity will be increased. Also, the anaerobic
reactor becomes acclimated to a higher concentration of ammonia when there is a
shift in the internal mechanisms of methanogens bacteria as well as a change in the
bacteria that dominate other bacterigpecies in the anaerobic digester. As a result,
free ammonia shiftshe ionized (NB&+)Y ammonia ratio at a higher pH. However, the
instability of the process occurs due to the excessive amount of VFAs in the digester
which could lead to a reduction in pHca lower concentration of free ammonia in

the AD system. Also, the free ammonia (FA), VFAs, and pH interaction can achieve
an inhibition steady state when the anaerobic digestion process is becoming stable

with a lower synthesis of methaf@7].
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2.6.2 Organics inhibition
Longchain fatty acids (LCFA), halogenated aliphatic, and lignin'sAigtated
compounds are just a few examples of the wide range of organic substances that
can inhibit anaerobic processgR)0], [101] Organic substances like alkyl benzenes
and halogenated hydrocarbons are toxic to anaerobic processes, according to
reports [102], [103] These compounds' concentration fluctuatdser some
particulate toxicants, and the parameters are impacted by toxicants such as
exposure time, temperature, cell age, feeding pattern, toxicant concentration, and
biomass concentratid®7]. However, the biodegradation of a lower concentration
range of toxicants prevents the occurrencé inhibition in the AD processes,
whereas a higher level of some toxicants displays more prominent inhibition to the
AD operationg74]. At the highest concentration of biomass, the anaerobic digester
displays more prominent process stability in the presence of toxic shocks. [86]
Reported tha at an equivalent concentration, younger cultures turn out to be more
reliable and resistant to toxicants than older cultures. Also, in the bacterial
membrane, the accumulation of hydrophobic pollutants causes the layer to swell

and leak and thereby digpting ion gradients and causing cell [{f§i84], [105]

2.6.3 The effects of light and heavy metal ions
Light metal ions are present at the influent of an anaerobic reactor. These ions,
which include Na, K, Mg, Ca, and Al, are added to the substrate as chemical
adjustments. They caalso be found present due to the microbial action in the
breaking down of biomag406]. However, these light metal ions are needed for the
growth of bacteria in an AD system; but consequently, affect the specific
development rate like any othemutrients [106]. At moderate concentration, light
metal ions improve the development of the microbes while excessive addition of a
significant amount of light metal ions can slow down the growth, and a higher
concentration of light ions becomes wyetoxic[97]. Also, heavymetals sand out
from many other toxic substances because they cannot degrade naturally and can
build up to potentially toxic concentratioft06], [107] Failure of anaerobic

digesters has been majorly attributed to the toxicity of heavy metals or upsets,
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resulting from the disruption of enzyme functions and structure by binding of the

metals with other goups of protein molecule@7].

2.6.4 Volatile Fatty Acids inhibition

The accumulation of VFAs and the drop in pH are said to be the biggest problems
associated with anaerobic digestion. The antagonistic impact of VFA on the
methanogenic microorganism, especially acetate degrades, is particular
problematic as VFA is an intermediate in the process. It has been accepted in the
literature that there is no possibility of separation of VFA and pH inhibition in the AD
process, whereas few studies have also revealed that VFA causes inhibition of
hydrolysis of the organic mattgt08]. Hydrolysis is the important first stage in the
AD process. However, the main issue with inhibition of microbial activity resulting
from volatile fatty acid (VFA) is thathen there is an increase in volatile fatty acid
(VFA) concentration, there is also a drop in the pH value. Therefore, there is still
unclear evidence about volatile fatty acid (VFA) or pH inhibiting the hydrolysis of
organic matter in the AD process, j.¥olatile fatty acid inhibition may also occur
due to a drop in pHiL5], [109]In a study on the elucidation of growth inhibition and
acetic acid generation by Clostridium thermoaceticum, inhibition for the
undissociated acetic acid was found to be more than the ionized acetate ion. This
implies a total growth of inlhition of the hydrolytic bacteria when the undissociated
acetic acid concentration was within the range of 0.04 and 0.05 M at a lower pH
drop, whereas the dissociated acetate ion played a significant role in pH value higher
than 7. Mawsonet al [110], study the degradation ofrppionic and acetic acids
during the fermentation of methane. The two acids, acetic and propionic acids,
added to a concentration of 2000 and 1500 rfigThe authors found out that the
deterioration of propionic acid added at 500 mt§Lignificantly inhibited at an
increased concentration ranging from 1000 to 2000 RFhgThe increase in the
concentration of either acid from a low level implies that the rate of utilisation of
microorganisms iseduced. Ima similar study of the effect afndissociated acids on

the activity of acetogenic bacteria at a concentration of 2300, 650, and 120 mg/L at

pH 5, 6, and 7, respectiveljl11] Babel et al. observed that at5 low pH values, the
I ————
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undissociated acids are more inhibitory. This implies that a decrease in the pH value
of the acetogenic bacteria leads to annease in VFA. Also, the authors showed that
the reduction of the total volatile solids (VS) of the pineapple sample w4832

and 5X57% volume reduction of VFA at a pH@.5Meaning that there was no
impact of VFA on the hydrolytic bacteria, which me#rmst as the pH drops, the

hydrolytic bacteria become less sensitive to the increase in volatile fatty acid (VFA).

2.7 Biogas technology for the prreatment of solid waste

Rapid innovation in reactor design has been made to address the challenges of
anaerdic digestion treatment of BMW. This has produced many proprietary
systems that are challenging to categorisievertheless, based on how much solids
are in the feedstoclor in the slurry in the digesterthe process has now been
categorized as either "wetor "dry" [112]. Less than 10% of total solids (TS) are
present in low solidsystems (LS), 15%0% are present in medium solids systems
(MS), and 22%#0% are present in high solids systems (HE3]. They can be single
phasewhereall reactions occur in a single digestertwo-phasewhere thereactors

are linked in seriefl12], [114L[116]. The feednaterialcan be fed into the reactor

in batches or continuouslyWhen using batch reactors, feedstock is added at the
start of the reaction, and products are releasat the end of a cycle. The other type

of reactor frequently utilised for low solids slurries is a continuous flow reactor, in
which the feedstock is continuously loaded and dischargedstatic (unmixed)
hydraulic system, a plug flow system, or both deused in anaerobic digester
[112]. The fermentation process takes place at ambiemiperaturerange describe

in session 2.4.1Table 26 RSLIA Ola K2g YSaz2LKAfAO |yR GK
function. Also, there are a few configurations that are more prevalent than others,
and some of the other options might not be feasible in real life or might mveh

yet been developed for commercial us€igure 211 depicts the operating
possibilities for the 'wet' or 'dry category.

Table 2.6 Compares mesophilic and thermophilic process operations.

Source:[117]
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Process Operation Mesophilic (35 °C) Thermophilic (55 °C)
Process stability higher lower
Temperature sensitivity low high
Energy demand low high
Degradation rate decreased increased
Detention time longer or the same shorter or the same
Sanitation no possible
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2.7.1 Singlephase mixed mesophilic wet digesters
These are also referred to as wet singkss digesters or continuous stirred tank
reactors (CSTRs) due to the miximgthod. At a feed solids concentration of around
15%, they are fed continuously or seaantinuously. Figure-22 depicts a typical
one-phase "wet" mesophilic digestdil4]. They are the most common kind of
digester and ee used to break down sewage sludge, cattle slurries, and industrial
sludge.As a result, there is indeed a wealth of design and performance data at our
disposa[112]. The majority of CSTRs are mechanically heated and blended, resulting
in a relatively homogenous condition in the dige§tdi?]. The processing of waste
into a viable slurry is a diffult process, and several pteeatment methods have
been developed to tackle concerns. For the operation of this digester type with high
solids materials like MSW, the physicochemical composition of the material should
be altered to that of a slurry by fping with dilute water or return liqudd12]. This
serves a dual purpose in MBT facilities that use wetgoeessing by removing
contaminants. Because the CSTR is apass completely mixed reactor, it needs a
minimum hydraulic retention time (HRT) of 15 to 30 days in the mesophilic
temperature ramge to maintain active microbe concentrations at optimal levels for
methanogenic archaebacterifl12]. The necessity to dilute the feedstock is
probably the most major drawback of a CSTR methodology for solid waste digestion.
To reduce the total solids content (TS) of biomass from 50% H%) 35 M3 d
liquid must be added per tonne of organic material. Despite widespread use of heat
conservation, there will be an additional fuel need to boost the temperature of the
feedstock and maintain reactor temperature, as well as a demand for solids/liquid
sepaation of the digestate to provide a liquor return for mixirj@12].The

advantages and drawbacks of the one phase wet digester is shown in table 2
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Figure2.12 A typical onephase 'wet' mesophilic digester.
Source[114]
Table 2.7 Benefit and drawbaclof wet phasedigesters

Source[114]
Criteria Advantages Disadvantages
- Technical : - Inspired from known process - Short-circuiting
- Sink and float phases
- Abrasion with sand
- Complicated pre-treatment
- Biological : - Dilution of inhibitors with fresh - Particularly sensitive to shock
water loads as inhibitors spread
immediately in reactor
- VS lost with inerts and plastics
- Economical - Equipment to handle slurriesis - High consumption of water
& Environ- cheaper (compensated by - Higher energy consumption for
mental : additional pre-treatment steps heating large volume

and large reactor volume)
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2.7.2 9ngle-phase continuous feed, dry thermophilic digesters

These systems are also known as dry anaerobic fermenters or high solids digesters.
They have a total solids concentration of more than 15% in the digester feed, though
mostoperate at much higher levels. When the feedstock has a moisture content of
less than 6670%, dry fermentation eliminates the need to add water. As a result,
the cost of posidigester treatment is decreased, the reactor volume is reduced, and
higher orgart loading rates at longer retention times are feasible. Furthermore,
because of the high loading rates that can be achieved, dry digestion systems can
produce a substantial amount of biogas per volume of reactor per day. They are
resistant due barrier forration and accumulation of inert particle that don't really
occur at the same degree compared to more diluted stirred systgrh2]. High

solids systems are more tolerant to variable densities of matter in the feed stream
because both 'heavy' and ‘light’ fractions are trapped within the matrix and cannot
raise as scum or sink as waste. This is Because high solids digesters do not strive for
100% material mixing, the most easily obtainable systems are either 'plug’ flow or
dispersion flow with certain internal mixind12]. Additionally, because incoming
biomass may not encounter the digester's 'actin@crobes if the reactor is not
entirely mixed, steps could be required to ensure that an inoculum is maintained
within each 'plug’ of biomass when balanced digestion is to proceed. The energy
required for process heating is reduced since no dilutiondidgginecessary, and the
rates of reactions in the unit would liberate substantial metabolic heat to hold or
raise the temperature. Thus, both characteristics lead to lower energy needs to
operate the reactor at mesophilic temperatures and provide a raalisption of
working at thermophilic temperatures while keeping a positive metabolic[dl&].

The difficulty with high solids digestion reactors is not related to microbes, instead
to solid stream control, pumping, and mixing. High solids techniques are increasingly
widespread, with more than 50% pfants treating organic municipal solid waste
[112]. The dranco, kompogas, and BRV designs, as well as the valorga design, are

depicted infigure2-13. These are typical designs for anaerobic digesters used in 'dry'
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systems[114]. The advantages and drawbacks of the one phase dry digester is

shown in table 8.
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B; Kompogas and BRV designs, @&xd/alorgalesign.
Source [114]

Table 28 Benefit and drawback afry -phase digesters

Source [114]

Criteria Advantages Disadvantages
- Technical : - No moving parts inside reactor - Wet wastes (< 20 % TS) cannot
- Robust (inerts and plastics need be treated alone

not be removed)
- No short-circuiting

- Biological : - Less VS loss in pre- treatment - Little possibility to dilute
- Larger OLR (high biomass) inhibitors with fresh water
- Limited dispersion of transient
peak concentrations of inhibitors

- Economical - Cheaper pre-treatment and - More robust and expensive
& Environ- smaller reactors waste handling equipment
mental : - Complete hygienization (compensated by smaller and

- Very small water usage simpler reactor)

- Smaller heat requirement
|
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2.7.3 Anaerobic digestion performance in a singkend two-phase system.

A singlestage anaerobic digestion in continuously stirred tank reactors (CSTR) is a
widely used technology for higmoisture waste fractionge.g, foodwaste, silage,
manure, sewage sludge, waste activasdddge among otherd 18]¢[121]. The four
stages of anaerobic digestion are carried out in a single reactor. It may be difficult to
achieve the best reaction conditions for the entire process due to the variations in
the environmental requirements of each stage, which would cause a slower rate of
degradation and the need for a longer retention tirfi22]¢[124]. On the other
hand, the biological performance of this system can be enhanced if the reactor
design and operational conditions are carefully planned and ch@k&s)], [124]
According to Gunaseah [121], two digesters with various retention times are
essentially used in twstage AD, with the first digester being optimised for
acidification and the second for methanogenesis. Thus, compareditagéestage
digester, the digestion process may be completed more quidkig.twoephase AD

of wastewater sludges increased methane yields and solid destructions, according
to [125]. Additionally,[126] performed research on twatage anaerobic digestion
(AD) to enhace the AD process. The outcomes demonstrated thatdt@ge AD of
sewage sludge could substantially increase sludge treatment efficiency, improve the
transformation of organic molecules during the acidification phase, avoid potential
inhibitors, and guantee uniformity of feedstock for the methanogengarious
studies have shown that twphase AD performs better in terms of digestion than
singlephase AQQ127]c[131]. Due to the twephase system's complicated operation
and control requirements and potential for higher capital costs, it is rarely used at
full capacity{123], [132F[135]. A singlestage system is ideal for many materials it
has several benefits, such as less complexity, reduced capital costs, and efficient
degradation of biological materials at typical retention times. Single stage systems
are typically easier to operate drcontrol, and less expensive baoild [124], [134],
[136]¢[140]. According towan et al. [140], a singlestage digester efficiently eo

digested a 2:1:1 mixture of wastepaper, food waste, and-bimaegradable plastics,
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yielding approximately 0.592 and 0.370 m3 kS of highmethane. Table2.9
compares singkstage and twestage anaerobic digestion processes.

Table 29 A comparison of singlstage and twestage processes.

Source:[117]

Process Operation One-Stage Two-Stage
Operational reliability In the same range

Technical equipment telatively simple very complex
Process control compromise solution  optimal

Risk of process instability ~ high minimal
Retention time long short
Degradation rate teduced Increased

2.7.4 Multiphase and twophase systems

Fermentation and methanogenesis are the two key process stages in anaerobic
digestion. The basic drawback of singlease digester systems (either high or low
solids) is that these processes must occur under the same operational conditions,
irrespective drersity of microbial growth rates and optimum pH. The basic principle
behind twophase digestion is to make it easier to optimise conditions by using
alternative reactors for every stag&he first reactor's conditions are tweaked to
promote the growth ofbacteria competent of degrading biopolymers and releasing
short-chain fatty acids. Because it triggers liquefaction and acidogenesis, is thus
referred to as the hydrolysis/acidification process. The resulting volatile fatty acid

solution is then transporte to a second reactor, which can be any of several types
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EBAYE SCHOLASTICA BEJOR 140260368 2-45



of methanogenesiproducing highrate system$112]. For phase separation, kinetic
control of each digestion stage by operational adjustment of the dilution rate and
recycling ratio is vitalMost two-phase digestion research has worked to preserve
the acidogenic stage at pH 6 to maintain ideal conditiamssubstrateto-acids
conversionAcidogenesis is promoted and methanogen growth is inhibited by a low
pH and a short HRThe firstphase reactor is a basic tank into which the liquor is
poured before entering the methanogenic reactor. Because the kegyuats of the

first stage are volatile acids, a pH correction (at pH 7) could be required in the second
stage if the buffer capacity exceed$12]. The stability of the process of the
multistage reactor can be improved when compared to -Gtege systems,
specifically, when digesting feedstocks that aradily hydrolysabl¢63], [123] The
instability of the multistage reactor could result from excessive inhibition of
hydrogenaccumulation or waste heterogeneity and fluctuations of organic loading
rate (OLR) during anaerobic bacteria action in the system. In the hydrolysis phase,
the multistage reactor gives some protection against fluctuating organic loading
rates as more of tb methanogenic bacteria are buffergd12]. The substrate
passing through the hydrolysis stage to the acidogenesis stage is homogenised, and
therefore, stability is achieved by the procefsb]. Also, Multistage is capital
intensive to construct and maintain but has a higher performance than one stage
reactors. However, the multistage reactor is grouped iti@e as shown in (Figure
2.14). According to Walker et dlL5], the simplest form of the multistage reactor is
based on the hydrolysis (Kinetic) phase separation, which is a combination of the
continuously stirred tank reactor (CSTR), plug flow and other reactors that are
similar. Furthermore, rather than higher yields, the key benefit of the {plase
digester, according116], would be greater metabolic reliability for waste materials
that cause unstable performance (Tabl&®.Even though twephase digesters are
typically preferred in laboratgr studies because each phase is easier to cantrol
[114], [132]stated that their potential benefits are still uncertain. In contrast, a-one

phase digester has been shown to achieve a high rate of digestion.
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Figure2.14 Multistage reactor system
Source [15], [141]
Table 210Benefit and drawback dfvo-phasedigesters

Source[114]

Criteria Advantages Disadvantages

- Technical : - Design flexibility - Complex

- Biological : - More reliable for cellulose-poor - Smaller biogas yield (when
kitchen waste solids not methanogenized)
- Only reliable design (with
biomass retention) for C/N < 20

- Economical - Less heavy metal in compost - Larger investment
& Environ- (when solids not methanoge-
mental : nized)
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2.8 Anaerobic degradation system overview and enhancements
The process of anaerobilegradation of substrate biomass includes the following.

Materials sourcing

Source separation of contaminating material
Organic loading rate (OLR)

Pretreatment of the substrate due to digester size
Digestion/degradation of the sample

Methane, CQ digestate production

Treatment of the degradation residue

However, Prdreatment is said to be a vital tool for the conversion processes of
practical cellulose and is used to break down the structure of cellulosic biomass into
different sizes. However, the plant fibres of cellulose are exposed to make cellulose
readily available for bacterial action for the conversion of waste biomass to
methane. Also, costffective pretreatment techniques are required to avoid the
formation of toxic byproducts, loss, or degradation of carbohydrates. Pre
treatment is necessarto prevent the waste biomasslated problem that could
affect the availability of cellulose to enzymatic hydrolysis. The reduction of the
crystallinity of cellulose and degree of polymerisation, create a new surface area that
is made available for anaermb bacteria, thereby making the cellulose readily
accessible for enzymatic hydrolysis which, allow conversion of the substrate biomass
and result in an ultimate maximum production of biogas from anaerobic digestion
compared with ethanol production where ¢he is a loss of hemicellulose. Also,pre
treatment equally has the potential to enhance efficiency as well as to lower costs
through research andevelopment[142]. Pretreatment methods are divided into

three broad categories includinghysical, chemical, and biological processes.

2.9 Physical pretreatment

The role of size reduction is significant in the anaerobic reactor, reducing the

formation of floating layers that can cause problems such as blockage of outlets and
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the viscosity of thedigester. Mechanical and thermal pteeatment are both
considered to be physical pteeatment [22]. Additionally, the feedstock must be
sliced, shred, or grind to increase the surface area for enzymatic hydrolysis activity.
At the industrial and scientific levels, other technologies are being implemented.
These include microwaves, ultrasound devices, ligth-pressuremachines. Thus,
pre-treatment has reportedly been widely used around wastewater treatment plant
(WWTP) residues anactivated wastesludge (AWS), followed by lignocellulosic
materials[143]. Pretreatment is known to be the fundamental step, which operates
on characteristics of feedstock to enhartbe production of biogas in an AD system
[22]. Also, the anaerobic bacteria transform sugar, such as glucose into methane.
Starch and cellulose are chains of glucose, but starch is utilized by the plant as an
energy store and is easy to break down. Cedlals hard to break down because of
the bond between the cellulose chains (cellulose, hemicelluloses, and koparhis

is where efficiency improvement can be madeprg-treatment. The cellulose has

an interwoven structure that is more resistant to hgtytic bacteria activity.
Therefore, the conversion of this lignocellulose complex sugar becomes the key to
biogas production [39]. Prereatment has been grouped into three main categories:
mechanical, chemical, and biologicAhe main aim of prreatment is to disrupt

lignin-cellulose, hemicellulose (figure 2.15).

Pretreatment

v
G
’ ‘.
”
Amorphous area W
e
|
Crystalline area {

Cellulose Hemicellulose

Figure2.15 Role of pretreatment in the transformation of substrate biomass into
biogas
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2.9.1 Mechanical pretreatment

Mechanical prereatment is a simple form of preeatment that is used to
disintegrate feedstock into different particle siziscreate a large speaifisurface

area of the feedstock that is made available for microlaietion. Thus, the AD
process can be enhanced when the specific surface area is increased, and there is
better contact between the anaerobic bacteria and the digestible material. The
redudion process for larger solid into small size is known as grinaivthwhen
mechanical equipment is utilized, the process is referred to as milling. Besides, there
are several size reduction equipment in the literature thatébeen tested both at
industrial and laboratory scales, such as rotating drum, knife milling, hammer mills,
choppers, and grinder shear shredders, wet pulverization, and extrusion. Also, high
shear effective machines, shreddersbro energy milling, disc milling, two roll
milling, ard colloid mill§144]¢[148]. This equipment is often developed empirically

to handle some specific feedstock materials (Feedstock) and well as other situations.
Knowing the characteristics of the feedstock to be digested is esseRtiatbably
because the most important factor goweng particle size reduction is the hardness

of the molecules’' bonds, where additional energy is required to hold the feed
particles together149]. Despite the use of various methods, figuzel6 depicts

three types of size reduction equipment used in municipal waste processing.
Generally there are three main parts of particle size reduction equipment, such as
the milling chambers hopper, discharge chute, and receiver as shown in Figure
(2.17).

‘ Hammermills ‘

I

Municipal solid waste (MSW) —|__|.‘ Shearshredders ‘]

—|_, |‘ Wet Pulverisation ‘

Figure2.16: Three main types of mechanicamminution equipment extensively
used in municipal waste processing.

EBAYE SCHOLASTICA BEJOR 140260368 2-50



Feedstock

Feed hopper

Mill chamber

_ Receiver ot
- collector

= Milled matenal

Figure2.17 Components of the size comminution equipment
Adapted from[149].

Additionally, nechanical prdreatment is an expensive process in the

transformation of waste biomass into energy, though it helps to increase the specific

surface area as well as methane production, the electrical power demand is quite
high. Kratky and Jiro[147], stated that for efficient hydrokis 22mm of particle

size is recommended-urthermore, to attain an optimal particle size, the size

reduction requirements for the mechanical phase must be recognised, which

comprise.

x  The input organic feedstock size distributiamd;

x The effect of the ype of mechanical comminution device on particle size
distribution for various waste fractiong\s waste is heterogeneous by nature,
each fraction varies during comminution. The key characteristics of the various
waste fractions used in the optimal sizeduetion processes are hardness,
toughness, abrasiveness, stickiness, soften temperature, material compositions,

moisture content, purity need for wear mechanisms during grinding, 4eed

. ____________________________________________________________________________________________|
EBAYE SCHOLASTICA BEJOR 140260368 2-51



product ratio, bulky density, and physiological effetable 211 depicts the key
characteristics affecting size reduction in the case of waste shreddmgever

for this piece of work, three mechanical types of equipment are utilised, such as
the shreddersmanualchopping,and maceratorgrinding.

Table 211 Waste fraction characteristics in tsgenarioof shredding

Sourcg150]
Material property Example for single Operational demands
waste fractions
Compression  Percussion  Cut  Shearing
strain
Tough Glass, ceramics, metals, 00 _ . _
sand, stone
Medium tough Salt, curable plastics 00 00 - -
Soft Organics, thermoplastic,
textiles, paper, 0 0 00 00
paperboard, wood
Brittle Glass, ceramics 00 00 - -
Elastic/flexible Thermoplastics, rubber, 0 00 0
metals
Viscous/malleable Plastics, organics - 00 00 00
Fibrous Paper, paperboard,
textiles, plastic fibre i 00 0
Sticking together  Plastics, organics - 00 O

00: Highly applicable  O: Moderately applicable -- Not applicable

2.10 Review of various mechanical particle size reduction techniques

2.10.1 Hammer mills
Hammer mills (Figur@.18): In size reduction operations, the hammers in the
hammer mills smash the waste materials as they enter and eventually force the
shredder materials through a discharge unit. They are widely used to reduce waste
size in largescaleprocesses. It is a higgpeed rotating impact device having hammer
parts that force into an inner disc. Efficient heat causes waste to disintegrate and
tear, reducing waste size. It is also an integral part of particle size reduction
technology in MBT pitas. They are also the most utilised equipment for regulating

waste composition and size reduction. Breaking, slashing, cutting, and crushing are
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their major modes of operation. They can handle all types of municipal waste as well

as a diverse variety otloer waste streams.

$ Product

Figure2.18 Diagram of a hammer mill
Source [151]

2.10.2 Shear shredders
Shreddersare mostly used to reduce the size of municipal solid waste (MSW). It is
made up of two parallel counter rotating shafts with a succession of discs. The
shredder waste is directed to the core of the counter rotating sh#ftso, it is used
for pre-treatment of compacted hard to handle feedstock such as food waste
(bones), paper waste, and grassBhredders' key modes of action are shearing and
tearing, and they can handle all types of municipal solid wa$éenmer, knife and
screw shredders or their miseare the most commonly used equipment for
lignocellulosic disintegratiofi47], [150] The operation mechanism of a shredder is

schemaically depicted in figure 29.
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Figure2.19 Schematic of a shredder's operating mechanism.

Source{152]

Rotary cutter

Generallythe shreddersare known as:

x Machines that break apart particles.

x A machine with one or more rotary shafts and low velocity, high torque
shear shredders with a collection of closely packed cutting discs or knives
on each shaft that is located somewhere towards the bottof a feed
hopper; particles are driven downward by the rotating propeller cutters
through the small gaps between the discs/knives and the chamber's.walls
This is widely utilised in the recycling industry.

x  Machine that produces shearing action by congsiag particles in offset
planes.

x A machine where elveloping particles have a slender shape.

2.10.3 Wet pulverisation
When MSW is "wet pulverised,” it is mixed with water or other wet materials,
including sewage sludge, and tumbled around a rotating cylintaterial is
propelled up the sidewalls of the rotating drum where it falls naturally using internal
flights or vanes similar to those found in trommel screens. The method may be used
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as a bioreactor because degradation typically begins rapidly insidertimasd The
final particle size of pulverisation is intended to be in the range of nm, producing
fine and ultrafine particlegl44]. However, mechanicalomminution equipment has
a variety of types in the market. During this research, it became evident that there
are no industrywide categories or standardised criteria for various -semucing
devices. According t§153], size reduction devices are classified as chippers,
grinders, and shredder$essior2.10.2)
2.10.4 Chippers:
x a collection of knives positioned on a rotating disc or plate that impart a
slicing action andlices the material up into small fragments.
x Commonly used to cut wood into various sizes of chips.
x Emerging fragments: smooth, uniformly formed granules or chip.
x  Generally, their mode of operations is cutting and slicing and can be apply
to yard waste, fastics, paper, carboard, timbers and tregnmings.
2.10.5 Grinders:
x  The pounding device is mostly a hammer mill (tub or horizontal feed
grinders)
x New fragments: ragged, fractured, asthashed.
x Particles are decreased in size by repeatedly smashing them inttlesma
fragments using a mix of tensile, shear, and compressive forces.
2.10.6Roll or screwmill.
Roll millworks by drawing waste into the mill and forcing it to a lower rotating roller
through the action of two higievel screws. The of the cutter and the distance
between roller and cutter determine particle size. Because of its simple shape, they
are commory used to grind flour. A diagram of a roller mill is shown in the figure
2.20.
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Material
removal

Figure2.20 A diagram of a roller mill
Source150]

2.10.7Ball mill

The ball mill, also known dke Cascade mill, is a rotatory drum with a hed&aj-

filled drum that is used to shred or pulverise waste They are built of aslowng
rotary drum with a maximum diameter between 4 to 7 metres that is packed with
steel balls that account for around7% of the available capacity. The relative
movement of the balls and waste patrticles causes intense grinding and milling, which
results in crushing/shredding action. The crushed waste is filtered through an
appropriate particle size mesh filt¢t50]. A diagram of a Ball mill is shown in the

figure 221.

Figure2.21 A diagram of a Ball Mill
Source[154]
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2.10.8 Cutting mills
Cuting mills are typically slovnoving shredders with a variety of cutting processes.
Cutting mills can grind product mixes that are soft, mediuand, elastic, fibrous, or
heterogeneous. Because size reduction by cutting and shearing is done carefully and
fast, making themills are suitedor temperaturesensitive sample$he diagram of
a cutting mill depicted infigure 222. The benefits and drawbacks of some
mechanical size reduction equipment commonly found in MBT plants are shown in

Table 2.12.

Statonary hnives

Rotatling knwve

Figure2.22 Diagram of acutting mill
Source [149]

Table 2.12 The benefits andrawbacks mechanical size reductieguipment
____________________________________________________________________________________________________________________|
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Modified from[155].

Processes Merit Drawback Suited for reference
Hammer x  High size reduction ratio Severe wear and tear x  Brittle waste with a
mills and can promote the cubic| High maintenance costs, high density that is [144]'
structure of the particles. sensitivity to stones, etc. easily broken or split [145].
x  High rates of processing. The screen can become cloggeq [147],
x  There areaffordable and at some point. [150]'
simple to use Production of noise
x  Regularly increases the Increased moisture content and [155],
fluidity of the digester. final smaller particle sizes both ¢ [156]
X A high level of shredding i which influence energy,
attained. leading to a increase in demand
x  Increase the surface area Production of dust
of organic complex waste The mill may clognd incur
to accelerate degradation. damage if the feed rate is not
regulated.
Mixing x  Low demand for energy The ability to crush large particls x  Mostly suited for
drums x  Low levels of dust sizes is limited. smaller
emissions It can lead in an overabundanc size of particles
x  Performs variougunction. of smaller particles.
x  Controllable moisture
content
Cutting x  Shredding at a high level i Reduced production rates x  Obtaininga specific
mill achieved. distribution of patrticle
sizes.
Ball mill x  Requires littlespace. High energy usage x  Waste with various
x  Shredding to a high degre| Reduced throughputates. degrees of brittleness|
isattained. Longtime of operations density, and physica
x  Integration of many durability
processes
(crushing/sieving) in ¢
single phase of production
Reduced dust emissions.
Roller or Low production of noise Reduced throughputates. x  Waste with various
screw mill Low production of dust Labour and maintenance costs degrees of brittleness)

X X X X|X

low wear and tear
low energy demand

density, and physical
durability

2.11 Reasons for size reduction in anaerobic digestion processes

laboratory and on a large scale, for the following reasons:

x Large and bulky materials must be reduced in bieg®re being

digested by the anaerobic digestion unit or digester

Mechanical prereatment of organic solid waste involves size reduction, both in the

x Particle size reduction increases the overall specific surface area

of waste particles while decreasing particle size distribution.

x  Package (e.g., closed bags) must be accessible.

x Digester stability
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2.12 The effects of variousnechanicalcomminution equipmenton feedstock
characteristics and particle size distribution.

Mechanical biological treatment (MBT) is a bioprocessing technique used in Europe
to biologically stabilise the organic fraction of municipal solid waste (MSW). There
have been over 30 MBT facilities in operation or under construction in the United
Kingdomalone in 2017[157]. The most common method used in the treatment of
mechanical biological waste is shreddin§)57]¢[159], but other processes, such as
milling, are also use(il44], [160] It has been discovered that the particle size
distribution of the solid waste fed into the hammermill and its residence time in the
machinery are dependent on the particle size distribution of theéput (PSD)
Hammer milling has been discovered to be more suitable for materials with low
moisture, such as straws, despite clogging issues having been reported for biomass
with moisture levels of higher than 10 to 15M#47], [160] Shredders use less
energy, are more reliable, and cause less damage than mills. Typically, shredding
reduces particle size to a few centimetres or lesSkhough he impact varies for
different types of organic complex materials due to their physiochemical
characteristics, mostly those with higher lignin and moisture contents, such as paper
or woody components, can affect the shape and size distribution of the ubst
[136], many researchers have found that shredding has a positive overall effect on
MSW bioprocessinfl58], [159], [161], [162] However, little is known about the
actual particle size distribution (PSD) that results from substrate size reduction,
specifically the PSD in the orgawimmplex fraction that would be exposed to
biological treatment. This shows that they are driven orth®y presence of a wide
range of particle sizes in pteeated MSW for bioprocessing. It is usual practise to
report the highest or mean particle size of particle size reduction material, which is
insufficient data. Préreatment of waste does not produceniform, equalsized
particles; instead, it produces a diversity of particles of varied sizes. On fermentation
processes and results, PSD is thought to have a direct influence. A shear shredder,
rotary cutter, and wet macerator wenesedby [20]to separate theorganic fraction

of municipal solid waste into streams with various particle size distributions ( Figure

2-23). Similar to shear shredder material, single and double pass material has
I ————
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particles that seem larger than the shredder's jaw opening. This iausecthe
material was not uniformly sized throughout. For instance, after sieve analysis, some

paper was split into strands that flattened against the sieve mesh.
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Figure2.23 Particle size analysis agize reduce®FMSW using a shear shredder,
rotary cutter, and wetmacerator.
Source: [163]

Many of the particulates were found naturally in the waste instead of being
mechanically altered by the action of the cutting discs. It was also observed that the
initial material with a fraction larger than 20 mm before being fed into the shredder
was substantially reduced in size after shredding. Particle sizes were reduced when
double processing was used, with most particles ranging from18.Z mm
compared to a high fractiom the ranges of 13:20 mm and 267.5 mm when a
single pass was used. Using a rotary cutter to further reduce the size >20 mm, the
fraction in the 13.20 mm range increased, making this the largest fraction after
treatment. The wet macerated materiallsean particle size was around 2 mm, with

a significant percentage (33%) of 0.3 mm. Each fraction's VS content was calculated,
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and the fraction with the smallest particle sizes had the lowest VS content (75% of
TS, compared to those with particle sizegtarthan 2 mm). Paper and cardboard
fibres dominated the fraction larger than 2 mm even though they did not easily
move around the surface of the sieve. However, several researchers have calculated
a mean value with standard deviations for residual wasteedding with hammer

mills. The particle size distributions of solid waste processed with various shredding

equipment were compared to neshredded waste (Figure24)[164]
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Figure2.24 Cumulative particle size distribution usimgrious shredding
equipment types.
Source [150], [164]

The researcher discovers that differences in manufacturer, operational
configuration, and shredder wear and tear all have a significant effect on
productivity but are difficult to determine because there are no clear and precise
results available to asseshe performance variation for both new and used
shredder cutting equipment. When compared to Screw mill 1, Screw mill 2 (Diepholz
plant) achieved a substantial reduction in particle diameter (Quarzbichl plant). It is
noteworthy that the fine fraction, regrdless of crushing method, contains 40 to 90%
of the waste. The mixing drum treatment works similarly to the hammer mill. The
ball mill allows for extensive shredding and crushing. After crushing, the 20 mm

fraction contains nearly 80% of the material ame 40 mm fraction contains 90%
____________________________________________________________________________________________________________________|
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of the material.Also, organic kitchen and garden waste was discovered to contain
smaller particle size fractions prior to shredding (figur25®, according to[164],
roughly 80% of waste can be classified in the 80 mm fraction. After shredding, more
than 80% of the organic wastes are in the 40 mm fraction (except for screw mill 1).
The fraction of organic wastes in the 40mm fraction is higher (90%) in the mixing
drum study results than in the hammer mill study results (80%). After
shredding/crushing with adammer mill and composting drum, less than 10% of the
organics had particle sizes larger than 80 mm. The 80 mm container was filled with

shredded organic kitchen and garden waste.
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Figure2.25 Cumulative particle size distribution of the organic kitchen and garden
waste fraction using various types of shredding devices.
Source [150], [164]

Additionally, according tf164]studies, the paper/cardboard pportion is discovered in
oversize > 150 mm, or roughly 20 to 3QRgure 2 26). The study found that between

60 and 70 mm in size made up about 80% of the oversize fraction. The hammer and ball
mill shred the paper or cardboard to a vast degree. Th@efaction is crushed in a ball

mill to produce the fraction 80 mm because the grain fraction 40 mm accounts for over
80% of the fraction. The hammer mill was made with a heavy crushing motion in mind.
Before the decaying drum, the fraction of the papmardboard fraction that was larger

than 150 mm was segregateNearly all the paper in grain classes >40 mm is destroyed
after the decaying drunmDue to the fraying effect of the drum operation and the quick

mixing in the composting drum, the bulk of theger/cardboard fraction has shifted to
____________________________________________________________________________________________________________________|
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the nonsortable waste < 8 mm. The cardboard/paper fraction of the cardboard
composite package are also segregated, and they are fed to the grain fraction with a

diameter of <40 or< 8 mm.
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Figure2.26 Paper/cardboard grain size distribution when employing various
shreddercomponents.

2.13Biological pretreatment

Biological prereatment involves the use of higtapacity microorganisms in
degrading a substrate with the addition of enzymes that give support responses
inside the anaerobic digester. Biologipag-treatment has a positive impact on the
degradation ra¢ of the substrate, and the hydrolysis step could be enhanced
through the increase in the microbial action per unit surface area. The effect can be
achieved by feedstock inoculation (i.e., the introduction of bacteria to the substrate)
and using enzymes drhicellulose, cellulose, and starch degrading enzymes operate
best at the temperature of 380°C and pH level between 4 ar@@l The pre-
acidification step in biologicgbre-treatment uses the acidogenic stage of the
anaerobic process by optimizing the gréwdf acidogenic bacteria in the AD system.

When the acidogenic bacteria restrict the growth of methanogenic bacteria, it
I ————

EBAYE SCHOLASTICA BEJOR 140260368 2-63



increases the anaerobic degradation rate. This is because acidogenic organisms are
much harder and build up faster than methanogenicctesia. This process is
achieved by the addition of a high supplement loading rate to the digester,
particularly for starcldegradation 22]. Theeffect of mature compost addition, as a
biological pretreatment for two industrial organic fractions of muipeal solid waste
(OFMSW) at 15 days solid retention time. The study demonstrated that the
productivity of anaerobic digestion of industrial OFMSW in terms of the removal of
dissolved organic carbon and volatile solids was increased by 61.2% and 35.3%
respectively as against the control without ptesatment. This is because the
hydrolysis step should have improved through the increase in the microbial action
per unit surface area. Therefore, the methane and biogas generation, expressed as
(L/L reactor), isncreased up to 73.3% and 60.0% over the cor{tt6b]. Alsq the
authors stated that the specific methane generation is enhanced up to 35.48%,
whereas the cumulative methane and biogas productimenhanced 141.6% and
190.0%respectively(165]. In conclusion, only a few studies have bgemformed

on biologicalpre-treatmentas seen in thditerature [22], [165] The key merits of

this process are that it uses a specific species of microorganisms that can result in
lower capital cost and less energy input, without any addition of chemicals. This
could encourage rural commures across the world, and the major drawback is the
lower hydrolysis rate compared with other methods, such as physical and chemical

processes.

2.14 Chemical Prdreatment

Chemical prdreatment is the kind of treatment that includes oxidative reactions
and the addition of acids or alkalis that are used for the destruction of organic
matter. This treatment process has been applied to all classes of a substrate
obtained from a different waste stream such as agricultural, industrial, and
municipal waste streams. h@mical pretreatment could be performed in a
combination of increased temperature known as a theraiemical method143],

[166]. This can lead to significant solubilisatiéfew researchers have combined

both thermal treatment and chemical addition to a substrate such as waste
|
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activated sludge, or fibrous biomass. This allows for significant solubilisation with
alkaline treatment and enhanced biodegradability performdaé&]. Substrates
containing higher amounts of starch are not appropriate for chemical treatment due
to their faster degradation and later excessive accumulation of volatile fatty acid
(VFA). Thizause problems with the methanogenesis phase of the AD process,
leading to failurg[168] whereas a shbistrate that is rich in lignin cabe processed

and can improve the biodegradability performance and safeguard the
methanogenesis step without collapse of the AD system. Also, anaerobic digestion
requires pH adjustment by the increase in alkalinity; itlsarconcluded that alkaline
pre-treatment is the most preferred chemical pteeatment method to be used
during anaerobialigestion[169]. The hydrolysis phase and biogas production can
also be enhanced when oxidative and acidic-fpeatment, such as ozonation, are
utilised. The method and type of substrate characteristiced@ine the chemical
treatment to be used[170]. In another study on barley waste for methane
production, the researchers found that both -digestion and alkaline hydrolysis
pre-treatment with kitchen waste were valuable to improve the production of
biogas from grain waste. Although the best result & dnd VS reduction was
observed in the assay with the alkaline hydrolysis, the researchers also noticed that
the pH correction at the industrial process can be costly when treating high amounts
of waste. This means that, in fidtale production, alkalinpre-treatment may not

be suitablg171].

2.15 Previous studie®n particle size

Hydolytic bacteria are surfacattached bacteria that mediate cellulose
solubilization in anaerobic digestion systefd®], [172] The particle size of the
substrate has beerofind to have a significant effect on biodegradation in studies,
and cellulose has been identified as the FHiteiting stage in the anaerobic
degradation of the organic fraction of municipal solid waste OFM3V2].
Furthermore, mechanical preeatment can be effective in reducing the impact of
this ratelimiting step by breaking down the properties of the feedstock. Biological

hydrolysis can thus be optimisef¥0]. In the past, Hills and Nakand73].
I ————
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investigated how partile size affects the anaerobic digestion (AD) of tomato wastes.

In doing this, the authors used laboratory digesters with operating volumes of 4
litres to ascertain the impact of the particle size (PS) on methane gas production.
Chopped tomato solid waste the particle, sizes 1.3, 2.4, 3.2, 12.7 and 20mm, were
used as the substrates, and fed to the mesophilic digesters at 3g volatile solids per
litre, with a retention period of 18 days. The 1.3mm PS gave 3 times more biogas
than the 20mm PS. The 1.3mm p8duced 0.81 volumes of methane per volume

of digester per day with a VS reduction of 60.3% as against 21% VS reduction by the
20mm particle size (PS). The authors concluded that, for tomato solid waste, it does
appear that methane gas production variesérsely with the product of particle
diameter and sphericitySimilarly, a study b$harma et aJ36] on the impacts of
particle size (PS) using agricultural waste and forest residues yielded similar results.
The results showed that the highest quantity of biogas geserated by the particle
sizes in the range 0.088mm to 0.40mm, out of the five particle siee®(088, 0.40,

1.0, 6.0, and 30.0mm). The digester runs on PS 0.088mm and shows 16.9 to 50.2%
more biogas than when the digester runs on the largest P3ewlere is less than

a 3% change in the biogas production between PS 0.088 and 0.4mm, thus implying
that grinding particles below about 0.4mm is apparently of little benefit and possibly
uneconomical. These studies were carried out in batch digesterdeahperature

of 37°C [36]. The relationship for carbohydrate particles was corroborated by
SanderEL74], with much smaller characteristic sizes. A decrease of particle radius
was then described as a linear function of time. showings 16.9 to 50.2% more biogas

than when the digester runs on the lagiePS, while.
[ —0 8
Where: is the average particle radius at time t (m).
=initial organic solid particle radius [L],
is the density of the substrate (kghn

Ksbkis a surfacébased hydrolysis constant (kgfrday).
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is time (days),

This was reformulated by24], [175] among others,which characterized the
disintegrdion process surface ardhat was also explored bl 76].Kim et al[177]
studied the impacts of particle size (PS) on the AD of food waste (FW) at thermophilic
temperature 48C. The maximum substrate utilization rate coefficient k was
obtained as 0.24/hr, while the lfasaturation coefficient KS was 700mg/l, at a hon
inhibiting organic loading. 1000 mg/L gave the substrate inhibition factor for
inhibiting organic loading range, and the inhibitory effect was observed until 5 g/L
sodium ion was added to the serum bottieactor. The volume of methane gas was
then gradually reduced to concentrations of greater than 5 g/L of sodium iof) (Na
applied. However, the sizes of all food waste particles were kept constant, and the
substrate usage rate constant was inversely redaie the particle size. This implies

that the substrate usage rate coefficient doubled as the average particle size
decreases from 2.14mm to 1.02mm, thus indicating that particle size reduction is a
vital factor in anaerobic food waste degradation andméte methane production.
Also,pre-treatment to reduce particle size has been shown to enhance the surface
area available for hydrolysis enzymes. The research on patrticle size reduction as a
pre-treatment technique for the gain in the potential of biogasrh Tanzanian sisal

fibre waste corroborated this assertion. These treated sisal fibres were then tested
in anaerobic batch experiments to determine the influence of-peatment. The
researchers utilized sediment from a stabilization pond as seed aabpsbduction

plant. The results showed that fibre degradation increased from 31% to 70% for the
H>Y t {2 O2YLI NBR (2 UGKS dzyGNBIFI SR aralt
increase and 0.22m3 QH1 3 @2t GAf S a2t AR&a F26J KS
0.18m3 CHkg volatile solids for untreated sisal fibres. The result also confirmed
that methane production was inversely proportional to particle size compared to
untreated sisal fibres. The effect of pheatment of particle size reduction of sisal

fibre waste oranaerobic biodegradability ishown in figure 27 [178].
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Figure2.27 Effect of particle size on the yield of methane production of sisal fibre
(Adaptedfrom [178])
A similar result was obtaineloly [179], [180] A study carried out on the effects of
the particle size (PS) reduction on anaerobic biodegradation of many organic
materials, it was disc@&red that reducing the particle size of the substrate by a
mechanical treatment can improve gas production by up to 18% with a reduced
degradation level of about 59% (Fig28). The authors reported that the effects
of the particle size reduction on reactor biogas production are not significant with
organic materials, including the mixture of carrots, potatoes, apples, and meat. It
implies that these materials account for an exeet biodegradability of up to 95%
and 88%, respectively, the authors also noted that for substrates with very good
biodegradability resulting from material composition and structure, and low
cellulose and lignin content, mechanical greatment does not enhance
biodegradation and biogas yield. This is because the substrates can be degraded by
microorganisms sufficiently so that comminution does not yield any further
improvement. They further reported that for substrates with high fibre content,
degradabiky could reach 50% without mechanical greatment, and could
increase up to 20% by comminution depending on the state of the ground sample.

For the high fibre substrates, the authors were of the option that comminution
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releases usable cell compoundsammore easy and quick form by making them
available, for microorganisms and enzymes, areas which ordinarily would have been

difficult to reach for bacterial and enzymatic actida39].
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Figure2.28 Enhancement of biogas production throughtch degradatiorprocess
as a result of particle size reduction apmresponding degreesf degradation
level of the rawsubstrate (a; Mixturef applescarrots, angootatoes;meat;c:

Sunflower seedg]: Hae: leave$.

Source[179].

Similarly, Angelidaki and Ahriri@80], reported an increase in the methane yield of
16% for macerated manure bio fibres with particle sizes betwieand 2 mm and a
20% increase in fibre size of 0.35 mm. There was no significant difference found with
fibre sizes of §0 mm. The findings clearly illustrate that particle size reduction
increases substrate utilization, and hence gives enhanced bgdsiction. Alsg

Hajji and RhacHiL81], studied the effects of particle size (PS) on the process of an
AD system of municipal solid waste (MSW). The authors operated the reactor at a
temperature of 40C under mesophilic conditions, keepitige PS in a diameter
range from 10mm to 100mm. The results obtained indicated an increased
relationship involving the PS and biogas production, with an optimal production rate
recorded for the 10mm particle size which was 20% higher compared to the 100mm

PS. A similar study was also carried oufb§2]. The authors studied the effect of
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PS reduction on whole crop maize silage and grains, which enhanced the production
of methane from both biomass substrates operating in a batch mode. The results
obtained suggested less than a 10% increase in methane gi@menf the biomass.

Few studies have dealt with the effect of particle size distribution on anaerobic
digestion €.g. [183]). Marcato et al[183], reported particle size and metal
distributions in anaerobically digested pig slurry. The authors found that particle size
distributions in both raw and degted slurries (RS and DS) show a shift in smaller
particle size distribution towards larger sizes which were of greater resistance to
anaerobic biodegradation. However, there has been a consensus that the capital
cost alongside the operating costs of tA® plant could be achieved by reducing
waste into different particle sizes, which would consequently allow faster reaction
rates through the increased exposure of the particles to microbial attacks during the
decomposition process of waste materials in thig system. It means to prevent the
likely congestion of the digester by largeed particulate matter and to boost the
digester performance by increasing the biogas produckisj, [173], [174], [184]

[186]. Contrary to this assertion, other researchers have stated that partode(BS)
reduction has little or no effects on the rate of combination or ultimate
biodegradability of the complex organic fraction of municipal solid waste (OFMSW)
[57], [121], [185] At patrticle size range of20mm,Nopharatana et aJ185], found

no significant digestion benefits from an extensive particle size reduction of
biodegradation soluble and insoluble fraction of municipal solid waste (MSW)
sample and the digestion rate alongside the biogas yield. It could betfre shape

of the particle as well as the quantity of OFMSW where size reduction does not
eventually cause exposure of the surface area of the feedstBakicles with
different shapes have different biodegradability since biodegradability also depends
on the shape of the particle. However, differences in particle shape could result from
the milling process where some patrticles that pass the screen are most probably
smaller or even dissolved, whereas others may have been larger having passed
through longiudinally. Also, the differences in the particle shape could result from

the particles not being uniform in all dimensions, or that some particles are naturally

. ____________________________________________________________________________________________|
EBAYE SCHOLASTICA BEJOR 140260368 2-70



present in finer particles rather than being physically changed due to the action of
the machire. [20. Furthermore,one of the key factors that have an impact of
anaerobic degradation processes is the patrticle size of the substrate. A larger surface
area exposed to enzymatic attack results in smaller particle size, that could optimise
fuel availality and hydrolysis of the processed materldévertheless, Ranalysing

data from[36] on three grasses (wheat straw (Triticum aestivum), rice straw (Oryza
sativa), and dhub grass) (Cynodon dactyldigure 2-29). The particle size paradox

was discovered bji87]. The study found that the relative rate of biagproduction

per unit surface area decreased rapidly as particle size decreased, suggesting that

factors other than mean size particle play a significant effect.
100%
80%
60%

40%

% of 8 week yield

20%

0%
0 1 2 3 4 5 6 7 8 g
Week

Figure2.29 depicts the arithmetic mean of ranalysed data for three grass
digestions.
Source[187]

2.15.1 Summary of the previous work

It has been shown by past researchers that the maximum quantity of biogas can be
produced by smaller particle sizes than when the digester runs on the largest PS
range, thus indicating thatparticle size (PS) is a vital factor in the anaerobic
biodegradation of waste biomass and ultimate methane producf®h et al., 2000;
Sharma et al., 1988} he researchers have also shown that-pesatment to reduce
particle size can improve the surface area available for hydrolysis enzgmése

contrary, dter re-analysing data from previous studiggs87] Mason and Stuckey
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[12] discovered the patrticle size parad@dccording to the study, as particle size
decreases rapidly, so does the relative rafebiogas production per unit surface
area, indicating that other characteristics other than meanticle size playa key
role. A review of the literature by Hernadéeltran et al[188] revealed that there

is no one universal, optimum particle size that is best suited for bioprocessing
technologies[157]. Additionally, it has been discovered that biodegradability is
affected by particle shapelhis can result from particles not being uniform in all
dimensions or where some of the particles ara&turally present in finer particles
rather than being physically changed due to the machine action. In contrast to this,
some researchers also highlighted the biggest problems associated with particle size
reduction. Particle size effects could speed upe ftfirst two processes of AD
processes known as hydrolysis and acidogenesis. It can result in the production of
soluble organic materials, such as VFAs, leading to excdsglverganic loading in

the anaerobic reactor. When such overloading occurs, thigalance in the output

and uptake of volatile fatty acids (VFAS) lead to the bugdf (VFAS) and a drop in

pH, thereby inhibiting the biogas production rate and possibly causes the anaerobic

digestion (AD) system to collapse.

2.16 Review on foaming andauses.

In bioprocessing, foaming is a common problem, particularly in agitated and aerated
bioreactors. The foam on the sludge surface is defined as a collection of gas bubbles
surrounded by a liquid filnji189]. Table 212 depictsclassification of foamAlso,

foam canoccurin many anaerobic digestiodigesters which can have significant
effects on theprocess and result in significant economic costs. FigeBg &epicts

foam through a microscope and irbagasdigester indicating severe  problem of

form in a big digester plant
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Figure2.30 Foam imges Abbl) from abiogas digeste(Abb2) from a microscope

Foaming causes various problems, such as a reduction in biomethane production

and a reduction in organic matter degradatid®0]. Table 213 details the poblems

caused by foaming in anaerobic fermentation. Low foam concentrations can create

a condition that promotes cell damage, potentially leading to more damage.

Foaming seems to be triggered by a variety of factors, including

X

X

X

Hydrophobic substances, pomixing, or acetic acid accumulati¢io1].

Excess filamentous bactersuchas Gordoniand Microthrix[192].

Feed sludge composition and inconsistency of digester [fE28l.

Substrates rich in protein and easily degradfldd].
Excessurfaceactiveagentsexampleoils and greaqdd92], [195]

Unstable conditions caused by shock load or overlod8#jg[194]
Temperature fluctuatior{196];

Air entrainment and solids concentrati@itf?2].

Because the excess feedstock is not completely degraddxy
microorganisms in the digester, a high OLR can cause foaming, resulting in
the accumulation of hydrophobic or surfaeetive byproducts[189]. Many
operational digesters have observed foam formation difficulties during-start
up or when there is a low OLR followed by a rapid increase iflOZRTable
2.14 depicts the severeffects of foaming in the anaerobic digestion process
[198]. it has also been reported that enhanced mixing intensity, balanced
distribution of rutrients and the addition of lime in the reactor can provide

a solution to the problem of anaerobic reactor instability and the application
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of antifoam products can mitigate the cause of foaming by hydrophobic
dischargeThis study does not focus on foaorration.

Table 213 Foam classification

Source[198]
Type Characteristics
True Predominantly gaseous dispersion
Flund Predominantly liquid dispersion with enhanced holdup of gas in a large
portion of the hgquid
Unstable Equilibrium state s contiruously approached
Metastahle Progress to the equilibrium state is arrested
Transient Lifetime of seconds
Persistent Lifetime of hours or days if undisturbed

—_— .

Table 2.14 The physical effects of foaming in anaerobic digestion
fermentation
Source[198]

Physical Effects Increased heterogencity of broth
Enhancement of gas-liquid oxygen transfer
Increased effective reactor volume
Reduction in the working volume
Enhanced gas holdup

Changes in air bubbie size and composition
Decreased power dissipation

Changed pattern of dissolved gases due to
heterogencous dispersion

Reduction in apparent viscosity

Lower mass and hecart transfer rates

Invalid process data due to interference at
the electrodes

Decreased circulation rate

Incorrect monitoring and comrol
Reduction in acration and mixing
Blockage of inlet and exit gas filters

Biological Effects

Enrichment of cells in the stagnant liguid

film around the air bubbles

* Deposition of cells on upper parts of the
bioreactor

e lLoss of culture fluid from exit lines causing
product and biocatalyst loss

* Microbial lysis

e Changes in microbial metabolism due to
nutrient limitations

« Froth flotation and foam separation
causing preferential removal of surface
active agents

e Protein denaturation in the foam laver

« Problems in sterile operation

* Risk of environmental contamination due

10 aeroscol formation

2.17Wide use process modelled of the anaerobic digestion

Anaerobic digestion model.No.{ADM1) is a mathematical model that simulates the
behaviour of complex organic matter into simpler soluble molecules within the anaerobic

digestion (AD) reactor. This model involved three dimensions such as:

W Processes

. ____________________________________________________________________________________________|
EBAYE SCHOLASTICA BEJOR 140260368 2-74



W Components and,

W Time.
Substrate input into the model is believed to be the composite particulate matter broken
down into different feedstock components three the anaerobic digestion processes taking
place within the reactor Figure (2.14). The ¢éan within the AD system is complex with
some parallel steps and sequential steps. Therefore, mass conservation is applied to the
model. The conversion processes that occur in an anaerobic digestion system are categorized
into two main processes known hgchemical and physicahemical processes Figure (2.14)

[8], [40]

Conversion Processes

7\

Physiochemical Bim:hmqA
/ \ . Biological Enzymatic
Gas Liquid

PhaseN Phase

Gas-Liquid Dissociation/
y Association

Transfer k
of lonic Components

Figure2.31 Conversion processes of the physiochemical and biochemical in an
anaerobic digestion digester

Sourcef199]

The Biochemical reactns involved the four steps of the anaerobic digestion (AD) process
when the biodegradable fraction disintegrates into carbohydrates, proteins, and lipids, which
becomes hydrolysed resulting in biomass growth and subsequent decay. Therdiest
kinetic equation representing hydrolysis describes the disintegration, hydrolysis, and the rate
of decay of bacteria. The Physicleemical reactions are not biologically mediated by
organisms but occur in the water system spontaneously Figure (2.15). Some of the

physicochemical reaction that takes place in anaerobic reactors includes:
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W Liquiddiquid reactions (i.e., ion association/dissociation of weak acids and bases such

as carbon dioxide, ammonia organic acids occurring rapidly)

W Gasliquid exchanges (i.e. Gas transfer of carbon dioxide, methane, hydrogen sulfide

and hydrogen occurring from rapid to medium process).

W Metal-ion precipitation (i.e., to form solid precipitates occurring from medium to
slow process). The physicochentipeocesses are very significant in the modelling of

an AD system because:

The pH control setpoint is calculated from the physicochemical state rather than the
addition of chemical treatments such as strong acids or base which can result in a higher

cost  real practice.

The correct estimation of the physicochemical transformations enhanced the key

performance variables like the gas flow and carbonate alkalinity.

Different biological inhibitions may be expressed as free acids, bases and pH and
dissolvedgas concentration§30]. In this thesis, the ADM1 model is intended to assess
the performance of particle size distribution and its effects on the kinetics and biogas

production rate.
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Figure2.32 Biochemica(vertical) and biochemical processes(horizontal) in an
anaerobic digester

Source]30]

VFA dissociated organic acids
HAc, acetic acid

AA, amino acids.

HVFA, associated organic acids
Ac, acetate

MS, monosaccharides

In anaerobic digesters the biochemical and physicochemical reaction systems are strongly

connected through thdollowing mechanisms:

a. Biochemical reactions produce weak acids and bases, includingtamg fatty acids
(LCFAs), ammonia BlHbrganic acids and carbon dioxide. Gasses are produced by

biochemical reactions.
b. Gasses produced by biochemiogédctions.

c. Biological activity is restrained through a disturbance of homeostasis and denaturing of
enzymes when the pH value is low, thoughhwsome specialized organisms that can

still work in extreme conditions, e.g., methanogenesis bacteria.

d. The Formation of many weak acids and bases such as organic acids, ammonia, and
hydrogen sulphide, is inhibitory to organisf@, [30]. Thismeans that both parent
compounds such as sulphides, inorganic nitrogen, etc. and the pH effect in determining

the concentration of the inhibited form like hydrogen sulphide and ammonia.

e. Both weak acids and bases buffer around their characteristic acidéificient; this
implies that bicarbonate, specifically, opposes pH changes around 6.3, since that is its

peak.

However, the anaerobic digestion model No.1. (ADM1) has been widely used by many
researchers to simulate different AD systems. A task grougldped as the model was
adopted for the International Water Association (IWA Task Group) for mathematical
modelling of anaerobic digestion processes, and it was published in the year[8D0dny

researchers have focused on updates and modifications of the model since then.
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2.18 Review of the particle size base degradation process model

A mathematical model was used to predict how PS would affect the anaerobic
digestion (AD) ch complex organic substraf@74], [176], [200], [201]The kinetics
constant of the surfac®ased disintegration process was estimated using the model
[174], which was replicatedby [24], [200] Many authors have described the
hydrolysis stage using first order kinetics and biodegradable substrate at constant
temperatureand pH[174], [202] First order kinetics occurs when the substrate is
soluble, as described in ADM1[8}. Eastman and Fergus{8f] proposedequation

3.1, which depicts an empirical relationship in which different KH can be determined
by changes in the PSD of the biomass substrate even when other reactor conditions
and substrate type arbeld constantl73], [203] ]. Many studiege.g., Vavilin et al,
Esposito et al; Hobsof26], [174], [204]have explored the hydrolysis process to
develop a deterministic model for anaerobic hydrolysis. Bacteria completely cove
the substrate particles during the hydrolysis stage and secrete hydrolytie exo
enzymes. Because the model assumes an abundance of hydrolytic enzymes, the
hydrolysis rate per unit area of substrate readily accessible for hydrolysis becomes
constant. Unlik the empirical model, which can determine different hydrolysis
constants based on changes in the PS of the substrate, the hydrolysis constant in this
model is unaffected by the PS of thebstrate Asa result, Sanders et 4lL74]refer
to the model as the SurfaeBased Kinetic€SBK)

— v & 8

Where

M = mass of substrate (kg)

T =time (days)

Ksbk= surfacebased hydrolysis constant (kgfrday)

A= surface area available for hydrolysig]m

Additionally, he proposed mathematical model is based on the differential mass
balance equations for the substrate. In the study, a-B&&ed degradation modes
presented that uses a surfadrased kinetics model for spherical particles in batch
and semicontinuous digestion to explain changes in PSD of substrates over time.
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The calculation of the PSD model is based on the mass fraction of a pig slurry from
literature data. The proposed model is explained in chapter six using completely

mixed state variables that account for both degradation and methane production.

2.19 Evaluation of the BMP Test

A substrate's ability to degrade under anaerobic conditions is detexchby the
biochemical Methane Potential (BMP) assay, which measures cumulative methane
production during the tegR05], [206]The fundamental concept involves using a
seed sludge (anaerobic bacteria) inoculum to degrade an organic concentration.
Anaerobic digestibility and potential biogas (methane) production from biomass
substrates, among other pertinent data, can be determimgdthis measurement,
which is helpful for assessing, planning, and optimising the anaerobic digestion (AD)
procesg207]. BMP test can be used to measure not only how much organic material
is converted to methane (GHas well as how much of the remaining organic
substance is still susceptible @naerobic treatment, how much of it is nen
biodegradable after test, and how effective anaerobic digestion may be for a given
substrate[86].Standards for the methods and measurement units used in BMP tests
were created by208]. The substrate and its eacteristics, substrate particle size,
inoculum and its activity, nutrients/micronutrients/vitamins, and mixing are crucial
factors to consider when conducting a BMP test. A typical basic medium used in the
test is also described in these guidelineseBMP produced methane yields of 0.20

m3 kgl VS for MSW and 0.21 m-kgv'S for yard waste, while paper waste ranged
between 0.08 and 0.37 m3 KgVS for different classes of paper, accordifg@d],

who tested the BMP for MSW and some of its componeHi@wever, this thesis
utilised the bioprocess reactor due to its advantages over the conventional BMP Trial

(BPC 2009210]. These reactors were chosen based on the following criteria:

x It has low and simple maintenance.
x  The computerized explanatory technique, thus reducingwioekload.
x Itis arealtime, temperature and pressureompensation for biogas flow and

volume measurement.
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x It has a constant time for logging data of accumulated flow rate and biogas
volume.

x It can assist the scientific analyst to understand that the generated biogas
content will be periodically measured,

x thus, making it possible to acquire satisfactory data to completely
understand degradation dynamics.

x It enables the researcher to have a high level of data for extracting the
kinetics information.

x  The period of incubation is long, and this will significantiguce the time

and labour demand for performing the analysis.

On the other hand, is effective to achieve the experimental accuracy of methane
production. An automatic methane potential test system used in this study measure
the produced biogas in realme. This is done by feeding easily biodegradable

organic complex waste (feedstock) into the AD reactor, where it is converted to
methane during the process. This system is made of three main components known

as:

x  The incubation unit (reactor)

x Scrubbers

x  The gas flow meter and the PC
The AMPTS Il system has been configured to simultaneously conduct 15 analyses.
The incubation unit is a 15*0.5 litre Each of the reactors incubation unit is stirred by
a moulder with mechanical stirring to ensure efficient arehte mixing of the
substrate biomass and inoculum fed into the reactor The reactor is completely
sealed by a gas line, biogas is continually produced and the biogas produced in the
reactor passes through tubing into a corresponding scrubbing reactoscrhbbers
are where the biogas from the reactor flows into and where 8@moved during
anaerobic digestion (AD) allowing the biogas drained goes into the gas flow meters.
The gas flow meter is where the methane that is drained from the scrubbers goes
into and where the gas volume is measured, the gas flow meter is madé 1 o

cells, each connected to each channel of the flow meter, one to each reactor
|
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connected by tubing whereas the PC is used to monitor-tiesd data logging of
accumulated methane volume and flow rate. The data were recorded by the data

acquisition systen.

2.20Findings from Literature Review

The following study findings are listed as being among the most intriguing and
under-explored areas: A case study could provide a significant contribution to the

body of knowledge.

W Pretreatment in the form of size redttion of anaerobic feedstock particles affects

the biogas production of AD systems.
W Particle size distribution affects the performance of the AD system.

W There are other characteristics other than mesire particlehat play a key role. In

methane produdbn

W The change in the generation of biogas from various particle size distributions (PSD)

may not be significant across most substrates.

W A balance of particle size distribution (PSD) and organic loading is critical to avoid

system failure from acidificatio

W Several operational factors could influence the observed increase or changes in the
biogas vyield resulting from substrate pmeatment in the form of particle size

reduction

2.21Knowledge gaps and possible ideas for improving biogas production
oftheanaNBR 6 A O RAISAGSNB YR AYLINRGZAY3
Even though there is interest in the advancement of this technology, there hasn't

been much discussion in the following area: Therefore, by exploring these
limitations, a study in this fieldould contribute in a useful way to the body of

knowledge.
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W There is a limited study on the effects of various mechanical size reduction
methods on the performance of AD systems.

W There is a limited study on the effects of various PS reduction methods on
biogas production of AD systems.

W There is a limited knowledge of the effects of mechanical-sdection
equipment on particle size and PSD.

W There is a limited study on the effect of the optimal particle size of substrates
that would give the best biogas pataction.

W A study of the effect of the edigestion of various mechanical preated

substrates on the AD system kinetics is necessary.

2.22 Conclusion of a review of the literature

In earlier chapter ¢ne), we have discussed that energy exists in many forms

including electromagnetic, nuclear, chemical, thermal, mechanical. Bulk of the

g2NI RQa SySNHe O2yadzYLlianzy 0O2YSa FTNRY
depletion and the greenhouse gas effect coméhwan overreliance on fossil fuels
mostly from developing countried/ajority of people in developing countries do not

have access to electricity, thus depend on firewood to meet basic energy needs

[211]. Cooking with firewood causes air pollution problem, rapid depletion of forest,

and health problemsThe biogas technologyndoubtedly can assist developing

nations in enhancing their ability to access clean enefdperefore,this research

work cameinto 3 underlyingassumptions:

1) Fossil fuel technology represents risk such as depletiogsoiurces angreenhouse
gaseffect, but it is also true the biogas technology is a feasible option.

2) Biogas technologpave the potentialopportunities topromote social, economic,
and human growh and easy to operate on a very small scale, simple designs, and
low cost of capitaind suitablefor remotes urban and rural areas.

3) A scientific approach: provide a theoretical based experimental methodology to

study this potential under qualitative anquantitative method
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An analysis of the literature, however, concentrated on anaerobic digestion and particle
size (PS), which is thought to optimise the anaerobic digestion process. In Chapter 2,
the current understanding of the relationship between particle size and mechanical
treatment processes and mechanical reduction systems is reviewed. Empbvasis
made on knowledge gaps to highlight limitations and potential research a@dg a

few studies have been done in relation to differentechanical size reduction
techniques on the performance of AD systems and how different particle (PS) reduction
methods affect biogas output. There has also been little research on how substrate
particle size affects the production of biog@ssignificanfportion of the current body

of knowledge can be discovered in the studidsam [20], [24], [88], [121], [159][162],

[164], [173K[175], [178], [179], [181], [183], [200], [2X€P17]. Additionally, it has
been shown that mechanical pteeatment accelerated the rate ofmicrobial
metabolism of complex waste. The production of methane can then be increased by
mechanical prdreatment after anaerobic digestiofi20]. Particle size distribution
(PSD), or the distribution of particles over distinct size ranges, Hir@aged organic
substrate is relatively unknown, even though it is generally recognised that particle size
reduction affects the efficacy of anaerobic digestion. Thus, the outcome of the
operation can be determined by how well the particle size reduction equipngent
matched to the kind of bioreactor. Therefqrét is vital to explore the various
mechanical equipment that are used in the reduction of feedstock and to look at various
particle sizes distribution of the substrate fed into the digester to have a better
understanding of the particle size of the feedstock and how they affect the efficacy of

the AD process.
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3 Materials and Methods

3.1 Feedstock and Inoculum

Four waste biomasses are used in this investigation, namely (i) paper waste was
collected from the University of Sheffield Energy Group Offices. (i)Banana peel is
collected from households (iii) grasses are obtained from the University of Sheffield
and tomato waste obtained from the moor market in Sheffi€lthe feedstock is
sourceseparated from three selected routeéfter a sufficient sample has been
collected (20kg), the raw waste is screened to remove any contaminants (if any), and
then homogenised for characterisation and further size reductAlso, anaerobic
fresh acive digestate was also collected from the existing mesophilic AD energy
plant at Blackburn Meadows (BbM) wastewater treatment works (WwTW). Before
using fresh active digestate from mesophilic digesters, the active digestate was
filtered with a 1mm mesh sie@ to remove solid materials for batch or semi

continuous testing.
3.2 Feedstock preparation and mixing

3.2.1 Feedstock particle sizeommunition

Using an analytical weighing balance, a quantity of the respective waste feedstock
was measured and divided into thr€é) equal partsEach biomass type is subject

to four particle size methods which begin with a coarse chopping/shredding
operation (PTl), a finer chopping operation (BX) and a maceration/mincing
operation (PT3) as per the process is shown in figurkahd table3.1 which depicts

the nomenclature for each biomass size reduction, with differencegpren -
treatment Levels, include processing time, and reduction mechanisimsever,-
pre-treatment 2 (PT2) involved passing 3/4 of the waste through a Min&ang
RAUT 12 ¥§ For 2 minutes, préreatment level 3 (BT 3) involved passing the 2/3
parts of the waste through a food processor with a cut 5200 (Grinder for 3 minutes).

Pretreatment level 4 (PME) involved passing the third part of the feedstock through
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a Mincer Ring # 12 6mm and then through a Grinder (5200) for 5 minutes,
respectively.The feedstock was stored aPG before the experiment. Each fraction
is characterised by its particle sizestdbution by the most relevant method.
However, the generation of biogas yield depends upon the type of feedstock

utilized.

RAW SAMPLE
e.g. 20kg

Remove
contaminants

PT 1 1/4 sample 1 stored Characterisation
b =P +PS analysis

PT2 2/4 Sample 1 stored PS Analysis
ﬁ ﬁ
PT3 34 Sample 1 stored PS Analysis
4/4 .
PT4 Sample 1 stored PS Analysis
ﬁ ﬁ

Figure 3.1 Schematic of the sample preparation methodology
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Table 3.1 Nomenclature of the préreatment of eactbiomass

Pretreatment (PT) level

Biomass| Units | Quantity | Water (H2) 1 2 3 4
Type addition (g)
Paper kg 5 3 Shredded| PW1-3 Divided| Part 2-3 PW2 Divided Part 3 PW3 slurried
waste passed into slurried with into two with water and 5min in
through a | three | water and 3min in| equal parts | food processor and in
mincer for | equal | food processor mincer
2mins parts
Banana kg 8 - Manual | BPW13 Divided| Part 2-3BPW3 in | Divided Part 3 BPW3 slurried
peel chopping | passed into food processor into two with water and 5min in
through a | three | 3minutes equal parts | food processor and in
mincer for | equal mincer
2mins parts
Grass kg 6 - As GW13 Divided| Part 2-3 GW2 Divided Part 3 GW3 slurried
waste collected | passed into slurred with water| into two with water and 5min in
througha |three | and 3 minin food | equal parts | food processor and in]
mincer for | equal | processor mincer
2mins parts
Tomato kg 6 - As TWZL3 Divided| Part 2-3 TW2 Divided Part 3 TW3 slurried
waste collected | passed into slurred with water| into two with water and 5min in
througha |three | and 3 minin food | equal parts | food processor and in]
mincer for | equal | processor mincer
2mins parts
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3.3 Analytical parameters measured in this study for substrate
digestion and digestate
Table 3.2 shows the parameters examined in this study for feedstock

physicochemical and biological composition, such as total s@li@sand volatile
solids (VS), pH, alkalinity, and elementary analysis, biogas composition, and

volume. The total solid (TS) and volatile solid (VS) contents of the digester's liquid

digestate were determined. pH and alkalinity analysis were used to deterthe

digestate's stability. Methane and €l@vels in biogas were measured. The study's

reagents were purchased from thBsher Scientific" (Loughborough United

Kingdom). The chemical is graded on a laboratory scale, unless otherwise

specified.

Table 32 Analysed experimental testing parameters

Paramete

Substrate

Methane

Digestate

PS

0

TS/VS

CHNS

BMP

(0]
(0]
0

pH

Alkalinity (PA,
A, TA)

Biogas
composition

Methane
volume

0 measure

Not measure

3.4 Preparation of the reagents and indicator

CO2 fixation: 3 mol of NaOH solution was prepared by dissolving 240g of the

substance in 1.5 litres of distilled water and making the solution to 2 litres using

distilled water. The experiment was performed in a fume cupboard due to the

heat generated. 1@l of 0.4% ThymolphthaleipH indicator was mixed with 2

litres of the 3 mol NaOH solutions. 80ml of the mixture containing NaOH solution
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and Thymolphthalein pH indicator was transferred to each of fifteen 100ml glass

bottles.

3.4.1 pH
ThepHofthé I YLX SQa o0A2Yl ada Aa YSIad2NBR dzaAy3a |
37 with Omega PHE 1335 probe. Before the use of the pH meter, Buffer solutions
used for calibration were (pH 4.01, 7.00 and 10.1). Deionised wai€) (Was
poured into two beakers of about 200reach and this was used to rinse the pH
probe. Equally the beakers were emptied and refilled for a rinse of the probe
meter. This was done during the time of measurements and at the end of the
measurement. The measurement of the pH was taken immediatsybiomass
samples are taken out of the reactor to avoid the samples volatiles being
evaporated or the evolution of dissolved carbon dioxideCthereby, keeping
the reading accurate without alteration. During thé Reasurement substrate,
biomass sampls were well stirred to ensure the samples are properly
homogenized before the pH measurement. The pH meter accuracy was + 0.03 and
a resolution of 0.01, but according to the standard method of water and
wastewater 450€H* [218] on the normal basis, the accuracy of the PH meter is +
0.1 pH.

3.4.2 Preparation, determination of totalsolid TS and volatile solid VS
After the sample had been properlyomogenised, theanaerobic fresh active
digestate and substrate were determined for total solid (TS) and volatile solids
(VS) measurements. While the fresh active digestate is poured het@rucible,
a portion of the wellmixed biomass sample is transferred to the weighted empty
crucibles with a spatula, and the weight of the wet samples plus the empty
crucible weight is weighed again and data is recorded. The biomass sample is then
dried in an oven at 10% for 24 hours.After cooling for about an hour in a
desiccator, the biomass sample is weighed to the nearest sensitivity of 0.1mg. The
biomass samples are then transferred with a stainks®l tong into the box

furnace (Elite thermal 812/10A box furnace with temperature control of 3216i)
_________________________________________________________________________________________________________|
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heated at 550 for two hours. However, the tongs are used to transfer the
washing sample to a desiccator, which is then allowed to cool to room
temperature before weighing it again to the nearest seirity of 0.1mg using the
same weight balance and recording the results. The measurement was done using
standard methods 2540¢218]. The unit measurement was (g). However, after
each set of the analysed sample of the fresh active digestate and substrate,
detergent [virkon solution (1%)] is used to wash the crucible, and the crusible
then rinsed with deionised water. The crucible is then placed in an oven for further
analysis by laboratory userd.otal solids (TS) and volatile solids (VS) were

determined using equations 33.3

%Totalsolid (TS =— 8
% Volatile solids (VS)-=— 8

% (VS based on total solids)-

Where:
W is the empty weight of the crucible measured in (g)
W: is the measured weight of the crucible with a fresh active digestate, or
substrate measured in (Q)
Ws is the substrate or digestate sample weight after drying in an oven &tC105
measured in (g)
W; is the measured weight of the crucible amdwet sample weighafter the

heating at 550C measured in (g)

3.4.3 The alkalinity of the biomass sample
Standard method 2320 B was used to determine the alkalinity of liquid digestate
samples[218].Prior to analysis, the digestate sample was sieved to ensure
homogeneity. Bl of the liquid digestatevas mixed into 50ml of deionized water.
The pH of the digestate sample was determined using a 0.25N sulphuric acid
solution. Magneticstirring was used to ensure no fouling was observed while
using the pH probe. To avoid cressntamiration of the samples, the pH probe
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was calibrated at the start of the titration with a buffer solution, and deionised
water was used to rinse the pH probe between measurement intervals three
alkalinity ratio measures considerdy [219] (PA, IA, and TA) were used for the
analysis, which is given in tal8e8 based on the initial pH and pH endptsiriThe
liquid digestate sample was titrated as mg CACIOBing an automatic digital S1
analytics titroline 5000 titratar

Table 33 Alkalinity Definition

Source]l5]
Type of Definition Initial pH | Endpoint
Alkalinity pH
PA buffer of bicarbonate pH of 57
sample
1A buffer of Volatile fatty acid 57 4.3
(VFA)
TA pH of 4
sample

Alkalinity wascalculated according tog CaCebl=

OAOOEAI OIIEG®S— o8

P ¢ 6g 63 . UTTTT
41 QAIEAI £ ESY od

) T OAOI ABRKIABHIAE 68— o
Where:
A represent the volume of H2SO4 added in mL to attain the end point
Intermediate endpoint ptb.7.
B represent the volume of H2%&dded in mL to attain the ultimate endpoint pH 4.3
N is the titrant's normality, H2S0O

V represents the sample volume in ml.

Fromequation 34 to 3.6, itindicatesthe titrant volume used to the endpoint point
of analysiss4.0.4.3 and 5.7 mtgspectively.
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3.5 Estimation of theoretical maximum methane production
The basisubstratebiomass that can be digested are carbohydrates, proteins, and
lipids. The composition of the feedstock has an impact on the relative amounts of
methane and carbon diox&lin biogas, which has an impact on energy production
[220]. Maximum methane production requires a 25:1 ratio of carbon to nitrogen.
When a known mass of volatile solid (VS) is broken dopnamiaerobic digestion,
the amount of water used and the amount of methane and carbon dioxide

produced can be calculated using the Buswell equd@@i],

iy D s W e—

- Y E T =« veg o dg vygf (37
Several methods can be used to calculate the calorific value (CV) of biomass or
solid waste. The basis for this should be their physical composition, proximate
analysis, or ultimate analysis/elemental content (C, N, H, S,[2@2]c
[225]. Additionally, ithas been noted by various studies that calculating calorific
Value (CV) of biomass by using the elemental composition or ultimate analysis
gave the highest validity and was overall more precise than other metfi2fs],

[226]. Therefore, in this study, the theoretical cafarvalue (CV) of four substrate
biomass samplasBPWSB, GWSB, PWSB, and TW&B determined using
Dulong equatiorB8.8 and 3.9Using this value, the potential energy content from
AD of four biomass can then be calculated

HHV - F 1 8 4 @39

1Frr 8 F 1784 84 8 F (3.9)

3.6 Composition of elementsGHN$

A sample that had been weighed (6282 mg) and crushed to remove air
inclusions was sealed in tin foil. The Vario Micro Cube's CHNS analysis mode was
used for this. The results were corrected for blanks. A daily factor correction is
provided by running dtanilamide standards (x3) every 12 samplds e measures
followed are in accordance with the manufacturer's instructions.
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3.7 Experimental procedure

3.7.1 Sample preparatiorand anaerobic condition employetbr BMP

testing and methaneproduction.
The samples were kept in a freezer &4Prior to starting the BMP tests, the fully

automated methane potential test system (AMPTS II) and software were
configured as described in the bioprocess mantable 3.4 provides a description

of the digesters thatere used for the sersbntinuous testA 3M NaOH solution
was prepared in the fume cupboard. The chemical mixtures (3M NaOH and pH
indicator thymolphthalein) were carried out in accordance with the
manufacturer's instructions, taking all necessary prewmsg Table3.5 shows the
batch test conditions used in thigudy isto promote degradation/ultimate rate

of methane (Ckj production and characteristic kinetics during anaerobic material
preparation.

Table 34 Summary of the experimental methodology of the continuous stirred
tankreactor (CSTR)

SET1(R1+2) SET1(R3+4) SET1(R5+6)
PT Levels PT4 PT4 PT4
Substrate GWSB BPWSB PWSB
SET2(R1+2) SET2(R3+4) SET2(R5+6)
PT Levels PT3 PT3 PT3
Substrate GWSB BPWSB PWSB
SET2(R1+2) SET2(R3+4) SET2(R5+6)
PT Levels PT2 PT2 PT2
Substrate GWSB BPWSB PWSB
Reactors numbers 6 (2 duplicates)
Feed Wet Substrate waste biomass (WSWB)
Organic loading rate (OLR) 3gVS wet/day
Reactor size ansize 2000mlI CSTR
Allowed headspace 300ml
HRT 20 each PT level
Fed per day 1 time daily
Interval of feed 24hh:mm
Mixing Mechanical stirring
Inoculum Fresh active digestate

Reactor temperature

38°C

Operation of feed

Semi-continuous (Manual)
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Table 35 Batch testing employedondition.

Conditions | Freshly active digestate To maintain active anaerobic
employ (Inoculum) bacteria and promote CH
BMP testing production rate

Mesophilic Conditions 38

For high methanogenic microbial
activity

Short hydraulic retention
time

Average of 1%0 30days is required
to treat waste

Mechanical stirring

To ensure a very good mixture of
the inoculum and biomass substrat

Large inoculum to substrate
ratio 3:1 (VS basis)

To enhance the methane (QH
production rate

Automated incubation unit

15 incubation units are analysed th

15 x05 with the headspace | same time

of 100ml

3.7.2 Leak test

A leak test was performed for each of the reactors by creating some overpressure
(Figure 3). This was done by blocking one of the metal tubing ports and the air
was injected through the remaining port and the reactor was immersed in water
and monitored if any air bubbles would escape from the reactors. The
Thermostatic water bath was switched omdaset at 38C. The gas volume
measuring device was flushed with methane calibration gas at 5I/min for 60
seconds to create the anaerobic condition. Connections to the computer software

were completed following the AMPTS Il manual.
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Figure3.2 Leak testing of batch reactor

3.8 Baitch testing setup and monitoring

This experiment relates to Objectives 1 and 2 of Chapter 1. The obtained results
allow for an assessment of the impact of particle size distribution on the AD
process kinetics and the overall biodegradability/ultimate methane potential of
the system, alloiwng recommendations on the optimal pteesatment level. The
experiment entails performing BMP tests on each of the biomass samples that
have been characterised for particle size distribution as described in chapter 4.
The methodology for the test is dsllows: Thefour substrates described in
section 3.2 were tested for biomethane potential (BMP) using BMP equipment
(Bioprocess Control, AMPTS II, Sweden, 2009}o 10 L of anaerobic digestate
inoculum was obtained from a mesophilic digestion plant atsteet of the BMP

test (section 3.6). After collection, the inoculum was immediately filtered to
ensure homogeneity. It was immediately measure to 15 test bottles. Each bottle
received the correct amount of feed and inoculum. First, the inoculum'’s weight
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was measured, and data was recorded. Second, the substrate was weighed and
put in a glass bottle containing the weighted inoculu#®0g of inoculum and
substrate were added to a 500ml reactor bottle at a VS inoculum to substrate ratio
of 3:1 by weight. Thigzas done to avoid anaerobic digester failure and foaming,
as well as to optimise methane during the test. For biogas collection, a headspace
of 100 mL was allowed in each reactor. The BMP test was run in triplicate for
statistical purposes (variation ithe results). The substrate's % VS was also
determined (section 3.4.3). Simultaneously, using a known biogas potential, blank
samples containing only inoculum and control samples containing only cellulose
and inoculum were set upThe bottle lid properly ad quicklyplaced in an
incubation unit and connected to a jar in the carbdioxide absorption unit via
Tygon gas tubing, which was then connected to the biogas flow cell array via
Tygon gas tubinglhe incubation unit was set to 38°C. Water was usecdetpk
the reactors and contents at the desired temperaturer each substrate and pre
treatment level (PT). The headspace was deoxygenated by flushing it with
synthetic biogas containing approximately 35% cardmxide and 65% methane.
For each fedbottle, the programme data logging software for methane
production was started. The magnetic stirrer was turned on to complete the test
settings, and the methane yield were recorded on the software. While the CO
binding capacity of the NaOH was monitorieg a change in the colour of the
Thymolphthalein pH indicator from blue to colourless. When the NaOH's binding
capacity was reached, the old indicator bottle was replaced with a fresh NaOH
solution. The pH was kept constant (between7z3). After digestn, the volume
of accumulated methane (GH potential was calculated. The biochemical
methane potential was computed usireguation4.

W oy @ "0t £ WO G G

OVY o dl 0 DLOMHQQQ0 8

Where
BMP = Biochemical methane potential is the normalized volume produced per
gram VS of substrate added (Nml/gVSs).
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@ '0¢ ¢ o 6:dThedaccumulated volume produced from the reactor
samples wth both mixture ofinoculum and substrate.

Vinoculum: The mean value of the accumulated volume produced by the blanks.
The accumulated volume of methane @Cproduced is calculated per gVS of the
substrate biomass fed into the reactors because the substrate added to the
reactors has a gV&ttribute. Eachtriplicate test producesa characteristic
methane production curve over time, allowing assessment of l{e) ultimate
biogas potential of the biomass substrate and (b) the characteristic kinetics. The

experimental data is fitted to a standard firgtder kinetics equation proposed by
[31], which can be expressed as Q@6 Qn 6 o oYxding a first
order constant (K) that is then used to evaluate the effects of thetggatment.

The experimental setups for BMP testing are depicted in Fig@re 3.

Nad oy
......... keonsi st

:: :lfg i1 Congonet {

fou e

S ey

Figure3.3 Experimental setups for BMP testing, stirred incubation unit in a
water bath with NaOH as a scrubber and a volumetric gas flow meter-multi
channel and software usénterface.

3.9 Semicontinuous testing

This experiment relates to Chapter 1 objectives 3 andThe experiment
determines the maximum biogas production rate of the system using various pre

treatment methods, as well as whether pteatment has any effect on stability,
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production kinetics, and other factorBifferent levels of prareatment of barana
peel, grass waste, and paper waste are digesteeRRtligesters are seeded with
fresh active digestate. The substrate was weighed and poured into a digester
containing the seeded digestate in a 2000ml bottle with a head space of about
300ml During tle incubation period, alkalinity and pH are measured, and mixing
is achieved with a mechanical stirrétrior to the start of the semgontinuous
laboratory test each reactor was subjected to a leak test by applying some
overpressureFor statistical purpses, the test was carried out duplicated for
all substrates. The reactor has three major ports.

x A port used for the discharge of the digested sludge.

x A port used for feeding of the substrate (anaerobic feedstock).

x A port for the measurement of pH andrgerature.
The inlet and outlet funnels are sealed off with a tubing clamp andviiay valves
to create an anaerobic environment. The third port is closed with a screw
connector without a hole because it is not used for pH measurement during the
anaerobic degradatioprocess. The system continuously produces and records
biogas using thebioreactor software (BRS). The volume of released gas is
measured using a mulfiow arrangement deviceOn a fifteeaminute rotatory
timer, the desired time is set. Before the flowretition changes, time will pass.
Each day, before feeding the substrate, anaerobic digestate and samples for
analysis are removed. The digestate removed reduces the reactor's working
volume from 2000mL to around 1700mL. It is done to reduce the risk of foa
clogging the gas tubes during the degradation of the substrate biomdss, to
reduce the risk of air entering the anaerobic reactor headspace, the substrate
biomass was fed through a hydraulically sealed inlétis was done to avoid
increasing the peeentage flow rate of methane (GHproduction during each fed
period by limiting the Cg&roncentration in the reactoiThe experimental setup is

shown in Figure &.
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Computer
Automatic data acquisition

Figure3.4 Experimental setups for semi continuous testing

3.9.1 Gas volumes for BMP assay and semi continuous testing
The volume of the gas was gauged using an dtraflow gas flowmeter (Flow,
Bioprocess Control, Sweden). The flowmeter's precision was 1%, itand
resolution was 10 mk1l mL. The processing unit of the flowmeter used the
flowmeter cell volume calibration value. The flowmeter adjusted the gas

measurements automatically to 0 °C and 1 atm (STP).
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3.100verview of Experimental setup
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!
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Particle size Particle size degradation
characte risation Process Model

Figure3.5 Overview methodology of batch and sertontinuous testing.

3.11 Patrticle size distribution determination

A representativeof well-mixed substrate biomass sample (SBS) was dried, and
many image was taken ugj the cameraaccording to their individual substrate
PTLs (#). Imagel particle size analysewas used toanalyses the image of
individual samplePTLs.The tests were marked according to the contained
samples and their degree of pteeatment (1-4). About 4g per sample ) was
analysed in each sample pteeatment level. A background colour was selected

during processing to contrast with the particlé(sdlour. Thishas been done to
I —
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get a better contrast. ImageJ device calibration to separate the ImageJ output
from both the inputs and the user platforms to determine the scale factor. This
allows the representation of pixels to be transformed into a pégisunit for
measuring particle size (mnje27], [228]Initially, the original image colour
became a grey (8 bit) image and then was binarily used to get the particle size
reported by the ImageJ plugin &wn as the particle siz&nalyser. Irthis research,

the analytical procedure for the characterization of the particle size distribution
using the ImageJ software is shown in fig@ré. However, Origirpro software

2022was usedn plotting the graplof the sizedistributions.

Start
- 1

Image
acquisition

1

Colour ta
greyscale lmage

Substrate particle
size analysis
-

Data export to FSD analysis Origin-
excel Pro software 2022

l

Plot {Histogram)

Figure3.6 Process flow for characterising particle size distribution.

3.12Conclusion
As part of the study, laboratorgcale experimental research was done using
gualitative and quantitatze methodology to explore the existing problems and
achieve the goals outlined in session 1.4 tol.4.2.ifwestigation includes batch
and semicontinuous tests to determine the efficiency of four substrate biomass
pre-treatment levelsusing various typeof mechanical equipment to boost
methane outputs.
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Organic Particle Size Distribution Characterisation

4 Results and Discussion

This chapter presents the discoveries and results of the characterisation of the
sample organic particle sizdistribution, used for batch testing and semi

continuous testing.

4.1 Organic Particle Size Distribution Characterisation

4.1.1 Choice of Substrate and Equipment

Four different feedstock wastes were chosen as the experimental feedstock
because they are suitable fdooth rural and urban areas anare verymuch
accessibleBecause there has been little research on these four selected substrate
feedstocks in the literature, the results of this experiment would add to the
existing body of knowledg&his waste also includes agricultural and food waste
(banana peel and tomato aste), garden waste (grass waste), and office waste
(paper waste), which are losost and readily available waste feedstocks that are
underutilised as potential methane production sources in both developed and
developing countriesFew researcherqd36], [173] have used this feedstock in
previous studies, and it has the advantage of increasing biogas production after
mechanical reductions. Because of the increased surface area available to
extracellubr enzymatic activity, the positive impact of reduction in particle size
for feedstocks is most likely to occur from a faster hydrolysis process.

Furthermore, three types of mechanical equipment were chosen:
W Inox Stainless Steel Electric Mincer

W Magimx 5200XL Premium Blender Mix Food Processor
W Paper Shredder PS1840 Prod&&tU: SHRED102001

They were also chosen because they could emulate the type of common

mechanical prareatment equipment used in AD plants, such as shredders and
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macerators. Thissibecause each waste fraction necessitates a different type of
mechanical particle comminution equipment based on the following criteria:

x Waste physicochemical properties suchiaputs size distribution, moisture
content of biomass, composition, durabyli and ease of disintegration)
(e.g., degree of shredding, maximum particle density).

x Required output specifications (e.g., degree of shredding, maximum particle
density)

x operational characteristics such as energy needs, the necessity of continual
well-equipped maintenance, ease of operation stability, noise production,
and air and water pollution requirements.

x  Problems of safety and safety systems (University Laboratory scale)

x Requiredspeed.

4.2 Substrate Biomass Characterisation

As described in section 312(Table3.1), the material was prepared in large
batches for each feedstock, enough to feed both the batch and-semtinuous

test runs for the duration of the testWhile a lot of effort was taken to preserve a
consistent composition between each batch, certain variations are inevitable due
to the addition of water to substrate biomass likaper,waste biomass during
the mechanical breakdowrThe results of the physochemical analysis used to
characterise four different substrat@omas are in shown in Table 4. This was
carried out in duplicate for each of the substrate biomdgg analysis was carried
out as described in sections4 in Chapter 3.

Table 41. Substrate biomass characterization
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Biomass | Total solid (TS)% Volatile solid Measured I/S ratio
(VS)% Inoculum
The initial parameter of the measured at the start of experimental batch testin
BPWSB 10.96 +0.05 9.09+0.07 384 31
GWSB 23.38 +0.01 18.34+0.01 384
PWSB 23.2+0.2 20.33+0.11 380
TWSB 10.34+0.06 7.18 +2.78 381
The final parameter of the Measured remaining at the end of batching testing
BPWSB 8.22+0.18 7.853+0.09
GWSB 11.16+0.15 9.133+0.57
PWSB 11.29+0.12 10.465+0.29
TWSB 5.46+0.26 4.980+0.13
BPWSB GWSB PWSB | TWSB
Inoculum 2.03 1.92 1.58 1.33
VS
Feedstock elemental composition
GWSB PWSB BPWSB | TWSB
C 39.19 38.19 40.01 39.55
H 5.8 5.57 5.82 5.65
N 3.08 None- detected 1.43 2.04
S Nonec detected| None- detected None Nonedetected
detected
CIN ratio 12.72 Carbon 28.04 19.39 |

Table4.4 alsadisplays the C/N ratio for the four biomass that were chosen.

The results of this study are consistent with the elemental compositédues.

reported by[229]for the BPWSB. The optimum C/N ratio for the BPWSB is found
to be 28.04% weight, which falls within the BD/1 range that is typically
considered to be ideal for anaerobic digestion (AZH]. In contrast, tomatoes
have a weight of 19.39%, which is slightly lower than values that have been
reported in the literaturg¢ [95].PWSBon the other hand, has a carbon content of

38.19% weight and no nitrogen content was found.

4.3 Banana Waste Particle Size Distribution

The PSD results for Banana Peel Waste Substrate Biomass (BPWSB) which was
subdivided into four prdreatment levels are shen in Figures 4.1, 4.2, 4.3 and
4.4 respectively. The results are presented in the form of histograms with a curve

of normal distribution and are reported together with the mean value and SD
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shown in table 4.2.The photograph of each pieeatment level § shown in
appendixAl. The difference in the processing time of each-peatment level as

well as the mechanical equipment employed, and their ring sizes (opening) used
for each pretreatment level as described in section 3.3 gave the difference in the
size of the particleTL 1 is in the range of 0 to 14.5mm, followed by PTL 2 (O to
8.5mm), PTL 3 (0 to 5.25) and PTL 4 (0 to 2.1mm) respectively. Acco@a@]to

the predominance of particles of less than 2 mm facilitates metabolic processes
in AD, and when the proportion of these particles decreases, biodegradation
slows down and blockage of pipes of reactor become imminent, as the larger
particles from thick slurriesConsidering the particle sizes of the BPWSB, in PTL 1,
40% of the particle ranged from 6 to 8mm, 25% are patrticles between 3 to 6 mm,
those between 8 to 10mm are 16%, those <2mm were 14%, while the particles of
10 to 15mm diameter are <5%. In PTL 2, 60% of the particles are <3mm, as others
ranging from 3 to 8.5mm 40%. Like RTlsmaller particles of size 0.5 to 2.5 mm
were about 72% in PTL 3. In the last PTL for BPWSB, particles of 0.1 to 0.6mm
were 87% while the other 13% were between 0.65 to 2.1mm in the
biomass.From the results, it is observed that particles of PTL 2 aanatd3 were
more biodegradable than those of PTL1. This is due to the predominance of
smaller particles less than 3mm in them. This result agrees with postulations by
other researchers that biodegradability and rates of methane production is a
function of particle size. Préreatment of waste substrate biomass into smaller
particles (not excessively fine particles) increases the surface areas of the
feedstock and hence favours the AD procelse wet materials were folded,
twisted, clumped, thin, and stickiogether, and had an irregular shape. This
makes size distribution classification for soft or easily biodegradable feedstock
more difficult. Because the feedstock structure changes during mechanical
breakdown, arobserved highlyrregular sample can becama bottleneck since
separation attempts can easily alter the size distribution of the sample and can be
time consuming. As a result, the mean patrticle size and distribution profile had

shifted, as shown in table 2and Figire 4.2 and 4.3, respectively.
_________________________________________________________________________________________________________|
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Figure4.1 Particle size distribution of banana waste substrate biomass pre
treatment one.
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Figure4.2 Particle distribution obananapeel waste substrate biomagse-
treatment two.
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Figure4.3 Particle size distribution of banana peel waste substrate biomass pre
treatment three.
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Table 42 Summary of the particle size distribution of the banana waste
substrate biomass according to the greatment levels used during
experimental testing of batch and seitwntinuous testing.

Substrate identity, pretreatment level and size distribution

Substrate biomass| PSD (mm)| Mean PSD PSD Av. PS with error
and Pretreatment (mm)
level
Banana peel waste substrate biomass

BPWSB PT1 1-15 6.05 O0KO I 6k| -/ pKI cor
BPWSB PT2 0.58.5 1.35 OKU T 6Kk -/ KT mMdg
BPWSB PT3 0.255.25 1.43 OKO T é6k| -/ 5Kl mMdn
BPWSB PT4 0.1-2.1 0.35 OKU T 6K -/ KT nadg

Grass Waste Particle Size Distribution

For the GWSB, the PSD results for its four PTLs are presented as histograms with
a curve of the normal distribution as shown in Figs. 4.5 to 4.9. Its mean value and
SD are also detailed in Table 4.3. The photograph of the GWSB is shown in
AppendixA2 The four prereatment levels of different particle sizes of the GWSB

are also a result dhe grinding processeas detailed in section 3.3. PTL 1 ranged
from 3to 17mm, PTL 2 (0.5 to 9.5mm), PTL 3 (0.5 to 7.5) and PTL 4 (0.25 to 4mm).
In terms of predmination, PTL 1 has 90% of particles > 3mm, PTL 2 has 56% of
particles <3mm, PTL 3 contains 62% of particles < 3mm while PTL 4 contains 90%
of particles < 3 mm in sizes. As could be observed among the four PTLs of GWSB,
PTL 1 has a very high content ofjlar particles of the GWSB and a paltry of finer
particles while the finer particles < 3mm predominate in the other three PTLs.
Based on the above, GWSB is inferred to favour the metabolic process due to the
dominance of finer particles in three out of #sur PTLsAlso, the GWSB has no
severe effects on the bioreactor since there are fewer of coarse matetial§ict, grass
digesters often experience significant problems with particle floating and matting.
The density of each feed particle, along withyassociated gafdled spaces and
bound water, is represented by their initial functional specific gravity of less than
1.0.while GWSB floats for more than a d2g1]c[233]
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Table 4.3 Summary of thearticle size distribution of the grass waste substrate
biomass according ttheir pre-treatment level used during experimental testing

of batch and continuous testing.

Substrate identity, pretreatment level and size distribution

Substrate biomass
and Pre
treatment level

PSD
(mm)

Mean
PSD (mm)

SD

Av. PS with error

Paperwaste substrate biomass

GWSB PT1 1-17 12.84 KO I gk /| 5 KI' MH
GWSB PT2 0.59.5 2.53 OKO T é6k| -/ Kl HOD
GWSB PT3 | 0.510.5 2.37 OKO I 6Kk I KI' HO®
GWSB PT4 0.1-2.1 0.91 OKO I 6Kk I R KI' no

4.5 PaperWaste Particle Size Distribution

The PSD results for Paper Waste Substrate Biomass (PWSB) which was shredded
and subdivided into four prreatment levels are shown in Figs 4.9 to 4.12
respectively. With PT1 as shredded with a fair amount of the adddfonater

added during mechanical breakdown as described in session 3.3. The results are
also presented in form of histograms with a curve of normal log distribution and
are reported together with the mean value and SD shown in table Zl#e
photograph ofeach pretreatment level is shown in appendh3. After shredding

and PT2, PT3 and Pgdsses through grinding procesas detailed in section 3.3,

the four PTLs showed a range of23, 0.514.5, 0.510.5, and 0.25.75,
respectively. For PTL 1, only 2586 the particles are < @m. In PTL 2,
approximately39% fall between & and 35mm. In PTL 3 the smaller particles
sizes (< 2.5mm) account for only 17.5% and in PTL 4, an appreciable 85% of smaller
particles were recorded. This is further verified by the mean patrticle sizes as
recorded in table 4.4. Unlike the previous biomass cadsred, PWSB comprised

more of larger particles in prereatment levels 13, but a spike in the content of

finer particles in PTL 4. This is also indicated in the mean PSD of the four PTLs of
PWSB. The physicochemical properties (Lignin) of the PWSBesreosbdave
affected its PSD during the mechanical-peatment under the same conditions

used for other materials. However, it agrees with fact that smaller particles are
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more suitable for the AD processd2aper digesters has long been faced with

problemof foaming andclogging.
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Table 4.4 Summary of the Particle size distribution of the paper waste substrate
biomass according ttheir pre-treatment level used during experimental testing
of batch and continuous testing.
Substrate identity, pretreatment level, size distribution
Substrate PSD (mm) | Mean PSD SD Av. PS with error
biomass and (mm)

pre-treatment
level

paperwaste substrate biomass

PWSB PT1 1-25 4.08 OKO I 6Kk [ KT nd)y
PWSB PT2 0.514.5 3.99 OKO I 6k I KT 0 dq
PWSB PT3 0.510.5 7.05 OKO I' 6k| -/ pKI T ®)
PWSB PT4 0.254.75 1.38 OKO T k| -/ K[ MD(

4.6 Tomato Waste Particle Size Distribution
The last sample used is TWSB, and the PSD results for its four PTLs are presented
as histograms with a curve of the normal distribution as successively shown in
Figs. 4.13 to 4.16. Its mean PSD value and SD are alsedi@tailable 4.5. The
photograph of the TWSB is shown in apperfix Thefour pre-treatment levels
of different particle sizes of the TWSB are also the result of the
maceration/grinding process as detailed in section 3.3. PTL 1 ranged from 1 to
11mm, PTL 20.75 to 7.25mm), PTL 3 (0.25 to 3.75) and PTL 4 (0.1 to 1.5mm).
Considering PS abundance, PTL 1 has 41% of particles < 3mm, PTL 2 has 66% of
particles < 2.9mm, PTL 3 contains 94% of particles < 3mm while PTL 4 entirely
contains finer particles between Dand 1.5mm. Amongst all the PTLs of TWSB,
particles of PTL4 favoured the AD process better due to their sizes which were

much smaller in diameter and agrees with general standards.
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Figure4.13 Particle size distribution of tomato waste substrate biomass pre
treatment level one
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Figure4.14 Particle size distribution of tomato waste substrate biomass pre
treatment level two.
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Table 4.5: Summary of the Particle size distribution of the tomato waste
substrate biomass according to their preatment level used during
experimental testing of batch and semi continuous testing
Substrate identity, pre -treatment level and size distribution
Substrate biomass | PSD (mm) | Mean PSD SD Av. PS with error

and Pretreatment (mm)
level

Tomato wastesubstrate biomass

TWSB PT1 1-11 3.22 OKO I' 6kH -/ pKI o0®H
TWSB PT2 0.757.25 2.05 OKUOU T GKH I 5 KT HDJ
TWSB PT3 0.253.75 0.97 OKUO I 6kH -/ p5KI nodd
TWSB PT4 0.1-1.5 0.36 OKO TI' 6k -/ B KT naog

4.7 Comparison of variougarticle size reduction methods and
equipment
Materials were bulk sample(B to 10kg of each substrat@ps described in session

3.2.1, and PSD was computed for each sample using the steps provided in session
3.12. Other than the PTL1, which waiscussed in session 3.2Whenthe PTLs of

the four chosen substrates are compared. The tomato and grass waste were non
treated, fine particlesvas discoveretb be naturallypresent intheir size distribution

rather than being mechanically altered, wieais PWSB particle size distributions are
presented after processing with a shredder aB®WSBwere manually chopped for
PTL1IThe results show that tomato waste (ntreated) had fine particle size
distribution (PSD) ranges that were noticeahigher (4199 from the other three
substrates, such as grass wa$t®60<2.9, banana peel wast&4% <2mmand paper
waste25% <8m, which are detailed in chapter four (4) for tdedstockscomparing

the maceration/mincing (PTL®)ethod. The study found that altholighere was a
change in size distribution, as shown in chapter 4, the fine PS range increased more
in BPWSB (46%), and GWSB (46%) with PS< 3mm than in tomatoes (25%). Although
only 19% of the PS in paper waste was between 0.5 and 3mm, the mincing time did
not considerably increase the fine PS even though the PS fraction was significantly
lowerthanitwas in PTIM.KS YAYyOSNRA NAy3I aAl S 02LI8yAy.
minimal boost in fine PS, and the physicochemical characteristics of paper waste may
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also be a communitiofimiting factor. Since roughly % of the tomato waste was
naturally present before treatment, the mincer is more effective at reducing the size

of wastes like banana peels and grass than it is at reducing wastes like tomatoes and
paper. When comparing the mechanical tool grinder's efficacy in the communition of
PTLS3, it was discovered that fine PS increases with a reduced range of particle sizes.
Except for the paper waste, which exhibits a very slight increase in fine PS (<2.5mm)
of roughly 17.5%, all sample waste had an increase in fine PS with a 28% increase in
fine PS for tomato waste, the grinder was more successful than it was for other
substrates like BPWSB (13%) and grass waste (6%). Although the mechanical
breakdown rate forémato waste processed with a grinder is slightly higher than the
mincer.PTL4 was processed into the desired size distribution for around five minutes
using a mincer and grinder combined. When the mechanical breakdown of the
substrate is compared, all othsubstrate, including tomato waste, showed a higher

rise in their fine particlesTomato waste makes up 100% of the fine PS (0.1 to 1.5
mm), banana peel waste makes up 87% (0.1 to 0.6 mm), paper waste (85%) and grass
waste make up 90% of the PS <3 mms phoves that using a mincer and grinder was
more effective at size reduction than using a mincer (PTL2) or grinder (PTL3) alone.
This provides a larger surface area for enzymatic hydrolysis. This work demonstrates
that longer processing times have a sfgmint effect on particles size, which is
consistent with earlier studies in the literatuf234], [235] According to the study,
mediumtough, viscous/malleablébrous materials, such paper and other organics
materials, can be effectively mechanically treated using a combination of mechanical
size reduction equipment, such as a mincer gridder.The particle size distributions

of solid waste processed using mars shredding tools and untreated waste were
compared. The performance of the shredder was significantly influenced by
manufacturing variances, operational conditions, and wear and tear, according to
[150]. After crushing, the ball mill wadiscovered toenable extensive shredding,
which accounts for around 80% of the material found in fiteestion < 20 mm and

90% in the fraction< 40 mm. The various mechanical equipment and methods are
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briefly compared in Tablé.6, along with their performance in relation substrates

PTL34.

Table 4.6 A summary of the size reduction of four selectedbstrates utilising
various mechanical methods and techniques, as well as their effectiveness in
relation to their PTL4.

Substrate| PTL1 PTL2 PTL3 PTL4
coarse Maceration/mincin | Grinding mincing/grindin
g g
Banana | Manual |0 00 00 000
peel chopping
waste
Grass As - 00 00 000
waste collected
Paper Shredde | - - 0 000
waste d
Tomatoe | As 000 | 00 000 000
s waste | collected
Time of processing 2 minutes 3minutes 5 minutes
OOQO: Very effective  OO: Moderately effective O: Effective-: Not effective

4.8 Results Summary
At a laboratory scale, PSD was tested in the output of mechanical size reduction
equipment for four distinct substrates: BPWSB, GWSB, PWSB, and TWSB.
Although large PS were mopeedominant inthe distribution of some substrates
that were processed using the same mechanical methodanitie same amount
of time as others, the shift in PSD distributions profile is the most obvious
difference. The following conclusions were drawn from this studyich involved
mechanical preareatment of the substrate with a varioussize reduction
equipment and operation modes
x Tomato waste from Sheffield's moor market was found to include a
significant number of small size particles without being mechanically
changed or prdreated in PTL1 as compared to grass waste from the
University of Sheffield, PWSB was collected from the University of

Sheffield Energy Group Offices which shsedded,and banana peel
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collected from households was found to be presents rafbeing
manually chopped

x  The use of a mincer and a grinder for PTL4 was found farbmore
effective in processing the organic fraction of the four substrates
tested, including paper waste with a high lignin content.

x  The grinder (macerator) producemarticle size distributions (PSD) with
mean PS of 1.43mm, 2.37mm, 7.05mm, and 0.97BlewWSB, GWSB
PWSB, and TW3Br PTL3 respectively; however, such substantial
particle size reductiomight notbe beneficial ifuture treatment.

x  The ring size jaw opamg of the mincer can alter the distribution of
particle size and can affect the midnge rather than the smaller sizes
that pass through the mincer without change.

x The mincer can effectively decrease the size of feedstock particles
bigger than the jaw opening, however, the outpatay comprise
particulates that are highly irregular in shapefolded, twisted,
clumped, thin, and so on.

x  The mincer employed in this stydor processing a wet waste fraction
of PTL2 with a ring size jaw aperture RAUT 12 16# was unsuitable for
handling the foursubstrate biomass, especially PWSB and TWSB. This
could be related to the physiochemical properties of organic materials,
particulaly in the case of PWSB.

There are differences in the actual PSD treedsn thoughdifferent particle size
reduction methods have shown to be efficient in reducing the mean particle size.
Many techniques profit from using diverse particle sizes at thmesime. The
method of biotechnological operations should be accounted for while choosing a
pre-treatment method. The can promotes the optimal treatment outcome for
organic materials. More research is required to understand how the
characteristics of vawus waste components throughout the size reduction

process and other factors affect the particle size distribution.
I —
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The impact of mechanical prereatment on
degradation of complex organic matter

5 Batch Testing

This chapter presents the results from thatbh testing and sermontinuous
testing, andanaerobicdegradation model describing changes in the PSD of
substrates over time using the SurfaBased Kinetics model for spherical
particles in a continuous anaerobic digestion syswsith literature and survey
data. The results of biochemical methane potential (BMP) of the -Bubstrate
biomass used in this study are presented below. Bfdsults obtained from
experimental testing providesthe assessment of biodegradability/ ultimate
methane (Chk) potential production rate per gram volatile sold (gVS) of biomass
substrate and characteristic kinetics. Biochemical methane)(@tential (BMP)
performance of a given biomass substrate is used to assess the effectiveness of
the biomass sukirate due to variation of the feedstock across the globe. This is
referring to the physicochemical properties of the anaerobic organic materials as
well as their capacity for degradation. Therefore, this research work takes into
consideration the importace of biochemical methane (@QHpotential (BMP)

testing of the fourbiomass substrate used in this study.
5.1 BMP Assay for Banana Peel Waste Substrate Biomass (BPWSB)

The batch test results for the four pteeatment levels of BPWSB are presented
as graphs infigures 5.1A, 5.1B, 5.2and 5.3. Figure 5.1A portrays the daily
accumulated methane production for a triplicate sample of the blank (inoculum)
and for control. Figure 5.2B shows the daily accumulated methang (@t for

a triplicate sample of the BPW&Bcording to their mechanical breakdown pre
treatment levels. Figure 5.2 is a record of specific methane)(@dduction for
BPWSB with average control from triplicates {€tbtracted from the inoculum

and data expressed in terms of grams of volatileds@VS), while fig. 5.3 is a
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measure of daily flow rate in Nml/day and accumulated percentage of methane
production for BPWSB degradation after the subtraction of the inoculum CH
production. Also, the summary of the maximum BMP achieved from the inmculu
and four pretreatment levels of BPWSB is presented in table 5.1 and the volatile
solidsreductionis shown in table 5.Zrom fig. 5.1B, BPWSB of PTL4, with an
average patrticle size of 0.35mm vyielded the highes2 B&nl/gVS as shown in
table 5.1, otherPTLs with their respective mean PSD of 1.43mm, 1.35mm, and
6.5mm yielded less in descending order. The flow rate (measured in Nml/day) of
the four substrate sizes followed a similar pattern as the particles in PTL4 showed
more production rate than substras of PTL3 and 2 and 1, in the same order,
although all the substrates experienced a sharp decrease in flow rate after 3 days.
Worthy of note is the fact that PTL4 reached its peak flow rate on the first day.
This is further proven by the number of volatgolids (VS) of the substrate that
degraded out of each PTL as shown in table 5.2. From the results obtained, the
optimal production of methane is recorded for smaller particle sizes, throughout
the 30 days retention time for the four separate PTAlso,the average pH at the

end of the batch testing for the four prgeatment levels are shown in Table 5.1.
The pH was 7.33 for (PT1),7.31 (PT2), 7.35 (PT3) and 7.33 (PT4) resp€Ebisvely.
falls within the pH range that is suggestedgroducebiogag84]¢[86], [94], [236]
Thisresult showed that the microorganisms in the digestare intactand not
affected by the pH of the slurnA normal degradation curve was seen after 28
days of the BMP tesAs can be seen, PTL4 degraded more quickly than the other
three PTLs, but the production of methane over time was similar for all four PTLs,
including the cellulose samples. After 28 dakis, methane potential had not yet
been reached, but the P3$11-4 exhibits arapid initial rate of biogas production

that continues over time. The biogas production curves have a slightly different
shape, but notsignificantly. Thecurvesshow a normal degadation curve In
addition, the results of BPWSB's BMP testing showfigiare 5.2showed thatPTL4
produced SMP at rates of 35.5%, 22.5%, and 13.3% higher than PTL1, PTL2, and

PTL3. PTL3 had specific methane yields that were at about 19.6% and 8.1% higher
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than PTL1 and PTL2, and PTL2's maximum methane yield was at about 10.6%
higher than PTLWhenP1L4 is compared to the others, it can be concluded that
PT4 has achieved the highest level of methane productdnabout 33236
Nml/gVS Other than differences in particle size, the BPWSB samples-@TL1
were tested under similar conditions (using tb&me inoculum, with the same I/S

ratio and at the same temperatujeAsa result, differences in microbial activity
during the degradation process are likely to account for the variations in error
between the four groups of biomass PTLs&l[1Also, the differences in specific
methane production and the methane production kinetics demonstrated that BMP
assay®f thevarious PTL14 are probably different as adsult of the use of various
equipmentwith different apertureoperation conditions, and newnit surface

area The value of the methane yields obtained as shown in table 5.6 is
comparable to the BMP for BPW@BSYeported by [212], [237], [238]ranging

from 223 to 336 Nml/gVS volatile solids (\égrated in a 5L batch digester at
37°CThis shows that the batch test fBPWSB wor&orrectly during degradation
process. Similar to this, many studies have revetilatbanana stalks have a BMP

ranging from 188 to 33Mml/gVs.
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Figure5.1la & bCumulativemethane (Ck) production for a triplicate sample of
the blank, contains only 400ml inoculum and for control (cellulose and
inoculum) digested during BPW.SB
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Figure5.1b Cumulativemethane (Ch) production for a triplicate sample of the
BPWSRiccording to their mechanical breakdown greatment levels including
calculated measured among of the freshly active inoculum in grams (g)
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Figure5.2 Specific methane (GHproduction for BPWSB witlverage control
from triplicates (Chsubtracted from the inoculum and data expressed in terms
of grams of volatile solid (gVS) added.
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production for BPWSB degradation after the subtraction of the inoculum CH
production.

Table 5.1 Maximum biochemical methane (@QHachieved from BPWSB.

Substrate | Pre Units BMP measure | pH after

biomass | treatment result Inoculum | digestion
level

Control Nml/gVvVS | 302+19 380 -

BPWSB | PT level 1 | Nml/gVS | 245 £32 388 7.32(0.01)
PT level 2 | Nml/gVS | 271 £35 376| 7.31(0.04)
PT level 3 | Nml/gVS | 293 £36 379 7.32(0.01)
PT level 4 | Nml/gVS | 332 +36 376 | 7.33(0.04)
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Table 52 Calculation of the volatile solids from the biomass of banana peel waste.

BPWSB (PTLs) VS
initial Final

PTL1 9.090 0.9090 7.965 0.7965
PTL2 9.090 0.9090 7.913 0.7913
PTL3 9.090 0.9090 7.825 0.7825
PTL4 9.090 0.9090 7.712 0.7712
AV 9.090 0.9090 7.853 0.7853
Batch anaerobic degradation: Calculated (%) Volatile solid reduction (VSR)

(%) Volatile solid reduction (VSR) = where:

6 3 percentage (%) of volatile solid (VS) of biomass in the inflow

63 percentage (%) of volatile solids (VS) of digested irotliket.
8 8 8 8
8 8 38 - 8 8 - 8 = 60.4%
The amount of substrate biomass Volatile solid (VS) degraded
PTL1 60.4%
PTL2 61.9%
PTL3 63.5%
PTL4 66.7%
AV 63.4%

5.1.1 Calculation of BPWSB theoretical calorific value of biomass potential
The practical results from the BMP tests and the theoretical value were compared
to ascertain the ability of theoretical methods to predict the biogas composition
of complex substrateghe percentage of atile solids reduced by each PTLs was
used to explore the Buswell equation with a combination of carbon feed material
to estimate the maximum methane productioRor each PT4, the calculation of
the BPWSB proportion of the GHCQ, andcarbon balance ishown inappendix
Bl to B4 Methane (Ch), which accounts for 70.7%, and carbon dioxide2JCO
account for the remaining portion (29.3%Also fgure 5.5 shows the specific
methane yield comparison plot of the actual versus predictatles.Based on
the theoretical biogas yield at STP values presenteapjpendixB1l to B4 it is
evident that PTL4 produces more biogas (353Nml/gVS), followed by PTL3, PTLZ2,
and PTL1 in that order indicatitigat smaller particle sizes result in more surface
area exposed to enzymatic attack, which may enhance carbon accessibility and
hydrolysis of the processed materjaP1], [160], [239], [240]The results showed

that the actual methane production is lower than theoretical vadaeseen in table
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5.3. Methane production in thedigesters can be measured theoretically versus

experimentally to determine the proportion of volatile solid reduction (VSR).

Methane yield will be higher with laigher %volatile solid reduction (VSR) than it

will be with a lower VSR % (table3p The pecentagechangedifference in

methane production between the measured and predicted methane yields is

shown in Table B. The average theoretical specific methane yield at STP for

BPWSB is 353Nml/gVS, whereas the measured data is 285Nml/gVS.

Table 53 Measured and predictethaximum specific methane production with
respective % volatile solids reduction.

Parameter BMP experimental BMP theoretical | % VSR

PTL1 245 321 60.4
PTL2 271 327 61.9
PTL3 293 339 63.5
PTL4 332 353 66.7
AV 285.2 353 63.4
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Specific methane production(Nml/gVvSs)
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Figure5.4 Compares the BMP of the BPWSB with the theoreticathane yield
at SThhased on the experimentally determined volatile solidduction(PTL14)
and carbon feed material

EBAYE SCHOLASTICA BEJOR 140260368

5-126



5.1.2 Banana peel waste substrate biomaB81P Kinetics

The biodegradability of the BPWSB (RF).4amples was tested using BMP kinetic
data. Equation$.1 and5.2show the two different kinetic models that were used

to fit the experimental data. This was carried out to evaluate how effectively the
AD process performed.

G(t)= g*(REXP(™)) (5.1)

Where:

g is the cumulative methane yield at time t

k is the hydrofsis Kinetic constants

t= Duration of batch test

and a modified Gompertz model (equation (5.2))

G(t)=g*EXPEXP(((R*2.7183)) *(L-t) +1)) (5.2)

Parameters: g, R, L

Where:

G(t)is the cumulative methane yield at time t

G is the maximum cumulative methane production

k is the hydrolysis Kinetic constants

9dzft SNN& Yy dzYO SN OHDPTMYHY D

R is the maximum methane production rate (NmL/gVS)

L is thelag 6 <pliase time

The parameter values for g, R, and L were derived using the modified Gompertz
model, whereas the parameter values for g and K were derived using first order
kinetics. Both strategies made use of the statistical analysis software SPSS. The
kinetic constantgor equations 5.1 and 5.2 are provided in tables 5.4 and 5.5, and
figure 5.5 shows the results of the BPWSB (BMP) Kinetic modeteBtament
levels 14 demonstrate that equation 5.1 for the first order BMP kinetics offers a
better fit with R squared @ values of 0.965, 0.944, 0.976, and 0.959 when
compared to the Modified Gompertz model, which had R squarédvdues of

0.937, 0.915, 0.952, and 0.9ZBhe Modified Gompertz model, with R squared
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(R2) values of 0.965, provides a better fit for cellalo&ll PTLs have similar k
values, however PTL4 has a higher k value for first order kinetics (0.59), as would
be expected. The availability of a large surface area makes this possible. This value
represents the presence of microbial fermentation produtist are easily
assimilated by the methanogenesis population. In terms efalke, PTL3
significantly trailed PTL4 behind. On the other hand, PThi&due is higher than
PTL2's. This demonstrates the difference in means and the shift in particle size
distribution profiles.Table 5.5 shows that the four PTLs had a relatively short lag
period before the microorganisms started to act on. The bacteria in the AD
digester are active, and the substrates were edsitglegradableThis is because
biogas was prodted quick after inoculation. The inoculum employed in this test,
which is discussed in session 3.4.2, contains bacteria that are already adapted to
their habitats. Theseesults agreed with those dR41], [242] Results of he
Gompertz model showed a negative temporaléag 0 ® ¢ KA a Kl a aKz2gy
the favourable substrate conditions speed up the growth of methanogens in the
early phases of the anaerobic digestion (AD) process or that the growth of
methanogens began e&l during the lag phase than the Gompertz model
predicted, whickshorten the time it takes to readfe exponential phase.
According td243], a potential organic loading rate (OLR) must be estimated in a
continuous or batch fed digester for a kinetic study because during a BMP test,
the substrate degraded quickly, suggesting the need for a small reactor and a cost
effective digesbn procesq244]. The BMP test results suggest that BPWSB is a

very viable feedstock for anaerobic digestion (AD).
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Figure5.5 Experimental results for BPWSB and the kinetics of specifiprG#liction
for first order (model 1) and modified Gompertz (model 2)

Table 54 First orderkinetic parameters value from BMP modelling

Parameter Estimates
Parametes value | Estimate Std. Error 95% Confidence Interval
Lower Bound Upper Bound
Control R

g 299.246 2.92 293.244 305.248 0.965
k 0.555 0.04 0.473 0.638

BPWSB PTL1 R
g 232.275 2.27 227.608 236.942 0.965
k 0.453 0.029 0.393 0.513

BPWSB PTL2 R
g 253.563 3.133 247.123 260.002 0.944
k 0.438 0.035 0.366 0.51

BPWSB PTL3 R
g 281.962 2.175 277.492 286.432 0.976
k 0.528 29 0.467 0.588

BPWSB PAL R
g 318.243 3.031 312.013 324.474 0.959
k 0.59 0.043 0.501 0.679
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Table 55 Modified Gompertz modetinetic parametervalue from BMRnodelling.

Parameter Estimates

Parameters value Estimate Std. Error 95% Confidence Interval
Lower Bound | Upper Bound R Squared
Control R

g 296 1.23 293.4 288.4 0.993
R 158 9.52 138.1 177.2
L 0.53 0.06 0.407 0.652

BPWSB PTL1 R
g 231 2.997 224.6 236.9 0.937
R 54.2 6.83 40.2 68.3
L -0.53 0.294 -1.137 0.076

BPWSB PTL2 R
g 253 3.91 244.7 260.8 0.915
R 51.1 7.3 36.1 66.1
L -833 0.393 -1.642 -24

BPWSB PTL3 23
g 280 2.997 273.5 286.432 0.952
R 86.8 10.2 65.7 0.588
L -299 0.208 -656 199

BPWSB PTL4 23
g 317 3.99 312.013 324.474 0.929
R 98.7 13.92 0.501 0.679
L -376 0.248 -887 134

5.1.3 Statistical Analysis of Variance for the Four Selected Substrate

Biomass.
The means of the methane yield produced by the four substrate (GWSB, PWSB,

TWSB and BPWSB) biomass are compared in this study uskvwppn&NOVA
(analysis of variance). This was carried out in accordance with thteganent
levels (PTL-4) for each substrate using the OriginR2021 software. comparing
the cumulative output of specific methane (§ftom batch test The population
means of the mthane output were compared to check if there were any
statistically significant differencdsetween the four PTL3his enable a concise
conclusion to be drawn based on the performance efficiency of substrate pre
treatment level and potentially what caudethe performance differences
between the groups. The samples were evaluated to verify the assumptions of the
one-way ANOVA (Normally distributed populations, independent observations,
and the homogeneity of variance). The yield of methane is independetiteo

particle size of the substrate biomass, which is grouped into fBlitL(4) pre
_________________________________________________________________________________________________________|
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treatment levels. As a result, the four pteeatment levels' methane yields had

no effect on one another during anaerobic biodegradation. The Levene's test was
used atan alpha level of 0.05 to test the assumption of variance homogeneity,
with the null hypothesis that the means of the four greatment levels are equal

[245].

5.1.4 ANOVA of Banana Peel Waste Substrate Biomass

This study compared the average specific methane yields of the four RITas 1
BPWSB to determine if there were any significant variations. A higher specific
methane yield was hypothesised to be more likely from BPWSB's PTL4. Using an
ANOVA with a ongvay betweensubjects comparison, the data collected were
analysed. Table 5.6 displays the findings. The studies found F (3,108) = 10.3,
P=4.9786, that PTL4 signiantly differs from other PTLs. The Fisher LSD was
used to conduct the post hoc analysis. The studies showed that PTL4 had a
significantly higher specific methane yield (M=293.3 SD=67.6) compared to PTL3
(M =257.7, SD=61.9), and PTL1 (M=210, SD=52), ®Hl& had a differs
significantly from PTL1However, the specific methane yield did not differ
significantly between PTL3 and PTL1 and between PTL2 and PTL1. In comparison
to other PTLs, the result revealed that PTL1 has the lowest mean methane yield
and PTL4 has the highest specific methane yield due to its higher surface area and
smaller PS. The statistically significant differences between the PTLs were

displayed using box charts and fisher LSD plots (figures 5.6 and 5.7).

Table 56 One-way analysis of variance of the grass waste substrate biomass.
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Descriptive Statistics
N Anaysis N Missing Mean Standard SE of Mean
Deviation
BPWSB PT1 28 0 209.9801 51.99837 9.82677
BPWSB PT2 28 0 228.7962 56.72017 10.7191
BPWSB PT3 28 0 257.6911 61.89203 11.6965
BPWSB PT4 28 0 293.3233 67.63126 12.78111
One Way ANOVA
DF Sum of Mean Square| F Value Prob>F
Squares
Model 3 110913.6 36971.18 10.3231 4.97E06
Error 108 386791.7 3581.405
Total 111 497705.3
Fit Statistics
RSquare Coeff Var Root MSE | Data Mean
0.22285 0.24185 59.84484 247.4477
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Figure5.6 Means boxplot of the variation of the methane yield of BPWSB four
pre-treatment levels
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Figure5.7 FisherL,SDmeanscomparisons plot for banana peel waste methane yield
of four pretreatment levels

5.2 BMP Assay for Grass Waste Substrate Biomass (GWSB)
The batch testesults for the four preareatment levels of GWSB are presented as
graphs in figures Ba, 58b, 59 and 510. The daily methane production for a
triplicate sample of the blank (inoculum) and for control is displayed in Figure
5.8a. Figureb.8b shows the aily accumulated methane (@Hield for a triplicate
sample of the GWSB according to their mechanical breakdowsrgaément
levels Figure 510is a record of specific methane (§idroduction for GWSB with
average control from triplicates (GHubtracted from the inoculum and data
expressed in terms of grams of volatile solid (gVS), while fi§.i$a measure of
daily flow rate and accumulated percentage of methane production for GWSB
degradation after the subtraction of the inoculum Lproduction. Also, the
summary of the maximum BMP achieved from the four-peatment levels of
GWSBSs presented in table 3.and the volatile solidseductionis shown in table
5.8. Similar to the trend in BPWSB, it would be observed that the biomethane

production, (specific methane production) and flow rate in Nm#¢klated to the
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degree of processingalthough all the substrates experienced a decrease in flow
rate after 3 days. With a mean PSD of 0.91 in PTL 4, a BMP of 270.3Nml/gVS, under
the same temprature and inoculum conditions as shown in table 5.3. This
maintains the standard that particle size influences methanation in AD processes,
all other things being equal. Also, the residual VS at the end of batch testing of the
GWSB decreased subsequentiyth its PTLs,showing that as particle sizes
decreasedsurface area increased, allowitfge inoculum to act on the feedstock
during the biodegradation process, using over 50% of the volatile solids of the
substrate with smaller particle sizes in the erdof their pretreatment levels,

during the 35 days retention timélso, as can be seen in the standard deviations
and error bars in figure 9, sampling errors and variation between substrate
biomass prereatment levels of methane production were ssignificant, similar

to the trend in BPWSB. When comparing PTL4 to the others, it can be said that
PTL4 has highest of methane yield, whereas PTL1 produces the least methane
yield. The graphs produced by the different PTi4 and cellulose showed a
normal degradation curve that was similar to the graphs from the BPWSB BMP
test, indicatingthat both tests are validin addition,the results ofGWSB's BMP
testing shown in Figure 8.when PTL4 is compared to the otherscduld be
statedthat PTL4 has reach thmaximum levebf methane production of about
274+39 Nml/gVSas shown in appendix Bland B2 respectivblgthane yield
increased by a higher percentage (%) between PTL1 and PTL2 (11.1%), PTL1 and
PTL3 (25.6%), PTL1 aRdL4 (34.8%), PTL2 and PTL3 (13%), PTL2 and PTL4
(21.3%), and PTL3 and PTL4 (7.3%).When the rate of GWSB production is
compared to that of BPWSB, the yield of methane produced between the four
PTLs is significantly lower, but it is consistent with the BR\MScentage (%)
output. This suggests that the kind of mechanical apparatus used has a substantial
impact on how quickly biomass degradékhis agrees with the research of
[187],who identified the particle size paradox by-amalysing prior studies and

asserted that other factors other than the mean particle size phayahrole which
_________________________________________________________________________________________________________|
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is due to howquickly particle size affects the relative rate of gas production per
unit surface area for smaller particléghe grass waste substrate biomass (GWSB)
test results are similar to that ¢246] (209Nml/gVS) and247], who found that
grass waste produced 51% methane, which is equivalent to 199, a?6l0
256NmMl gVS These studies contrast witthose of [248]¢[251], which show a
higher biogas yield 332, 368, 3RihL/g VSand 28 to 46 Nml/gVS
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Figure5.8a&b: Cumulativemethane (Ck) production for a triplicate sample of
the blank, contains only 400ml inoculum and for control (cellulose and
inoculum) digested during GWSB
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Figure5.9 Specific methane (GHproduction for grass waste substrate biomass
(GWSB) with average control from triplicates {C8tibtracted from the
inoculum and data expressed in terms of grams of volablal (gVS) added).
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Figure5.10 Cumulative flow rate and accumulated % volume of the methane
production for GPWSB degradation after the subtraction of the inoculum CH
production

Table 5.7 Maximum biochemical methane (@QHhchieved from grass waste
substrate biomass.

Substrate | Pre- Units BMP result| Inoculum | pH after

biomass | treatment measure digestion
level

Control Nml/gvVS | 291.5 (0.5) 390 | NM

GWSB PTlevel 1 | Nml/gvS | 203.3(1.1) 373 | 7.33(0.01)
PTlevel 2 | Nml/gVvS | 225.9(1.4) 375| 7.31(0.05)
PT level 3 | Nml/gvS | 255.3(0.8) 380 | 7.35(0.01)
PT level 4 | Nml/gVS | 274.0 (1.4) 386 | 7.33(0 .04)

Table 58 Calculatiorof the grass waste substrate biomassatile solids reduction
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EBAYE SCHOLASTICA BEJOR 140260368 5-137



GWSB (PTLs) VS
initial Final
PTL1 18.33 0.1834 9.632 0.09632
PTL2 18.34 0.1834 9.473 0.09473
PTL3 18.34 0.1834 8.692 0.08692
PTL4 18.34 0.1834 8.403 0.08403
AV 18.34 0.1834 9.133 0.09133
Batch anaerobic degradation: Calculated (%) Volatile solid reduction (VSR)
(%) Volatile solid reduction (VSR) = where:
6 3 percentage (%) of volatile solid (VS) of biomass in the inflow
6 3 percentage (%) of volatile solids (VS) of digested in the outlet
8 8 8 8
8 8 8 = 8 8 = 38 = 52.5%
Theamount of substrate biomass Volatile solid (VS) degraded
PTL1 52.5 %
PTL2 53.4%
PTL3 57.6%
PTL4 59.1%
AV 55.2%

5.2.1.1Calculation ofGWSBheoretical calorific value of biomass

potential
The results of the GWSB proportion of thesOEQ, and carbon balance for each

PTL are shown iappendixC1 to C4The GWSB contains 69.7% methanesCH
and only 30.3% carbon dioxi¢€Q). Tables ® and figure 5.11 display a
comparison plot of GWSB's specific methane output based on both predicted and
actual output. Theoretically, PTL4 produ&8d Nml/gVS more biogas than PTL3,
PTL2, and PTdhich like the pattern of the actual specific methane outpritis

is consistent with the research f#f21], [160], [239], [240jvhere smaller particle
sizes enhance the surface area for enzyme attack and optimize the altered
material's carbon accessibility and hydrolygike results, as shown in Table 5.9
and Figure 41, indicate that the theoretical specific methane yield was higher
than the actual methane productiorindicators of the %VS destruction can be
found in the pedicted compared to actual methane production in the digesters.
The actual methane and predicted outpwbrk as an indicator théso of volatile

solid reduction (VSR). Both anaerobic degradation and a specific methane output
can increase with a higher volitisolid reduction (VSR) rate. Conversely, lower

VSR rates will result in lower methane vyield.
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Table 59 Measured and predicted Maximum specific methane production with
respective % volatile solids reduction.

GWSB (PTLs) | BMP experimenta BMP % VSR
theoretical

PTL1 203.3 268 52.5

PTL2 225.9 272 53.4

PTL3 255.3 294 57.6

PTL4 274.0 301 59.1

AV 239.1 283 55.2

Specific methane production(Nml/gVSs)
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PTL3 PTL4

GWSB PTLs

AV

Figure5.11 Compares the BMP of the GWSB with the theoretical methane yield
at STP based on the experimentally determined volatile solids reduction-@TL1

and carbon feednaterial.

5.2.2 Grass waste substrate bioma&MP Kinetics

First order kinetics was used to obtain the parameter values for g and K, whereas

the modified Gompertz model was used to obtain the parameter values for g, R

and L. SPSS Statistical software was usdddth methods. The results are shown

in Figure 5.2, Tables 3.0 and 511 give the kinetic constants for equations 5.1

and 5.2.Equation 5.1 for the first order BMP kinetics shows a better fit as
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compared to the modified Gompertz model presented in tablgél for pre
treatment levels 34, including the cellulose, with R squared (R2) values of 0.965,
0.994, 0.976, 0.942, and 0.9ZPhe k values for all PTLs are identical, although
PTB has a higher k value for first order kinetics3@). Aboutk-value, the K
value of PTR.is slightly highethan that of PTLAThis refutes the notion that the
size distribution profiles are the only factors causing the disparity and supports
previous studie$187] hat suggests that factors other than the mean patrticle size
also play significant roleSimilar to the results of BPWSB, TahlEl shows that

the four PTLs had a relatively short ldge before the microbial organisms
started to interactin the digester! Yy S3F G6A GBS GAYS 3 06<0
which also holds foBRNSBThese results agreed with those[@#1], [242] The
BMP test resultalsosuggest that GWSB can be used as a potential material for

anaerobic digestion (AD)
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Figure5.12 Experimental results for GWSB and the kinetics of specifip@Hduction
for first order (model 1) and modified Gompertz (model 2)
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Table 510 First orderkinetic parameters value from BMP modelling

Parameter Estimates
Parameter Estimate Std. Error 95% Confidence Interval
LowerBound | Upper Bound
Control R
g 257.46 2.26 252.83 262.081 965
k 0.401 0.024 0.353 0.449
GWSB PTL1 R
g 197.90 1.054 195.75 200.051 994
k 0.216 0.005 0.205 0.227
GWSB PTL2 R
g 215.6 1.82 211.9 219.282 976
k 0.289 0.013 0.261 0.316
GWSBEPTL3 R
g 245.2 2.91 239.3 251.14 942
k 0.339 0.024 0.29 0.389
GWSB PTL4 R
g 256.134 3.63 248.7 263.54 922
k 0.318 0.026 0.264 0.371
Table 511 Modified Gompertz moddtinetic parameters value from BMP
modelling.
Parameter Estimates
Parameters Estimate Std. Error 95% Confidence Interval
value Lower Bound | Upper Bound
Control [
g 256.03 2.99 249.91 262.15
R 51.34 5.86 39.36 63.33 938
L -0.692 0.315 -1.337 -0.047
GWSB PTL1 R
g 195.7 1.9 191.79 199.56 977
R 21.78 1.39 18.95 24.61
L -1.1 0.312 -1.739 -0.461
GWSB PTL2 R
g 214.7 2.47 209.645 219.75
R 28.83 2.594 23.52 34.13 956
L -1.212 0.374 -1.977 -0.447
GWSB PTL3 R
g 246.4 3.547 239.144 253.66 922
R 32.024 3.806 24.24 39.81
L -1.734 0.526 -2.809 -0.659
GWSB PTL4 R
g 258.8 4.32 249.96 267.62
R 28.82 3.69 21.27 36.38 908
L -2.241 0.67 -3.611 -0.871

5.2.3 ANOVA ofGrass Waste Substrate Biomass

By comparing the average specific methane yields of the four RFlo§ GWSB,

this study was conducted to determine whether there are any significant
I —
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variations. It was hypothesized that PTL4 of GWSB is more likely to yigides
specific methane yield. The data from the batch test were analysed using an
ANOVA with one way between subjects. The results are shown in Table 5.12. PTL4
significantly differs from other PTLs, according to the studies, F (3,124) = 9.36,
P=1.26ED5. The post hoc analysis was carried out using Fisher LSD. According to
the studies, PTL4 produced a significantly higher specific methane yield (M=228.1,
SD=56.7) compared to PTL2 (88.4 SD49.7) and PTL1 (M#66.5, SD49.4),

while PTL3 (M =18.7, SD=8.6) differed from PTL2and PTL1.The specific
methane yield, however, did not significantly differ between PTL4 and PTL3.
Likewise, no significant differences exist between PTL2 and PTL1. According to the
results, PTL1 has the lowest mean methane yield BAL4 has the highest
specific methane yield when compared to other PTLs because of its larger surface
area and lower PS. Box charts and fisher LSD plots were used to show the
statistically significant differences between the PTLs (figures 5.13 and Bhil4).
increasing PTLs resulted in an increase in methanengedlinghat particle size
affects methane yield. Thisupports the findings of other researchers, who
conclude that smaller particle sizes enhance the surface area available for enzyme
attack[36], [121], [160], [173], [239], [240lt is comparable to the finding of the
BPWSB.

Table 512 One-way analysis of variance of tiggasswaste substrate biomass.

Descriptive Statistics
N Analysis N Missing Mean Standard SE of Mean
Deviation
GWSB PT1 32 0 166.4738 49.36331 8.72628
GWSB PT2 32 0 189.3748 49.68444 8.78305
GWSB PT3 32 0 219.6887 53.57803 9.47135
GWSB PT4 32 0 228.1058 56.66388 10.01685
One Way ANOVA
Mean Sum of Squares F Value Prob>F
DF Square
Model 3 77157.29 25719.1 9.36374 1.26E05
Error 124 340587.1 2746.67
Total 127 417744.4
Fit Statistics
RSquare Coeff Var Root MSE Data Mean
0.1847 0.26086 52.40868 200.9108
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5.3 BMP Assay for Paper Waste Substrate Biomass (PWSB)

Figure 515a/b portrays the result of the cumulative methane yield of both the
inoculum mechanically prgeated, figure 516 shows specific methane yield of

both the inoculum and control, while figure 15. presents the flow rate (in
Nml/day) of PWSB. Also, their maximBMP and® volatile solid reductiois
presented in tables 83 and 514 respectivelyFrom the results, it is observed

that the pretreatment levels PWSB followed a similar pattern of methane yield

of BPWSB and GWSB, confirming further that particles 9fdéeedstocks affect
biodegradability and kinetics of waste biomass. However, the maximum yield of
273.8 Nml/gVS from PTL4 proves that paper wastes yielded less than banana peels
and grass wastes. The graph of the flow rate clearly shows a peak flow and
production at day 1 for all the PTLs, followed by a gradual decline in flow rate for
the rest of the HRT. This is very interesting in the sense that the high flow rates
reduce retention times on the one hand, thereby facilitates the AD process. On
the other hand, it supports excessive production of ammonia which is
unfavourable to the systemin addition, the summary of the maximum BMP
achieved from thecontrol and four pretreatment levels oPWSB is presented in

table 513 and the volatile solidseduction is shown in table 514. According to

the findings, PWSB ptteeatment levels yielded methane in a similar pattern to
BPWSB and GWSRdditionally, the results of the PWSB BMP test from the
different PTLs -4, including the cellulose, yieldegsults that were similar to
those of the BPWSB and GWSB BMP test in terms of shape, supporting the validity
of the tests.Figure 516 shows the standard deviations and sampling error bars
for pre-treatment levels of methane production in substrate biomaasd the

result was still significantWhen compaed PTL4 to theothers, PT4 has the
highest methane yieldf about 273+29 Nm§VSPTL4 produced SMP at rates that
were higher than PTL1, PTL2, and PTL3 by 18.5%, 9.2%, and 3.4%. Specific
methane yields foPTL3 were approximately 14.6% and 5.9% greater than those

for PTL1 and PTL2, and the maximum methane yield for PTL2 was approximately
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8.3% higher than that for PTL1. The best method for mechanicéet¢mament
depends on the type of lignocellulosic mat# and mechanical apparatus cannot
be proposed as a consistent stratedyhe methane yield effects of paper waste
PTL4 are similar to those of grass waste PThd.value of the methane yields
obtained as shown in table 31s similar to the results fr [252], who compared

30 and 60 minutes of mechanical pireatment of paper waste andeported a
21% increase in methane production from ABl/gVS, which corresponds to the
untreated paper, to 253 ml/gVS for 60 minutes, and those 30 minutes of pre
treatment had no effect on the methane yieldhe results of shredding paper
(PTL2)pare congruent with those fronfi253], who found that wastepaper yields
220Nml/gVS, and [252] who discovered thea non-beaten paper vyields
210NmI/gVS. Nonetheles# does agree that smaller particles are more suited for
the AD processe#\ccording tg254], shredding wastepaper and cardboard does
not increase the amount ofibgas that is produced or the potential of methane.
Using a thermophilic cellulosd#egrading composite to preat filter paper,
wastepaper, newspapers, and cardboard yielded promising results. The pre
treated filter paper, wastepapernewspaper, and calwbard produced 277, 287,
192, and 231Nml/gVS of methane after 55 days of anaerobic digestion,
respectively, with corresponding increases of 33%, 34%, 156%, and 141% over the
untreated materials[255]. The methane yield of untreated paper wastes
decreased from 13RmL/gVS to 10RmL/gVS as the S/l ratio rose from 0.5to 0.7
during the wet digestion process, according to a previous reporf252].
Methane yields between 40 and 200mL/gVS[256] was observed in earlier
research for wet digestion of untreated paper wastekile [257] achieved
methane yieldof about229 Nml/gVSThis study's methane yield, which is a little
higher than previous yields under wet digestion processes, which ranges 8bm 2
to 274 Nml/gVSThis shows thiethe response rate and cumulative methane yield
are significantly increased by particle size. On the other hand, particle size
reduction has been demonstrated to improve gas production for substrates with

a high content of fibres and low degradation rateading to a lower weight of
_________________________________________________________________________________________________________|
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residue to be disposed of after digesti¢b], [150], [179] Additionally, it falls
within the range of 107 to 369 Nml/gY¥&09], [252], [253], [256][258] methane

yields that have been reported in the literature data.
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Figure5.15a &b Cumulativemethane (Ck) production for a triplicate sample of
the blank, contains only 400ml inoculum and for control (cellulose and
inoculum) digested during PWSB.
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Figure5-15b Cumulativemethane (Cl) production for a triplicate sample of the
PWSB according to their mechanical breakdowntpeatment levels including
calculated measured among of the freshly active inoculum in grams (g)
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Figure5.16 Specific methane (GHproduction for paper waste substrate
biomass (PWSB) with average control from triplicates: @0bitracted from the
inoculum and data expressed in terms of grams of volatile solid (gVS) added).
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Figue 5.17 Cumulative flow rate and accumulated volume of the methane
production for PWSB degradation after the subtraction of the inoculum CH
production.
Table 513 Maximum biochemical methane (@rachieved from the paper
wastesubstrate biomass.

Substrate | Pretreatment Units BMP result Measure pH after

biomass Inoculum (g)| digestion
level

Control Nml/gVvVS | 270.9(4.7) 379 | NM

PWSB PT level 1 Nml/gVS | 231 (5.6) 373 | 7.02(0.01)
PT level 2 Nml/gvS | 250.1 (3.4) 379 7.11(0.03)
PT level 3 Nml/gVS | 264..8 (3.7) 383 | 7.08(0.03)
PT level 4 Nml/gVvS | 273.8(2.9) 384 | 7.13(0.01)

Table 514 Calculation of the volatile solid reduction of paper waste substrate
biomass ultimatedegradation.

PWSB (PTLs) VS

initial Final
PTL1 20.33 0.2033 10.822 0.09632
PTL2 20.33 0.2033 10.652 0.09473
PTL3 20.33 0.2033 10.298 0.08692
PTL4 20.33 0.2033 10.087 0.08403
AV 20.33 0.2033 10.465 0.09133
Batch anaerobic degradatio@alculated (%) Volatile solid reduction (VSR)
(%) Volatile solid reduction (VSR) = where:

6 3 percentage (%) of volatile solid (VS) of biomass in the inflow

6 3 percentage (%) of volatile solids (VS) of digested in the outlet
8 8 8 8
8 8 8 - 8 8 - 8 = 52.4%
Theamount of substrate biomass Volatile solid (VS) degraded
PTL1 524 %
PTL2 53.3%
PTL3 55.0%
PTL4 56.0%
AV 54.2%

5.3.1.1Calculation ofPWSB theoretical calorific value of biomass

potential.
The PWSB proportion of ¢é&nd CH was calculated using the Buswell equations, as

shown in the appendi®1 to B The carbon balance feed materials at 3gVS were also

computed using a volatile solid reduction (VSR) derived from batch tests based on their

1 ——
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PTLs. PWSB has a methanetennof 71.9% Ckand 28.1% COThe study discovered

that the theoretical value of the maximum specific methane output increases with the
rise % volatile solid reduction (VSR). The actual methane output was found to be lower
than the theoretical specifimethane yield, as indicated in Table Bdnd Figure 5.8.
Hence, the % volatile solid reduction (VSR) is an indicator of the actual versus
theoretical methane output in the digesterdA comparison plot of the specific
methane output for GWSB based on adtand theoretical data is shown in Table 5.15
and Figure 5.18. Theoretically, PTL4, followed by PTL3, PTL2, and PTL1, has the highest
methane output at roughly 287Nml/gV8his further supports the findings of previous
studies[121], [160], [239], [240yvhich discovered that smaller particle size results in

a larger surface area accessible to enzyme attack, which could boost carbon
accessibility and hydrolysis of the treated feedstagek shown in table 5.18nhanced
anaerobic degradation and a higher specific methane output would lead to higher
volatile solid redudbn (VSR) rates. On the other side, lower VSR rates will result in
reduced methane yield.

" Table 515 Measured and predicted Maximum specific methane production
with respective % volatile solids reduction.

PWSB (PTLs) BMP BMP % VSR
experimental | theoretical
PTL1 231 269 52.4
PTL2 250.1 273 53.3
PTL3 264.8 282 55
PTL4 273.8 287 56
AV 254.9 277 54.2
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Figure5.18 Compares the BMP of the PWSB with theoretical methane yield
at STP based on the experimentally determined volatile solids reduction-@TL1
and carbon feed material.

5.3.2 Paper waste substrate bioma€®3MP Kinetics

First order kinetics and a modified Gompertz model were used to determine the
parameters for g and k, as well as g, R, and L. Both methods make use of SPSS, a
statistical analysis software. The kinetic constants for equations 5.1 and 5.2 are
listed in tables 5.16 and 5.17. The results of the predicted PWSB plot are shown
in Figure 519. Equation 5.1 for the first order BMP kinetics gives a better fit, with

R squared R2 values of 0.956, 0.956, 0.956, and 0.956 when compared to the
modified Gompertz model equation 5.2 (table 5.1The k values for each PTLs
are the identical, witiPTL4 having a highk value for first order kinetics because

of its large surface area (0.5%)jkethe results for BPWSB and GWSB, PTL3 trails
PTL4 in terms of-kaluefollowed by PTL2 and PTL&imilar to the outputs of
BPWSB and GWSB, Table 5.17 displae model's results for equation 5.2. The
model's output also showed that the four PTLs had a short lag before bacteria

began using the substrate.
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Figureb.19 Experimental results for PWSB and the kinetics of specifip@Huction
for first order (model 1) and modified Gompertz (model 2)

Table 516 First order kinetic parameters value from BMP modelling

ParameterEstimates
Parameters Estimate Std. Error 95% Confidence Interval
value Lower Bound | Upper Bound
Control R

g 265.73 1.063 263.54 267.93 994
k 0.568 0.016 0.534 0.602

PWSB PTL1 R
g 228.37 0.516 227.31 229.44 998
k 0.458 0.007 0.444 0.471

PWSB PTL2 R
g 246.62 0.917 244.73 248.51 995
k 0.579 0.016 0.546 0.611

PWSB PTL3 R
g 261.89 0.944 259.95 263.84 995
k 0.693 0.02 0.651 0.734

PWSB PTL4
g 266.59 1.636 263.22 269.97 R
k 0.64 0.03 0.578 0.703 985

Table 517 Modified Gompertz moddfinetic parameters value from BMP
modelling.

| Parameter Estimates
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Parameter Estimate Std. Error 95% Confidence Interval
Lower Bound | Upper Bound
Control 23
g 263.9 2.19 259.6 268.33 974
R 85.77 7.67 69.91 101.63
L -0.206 0.15 -0.518 0.105
PWSB PTL1 22
g 22640 1.64 222.995 229.79 983
R 60.81 4.25 52.01 69.6
L -0.201 0.14 -0.495 0.093
PWSB PTL2 R
g 245.07 2.06 240.81 249.3 973
R 80.14 7.27 65.096 95.19
L -0.224 0.15 -0.538 0.09
PWSB PTL3 R
g 260.37 2.09 256.(0 264.697 973
R 105.64 10.23 84.47 126.81
L -0.138 0.132 -0.41 0.134
PWSB PTL4 R2
g 265.04 2.703 259.45 270.4
R 94.0 10.84 71.67 116.504 958
L -0.249 0.178 -0.616 0.119

5.3.3 ANOVA ofPaperWaste Substrate Biomass

This study aims to investigate any significant differences in the average specific
methane yield between the four PTLglbf PWSB. It was hypothesis that PTL4 of
PWSB is more likely to produce a higher specific methane yield.twede
subjects onewvay ANOVA was used to analyse the batch test's data. Table 5.18
presents the results. The studies demonstrate that PTL4 significantly differs from
other PTLs, F (3,0P=2.94, PH.03693 Fisher LSD was used to conduct the post
hoc analys. The studies have found that PTL4 produced a significantly higher
specific methane vyield (M=255l, SB57.7) compared to PTL (M=204.5,
SD=8.5). Likewise,PTB (M=2419, SD=56.2) differed from PTL1(M = 204.5
SD=8.5).However, there were no significant differences between PTL4 and PTL3
and PTL4 and PTL2 in the specific methane yigsd, no significandifferences

exist between PTdand PTR and PTL2 and PTLhe findings suggest that PTL1
has the lowest mean methangeld, while PTL4 produces the highest specific
methane yield compared to other PTLs due to its larger surface area and smaller

PS. The statistically significant differences between the PTLs were displayed with
I —
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box charts and fisher LSD plots (figure®©%2d 5.2). The resultare similarwith
those of the BPWSB and GWSB which shows that during batch tests, particle size

affects methane yieldThe conclusion of the BPWSB and GWSB are comparable.

Table 518 One-way analysis of variance of the grass waste substrate biomass.

Descriptive Statistics
N Analysis N Missing Mean Standard Deviation SE of Mean
PWSB PT1| 26 0 204.5 53.%4 10.4
PWSB PT2| 26 0 225.24 54.58 10.70
PWSB PT3| 26 0 241.98 56.20 11.02
PWSB PT4| 26 0 245.25 57.67 11.31
One Way ANOVA
DF Sum of Squares | Mean Square | F Value Prob>F
Model 3 27168.36 9056.12 2.9 0.03693
Error 100 308259.3 3082.59
Total 103 335427.7
Fit Statistics
RSquare | Coeff Var Root MSE Data Mean
0.081 0.24221 55.5211 229.2311|
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Figure5.20 Means boxplot of the variation of the methane yield of GWSB four pre
treatment levels.
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Figure5.21 Fisher LSimeanscomparisons plot for grass waste methane yield of four
pre-treatment levels

5.4 BMP Assay for Tomato Waste Substrate Biomass (TWSB)
The batch testing results for the biomethane potential of TWSB are predente
from figure 522a/b, to figure 524. Graphs of Accumulated methane yield,
Specific methane yield and flow rate (figure24. all plotted againsthe test
duration are equally presented. The smallest particles (i.e., PTL 4) of the TWSB
yielded more methane than other larger particles of the same TWSB. This agrees
with [24], [179]and [173] that those smaller particles enhance the AD process.
Aside from the above trend, a careful study of the flow rate over retention time
shows that the feedstocks of the four PTLs attained their peak flow rate at day 1.
This is due to their affinity to the organisms introduced into the batch for
digestion. It is apt to take note that after the first 5 days, the flow of methane
declined drasticllly. Hence, a BMP of 294.18 Nml/gVS was achieved from PTL 4
materials, under mesophilic temperature and pH variations as others. Also, the
summary of the maximum BMP achieved from the inoculum and four pre
treatment levels of TWSB is presentedlable 519 and thepercentage volatile
solidsreduction (VSR shown inTable5. 20. The TWSB BMP test results from
the various PTLs-4 along with cellulose, which showed the graphs followed a

pattern like those from the BPWSB, GWSB, and PWSB BMP ftettsr
I —
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supportedthe validity of thetests. BMP profile for théour-substratebiomas
typically show a normal degradation curvEigure 523 shows the standard
deviations and sampling error bars for TWSBtpeatment levels, and the result

is still significant. PTL4 produces the most meth&#1.2t51 Nml/gVSwhen
compared to the othePTLs Methane yields from other studie237], [238],
[259]¢[262] that range from 199 to 384 NmL @gVS are comparable to those
found in the current study, as shown by Table 51Be results found for PTL4
treated with a mincer and a grinder (PTL4), which comprised totally finer particles,
are comparable to those ¢173], where the particle size (PS) ranged from 1.3 to
20 mm and the most finely chopped particle size (PS) (1.3 mm) yields the
maximum methane yield with a volatile solids reduction (VSR) of 604&%ane

yield rosefrom (PTL1) 233.1 Nml/gVS to (PTL9 Rml/gVS with increases of
11.6%, 8.6%, and26.2% for PTLRTL3 and PTldspectively. A further increase

of 6.2%,26.2%, and6.4% in methane output was seen between PTL2 and PTL3,
PTL2 and PTL4, and PTL3 and PTLA4.
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Figure5.22a&b: Cumulativemethane (Chk) production for a triplicate sample of
the blank , contains only 400ml inoculum and for control (cellulose and
inoculum).
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Figure5-22b: Cumulative methane (GHproduction for a triplicate sample of
the TWSB according to their mechanical breakdowntpratment levels
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Figure5.23 Specific methane (GHproduction for paper waste substrate
biomass (TWSB) with average control from triplicates; Sltbtracted from the
inoculum and data expressed in terms of grams of volatile solid (gVS) added)
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Hgure5.24:Cumulative flow rate and accumulated volume of the methane

production for TWSB degradation after the subtraction of the inoculum CH
production.

Table 519 Maximum Biochemical Methane (@QH\chieved From TWSB

Substrate | Pre Units BMPresult pH after

biomass treatment digestion
level

Control Nml/gVvS | 304.8(4.1) NM

TWSB PT level 1 | Nml/gVS | 233.1(2.0) 7.32
PT level 2 | Nml/gVS | 260.2(0.1) 7.36
PT level 3 | Nml/gVS | 276.4(1.6) 7.34
PT level 4 | Nml/gVS | 294.2(7.0) 7.3

Table 520 Calculation of volatile solid reduction of tomato waste substrate
biomass ultimatedegradation.
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TWSB (PTLs) VS

initial Final
PTL1 7.18 0.718 5.176 0.5176
PTL2 7.18 0.718 4.998 0.4998
PTL3 7.18 0.718 4.903 0.4903
PTL4 7.18 0.718 4.841 0.4841
AV 7.18 0.718 4.980 0.4980
Batch anaerobic degradation: Calculated (%) Volatile solid reduction (VSR)
(%) Volatile solid reduction (VSR) = where:

6 3 percentage (%) of volatile solid (VS) of biomass in the inflow

6 3 percentage (%) of volatile solids (VS) of digested in the outlet
8 8 8 8
8 8 38 = 8 8 - 38 = 57.9%
The amount of substrate biomass Volatile solid (VS) degraded
PTL1 57.9%
PTL2 60.8%
PTL3 62.2%
PTL4 63.1%
AV 61.0%

5.4.1 Calculation of TWSB theoretical calorific value of biomass potential
The TWSB proportion of both €ahd CQis shown in Table 5.30 as calculated
using the Buswell equations. The carbon balance of the feed materials at 3gVS
was also determined using a volatile solid reduction (VSR) derived from batch
tests based on their PTLs, as showAppendixE1l to E4ATWSBias a methane
content of 69.7% C+and 30.3% COThe resultsaire consistent with those of the
BPWSB, GWSB and PWSB. Volatile saligction (VSR) affects the theoretical
value of the maximum specific methaoetput. The actual methane output was
found to be lower than the predicted output, as shown in Appenixto E2
Indicators of the % volatile solid reduction (VSR) can be found in the predicted
compared to actual methane production in the digesters. A comparison graph
showing the actual and predet methane output of TWSB shown in Tables
5.21andfigure 5.27. Theoretically, PTL4 (287Nml/gVS) produces higher methane
than PTL3, PTL2, and PTA4 shown in table 5.21, more degradation can lead to
higher volatile solid reduction (VSR) rates, whichurn produce more specific
methane output. Reduced VSR rates, on the other hand, will lead to lower
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methane yield.This demonstrates that a high volatile solid reduction yields a
higher methane output. The PTLs of the theoretical value and the actualamet
yield are shown in TableZl, along with their percentage changes.

" Table 521 Measured and predicted Maximum specific methane production
with respective % volatile solids reduction.

TWSB (PTLs) BMP BMP %VR
experimental theoretical

PTL1 233.1 298 57.9

PTL2 260.2 313 60.8

PTL3 276.4 321 62.2

PTL4 294.2 325 63.1

AV 266.6 314 61.0
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Figure5.25 Compares the BMP of tHBAVSB with the theoretical methane yield
at STP based on the experimentally determined volatile solids reduction-@TL1
andcarbon feed material.

5.4.2 Tomato waste substrate bioma€83MP Kinetics

A modified Gompertz model and first order kinetics were used to obtain the

parameters for g, R and L, as well as g, and k. The statistical software SPSS is used
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in both methods. Théinetic constants for equations 5.1 and 5.2 are shown in
Tables 5.22 and 5.23. Figure 5.26 displays the results of the predicted and the
actual methane output plot of TWSB. Equation 5.1 for first order BMP kinetics
offers a better fit than the modified Gopertz model equation 5.2 as shown in

table 5.23 to 5.23PTL4's large surface area allows for a higher k value (0.59),
similar to the results of BPWSB, GWSB, and PWSB. PTL1 was higher to PTL2, but
PTL3 lagged PTL4 in terms ofdkue. Results from the BFSB, GWSB, and PWSB
concur with those in Table 5.23. As a result, it can be claimed that TWSB is a viable

fuel for anaerobic digestion (AD).
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Figure5.26 Experimental results for TWSB and the kinetics of ifipg€H production
for first order (model 1) and modified Gompertz (model 2)
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Table 522 First order kinetic parameters value from BMP modelling

Parameter Estimates
Parameters Estimate Std. Error 95%Confidence Interval
value
Lower Bound | Upper Bound
Control R
g 295.09 1.572 291.86 298.32 987
k 0.586 0.024 0.537 0.635
TWSB PTL1 R
g 220.40 2.104 216.074 224,72 971
k 0.388 0.022 0.342 0.435
TWSB PTL2 R
g 243.83 3.12 237.42 250.24 953
k 0.344 0.025 0.293 0.395
TWSB PTL3 R
g 265.096 2.257 260.46 269.74 973
k 0.471 0.027 0.415 0.527
TWSB PTL4 R
g 280.76 2.594 275.43 286.094 967
k 0.488 0.031 0.424 0.552

Table 523 Modified Gompertz moddtinetic parameters value from BMP

modelling.
Parameter Estimates
Parameter Estimate Std. Error 95% Confidence Interval
Lower Bound | Upper Bound
Control R
g 293.25 2.554 287.99 298.51 966
R 98.80 9.87 78.47 119.12
L -0.204 0.162 -0.538 0.131
TWSB PTL1 R
g 218.18 2.812 212.39 223.97 946
R 46.83 5.474 35.56 58.107
L -0.475 0.298 -1.09 0.139
TWSB PTL2 R
g 242.834 3.976 234.65 251.02 946
R 38.256 4.98 27.999 48.51
L -1.09 0.461 -2.039 -0.14
TWSBPTL3 R
g 262.76 3.076 256.42 269.09 948
R 70.50 8.431 53.14 87.868
L -0.327 0.244 -0.829 0.175
TWSB PTL4 R2
g 278.47 3.433 271.399 285.54 946
R 75.91 9.681 55.97 95.84
L -0.356 0.256 -0.884 0.172
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5.4.3 ANOVA of Tomato Waste Substrate Biomass
The goal of this study is to ascertain whether there are any notable variations in
the average specific methane yield between the four PI48fITWSB. According
to a hypothesis, PTL4 of TWSB are more likely to yield a more specific methane
yield. The cdected data from the batch test were analysed using a between
subjects onewvay ANOVA.he results are shown in Table 5.ZF4%e studies reveal
that PTL4 significantly differs froother PTLs, F (3,108) =5.76, P=0.0010&
post hoc analysis was performeding Fisher LSD. The studies reveal that PTL4
produced a significantly higher specific methane yield (M=255.21, SD=62.4)
compared to PTL2 (M =214.7, SD=57.4) and PTL1 (M=196.3, SD=51.5), while PTL3
(M =240.2, SD=59.5) differed from (M =196.3, SD=51.5)spéefic methane
yield of PTL4 and PTL3 did not, however, differ significantly. The differences
between PTL2 and PTL1 amet significant. The results indicate that PTL4
produces a higher specific methane yield than other PTLs because of its greater
surfa@ area and smaller PS, whereas PTL1 has the lowest mean methane yield.
Using box charts and fisher LSD plots, the statistically significant differences
between the PTLs were shown (figures 5.27 and 5.28).

Table 524 One-way analysis of variance of the grass waste substrate biomass.

Descriptive Statistics
N Analysis N Missing Mean Standard SE of Mean
Deviation
TWSB PT! 28 0 196.28 51.47 9.73
TWSB PT 28 0 214.70 57.39 10.85
TWSB PT! 28 0 240.22 59.46 11.24
TWSB PT: 28 0 255.21 62.39 11.79
One Way ANOVA
DF Sum of Squares | Mean Square F Value Prob>F
Model 3 57811.04 19270.35 5.76 0.00107
Error 108 361029 3342.86
Total 111 418840
Fit Statistics
R-Square Coeff Var Root MSE Data
Mean
0.13803 0.25515 57.82 226.60
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Figure5.27 Means boxplot of the variation of the methane yield of GWSB four
pre-treatment levels
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Figure5.28 TukeyTest Means Comparisons plot for grass waste methane yield of

four pre-treatment levels
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5.5 The effects of various mechanical devices on methane yield in
biogas
The effects of different mechanical equipment on the protion of biogas

methanewere studied This study used four different substrates broken down

into four PTLg(session 3.4.5) with increasing processing time of 2mins (PTL2)
3mins (PTL3) and 5mins (PTIAH.was previously noted, the substrate's PS size
signficantly affects how quickly it degradgd78]. The methane output of
different particle sizes produced by various mechanical equipment followed a
similar pattern: the higher the degradatiorate, as a result, the higher the
methane output.The methane potential for PTL1 of the nveated GWSB and
TWS, manually chopped (BPWSB), and shredded (PWSB) feedstodksteds

The manual chopping of BPWSB coarse material (PTL1) produced a methane
production that was roughly 21%, 6.1%, and 5.2 more than that of GWSB, PWSB,
and TWSB. The next best performingterial was TWSB (nereated), which
outperformed PWSB and GWSB in terms of methane yield by 3.1% and 1%,
respectively, while exceeding GWSB by 13.8% in terms of PWSB that had been
shred. The biomass from the untreated GWSB produce the least methaee.
measured methane output of the BPWSB was found to be much higher at roughly
20%, 8.4%, and 4.2% when compared to the GWSB, PWSB, and TWSB. This
resulted from the maceration/mincing technique used to treat PTi TWSB
trailed closely after, outperforminthe GWSB and PWSB by nearly 15% and 4%,
respectively, while the PWSB exceeded the GWSB by 10.6%. The GWSB produce
the least amount of methaneThe BPWSB also produced significantly more
methane than the GWSB, PWSB, and TWSB, at a rate of about 16% I8is5%.
resulted from the grinding process used in PTL3 treatmeftie TWSB
outperformed the GWSB and PWSB by roughly 9.1% and 5%, respectively,
whereas the PWSB outperformed the GWSB by 4.3%. Methane production is
lowest in the biomass from the GWSBmilaly, compared to the GWSB, PWSB,
and TWSB, the BPWSB produced significantly more methane, at roughly 21% 21%

13%. This resulted from the processing of PTL4 using the combination mincer and
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EBAYE SCHOLASTICA BEJOR 140260368 5-164



grinder methods. The PWSB and GWSB produced the lowest amountizfmae
Compared tdBRNVSB andWSB, the methane output from TWSB is almost 7.3%
higher. This was due to the pteeatment method's capacity to effectively
decrease the material while also destroying the substrate. The size reduction
caused an increase in riane production[94], [178]The least efficient pre
treatment method also led to a rise in biogas productidrhen the results of the
laboratory batch tests are compared, the mechanical-ppeatment methods,
which uses @ombination of a mincer and a grinder to treat PTL4, produces more
methane and results in a higher volatile solid reduction (VSR), as opposed to the
grinder and mincer used to treat PTL3 and PTL2, as well as the
coarse/chopping/shredding and untreated nesital (PTL1)A grinder that was

used to treat PTL3 material exhibited higher methane output than a mincer that
was used to treat PTL2 materiihe output of methane from coarse materials did

not substantially increase. This is a result of the materss Though, BPWSB

that has been manually chopped outperforms the othigee substrates in terms

of methane yield, followed by TWSB that hasn't been treated, while PWSB that
has been shred and neameated GWSB have much less of an impact on the
amount of methane outputWhen the methane yields for the various substrates
were compaed, it was discovered that BPWSB and TWSB performed best on
average. The lowest amount of methane is produced in GWSB. The average
methane production efficiencies for the BPWSB, GWSB, PWSB, and TWSB are
shown in Table 5.3. The performances of the substait different pretreatment
degrees were compared. The results show that the PWSB did best at Pre
treatment level 13, while the BPWSB and TWSB did better overall at pre
treatment level 14. Although PTL4 of GWSB and PWSB were identical, GWSB

produced tre least amount of methane among PT3.1

5.5.1 Comparing the responses of the chosen substrates to various
treatments in terms of methane yield and volatile solid reduction
Table 5.25 compares the four selected substrates, their responses to the various
treatments, and the amount of methane produceld.reveals that the yields of
I —
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the untreated TWSB were similar to those of the PWSB that had been Jhred.
chopped BPWSB were significantly higher compared to those of untreated TWSB
containing more smaller PSGWSB,and shredded PWSB. Untreated TWSB
produced significantly more methane than untreated GWSB, while chopped
BPWSB produced significantly more methane than shredded PIti&R:ould be
attribute to substrates' lignin content, which inhibits anaerobic diges{kb3]c

[255]. The results from the shredded PWSB are like those 2621, [253]which
showed that wastepaper yielded 2207 Nml/gVS, though methane yield was
slightly higher as shown in table 5.25 for PTMhile the result of the minced
treatment (PTL2) ofWSB was slightly higher than the PWSB, GWSB procheed t
least amount of methane, the output of the minced BPWA&R greatethan that

of the TWSB, GWSB, and PW&SBevidenced bits high VSk table 5.25, this
showed that the treated materialsavea greater impact on the biogas yields and
kinetics. The rate of biogas production from minced banana peel was slightly
higher than chopped banana peel, and the combined effect of the grinder and
mincer was significantly greater than others three PTLs. Although the banana peel
that had been ground was mudhigher than the banana peel that had been
chopped and mincedA similar pattern was seenith grind treatment (PTL3), as

well as the combined impact of the minced and grinded treatments, as shown in
table 5.25. (PTL49r all substratesThe combined effds of grinding and mincing
showed a quick response to the rate of degradability and higher VSR because they
produce particles with a greater surface area than the other three treatment
methods These were followed by ground, minced, and untreated TWSPBpeko
BPWSB, untreatedsWSB, andshredded PWSB, which initially did take a little
longer to degrade due to its lesser surface @aahe other hand, as shown in
table 5.25, the study's results agree with those of earlier reseéclthe four
selected bionass.

Table 525 Comparison of the methane yield of the fesmbstrate biomass in
Nml/gVs.
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Substrate | Treatment PTLs | CH yield % VSR % CHyield Reference
biomass Nml/gVS Increase Increase | (literature
data)
BPWSB | ManualChopped 1 266.6 - 60.4 77-336 [36], [263k
Mincing 2 293.9 10.2 61.9 0.6 Nml/gVvs [268]
Grinding 3 318.9 19.6 63.50 1.2
Mincing +grinding 4 334.2 25.4 66.70 2.4
AV 303.4 63.4
GWSB | As Collected 1 201.9 - 52.5 117-467 | [36], [248L
Mincing 2 224.5 11.2 53.4 0.4 Nml/gVs [251],
Grinding 3 253.8 25.7 57.4 2.4 [253],
Mincing +grinding 4 270.3 33.9 59.1 3.3 [269],
AV 237.6 55.2
PWSB | Shredded 1 231.0 52.4 107-369 [209],
Mincing 2 250.1 8.3 53.3 0.4 Nml/gVs [252],
Grinding 3 264.8 14.6 55.0 1.1 [253],
Mincing+grinding 4 273.8 18.5 56.0 1.6 [256]2
AV 254.9 54.2 [258]
TWSB | As Collected 1 233.1 - 57.9 199384 [237],
Mincing 2 260.2 11.6 60.8 1.2 Nml/gVvs [238],
Grinding 3 276.4 18.6 62.2 1.8 [259]¢[262]
Mincing +grinding 4 294.2 26.2 63.0 2.2
AV 266.0 61.0
5.6 Expectedoutcome of the batch test

The expected outcomes of the experiment were as follows:

W Decreased particle size will cause an increase in the ultimate methane potential for

the same biomass source.

W Decreasing the particle size will cause an increase in the total surface area of the solid
and the pore volumef219], [270] The modificatiorof the lignocellulosic structure,
such as the crystalline of the cellulose or lignin distribution as well as allowing higher
biological process kinetics through the release of dissolved organic maféi,

[272].

W Fibrous biomass (e.g., paper), the maximum biogas potential of the fibrous materials

will be more strongly affected by piteeatment.
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W NonHibrous bianass samples (e.g., Banana peel) are expected to assist other fibrous
biomass substrates to speed up hydrolysis steps that are generally accepted as the
rate-limiting phase in anaerobic digestion (AD) in the breakdown of the lignocellulosic
material. Therby, the optimisation of this step might have great potential to greatly

increase economic profitability.

5.6.1 The following conclusions can be made considering the results:
W The findings indicate that the same biomass source's greatest methane
potential increases as particle size decreases.
W The results demonstrate that decreasing the particle size increases the

substrates' total surface area and pore volumes.

W The study found that préreatment had a significant impact on fibrous
biomass, ke PWSB, which enhanced the potential for biogas methane output.
W The study discovered that the biomass samples significantly improve the

hydrolysis steps, increasing the AD process's profitability.

5.7 Conclusion
The production of methane over time was demifor all four PTLs of each
substrate, with PTL4 degrading more quickly than the other three PTLs. The
specific methane output and volatile solids build of the four substrates used
for the BMP test were the two main variations between them. Simikmds were
seen in the flow rates for the four substrate sizes (measured in Nml/day), with
PTL4 particles with more surface area producing more methane than PTL3 and 2
and 1 for each substrate. The differences are variations in particle size and

substrate omposition.
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5.8 SemiContinuous Testing; Theffect of mechanical prereatment
on degradation of complex organic matter
The semicontinuous testing was carried out with a hydraulic retention time (HRT)

of twenty days according to each preatment level ofthe substrate biomass
used in the study and the reactor was fed once a day using manual rioda.
experimental semcontinuous test, three substrates were tested. This was done
in accordance with their prreatment levels (PTLs). Thabstrates prepared for

the batch and semi continuous tests that had been mechanically categorised into
four (4) PTLs in sessior23table3.1)were used. The test made use of PTi4s 2
for eachselectedsubstratefor the semi continuous test Thesubstraes consisted

of grass waste substrate bioma&SWSB)banana peel waste substrate biomass
(BPWSB), anpgaperwaste substrate biomaq$WSB). A calculated daily amount
of the influent substrates fed into the anaerobic digestath water addition is
shownin Table5.37 to 5.39 The variability of methane production was studied
for 60 days for the three different substratekhis choice of trial length is because

a shorter HRT is closely correlated with desirable capital cost reduction and
process efficiencyoptimization. According to Rivard et al273],polymeric
substrates require a digestion time of 60 to 90 days to be fully dige$tezleffect

of particle size distribution on the operation and optimization of the AD process
on the different pretreatment levels and other relevamirocess parameters on

anaerobic digestion of substrate waste biomass in the gas yield were also studied.

5.8.1 Feedstock Characterisation
Detailed characterisation of the thremubstrate biomass used in this semi
continuous testing research was carried out. Tiesults obtained from the
characterisation of anaerobic digestion feedstocks are presented in tables 4.1
chapter 4. The anaerobic substrate biomass fed into the reactor was msde
describe in session 3t6 avoid a shortage of substrate during the feaginregime.
This is to enable a good composition of the feedstock even though some
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experimental difference is undeniablMaterials are easily mechanically broken
down while some are nPWSB and GWSBheCalculatedrganic loading rates
(OLRs) for the tiee substrateswith water additionare shown in tables 26 to
5.28. However, the bioprocess laboratesgale bioreactor was fedn a daily
average value for-day weekwith an organic loading rate in wet 3g\d&¥and
the parameters measured during the seauntinuous testing is shown in table
5.29.

Table 526:Calculated organic loading rate (OLR) of banana peel waste substate

biomass.
Substrate biomass (BPWSB)
PTL2 PTL3 PTL4
Mass in Mass in Mass in

Reactor volume (R\B1.7L
Organic loading Reactor (OLBRgVS/miday
Feed (f).3*1.7=5.1
Feed VS (FV9):090=0.0909
F/IFVS 56.11 g wet/day
What about 5 days a week2*7/5=2.8
Digester feed per day56.11+ 2.8 =58.91g wet/day
Hydraulic retention TimgHRT): 28.86
With water addition =Amount of water/day (ml) = 26.094

Final HRTRV/ (feed per day +H)/1000 =20
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Table 527: Calculated organic loading rate (OLR) of grass peel waste substate
biomass.

Substrate biomass (GWSB)
PTL2 PTL3 PTL4
Mass in Mass in Mass in
Reactor volume (R\B1.7L
Organic loading Reactor (OLBRgVS/mday
Feed (f):3*1.7=5.1
Feed VS (FVS0.33=0.2033
FIFVS 27.81 g wet/day
What about 5 days a week2*7/5=2.8
Digester feed per day7.81 + 2.8 =30.61g wet/day
Hydraulic retention TimgHRT): 55.5
With water addition =Amount of water/day (ml) = 54.39
Final HRTRV/ (feed per day +b0)/1000 = 20

Table 528: Calculated organic loading rate (OLR) of paper waste substate

biomass.
Substrate biomass (PWSB)
PTL2 PTL3 PTL4
Mass in Mass in Mass in

Reactor volume (R\B1.7L
Organic loading Reactor (OLBYgVS/niday
Feed (f).3*1.7=5.1
Feed VS (FVS0.33=0.2033
F/IFVS 25.09 g wet/day
What about 5 days a weelk2*7/5=2.8
Digester feed per day:25.09 + 2.2 #89¢g wet/day
Hydraulic retention TimgHRT): 60.96
With water addition =Amount of water/day (ml) = 57.113

Final HRT:RV/ (feed per dayH20)/1000 = 20
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Table 529: Parameters measured during seaantinuous testing.

Physical And Chemical Parameters | Frequency Reference

PH Twice each week [218]

Total Alkalinity (TA), Partial Alkalinity | Twice each wee 232B[218]

(PA)ANd Intermediate Alkalinity (1A)

Total Solid (Ts) And Volatile Solid (VS [205]

Anaerobic Biogas Flow Daily Automatic
Bioprocess

Biogas Composition Daily Automatic
Bioprocess

Volatile Solid Destruction Measure Twice each week

(VSD

All digesters were initially inoculated and subjected to batch mode digestion until
the stability of biogas productianThe daily loading rate staetd with pre-
treatment level 4 in the first 20 day3his was done for the anaerobic microbial
organisms to feed on the substrate and improve the anaerobic degradability.
After the first 20 days,hte digester is fed with prereatment level 3 followed by
pre-treatment level 2Before feeding the freshly anaerobic substrate biomass for
each substrate, an equal amount of digestate was withdrawn dHilis was done

to maintain the recommendation heagace (300ml) by bioprocess and to avoid
failure of the AD system while allowing the biomass substrate to have a vigorous
mixture to promote the activity of a microbial organism in the bioreactors, to
enhance the rate of methane production as well maintagha constant volume

of the bioreactor.The bioreactor system is well built with mechanical stirrers, and
this presents an opportunity also for acclimatization of the freshly filtered
digestate in the same vessdlhe bioreactors were run in duplicate, aedch
duplicate was represented in the discussion according to its description, as shown

in table 5.30.
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Table 530: Duplicate reactor used for sermbntinuous testing of three
substratebiomass degradatian

Bioreactors Days of feeding Substrate Biomass| Feeding sequence
(1-20d) (21-40d) (41-58d)
R1 PT4 PT3 PT2 GWSB PT4 PT3 and PT2
R2 PT4 PT3 PT2 GWSB PT4 PT3 and PT2
R3 PT4 PT3 PT2 BPWSB PT4 PT3 and PT2
R4 PT4 PT3 PT2 BPWSB PT4 PT3 and PT2
R5 PT4 PT3 PT2 PWSB PT4 PT3 and PT2
R6 PT4 PT3 PT2 PWSB PT4 PT3 and PT2

5.9 Grass Wast&ubstrate Biomass

5.9.1 Biogas output methane production of the GWSB

The results show that a temperature shock occurs for #wnicontinuous test
incubation digesters (RE2) around day 22/23, and the methane content of the biogas
decreases significantlifhis could be explained by the nature of the substrates and the
pattern of the feedThe methane content of the biogas produtincreased steadily after

the system recovered, with peaks and drops as PS decreased over time. Figures 5.29
show the percentage (%) and daily average production of methang &ih semi
continuous testing of GWSB, respectively. Appendix F1 shows the experimental results,
which show a daily average biogas methane flow rate of about 1149 ml/day for 9 weeks.
Figure 5.33 clearly shows how HRT has affected biogas produthiebiogas methane

(CH) contentwas found at his peak on day 8 which is about 68.5% for R1 and on day 3
about 67.4% respectively for R2. The minimum biogas methang ¢Ghtent was found

on day 23 which is about 25.5% for R1 and on day 23 about 30.3%l{BBWwest biogas
methane (Chk) content was discovered on day 23, which is around 25.5% for R1 and
approximately 30.3% (R2). Methane output from biogas was seen to be fairly steady over
time. The biogas methane content of R2 were more stable thaif elresiis also show

that PTL4 processed for five minutes inaanbined effect of anincer and grinder yields

the peak biogas methane content for R1 and R2, respectively. PTL4 may have broken
down more quickly and the concentration of methane {Cid the biogasnay have

increased due to the increased activities and population of microorganisms in both R1
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and R2.The available surface area may have contributed to the peak biogas methane
concentration seen in R1 and Rso, the spikes in PTL4 may be due to smBi&being
digested more quickly. Even so, biogas methane content production gradually reduced
with time though not distinctly. This could be attributed to being the frequency of the
particles size distribution from prgeatment level 4, followed by prereatment level 3

with HRT 2140 days and préreatment level 2 with HRT 438 daysBiogas produced

by PTL3 grinders, which have larger PS with lesser surface area, had -sechuesd
methane content. The biogas may have been affected by HRT due toRSgdnich take
longer time digest. The biogas's methane concentration rose after days 23 and 49 (R1
and R2) because of the patrticle size distributions in PT3 and PT2, which gradually reduced
over time and made it simpler for the microbe to acclimatize. gitogportions of biogas
methane (Ch) in the test samples of grass waste substrate biomass (GWSB) were 55.1%
for R1 and 58.9% for R2. Typically, biogas made from grass waste substrate biomass
(GWSB) contains 57% methane {CHhis implies that anaerobicggister was working
correctly. The effect of hydraulic retention time (HRT) on the anaerobic digestion of
wheat straw was also noted Hg74]. Using HRT of 20, 40, and 60 days, the results
showed that the average biogas production was 46.8, 79.9, and 89.1 mL/g total solid as
well as 55.2, 94.3, and 105.2 mL/g volatile solids, respectively. The HRT of 20 had the
lowest methane contents of the tke reactors, ranging from 14.2% to 28.5%. AdagQ

HRT for the anaerobic digestion of maize was also reportd@d#B). The present results
support [276] 's assertion that when the HRT was less than 2 days, the anaerobic
sequential batch reactor treating a dilute waste stream did fail because the HRT was too

shortto allow for microorganism growth to exceed the limits.
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Figure5.29: Percentage biogasethane Chicontent produced from the
degradation of GWSB (Rhd R2.

5.9.2 The specific production rate of methane (@QHn semicontinuous
testing of GWSB

The result of specific methane production for the GWSB bioreactors is shown in figure
5.30. Specific methane production for both reactors rose from 2INnd/gVS to 33
NmI/gVS within the first five (5) days of the experiment. Thereafter methane yield
declined in both reactors to about 2BInl/gVS. The initial increase in methane
production up to333Nml/gVS could be due to the degradation of the readily organic
component of the grass wast&he specific methane yield significantly dropped to
67.8Nml/gVSat the start of PTL3, after which both reactors recovered. Again, large
PS with lesser surfacese to account for the decline in methane production since
they take more time to digest and affect the biogas output. As a result, HRT affected
the amount of methane produced by biogas. Also, it can be due to temperature
shock.Specific methane productiowas relatively higher in R2 as compared to R1,
and this trend was consistent for the duration of the experimenhhis tends to
suggest that the digestion processes for R2 worked better. It is impossible to conclude
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that a shorter HRT influenced the prartion. Itcan be observed that after the start

of PTL3, R1 and R2's specific methane production could no longer remain steady. A
decline from 258iml/gvVSto 200Nml/gVSwvas observed for R2 while 250nl/gVSo
200Nml/gvSwas observed for R1 following the camencement of PTL2 to the
termination of the experiment. The decrease in the specific methane yield when PTL3
is added to the digester is like the behaviour observed when the digester is fed with
PT2. This development has showed that beyond a certain |duether particle size
reduction of lignocellulosic substrate does not ensure the corresponding yield in
biogas. Large PS take longer to digest, which suggests that HRT affects the production
of biogas. Methangroducing archaebacteria regenerate more velp than
acidogenesiand hydrolaseproducing bacteria. To prevent methanogens from being
washed away, HRT needs to be long enougttording to[276], the failure of the
anaerobic sequential batch reactor treating a diluted waste stream was caused by
the HRT being too short to allow microorganisms to multiphgrotheir limiting
thresholds. As shown in figure 513 the biogas output was affected by HRT.
Additionally, the production of biogas may not match the PTLs due to the
mechanically processed materials being fed into the digester in a sequence of smaller
(more) to larger (less) particle size reduction (P$Re. specific methane production

rate decreases in both bioreactors between day 40 and 60. The possible explanation
of the reduction in methane production could be the feeding ofPWhich has a
larger sze distribution than PI3 and PT4. During the period, RZ undergoes
degradation to PII3, and then to PH. Figure 5.Bshows that PTL4 and PTL3 produce
more biogas than PTL2, which produces the least amount. This suggests that, even
though the digestewas affected by HRT, reduced particle size and a related increase
in the surface area have made organic material more accessible for microbial
breakdown, hence boosting the biogas output. The average specific methane
production of grass waste substrate mass is shown in Figure %.&long with
standard deviation error bars. PTL4 has the highest effect on specific methane as
shown in figure 81, with a specific methane of 321 H3Ml/gVS From the graph,

methane production almost reduced to BdInl/gVS because of the influence of HRT
I —
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and temperature shockPTL4 had the greatest methane production rate from the
daily feeding, followed by PTL3 and PTL2, in that oRfevious research has shown
that changing the feeding sequence can increaseraienal stability while also
changing the diversity, dynamism, and evenness of the microbial commugitiés
Studies by Lemmer arjd78]¢[280] have explored how changes in feed affected the

biogas production rate in terms of rise and fall of biogas over time.
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Figure5.30: Semicontinuous testing showing specific {#oduction of GWSB
(R1 and R2).
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Figure5.31: Semicontinuous testing showing average specifia @taduction
from GWSB in a bioreactor (R1 and.R2)

5.10Banana PeeledVaste Substrate Biomass

5.10.1Percentageand Average Methane Production Rate BPWSB

The results of the sentiontinuous test of the BPWSB biogas methane)Cbhtent are
shown as a percent (%) in figures%.8n days 23 for reactors R3 and R4, temperature
shock caused the biogas's methane & to drop significantlyBoth thecomposition

of the substrates and the order of the feeduldexplain thisThe daily average methane

in biogasflow rate for the nine weeks was about 1102ml/day (see apper@x The
results reveal that HRT had an impact on thegasmethane content. Methane (GH
content was found to be present in about 69% of the biogas produced by reactor R3 on
day 5 and roughly 64% of the biogas produced by reactor R4 on daynlfay 23,
reactor R3 produced about 31% of the biogas' methane content, whereas reactor R4

produced about 3%. The highest biogas methane content of reactor R3 and R4 falls
I —
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within PTL4 which has more fine particles (PS) while PTL3 has lowest amount of biogas
methaneconcentrationas shown in figure 5.32Vhen the digester was fed with larger
particle size (PS) processed using a grinder (PTL3) and mincer (PTL2), a reduced in the
amount of biogas produced was observed with each of the feed PTLs tB&tealise of

the microbial attack on their surfaces, the three PTLs of the BPWSB were considered to
differ from each other. Several studies have shown that when patrticle size increases, the
surface area exposed to the bacteria to produce biagaksices[178], [186], [212]This

was demonstrated by the fact that PTL4 digesiarscessed using a combination of a
mincer and a grinder for five minutggoduced a highebiogasmethane (Ck) content

than PTL3 and PTUR)estersThisagrees with existing literaturg36], [173], [176], [18],

[183], [209], [2814[284]that the smaller particles contribute more to biodegradation in
terms of thar specific surface area than the larger particles. Because, it has been
concluded by the researcher, that biodegradation hydrolysis of substrate biomass is a
surfacerelated mechanism since most of the hydrolytic anaerobic microbial organism is
said to beattached to the surface of the biomass substrate during degradation using
extracellular enzymedfter day 20, when the digester is fed with a larger PS, methane

output starts to decline (PTL3).
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5.10.2Thespecific production rate of methane (GHin semi

continuous testing of BPWSB
The specific methane output for BPWSB for reactors R3 and R4 is shown in figure

5.33. The result reveals that, despite the two reactors' output trends being
identical, B's methane flowrate was consistently higher than those of R
throughout the test The specific methane production for R3 rose from 201
NmI/gVS to 29INml/gVS during the first five (5) days of the experiment, and for
R4, it rose from 176Iml/gVS to 252Nml/gVSon the eleventh (11dlay.Methane

flow rates for both reactors fell by more than 50% between days 23. This could be
the result of a significant shift in the system's kinetics after the start of pre
treatment level PT3 or because of the destabilisationtbe AD system discussed

in session 5.6.1. A similar drap methane flow rate was also observed around

day 45 for reactor R4 following the commencement of-peatment level PT2.
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After day 23, when the reactor was recovered, the digester was fed witlined
amount of PTL3, R3 continued to produce methane. From day 30 to day 47, the
methane flowrate in reactor (R4) consistently decreased, suggesting that some of
the substrate biomass had been washed éf. a result, it was evident that HRT
had an impacbn the amount of methane produceahich also holds for GWSB.
According td276], the failure of the anaerobic sequential batch readi@ating

a diluted waste stream was caused by the HRT being too short to allow
microorganisms to multiply over their limitirtgresholds It is also observed from
both reactors that the commencement of a new greatment level was always
followed by a suden decline in the specific production rate of methaBeth R3

and R4 exhibit a similar trend in biogas output by responding to the changing feed
with a sudden rapid fall after each feed PTLs. There was a decrease in reaction to
the fed of reactor withPTL3 and PTL2ollowed by a fair consistent increase. This
can be explained by the PTLs' feeding sequence, as shown in t28lead the
physiochemical properties of the substrate. The larger particles take longer to
digest and will consequently have axtended effect on the biogas rate of
production. The anaerobic digestion of the smaller particle size (PTL4) produces
the peaks in the biogas output after feeding. Besides disturbance in the
kinetics of the reactor, a change in theA O NB 2 NJbbdyféatid coGdialso
cause a decline in the specific production rate of metharrtee observed results
showed that PTL4 material, which was processed for five minutes using a
combination of a mincer and a grinder, had a higher specific methane production
than PTL3 (grinder) and PTL2 (mineeh)le PTL2 had the lowest specific methane
output. Theaverage specific methane production of BPWSB is presented in figure
5.34 along with standard deviation error bars. PHchieved a specific methane
yield of262 £2Nml/gVSand has the highest effect on biogas production. With
peaks and troughs in methane output, daily PTetling of the digester promotes

the methane production to continually increaseTL3 achieved roughP54+12
Nml/gVS while PTL1 had the lowest methane output at approximately+289

Nml/gVs
|
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5.11 Paper WasteSubstrate Biomass

5.11.1Percentage and@verage production rate of paper waste

substrate biomass
The results from the lascale analysis of paper waste substrate biomass are

displayed infigures 5.5. Appendix/3 shows that the daily average flowrate of
biogas methane output is around 955 ml/dayn days 23, a temperature shock
significantly reduced the methane content of the biogas in reactors R3 and R4.
The composition of the substrates and the feed order can both be used to explain
this. Both reactors R5 and R6 have a similar trend of biogethane output. R5
seems to be more stable than R6. On days 13 and 27, correspondingly, for reactors
R5 and R6, the highest biogas methane concentration) (@asrecorded. These
values are approximately 64% and 66%, respectively. This reveals that the pre
treatment levels 4 and 3 had the highest output rates for R5 andSk@ée PTL4
contained more dense PS with a larger surface area than PTL3 did, one
explanation for PTL4 procssd with a combination of mincer and grinder could

be an increase in microbial population and action. For PTLS3, this could be revealed
by the actions of the anaerobic microbes and the residual materials during the
degradation of the biomass substrate ofegreatment level 4.0n day 23, the
biogas methane content for reactors R5 and R6 was found to be the lowest, at
roughly 32% for R5 and 34% for R6, respectivdyguced biogas was produced
when the digester was fed with larger particle size (PS) treat@dgua grinder
(PTL3) and mincer (PTL2). This This can be driven by the fact that large PS require
longer to breakdown and will have a substantial effect on the biogas. As a result,
HRT might have affected the biogas's methane concentrafldre results a
similar to those of GWSB and BPWBH#& output of the biogas methane is driven

to gradually increase until the end of the test by both reactors R5 and R6, which
produce methane in peaks and valleys. The results are similar to those of grass

and banangeel waste substrate biomass.
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5.11.2 The specific production rate of the methane (@Qhh semi
continuous testing oPWSB

The results of a specific methane output for the PWSB are shown in Fidire 5.

Methane output initially increased at all pteecatment levels before decreasing. R6

had a higher biogas spike on day 9 (250 ml/gVS/day) than it did on day 6, when R5

had a higher spike (243 ml/gVS/daylPTL4 has the highest specific methane

production of reactors R5 and R6 and contains more fine particlesTRSran be

explained by the fact that the rate of biogas production has increased due to the

digestion of smalleparticles, which have more larger surface area available for

enzymatic hydrolysiswhen reactor R6 iscompared toR5 reactor R5 produced

reduced methane at a rate of 32 ml/gVS/day as opposed to 54 ml/gVS/day for reactor

RG& The methane production proé at day 20 is similar in both R5 and R6,

demonstrating that the particle size distribution of PT4 is similar. The methane
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production profiles for prereatment levels PO3 and PT2 are different. A possible
explanation could be a sligttifference in the particle size distribution which is
predicted by the increase in the methane production in R6 between das020
compared to R5, and the decrease in the methane production in R6 when PT2 is fed
into the digester, while the methane producti in R5 increases with the addition of
PT2.The specific methane outputs of both reactors had a sudden drop before rising
when the digesters were fed with PTL3 grinder substrate which is like the behaviour
seen when the digester is fed with PT2. LargevRi$ lesser surface area may be a
contributing factor in this decrease in methane production because they take longer
to metabolise and hence affect the rate at which biogas is produsedeen in figure
5.39, there were peaks and troughs in the methangput which suggest that HRT
had an impact on the rate of biog@soduction. Thecumulative methane amount
produced by the microbial breakdown of paper waste is shown in FigGiatong

with standard deviation error bard.he output of methane increasaghen PTL4 is

fed to the digester after being minced andig for five minutes, but it gradually
decreases over timéfter day 20, the breakdown of the residual PTL4 and the added
PTL3 causes methane production to rise. Methane output starts to reaftegra
steep decline on day 28lethane production exhibits a sharp drop between days 30
and 40, which is followed by a gradual rise between days 406an(PTL2)The
decrease in methane output could be attributed to large PS with smaller siafaas
since they metabolise more slowly, which slows down the production of bidgas.
seen in Figure B0, HRT had a clear effect on the productrate of methane PTL4

has the highest effect on production, producing an average of approxima#ialy 2

+18ml/CH/gVs/day of specific methane from paper waste.
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5.12Performance of reactor R1 to R6
Biogas methane content in a reactor is affected by the kind of substrate used and
how efficiently each stage dhe anaerobic digestion process is working in that
reactor under steady state conditions[285]. The six (6) reactors used for the
semkicontinuous test was carried out in duplicate @i®wnin sessior8.9 (Table
3.5) for each sample reactor, although R2, R3 and R6 had a higher methane
content indicating that its digestion activities were more effeetas compared to
R1, R4 and R5 of the same substr#ités possible to conclude from these results
how short HRT and the change in feed PTLs in the reactor affected this operation
given that this was the case throughout the test duration. Similarly4 Xhibits
a similar trend in production for the first 20 days in R1 and R2, however PTL3 and
PTL2 for days 21 through 40 and days 41 through 58, reactor R2 produce more
methane. Additionally, when compared to reactor R3 displays a similar trend in
high meéhane output from days 1 through 58 in all three PTLs (PTL4, PTL3, and
PTL2), when compared to R4. Reactor R5 produced higher methane in PTL2 than
reactor R6, however when R5 and R6 were compared in terms of output, R6
produced more methane in PTL4 and REL4 typically produces more methane
during the first 20 days of output than PTL3 and Padshown intable 5.3 and
figure 5.38.
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Table 531 Average% biogas methane content for reactor R1 to R6 PTLs

GWSB | BPWSB | PWSB
PTL4
R1 61.10+3.02 59.12+4.17 53.92+5.63
R2 60.84+2.97 56.72+3.28 55.62+3.59
AV 60.97+0.13 57.92+1.28 54.77+0.85
PTL3
R1 55.73+7.99 55.78+6.38 42.42+10.97
R2 57.88+7.00 52.86+5.71 47.7048.13
AV 56.80+1.08 54.32+1.46 45.06+2.69
PTL2
R1 47.5644.29 57.19+2.96 52.83+4.95
R2 57.88+1.56 52.89+4.22 49.52+7.59
AV 52.72+5.16 55.04+2.15 51.17+1.66
AV substrate 57 56 50

5.13Conclusions

The reactions to changing feed when PTLs with less surface area PS are fed, along
with the effects of short HRT on the methane content apécific methane yield,

are the most obvious similarities between the reactors R1 & Bhemethane
production profiles of the PWSB differed significantly. While PS with more surface
area (PTL4) outperformed the other three PTLs with lesser sudisase GWSB
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outperformed both BPWSB and GWS3®so, for all substrates, the spike in
methane yield was greater for the GWSB compared to the other substrates, as

well as between PTL4 and the other two PTLs.

5.14 Stability operations of a seracontinuous test
The stabity performance of the digester operations is presented in Figures 5.39,
5.40, and 5.41, which also reveal how HRT affects the pH levels of the GWSB,
BPWSB, and PWSB during anaerobic digestion. The performance of anaerobic
digestion is significantly infinced by pH, especially for lignocellulosic substrates
like PWSBThe pH profile of the slurry in the digester shows that there are pH
fluctuations. With HRT of 20 days, pH levels for PTL4 range from 7.33 to 7.45, but
pH values for PTL3 and PTL2 ranged from 7.36 to 7.42 and from 7.20 to 7.35 for
GWSB. Additionally, theplevels in the BPWSB vary between 7.30 and 7.32 with
an HRT of 20 days for PTL4, whereas the pH ranges for PTL3 and PTL2 were 7.25
to 7.34 and 7.28 to 7.31, respectively. The pH levels in the PWSB range from 7.2
to 7.3 for PTL4, however they were 6.617t@3 and 6.8 to 7.0 for PTL3 and PTL2,
respectively.The optimum pH range in an anaerobic digester is 6.8 to 7.2 in the
anaerobic digestion process. However, a range of 6.5 to 8.0 may be tolerated by
the digestion proces286], [287] The pH profile reveals a drop in pH of the slurry
in R5and R6 from 7.3 to 6.61 between days 25 and 48. The decline in methane
output driven on by HRT may also be explained by a decline in the pH of the
digester slurry. Also, the pH of the digester slurry for BPWSB and GWSB showed a
very slight variation in pHiowever, this pH concentration did not drop below 7.2
or rise above 7.5, which is within the allowable range for steatigte operation.
On the other hand, the lowest pH value with HRT of 20 daywaswhich was
still within a fair limit suitable fo substrate degradation and beneficial for
methane productionBased on the initial pH and pH endpoints, the three alkalinity
ratio indicators (PA, IA, and TA) suggested [B19] were used as a stability
indicator as described in session 3.4.3 (table 3t8.results demonstrate that the

1 ——
EBAYE SCHOLASTICA BEJOR 140260368 5-189



digester fluctuates even though the feed is changed Rob# which contains
small PS and more surface area to PTL3 and PTL2 which contain large PS and less
surface area. An increase in the IA/PA ratio, which may indicate the-uniitef
volatile fatty acids (VFAS) in the reactor for all three substrates, shiveedhe

pH in the reactor was relatively stable over tithecordingo literature data[219]

the 1A:PA ratio increasing from 0.2 to 0.4 suggests a steady mode of operation for
the reactor but rising over 0.4 indicates an unstable digegerdemonstrated in
figures 541 to 543, the gradually increasing IA: PA level showed there was a
disturbancen the digester for the BPWSB, GWSB, and PW&BPA and IA in the
semicontinuous reactors were within the permissible range of 0.3 for the first
four weeks of digestion operations, but gradually increased to 0.42 (BPWSB), 0.41
(GWSB), and 0.45 (PWSB),aaling that the reactor had become more unstable

over time.
|GWSB T 7.5+0.45
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Figure5.39: shows the pH, total and IRA alkalinityfor the GWSB digester
during the semicontinuous test
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Conclusions: Overalihe changeover from large surface area PTL4 to smaller

surface area PTL3 and PTL2 feed affected the process stability indicators such as
pH, total and partial alkality, and IA/PA ratio, as well as shorter HRT, which

reduce thesubstrate destructiorand biogas in methane output.

5.15 Comparison of experimental and theoretical methane and energy
yield
Equations[3.7], [3.8] and [3.9], and were used to determine the theoretical gas

composition and theoretical calorific value based on data for the elemental analysis of
the four selected substrate biomass. The dried substance's heaing CV) was also
calculated.The results a@ compared, as shown in tabfe6. The energy value of the
substrate is computed using equation8and 39 of the Dulong formula as shown in
appendixGland G2. The result of the two equations demonstrates good agreement
with a minor discrepancy from thealue produced by the two equations83and 3.9.
Despite the short duration of the HRT, which demonstrated the substrate's rapid
degradation rate, and the BMP results, which suggested that the peak of gas produced
occurswithin the first five days, semgontinuous test of the three chosen substrates
revealedenhancedmethane output. Both BPWSB and PWSB produced methane in the
same patternsThe result shown in table 223lemonstrates that, despite increased
methane production between PTLs due to PS, there were differences in the methane
output for the BPWSB and PWSB as the batch test produced more methane than the
semicontinuous test, which may have been influenced bgrsHRT compared to the
GWSB where the methane output is higher in the semi continuous test outje.
organic material and increased unit surface area exposed to enzyme attack may have
contributed to this by improving carbon bioavailability and hydralysi the treated
substrate Additionally, according tfiL60], [288F[290], the particle size of a substrate
may have an influence ohe¢ efficiency of biological processes like anaerobic digestion
(AD) . Larger surface area is exposed to enzyme attack on smaller particles per unit of
time, that could boost the processed material's carbon accessibility and hydrolysis
[61], [160], [240], [291]
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Table 532: An overview of digester performance

Substrate Parameter Value
Pretreatment levels PTL1 PTL2 PTL3| PTL4
BPWSB | BMP (Batch test) 245 | 271 293 | 332
Semi continuous test - 229 253 | 262
Theoretical specific methane production 321 | 327 339 | 353
Empirical formula A g€ g E
Molar mass of empirical formula 463.04
% Measured biogas methane Qidntent - |55 |54 |58
Theoretical %biogas methane Qténtent 71
Calculated CV (energy value) MJIKgS 22
(equation 3.6)
Calculated CV (energy value) MJIKgS 20
(equation 3.7)
Average batch test specific methanesCH 285
production
Average semi continuous test specific methang 248
CH production
Average % measured biogas methane CH 56
content of substrate
Average theoretical specific methane ££H 353
production of substrate
Average digester pH 7.32
GWSB BMP (Batch test) 203 | 225 255 | 274
Semi continuous test - 242 286 | 321
Theoretical specific methane production 268 | 272 294 | 301
Empirical formula A g € gE
Molar mass oempirical formula 218.65
% Measured biogas methane Qidntent - |53 |57 |61
Theoretical %biogas methane £téntent 70
Calculated CV (energy value) MJIKgS 22
(equation 3.6)
Calculated CV (energy value) MJ1KgS 20
(equation 3.7)
Average batch test specific methane 239

CH4.production

Average semi continuous test specific methane
CH4 production

283

Average % measured biogas methane CH 57
content of substrate
Average digester pH 7.33
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Continues

Substrate Parameter Value

Pretreatment levels PTL1 | PTL2 | PTL3 | PTL4

PWSB | BMP (Batch test) 231 | 250 | 264 | 274
Semi continuous test - 206 | 240 | 250
Theoretical specific methane productiq 269 | 273 | 282 | 287
(Buswell 1952)
Empirical formula A€
Molar mass of empiricdbrmula 14.03
% Measured biogas methane Qidntent - | 51 | 45 | 55
Theoretical %biogas methane Cldontent 72
(Buswell 1952)
Calculated CV (energy value) MJ1kg/S 21
(equation 3.6)
Calculated CV (energy value) MJ-1kg/S 19
(equation 3.7)
Average batch test specific methane 255
production
Average semi continuous test speci 232
methane Chlproduction
Average % measured biogas methanes 50
content of substrate
Average digester pH 7.09

TWSB | BMP (Batch test) 233| 260| 276| 294
Semi continuous test - - - -
Theoretical specific methane production 298| 313| 321 325
Empirical formula Agé g 'E
Molar mass of empirical formula 3245
% Measured biogas methane Qténtent - | - - -
Theoretical % biogasethane Chkicontent 70
Calculated CV (energy value) MJ1kg/S 21
(equation 3.6)
Calculated CV (energy value) MJ-1kg/S 19
(equation 3.7)
Average batch test specific methat 266
CH4.production
Average digester pH 7.33

- Not measured
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5.16 Comparison of batch and sergiontinuous tests
The semicontinuous test lasted 58 days for the three substrate biomass pre
treatment levels before the experiment was terminated, whereas the batch test
lasted 30 days during degradation for each substrates PAfter the BMP test, the
data from the bioprocess software differed, which would have been caused by
the organic matter and the bacteria’ activity in the reactbiRT of 20 days for
GWSB, BPWSB, and 18 days for PWSB was used to make the batch test
compaable to the sermtontinuous test. This allowed for easier comparite
average specific methane output of the three chosen feedstocks, such as GWSB,
BPWSB, and PWSB, is shown in Table 5.33 using three PTLs (PTL2, PTL3, and PTL4)
from the PSD classification class used in the smmiinuous testA batchtest is
used to canpare thesemicontinuousmethane output performance.
The semicontinuous and batch tests produced contradiatesuylts.Table 5.3
demonstrates that while the batch test provided a higher methane output for
BPWSB and PWSB, the seamtinuous test yieldd a higher methane output for
all PTLs (PTRBT2) for GWSBomparing the substrate performances at different
PTLsAs shown in Table 333 the results of the batch tests showed that, on
average, BPWSB performed best at PTL4 and PTL3, paN&MBned better at
PTL2, and GWSB produced the lowest amount of methane across alSimila:
to batch tests, GWSB performed best in the seontinuous test at PTL4 and
PTR, however, PT2.had the best results from BPWSBe methane output for
GWSBEaveragely performed ks for the semi continuous test than the batch test
This might be explained by the microbial activity. On the other hand, this supports
the discoveries 0f187] who, using results from previous studies, identified the
particle size paradoX.heir study showed that other characteristics other than the
mean size play a critical role because the relative rate of gas production per unit
surface area rapidly decreases with decreasing particle size for smaller particles.
Result of theBPWSB and PWB®f the semi continuous test can be explained by

the change in feed from PTL4 with greater units of surface area compared to PTL3
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and PTL2 witltesser unitsurface area. Also, theperating conditionfHRTpf the
digestercould also affect the rate dfiogas methaneutput. Theresults showed

that batch test yielded théaighest methane outpu(295+3MNml/gVS for BPWSB

as compared to semgontinuous test(253+29nICH/gVS/day for GWSBwhich

falls within PTL4. Similarly, smaller particle size results in a higher unit surface area
that is exposed to enzymatic attack, which could also boost carbon availability and
hydrolysis of thanechanicatreated material[61], [157], [240], [291]Finally, it is
noteworthy that GWSB outperformed the other two substrate and is best suited
for anaerobic digestion (AD) in terms of providing the optimal amount of specific
methane. Also, fronthe experiment, the paper waste substrate biomass (PWSB)
produced less methane when compared with the otheot(2) substrae. The
physical significance of these could be poor microbial activities on the reactor
content. Hence, making the sampling of the effluent less accurate as the solid
particles could not be actively degraded by the microbes. This creates curiosity for
physcochemical characteristic of the paper waste sample. Paper, which is a by
product of wood is known to be rich in lignin. Lignin is considered as the most
recalcitrant to biological deconstruction due to its irregular, complex, and highly
heterogeneous aromtic structure[292].

Table 533 Averagespecific methan@utput from batch and semiontinuous testof
GWSB, BPWaiBd PWSRBcross the duration of thetudy.

Substrate biomass
PTLs HRT GWSB PWSB BPWSB
(days)
Batch test PT4 20 218 +37 251 +31 295 +34 Nml/gV$S
Nml/gVS Nml/gVS
PT3 20 212 +36 248 +29 259 +38 Nml/gV$Ss
Nml/gVS Nml/gVS
PT2 18 117 +37 228 +33 223 +35 Nml/gVs
Nml/gVS Nml/gVS
Semi PT4 20 253 +29 186 22 235 20 NmlIgVs
continuous Nml/gVS NmlgVs
test
PT3 20 228 48 136 #40 221 82 NmIgVsS
NmlgVsS NmlgVs
PT2 18 192 21 164 24 199 £2 NmlgVsS
NmlgVsS NmlgVsS
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5.17 Comparison of eactors performance$or semicontinuous testing
The study's goal is to assess whether there is a variation in methane yield among
reactors R1 and R2 from GWSB seamtinuous test results. This hypothesis was
tested by comparing thepecifc methane yields of R1 and R2. An independent
samples itest was used to test this hypothesis. Talle4 reveals that the
average specific methane yields in reactor R2 (M=237.2, SD=43.04) are
significantly greater than those in reactor fM=214.2, SD=46.05), t (114) =2.78,
p=0.006. The magnitude of the effect is medium (Cohen's d =0.516). These results
suggest that R2 produced more methane than R1, which could be attributed to a

higher microbial population in the digester.

Table 534 Specific Methane yieldifferences in reactors R1 and R2

Group Statistics
R N M SD SEM t df p | 2KSY
1 58 214.2 46.05 6.05 -2.78 114 0.0064| -0.516
2 58 237.2 43.04 5.65
R=Reactor=Mean, SD= Std. Deviation, SEM= Std. Error Mean, df= differg¢

Using data from the BPWSB serontinuous test, the study's goal is to determine

if specificmethane yield differs between reactors R1 and R2. comparing R2 and
R1'sspecificmethane yields allowed us to test this hypothesis. This was explored
using an independent samplegdst. The averagepecificmethane yields in
reactor R1 (M=237.2, SD=43.@4% significantly higher than those iractor R1
(M=214.2, SD=46.05), as shown in tabl85 with a t (114) =6.81, p=<0.006.
Cohen's d value of 0.516 indicates a medisiged effect. Due to a higher
microbial population in the digester, these resultdicate that R2 produced more
methane than R1, which could be explained by this.

Table 535 Specific Methane yield differences in reactors R3 and R4

Group Statistics
R N M SD | SEM| t df p /| 2KSY]
1 58 2418 | 32.27| 4.24 | 6.81| 114 | <0.001| 1.265
2 58 196.7 | 38.82| 5.1
R=Reactor=Mean, SD= Std. Deviation, SEM= Std. Error Mean, df= differ
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Reactors R1 and R&gecifianethane yields were comparddable 5.36)Specific
methane yields in reactor R2 (M=16431)=40.61) were, on average, higher than
those in reactor R1 (M=159.7, SD=46.12). An independiest revealed that this
difference was statistically significant; the results were t (114) = 0.558, P = 0.578.
The small size of the effect is indicated by tBohen's d value of 0.261. These
results show that R2 produced more methane than R1 due to a higher population
of microbe in the digester.

Table 536 Specific Methane yield differences in reactors R5 and R6

Group Statistics

R N M SD | SEM| t df P | 2 KSYy(
1 58 | 159.7| 46.12| 6.06 | -0.558| 114| 0.578 0.261
2 58 | 164.2| 40.61| 5.33

R=Reactor=Mean, SD= Std. Deviation, SEM= Std. Error Mean, df= differe

5.17.1 Performance of thehree substrates in terms of methane production
The BPWSB M=225.7 (SD=43.2) specific methane yield was correlated with the

GWSB (N=58). Comparatively, the BPWSB M=219.5 (SD=29.5) was associated with
the numerically smaller GWSB (N=583}.shown in table 5.37, aimdependent
samples t test was carried out ttetermine the hypothesis that the GWSB and
BPWSB were associated to statistically significant differences in the mean of the
BPWSB. The independent samples t tests revealed statistically significant results,
with a value off (114) =.942, P=.0348. Asesult, the GWSB was associated to a
statistically larger mean than the BPWSB. Based on the Cohen's d (1992)
guideline, the Cohen's d was estimated at.175, which is a very low value. Table
5.37 Alsadisplays the mean at 95% confidence intervals. The speudithane

yield from the GWSB, M=225.7 (SD=43.2), was correlated with the GWSB (N=58).
The numerically smaller PWSB (N=58) was correlated with the PWSB M=161.9
(SD=37.1). The hypothesis that the GWSB and PWSB were associated to
statistically significant ffierences in the mean of the PWSB was examined using
an independent samples t test. With a value of, t (114) =8.530, P= <0.001, the

independent samples t tests produced statistically significant results. The GWSB
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was thus the related to a statistically higr mean than the PWSB. The Cohen's d
was estimated at 1.584, which large value based on the Cohen's d (1992)
guideline. The mean analysed at 95% confidence intervals are shown in Table
5.37. While the BPWSB (N=58) was correlated with the specific methiata

from the BPWSB, M=219.2 (SD=29.5). The PWSB M=161.9 (SD=37.1) was
correlated with the numerically smaller PWSB (N=58). To determine whether the
GWSB and BPWSB were connected to statistically significant differences in the
mean of the BPWSB, an indejkent samples t test was conducted. Independent
samples t tests produced results that were statistically significant, with a value of

t (114) = 9.214, P=. <0.001. Thus, compared to the PWSB, the BPWSB was
statistically associated with a higher mean. Acaagdto the Cohen's d (1992)
formula, the Cohen's d was calculated to be,1.711, which is a large value. Table
5.37shows the average.

Table 537 An independensamples t tesof the threesubstrate used faemit
continuous test
Group Statistics
S N M SD SEM t df p | 2KSYy
GWSB 58 225.7 43.2 5.67 | 0.942 114 0.348 0.175
BPWSB| 58 219.2 29.5 3.87
S N M SD SEM t df p | 2KSYy
GWSB 58 225.7 43.2 5.67 8.53 114 <0.001 1.584
PWSB 58 161.9 37.1 4.87
S N M SD SEM t df p | 2KSYy
BPWSB| 58 219.2 29.5 3.87 |9.214 114 <0.001 1.711
PWSB| 58 161.9| 37.1 4.87
S=Substrate =Mean, SD= Std. Deviation, SEM= Std. Error Mean, df= differer|

5.17.2Results of the analysis ofariance: Averagspecific methanepotential of
the GWSB.
The study's aim is to determine whether there is significant variance in the

average specific methane yield of GWSB based on their chosen PZ)Lisai#h

the PSD characterisation. Based on the hypothesis, PTL4 with smaller PSD and
more surface area will pbably produce more specific methane yield than larger

PS with less surface area. The sebomtinuous test experimental data were

analysed using a betweesubjects onewvay ANOVA. The results revealed a
_________________________________________________________________________________________________________|
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significant variation in the specific methane yieldtween the three (3) pre
treatment levels, with F (2, 55) =13.8 and P=1:03EThe effect size is.33&0

shown in table 5.38Post hoc analysis was performed using Fisher's LSD. The
studies reveal that PTL4 (M=253, SD=29.8) has a significantly higheicspecif
methane yield than PTL3 (M=229, SD=49.2) and PTL2 (M=192, SD=21.9). Based on
the Fisher's LSD results, PTL3 and PTL2 both differ significantly from PTL4 (M=
24.4, SEM=11.4, P9B)0273) and from PTL2 (M9.99, SEM=11.7, P=2.7366),
respectively, whe PT2 differs significantly from PT3 (M6.61, SEM= 11.7, P=
0.0036).The results indicate that PTL4 is more likely to produce more specific
methane yields than PTL3 and PTL2 because it has more smaller PS and more
surface area. This could suggest tRat_4 of the GWSB produces a higher specific
methane yield than other methods owing to the activity of the microbial
population in the reactorAs shown in figures %2 and 543, the results were

presented using a box chart and post hoc test fisher LSD.
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Table 538 Results of the analysis of variance: Average specific methane potential
of the GWSB.

ANOVAONneWay (19/01/2023 13:03:15)

Descriptive Statistics 06WSB

N Analysis| N Missing Mean Standard SE of Mean
Deviation
PT4 20 0 253.03 29.8 6.7
PT3 20 0 228.66 49.2 10.9
PT2 18 2 192.04 21.9 5.2
Overall ANOVA
DF Sum of Mean F Value | Prob>F| -
Squares Square
Model 2 35507.9 17753.9 13.8 1.42E 334
05
Error 55 70906.7 1289.2
Total 57 106414.6
Fit Statistics
RSquare Coeff Var | Root MSE Data Mean
0.334 0.16 35.9 225.7
Prob Alpha Sig LCL UCL
I 2Y23SySAie 2F I NAFyOS ¢Said [ SOSyS!
DF Sum of Mean F Value | Prob>F
Squares Square
Model 2 2127.9 1063.9 1.67 1972
Error 55 34985.9 636.1

Means Comparison

MeanDiff SEM t Value Prob Alpha Sig LCL UCL
PT3 PT4 -24.38 11.4 -2.15 0.036 0.05 1 -47.13 -1.62
PT2 PT4 -60.99 11.7 -5.23 2.73E06 0.05 1 -84.37 | -37.61
PT2 PT3 -36.61 11.7 -3.14 0.00273 0.05 1 -59.99 | -13.24
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Figure5.43:Means Comparison plot using fisHeBD.
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5.17.3Results of the analysis aofariance: Averagaspecific methane potential of
the BPWSB.
The purpose of the study is to determine how well the chosen PT2sf(dm the

PSD characterisation represent a significant variation in the average specific
methane yield oBRNVSB. According to the hypothesis, PTL4 will likely produce a
higher specifiomethane yield than larger PS with lower surface area. Using a
betweensubjects onevay ANOVA, the experimental data from the semi
continuous test were analysed. With F (2, 59)18 and P3.87E04, the results
reveala significant difference in the specifinethane yield between the three (3)
pre-treatment levels. The effect B5% in size. Fisher's LSD was used for post hoc
analysisasshown in table 5.8. The studyreveals that PTL4 (M=235 SD=0R.9)

has a significantly higher specific methane yisltien compared to PBL
(M=220.8, SD32.8) and PTL2M=199.5.8, SD=22_Fjsher's LSD results sheav

that PTR differ significantly from PRAL(M=-35.9, SEM=8.45), #.25, P=8.26E

05) and PTL2 differ significantly froRTI3 (M=-21.2, SEM=8.45), 1=2.5, P=
0.01494) respectively, while PT2 differs significantly from PT3 {8661, SEM=
11.7, P=0.0036).PTL3also have no significant variation from PTMkE -14.7,
SEM=8.22), t2.79, P=.94E02). As a result of its largesurface area and smaller

PS than PTL3 and PTL2, PTL4 is more likely to produce more specific methane
yields, according to the results. This might imply that PTL4 dB#é¢SB produces

a higher specific methane yield than those of other processes becdese t
microbe in the reactor is activ&igures 514 and 545 present the findings using

aSD as erroand a post hoc fisher LSD plot, respectively.

Table 539. Results of the analysis of variance: Average specific methane
potential of the BPWSB.
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ANOVAOneWay (19/01/2023 13:40:42)

Descriptive Statistics of BPWSB

N Analysis N Missing Mean Standard SE of Mean
Deviation
PT4 20 0 235.4598 20.94647 4.68377
PT3 20 0 220.7538 32.82749 7.34045
PT2 18 2 199.515 22.24403 5.24297
Overall ANOVA
DF Sum of Mean F Value Prob>F
Squares Square
Model 2 12310.84 | 6155.419 9.0951 3.87E04
Error 55 37223.12 | 676.784
Total 57 49533.96
Fit Statistics
RSquare | Coeff Var | Root MSE Data Mean
0.24853 0.11866 | 26.01507 219.2335 |
Means Comparison
MeanDiff SEM t Value Prob Alpha Sig LCL UCL
PT3 PT4 | -14.7061 8.22669 -1.7876 7.94E02 0.05 0 -31.1927| 1.7806
PT2 PT4 | -35.9448 8.45212 -4.25276 8.26E05 0.05 1 -52.8832| -19.0064
PT2 PT3 | -21.2388 8.45212 -2.51283 0.01494 0.05 1 -38.1772| -4.30034
Il 2Y23SySAie 2F I NAFyOS ¢Said [ SOSySQa
DF Sum of Mean F Value Prob>F
Squares Square
Model 2 179.4294 | 89.71471 0.29927 0.74256
Error 55 16487.72 | 299.7767
300 oo )
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Figure5.45:Means Comparison plot using fisHeBD.

5.17.4 Results of the analysis ofariance: Averagaspecific methane potential of
the PWSB.
The goal of the stuglis to evaluate how well the PSD characterisation's PT2s (4

chosen PTLs+2) represent a significant variation in the average specific methane
yield of PWSB. The hypothesis suggests that PTL4 will probably yield a greater
specific methane vyield thanailger PS with a smaller surface area. The
experimental data from the sertiontinuous test were analysed with a between
subjects onevay ANOVAAs shown in tabl®.40, the results revealed a significant
difference in the specific methane yield between the three (3)-jpeatment
levels, withF @, 55) =2.9, P=2.62E5. Post hoc analysis was performed using
Fisher's LSD. According to the data analysis, PTL488V8- SD=3.0) has a
significantly higheaveragespecific methane yield than PA(M=164.1 SD=25.3

and PT8 (M= 136.0, SD= 41.3)here is .2% influence.Fisher's LSD analysis
indicatethat PTL3 and PTL2 significantly differ from PTL4-@M4, SEM= 11 .4,
P=B0.00273) and from PTL2 (M60.99, SEM=11.7, P=2.786), respectively,
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while PT2 significantly differs from PT3 (M6.61, SEM= 11.7, 0036).The

results suggest that PTLgtmore likely to yield more specific methane yields due

to its greater surface area and smaller PS than PTL3 and PTL2. Because the
microbe in the reactor is active, this could mean that PTL4 of the PWSB has a
greater specific methane yield than those ohet processes?TL3 and PTL2, on

the other hand, which are comparable in that they both contain larger PS and less
surface area, are more likely to yield the same amount of a specific metidane.

box chart and a means comparisons plot fisher were useddplal the results,

as shown in figure46 and 47.

Table 540 Results of the analysis of variance: Average specific methane potential
of the PWSB.

ANOVAOneWay (19/01/2023 23:00:49)

Descriptive Statistics of PWSB

N Analysis| N Missing Mean Standard SE of Mean
Deviation
PT4 20 0 185.8772 23.03612 | 5.15103
PT3 20 0 136.0314 41.32925 9.2415
PT2 18 2 164.0909 25.26574 | 5.95519
Overall ANOVA
DF Sum of Mean Square F Value Prob>F
Squares
Model 2 24968.2 12484.1 12.86087 | 2.62E05
Error 55 53388.71 970.7039
Total 57 78356.91
Fit Statistics
R-Square Coeff Var Root MSE Data Mean
0.31865 0.19241 31.15612 161.9277 |
Means Comparison
MeanDiff SEM t Value Prob Alpha Sig LCL UCL
PT3 PT4 -49.8458 9.85243 -5.05924 5.01E06 0.05 1 -69.5905 | -30.1011
PT2 PT4 -21.7864 10.12241 -2.15229 0.03578 0.05 1 -42.0721| -1.50059
PT2 PT3 | 28.05948 | 10.12241 2.77202 0.00759 0.05 1 7.77372 | 48.34524
I 2Y23SySAade 27T | NRA(Abgolu® Devidtians) [ SHSy SQa ¢
DF Sum of Mean Square F Value Prob>F
Squares
Model 2 1832.04 916.0198 2.51949 0.08975
Error 55 19996.53 363.5732
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Figure5.47:Means Comparison plot using fisHeBD.
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Conclusion Oneway ANOVA and Pehlbc Fisher LSD were used to analyse the
experimental data from thesemicontinuous test, and they showed that PTL4
produced more specific methane yield than PTL3 and PTL2 because of its greater
surface area and smaller PS. On the other hand, PTL3 and PTL2, which are
comparable in that they both contain larger PS and hi@gs surface area, are
more likely to produce the same amount of a specific methane yield for all

substates.

5.18 A comparison of the specific methane yields of four substrate {reatment
levels used in the batckest.

The study's goal is to ascertain whethiétrere are any notable differences
between the four PTLs for substrates that were selected to be used in a batch test.
It was proposed that BPWSBe morelikely toproducegreatermethane in their
various PTLs than othesubstrate biomass. The data waslected over a 25lay
test period for all substrates for thenalysis This is because some substrate's data
was recorded for longer than 25 days. After that, a betwsahjects onevay
ANOVA was used to analyse tii@ta. The Fisher LSD was used in thatgwmc
analysis. The results revealed a significant variation between the four4Pdt 1
each substrate, with F (15,400) =7.22 and 4-04ESpecific methane yields differ
significantly between the four prgeatment levels, according to the studies, as
shown in appendi¥1l. TWSB PTL1 had a higher specific methane yield than the
other substrates (M=210.07, SD=55.8), while GWSB PTL1 had the lowest
(M=210.07, SD=55.8). According to the study results, the spewfitane yields
for BPWSB, TWSB, and PW&8& comparable but not identical. The highest
specific methane yield was produced by BPWSBPTa2 (M=225.6, SD=57.7),
while the lowest was produced by GWSB (M=181.2, SD=9h®&Y)esults suggest
that the specific methane yields for BPWSB, TWSB, and BWSBnilar but not
identical. Again, BPWSB PTL3 (M=255, SD=63.5) differed significantly from the
others, whereas GWSB had the lowest specific methane yield (M=211.7, SD=56.6).
Likewise, BPWSB PTL4 outperformed the other substrates (M=290.3, SD=69.3),
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while GWSB PTL4 has the least (M=218.3, SD=69.4).

Table 541 Results of the analysis wariance between the four substrates used in
the batch test for a period of @ays.

ANOVAOneWay (24/01/2023 13:00:23)

Descriptive Statistics

N Analysis | N Missing | Mean Standard SE of Mean
Deviation

GWSBPTL1 26 0 158.3043 51.48986 10.09799
BWSBPTL1 26 0 207.244 53.02007 10.39809
PWSBPTL1 26 0 204.5089 53.53726 10.49952
TWSBPTL1 26 0 210.0675 55.84928 10.95294
GWSBPTL2 26 0 181.2355 51.89785 10.17801
BWSBPTL2 26 0 225.5784 57.65218 11.30652
PWSBPTL2 26 0 225.2383 54.58297 10.7046
TWSBPTL2 26 0 221.9227 63.1478 12.3843
GWSBPTL3 26 0 211.6531 56.57955 11.09616
BWSBPTL3 26 0 254.9541 63.46653 12.44681
PWSBPTL3 26 0 241.9266 56.20291 11.0223
TWSBPTL3 26 0 243.6956 63.3382 12.42164
GWSBPTL4 26 0 218.0484 58.4785 11.46858
BWSBPTL4 26 0 290.333 69.35201 13.60105
PWSBPTL4 26 0 245.2892 57.69149 11.31423
TWSBPTL4 26 0 251.3372 71.54467 14.03106

DF Sum of Mean Square | F Value Prob>F

Squares

Model 15 375970.6 25064.7 7.22483 4.01E14
Error 400 1387699 3469.247
Total 415 1763669

R-Square Coeff Var | Root MSE Data Mean

0.21318 0.26241 58.90031 224.4585|
DF Sum of Mean Square | F Value Prob>F
Squares

Model 15 9939.717 662.6478 0.33693 0.99121
Error 400 786679.8 1966.699
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Figure5.48:Meansbar plotof the average specific methayields of four
substrate from batch test

5.19 Expected outcome ofhe semicontinuous test

The expected outcomes sémicontinuous testvere as follows:

W It is expected that after applying different feedstock enhancement solutions to the
various feedstocks investigated, such as the-tpeatment, it siould show a viable
method for upgrading the biogas yield of the feedstock and thereby enhancing the

overall anaerobic digestion (AD) process.

W It is expected that increasing the pteeatment intensity will result in @reater
specific yield obiogas since decreasitige particle size will increase the total surface
area ofthe solids by the opening of the compact structure leading to higher

biodegradability and an increase in the biogas [155], [174], [175].

W It is expected that the effect of prgeatment on the maximum OLR and maximum

volumetric biogas production could be to increase or decrease the maximum biogas

EBAYE SCHOLASTICA BEJOR 140260368 5-210



production from a continuous system, depending on which is the predominant effect,
or eventual failure mechanism. More intensive greatment could lead to an

increased tendency for foaming to occur in the system, thus reducing the maximum
biogas production. However, the increased biodegradability of the material subject to

pre-treatment could lead to enhancement of the maximum biogasduction.

The increase in prgeatment intensity (i.e., PSBS3) will result in a reduced tendency

to foaming. This is because several scientific researchers [20], [159], [176], [177] have
reported that organic overloading of digesters can be a reasoridaming. This is
because of the excess compounds not being degraded by the bacteria within the
digesters, thereby leading to the potential accumulation of hydrophobic or suface
active byproducts that will promote foaming. Hence, increasing the sulbstsarface

area through prereatment intensity will assist in providing more access to microbial

degradation, since the rate and degree of degradation increases after size reduction.

5.20 Based on the findings, it is possible to draw the following conclusions:

W The increasing prreatment intensity of substrates led to a greatspecific surface

areawhile enhancing the process' output and increasing the production of biogas by
decreasing the size of the particle size and increasing the total surface area of th

substrates.

The highest amount of biogas produced increadmetause ofthe pretreated
material's greater biodegradability, which was influenced by the hydraulic retention

time (HRTand change in feed

The results reveal that intensive pteeatment had no detrimental effects on the

anaerobic digestion system (e.fpaming).

The study showed that an increase in {oreatment intensity causes a decrease in the

tendency to foam (PSRS4).

EBAYE SCHOLASTICA BEJOR 140260368 5-211



Anaerobic Degradation Model Describing the Change in
Particle Size Distribution

6 Process Modelling

Bacterial degradation plays ayeole during anaerobic digestioMost waste is
homogenous, so during size reduction each particle size fraction behaves
differently. Additionally, when materials are tested experimentally, they do not
completely degradeHowever, this session will presea result of particle size
distribution obtained from literature datajegradation model describing changes

in the PSD of substrates over time using the SurBased Kinetics model for

spherical particles in a continuous anaerobic digestion system.

6.1 Model Description

The model enhances the anaerobic digestion proposdd B§]for the calibration

of the results that were obtained from batch experiments of a girigedstock to
study the effects of the particle size distribution (PSD) on the anaerobic digestion
(AD) of selected waste biomass from both batch and continuous testing. This
research work presents a particle size distribution (PSD) based degradatioh mode
describing changes in the PSD of substrates over time, using the sheseé
kinetics model for a spherical particle in a batch using literature data. A model
calculation for the particle size distribution (PSD) is based on the mass fraction
considerirg the time of stability. However, most literature data have assumed

that particles of a substrate are spherical and are degraded from the outside.

fthe total massis —1-—8 8 8 8 88 8 g A0 + < Bo »

Where the n= number of particlesaR I' LI NG A Ot S RSy aAddofl yR
spherical particles in a digester is substituted into 3.1 such that the decrease of the average

particle radius with time can be written as follows:
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[24], [174], [176], [200]
Where r= complex organic solid particles radiul assumed to be time dependent as
indicated the formation proposed Ipy/74]:
ro =initial organic solid particleadius [L], specified as the initial condition for model
application.
=density of the substratékg/md),
r =average particle radius at timgm)
t=time (days),
Ksbi=surfacebased hydrolysis constant (kgfnaday). From the equatior6.2 above the
current particle size distributiorbased model is calculated based on the frequency over

time as follows:

Example of PSD Frequency over time

0.2

=
s
un

Frequency

0.05 A

rl rd r3 r4 rERa -] r7 rg rg rio
dius

Figure6.1 Demonstrates the feedstock radius frequency as a function of time

Such that the sume 1, Overtime the particle size distributiemased model

changes, using a spherical particldowever, the model was limited to 10
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fractions of the PSD due to the large range of the particle size (100). This makes
describing the PSD's ndilét point,as well as its upper and lower ends, much easier

to characterise, with 10 values suggesting a good overview of the distribution.
This was done to allow the study of the effects of the response of the particle size

distribution on the rate of métane production by using fewer kinetic model runs.

6.1.1 The purpose of the particle size distributiebased degradation

model
This model attempts to deal with particle size distribution and its effects on

kinetics and biogas. Taking the particle size distrisu(PSD) each fraction of the
PSD is modelled by a completely mixed state variable degrading kivgtidsits
specific surface area increaséhe model depicts the degradation of complex
organic matter and in turn, the surface area limiting the kinetics. It is a single
reaction model, from complex organic matter to methane. A single reaction
model that is governed by kinetics. The previous eidias dealt with a single
particle size followed by degradation. This is to account for the degradation and
methaneproduction. The biomass as PSD is describe as shown in figure 6.2. The
PSDBbased model is calculated from equation 6.2 below based onmatgiéncy
over time suclhthat the sum of B "Q'Q p. Using a spherical particle, the PSD
changes over time, and equation 6.4 describes the changescase of i= 1 and

i=10 is slightly different.

1 ——
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Figure6.2 displays the feedstock PSD over time.
{04, “HE88888888°H THIBTT
Where:
p is the substrate density (kgfn
R, is the average particle radius at time t (m),
wa Ad GKS I 9SNI¥ IS NIRAdza G4 GAYS n oYU0X
t is the time (days),
andu is the surfacebased hydrolysis constant (kgfrday)[174], [175]

From the figure6.2 above, the mass balance can be derived. elgav, there is need

to determine the consumption and production rate of a particular saus.
For the consumption gbarticlesizer; where,i=1,2,3X @0.
Simplifying equation 6.2 gives.
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Since the digester behaves like a the completely mixed state variable, mass

balanceanalysis igjiven as:

]
i! T .l ZssssssssA + <

Where D is the dilution rate
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Where zg The mass fraction of each particle size is calculated as

follows:
@ For a spherical particle2=>

Whered is the specific surface area of the patrticle

Since particle size distribution has an impact on the degradation of complex
organic matter, the disintegrated constant for surfdea@sed AD System was

modelled by introducing a parameter which describes the integration process.

The concentration of thendividual particle is a function of the particle size

distribution and the frequency. Hence, it can be calculated as:

Mass fractionp: ﬁ— m A0 F <8 =

L e

Derived from the equation for mass of a particle.

SuchthaB 0 0O
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Where C is the total concentration of organic matter anas@he vector of the

individual concentration of thearticle.

Therefore, each mass fraction degrades by the following egteation.

L

48 L. .
Z'% MBEBEBE8E gy A0 F+ «Be =

Where Cacts as @ompldely mixed state variablsuch that

"H"A D) 114 w 13
w O AT A 88888885 A0 + « B0

Finally, methane output is calculated by the followeguation.

B zZpr

And J”'= B F8888888g A0 + <8~ @s previously stated.
6.1.2 Kinetic Model of Anaerobic Digestion

6.1.3 Purpose of this Model

This model attempts to deal with particle size distribution and its effects on the kinetics
and biogas. Previous model has dealt with a single particle size follow by degradation.
Thisis to account for the degradation and methane production, it is a \v@mple
model, but could beenhanced anctould be linked into anaerobic digestion model

nol(ADM1) from hydrolysis inthhe solubleorganic matter.

6.1.4 Model parameter definition
The following model parameter definition is used in the particle dig&ibution

model

u Parameter

x Particle size range and categories in m
_________________________________________________________________________________________________________|
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X rImaxiS used to set the maximum particle size for PS distributadoulations.
x Rate constant based on surface area{K

x  Density ()

x Specific methane production indmethane/kg VS destroyed (km)
U Initial conditions

x Initial condition of particle size distributioniiF

x Initial VS concentrations i % kg n#

U Inlet conditions of feedstock

x  Dilution rate

x  Particle size distribution of feedstocknjF

x Inlet VS concentrains (G) % kg n# (fresh)

6.2 Limitation of the particle size distributiorbased model
W All particle sizes have different degradability.
W All particle sizes have a different shape.

W All particle sizes have different kinetic.

6.3 Modelling Results

6.3.1 Selection and processing of experimental data from the literature

The PSthased degradation model was evaluated using both the raw and digested
slurry. The data for the present work, however, only contain the raw slurry
because postigestion PSD (digestestlirry) could not be collectedligested pig
slurry. As a result, study was conducted utilising data f{d@®3]. on the particle

size and metal distributions in anaerobically digested pig slding. anaerobic
reactor was operated at 3C for approximately 15 days. Using tha€1180 L
n°516 laser diffraction system, the particle size distribution of two slunies
slurry and digested slurryvas examined before any separation treatment. The
results showed how much of the solids' total volume was occupied by the particle

volume distribution. Thedistribution of particle sizes in the raw and digested
I —
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slurries is represented by a histogram of the relative frequency per volume class
versus the volume class of the particles (Figure &tgording toHoughton et
al[283] the quantity of particles can determine the specific area in each particle
size class as a percentage of the total cumulative specific surface area, assuming
the particles are spherical and ngorous. Using a digitizer software. The
individual volume frations of the particles were summed up to 100%. The dry
matter content (DM)and volatile solid (VS) for the raw slurry (RS) and digested
slurry (DS) are 27%, 673 and 16% and 591 respectji¥8B8] . The mass
concentration (€ in kg/m? of each particle size radius was estimated from the

percentage volume fraction by multiplying with the total VS shown in téldle

Table 61 Calculation example of the mass concentratior) (C

Raw slurry Volatile Digested slurry Volatile
solid solid
% Fresh| Dm 27 16
matter
g kg-1 DM VS 673/1000 0.673 591/1000 0.591
27*0.673 16*0.591
Calculations
Total particle 0.081353 0.009280
volume
(V/100) *(DM*VS)
(0.081353/100) *(27*0.673) (0.009280/100) *(16*0.591)
G 0.014783 0.000878
Note

% Fresh matter

g kgl DM (VS) from Sour¢283].

The mass concentration;JC

To estimate the frequency of each particle size distribution, the mass
concentration was divided by the particle size radisisice the total particle size
consists of 100 fractions, the mathematical model can accommodate only 10
fractions. The frequency of the particle size radius was partitioned into 10 of 10

fractions, each and plotted against the respective concentratiigarg6.2). The

1 ——
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weighted average particle size range of each of the 10 fractions was estimated by
multiplying each patrticle size radius by its frequency and dividing the product by
the weighted average frequen@g shown itable6.2examples. Thepread sket
calculation is shown in appdix G The concentration of the particle size
distribution (10 fractions) was estimated by multiplying the individual weighted
average frequency by the weighted average particle size radius. The mass fraction
of the partick size distribution (10 fractions) was then calculated by dividing the
individual concentration by the total concentration of the particle size distribution
(10 fractions). Finally, the initial concentration used for the simulation was
obtained by multiplyng the mass fraction by the volatile solid content of the
feedstock. The same procedure was used to estimate the inert fraction of the

particle size distribution (10 fractions).

Table 62 Calculation example of the weighted average particle size range of
each of the 10 fractions

99 10 fractions
PSD Total particle | Ci Cilr3 fi fi Fi*ri ri average
size volume

1| 28.1955 0.081353| 0.014783| 6.59E07 | 0.808993 22.80996
2 | 50.0968 0.027555| 0.005007| 3.98E08 | 0.048852 2.447321
3| 71.9891 0.054981| 0.009991| 2.68E08 | 0.032849 2.364774
4| 90.752 0.082394| 0.014972 2E08 | 0.024572 2.229943
5| 115.783 0.091609| 0.016646| 1.07E08 | 0.013156 1.523208
6 | 137.679 0.109923| 0.019974| 7.65E09 | 0.009388 1.292599
7 | 156.447 0.128224| 0.0233| 6.08E09 | 0.007464 1.167738
8| 181.477 0.137439| 0.024974| 4.18E09 | 0.005126 0.930202
9| 203.379 0.146642| 0.026646| 3.17E09 | 0.003886 0.790236
10| 225.275 0.164956| 0.029974| 2.62E09 | 0.003216| 0.957501| 0.724524| 37.89081

HenceCi the mass concentratior(FPSV/100) *(DM* VS)
(0.081353100) %(27*0.673)

Where TPVS =TotaE volume

% Fresh matter 27

g kgl DM (VS) fronsource[183].

Ci/r*3 = mass concentratioai dividedby the PSD

A = Ci/r"3/the sum of Ci/r*3

Where fi = fractiorof fi into 10 of 10
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Fi*ri =f* PSD andli average Fi*riffi

4.0

B Raw Slur
i L 3.5
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Figure6.3 Experimental data for PSD used for extraction
Source[183].

The result in figures.3 shows the distribution of particle size in both raw and
digester slurriesln both slurries, two peaks were observddhefirst peak occurs

at the particle diameter of 28um for raw slurry and 53um for digested slurry. The
second peak in the graph for botlurries occur aB50um ¢aw) and 70@m
(digested) respectivelyThe first peak corresponds to "supracolloids*1d0um,
including bacterial floc, single cells, and organic residues), and the second peak to
settleable(>100um, consist of mainly organicsielug, according to terminology
proposed by Levine, cited §¥83], [293], [294]This confirms the fact that only

the smaller particles are degraded during AD leading to a shift in the amount (in
volume) occupied by the large particles in the slurry which is about 92%. The graph

also shows that the particle diameter of the smaller paets is usually less than
I —
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lum. In general, the graph depicts a bimodal distribution of particles in both

slurries with larger particles in more proportion than the smaller particles.

o
~
-

L3
o

Exp.digested
M- Etracted Exp.data(digested slur

[l
b
[

-@— Raw slurry(exp+model)
A Extracted Exp.data (raw slur

I

o
iy
=}

e

@0
@
2

o

'S

T
©w
=]

e

w
g
=

o
[
- —
=} 2

o
-

Concentration of process data (kg/m*?)

N
(2]
Concentration of experimental data (kg/m*3)

LOD

0 300 600 900 1200 1500 1800 2100
Particle size (uM)

I
=}

Figure6.4: Convertedexperimental data of PSD digested slurry and model
output digested slurry

Figure6.4 shows the distribution of particle size for raw and digested slurries from
experiments and the output of a model. Two peaks are observed in the following
experiments: raw slurry (exp.+ model), digested slurry (exp.), digested slurry

(extracted exp. Dataps shown by the simulated resultegetraw slurry (extracted

SEL 5F0l0 KIFEIR GKNBS LISIF1a 6AGK GKS LIS |
a4 O2YLI NBR G2 dGdkK2asS a4 t{ I mnnn FyR I LL
The results reveal that there arevd distinct peaks at 1700 um and 1850 um,

which can be attributed to the PS's class (large) skghe point of occurrence of

GKS LISFY Fd t{rmnnn>YZZ3was obsaryedBnthié v (i A2y 27T
slurry (exp+ model) and a concentration of 2.5k§fior the raw slurry (extract.
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exp data). The digested slurries (exp and ext. exp.) had their first peaks at PS
FLIWNREAYI GSte wmMunn>Y SAGR an@® 200083y (G NI G A2y
respectively. Also, the digested slurries had their second peak at PS bet@@@n 1
Mypn>Y gAOGK 02y OSy i NI3tedpectvaly. Phe&ramsitioigs | YR H ¢
(exp. +model and extracted exp. Data) had their second peaks at PS approximately

Slidzr f G2 wmypn>Y GAGK 02y OSyespudtivelp.2ya 2°7F
Generally, the grapcal distribution shows an unequal mode of particles in both

slurries with larger particles in more proportion than the smaller particles. This

confirms the existing report 4il83]. However, the same trend in the particle size

distribution of larger diameters was also found[B$2]in anaerobically digested

domestic sewge where thegeneration of bacterial flocs and filaments during

anaerobic digestion leads to a slight increase in the relative volume occupied by

the largest particle.

25 —=— Model outputs for digested slurry] o
®— Exp.digested
—~ 2-0 - o
E
2
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e . &
o
o 0.5 o @ L
:f-
0.0 I — 2 £
0 500 1000 1500 2000 2500

Particle Size(um)

Figure6.5: Experimentatligester slurry and model output of digested slurry at
100% degradability.
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As shown in Figuré.5, the results from the simulation demonstrated the ability
of the model to predict similar behaviour observed in the experimenil88].
[183]. The model simulation also reveals that the feedstockcaspletely
degradable (i.e., Achieves 100% degradati®hjs is explained by the biochemical

makeup of the substrate and the composition of the feedstock.

6.3.2 Modelling the effect of particle size distribution at a different

percentage obiodegradability factor
Different degradability factors (table 6.3) and a kinetic constant Ksbk = 0.28 were

used to model the experimental data. The output of the model and experimental
data is shown in Figure.All model outputs reveal a bimodal digtution curve
when compared to the experimental digested slurry; the output result has two
peaks at various degradability factorBhe two speak suggest the presence of
bimodal particle distribution which could be because of the differences in particle
sizes. Bimodal particle size distribution has been reportedili®g]that found out

that the differences peaks correspond differently to particle size ithstion.
Also, the bimodal particle size distribution results from the formation of bacterial
flocs, filament as well as undigested organics that settle at the bottom of
digestion. Hence, the results indicated the same trend with the first peak
occurring dout 10008micron particle size and a second peak about 180€ron
particle size.

Table 63 Assumedegradabilityfactor (exp.+ model)for digested outputwith
0.28kinetic constants

Degradability factor
0.4
0.5
0.6
0.7
0.8
0.9

1 ——
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Figure6.6: Particle size distribution (PSD) result, Experimental digested and
model output for digested slurry

As a result, the graph shows that the degradability factor of &3t fits the
experimental data results in the first peak when the patrticle size radius is between
0 and 1000 micrometres, and that the degradability of the organic matter is 70%
of the total VS fed into the digesteSuggesting that the particles of sneall
particle size distribution degrade at that rate 0ofl000 micrometre range. This
agrees with existing literatur83] that the smaller parti@s contribute more (to
biodegradation) in terms of their specific surface area than the larger particles.
However, in the second peak, when the particle size radius is betweeRZ2(HID
micrometre, corresponding to largaize particles, model results best the
experimental data at the degradability factor of 0.5 of the total volatile solid,
indicating 50% biodegradation. The model result also reveals that laiger
particles degrade slowly. Hence, it could be suggested that the actual
degradability fator for the model that would reproduce the experimental

curve/data lies between 0:B.7. This is in line with the previously existing
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literature [295] which reviewed the kinetic relationships for the design of
anaerobic digesters for pig manure. For low influent VS concentrations, the
researcher discovered that the K value remains cortstar®).6. The fact that K
increases significantly for volatile solid (VS) concentrations above 55kgm
(5.5%VS). As a result, it seems that the equation 6.72 below can be used to
estimate the K value for anaerobic digestion (AD) of pig manure sllioy
determine this value, a sensitivity analysis was performed in the degradability
factor range of 0.5 and 0.7 but at varying hydrolysis constaktsording to the
current research, the design of a digester used to treat pig slurry with

degradability factoabove 0.7 can be detrimental to the process.

K=D-6—f—ﬂ‘UUﬁﬁf’m_Hﬁjsﬁ’} .
---------- equation 6.72

6.3.3 Modelling the effect of particle size distribution with a constant

biodegradability factor and variation in
From Figure$§.7 and6.8, the results of the sensitivity analysis obtained by varying

the hydrolysis constant Ksbk and under constant biodegradability factor are
shown in Figure6.7and 6.8, respectively. The Ksbk was varied at a factor of £0.5,
a value that was chosen due toack of empirical, experimental data that makes

it difficult to have confidence in the model. The model result shows a weak
sensitivity of the hydrolysis constant. This is because the hydraulic retention time
of 15days is sufficient for complete degradatiexcept at lower hydrolysis
constant. The model result shows that, at 70% degradability factor, hydrolysis
constant values Ksbk best fit is achieved at lower hydrolysis constant (0.14) and
the worst fit obtained at hydrolysis constant of 0.42 respecti&igure6. 6).
Similarly, the trend was observed for the 50% degradability factor, except that in
general, the 70% modelling curve is a much better fit to the experimental digested
curve than the 50% modelling curvéhe result agrees with research pieass
literature that smaller particles can enhance the substrates biodegradability by
offering a large surface area for microbial act{@6], [173], [178], [200], [@1],
[282].However, it should be noted that in all cases, degradation was not constant,

1 ——
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but varies across the particle sizd®n-constant degradation across patrticle sizes
could be the result of differences in the physical characteristics of waste, such as
the feeddock composition, ease of splitting, input particle sidestribution,
durability, and biochemical makeup of the feedstockurther, because the
experiment was performed with pig slurry which has undergone two kinds of
digestion processes (pig digestiondaanaerobic digestion), it is expected that if
the larger particles are more degradable, they should have compldegyaded
Similar to this study, the physical and biochemical differences between the
substrates of banana peels, tomatoes, ardss ledo non-constant degradation

of the feedstock, with paper waste becoming less biodegradable in comparison to
the other three feedstocks, which may have been caused by difficulties with
bacterial metabolism during digestioiithe carbon accessibility and hytrsis of

the processed material may be enhanced by the smaller particle size because a
larger unit surface area is exposed to enzymatic attfid0], [239], [240],
[296].The particle size paradox was discoveredli87] using a reanalysis of data
from earlier studies. The fact that the relative rate of gas production per unit
surface area rapidly decreases with decreasing particle size for smaller particles
reveals that factors other than the meaarticle size play a key role in the process
and can equally be a contributing factor to roanstant degradatiomuring the

test.
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6.3.4 Cumulative model output of particle size distribution of total

surface areacontribution of digested slurry.
Figure 6.7 andtable 6-4, showsthe distribution of the total surface area

contribution of digested slurry. The plot of the particle size distribution shows that
the solids are uniformly graded (with a uniformity coefficient of about D.#6e
resultreveal that the digested slurry hadslightly lower total specific surface area
(0.3853 m2/g) than the area contribution degradable (0.4605 m24gwever, a
comparison of the plots of the total specific surface area and the area of inert
slurry shows little or near insignificant biodegedin, consequently poor biogas
yield. This is evident in VS feed still found in the effluent digested slurry. This
implies that there is too much inert in the influent biomass, which cannot be
degraded. It can also be argued that at the end of the anderdigestion process,
there is a distribution of particles in the effluent with large particle sizes having an
increasing concentration in the effluent. This is due to the utilization of smaller
particles in the AD process which results in the formatiotdesfse particles. Thus,
suggesting that a measurement of the VS that contributes to biogas production
could be estimated, by evaluating the effluent VS leaving the digester.

Table 64 Experimental digester slurry and model outpmi digested slurry at
100% degradability.

Average | r(m) Experimental| Area Total Area
digested contribution | specific | contribution
slurry inert surface | degradable

area

5.57E04 0.96862 0.8527| 0.85835 0.86244

7.76E04 0.8812 0.70061| 0.70941 0.75029

9.90E04 0.74632 0.53133| 0.54181 0.63022

0.0012 0.56691 0.3543| 0.36466 0.50008

0.00143 0.43699 0.24846| 0.25765 0.38278

0.00167 0.3606 0.19606| 0.20408 0.30715

0.00186 0.25288 0.13254| 0.13841 0.20206

0.00203 0.01567 0.0075| 0.0079 0.04904

AV 0.0013 0.5286 0.3779| 0.3853 0.4605
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Figure6.9: Cumulative model output of particle size distribution of total surface
area contribution of digested slurry.

6.4 Physical Interpretatiorof Model Results

Following the results obtained from the simulation in sectiérisand6.6. The
particle size with a larger range is slowly degradable, while the smaller fraction is
more degradable. The difference in the degrhiidy can be attributed to an
increase in the surface area figur6.q) available for the degradation in the
smaller particle size rang&he model simulation results, when compared to the
experiment, demonstratedthe model's ability to completely describe the
experimental resultsThis suggests that the composition of the feedstock, ease of
splitting, and input particle size distribution may all contribute to the physical

effects.

1 ——
EBAYE SCHOLASTICA BEJOR 140260368 6-231



6.4.1 All Particle sizes have differeémlegradability and shape.

Following the results obtained from the simulation test in sectiétdsand 6.4,
fractions with larger particle sizes are slowly degradable, while the smaller
fraction is more degradable. This agrees with existing literaf@83] that the
smaller particles contribute more (to biodegradation) in terms of their specific
surface area than the larger particles. It is algoorted that substrate utilization

rate coefficient doubled with a decrease in the average PS 2.14mm to 1.02mm
indicating that PS is an important factor in the AD of food w§284].Also,the
particle size paradox was found after reanalysing daienfearlier studie$187].

The results show that factors other than the mean particle size are important
because the relative rate of gaproduction per unit surface area drops off
dramatically as particle sizes decreabeagreement with thig297] stated that
biodegradability enhancement may result frdsoth the increase in the available
surface area of the substrate and the formation of biodegradable compounds
from lignin. Itshould be noted from Figur@ 6that while particle size fractions of
1000 microns attend 70 per cent degradability, PS of 15@8m and 1800micron
achieved 40 per cent and 50 per cent degradability, respectively. It could be that
the 150@micron PS fraction contains a high amount of lignin which restricts
biodegradation. According 86], cellulose in the lingaellulosic polymeric form

is not available for bacterial attack, or wh&9] described inaccessibility of the
cellulose in the lignocellulose complglk73][. Also suggested that the ligneous
structure within an organic complex tends to shield cellulosic materials from
enzymatic hydrolysisWhen any of these conditions exist, it becomes possible
that smallersize fractions could be less degraded than larger fracip04]
found that the surface area of particles will vary in size. This implies that
substrates ting different microbial growth rates and substrates degradation
rates must be composed of different sizes as well as the chemical composition of
the substrate. Biodegradabilitis also a function of the particle shape. Particles
with different shapes haw different biodegradability. According to Hills and
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Nakan@l173], the sphericity of particles varies between 1.0 for spheres, cubes,
and short cylinders, and 0.28 for Formica flakEsis indicates that particle shape
has a pronounced effect on biodegradability. However, differences in particle
shape could result from the milling process where some patrticles that pass the
screen are most probably smaller or even dissolved, whereasretmay have
been larger having passed through longitudinfllg3]. [20] equally reported tlat
differences in the particle shape could be because of the particles not being
uniform in all dimensions, or that some of the particles are naturally present in
the finer particles rather than being physically changed because of the action of

the machine
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7 Conclusionsand recommendations

Based on the experimental results, the following conclusions can be drawn.

W Before experimental testing, the types of digesters employed, feedstocks, the
process of breaking down the organic substrates and degree of particle size
reduction must all be carefully considered as this can become a bottleneck.

W A combine effect minceaind a grinder for PTL4 were used to process the four
substrates tested, including paper waste with a high lignin content, and it was
discovered that this resulted in a significant improvement in processing efficiency
WThe mincer can effectively decreatiee size of feedstock, particles large or
smaller than the jaw opening, however, the output may comprise particulates
that are highly irregular in shapdolded, twisted, clumped, thin, and so on

WA higher pretreatment level led to a higher production ofethane because of

the smaller size of the particles. Therefore, optimising the size of the substrate
and the growth of microbial organisms may boost the amount of methane
produced

W The BMP test results showed that BPWSB has a high potential for use as
feedstock in amnaerobic digestion (@) system to produce renewablenergy

with a specific methane yield &32 +36Nml/ySand volatile solid reduction of
67%.

W This study showed thiamaller particle size reduction increased methane yield
also with fibres like PWSB (PT4).

W Theperformance of a semiontinuous mesophilic digester decreases as large
PS is fed into it. The IA/PA ratio, which shows the reactor's rising instability,
increased gradually from 0.3 to 0.42 (BPWSB), 0.41 (GWSB), and 0.45 (PWSB). The
specific methane yield decreased from 3&dl/gVs to 68Iml/gVs(GWSB), 262
Nml/gVsto 77 Nml/gVs(BPWSB), ar24d7 Nml/gVsto 59 Nml/gVs(PWSB)

W A 20day HRT in a semicontinuous CSTR was used to study the effect of PSD in
anaerobic digestion of three substrate biomass such as GWSB, BPWSB Sihd PW
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according to their chosen prgeatment levels 2 tat. Thestudy discovered that

the peak and trougln biogas production indicated that HRT may have an impact
on the amount of methane, pH level, and alkalinity.

W The threesubstrate biomass showed fair digestion stability over time during
the 20day HRT digestion. The results indicated that HRT plagseificant role in
determining the efficiency and stability of anaerobic digestion of organic matter.
W The pretreatment method undoubtedly has an impact on particle size. A
variety of PSD can be produced by the combined effect of different mechanical
devices.

W The semicontinuous and batch tests produced contradictory experimental
results. The batch test shows that BPWSB is necessary for a highly effective
anaerobic degradation process as shown by an increase in specific methane
production across pre-treatment level 4,3 and PT2. The batch results
demonstrated that PTL4 has the highest specific methane production of
approximately 295 £34 Nml/gVS when compared to the semi continuous test,
which had a 235 + 2@ml/gVs

W Batch test provided a higherethane output for BPWSB and PWSB, the semi
continuous test yielded a higher methane output for all PTLs-fPigfor GWSB

W The batch testsesult revealed that, on average, BPWSB performed best at
PTL4 and PTL3, PWSB performed better at PTL2, and GédbBeprthe least
amount of methane overall. Like batch tests, GWSB performed best in the semi
continuous test at PTL4 and PTL2, but PTL3 had the best results from BPWSB. The
semicontinuous test had a better average methane output performance for
GWSB thathe batch test. A possible explanation for this is microbial activity. On
the other hand, this confirms findings from earlier research that other factors
besides mean size play an important role.

W Comparing the simulated results and the experimental dfata different
degradability reveals that large particles degrade slowly while the smaller
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fractions degrade more rapidly. This demonstrates a kind of bimodal distribution
with a lower and upper bound of degradability. Hence, suggesting that the smaller
particle sizes may be one step towards more efficient conversion.

W The difference in the degradability can be attributed to the increase in surface

area available for the degradation in the smaller particle size range.
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8 Further Works

W The dudies on the effects of carefully chosen combimaéchanical equipment
are incredibly rare. More study is required to better understand the combined
effects of mechanical prgeatment methods and the AD potential for

biochemicalmethaneoutput.

W More study on different mechanical treatment techniques wgsiulifferent
substrate biomass is needed to examine the effects of varying HRT on the

anaerobic digestion of various organic materials in semicontinuous CSTR.

W According to the findings of this study, the bioreactor should be fed twice a day
during testing ather than once a dayhis could help in decreasing the shock. This
may maintain bioreactor stability while also increasing the raffe biogas

production rate

W It was not possible to dig deeper into the effect of PSD and shape on methane
production fromcomplex organic matter using experimental data, or to improve
and integrate a PSBased degradation model into the ADM1 model for anaerobic
digestion to determine which best describes the experimental data due to time
constraints and challenges. This res#mcould be expanded upon to have a

deeper understanding of the model.
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10Appendices
Particle Size Characterisation

Appendix AL: The photograph of each piteeatment level ofbanana peelaste
substratebiomass 1-4)

BPWSB PT3 I BPWSB PT4 |
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AppendixA2: The photograph of each piteeatment level ofgrasswaste
substrate biomass (4).

GWSB PT3 GWSB PT4
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AppendixA3: The photograph of eacpre-treatment level of paper waste
substrate biomass (4).

PWSB PTL1
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AppendixA4: The photograph of each piteeatment level oftomato waste
substrate biomass (4).

TWSB PT1 TWSB PT2

TWSB PT4
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Batch testing

Calculation of the theoretical calorific value of BPWg&ential

TableB1BPWSB Proportion of ¢éhd C@and Carbon balance for each PTLs

Based on the Buswell equation from 1952, the proportion of methane)(oHarbondioxide (CQ) is

used to calculate the products of anaerobic digestion of an overall organic matter with known chemic

composition g 1FE Hlv

e 1FE HLY T s g — T+ © ot Yk
T = = veg A3 v
Biomass Atomic Weight Elemental
Composition(%ODM)
BPWSB C 12 40.1
H 1 5.82
0 16 -
N 14 1.43
S 32 -

Where F r 387 Fr ds7 {7

Fse TesFds
calculating the coefficients for methane Gldnd carbon dioxide CO

p it ’, J \ I3

m Tw Q ¢ oe «i
quTZOEBiOT ¢ ¢zl oz g p e =0.97790
p it ’, J \ I3

m Tw Q ¢ oe «i
prTZO&OT Q¢ ¢z0 ozmp g pr¢dl =2.35623
COLOEE@ L @ ¢ TR X X WID.7067*100 =70.7%
CH=70.7%
CG3=29.3%

Carbon balance
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TableB2Predictedbiogas production f
from experimental data for PTL2

or BPWSB based on volatile solid reduction

Carbon bal

ance: BPWSB

PTL1 @60.6% Volatile solids reduction (VS

PTL2 @61.7%olatile solids reduction (VSR

3gVS contains 40.1g of carbon of which 60
is degraded = 0.401gC/gVS

3gVS contains 40.1g of carbon of which
61.7% is degraded = 0.401gC/gVS

(0.606%*0.401) =0.243006 gC/gVS

(0.617%*0.401) =0.24742 gC/gVS

0.243006*0.707 = 0.171805 gC/gVS

70.7% of carbon is converted to methane =

70.7% of carbon is converted to methane 5
0.24742*0.707 = 0.17492 gC/gVS

=0.171805 gC is (0.171805 /12) = 0.01432

=0.17492 gC is (0.17492 /12) = 0.01458

0.01432 moles occupy (0.01432*22.4) =
0.35299 litres.

Y2tSa / YR ™M Y24& Yy2tSa / YR M Y2/fs®
1gVS produces 0.01432oles of methane 1gVS produces 0.01458 moles of methane
w M Y2fS 2F Il & 200 w ™M Yd@s dscudes 22.4 litres at STP

0.01458 moles occupy (0.01458*22.4) =
0.32652 litres.

Nml/gVS

Therefore, specific methane production = 3

Therefore, specific methane production =

327NmligVs

TableB3 Shows the pedicted biogas pro

duction foBPNSB based on volatile solid

reduction from experimental data for P34

Carbon bal

ance: BPWSB

PTL3 @64% Volatile solids reduction (VS

PTL4 @66.7% Volatile solids reduction (VSH

3gVS contains 40.1g of carbon of which 6
is degraded = 0.401gC/gVS

3gVS contains 40.1g of carbon of which 66.7%
is degraded = 0.401gC/gVS

(0.64 %*0.401) =0.25664 gC/gVS

(0.667%*0.401) =0.26747 gC/gVS

70.7% of carbon is converted to methane
0.25664*0.707 = 0.18144448 gCl/gVS

70.7% of carbon is converted to methane =
0.26747*0.707 = 0.189099169 gC/gVS

=0.18144448 gC is (0.18144448 /12) =
ndénmpMHnoToo Y2fSa
mole of CHso 1gVS mduces 0.0151204
moles of methane

=0.189099169 gC is (0.189099169 /12) =

ndnmpTtpyHcnm Y2fSa /
mole of Chlso 1gVS produces 0.015595 molg
of methane

w M Y2fS 2F 3IFLa 20
=>0.0151204 moles occupy

(0.0151204*22.%= 0.33669 litres.

w M Y2fS 2F 3IILa 200¢
0.0157583 moles occupy (0.0157583*22.4) 1
0.35299 litres.

Therefore, specific methane production =
339 Nml/gvs

Therefore, specific methane production = 35
Nml/gVS
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TableB4 showsthe predicted B®/SB basedverage biogas production using
volatile solid reduction from experimental data for FBF4

Carbon balance: BPWSB

63.4% Volatile solids reduction (VSR)

3 gVS contains 40.1g of carbon of which 63.4% is degrade+gC/gVS

(0.634%%*0.401) =0.254234 gC/gV'S

70.7% of carbon is converted to methane = 0.254234*0.707 = 0.179743438 ((

' ndémtprnonoy 3/

mole of CHso 1gVS produces 0.014979 moles of raath

Ad onodmMTpTnonoy KM

w M Y2tS 2F 3t a
(0.014979*22.4) = 0.3355 litres.

200dzLIA Sa&

HH®n f A {NE

Therefore, specific methane production = 353 Nml/gVS

TableB5Showghe Biogas production using assume volatibdid reduction

Carbon balance: Assuming 70 and 75 % Volatile solids reduction (VSR)

BPWSB@70%

BPWSB@75%

3 gVS contains 40.1g of carbon of which
70% is degraded = 0.401gC/gVS

3 gVS contains 40.1g of carbon of which 75%
degraded = 0.401gC/gVS

(0.70%%*0.401) =0.2807 gC/gVS

(0.75%%*0.401) =0.30075 gC/gVS

70.7% of carbon is converted to methane

0.2807*0.70 = 0.1984549 gC/gVS

70.7% of carbon is converted to methane =

0.30075*0.707 = 0.21263025 gC/gVS

=0.1984549 gC is (0.1984549 /12) =
ndnmcpoTdnyo Y2fSa
mole of CHso 1gVS produces 0.016538

moles of methane

=0.21263025 gC ([6.21263025 /12) =
ndamTTMpmyTp Y2EtSa /
of CH so 1gVS produces 0.016538 moles of

methane

w M Y2fS 2F I a 20
=> 0.016538 moles occupy (0.016538*22
= 0.37045 litres.

w M Y2fS 27F 3| sat TPEz
0.017712moles occupy (0.017712*22.4) = 0.3

litres.

Therefore, specific methane production =
370 Nml/gVvsS

Therefore, specific methane production =
397Nml/gVsS
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Calculation of the theoretical calorific value &WSB potential

TableC1GWSB Proportion of Glend CQand Carbon balance for each PTLs

GWSB Proportion of Gtnd CQand Carbon balance for each PTLs
Based on the Buswell equation from 1952, fireportion of methane (ChHlto carbondioxide
(CQ) is used to calculate the products of anaerobic digestion of an overall organic matter wit

known chemical composition g jE 1 v

Fean 1FE Hl v T o W — I @
il T o« Yeq = dg vy
Biomass Atomic Weight Elemental Composition
(%ODM)
BPWSB C 12 39.19
H 1 5.8
0 16
N 14 3.08
S 32

Where FsTﬂBTFTJST-”T

Fe T8 Fded
calculating the coefficients for methane Gldnd carbon dioxide C©

p T 7, , 1 I3
w Tw Q ¢¢ og i
prZG&cpcpcpan ¢z0 ozmg ¢ ¢z0 =0.99084
p T 7, , 1 I3
w Tw Q ¢¢ og i
prZO'&'O'TCUEﬂJ cz0 o0zT® ¢ 20 =2.27584
C& X vAPE® X L Y o W TT Y=10.69668*100 =69.7%
CH =69.7%
C3=30.3%

Carbon balance
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TableC2Predicted biogas producti
from experim

on f@WSB based on volatile solid reduction

ental data for PTL2

Carbon balance: GWSB
PTL1 @52.5% Volatile solids reduction | PTL2 @53.4% Volatile solids reduction
(VSR) (VSR)

3 gVS contains 39.2g of carbon of which
52.5% is degraded = 0.392gC/gVS

3 gVS contains 39.2g of carbon of which
53.4% is degraded = 0.392gC/gVS

(0.525%*0.392) =0.88 gC/gVS

(0.534%%0.392) =0.20933 gC/gVS

69.7% of carbon is converted to methani
= 0.2058*0.697 = 0.1434426 gC/gVS

69.7% of carbon is converted to methane
0.20933*0.697 = 0.14590 gC/gVS

=0.1434426 gC is (0.1434426 /12) =
0.01195 molesCand 1 mol@ o / M
of CHso 1gVS produces 0.01195 moles
methane

=0.14590 gC is (0.14590 /12) = 0.01215
Y2tSa / IyR m Y24s®
1gVS produces 0.0121585 moles of
methane

w M Y2fS 2F 3l a 2C
=> 0.01195 moles occuy.01195*22.4)
=0.26776 litres.

w M Y2fS 2F 3JlLa 20
=>(0.0121585 moles occupy

(0.0121585*22.4) = 0.2723 litres.

Therefore, specific methane production ;
268 Nml/gVvs

Therefore, specific methane production 3
272 Nml/gVvsS

TableC3Shows the predicted biogas production for GWSB based on volatile solid reduction

from experimental data for PTL3

Carbon balance: GWSB

PTL3@57.6% Volatile solids reduction
(VSR)

PTL3@59.1% Volatile solids reduction
(VSR)

3 gVS contains 39.2g of carbon of whicl
57.6% is degraded = 0.392gC/gVS

3 gVS contains 39.2g of carbon of which
59.1% is degraded = 0.392gC/gVS

(0.576%*0.392) =0.2258 gC/gVS

(0.591%*0.392) =0.231672 gC/gVS

69.7% of carbon is converted to methar
=0.2258*0.697 = 0.157377 gC/gVS

69.7% of carbon is converted to methane
0.231672*0.697 = 0.16147538 gC/gVS

=0.157377 gC is (0.157377 /12) =
ndnmommny Y2ftSa /
mole of CHso 1gVS produces (1.81148
moles of methane

=0.16147538 gC is (0.16147538 /12) =
ndénmonpcHyH Y2ftSa
mole of CHso 1gVS produces
0.013456282 moles of methane

w M Y2fS 27F 3l a
STP =>0.0131148 moles occupy
(0.0131148*22.4) = 0.29377 litres.

2 (

w M Y2fS 2F 3ILa 20
=> 0.013456282 moles occupy

(0.013456282*22.4) = 0.3014 litres.

Therefore, specific methane productien
294 Nml/gVvs

Therefore, specific methane production =
301 Nml/gVvs
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TableC4Shows the predicted WSB basedverage biogas production using
volatile solid reduction from experimental data f&WSB

Carbon balance: GWSB

@55.2% Volatile solideduction (VSR)

3 gVS contains 39.2g of carbon of which 55.2% is degraded = 0.392gC/gVS

(0.555%*0.392) =0.21756 gC/gVS

69.7% of carbon is converted to methane = 0.20933*0.697 = 0.15163932 gC/

=0.15163932 gC is (0.15163932 /1P)31263661 moles C and 1 mole of C =1 n|
of CH so 1gVS produces 0.01263661 moles of methane

w Y2¢S 27
(0.01263661*22.4) = 0.2831 litres.

M

al a

200dzLIASa HHDn £ A

Therefore, specific methane production = 283 Nml/gVS

TableC5Show the Biogas production using assume volatile solid reduction

Carbon balance: Assuming 70 and 75 % Volatile solids reduction (VSR)

GWSB @70%

GWSB @75%

3 gVS contains 39.2¢g of carbon of which
% is degraded = 0.392gC/gVS

3 gVS contains 39.2¢g of carbon of which 75
is degraded = 0.392gC/gVS

= (0.70%*0.392) =0.2744 gC/gVS

(0.75%%*0.392) =0.294 gC/gVS

69.7% of carbon is converted to methane
0.2744*0.697 = 0.19126 gC/gVS

69.7% of carbon is converted to methane =

0.294*0.697 = 0.20492 gC/gV'S

=0.1912568 gC is (0.1912568 /12) =
ndénmpdohoy Yz2tSa / |
of CH4 so 1gVS produces 0.015688es

of methane

yY2fSa |/

=0.20492 gC is (0.20492 /12) = 0.0170765
YR Y2tS 2
1gVS produces 0.01263661 moles of metha

M

w M Y2fS 2F 3JLa 20
=>0.015938 moles occupy (0.015938*22
= 0.3570 litres.

w M Y2fS 2F 3JFIFra 200c¢
0.0170765 moles occupy (0.0170765*22.4) ;
0.3825 litres.

Therefore, specific methane production =

357 Nml/gVvsS

Therefore, specific methane production = 38

Nml/gVS
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Calculation of the theoretical calorié value of PWSIpotential

TableD1PWSB Proportion of Gland CQand Carbon balance for each PTLs

PWSB Proportion of C+and CQand Carbon balance for each PTLs
Based on the Buswell equation from 1952, the proportion of methane)(@ldarbondioxide
(CQ) is used to calculate the products of anaerobic digestion of an overall organic matter wit

known chemical composition . 1E 1 v

Fen 1FE Hlv Tl = = W — I a
\ll; T = Yy A g vy
Biomass Atomic Weight Elemental Composition
(%ODM)
BPWSB C 12 38.19
H 1 557
0 16
N 14
S 32

Where F ey 7 srFr 37 qr

Fe T8 F?
calculating the coefficients for methane Gldnd carbon dioxide C©

p T 7, , 1 I3
qJToo Q ¢ ot «i
pwrZGEﬁ)quw&bx cz0 ozm ¢zU0O =08954
p I ¥, 7 by I3
llJroo Q ¢ce og i
prZO'Eﬁ)l]JO'CI)EB)X ¢z ozm ¢z0 =2.2879

& UF o U)X Wi wL =071872100 =71.9%
CH =71.%6
CG=28.1%

Carbon balance
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TableD2 Predicted biogas production f6WWSB based on volatile solid reduction
from experimental data for PTL2

Carbonbalance: PWSB

PTL1 @52.4% Volatile solids reduction (VS

PTL2 @53.3% Volatile solids reduction (V9

3 gVS contains 38.2g of carbon of which
52.4% is degraded = 0.382gC/gVS

3 gVS contains 38.2g of carbon of whic
53.3% is degraded = 0.382gC/gVS

(0.524%*0.382) =0.20017 gC/gVS

(0.533%*0.382) =0.20361 gC/gVS

71.9% of carbon is converted to methani
=0.2058*0.719 = 0.143922 gC/gVsS

71.9% of carbon is converted to methan
=0.20933*0.719 = 0.1463956 gC/gVS

=0.143922 gC is (0.143922 /12) =
0.011994 moles C and 1 mole ofCmole
of CH so 1gVS produces 0.0199moles
of methane

= 0.1463956 gC is (0.1463956 /12) =
0.0121996 moles C and 1 mole ofIC
mole of CHso 1gVS produces 0.01219¢
moles of methane

w M Y2fS 2F 3IlLra 2d
=>0.011994 moles occupy

(0.011994*22.4) = 0.2687 litres.

w1 mole of gas occupies 22.4 litres at
STP =>0.0121996 moles occupy
(0.0121996*22.4) = 0.2733 litres.

Therefore, specific methane production ;
269 Nml/gV$S

Therefore, specific methane production
273 Nml/gVvVS

TableD3 Shows the pedicted biogas production fdAVSB based on volatile
solid reduction from experimental data for FBFi

Carbon balance: PWSB

PTL3@55% Volatile solids reduction (VSK

PTL3@56% Volatile solids reduction (VSR

3 gVS contains 38.29g of carbon of which
55% is degraded = 0.382gC/gVS

3 gVS contains 38.2g of carbon of which
56% is degraded = 0.382gC/gVS

(0.55%%*0.382) =0.2101 gC/gVS

(0.56%*0.382) =0.21392
gC/gVvs

71.9% of carbon is converted to methang
=0.2101*0.719 = 0.151062 gC/gVS

71.9% of carbon is converted to methane
0.231672*0.719 = 0.1538085 gC/gVS

=0.151062gC is (0.151062/12) =
0.0125885moles C and 1 mole ofC
mole of CHso 1gVS produces 0.01 88
moles of methane

=0.1538085 gC is (0.1538085 /12) =
0.0128174moles C and 1 mole ofLC
mole of CHso 1gVS produces 0.0128174
moles of methane

w M Y2fS 2F Il a 20
=>0.0125885 moles occupy

(0.0125885*22.4) = 0.28198 litres.

w M Y2fS 2F Il a 20
=>0.0128174 moles occupy

(0.0128174*22.4) = 0.28711 litres.

Therefore, specific methane production 3
282 Nml/gVs

Therefore, specific methane production 3
287Nml/gVs

EBAYE SCHOLASTICA BEJOR 140260368

10-271



TableD4 Shows the predicted\WWSB basedverage biogas production using
volatile solid reduction from experimental data

Carbon balancePWSB

@55.2% Volatile solids reduction (VSR)
3 gV&ontains 38.2¢g of carbon of which 55.2% is degraded = 0.382gC/g
(0.54.2%*0.382) =0.20628 gC/gVS
71.9% of carbon is converted to methane = 0.20628*0.719 = 0.14832 g
' ndmnyou I/ A& O6ndPMNnyoH KMHO T
of CH so 1gVS produces 0.01235961moles of methane
w M Y2fS 2F 3L a 200dzLIASE& HHPn f A
(0.01235961*22.4) = 0.27686 litres.
Therefore, specific methane production = 277 Nml/gVS

TableD5 Show the Biogas production usiagsume volatileolid reduction

Carbon balance: Assuming 70 and 75 % Volatile solids reduction (VSI

PWSB @70% PWSB @75%
3 gVS contains 38.29g of carbon of | 3 gVS contains 38.2g of carbon of wh
which 70 % is degraded = 75 % is degraded = 0.382gC/gVS
0.382gC/gVSsS

= (0.70%*0.382) =0.2674 gC/gVS | (0.75%*0.382) =0.2865 gC/gVS
71.9% of carbon is converted to 71.9% of carbon is converted to
methane = 0.26740.719 = methane = 0.2865*0.719 = 0.205994
0.1922619gC/gVS gClgVvs
=0.192261 gC is (0.192261 /12) = | = 0.205994 gC is (0.2059) =
0.01602172 moles Cand 1 moleoff n ®nmTt Mmcc Mo Y2f Sa&
M Y 2 f 430 13WS produces | mole of CHlso 1gVS produces
0.01602172 moles of methane 0.01716613 moles of methane
w M Y2fS 2F 3Jla |w m Y2ES 2F Il a 2
at STP =>0.01602172 moles occuff STR=> 0.01716613 moles occupy
(0.016012172*22.4) = 0.35888 litreq (0.01716613*22.4) = 0.3845 litres.
Therefore, specific methane Therefore, specific methane productio
production = 359 Nml/gVvVS = 385 Nml/gVsS
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Calculation of the theoretical calorific value GWSB potential

TableE1TWSB Proportion of Gnd CQ@and Carbon balance for each PTLs

PWSB Proportion of CHand CQand Carbon balance for each PTLs
Based on the Buswell equation from 1952, flreportion of methane (Ckl to carbondioxide
(CQ) is used to calculate the products of anaerobic digestion of an overall organic matter wit

known chemical composition f 1F H v

P IFE Hly b — T =
\ll; T = Yy A g vy
Biomass Atomic Weight Elemental Composition
(%ODM)
TWSB C 12 39.55
H 1 5.65
0 16
N 14 2.04
S 32

Where Fs;rﬂs)rI:TJST-”T

Fels F2e
calculating the coefficients for methane Gldnd carbon dioxide C©

p It ¥, 7 1 ’

m Tw Q ¢¢ og i
prZGEGr VUL CZ0 oZT T L X pcZ U =09984
p T 7, J \ I3

w Tw Q ¢¢ o0g i
prZO'&' V&L ¢z0 ozZzT T L X pcE U =2.30161
C® TP 1T p @ mdo w P =0697455100 =69.7%

CH, =69.70
C2=30.3%

Carbon balance
]
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Table R Predicted biogas production f6"#WSB based on volatile solid reduction
from experimental data for PTL2
Carbon balance: TWSB
PTL1 @57.9% Volatile solids reduction (V4 PTL2 @60.8% Volatile solids reduction

(VSR)
3gVS contains 39.6g of carbon of which | 3 gVS contains 39.6g of carbon of which
57.9% is degraded = 0.396gC/gVS 60.8% is degraded = 0.396gC/gVS
(0.579%*0.396) =0.229284 gC/gVSsS (0.608%*0.396) =0.240768 gC/gVS
69.7% of carbon is converted to methane 5 69.7% of carbon is converted to methang
0.229284*0.697 = 0.159811 gC/gVS =0.240768*0.697 = 0.16782 gC/gVS
=0.159811 gC is (0.159811 /12) = =0.16782 gC is (0.16782/12) = 0.01398!

ndénmoomTpy Y2fS8Sa / |Y2fS8Sa / YR M Y24s8d
of CHso 1gVS produces 0.01331758moleg 1gVS produes 0.013985 moles of

methane methane

w M Y2fS 2F JFra 200w m Y2fS 2F Jra 20
0.01331758 moles occupy => 0.013985 moles occupy
(0.01331758*22.4) = 0.2983 litres. (0.013985*22.4) = 0.31326 litres.
Therefore, pecific methane production = | Therefore, specific methane production 7
298 Nml/gVS 313 Nml/gVS

Table B Shows the pedicted biogas production foRNSB based on volatile
solid reduction from experimental data for FBFg
Carbon balance: TWSB
PTL3@62.2% Volatile solids reduction (V{ PTL3@63.1% Volatile solids reduction

(VSR)
3 gVS contains 39.69g of carbon of which | 3 gVS contains 38.2¢g of carbon of which
62.2% is degraded = 0.382gC/gVS 63.1% is degraded = 0.396gC/gVS
(0.622%*0.396) =0.246312 gC/gVSsS (0.631%*0.396) =0.249876 gC/gVS

69.7% of carbon is converted to methane | 69.7% of carbon is converted to methang
0.246312*0.697=0.1716795 gC/gVS 0.249876*0.697 = 0.174164 gC/gVS
=0.1716795gC is (0.1716795/12) = =0.1741649C is (0.174164/12) = 0.0145
ndanmnoncc Y2€tSa / I|Y2tS&a / |yR ™M Y24sd
of CH so 1gVS produces @83066 moles | 1gVS produces 0.014514 moles of

of methane methane

w M Y2fS 2F 3l a 2 0( wlmoleofgas occupies 22.4 litres at S]
=> 0.0143066 moles occupy =>0.014514 moles occupy
(0.0143066*22.4) = 0.3205 litres. (0.014514*22.4) = 0.32511 litres.
Therefore, specific methane production = | Therefore, specific methane production =
321 Nml/gVS 325Nml/gVsS
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Table B Shows the predictedWSB basedverage biogas production using
volatile solid reduction from experimental data for FBF4

Carbon balance: GWSB

@55.2% Volatile solids reduction (VSR)
3 gVS contains 39.6g of carbon of which 61% is degraded = 0.396gC/gVS
(0.61%*0.396) =0.24156 gC/gVS
69.7% of carbon is converted to methane = 0.24156*0.697 = 0.168367 gC
' ndmcyocT 3/ A& o6ndmMcyocT KMHO T
of CH4 so 1gVS produces 0.014031moles of methane
w M Y2 fo&upks22.Alltrés at STP => 0.014031 moles occupy
(0.014031*22.4) = 0.31429 litres.
Therefore, specific methane production = 314 Nml/gVS

Table B Show the Biogas production using assume volablel reduction

Carbon balance:Assuming 70 and 75 % Volatile solids reduction (VSR)

TWSB @70% TWSB @75%
3 gVS contains 3969 of carbon of | 3 gVS contains 396g of carbon of whig
which 70 % is degraded = 75 % is degraded = 0.396gC/gVS
0.3969gC/gVSsS

= (0.70%*0.396) =0.2772 gC/gVS | (0.75%*0.396) =0.297 gC/gVS
69.7 % of carbon is converted to 69.7% of carbon is converted to

methane = 0.2772*0.697 = methane = 0.297*0.697 = 0.207009
0.19321gC/gVS gClgVs
=0.19321 gCis (0.19321/12) = | = 0.207009 gC is (0.207009/12) =

0.0161007 molesCand 1 moleof (n ®dnmTHpny Y2t Sa /
M Y 2 f S0 1S produces | mole of CHso 1gVS produces
0.0161007 mtes of methane 0.0172508 moles of methane
w M Y2fS 2F 3l a| w w™edgakoccupies22.4 litres at
at STP => 0.0161007 moles occup] STP => 0.0172508 moles occupy
(0.0161007*22.4) = 0.3607 litres. | (0.0172508*22.4) = 0.3864 litres.
Therefore, specific methane Therefore, specific methane productio
production = 361 Nml/gVS =386 Nml/gVS

Semi continuous testing
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AppendixFl Daily average banana peel waste substrate biom@gé3B) methane flow
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AppendixF2 Daily average paper waste substrate biom@&2WSB methane flow rate
above 1149ml/day for 9 weeks

1 ——
EBAYE SCHOLASTICA BEJOR 140260368 10-276



1200

1000

800

600

400

Methane CH, flowrate per day (mL)

200

1 2 3 4 5 6 7 8 9

Weeks

Appendix F3 Daily averagepaper waste substrate biomasB\WSBmethane
flow rate aboved55ml/ dayfor 9 weeks

G1 Calculation of calorific valuenodified Dulong formulas

337C+1419(H419- +93S+23.26N

GWSB-337@39.19 =13207

1419(5.8)- - =8230

23.263.08)=72

Energy value=337(39.19) +1419(5-8419- +23.26(3.08) =2MJ/kgVS
BPWSB= 337(40.01)34B3

1419 (5.82) - =859

23.26(@.43) = 33.3

Energy value=337(40.01) +1419(5.82419- +23.26(1.43) =2MJ/kgVS
PWSB: 337(38.19) =12870
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1419(5.57)- - =7904

23.26(0) =23.26

Energy value=337@38.19 +1419(%7-1419- +23.260) = 2MJ/kgVS

TWSB: 337(39.55) =13328

1419 (5.65) - =8017

23.26(2.04) 48

Energy value=337(38.19) +1419(65-1419- +23.26.04) = 21 MJ/kgVS
OR

G2 =34.1C+102H+6.3N+19.(D)-9.850)/100

GWSB =34.1(39.19) +108(8) 46.3(3.08) +19.159.85(0)/100 =20MJ/kgVS
BPWSB =34.140.01) +1026.82) 46.3(L.43) +19.1(0) -9.85(0)/100 =20MJ/kgVS
PWSB =34.1(8.19) +1026.57) 46.3(0) +19.1(0)-9.85(0)/100 29 MJ/kgVS
TWSB =34.1(3%5) +1026.65) 46.3(2.04) +19.1(0)-9.85(0)/100 29 MI/kgVS
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Process modelling

AppendixH1: MATLAB Simulation Code

% Initialises workspace variables for particle size distribution AD model

% Notethat F is the frequency distribution of particles with radius

% Partitioning set using-Ro use a mass fractichased patrticle size

% Distribution we would need to calculate on a frequency basis before using
% This model. F is relative frequency and d¢here should sum to 1

% Particle size range and categories in m

R =[1e5 3e5 1e4 34 1e3 3e3 1e2 3e2 1el 3el];

rmax = ((3*R(max(size(R)HR(max(size(RD)))/2; % rmax isused to set the
maximum particle size for PS distribution calcualtions

%Particle size distribution of feedstock
Fin=[100000 0 0 bt

% Initial condition of particle size distribution
Fini=[0.00.00.00.00.20.30.4 0.1 0.0 0.0}

% Inlet VS concentration

Cin =[0 250]% kg m~3

% Initial V€oncentration

Cini = 200% kg m*3

% Dilution rate

D = [0 0f;

% Rate constant based on surface area

Ksbk = 0.5;

% Density

rho = 1000;

% Specific methane production in m"3 methane/kg VS destroyed
km = 0.5;
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AppendixH2 PSD based degradation mobdIATLABImulink Implementation.

Biochemsial Fdot

E

Fin
mdat

Cin n

o (=}
Mass fraction and methane caleulatian
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