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ABSTRACT
Biogas is a renewable energy that has many applications including cooking, lighting
households among others. It is produced through the breakdown of organic matter in an air
tight compartment through a biochemical process which is generally termed digestion. This
technology involves various techniques through use of digesters or bioreactors and
operational parameters which could be predicted and must be optimised. A 0.15m?® capacity
fixed dome laboratory bioreactor was used to determine the effect of total solids, temperature,
and substrate retention time on biogas production rate. The feedstock was cow dung from
dairy cows managed under a free-range system during the day but held under a shed
overnight at Egerton University, Kenya. Three different experiments were conducted in a
batch feeding regime of the bioreactor. In the first one, the substrate at total solids of 6%, 7%,
8%, 9%, and 10% was digested at a constant temperature of 35°C (using auto control system).
The second experiment was conducted at mesophilic temperatures of 25°C, 30°C, 35°C, 40°C,
and 45°C using a cow dung substrate at total 8% solids. An evaluation of existing biogas
production prediction models was done. A third model (named the fixed dome temperature
model) was developed and tested. Biogas production rate was optimised with the help of
response surface methodology — in which a central composite design was applied. An
interaction of three variables namely total solids, temperature, and substrate retention time
were tested at five different levels. The highest average biogas production rate was 0.48 m®of
biogas per m® of digester volume per day (m®m?3d) at 8% total solids. The highest average
result of 0.52 m®m?3d occurred at 40°C. Lastly substrate retention time was observed while
the cow dung was at 8% total solids and 35°C; and the highest average output was 0.68
m3/m3d at 11 days. Low Temperature Lagoon model and Toprak model suited the results
obtained in this research. The optimum output of 0.50 m®m?3d was achieved at a level of 8%
total solids, 43.41°C, and 15 days. The optimal values were verified and found to be in
agreement with experimental results at an admissible tolerance of 6.6-10.7%. The above
conclusions can be transferred for adoption for field and industrial fixed dome digesters for
biogas production into operational guidelines for biogas stakeholders including designers and

operators.
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CHAPTER ONE
GENERAL INTRODUCTION

1.1 Background

Biogas is a renewable and an environmentally friendly form of energy which can substitute
wood and fossil fuels in a number of applications and thus mitigate the rising costs of
petroleum products and deforestation (Deublein and Steinhauser, 2008). Biogas is a
combination of gases produced during anaerobic decomposition of organic materials of plant
origin. It is produced from the organic wastes by a concerted action of various groups of
anaerobic bacteria (Boe, 2006). The main gaseous by-product is methane, with relatively less
carbon dioxide, ammonia and hydrogen sulphide (Saleh et al., 2012). Methane is the principal
constituent of natural gas and ranks first in the series of saturated hydrocarbons known as
alkanes (Khanal, 2008; Monnet, 2003). It is a light, colourless, odourless and highly
inflammable gas, second only to hydrogen in the energy released per gram of fuel burnt,

hence its potential as a household energy source (Nijaguna, 2006).

Biogas production was introduced in developing countries as a low-cost alternative source of
energy to alleviate acute energy shortage for households (Parawira and Mshandete, 2009).
However, few households currently use biogas. The poor adoption of this technology is
associated with the high cost of the digesters, lack of knowledge in installing and maintaining
them and frequent microbial failures (Ho et al., 2015). In Kenya, implementation of foreign
biogas systems has not only led to lower performance but also hampered local innovativeness
and scientific advancement in the field of renewable energy based on the local resources
(Nzila et al., 2012). Biogas technology provides an alternate source of energy in rural areas,
and is an appropriate technology that meets the basic need for cooking and lighting. The
biogas technology is adaptive and cheap because the gas burns clean, has high calorific value
and can be virtually produced anywhere using any locally available biodegradable material
like cattle waste, farm crop residues and other organic wastes (Bond and Templeton, 2011;
Nzila et al., 2012). A small household can use biogas for lighting and cooking without
causing air pollution, while large industrial systems can utilize it to generate electricity to run
their establishment and even sell the surplus to the National Grid (Rajendran et al., 2012).
The use of biogas offers a great opportunity towards the reduction in global warming gases
and climate change (Lippmann et al., 2003). Cooking with biogas can save women time
spent in harvesting wood and instead engage in other economic empowering activities,

reduces smoke which is a major cause of lung diseases and poor eye sight for rural women
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and children who cook with firewood in poorly lit and ventilated spaces (Nzila et al., 2015).
Other applications include gas-powered refrigerators and chicken incubators than run on
biogas in Kenya (Laichena and Wafula, 1997; Sibisi and Green, 2005). In India and Nepal,
biogas is connected to toilets for lighting (Batzias et al., 2005).

Manure that is left to decompose releases two main gases that cause global climate change:
nitrous dioxide warms the atmosphere three hundred and ten (310) times more than carbon
dioxide (COz), and methane (CH4) warms the atmosphere twenty one (21) times more than
COg; therefore by converting cow manure into biogas instead of letting it decompose, it
would be able to reduce global warming gases by 99 million metric tons or 4% (EPA, 2005;
Saleh et al., 2012). Cattle dung is a complex and naturally occurring polymeric substrate
which consists of soluble and insoluble matter which can be used as a source of renewable
energy (Garcia-Ochoa et al., 1999). Improper management of this waste leads to many
environmental hazards including water pollution and greenhouse gases (GHS) emissions
(Kobayashi and Li, 2011). United States of America exclusively produces approximately two
hundred and thirty (230) million tonnes of dry matter of animal waste that cannot be applied
as local fertilizer (Karim et al., 2007), United Kingdom produces eighty eight (88) million
tonnes annually (Phillips et al., 2008), while China produces 1.07 billion tonnes of livestock
waste yearly (Chen et al., 2009). Anaerobic digestion (AD) has been found to be an efficient,

cheap and easy method to manage livestock waste (Nasir et al., 2014).

A bioreactor (also termed as a digester) is any manufactured device or installed or
constructed structure with associated facilities (henceforth termed system) in which a
biologically active biological cum chemical process (digestion and sometimes fermentation)
is carried out which involves microorganisms or biochemically active substances derived
from such organisms is supported (IUPAC, 2006). Bioreactors are commonly cylindrical,
with a capacity ranging from 10 millilitre (ml) bottles to several cubic metres (m3), and are
often made of stainless steel and are mainly small and precise for experimental laboratory
studies while digesters are larger field or industrial biomass digestion systems used to
produce biogas for use in the household, farm or industry (Arthur et al., 2011).

There are many designs of biogas plants but the most common ones in Kenya include the
lagoon, floating drum, fixed dome and flexible structure bio-digester models (Schon, 2010).
These designs have evolved over the years since the first digester was installed in Kenya

around the year 1959 (Nyaanga et al., 2015). The first field biogas systems were based on the



floating drum originating from India, and fixed Chinese systems which have since been
modified and advanced to meet the local conditions (Rupfa et al., 2017) by local engineers,
technologists, technicians and masons and accompanied by the introduction of portable
flexible bag digesters, being installed underground or above ground (Nyaanga et al., 2015).
Rupfa et al. (2017) suggests that the most suitable biodigester design for different
applications in Kenya should be based on user defined inputs, including energy and fertiliser
requirements; feedstock (type, amount, and rate of supply); water supply; land use (area, soil
type, ground water level); climate (temperature and rainfall); construction materials available
locally; and the priorities (based on sustainability criteria) of the intended biogas user. There
are many factors and hence there is need for long term and multi-agency corroboration. The
environmental, management, and civil designs including sizing of the digesters with the idea
of optimising the biogas production can be studied and decided on using appropriately

designed laboratory bioreactors that replicate the field systems (Nyaanga et al., 2015).

A fixed dome reactor has been used in this study. A fixed dome is a bioreactor which consists
of a digester with fixed, non-movable gas holder, which sits on the digester — it is the most
commonly used digester in China (Santerre and Smith, 1982) and also in Kenya. In terms of
absolute numbers, the fixed dome is by far the most common digester type in developing
countries (Gunaseelan, 1997). The Chinese fixed dome is the most popular and used most in
developing countries because of its reliability, low maintenance costs, a long lifespan, and
relatively minimal loss of the biogas yield (Ghimire, 2013; Huba et al., 2013).

A parameter is any of the factors that limit the way in which something can be done. In this
study, the parameters that have been considered are total solids, temperature, and substrate
retention time; and their effect on biogas production rate in a fixed dome bioreactor under
mesophilic laboratory conditions. Bioreactors operate at different environmental and
management conditions. There are three possible ranges of temperature in which the
anaerobic digestion (AD) process can be carried out. According to Comino et al. (2010),
psychrophilic temperature ranges from 15°C to 25°C, mesophilic temperature ranges from
30°C to 40°C, and thermophilic temperature ranges from 50°C to 60°C. Temperature and
substrate concentration may be the most important parameters determining the performance
and stability of the AD process (Chae et al., 2008). Together, they influence the microbial
community structure, the biochemical conversion pathways, the kinetics and thermodynamic

balance of the biochemical reactions, and the stoichiometry of the products formed (Arikan et
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al., 2015). Because the formation and consumption of products can occur at different rates,
transient accumulation of potentially inhibitory substances is possible, particularly with
complex substrates (Labatut et al., 2014). Consequently, temperature is a critical factor
affecting anaerobic digestion because it influences both system heating requirements and
methane production (Ramaraj and Unpaprom, 2016). Other factors that affect the efficient
production of biogas include lack of feedstock, appropriate design of digesters, development
of inoculums, pH, organic loading rate, hydraulic retention time (HRT), Carbon to Nitrogen
(C:N) ratio, and volatile fatty acids (Nzila et al., 2010). Also defects in digester construction
and microbiological failure are the major areas of concern and are crucial for the optimisation

of biogas production technologies and their economic viability (Nijaguna, 2006).

The hydraulic retention time (HRT) refers to the duration that the substrate or the organic
matter compounds take to be digested or get bio-chemically decomposed in the absence of
oxygen, as they pass or traverse and move through the digester from the inlet (as influent) to
the exit (as effluent) (Nyaanga et al., 2015). Complex organic compounds require longer
retention times than simple compounds since the former are harder to breakdown (Singh et
al., 2017).

The retention time of the solids, which can also be termed as substrate retention time (SRT),
has been associated with the ability of a biological system (including fermentation and
digestion of organic matter) to reduce complex harmful compounds to safe levels and hence
meet the effluent standards or the allowed pollutants’ biodegradability levels for complete the
production of biogas (Nyaanga et al., 2015; Singh et al., 2017). Substrate retention time in
biogas production systems depends on the amount of substrate and nutrients available for
methanogenic bacteria to consume and complete to generate methane (Masinde et al., 2020).
Using this understanding, substrate retention time, can be defined as the time taken from
loading the digester or bioreactor with the influent and inoculum, to the time the substrate
stops yielding biogas. The SRT will be influenced by the given biogas system (size or
volume), type of substrate, prevailing operational conditions such as temperature and
agitation. In most cases, lay biogas stakeholders use the terms HRT and SRT interchangeably
despite the difference and similarity. Both SRT and HRT are used in the design of bio-
chemical reactors including biogas production systems which use bacteria and enzymes.
Stirring or agitation and feeding regime (frequency and amount fed into a bioreactor or a

digester) may lead to longer or shorter HRT or SRT or wash out (where excess microbial

4



mass is moved out of digester or digesters), respectively. Hence HRT and SRT depend on
digester volume or size, prevailing conditions, material type especially with respect to
digestibility in addition to factors such as pH, carbon to nitrogen ratio, microbial growth
inhibitors, among others. The anaerobic digesters, which are capable of owning prolonged
solid or substrate retention times (SRT) because of immobile or congested bacterial biomass,
operate rapidly with smaller hydraulic retention time (HRT) and decreased expenses (Singh
etal., 2017).

The biogas quantity and quality are greatly influenced by the range of temperature in the
process of anaerobic digestion. A sudden drop or increase of temperature causes temperature
shocks to the bacteria which might inhibit their performance or cause their death (Patharwat
et al., 2016). The same can happen in the event of insufficient or excess supply of their
specific food or nutrients. Singh et al. (2017) reported that naturally, the microorganisms
(specifically, the methanogenic kind of bacteria) that take part in anaerobic digestion are
largely categorized into three types as mesophiles, thermophiles and cryophiles or
psychrophiles. The elevated temperature of the thermophilic regime induces more
biochemical processes, causing massive production of methane (Leenawat et al., 2016).
Thermophilic regime consumes a large quantity of energy, and this is counterbalanced by the

huge biogas production.

A number of semi theoretical and empirical models have been proposed and used in the
mathematical estimation of the amount of biogas produced from a given biogas setup and
prevailing conditions. They include Plug Flow Digester, Lagoon Low Temperature, Toprak,
Chen and Hashimoto, and Scoff and Minott which involve hydraulic retention time, volatile
solids concentrations, bacteria growth rate, digester temperature, and daily substrate flow
rate. These are described and tested in later chapters in this thesis. A few other mathematical
models have been proposed. Delgadillo et al. (2018) proposed the model for the simulation of
biogas production using model parameters obtained by performing a sensitivity analysis,
using a sequential quadratic programming algorithm. They calibrated and validated the model
using experimental data obtained from a pilot-scaled plant and concluded that the model was
able to correctly predict the methane production dynamics from few key measurements.
Korolev and Maykov (2019) optimized a two-stage methanogenesis regime based on the
theory of the Pontryagin’s maximum principle and concluded that optimal control of the

biogas process can be estimated using a controlled algorithm.
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Optimisation is the act of achieving the best possible result under given circumstances. The
aim is either to minimise the effort or to maximise benefit. The effort or benefit can be
expressed as a function of certain design variables. Hence optimisation is the process of
finding conditions that give the minimum or the maximum value of a function (Astolfi and
Praly, 2006). In this study, biogas production was maximised while the parameters were kept
in range. Some optimisation techniques associated with anaerobic digestion including basic
designs of single-stage or two-stage systems, environmental conditions within the reactors
such as temperature, pH and buffering capacity have been applied in Nigeria, Tanzania and
Zimbabwe among others in sub-Saharan Africa (Parawira and Mshandete, 2009). Response
surface methodology (RSM) is one of the most effective approaches for designing
experiments, for building models, and for determining optimal conditions on responses which
are influenced by several independent variables (Kang et al., 2016). Apart from defining the
influences of independent variables on the responses, RSM also determines the effect of
interaction between parameters to obtain the best performance on a system (Belwal et al.,
2016). Other optimisation techniques include Artificial Neural Networks (ANN) (Ghatak and
Ghatak, 2018), Genetic Algorithm (GA), and Taguchi.

1.2 Statement of the Problem

Biogas production is influenced by a number of process parameters including substrate
retention time, total solids, and temperature for different digester designs and management
regimes (including batch, semi continuous and continuous feeding of the organic matter) in
the field, and industrial, household and experimental or laboratory digesters or bioreactors.
The common biogas systems in Kenya including the fixed dome digesters are likely to
perform differently as per the manure characteristics and the management of some of the
operational parameters including dilution levels, retention time and digester temperature.
The dilution of feedstock to water used in Kenya is 1:1, leading to a variation of the total
solids in the influent due to the inherent amount of water in the feedstock including cow dung

or manure.

The effect of varying substrate retention time, total solids, and temperature on biogas
production in a batch bioreactor is not clearly articulated. The applicability of some of the
simpler empirical existing biogas production prediction models have not been tested on this
type fixed dome laboratory bioreactor for adoption. Optimisation using substrate retention

time, total solids, and temperature to maximise biogas production in a fixed dome bioreactor
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using response surface method on the biogas production in a fixed dome lab bioreactor has

not been done. Therefore, there was need to carry out this study in order to fill these gaps in

the advancement of biogas technology in Kenya and other parts of the world.

1.3 Objectives

1.3.1 Broad Objective

The broad objective of this research was to optimise biogas production using some process

parameters in a fixed dome laboratory bioreactor.

1.3.2 Specific Objectives

The specific objectives were to:

Determine the effect of different total solids, temperature and substrate retention time on

biogas production for the fixed dome laboratory bioreactor.

Evaluate existing biogas production prediction models that relate to total solids,

temperature and substrate retention time.

Optimise biogas production based on total solids, temperature and substrate retention time

for the fixed dome laboratory bioreactor.

1.4 Research Questions

a)

b)

How is biogas production affected by total solids, temperature and substrate retention

time?

How do the existing biogas production prediction models that relate total solids,
temperature, and substrate retention time to biogas production with respect to the data

collected?

Has optimisation using total solids, mesophilic temperature, and substrate retention time
been employed to maximise biogas production for the fixed dome laboratory bioreactor?

1.5 Justification

The need to relate the field medium and small scale fixed dome digesters common in most

institutions such as universities, slaughter houses, large scale farms and small scale

households, has been identified that led to the development of a laboratory bioreactor

representing the fixed dome digesters by Nyaanga et al. (2015), however, the functioning of



the bioreactor has not been done. It is on this basis that this research’s objectives were

formulated.

The effect of varying the levels of total solids, temperature, and substrate retention time on
biogas production gives the optimal point at which each factor gives the highest amount of
biogas. This enables the application of the appropriate levels of each parameter by the biogas
producer. The relationship from such an evaluation can be adapted by biogas stakeholders
and producers to improve the technology and enhance its adoption.

Evaluation of models of biogas production is important because it helps to understand how a
system behaves when a parameter is varied. Models can be used to predict the level of input
at which maximum biogas can be produced. This helps in reducing the cost of production
while maximising on the output by identifying the appropriate settings of values of the

concerned parameters for different sized fixed dome digesters operated at varied conditions.

Optimisation of factors that affect biogas production helps in giving the level of combining
the inputs in order to achieve the best desired output. This knowledge assists in easing the
production process and the associated costs. In this particular case, the optimum temperature,
total solids and substrate retention time for the laboratory fixed dome bioreactor could be
scaled up to the field or industrial digesters.

1.6 Scope and Limitations

1.6.1 Scope

The cattle dung herein termed as the cow manure (used as a feedstock) was sourced from
semi free range cattle rearing system (where the animals are allowed to graze in the fields
during the day and come to the shed for milking and overnight) of Tatton Agricultural Park
(Farm), Egerton University, Kenya. Tap water at room temperature, was used to dilute the
manure to the required total solids before loading into the 0.15m® fixed dome batch
laboratory reactor, designed and fabricated in the Agricultural Engineering workshop at
Egerton University. The factors considered in the research were temperature, total solids and
substrate retention time and their effects on biogas production and quality. The substrate
retention time of 11 to 18 days, a mesophilic temperature range of 25°C to 45°C at intervals

of 5°C, and a total solids range from 6% to 10% were proposed for the research. Biogas



volume was measured by the water displacement method and validated by bag storage, while

the quality of the gas was verified by a Gas Chromatograph and visual blue flame.

The flow chart (Figure 1.1) below outlines the input parameters or variables and outputs

(parameters) that constitute the process conditions that were researched on in this study.

> EXPERIMENTAL SET UP ”
VARIABLES/INPUTS & Lab bioreactor PARAMETERS/OUTPUTS
1. Temperature (25, 30, ¢ Batch Anaerobic Digestion 1. Biogas Production
35,40,45°C) % Substrate: Cow manure

2. Biogas Quality
2. Total Solids (TS) Held constant:
» No Pretreatment

C/N ratio (20.16 + 0.09: 1)

pH (7.0 £ 1.0)

Organic loading rate (once, batch
feeding regime)

Stirring: 15 minutes every 12

3. Substrate Retention

Time (SRT)

Y YV V

A\

hours

Figure 1.1: Variables, experimental unit and parameters

1.6.2 Limitations
The initial manure handling involving no pretreatment, carbon to nitrogen ratio, pH, and

organic loading rates were predetermined and held constant throughout the experiments.
Effluent from anaerobic digestion of cow dung at Egerton University biogas plant was used

as the initial inoculum for each experiment.

Electric power outages, at times, disrupted the smooth running of the experiments. Whenever
a power outage occurred, the affected experiment was restarted afresh in order to get credible
results. Biogas quality analysis had a challenge because the Gas Chromatograph (GC) was
old and it did not have a protocol. The protocol for methane content analysis was adopted
from a Hewlett Packard 5890plus GC with a flame ionization detector (FID) and a Supelco
Carboxen1006 Plot Column that is 30 m long with 0.53 mm internal diameter (Walsh and
McLaughlan, 1999). The manpower to assist in running the experiment was a challenge. The
visual estimation of a bright blue flame was (albeit, subjectively) used as a judgement of
good quality biogas (55 to 70% methane).
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CHAPTER TWO
LITERATURE REVIEW

2.1Biogas

With an overall human population growth of 70% between 1970 and 2004, the largest
contribution to global greenhouse gas (GHG) emissions has come from the energy supply
sector (EPA, 1992). Thus, innovations and improvements in this field can have major effects
on this issue and contribute to mitigate climate change and its accompanying effects. Among
other advantages, energy recovery from renewable sources can help to reduce GHG
emissions since - unlike combustion of natural gas, liquefied gas, oil and coal - energy
generation from biogas is an almost carbon-neutral way to produce energy from regional

available raw materials (Saleh et al., 2012).

Biogas comprises of gases that are produced during anaerobic digestion of organic materials
that originate from plants. It is produced from the organic wastes by a concerted action of
various groups of anaerobic bacteria (Boe, 2006). The main gaseous by-product is methane,
with relatively less carbon dioxide, ammonia and hydrogen sulphide (Saleh et al., 2012).
Methane is the principal constituent of natural gas and ranks first in the series of saturated
hydrocarbons known as alkanes (Khanal, 2008; Monnet, 2003). It is a light, colourless,
odourless and highly inflammable gas, second only to hydrogen in the energy released per

gram of fuel burnt, hence its potential as a household energy source (Nijaguna, 2006).

Besides hydro power, solar energy, biomass energy and wind energy, biogas plants are
important producers of electricity and heat from renewable energy sources (Lippmann et al.,
2003). However, there are some shortcomings. Major benefits of energy production with
biogas plants include utilisation of locally available, renewable resources; no supply costs in
the case of agricultural waste products utilisation; almost carbon-neutral energy supply; local
energy supply — no overland lines required; controllable performance — adjustable to demand;
capability to provide base load electricity; and improved fertilization quality compared to raw
agricultural wastes (EPA, 2005; Lippmann et al., 2003). Bio-slurry is used as a fertilizer to
promote the growth of crops and improve the crop yield (Gisemba and Barasa, 2019). Biogas
is used mainly for lighting, cooking and heating. Cooking with biogas can save women time
spent in harvesting wood and instead engage in other economic empowering activities,

reduces smoke which is a major cause of lung diseases and poor eye sight for rural women
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and children who cook with firewood in poorly lit and ventilated spaces (Nzila et al., 2015).
Other applications include gas-powered refrigerators and chicken incubators than run on
biogas in Kenya (Laichena and Wafula, 1997; Sibisi and Green, 2005). In India and Nepal,
biogas is connected to toilets for lighting (Batzias et al., 2005).

Manure that is left to decompose releases two main gases that cause global climate change:
nitrous dioxide warms the atmosphere three hundred and ten (310) times more than carbon
dioxide (COz), and methane (CHs) warms the atmosphere twenty one (21) times more than
COgo; therefore by converting cow manure into biogas instead of letting it decompose, we
would be able to reduce global warming gases by 99 million metric tons or 4% (EPA, 2005;
Saleh et al., 2012). Cattle dung is a complex and naturally occurring polymeric substrate
which consists of soluble and insoluble matter which can be used as a source of renewable
energy (Garcia-Ochoa et al., 1999). Improper management of this waste leads to many
environmental hazards including water pollution and greenhouse gases (GHS) emissions
(Kobayashi and Li, 2011). United States of America exclusively produces approximately two
hundred and thirty (230) million tonnes of dry matter of animal waste that cannot be applied
as local fertilizer (Karim et al., 2007), United Kingdom produces eighty eight (88) million
tonnes annually (Phillips et al., 2008), while China produces 1.07 billion tonnes of livestock
waste yearly (Chen et al., 2009). Anaerobic digestion (AD) has been found to be an efficient,
cheap and easy method to manage livestock waste (Nasir et al., 2014).

2.2 Types of Biogas Systems

Digesters provide anaerobic conditions for biogas generation from biomass. The digester
design and size vary depending on specific geographical conditions, substrate type, quantity
of substrate available, and availability of construction materials (Rajendran et al., 2012). The
main digester designs used in developing countries are; fixed dome, floating drum and plug
flow digesters.

Fixed dome digesters are non-portable two tank systems, usually built underground to protect
them from temperature fluctuations and to save space (Vogeli et al., 2014). Digester feeding
is through an inlet pipe that reaches the bottom level of the digester chamber, gas produced is
accumulated at the gas collection chamber just above before piping to a separate chamber,
while slurry is collected through the expansion chamber (Rajendran et al., 2012). Gas

pressure is created by level differences between the slurry in the digester and that in the
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expansion chamber; this helps push the digested substrate out. This study employed the use
of a fixed dome laboratory batch digester. A fixed dome is a bioreactor which consists of a
digester with fixed, non-movable gas holder, which sits on the digester — it is the most
commonly used digester in China (Santerre and Smith, 1982) and also in Kenya. In terms of
absolute numbers, the fixed dome is by far the most common digester type in developing
countries (Gunaseelan, 1997). The Chinese fixed dome is the most popular and used most in
developing countries because of its reliability, low maintenance costs, a long lifespan, and
relatively minimal loss of the biogas yield (Ghimire, 2013; Huba et al., 2013).

Floating drum digesters may have a well-shaped underground digester unit with a movable
inverted drum acting as a gas holder or gas storage tank (Regattieri et al., 2018). They
produce gas at constant pressure and variable volume whereby the movable drum moves up
and down depending on the amount of gas generated in the digester (Green and Sibisi, 2002;
Rajendran et al., 2012). The drum’s weight also helps to pressurize gas flow through
pipelines for conveyance, distribution and use; its position above the digester also helps
indicate the amount of biogas held (Green and Sibisi, 2002). This design was developed in
India by Khadi and Village Industry Commission, generally referred to as the KVIC design
(Sooch and Singh, 2004). The mixing of the substrate is achieved in the digester during the
feeding time whereby the substrate moves along the wall, the digester is easy to operate, and
it has constant gas pressure because of the weight of the floating drum (Buysman, 2009). The
main disadvantage of this system is the high cost of the steel drum, and the corrosion of steel

caused by sulphide ions (Balasubramaniyam et al., 2008).

Plug flow digesters are constant volume portable digesters but produce biogas at variable
pressure (Green and Sibisi, 2002). They consist of a long, narrow, heated and insulated
cylindrical tank whereby substrates are fed from one end while the gas and digestate are
collected from the other end (Neibling and Chen, 2014); they may be partially or fully built
below the ground and covered by a flexible or rigid roof. They are inclined to produce a two-
phase system by facilitating the separation of acidogenesis from methanogenesis
longitudinally (Rajendran et al., 2012). This design is capable of achieving high temperatures
during the day due to the thin covering of the digester body because it is exposed to solar
radiation; but the digester experiences high heat loss at night and in the winter season
(Daxiong et al., 1990).
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It was found that for the production of biogas by anaerobic digestion processes, residues from
livestock farming, food processing industries, waste water treatment sludge, and other
organic wastes can be utilised (Schon, 2010). Anaerobic digesters can be designed and
engineered to operate using a number of different variants and process configurations.
Anaerobic digestion processes can be classified according to the total solids content of the
slurry in the digester and categorized further on the basis of number of reactors used, into
single stage and multi stage (Monnet, 2003). In single stage reactors, the different stages of
anaerobic digestion occur in one reactor while multi stage processes make use of two or more

reactors that separate the steps in space.

Eder and Schulz (2006) have established that biogas reactors can either be designed to
operate at a high total solids content (greater than 20%), or at a low solids concentration.
Plants treating substrates with high solids content are referred to as dry fermentation reactors,
those with low solids content are called wet fermentation systems (Gray, 2004). Also, there
are combinations of both semi-dry and wet-dry. Low-solids digesters can transport material
through the system using standard pumps with a significantly lower energy input but require
more volume and area due to an increased liquid-to-feedstock ratio (Grady et al., 1999). The
dry fermentation process utilizes solid, stackable biomass and organic waste, which cannot be
pumped, and it is mainly based on a batch-wise operation with a high TS content ranging
from 20 to 50% at mesophilic temperatures (Schén, 2010). Dry fermentation systems are
operated in a variety of specifications with and without percolation in digesters having a box
or container shape accessible for loading machinery as well as in digesters formed by an air-
tight plastic sheeting filled with substrate without any further conditioning. Koettner (2002)
observed that digesters which solely work on the dry system with very little or no additional
liquid are inoculated with a digested substrate and thus, inoculants and fresh material have to
be mixed in suitable ratios beforehand. In dry—wet fermentation systems, the substrates don’t
need to be mixed or inoculated as bacteria rich percolation liquid re-circulated from the
digester effluent takes over the role of the bacterial inoculation and process starting. The
liquid that is heated in a heat exchanger, is either sprayed over the biomass from nozzles on
top of the tank or flooded into the reactor (Eder and Schulz, 2006).

Regarding the flow pattern of anaerobic digesters, two basic types can be distinguished: batch

and continuous. In continuous flow reactors the processes involved in anaerobic digestion
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proceed spatially as well as temporarily in parallel steps whereas batch reactors exhibit
temporarily staggered sequences (Jegede et al., 2019). The operation of batch-type digesters
consists of loading the digester with organic materials and allowing it to digest; once the
digestion is complete, the effluent is removed and the process is repeated (Eder and Schulz,
2006). For example, covered lagoons and anaerobic sequencing batch reactors (ASBR) are

operated in batch mode.

A covered lagoon consists of a pond containing the organic wastes which is fitted with an
impermeable cover that collects the biogas. The cover can be placed over the entire lagoon or
over the part that produces the most methane. The substrate enters at one end of the lagoon
and the effluent is removed at the other. Cover lagoons are not heated and operate at ambient
temperature which implies seasonal variations in reaction and conversion rates, and have the
advantage of relatively low costs which are partly offset by lower energy yields and poor
effluent quality (Schon, 2010).

Anaerobic sequencing batch reactors (ASBR) are discontinuously operated in a fill and draw
mode. Filling of the tank is followed by a reaction period yielding biogas. During this stage
the substrate is allowed to settle to the bottom of the tank and the solids separate from the
effluent liquor. After that the supernatant and the digested substrate are withdrawn except a
small portion which is retained in the tank in order to inoculate the incoming feed with active

microorganisms.

In a continuous or quasi-continuous digester, organic material is constantly or regularly fed
into the digester where it is moved forward either mechanically or by the force of the new
feed pushing out digested material. Continuous digesters, unlike batch-type digesters,
produce biogas without the interruption of loading material and unloading effluent (Schon,
2010). Continuous digesters include plug-flow systems, continuous stirred tank reactors
(CSTR), and high-rate bio-film systems such as up-flow anaerobic sludge blanket reactors
(UASB).

In most cases, a plug-flow digester comprises a stirred and heated horizontal tank which is
fed at one end and the emptied at the other. By continuous feeding, a ‘plug’ of substrate is
slowly moved through the tank towards the effluent. This mode of operation has various

advantages that include the prevention of premature removal of fresh substrate through
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hydraulic short-circuiting and a high sanitizing potential. Since the plug flow digester is a
growth based system where the biomass is not conserved, it is less efficient than a retained

biomass system and inoculation may be required (Eder and Schulz, 2006).

Basically, a CSTR consists of a closed vessel equipped with stirring devices providing
mixing of the content. The reactor is continuously fed with substrate and due to the mixing it
can be assumed that the concentrations of the compounds inside the vessel equal those at the
effluent. Also, there is no liquid-solid separation or stratification and, hence, the substrate
retention time (SRT) is the same as the hydraulic retention time (HRT). Since the biomass is
suspended in the main liquid and will be removed together with the effluent, relatively long
HRTSs are required to avoid an outwash of the slow-growing methanogens (Batstone et al.,
2002).

Up-flow anaerobic sludge blanket reactors belong to the group of so-called high-rate
anaerobic reactors. The term ‘“high-rate” refers to reactor configurations that provide
significant retention of active biomass, resulting in large differences between the SRT and the
HRT, and operate at relatively short HRTs, often on the order of two days or less (Grady et
al., 1999). In an UASB digester the influent is introduced into the bottom of the vessel with a
relatively uniform flow across the reactor cross section and distributed such that an upward
flow is created. In the upper portion of the tank a cone shape with a widening cross section is
introduced reducing the flow as it rises. As a consequence, combined with the flow rising
upward from the bottom, gradually descending sludge will be hold in equilibrium forming a
blanket which suspends in the tank. Small sludge granules begin to form whose surface area
is covered with aggregations of bacteria. Finally the aggregates form into dense compact bio-
films referred to as "granules”. Substrate flows upwards through the blanket and is degraded
and converted to biogas by the anaerobic microorganisms. Treated effluent exits the granular
zone and flows upward into the gas-liquids-solids separator. There, the gas is collected in a
hood and the supernatant liquid is discharged while separated solids settle back to the
reaction zone. The combined effects of influent distribution and gas production result in
mixing of the influent with the granules. Some variants of bio-film reactors use up-flow
reactors provided with an internal packing to improve sludge blanket stability. The media
have a high specific surface and allow for the growth of attached biomass (Grady et al.,
1999).
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Generally, choice of reactor type is determined by waste characteristics, especially particulate
solid contents. Consequently, the process must be able to convert solids to gas without
clogging the anaerobic reactor. Solids and slurry waste are mainly treated in CSTRs, while
soluble organic wastes are treated using high-rate bio-film systems such as UASB reactors
(Boe, 2006). As explained previously, these reactors have very low HRTs and bacteria are
retained in these reactors. The bacteria convert the soluble constituents to gas but have little
opportunity to hydrolyze and degrade the particulate solids, unless the solids become attached
to the biomass (Burke, 2001).

2.3 Anaerobic Digestion

Anaerobic process technologies initially intended for food and beverage production have
been developed and applied over many centuries (Batstone et al., 2002). With the
employment of anaerobic digestion for treatment of organic waste and biogas production, an
environmentally attractive technology has been established (Singh, 2017). Anaerobic
digestion has several environmental benefits with regard to waste treatment, pollution
reduction, production of CO-neutral renewable energy and improvement of agricultural
practices by recycling of plant nutrients (Boe, 2006). Anaerobic digestion is a slow process,
and it normally takes at least 21 days for the microbes to adapt to a new condition when there

is a change of temperature or a substrate (Deublein and Steinhauser, 2008).

Bjornsson et al. (2000) reported that the anaerobic degradation of complex organic matter
into methane and certain by-products is a complex multi-step process of metabolic
interactions performed by a well-organized community of microbial populations.
Accordingly, a variety of microorganisms coexist in anaerobic digesters even when a single
substrate is utilised, and their concerted activity is necessary for the complete bioconversion
of organic materials to methane, carbon dioxide as well as trace gases such as hydrogen
sulphide (H.S) and hydrogen (H2) (Boe, 2006). Maintaining a healthy bacterial population
heavily depends on the microbial status and suitable operating conditions (Bjérnsson et al.,
2000; Lee and Hajela, 1996).

2.3.1 Microbial aspects of the anaerobic process
Anaerobic digestion of organic matter can be subdivided into four phases, termed

hydrolysis/liquefaction, acidogenesis, acetogenesis and methanogenesis. These phases are a
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series of interlinked reactions proceeding spatially as well as temporarily in consecutive and

parallel steps and hence, influence one another (Batstone et al., 2002).

Hydrolysis is a process where complex macromolecular organic matter comprising of
carbohydrates, proteins and fats is subjected to enzymatic degradation and transformed to
monosaccharides, amino acids and long chain fatty acids. Further anaerobic digestion finally
leads from acidogenesis to acetogenesis and then to methanogenesis via intermediates and
by-products to biogas production (CH4, CO2) (Batstone et al., 2002). Figure 2.1 shows a

schematic flow of the stages in an anaerobic digestion process.

Hydrolysis Acidogenesis  Acetogenesis Methanogenesis
Carbohydrates Sugars Carbonic
acids, and
AlcoholsH Hydrogen, Methane,
Fatty acids ,Hz, CO2 Acetic acid, Carbon
Fats (LCFA) Carbon dioxide
dioxide
Hydrogen, Biogas
Carbon
Proteins Amino dioxide,
acids Ammonia

Source: Batstone et al. (2002)
Figure 2.1: Illustration of the anaerobic process.

Anaerobic degradation starts with the hydrolysis step in which the organic polymers get
solubilized into simpler and more soluble intermediates which can then pass the cell
membrane of the bacteria that is involved in biogas production (Pavlostathis and Giraldo-
Gomez, 1991).

The subsequent step to hydrolysis is referred to as acidogenesis (also termed fermentation)
which is generally defined as an anaerobic acid-producing microbial process without an
additional electron acceptor or donor (Gujer and Zehnder, 1983). The monosaccharides and
amino acids resulting from hydrolysis are degraded to a number of simpler products such as
volatile fatty acids (VFA) including propionic acid (CH3CH>COOH), butyric acid
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(CH3CH>CH2COOQH), and acetic acid (CH3COOH) (Batstone et al., 2002). These products
can not be utilised directly by the methanogens and must be degraded further in a subsequent
process that is referred to as acetogenesis (Bjornsson et al., 2000). Acidogenesis is often the
quickest step in the anaerobic conversion of complex organic matter in liquid phase
digestions (Vavilin et al., 1996).

Acetogenesis is the degradation of higher organic acids formed in acidogenesis to yield
carbon dioxide and hydrogen (Batstone et al., 2002). This intermediate conversion is crucial
for the successful production of biogas. During methanogenesis, the fermentation products
such as acetate, H, and CO- are converted to CH4 and CO2 by methanogenic archaea which

are strict obligate anaerobes (Bjornsson et al., 2000; Pavlostathis and Giraldo-Gomez, 1991).

2.3.2 Factors affecting anaerobic digestion

The metabolic activity involved in microbiological methanation is dependent on the
following factors: substrate temperature, available nutrients, retention time (flow-through
time), pH level, nitrogen inhibition and carbon to nitrogen ratio, substrate solid content and
agitation, and inhibitory factors (Grady et al., 1999). Each of the various types of bacteria
responsible for the four stages of the anaerobic digestion is affected differently by the above
parameters (Varma et al., 2009). Since interactive effects between the various determining
factors exist, no precise quantitative data on gas production as a function of the above factors
are available (Gray, 2004). Thus, optimisation was limited to the three selected factors
(temperature, substrate concentration and solid retention time) while holding the other factors

constant.
a) Temperature of substrate

Anaerobic fermentation is, in principle, possible between 3°C and approximately 70°C.
Differentiation is generally made between three temperature ranges: the psychrophilic
temperature range lies below 20°C, the mesophilic temperature range lies between 20°C and
40°C, and the thermophilic temperature range from 40°C to 65°C (Eder and Schulz, 2006;
Grady et al., 1999; Patharwat et al., 2016). The best temperatures are 10°C, 37°C and 52°C

for psychrophilic, mesophilic, and thermophilic bacteria respectively (Patharwat et al., 2016).

The rate of bacteriological methane production increases with temperature. Since, however,

the amount of free ammonia also increases with temperature, the bio-digestive performance
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could be inhibited or even reduced as a result (Eder and Schulz, 2006). In general, unheated
biogas plants perform satisfactorily only where mean annual temperatures are at least 20°C.
Within the range of 20°C to 28°C mean temperature, gas production increases over-
proportionally while below 15°C, gas production is so low that the biogas plant is no longer
economically feasible (Eder and Schulz, 2006; Grady et al., 1999).

The process of bio-methanation is very sensitive to changes in temperature; the degree of
sensitivity, in turn, is dependent on the temperature range (Leenawat et al., 2016). Brief
fluctuations not exceeding the following limits may be regarded as still un-inhibitory with
respect to the process of fermentation: psychrophilic range: 2°C per hour, mesophilic range:
1°C per hour, and thermophilic range: 0.5°C per hour, (Eder and Schulz, 2006).

Lettinga et al. (1997) studied the rate of growth of methanogens with increasing temperature

and came up with the findings as shown in Table 2.1.

Table 2.1: Growth rate of methanogens with increase in temperature of substrate

Temperature (°C) Growth rate (%)

Psychrophiles  Mesophiles  Thermophiles

0 0 0 0

5 5 0 0
10 12 3 0
15 20 5 0
20 4 10 0
25 0 20 3
30 0 30 5
35 0 40 12
40 0 50 25
45 0 40 30
50 0 0 50
55 0 0 60
60 0 0 95
65 0 0 90
70 0 0 25
75 0 0 0
80 0 0 0

Source: Lettinga et al. (1997).
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Figure 2.2 shows a graphical representation of the data in Table 2.1.
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Figure 2.2: Growth rate of methanogens with increase in temperature
Redrawn from Lettinga et al. (1997)

Lettinga et al. (1997) noted that psychrophiles grew steadily from 0°C to a maximum of 20%
at 15°C, and then started dying off to zero at 25°C at a faster rate. Similarly, their data show
that mesophiles are dormant between 0 and 5°C and only start growing gradually at 5°C, then
steadily (to a maximum of about 55% at 40°C), decline to 35% at 45°C, and then to zero at
50°C. Thermophiles start growing at 20°C, rise steadily up to 35% at 45°C. Thereafter the
growth rate rises exponentially to 95% at 60°C, and then dies off to zero at 75°C. It can be
seen from their data that the trends obey the biological exponential growth and decay trends
but at different rates (gradients) depending on digestion temperatures. It can be concluded
that the decay rate is faster (greater negative gradient) increasing from psychrophiles through
mesophiles to thermophiles. This has implications on the rate of biogas production and

justifies the use of higher digester and bioreactor temperatures.

b) Substrates and available nutrients

In order to grow, bacteria need more than just a supply of organic substances as a source of
carbon and energy. They also require certain mineral nutrients. In addition to carbon, oxygen
and hydrogen, the generation of bio-mass requires an adequate supply of nitrogen, sulphur,
phosphorous, potassium, calcium, magnesium and a number of trace elements such as iron,

manganese, molybdenum, zinc, cobalt, selenium, tungsten, and nickel (Bischofsberger et al.,
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2005). Common substrates such as agricultural residues or municipal sewage usually contain
adequate amounts of the mentioned elements (Tchobanoglous et al., 2003). Higher
concentration of any individual substance usually has an inhibitory effect, hence the analyses
are recommended on a case-to-case basis to determine the amount of which nutrients, if any,
still needs to be added (Bischofsberger et al., 2005; Tchobanoglous et al., 2003). Table 2.2

shows characteristics of manure production from some animals.

Table 2.2: Characteristics of manure production from some animals

Kinds Body Discharge TS value of fresh Water to be added

weight per day discharge with fresh discharge

(kg) (kg) (% by wt.) to make 8% TS (kg)
Human 50.00 0.50 20.00 0.75
Cow 200.00 10.00 16.00 10.00
Chicken 1.50 0.10 20.00 0.15
Pig 50.00 5.00 20.00 7.50

Source: EPA (1992)

It will be worthy to confirm if the amount of water to be added to make cow dung influent
with a total solids (TS) of 8% are 10 kg if the fresh dung has a TS of 16% and as suggested

by EPA (1992) since this could be a function of the feed the animals consume.

Table 2.3 gives biogas production in cubic metres (m®) per cubic metre (m®) of digester
volume per day (m3/m3d) for different types of feedstock when digested at experimental
temperature of 35°C as the ambient conditions of temperature varied between 8°C and 25°C
while the fermentation or digestion period of the excrement materials was 60 days and that of

the stalk type feedstock was 90 days, both at a total solid content of 6%.
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Table 2.3: Biogas-production (m®/m3d) from various materials at medium (mesophilic) and

ambient (psychrophilic) temperatures

Materials Medium Ambient Reference

temperature temperature

(35° C) (8°-25°C)

Pig manure 0.45 0.25-0.30 Nijaguna (2006)
Cattle dung 0.30 0.20-0.25 Nijaguna (2006)
Human wastes 0.43 0.25-0.30 Bolzonella et al. (2006)
Rice straw 0.40 0.20-0.25 Deublein and Steinhauser (2008)
Wheat straw 0.45 0.20-0.25 Deublein and Steinhauser (2008)
Green grass 0.44 0.20-0.25 Nijaguna (2006)

The table, generally, shows that the rate of gas production increases with temperature, being
0.2 -0.25 m3/m3d and 0.30 m®m?3d at 8°C to 25°C, and 30°C respectively for cattle or cow
dung according to Nijaguna (2006).

Biogas production from several substances at 30°C in a batch reactor is presented in Table

2.4, giving the amount of biogas produced with time of digestion in days (as a % of the total
yield).

Table 2.4: Biogas production from several substances at 30°C in a batch reactor

Material Yieldin  Yieldin Amount of biogas produced in
m3/mid  m3kgTS days (as a % of the total yield) Reference
0-15 1545 45-75 75-

130
Water 0.40 0.16 83.0 17.0 00.0 00.0 Gallertetal. (2003)
Hyacinth
Alligator 0.38 0.20 230 450 320 00.0 (Baueretal., 2018)
Weed
Water 0.40 0.20 23.0 620 150 00.0 Saint-Jolyetal.
Lettuces (2000)
Cattle Dung 0.20 0.12 11.0 338 209 343 Nijaguna (2006)
Pig Manure 0.30 0.22 196 31.8 255 231 Nijaguna (2006)
Human 0.53 0.31 450 220 27.3 05.7 Bolzonellaetal.
Wastes (2006)
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The biogas production of 0.02 and 0.03 m3*m3d from cow dung when digested at medium
temperatures of 30°C and 35°C as reported by Nijaguna (2006) and was compared to the
results of the present research.

The amount of dung excreted per day and corresponding amount of biogas per animal is
presented in Table 2.5. Cattle or cows are represented by an ox that weighs an average of

500kg producing 0.36 to 0.96 cubic metres (m?®) of biogas per day.

Table 2.5: Amount of dung excreted per day by different animals

Kinds Body Daily Daily  Annual Annual Daily yield of
weight  excrement urine  excrement excrement biogas per capita
(ko) (ko) (k) discharged collection  (m®)
(ka) (kg)
Pig 50.0 6.0 15.0 2190.0 1752.0 0.18-0.25
Ox 500.0 34.0 34.0 12410.0 9928.0 0.36 - 0.96
Horse 500.0 10.0 15.0 3650.0 2920.0
Sheep 15.0 15 2.0 548.0 438.0
Chicken 1.5 0.1 0.0 36.8 29.4 0.0076 - 0.0112
Human 50.0 0.5 1.0 182.5 146.0 0.028

Source: EPA (1992)

EPA (1992) reported that the annual amount of excrements collected accounts for 80% of the
discharge from ox (and by inference cattle) manure can produce 0.36 - 0.96 m? of biogas per
day when the digester temperature is 35°C, the total length of fermentation period being 60

days for the excrement material and total solid content of the fermentative fluid being 6%.

) Retention time

Retention time refers to the duration that the substrate or the organic matter compounds take
to be digested or get bio-chemically decomposed in the absence of oxygen, as they pass or
traverse and move through the digester from the inlet (as influent) to the exit (as effluent)
(Nyaanga et al., 2015). The retention time can only be accurately defined in batch-type
digestion systems for the production of biogas. For continuous systems, the mean retention
time is approximated by dividing the digester volume by the daily influent rate. Depending

on the reactor geometry, and the means of mixing among others, the effective retention time
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may vary widely for the individual substrate constituents. Selection of a suitable retention
time thus depends not only on the process temperature, but also on the type of substrate used
(Dong, 2004). Optimising the process parameters (retention time, process temperature,
substrate quality, and volumetric loading) ensures the cost efficiency of the biological
processes. But as each m? digester volume has its price, heating equipment can be costly and
high quality substrates may have alternative uses, the cost-benefit optimum in biogas

production is almost always below the biological optimum (Nijaguna, 2006).

Gray (2004) reported that the approximate retention time in days for different liquid manures
undergoing fermentation in the mesophilic temperature range to produce biogas are 20-30
days for cow manure, 15-25 days for liquid pig manure, 20-40 days liquid chicken manure:,
and 50-80 days animal manure mixed with plant material. Another study also reported that if
the retention time is too short, the bacteria in the digester are "washed out™ faster than they
can reproduce, so that the fermentation practically ceases but also notes that this problem
rarely occurs in agricultural biogas systems (Hamad et al., 1981; Jash and Gosh, 1990; Marti-
Herero, 2011). The current research used a batch reactor, mesophilic temperature range and

liquid cow manure, hence the retention time.

d) pH value

The methane-producing bacteria thrive best under neutral to slightly alkaline conditions
(Bischofsberger et al., 2005). Once the process of fermentation has stabilized under anaerobic
conditions, the pH will normally take on a value of between 7 and 8.5 (Boe, 2006). Due to the
buffer effect of Carbon dioxide-bicarbonate (CO2 - HCOz") and ammonia-ammonium (NHs -
NH4*) compounds, the pH level is rarely taken as an indicator of substrate acids and/or
potential biogas yield (Tchobanoglous et al., 2003). A digester containing a high volatile-acid
concentration requires a higher-than-normal pH value (Grady et al., 1999). If the pH value
drops below 6.2, the medium will have a toxic effect on the methanogenic bacteria (Grady et
al., 1999).

d) Nitrogen inhibition, and Carbon to Nitrogen ratio
All substrates contain nitrogen apart from carbon. Table 2.6 presents the nitrogen content of
various organic substances and the Carbon to Nitrogen (C:N) ratio. For higher pH values,
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even a relatively low nitrogen concentration may inhibit the process of fermentation
(Bischofsberger et al., 2005). Noticeable inhibition occurs at a nitrogen concentration of
roughly 1700 mg ammonium-nitrogen (NH4-N) per litre of substrate (Mgller et al., 2004).
Nonetheless, given enough time, the methanogens are capable of adapting to NHs-N
concentrations in the range of 5000-7000 milligrams per litre (mg/l) of substrate, the main
prerequisite being that the ammonia level (NHz) does not exceed 200-300 mg NHzs-N per litre
of substrate (Monnet, 2003). The rate of ammonia dissociation in water depends on the
process temperature and pH value of the substrate slurry (Mgller et al., 2004).

Table 2.6: Carbon to nitrogen ratios of some fermentation materials

Material C-content (%) N-content (%)  C:N ratio

Dry wheat straw 46.00 0.50 87:1
Dry rice straw 42.00 0.50 67:1
Corn stalks 40.00 0.80 53:1
Soybean stalks 41.00 1.30 32:1
Wild grass 14.00 0.50 27:1
Peanut stems/leaves 11.00 0.60 19:1
Fresh sheep manure 16.00 0.60 29:1
Fresh cattle dung 07.30 0.30 25:1
Fresh horse dung 10.00 0.42 24:1
Fresh pig manure 07.80 0.60 13:1
Fresh human wastes 02.50 0.90 29:1

Source: Nijaguna (2006)

Microorganisms need both nitrogen and carbon for cell development. Various experiments
have shown that the metabolic activity of methanogenic bacteria can be optimised at a carbon
to nitrogen ratio of approximately 8-20, whereby the optimum point varies from case to case,
depending on the nature of the substrate (Bischofsberger et al., 2005). A study by Dioha et al.
(2014) on the effects of carbon to nitrogen ratio to biogas production showed that
microorganisms required 20:1 to 30:1 for Carbon to Nitrogen ratio. Nitrogen plays an
important role in amino acid synthesis and the formation of ammonia to neutralize volatile
acids generated by acid-forming bacteria, and hence it offers suitable pH levels that provide a

conducive environment for anaerobic digestion of organic matter (Tufaner and Avsar, 2016).
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Cow manure has a C:N ratio of about 22.71:1 (Ardaji et al., 2016) and hence its suitability

for this research .

e) Agitation and its effect on total solids content

The mobility of the methanogens within the substrate is gradually impaired by increasing
solids content, and the biogas yield may suffer as a result. However, reports of relatively high
biogas yields from landfill material with high solids content are found in recent literature
(Hansen et al., 2004; Ras et al., 2007). No general valid guidelines can be offered with
regard to specific biogas production for any particular total solid percentage (Abbassi-
Guendouz et al., 2012).

Substrates and various modes of fermentation require some substrate agitation or mixing in
order to maintain process stability within the digester (Bridgeman, 2012; Lemmer et al.,
2013). The most important objectives of agitation include removal of the metabolites and gas
produced by the methanogens, mixing of fresh substrate and bacterial population
(inoculation), preclusion of scum formation and sedimentation, avoidance of pronounced
temperature gradients within the digester, provision of a uniform bacterial population density,
and prevention of the formation of dead spaces that would reduce the effective digester
volume (Halalsheh et al., 2011).

Bridgeman (2012) gives the following points to be considered while selecting or designing a
suitable means of agitation:

I.  The process involves a symbiotic relationship between various strains of bacteria
namely, i.e. the metabolite from one species can serve as nutrient for the next species,
among others. Whenever the bacterial community is disrupted, the process of
fermentation will remain more or less unproductive until an equivalent new
community is formed. Consequently, excessive or too frequent mixing is usually
detrimental to the process. Slow stirring is better than rapid agitation.

ii. A thin layer of scum must not necessarily have an adverse effect on the process. For
systems in which the digester is completely filled with substrate, so that any scum
always remains sufficiently wet, there is little or no danger that the extraction of gas
could be impeded by the scum.

ilii.  Some types of biogas systems can function well without any mechanical agitation at

all. Such systems are usually operated either on substrates with such a high solid
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content, that no stratification occurs, or on substrates consisting primarily of solute

substances.

Karapaju and Rintala (2008) reported biogas production for minimal and intermittent
agitation relative to the biogas yield from a continuously mixed system. An evaluation, done
by Ghanimeh et al. (2012), on the effect of mixing and organic loading rate on anaerobic
digestion of source-separated organic fraction of municipal solid waste that was continuously

and slowly mixed at 100 revolutions per minute (rpm) showed a superior digestion efficiency.

Since the results of agitation and mixing are highly dependent on the substrate in use, it is not
possible to achieve a sufficiently uniform comparative evaluation of various mixing systems
and/or intensity levels (Lemmer et al., 2013). Thus, each such system can only be designed
on the basis of empirical data. The current research has reported on the form of agitation and

mixing that was used.

f) Inhibitory metals

There are light as well as heavy metals. Light metals include sodium (Na), magnesium (Mg),
Potassium (K), and Calcium (Ca), while the heavy metals include chromium (Cr), cobalt
(Co), copper (Cu), cadmium (Cd), nickel (Ni) and zinc (Zn). The presence of heavy metal
ions in the substrate is a major cause of toxicity that inhibits biogas production from
anaerobic digestion (Jin et al., 1998; Sterrit and Lester, 1980; Swanwick et al., 1969). Vallee
and Ulner (1972) reported that these heavy metal ions disrupt enzymatic functioning by
binding the metals with the organic substrate or by replacing naturally occurring metals in
enzyme prosthetic groups. Also the presence of antibiotics (this may include bacitracin,
flavomycin, lasalocid, monensin, and spiramycin) and detergents used in livestock husbandry
can have an inhibitory effect on the process of bio-methanation (Bischofsberger et al., 2005).
Table 2.7 presents the limit of concentrations (mg/l) for various metal inhibitors (Maller et
al., 2004).
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Table 2.7: Limiting concentrations for inhibitors of biomethanation

Substance mg/l
Copper 10 - 250
Calcium 8000
Sodium 8000
Magnesium 3000
Nickel 100 —1000
zZinc 350 — 1000
Chromium 200 — 2000
Sulphide (as Sulphur) 200
Cynide 2

Source: Mgller et al. (2004)

In most free range animal husbandry systems as practiced in most African tropical conditions,
heavy metals are likely to be low or do not exist and hence this was not a major concern in

the current research.

g) Organic loading rate

Organic loading rate is amount of substrate that is fed into 1 m® of the digester volume per
day, and it is expressed in either total solids (TS) or volatile solids (VS). Total solids are
defined as a measure of dry matter left after the moisture has been removed from a moist
sample. Total solids is the measurement of dry matter as a percentage, and is determined by
drying the sample at 103 — 105°C in succession until no further change in weight is observed
(APHA, 1999; EPA, 2001). Volatile solids content is determined by igniting the substrate at
550°C in the incinerator and then weighing the remaining contents (EPA, 2001). Household
digesters have been reported to use a total solid that varies from 5% to 10% (Bouallagui et
al., 2003; Mohammad, 1991; Shyam and Sharma, 1994). Total solids were used as a variable
in this study.

The volumetric organic loading rate (OLR) is related to the retention time through the active
biomass concentration in the bioreactor and is used to characterize the loading on anaerobic
treatment systems (Bauer et al., 2018). The OLR provides useful information for the design

and operation of anaerobic processes as its knowledge is used to quantify how effectively the
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reactor volume is being utilised (Schon, 2010). It can be expressed in terms of the mass of

volatile solids applied and is calculated by equation (2.1):

OLR =% - & 2.1

Where,
OLR = the volumetric organic loading rate (kgVS/m?3.d)
Q = the influent flow rate (m?/d)
C = the concentration of volatile solids in the substrate (kgVS/m?)
V = the bioreactor volume (m?3)
HRT = Hydraulic Retention Time (days)

That is, volumetric organic loading rate is a ratio of the product of the influent flow rate in
m?/d, and the concentration of volatile solids in the substrate in kgVS/m? to the bioreactor
volume (m3) or the ratio of the concentration of volatile solids in the substrate (kgVS/m?) to
hydraulic retention time in days. The most common organic loading rate is 2-3 kgVS/m®/day
(Subramanian, 1977), while the average biogas production was reported to be 0.26-0.55
m3/kgVS/day (Gupta and Singh, 1990; Safley and Westerman, 1992; Xavier and Nand,
1990).

Ferguson et al. (2016) reported that organic loading rate has an effect on the resilience of
microbial functioning in anaerobic digesters. Generally, sudden changes in organic loading
rate can cause instability in anaerobic processes (Akunna et al., 2007; Rincon et al., 2008).
An understanding of the effects of changes in organic loading rate on the performance of
anaerobic digesters gives strategies on mitigation measures to be taken in order to stabilize
the process of biogas production (Alvarez et al., 2010; Derbal et al., 2009; Ward et al., 2008).
It was, however, observed by Ferguson et al. (2014) and Tale et al. (2015) that the
biotechnological tools for managing a consortium of bacteria and archaea for biogas

production had not been exploited.
For completely mixed anaerobic reactors operated without solids recycling, the hydraulic

retention time (HRT) and substrate retention time (SRT) are identical. For digestion systems,

which incorporate solids recycle, the SRT will be greater than the HRT, and the OLR
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indicates both the anaerobic digester volume utilisation efficiency and the overall process
loading (Grady et al., 1999).

Retention time and organic loading rate are inversely proportional to each other and thus,
have to be aligned when designing the reactor layout. The maximum possible OLR depends
on both the process temperature and the retention time: the lower the temperature and the
longer the retention time, the higher the OLRs that can be processed (Grady et al., 1999).
This maximum value depends also on the specific digester/reactor type. The higher the OLR,
the higher the risk to exceed the optimum performance limit of the degrading biomass.
Feeding the system above its sustainable OLR results in low biogas yield due to accumulation
of inhibiting substances such as volatile fatty acids in the digester slurry (Bauer et al., 2018).
Typically, OLR ranges from 2 to 6 kgVS/m3d (Eder and Schulz, 2006) and these values were

compared to the results of the current research.

2.3.3 Methods for enhancing biogas production

Manipulations that the feedstock is subjected to before undergoing anaerobic digestion have
an effect of promoting the level of biogas production. The methods for enhancing the
production of biogas from biomass waste include co-digestion, pretreatment, and
hyperthermophilic anaerobic digestion.

a) Co-digestion

Co-digestion involves the use of two or more different feedstock in a bioreactor to undergo
anaerobic digestion process (Pannucharoenwong, 2018). Gashaw and Teshita (2014) define
co-digestion as the anaerobic treatment of a mixture of at least two different substrates with
the aim of improving the efficiency of an anaerobic digestion process. Some of the
advantages of anaerobic co-digestion include increased cost efficiency, increased
biodegradation of treated materials, and increased biogas yield (Gashaw and Teshita, 2014).
Co-digestion helps to mitigate inhibitory effects of unfavourable substrates, balances
nutrients and increases organic loading rate which result in a higher methane yield while
diversifying and synergizing the bacterial populations that carry out methanogenesis (Shah et
al., 2015). Apart from improving the reliability of the feedstock, co-digestion dilutes toxic
substances, synergizes microorganisms in the substrate, increases the load of biodegradable

matter, and increases methane yield per unit volume of the digester (Nkemka and Murto,
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2010). Co-digestion is one of the methods for enhancing biogas production to as much as 25 -

400% over the mono-digestion of the same substrates (Fayyaz et al., 2015).

Gashaw and Teshita (2014) concluded that organic food wastes co-digested with cattle
manure improved the biogas potential compared to cattle manure alone. Neczaj et al. (2012)
reported anaerobic co-digestion of a mixture of a fraction of municipal solid waste,
agricultural residues, organic solid wastes, and sewage sludge. Tamrat et al. (2013) did co-
digestion of three mix ratios of rumen fluid inoculated cow manure with organic kitchen
waste and established a substantial increase in biogas yield of 24 — 47% compared to the
control. Biogas production from empty fruit bunches was compared with a co-digestion of
palm oil mill effluent, and found out that the two enhanced biodegradability with 25 — 32%,
and increased methane production by 98% (Sompong et al., 2012). A feasibility study on
anaerobic co-digestion of sewage sludge and sugar beet pulp lixiviation was assessed under
mesophilic and thermophilic conditions by Montanes et al. (2015) in which they established
that the net methane generation was higher in the mesophilic range on the biochemical
methane potential test.

Zielinski et al. (2017) reported that co-digestion of cow manure with energy rich substrates
like pig manure and chicken manure increases biogas yield. Sebola et al. (2015) concluded
that co-digestion of chicken droppings and cow manure enhanced biogas yield as compared
to their mono-digestion, with a maximum increase in biogas production of 50% being
attained at a mix ratio of 1:1under mesophilic temperature conditions. Afazeli et al. (2014)
reported that biogas production from co-digestion of chicken manure and cow manure under
continuous anaerobic digestion increased by 69.6%. Bojti et al. (2017) co-digested pretreated
maize silage with chicken manure in continuous anaerobic digestion at mesophilic conditions

of 37°C and recorded an increase of 24% in biogas production.

It was observed by Al Mamun and Torii (2015) that methane biogas yields can be improved
through co-digestion because this process is capable of creating a synergy between the
digesting medium and the supply of missing nutrients. Dahunsi and Orunsi (2013) did a
unique experiment that involved co-digestion of food waste and human excreta for 60 days
using a 40 litre digester, and the volume of gas generated from the mixture comprised of 58%
methane (CHa4), 24% carbon dioxide (CO2), 19% hydrogen sulphide (H2S) and other

impurities. An experiment of co-digestion of cheese whey and cattle manure, based on
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concentric acidogenesis using an innovative two-stage process and methanogenic phases, was
designed for reducing footprint and enhancing performance (Lorenzo et al., 2013). It showed
an improved yield; that the highest methane production was achieved when a co-digestion of
the above substrates was at a ratio of 1:1. Tong et al. (2013) conducted an anaerobic co-
digestion of goat manure, rice straw, corn stalks and wheat straw under different mixing
ratios at mesophilic temperature (35°C) with a total solid concentration of 8%. They found

out that biogas yields improved significantly at all carbon to nitrogen ratios.

A review by Mata-Alvarez et al. (2010) on co-digestion practices and analysis included
models to be developed and thereafter standardization from laboratory scale anaerobic
digesters to an industrial scale. Full-scale plants with sewage sludge co-digestion cases are
worth mentioning. A study by Zipancic et al. (2008) at a waste water treatment plant
equipped with two digesters (each with a capacity of 2000m?), operating at a hydraulic
retention time of 20 days, and an average organic loading rate of 0.8 VSS/m3d and were
supplemented with organic fraction of municipal solid waste (OFMSW) to increase the
organic loading rate to 25% at Velenje in Slovenia. This resulted in an increased biogas
production by 80%, and a specific biogas production increased by over 53%. Another full-
scale study was reported by Zitomer et al. (2008) in which a waste water treatment plant
digester had five co-substrates including yeast waste; the synergistic effect increased biogas

production by over 50%.

Anaerobic co-digestion of chicken manure and corn stover was carried out in both a batch
reactor and a continuously stirred tank reactor (CSTR) whereby the batch co-digestion
experiment was done at an initial volatile solids (VS) concentration of 3g VS/L, carbon to
nitrogen ratio of 20 and a retention time of 30 days, whereas in the CSTR experiment, a
feeding concentration of total solids (TS) of 12%, a carbon to nitrogen ratio of 20 and organic
loading rates of 1-4g VS/L/d (Yeqing et al., 2014). The results showed that in the batch case,
the methane yield was 281+12 ml/g of VS added while the CSTR outcome was 223+7 ml/g
of VS added (Yeqing et al., 2014). Co-digestion in a batch reactor gives better results than
the CSTR by 26%.

b) Pretreatment of feedstock

Pretreatment of feedstock involves the initial manipulations or actions that the material is
subjected to facilitate subsequent processes that convert it to a desired product or products.

The manipulations may include thermal, biological, chemical, hydro or mechanical actions.
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Most of these methods have high energy costs, and are unprofitable (Teghammar et al.,
2012). Different feedstocks have different types and degrees of limitations to optimal
performance of anaerobic digestion that can be solved by different pre-treatment mechanisms
(Carlsson et al., 2012). Conversion of biodegradable material to biogas is limited by the rate
and extent of hydrolysis. Animal manure contains a high lignocellulose content and therefore
pretreatment is important in increasing carbohydrate, protein and fatty acids accessibility
along with hydrolysis efficiency (Rusanowska et al., 2018). Pretreatment reduces feed stock
size to increase surface area and reduce cellulose crystals for improved hydrolysis yield by 5-
25%, to potentially enhance biogas yield and reduce retention time by about 23-59% (Kratky
and Jirout, 2011). Assefa et al. (2014) reported that there was no significant difference in pH
and organic matter content between poultry substrates subjected to different temperature and
sodium hydroxide (NaOH) pretreatments before anaerobic digestion.

i.  Mechanical Pretreatment

Mechanical pretreatment involves disintegration, grinding, mincing, and milling or extrusion
of solid particles of the substrate into easily fermentable components through reduction in
resistance to flow and making mixing within the digester easier, and thus releasing cell
compounds and increasing the specific surface area (Elliot and Mahmood, 2012; Skiadas et
al., 2005). Knives and mills are used to break open the cellular structure to increase the
specific surface area for bacterial attack, especially for lignocellulosic substrates (Bochmann
and Montgomery, 2014). Shearing and compressive forces acting on biomass reduces its
crystallinity, particle size and increases specific surface area and bulk density (Kratky and
Jirout, 2011). Some of the advantages of mechanical pretreatment include better
dewaterability of the final anaerobic residue, no generation of odour, moderate energy
consumption and an easier implementation of subsequent processes (Toreci et al., 2009). The
disadvantages include insignificant effect on removal of pathogens, and the possibility of

scaling and clogging of equipment (Perez-Elvira et al., 2006).

Mechanical pretreatment methods include the rotary drum, lysis-centrifuge, liquid shear,
collision, high-pressure homogenizer, sonication, liquefaction, and maceration (Esposito et
al., 2011; Hartmann et al., 2000). The following discussion highlights findings that have been

made in mechanical pretreatment processes.
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Rotary drum is one of the mechanical pretreatment methods that was used by Zhu et al.
(2009) and Subramani and Ponkumar (2012) for organic fraction of municipal solid waste
(OFMSW) separation pretreatment before anaerobic digestion, and it enhanced biogas
production by 18-36%. Davidson et al. (2007) studied the biomethane potential of source-
sorted OFMSW, and reported small variations in both methane yield per gram of volatile
solids, and content of methane in biogas while using different mechanical methods such as
the screw press, disc screen shredder, food waste disposer and piston press. In a similar
experiment, Zhang and Banks (2013) found no significant enhancement of biogas production.

Rusanowska et al. (2018) reported that mechanical pretreatment of lignocellulosic biomass
increased biogas production by about 22% and biomass degradation by about 6%. Izumi et al.
(2010) studied the effect of size reduction in food waste in anaerobic digestion and observed
that biogas production from food waste at sizes less than 0.7mm in mesophilic conditions
increased by 28%. A size reduction that is less than 0.7mm causes an accumulation of
volatile fatty acids (VFA) (Izumi et al., 2010) whereas methanogens are sensitive to acidic
intermediates (Park et al., 2011); this may result in a decreased anaerobic digestion
performance. Carlsson and Anox (2008) reported an increase in biogas production of 20-
40% when OFMSW was subjected to electroporation pretreatment. Liquifaction of OFMSW
was to yield biogas that was 15-26% higher (Carrére et al., 2010), while sonication on the
same material gave 16% more cumulative biogas compared to untreated substrates (Cesaro
and Belgiorno, 2013). Sonication involves the use of a probe in which the mechanical
vibration disrupts the cell structure and floc matrix (Elliot and Mahmood, 2007). The effect
of the vibration at low frequencies of 20-40 kHz sound waves is the reduction in particle size
(Chua et al., 2002). At high frequency sound waves, there is a formation of radicals such as
H*, OH*, and HO>* that cause oxidation of solid substances (Bougrier et al., 2006).
Sonication of the feedstock before anaerobic digestion has been reported to enhance biogas
production by 24-140% in batch systems, and 10-45% in continuous or semi-continuous
systems (Carrére et al., 2010). Studies on enhancement of volatile solids (VS) destruction and
higher biogas production in waste activated sludge (WAS) yielded negligible results (Cesaro
and Belgiorno, 2013; Sandino et al., 2005). It was concluded that extruders and colloid mills
are more suited to reducing sizes of materials that have over 15-20% moisture content while
hammer and knife mills are suited for dry biomass at 10-15% moisture content (Taherzadeh
and Karimi, 2008). The effectiveness and uniformity of grinding of a given feed stock

depends on its moisture content.
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Generally, maceration enhances biogas production by 10-60% (Carrere et al., 2010).
Maceration has an effect of shearing rather than the cutting of fibres (Hartmann et al., 2000).
Angelidaki and Ahring (2000) macerated fibres in manure upto 2mm and it gave an increase
of 16% biogas production, while size reduction of down to 0.35mm yielded 20% increase,
and a negligible difference was observed when further reduction in size was made. High-
pressure homogenization (HPH) is another method of mechanical pretreatment. Barjenbruch
and Kopplow (2003) treated surplus sludge with HPH at a pressure of 600 bar and showed
that the filaments were completely disintegrated. A study on the effect of HPH on the
anaerobic digestion of sewage sludge showed an increase of 25% volatile solids reduction
(Engelhart et al., 2000). This development has necessitated a full scale application of HPH to
waste water treatment plants (WWTP), and has achieved 30% biogas enhancement and a
reduction in working volume of digesters by 23% (Carrere et al., 2010).

ii.  Thermal pretreatment

Thermal pretreatment involves subjecting a given material to heat at given temperatures over
a period of time to achieve disintegration of cell membranes and tough bonds holding
material fibres together in order to increase solubilization of organic compounds, ease
bacterial attack and biodegradation (Ariunbaatar et al., 2014). This method is the most
studied, and has been applied at an industrial scale (Carlsson et al., 2012; Carrére et al., 2010;
Cesaro and Belgiorno, 2014). Thermal pretreatment helps to remove pathogens, improves
dewatering performance, lowers the viscosity of the digestate, and consequently enhance the
handling of the digestate (Carlsson et al., 2012; Edelmann et al., 2005; Shen et al., 2012; Val
del Rio et al., 2011). Heat helps break down the hydrogen bonds holding together the
cellulosic and lignocellulosic complexes, thereby making the feed stocks to increase in
specific surface area (Garrote et al., 1999). Pathogen removal and easy handling of the
digestate was also reported by Val del Rio et al. (2011) and Carlsson et al. (2012).

An increase in biogas yield occurs with an increase in temperature of pretreatment up to a
certain optimum temperature above which production decreases (Bochmann et al., 2010;
Jahng et al., 2011) because of xylose formation and lignin breakdown that become toxic to
anaerobic digestion bacteria (Bochmann and Montgomery, 2014). At high temperatures
(>170°C), materials form chemical bonds which agglomerate the particles (Bougrier et al.,

2006). An example is that of the Maillard reaction in which the carbohydrates and amino
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acids form complex substrates that are difficult to biodegrade using anaerobic digestion
(Carrere et al., 2010; Elliot and Mahmood, 2012; Hendriks and Zeeman, 2009). Thermal
pretreatment is also known to cause a loss of organics and potential biogas production from
easily biodegradable substrates; depending on the feedstock and the range of temperature
applied (Panaud et al., 1999; Pinnekamp, 1989).

Thermal pretreatment at lower temperatures (<110°C) does not degrade complex molecules
but instead cause deflocculation of macromolecules (Protot et al., 2011). Barjenbruch and
Kopplow (2003) made a similar conclusion when they observed at 90°C that the filaments
were not disintegrated but were only attacked by thermal pretreatment. Chamchoi et al.
(2011) and Gonzalez-Fernandez et al. (2012) pretreated household waste at 70°C for 8 hours
and 60 minutes respectively, and reported no enhancement in the production of biogas.
Appels et al. (2010) reported a negligible increase in biogas production from sludge

pretreated at 70°C for 60 minutes.

Biogas production improved 20 times when thermal pretreatment was applied to sludge for
60 minutes at 90°C (Appels et al., 2010). Rafique et al. (2010) reported an enhancement of
78% biogas production with 60% methane content by thermal pretreatment at 70°C. Ferrer et
al. (2008) reported a 30% increase in biogas production with 69% methane content.
Ariunbaatar et al. (2014) found out that at a temperature <110°C, thermal pretreatment and
subsequent anaerobic digestion of feed stocks achieved a more cost-effective performance
compared to other methods. Assefa et al. (2014) observed that thermally pre-treating poultry
litter-cow manure substrate at 80°C increased gas production and VS removal by 46.3% and
26.1% respectively. Climent et al. (2007) reported an increase of 50% in biogas production
from organic solid waste subjected to 70°C thermal pretreatment prior to digestion at
thermophilic conditions. On a laboratory scale, thermal pretreatment can be done using

microwave heaters, pressure cookers and autoclaves (Bochmann and Montgomery, 2014).

Thermal pretreatment at a temperature of 175°C was studied by Liu et al on food waste and
fruit and vegetable waste, in which they reported 7.9% and 11.7% reduction in biomethane
yield respectively due to the formation of melanoidins (Shen et al., 2012). Ma et al. (2011)
pretreated food waste at 120°C and reported an increase in biogas production of 24%. A
lower biogas yield was obtained from pig manure that had been pretreated at a temperature
>110°C (Rafique et al., 2010).
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iii.  Hydro pretreatment

In hydro pretreatment, water is the main solution that is applied to the feed stock prior to
anaerobic digestion. An increase in biogas yield occurs with an increase in temperature of
pretreatment up to a certain optimum temperature above which production decreases
(Bochmann et al., 2010; Jahng et al., 2011) because of xylose formation and lignin
breakdown that become toxic to anaerobic digestion bacteria (Bochmann and Montgomery,
2014). Hydro pretreatment involves increasing specific surface area to volume ratio of feed
stocks prior to their digestion by soaking them in water for a given period of time to help
loosen their tough outer coatings. Bolaji et al. (2017) found that soaking maize in water for a
period up to 36 hours increased the specific surface area and sphericity of the grains. The
practice of soaking hard covered feedstocks like sheep, goat and chicken manure by farmers
in Kenya has been common in most rural areas although proper process details and
procedures of how to approach this pretreatment have not been documented (Smith et al.,
2013).

iv.  Chemical pretreatment
Chemical pretreatment employs the use of strong alkalis, acids and oxidants to destroy
organic bonds in lignocellulosic and cellulosic feed stocks. For the production of biogas,
anaerobic digestion requires a pH of near neutral and hence alkali pretreatment is preferred
(Li et al., 2012). Pretreatments involving acids and oxidative methods such as ozonation are
not suited to feedstock that is easily biodegradable because they lead to an accumulation of
volatile fatty acids (VFA) which inhibits the production of biogas during the anaerobic
digestion process (Mattsson et al., 2011). However, the application of acids has a positive

effect on the substrates that contain lignin and cellulose (Fernandes et al., 2009).

In alkali pretreatment, sodium hydroxide (NaOH) is the most common component that is
used.  The initial reactions that induce the swelling of solids include solvation and
saphonification (Carlsson et al., 2012), and these result in an increase in surface area that
enables easy accessibility by anaerobic microbes (Hendriks and Zeeman, 2009; Lopez-Torres
and Llorens, 2008; Molenbach and Nokes, 2012). Assefa et al. (2014) pretreated cow and
chicken manure with 0.45 g, 1.35 g, and 2.25 g of NaOH and recorded respective increase of
0.03%, 21% and 56% in cumulative biogas yield. Bochmann and Montgomery (2014)
observed that alkali pretreatment of substrates leads to an increase in system pH and if used

42



in continuous anaerobic process, this can result in the build-up of salts, mainly ammonium-
ammonia imbalance that may inhibit methane production during the anaerobic digestion

process.

Acid pretreatment involves use of acids like hydrochloric acid (HCI) and sulphuric acid
(H2S0g4), in combination with heat, to lignocellulosic substrates not only to degrade lignin but
also the hydrolytic microbes are capable of acclimating to acidic conditions (Musoline et al.,
2012). Strong acidic pretreatments should be avoided because of the by-products that may
inhibit biogas production, loss of fermentable sugar, a high cost of acids and the associated
additional cost for neutralizing the acidic conditions before commencing the anaerobic
digestion (Molenbach and Nokes, 2012; Murphy and Kumar, 2011; Taherzadeh and Karimi,
2008).

Ozonation is an oxidative method that is applied in chemical pretreatment. It involves the use
of hydrogen peroxide or ozone that causes swelling of lignocelluloses to increase substrate
specific surface area and cause partial lignin solubilization for improved hydrolysis
(Kianmahr et al., 2010). Ozonation does not increase salt concentration, nor remainder of
chemical residues, but it disinfects pathogens (Weemaes et al., 2000). Ozone (Os) is a very
strong oxidant which decomposes itself into radicals and also reacts with organic substrates
(Sri et al., 2011). Ozonation was done on waste water and sludge in a waste water treatment
plant (WWTP) and established that the optimal ozone dose for enhancing anaerobic digestion
to produce biogas from a WWTP is 0.05-0.5 gO3s/gTS (Carballa et al., 2007; Carrére et al.,
2010; Goel et al., 2003; Yoem et al., 2002).

A study by Monlau et al. (2012) on pretreatment of sunflower stalks with hydrochloric acid at
a temperature of 170°C showed in an increase of 20% methane yield. Cesaro and Belgiorno
(2013) reported an optimum ozone dose of 0.16 gO3/gTS for source-sorted OFMSW which
gave an increase of 37% biogas production. Lopez-Torres and Llorens (2008) applied
alkaline pretreatment on OFMSW and obtained an increased methane production of 11.5%.
Neves et al. (2006) pretreated barley waste with an alkaline (0.3 gNaOH/gTS) and reported
100% of the potential production of biogas.

Alkaline pretreatment was done on water hyacinth (which has a lower lignin content

compared to other plants) and recorded an insignificant effect relative to mechanical
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pretreatment (Patil et al., 2011). Bochmann and Montgomery (2014) concluded that chemical
pretreatment should not be applied to substrates that contain low lignin, and that the high
costs associated with this pretreatment method is one of the factors preventing its large scale

adoption.

v. Biological pretreatment
Biological pretreatment method involves use of micro-organisms to aerobically or
anaerobically breakdown feed stock structures to increase their surface area for hydrolysis.
Enzymes may also be added to the anaerobic digestion system to enhance biogas production
(Ariunbaatar et al., 2014). Anaerobic microbiological pretreatment involves separation of the
first and second stages of anaerobic digestion (hydrolysis and acidogenesis) from
methanogenesis, also called two stage anaerobic digestion (Ge et al., 2010, 2011a, 2011b),
pre-acidification or dark fermentation (Bochmann and Montgomery, 2014). Aerobic
microbial pretreatment is done naturally using natural mixed cultures whereby the cultures
generate enzymes that help degrade cellulose, lignin and hemicellulose hence increasing the
surface area of substrate. A physical separation of acidogenic bacteria from methanogenic
bacteria results in a higher biogas yield and a higher efficiency in the removal of chemical
oxygen demand (COD) in a shorter hydraulic retention time (HRT) relative to conventional
single stage digesters (Hartmann and Ahring, 2006). It has been reported by Parawira et al.
(2005) that if the hydrolysis stage is optimized, it stimulates acidogenic bacteria to produce
more precise enzymes that accelerate the breakdown of the feedstock . Consequently, the first

step of the anaerobic digestion is assumed to be a pretreatment method.

In conventional biological pretreatment, the feedstock can undergo an aerobic pretreatment
such as composting or micro-aeration before anaerobic digestion in order to get a higher
production of hydrolytic enzymes that is induced by increased specific microbial growth
(Lim and Wang, 2013). A study by Fdez-Guelfo et al. (2011) on composting OFMSW
showed that specific microbial growth rate increased between 160-205% relative to thermo-
chemical pretreatment of OFMSW . Another observation by Lim and Wang showed that
aerobic pretreatment gives an increase in volatile fatty acid (VFA) formation because of the
enhanced activities of the hydrolytic and acidogenic bacteria (Lim and Wang, 2013).
Brummeler and Koster (1990), however, reported a loss of 19.5% volatile solids (VS) after

pre-composting treatment of OFMSW. A loss of potential for methane production when sisal
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pulp waste was subjected to a longer duration of aerobic pretreatment was reported by
Mshandete A et al. (2005).

Miah et al. (2005) studied pretreatment of feedstock under aerobic thermophilic bacteria at
65°C with fungus Geobacillus thermodenitrificans and reported the highest biogas production
of 70ml/gVS having 80-90% methane content. Melamane et al. (2007) pretreated wine
distillery wastewater with a fungus and obtained 53.3% removal of COD. Pure cultures of
fungus Trichoderma reseei aerobically pretreated for four days with sisal leaf decortication

residues gave 30-40% cumulative biogas (Muthangya et al., 2009).

vi. A combination of different pretreatments

Every pretreatment method has a specific mechanism of solubilizing organic matter, and
hence using a combination of different pretreatment methods can have a significant effect on
the biodegradability of biomass. This combination has been studied with an aim of enhancing
biogas production during anaerobic digestion (Lu et al., 2008; Valo et al., 2004).
Thermal-chemical pretreatment is one of the combinations. Shahriari et al. (2012) pretreated
OFMSW using a combination of microwave irradiation at temperatures higher than 145°C
and chemical pretreatments; and reported a decrease in biogas production caused by a large
component of refractory material per gram of chemical oxygen demand (gCOD). When pig
manure was pretreated with lime and heated to a temperature higher than 110°C, a similar
trend was observed courtesy of the Maillard reaction (Carrere et al., 2009; Rafique et al.,
2010).

Thermal-mechanical pretreatment has been studied to enhance anaerobic digestion of
OFMSW, although this combination is unpopular (Ariunbaatar et al., 2014). A high
enhancement of biogas production of 17% was reported when rice straw was ground to
10mm and heated to 110°C before undergoing anaerobic digestion (Melamane et al., 2007).
A study by Wett et al. (2010) (2010) on the disintegration of sludge pretreated at 19-21 bar
pressure and 160-180°C for 1 hour, and found out that biogas production increased by 75% at
steady state, dewatering characteristics of the digestate improved, and consequently reduced

the disposal cost by 25%.
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2.4 Process Optimisation

Optimisation is the act of achieving the best possible result under given circumstances. In
design, construction, maintenance and operation, engineers have to make decisions. The aim
of such decisions is either to minimise the effort or to maximise benefit. The effort or benefit
can be expressed as a function of certain design and operation variables. Hence optimisation
is the process of finding conditions that give the minimum or the maximum value of a
function (Astolfi and Praly, 2006).

There is no single method available for solving all optimisation problems efficiently.
Therefore, a number of methods have been developed for solving different types of problems.
Optimum seeking methods are also called mathematical programming techniques, which are

a branch of operations research, comprising of the following areas (Du et al., 2008):

i) Mathematical programming methods which are useful in finding the minimum of a

function of several variables under a prescribed set of constraints.

il) Stochastic process techniques that are used to analyse problems which are described

by a set of random variables of known distribution.

iii) Statistical methods often used in the analysis of experimental data, and in the

construction of empirical models.

The statement of an optimisation problem comprises of a design vector, constraints, and

objective functions and may include:

a) Any system is described by a set of quantities, some of which are viewed as
variables during the design process, and some are pre-assigned parameters or
imposed by the environment. All the quantities that can be treated as variables
are called design or decision variables, and are collected in the design vector x
(Nocedal and Wright, 1999).

b) Design variables cannot be selected arbitrarily, but have to satisfy certain
requirements. These requirements are called design constraints. Design
constraints may represent limitation on the performance or behavior of the
system. Constraints are side conditions that are used to specify the feasible set
C within real numbers R. The constraints can be categorized as (Nocedal and
Wright, 1999):
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i.  Equality constraints: Conditions of the form f;(x) = c; for certain

functions f; on R and constant c¢; in R.

ii.  Inequality constraints: Conditions of the form f;(x) < c; or f;(x) = ¢;

for certain functions f; on R and constants c¢; in R.

iii.  Range constraints: Conditions restricting the values of some decision
variables to within certain closed intervals of R. They are important in
many situations, for instance the non-negativity constraints may only
allow variables that take values >0. Range constraints can also arise
from the desire to keep a variable between certain upper and lower

bounds.

iv.  Linear constraints: Range constraints or conditions of the form f;(x) =
ci, fi(x) <c¢; or fi(x) =c; in which the function is linear in the
standard sense of being expressible as the sum of constant coefficients

times the variables x; ........ x,.

v.  Data parameters: General problem statements usually involve not only
decision variables but symbols designating known coefficients,
constants, or data elements. Conditions on such elements, such as the
non-negativity of a particular coefficient, are not among the constraints
in a problem of optimisation since the numbers in question are

supposed to be given and are not subject to choice.

c) The objective function aims at finding a design which satisfies the constraints.
In general, there are acceptable designs, and the purpose of optimisation is to
single out the best possible design. Thus, a criterion has to be selected for
comparing different designs. This criterion, when expressed as a function of
the design variables, is called an objective function (Nocedal and Wright,
1999).

An optimisation problem can be classified in several ways (Nocedal and Wright, 1999):
a) Constrained or unconstrained, depending on the presence or absence of constraints.

b) Linear, quadratic, polynomial or non-linear depending on the nature of the objective

functions and the constraints. This classification is important because computational
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methods are usually selected on the basis of such classification i.e. the nature of the

functions involved dictate the type of procedure for finding the solution.

c) Integer or real valued, and deterministic or stochastic; depending upon the values

permitted for the design variables.

A number of optimisation methods have been used in biogas studies including techniques
such as Design of Experiment (DOE), Response Surface Methodology (RSM) with central
composite design (CCD) and Box-Behnken design (BBD), have been used (including in this
research) in the optimisation of agricultural and industrial biogas plants with respect to
external and internal system variations and their effect on the rate and quality of methane
produced from the fermentation and digestion of organic matter. Other techniques including

artificial neural networks (ANN), and Taguchi have also been applied.

Park and Lek (2016) conceptualised that artificial neural networks (ANN) are biologically
inspired computational networks based on the study of the brain and the nervous system, and
are used to solve many real complex problems. These computations are based on multilayer
perceptrons that involve a supervised procedure that consists of three layers namely the input,
hidden, and output layers. Artificial Neural Network (ANN) coupling Genetic Algorithm
(GA) was used by Kana et al. (2012) to model the non-linear behaviour of the anaerobic
process and optimise biogas production from mixed substrates that included cow dung. An
evaluation of the optimal profile showed an increase of 8.64% in biogas production over that
predicted by the optimised substrate profile. Production from the non-optimised profile
started on the 8™ day, compared to that of the 3 day from the optimised one. Basheer and
Hajmeer (2000) and Thuiller (2003) found the limitations of ANN that include lack of fixed
guidelines for optimal ANN architecture, its “black-box model” behavior, and insufficient

concepts of ecology and relations.

The optimisation and control of systems such as the biochemical digestion of organic matter
involving the use of microbial population with differing successions, poses challenges due to
the underlying highly non-linear and complex processes. However, the flexibility and power
of computational intelligence (CI) methods such as Genetic Algorithms (GAs) and Particle
Swarm Optimisation (PSO) have been employed beyond the simpler empirical models based

on accurate measurements and observations for modelling and simulation techniques.
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2.5 Response Surface Methodology for Optimisation

Response surface methodology (RSM) is a combination of techniques used to statistically
design data and numerically optimise designs of processes and products (Sinclair and Myers,
2004). This design technique was first applied by Box and Wilson (1951). Most of the
underlying concepts had already been in use and had been discussed earlier in the 1930s
(Mead and Pike, 1975). The problem in planning and analysis of experiments in a bid to find
conditions desirable for a group of design variables was the motivation behind the work by
Box and Wilson (Myers, 1989). Since then, there has been a rise and continuous evolution of

the application of RSM in the research sphere (Sinclair and Myers, 2004).

Response surface methodology is one of the best techniques used to empirically study the
relationship between one or more estimated response functions (Voznesensky, 1974). RSM
makes use of statistical and mathematical methods to depict the domain of all practicable
solutions for a process model, and once the model development is completed, process
optimisation can be conducted free of a trial and error procedure (Box et al., 1978). RSM
comprises of selected statistical and mathematical methods used for analysis of problems in
which the input variables influence the responses (Montgomery et al., 2009). Regression
analysis, based on polynomials, is used to define the relationship between the input variables

and the responses.

RSM deals with surface estimation from initial preliminary observations, with the primary
aim of establishing the input variable levels that can have the response maximised (Balkin
and Lin, 2000). RSM is based on the assumption that the response Y has a relationship with a
cluster of design variables xi, Xo,.....Xn in addition to the fact that the approximation of the
relationship can be done (using a polynomial model) in a certain section of inputs (Myers,
1989). The first order and second order models are the most common polynomial functions
for approximation (Montgomery et al., 2009). Equations 2.2 and 2.3 present the first order

and second order polynomial functions respectively.

Y:ﬁ0+ﬁ1X1+32X2+“'+ﬁan+6 22
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In general, the common error variance, 6 assumption is made and the ordinary least squares
aids in the estimation of coefficients (Myers, 1989). According to Montgomery et al. (2009),
the effective estimation of model parameters depends on the correct use of experimental
designs for data collection. Response surface design is the terminology for designs used to fit
response surfaces. The most common response surface designs are the central composite
design (CCD), Box-Behnken design, and orthogonal design, which incorporates the fractional
and 2K factorial design points (Box and Behnken, 1960). The CCD was used during this
research study. Polynomial models generally give a sensible true functional relationship
approximation for a particular sub-area owing to its focus in a confined search space area.
The assumption is that if the true response function can adequately be approximated by the
fitted surface, then there is very little difference between the analysis of the fitted surface and
that of the actual system (Montgomery et al., 2009).

Response surface methodology has a sequential procedure and its aim is to quickly and
efficiently guide the experimenter to the overall optimum domain. During the initial stages, a
first-order model is fitted due to the fact that there is a likelihood that the domain being
investigated could be far from the optimum, and consequently there is small curvature
detection in the system. Consequently, the approach of steepest ascent is applied in order to

provide guidance in the search for an operability region that is most favourable.

The steepest ascent is in the direction that is perpendicular to the response which is fitted, and
matches with the direction which produces the most rapid increase in the fitted response. The
stages along the course are proportionate to the approximated regression coefficients. The
iteration of the procedure is carried out until the first order model lack of fit shows the

optimum condition domain (Montgomery et al., 2009).

After the location of the optimum region, the fitting of the second order model is conducted
before the analysis for location of the optima is carried out. In the course of the entire
procedure, the subsequent stage is planned using the information from the previous stage.
There may be need to conduct extra runs to get additional information about the response in
some sections of the domain that the initial design may have inadequately covered (Myers,
1989). Sequential design together with extra experimental runs fall in the design

augmentation concept (Myers, 1989).
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Design and analysis of computer experiments (DACE) is a statistical technique that was
established by Sacks et al. (1989). DACE has found its application in the field of engineering
as a solution to problems associated with expensive optimisation of designs such as electronic
circuits design, computational fluid dynamics and analysis of finite elements (Bates, 1996;
Buche et al., 2005; Grierson and Pak, 1993; Lee and Hajela, 1996). Where processes are
complex such that physical experimentation is extremely expensive, time consuming, or even
impossible to conduct, then simulation of the system through mathematical modelling comes
in handy (Sacks et al., 1989). Although advances have been made in terms of computer
capacity improvement, exorbitant computational cost renders complex engineering

simulations impractical.

In DACE, data from an experimental design is used to build a surrogate or a metamodel (also
known as model of model) before being optimised. Consequently, a larger simulator is used
to model the physical process, and the computer code aids to directly conduct the
experiments (Bates, 1996). The behaviour of the system can either be approximated by a
deterministic or a stochastic model. For a stochastic simulation model, the experimentation,
presents a behaviour similar to that of a physical system (Montgomery et al., 2009).
Conversely, there is a difference between experimentation using a deterministic model and
experimentation of the physical system due to the fact there is no random error linked with
the output. Ultimately, when the code is run with unchanged inputs, identical response values
will be achieved (Sacks et al., 1989). Sacks et al. (1989) were among the first scholars to
introduce and pursue deterministic models, and they put forth the idea of using a statistical

model that views the response as if it were a stochastic process realisation.

Gaussian stochastic process model is the name given to the statistical model which Sacks et
al. (1989) adopted, with an advantage of providing fundamental statistics for computation of
an efficient response predictor at untried inputs, and hence it permits the estimation of the
uncertainty of the predictor. According to the proposal by Sacks et al. (1989), the concept is
to select a design with high response predictability at untried inputs of the experimental
domain and supplement it by use of extra design points. The aim of augmenting the design is
to lay emphasis on sampling that has high uncertainty of the predictor so that scrutiny can be
dedicated to the space parts that are not adequately explored (Jones et al., 1998). Computer
experiments, in contrast with conventional RSM, aims at finding a model for approximation

of true response surface in a much broader span (in some cases extending over the whole
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operability domain) of the design parameters. This consequently requires models that have

more complexity in comparison with the first and second order polynomial models.

Non-parametric and semi-parametric response surface methodology (NPRSM) is best suited
to situations in which the polynomial models in the domain of operability do not
accommodate the response (Myers, 1989; Sinclair and Myers, 2004). This happens where
there is need to fit a model that covers a section of the space of the factor, which happens to
be bigger than the portion considered in the conventional RSM techniques (Sinclair and
Myers, 2004). ‘Non-parametric response surface methodology’ means that there is an
absence of a particular model, and that the analysis mainly focuses on prediction. This,
therefore, leads to the application of kernel-based methods of regression. Conversely, Semi-
parametric response surface methodology implies that there is the use of a model, but not of a
standard polynomial nature (Sinclair and Myers, 2004). According to Myers (1989), the
situations where Non-parametric and semi-parametric response surface methodology
(NPRSM) can be applied include:

I.  Where optimum conditions are not required

ii. If the interest in the response surface appearance is greater than the interest in the

interpretative function
iii.  Where the function exhibits nonlinearity, but not certainly well-behaved

iv.  Where the designs must originate from a space-filling grid and do not have to honour

the ‘form of the model’

There exists a big difference in terms of various aspects (modelling, design and optimisation
approaches) between RSM and NPRSM. However, the difference between NPRSM and
Design and analysis of computer experiments (DACE) is not as clear. This is because the
development of DACE as one of the modelling techniques was to help address the issue of
high simulation costs of complex engineering processes (Sacks et al., 1989). NPRSM has
been used mainly in biotechnology and biopharmacy (Sinclair and Myers, 2004). At first,
sequential sampling and deterministic stochastic Gaussian process were used in DACE but
later, models like thin Plate splines and neural networks were developed. Henceforth, DACE

may be seen as a component of NPRSM.
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Developments have been made with regard to NPRSM and DACE, in the field of
optimisation of algorithm parameters. Major techniques that have been introduced in this
field include sequential optimisation of parameters (Bartz-Beielstein et al., 2005) and
effective global optimisation (Jones et al., 1998). The main objective of these techniques is to
help to quantify the significance of each variable and interactions between variables. In the
case of multiple instances, these techniques provide a clear view of the interaction between
instance properties and the parameters. These techniques also support the performance of
interpolation within the variable settings as well as the extrapolation to parameter space
domains that were hitherto undetected. These techniques play an important role as far as
algorithm interpretation and enhancement is concerned (Hennink et al., 2010; Hutter et al.,
2009).

In NPRSM, conventional RSM designs like CCD and factorial designs are commonly used
(Myers et al., 2004). It is important, however, to note that conventional RSM designs are
suitable in cases where the design domain is regular or if the experimenter is interested in a
polynomial model. A regular domain of design can be depicted as a space surrounded by the
p-dimensional hypersphere or hypercube, where every point within or on the sphere or cube
is considered a possible design point. Due to practical problems associated with the
operability, availability and feasibility of the system under study, there may be need to create
holes in the design domain, slice portions of the sphere, or cut up the cube corners (Kennard
and Stone, 1969). Moreover, when the experiments are time-consuming or expensive, the
number of runs that can be achieved is reduced. This number of trials is relatively smaller

than the number of conceptually possible experiments.

In the cases where there is a fixed model as well as the number of achievable trials, most
RSM designs result in a big number of required replicates (Kennard and Stone, 1969). If
there is an occurrence of nonstandard conditions like unusual requirements of the sample size
or an irregular experimental domain, then computer-generated designs are preferable
(Montgomery et al., 2009). Computer-generated designs are commonly referred to as optimal
designs because of their optimality with respect to a particular criterion. G-optimality, A-
optimality and D-optimality are the commonly used optimality criteria (Montgomery et al.,
2009). D- and A-optimality focus on estimating the regression coefficients and use the
minimisation of a function of the covariance matrix of the parameters’ least squares estimates

(Montgomery et al., 2009; Santner et al., 2003). G-optimal designs focus on response
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prediction and their aim is to reduce the variance of the maximum scaled prediction in the

design domain (Montgomery et al., 2009).

The common procedure in computer-generated designs is to define the model (usually a
polynomial model), establish the interest region, choose the number of runs to conduct,
define the criterion of optimality, and finally select the points of design (that would interest
the experimenter) from a group of preferred points. The preferred points are a network of
points that are spaced over the practicable design domain (Montgomery et al., 2009). With
the development of DACE, there has been introduction of other criteria-founded designs.
They are more complex to achieve in comparison with the designs mentioned earlier.
Typically, the Gaussian stochastic model is presumed and the design criteria has a functional
relationship with its unknown variables (Santner et al., 2003). For a set number of trials and
for a particular structure of correlation, these criteria of design aims at selecting a design that

will give the best response prediction at untried inputs in the experimental domain.

2.6 Biogas Production Prediction Models

A model is a simplified abstract view of a complex reality. A scientific model represents
empirical objects, phenomena, and physical processes in a logical way. For the scientist, a
model is also a way in which the human thought processes can be amplified (Stockburger,
2006). MacKay (2004) defined a mathematical model as a representation of the essential
aspects of an existing system which presents knowledge of that system in a usable form.
Mathematical models are used not only in the natural sciences (such as physics, biology,
earth science, meteorology) and engineering disciplines, but also in the social sciences (such
as economics, psychology, sociology and political science); physicists, engineers, computer

scientists, and economists use mathematical models most extensively.

A crucial part of the modeling process is the evaluation of whether or not a given
mathematical model describes a system accurately. Rolland and Pernici (1998) evaluated a
model by its consistency to empirical data and concluded that any model that is inconsistent
with reproducible observations must be modified or rejected. They argued that a fit to
empirical data alone was insufficient for a model to be accepted as valid; other factors
included ability to explain past observations, ability to predict future observations, cost of use
— especially in combination with other models, refutability, enabling estimation of the degree

of confidence in the model, and simplicity, or even aesthetic appeal.
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Assessing the scope of a model, that is, determining the situations in which the model can be
applied can be straightforward. If the model was constructed based on a set of data, one must
determine for which systems or situations the known data is a ‘typical’ set of data (MacKay,
2004). It has been observed that biogas models have been formulated for specific designs of
digesters and conditions, and cannot be applied across board. Hence there is need to perform

tests in order to adapt the models to various working conditions.

Some of the mathematical models used to relate the inputs (factors) to the output in a biogas

system include:

a) Plug Flow Model

b) Chen and Hashimoto Model

c) Low Temperature Lagoon Digester Model
d) Toprak Model

e) Scoff and Minott Model

The application of some of these models was discussed and tested using available statistical

indicators in Chapter 4 of this thesis.
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CHAPTER THREE

EFFECT OF TOTAL SOLIDS, TEMPERATURE AND SUBSTRATE RETENTION
TIME ON BIOGAS PRODUCTION

Abstract

Biogas production is influenced by a number of factors including total solids, temperature,
and substrate retention time, among others. The exact effect of these variables when digesting
Kenyan cow dung or liquid cattle manure was the aim of this study. Three experiments were
set-up to investigate the effect of total solids, temperature, and substrate retention time on
biogas production, respectively. Experiments were done on a laboratory scale in a batch
reactor of 0.15 m3 (or 150 litre) capacity. The substrate was dung from dairy cows managed
under a free-range system with an overnight holding yard. The substrate at total solids of 6%,
7%, 8%, 9%, and 10% were investigated at a constant temperature of 35°C; and the mean
biogas production was 37.46, 45.67, 73.12, 42.94, and 36.66 litres per day (I/d), respectively.
Mesophilic temperature at 25°C, 30°C, 35°C, 40°C, and 45°C were subjected to the substrate
having total solids of 8%; and the mean results were 25.52, 51.98, 73.12, 79.21, and 49.41
I/d, respectively. Substrate retention time observed while the dung was at 8% total solids and
35°C; and the biogas production were 23.64, 61.38, 63.09, 79.88, 88.00, 102.00, 90.37, 86.00,
72.85, and 64.00 I/d for day 6, 7, 8, 9, 10, 11, 12, 13, 14, and 15, respectively. The highest
biogas production was attained at total solids of 8%, a temperature of 35°C, and a substrate
retention time of 11 days. It was evident that total solids, temperature and retention time had
effect on the rate of biogas production. Generally, it was observed that the biogas production
increased with increase total solids, temperature and retention time until a maximum but

before the onset of a decrease.

3.1 Introduction

Biogas is an important form of renewable energy. It is stored in biological materials such as
straw, manure and other agricultural products; and it is one of the key options for mitigating
Green House Gas (GHG) emissions to replace fossil fuels (Elaiyaraju and Partha, 2016;
Sovacool, 2012). It can be used to generate heat, electricity, and produce transport fuel
(Taherzadeh and Karimi, 2008; Tricase and Lombardi, 2009). Each year, 590-880 million
tonnes of methane are exhausted worldwide into the atmosphere through microbial activity

and 90% of this comes from biogenic sources (Charlton et al., 2010).
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Anaerobic digestion is the process by which organic matter is broken down in the absence of
oxygen to produce biogas, carbon dioxide and other traces of gases. The process of anaerobic
digestion takes place through four successive stages: hydrolysis, acidogenesis, acetogenesis,
and methanogenesis; and it is dependent on the interaction between diverse microorganisms
that are able to carry out the four aforementioned stages (Verma, 2002). In single stage batch
reactors, the substrate is loaded and the four processes are allowed to occur in the same
reactor sequentially; then the slurry is emptied after a predetermined retention time or the
cessation of biogas production (Verma, 2002).

Working under the assumption that all the substrate is converted to methane (CH4) and
carbon dioxide (COz2), and that the carbon (C), hydrogen (H2) and oxygen (O2) composition
of the substrate are known, one can use equation (3.1) and the general gas equation to find a
theoretical molar and volumetric output of CH4 (Buswell and Mueller, 1952).
CnHa0b+(n—E—é)H20—>(E—E+9)COZ+<E+E—E)CH4 3.1
4 2 2 8 4 2 8 4

Under actual operating conditions, equation 3.1 was modified to account for the presence of
ammonia (NHs) and hydrogen sulphide (H2S) in the waste as given in equation 3.2 (Achinas
and Euverink, 2016).

a b 3x vy
CnHaObNxSy+ (TL—Z—E'FT-FE) H20
—><n—g+é+3—x+z)C02+(n+g—é—3—x—z)CH4+xNH3
4 2 4 2 4 2 4 2
+ yH,S 3.2

Parameters that affect biogas production include substrate concentration, temperature,
substrate retention time, carbon to nitrogen ratio, pH, organic loading rate, nutrients, and
toxicity (Parawira et al., 2005). The effects of these parameters are different on different
microbial groups as each microbial group has different physiological and nutritional needs;
and their imbalances cause instability (Dolud et al., 2005). An imbalance in the process
caused due to the disturbance in the hydrolysis stage will limit the activities in the subsequent
stages thereby reducing biogas production; a disturbance in methanogenesis will bring about
an accumulation of acids that have been formed in previous stages; changes in the process
such as reduced biogas production, accumulation of volatile fatty acids, decrease in pH, and
alkalinity are indicators of process instability (Barnes et al., 1989). In this study the effects of
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substrate concentration, temperature, and substrate retention time were investigated in a

laboratory fixed dome batch reactor.

There are three main temperature regimes for anaerobic digestion: psychrophilic (< 25°C),
mesophilic (30-40°C) and thermophilic (50-70°C) (Leenawat et al., 2016; Meegoda et al.,
2018; Patharwat et al., 2016). Mesophilic digestion operates in a lower temperature, is slower
and yields less biogas. However, mesophilic digesters remain attractive because of their
lower heater energy costs compared to thermophilic digesters (Moset et al., 2015). The
mesophilic range was used in this study. Thermophilic digestion, on the other hand, operates
at a higher temperature with a consequent increase in reaction rates leading to increased
biogas production (Franke-Whittle et al., 2014; Lettinga et al., 1997).

Substrate concentration can be determined in terms of volatile solids or total solids. Volatile
solids content is determined by igniting the substrate at 550°C in the incinerator and then
weighing the remaining contents (EPA, 2001). Total solids is the measurement of dry matter
as a percentage, and is determined by drying the sample at 103 — 105°C in succession until no
further change in weight is observed (APHA, 1999; EPA, 2001). Total solids were used as a

variable in this study.

Substrate retention time refers to the mean length of time that the material fed into the batch
digester takes before it is emptied (Kircher et al., 2014). Shorter retention times are known to
be associated with acidification especially fatty acid and can cause inhibitory effects (Hwu et
al., 1996). Nonetheless, shorter substrate retention times allow for increased process
efficiency and decreased capital costs, although longer substrate retention times are necessary
for the digestion of lignocellulosic wastes (Shi et al., 2017). Generally, mesophilic digestion
can be accomplished within 15 — 30 days (Mao et al., 2015).
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3.2 Materials and Methods

3.2.1 Experiment Set-up

Figures 3.1 and 3.2 give a schematic sketch and drawing are cross section views of the
experiment set-up and the engineering cross section drawing of the system used in the
research. The latter figure was drawn including dimensions using AutoCAD 2017 software.
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Figure 3.1: Bioreactor schematic sketch
Key to parts of the Fixed Dome Lab Bioreactor
1. Feeding hopper | 9. Insulation 17.  Water tank
2. Inlet pipe 10.  OQutlet pipe 18.  Gate valve
3. Bioreactor 11. Expansion chamber | 19. Delivery pipe
4. Substrate 12.  Control unit 20.  Water bucket
5. Electric Motor | 13. Power supply 21. Inverted graduated flask
6. Stirring rod 14. Data Logger 22. Power supply cable
7. Stirrer 15.  Computer 23.  Thermocouple wire
8. Water bath 16.  Centrifugal pump
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Figure 3.2: Cross-section of laboratory biodigester system

The fixed dome laboratory bioreactor was designed and fabricated at Egerton University. It is
a scale model of the 124 m® fixed dome underground digester at the University Farm. The
laboratory model is surrounded by an automatically controlled temperature and circulated
water jacket and automated stirring system so that it can maintain the required temperature

and stirring frequency that can imitate of the field fixed dome digester (Nyaanga et al. 2015).

The influent was fed into the bioreactor from the feeding hopper through the inlet pipe until it
rose to a level in the expansion chamber that closed the opening of the outlet pipe to
minimise loss of biogas produced from the bioreactor during the anaerobic digestion process.
The substrate was stirred after every four hours by the stirrer attached on the stirring rod with
the help of an electric motor. Stirring was essential to break the scum, release the metabolites,
and mix the substrate to acquire uniform distribution of temperature and bacteria. When gas
was produced, it increased the pressure in the bioreactor and this forced the substrate to be
displaced into the expansion chamber. To reduce the pressure, a gate valve was opened to
allow the gas to escape through the gas delivery pipe. The gas ended up in an inverted

graduated cylinder filled with water; and the water was displaced into the bucket.
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Temperature was regulated by a water bath that surrounded the bioreactor. Water was heated
by the electric immersion heaters in the hot water tank. Circulation of water was enabled by a
centrifugal pump. A power supply provided electricity to the system, through the power
cable, for heating the water and monitoring the temperature. A control unit had the
instrumentation that allowed water to be heated to a predetermined temperature only. A
computer was attached to the control unit via a digital data logger. Thermocouple wires from
the substrate in the bioreactor, water bath that surrounded the bioreactor, and the outside of
the experiment set-up were connected to the data logger. The data was downloaded by the
computer, and also real-time temperature was read on the screen of the computer. Foam
mattress pellets were used as an insulation material; they were placed in a casing that

surrounded the water bath to minimise heat loss.

Gas collection was by the water displacement method. A gas pipe was connected to an
inverted graduated cylinder filled with water, and placed in a bucket of water. A gate valve
was opened to allow the gas to displace water in the 500 millilitre capacity cylinder. This was
done several times until the gas was exhausted for the duration of production. The volume of
gas collected was then calculated to give biogas production rate in cubic metres per cubic
metre of digester volume per day (m®/m3d) (Mudhoo et al., 2012).

Biogas for analysis of methane content was collected in sampling bags and taken to a Gas
Chromatograph (Acer Varian 3400CX model). The model uses a flame ionisation detector
(FID). The protocol for methane content analysis was adopted from a Hewlett Packard
5890plus GC with an FID and a Supelco Carboxen1006 Plot Column that is 30 m long with
0.53 mm internal diameter (Walsh and McLaughlan, 1999). This protocol was adjusted to suit
the Acer Varian 3400CX model. The injector port was maintained at 200°C and 80kPa, while
the FID was maintained at 200°C. The oven program started with 35°C for 1 minute followed
by a ramp of 20°C per minute to 180°C, and the gas was held for 2 minutes. Manual gas
injection into the FID port was done using a tight 1uL syringe (Plate 3.11). The retention time
for methane was 1.5 minutes, with an analytical detection limit set at 0.1pg/L (Walsh and
McLaughlan, 1999). The carrier gas was nitrogen, and the combustion gases were hydrogen
and oxygen. The methane content was read from a print-out having a graph showing the
peaks of gas retention per minute. The results were then analysed for percentage methane

content in the sample.
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3.2.2 Material Preparation

Total solids are defined as a measure of dry matter left after the moisture has been removed
from a moist sample. Dung from dairy cows, managed under a free-range system, was used
as a feedstock. Fresh cow dung was collected from Tatton Agricultural Park (teaching farm)
and Ngongogeri (commercial farm), all of Egerton University, and taken to the laboratory for
determining the total solids by percentage. At first, each can was cleaned and weighed while
empty by using an electronic balance. Then every can was loaded with fresh dung, weighed,
and then put in an air oven that was set at 105°C to heat the contents for 12 hours to attain a
constant weight. Thereafter, each can and its content was removed and taken to a desiccator
to cool down to room temperature. The desiccator had silica gel to ensure the hot dried dung
did not re-absorb moisture from the atmosphere during the cooling process. After the dry
samples attained room temperature, they were weighed again to determine their masses.

Three sets of experiments were done to take care of the variation in total solids content
because of the change from the dry season to the wet season. Each set had 11 samples. The
first two sets were done at the end of the dry season in the month of March, and the last set
was done during the wet season in month of May 2018. Then an average value of total solids
was used in subsequent calculations to prepare the influents.

Table 3.1 shows the data that was obtained and the associated calculations.
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Table 3.1: Total solids of cow dung samples

Sample No. Total solids (%)

Replica 1 Replica 2 Replica 3
(19/3/2018)  (20/3/2018)  (15/5/2018)

1 18.248 16.232 18.487
2 19.514 17.698 18.616
3 20.373 17.206 18.288
4 17.568 16.915 17.603
5 17.978 17.496 18.185
6 17.304 16.802 19.416
7 19.680 16.964 19.693
8 17.180 35.100 19.152
9 19.406 16.959 18.688
10 17.892 16.618 16.991
11 20.721 17.057 19.640
Mean 18.723 18.641 18.610

Grand mean 18.658

The total solids (TS) was determined using equation (3.3).

a) % 100

TSz(Z_a

where
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TS = total solids (which is the ratio of the difference in mass of can and dried
dung minus mass of dry can to difference between the mass of dry can and

fresh dung and mass of dry can times 100.

a = mass of dry can

b = mass of dry can and fresh dung

¢ = mass of dry can and oven dried dung (at 105°C to constant weight)

The preparation of the influent was done for every total solids value. The prototype
laboratory reactor had a fermentation chamber of 120 litres. Consequently, 120 litres of
influent was prepared based on the designed TS percentage by diluting a predetermined
amount of fresh cow dung (manure) with a predetermined (calculated) amount of clean water

from the tap at room temperature.
For example, to prepare an influent having 7% TS; the following calculations were done.

The average TS of cow dung = 18.658%

1 x 18.658

100 ) = 0.18658 kg of TS

= 1 kg of cow dung contains (

But for a 7% TS influent,

= 7 kg of TS are contained in 100 kg of influent

0.18658 x 100
7

This means that the water in the influent = 2.665 — 1 = 1.665 ~ 1.7 kg

=~ 0.18658 kg are contained in ( ) = 2.665 kg of influent

[t implies that cow dung: water ratio = 1: 1.7

From this ratio, 120 litres of influent containing 7%TS was prepared as follows:

1
Cow dung = > X 120 = 45.03 kg

1.7
Water = 57 X 120 = 74.97 kg

The amounts of manure in kg, total solids in the manure (TS, in percent, %), and water
required to dilute the manure to the required TS (%) are presented and shown in Table 3.2

below.
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Table 3.2: Substrate to water ratios

TS Influent  Manure TSin Water Manure to
No. TS (%) (kg) Substrate  required Water
(kg) (kg) ratio
1 6.0 38.7 7.2 81.3 1:2.1
2 6.3 41.4 8.3 78.6 1:1.9
3 7.0 44.4 8.9 75.6 1:1.7
4 8.0 52.2 10.4 67.8 1:1.3
5 9.0 57.1 114 62.9 1:1.1
6 9.3 60.0 11.2 60.0 1:1.0
7 9.7 63.2 12.6 56.8 1:0.9
8 10.0 64.5 12.0 55.5 1:0.9
Average 8.2 52.7 10.3 67.3 1:1.2

From these samples (Table 3.2), the average TS is 8.2% giving a manure to water dilution
ratio of 1 to 1.2 (fairly close to 1:1, the generally recommended dilution ratio in Kenya).

A 20 litre bucket was used to prepare the substrate (influent). The dung and water were
placed in the bucket, in which a piece of wood was used for mixing until a homogenous
mixture was attained. The mixture was then emptied into the bioreactor through the feeding
hopper. Table 3.3 shows total solids of different influents that were fed into the digester.

Table 3.3: Amounts of manure and water required per influent (substrate)

TS No. Influent  Manure TS of TS of Total Water
TS (%) (kg) Manure  Manure (kg)  Influent required
(%) (kg) (kg)
1 6.00 1.00 18.60 0.20 3.10 2.10
2 6.31 1.00 18.60 0.20 2.90 1.90
3 7.00 1.00 18.60 0.20 2.70 1.70
4 8.00 1.00 18.60 0.20 2.30 1.30
5 9.00 1.00 18.60 0.20 2.10 1.10
6 9.68 1.00 18.60 0.20 1.90 0.90
7 10.00 1.00 18.60 0.20 1.90 0.90
Average 8.00 1.00 18.60 0.20 241 1.41
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It can be noted that the manure samples handled had 1 kg of these Egerton cattle manure with
a TS of 18.6% ; had total solids amounting to 0.2 kg which would be digested by the bacteria
and hopefully converted to biogas in a given retention time in the batch laboratory digester.

Tchobanoglous et al. (2003) gave total solids (TS) range of 7 to 9%. Accordingly, 8% TS is
the average value. The step change is 1%. It is logical to apply the step change above and
below the range to obtain star values for investigation. Therefore, the effect of total solids on
biogas production was investigated by running the experiment at 6%, 7%, 8%, 9% and 10%

for 18 days each. All the results were recorded and analysed.

3.2.3 Temperature control

The reactor was put in a water bath of warm water. Water was heated in a water tank using
immersion heaters, and circulated by a centrifugal pump to ensure that the heated water
releases heat to the reactor until the set temperature was achieved. The immersion heaters
were regulated by a thermostat, which stopped the heating when the pre-set temperatures
were attained. The temperature control was enabled by use of the proportional differential
integrals (P1Ds) and program logic controls (PLCs).

In the control experiment, the same batch system was used. The substrate to water dilution
was 1:1 as is usually done by biogas producers in Kenya (Nyaanga, 2011). The temperature
was left at room conditions. Stirring the substrate was done for two minutes after every four
hours at a speed of 15 revolutions per minute (Lemmer et al., 2013). The biogas volume

produced was recorded.

Mesophilic temperature ranges from 30°C to 40°C (Patharwat et al., 2016). The average
temperature of the range is 35°C, and this gives a step change of 5°C. A step change was
applied below and above the range to get the star values for investigation. Effect of
temperature was investigated by varying the runs at 25°C, 30°C, 35°C, 40°C, and 45°C for 18
days each. Total solids were kept constant at 8% for all runs. The data was analysed and

results discussed in the relevant section below.

3.2.4 Substrate retention time

The effect of substrate retention time was investigated by making three runs while keeping
the concentration of the substrate at total solids of 8%, while the temperature was maintained
at 35°C. The 8%TS and 35°C were chosen because they were at the centre of the design space

in their respective ranges. An average value of biogas production was used for analysis.
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3.3 Results and Discussions

3.3.1. Effect of total solids on biogas production

The data obtained at 35°C for various total solid levels are presented in Table 3.4. Figure 3.2
shows a graphical presentation of the data in Table 3.4. The Table and Figure show the four
phases (1, 2, 3 and 4) of digestion of organic matter to produce biogas. In the first phase,
there is no production of biogas from day 1 to day 5 for total solids of 7% and 8%, from day
1 to day 6 for total solids of 6% and 9%, and from day 1 to day 7 for total solids of 10%. In
this phase, three main processes are taking place namely hydrolysis, acidogenesis, and
acetogenesis. Hydrolysis is where proteins, carbohydrates, and fats are being broken down
into amino acids, simple sugars, and long chain fatty acids (LCFA), respectively by the
hydrolytic bacteria (Pavlostathis and Giraldo- Gomez, 1991).

Table 3.4: Biogas production (litres per Day) for various total solids

Day Total solids (TS, %)
from 6% 7% 8% 9% 10%
start
1 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00
6 0.00 15.81 23.64 0.00 0.00
7 11.03 27.53 61.38 18.15 0.00
8 34.96 4417 63.09 30.76 11.47
9 40.52 53.39 79.88 47.71 27.93
10 56.07 67.08 88.00 51.63 51.40
11 60.23 74.96 102.00 70.46 55.06
12 41.43 61.20 90.37 63.92 59.31
13 38.91 45.32 86.00 48.14 43.89
14 29.83 38.79 72.85 32.75 24.70
15 24.13 28.41 64.00 22.90 19.52
Average 37.46 45.67 73.12 42.94 36.66
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Figure 3.3 below shows the trends of biogas (giving the amounts in litres per day), produced
as the laboratory fixed dome cow manure digestion and gas production proceeds for different

total solids (6 % to 10 %) of the Egerton free range cattle.

120
__100

2 —B—TS6%
N

c 80

Qo —h=TS7%
e

[&]

>

35 60 —=4=T58%
S

& 40 =He=TS59%
(@]

2

[oa) —0—T510%

N
o

0 —i—i—=
2

& [

6 8 10 12 14 16
Substrate retention time (days)

Figure 3.3: Biogas production trends for various total solid levels

The biogas production trends seem to differ for the different total solids (TS) levels. The TS
that gave the highest production rate was 8% which was evidently higher than the other three
TS levels of 6%, 7%, 9% and 10% in all the days of biogas production. This could be
attributed to the dynamics and size hence volume of substrate available for the bacteria in the
0.15m? digester. Using the basic statistics (such as error bars in the graphical presentation of
the data — see Appendix A2.2) the 8% TS had a significantly higher biogas yield per day in
all days than the other TS levels of 6%, 7%, 9% and 10%. However, the rate of biogas
production among the 6%, 7%, 9% and 10% TS levels was not significantly different,

statistically.

The trend of the biogas yield for all the TS levels, depict a four stage trend as the days of
retention increase from zero (day of loading) to the day the experiment ended (when the gas
production declined to near zero and was no longer burning, being the 15" day for all the
total solids levels tested). The four stage production trends were confirmed by the 4™ order
polynomial that fitted the data with R? values around 0.95 (see Fig Al.4 in the Appendix) as

presented in equations 3.4 and 3.5 below,
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Yso = 0.015x* - 0.71x3 + 9.97x? - 38.24x + 34.96; R = 0.96 3.4
Y6,7,9,100% = 0.0219x* - 0.856x3 + 10.413x? - 38.621x + 35.616, R2 = 0.93 3.5

where

Y= biogas yield or production rate (litres per day) for given TS % and
x = day from start of the digestion process (days).

Using equations 3.4 and 3.5, the gas production beyond the 15" day (the day when the
experiment was stopped due low production and poor quality biogas which could not burn),
the gas production rate from the system was as presented in Table 3.5 below and Figure A2.5

in the Appendix.

Table 3.5: Empirically predicted average biogas production with retention time

Biogas Produced in litres per day
Retention Avg Yieldops for6-  Avg Yieldpred for 6 Yieldpred for 8%

Time (Days) 10%TS - 10%TS TS
1 0 6.6 6.0
2 0 -6.5 -7.1
3 0 -7.9 -7.9
4 0 -1.4 0.0
5 4 9.5 13.8
6 14 22.2 30.8
7 30 34.5 48.6
8 42 445 65.3
9 57 51.1 79.4

10 65 53.7 89.5
11 56 52.1 94.8
12 44 46.6 94.8
13 32 38.2 89.2
14 24 28.3 78.3
15 26 18.9 62.5
16 12.5 42.7
17 12.0 20.2
18 21.0 -3.4

“Avg Yieldobspred = average biogas production Observed or measured Data and Predicted or

simulated values using the empirical polynomial models.

The four stages in the digestion and gas production with time were evident in all levels of
total solids tested. Stage 1 had no gas produced for all levels of total solids being 5 to 7 days
depending on the TS used. The substrate of 8% and 7% total solids (TS) started producing
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biogas after 5 days, while that with 6% and 9% started after 6 days and finally the 10% TS
influent produces biogas after 7 days. This difference can be explained by breakdown of
complex molecules of sugar and amino acids and increase in the number of anaerobic acid-

producing microbial bacteria for the production of biogas.

Stage 2 was fairly different for the varying TS levels being between 5™ and 7" day (lasting 2
days), 5" and 8" day (3 days), 6" and 9" day (3 days), 6" and 8" (2 days) and 7" and 10™
day (3 days) for the 8%, 7%, 9%, 10% and 6%, respectively. Generally, using the average
TS of 8.2% (for the TSs tested), the 2" stage took 2.17 days starting the 6™ day (on average)
for this system and at the set conditions of temperature, stirring and Tropical cattle manure
from the free range animal production system. The 3™ stage, on average occurred between the
6-7" day and the 11" day for all the TS levels. The mid-point and transition between stage 2
and 3 are not very obvious especially for 7% and 10% TS. It is also worth to note that the rate
of biogas production (and gradient of the graph, approximately, less than 10 I/d) is generally
the same, especially for the non-optimal TS of 6, 7, 9 and 10%. Similarly, the gradient is
higher for the optimal TS of 8% (being about 20 1/d). The science involved in these stages is
described in the following paragraphs.

Acidogenesis is a process during which simple sugars and amino acids resulting from
hydrolysis are degraded to a number of simpler products such as volatile fatty acids including
propionic acid (CH3CH,COOH), butyric acid (CH3CH>CH.COOH), and acetic acid
(CH3COOH) (Batstone et al., 2002). Acidogenesis is generally defined as an anaerobic acid-
producing microbial process without an additional electron acceptor or donor (Gujer and
Zehnder, 1983). Acidogenesis is often the quickest step in the anaerobic conversion of
complex organic matter in liquid phase digestions (Vavilin et al., 1996).

Acetogenesis is the degradation of higher organic acids formed in acidogenesis to yield
CH3COOH, CO2 and H: (Batstone et al., 2002). This intermediate conversion is crucial for

the successful production of biogas.

Biogas production is very slow at the beginning due to the lag phase of microbial growth
(Budiyono et al., 2010). The biogas production in batch condition is directly proportional to
the specific growth rate of methanogenic bacteria in the bioreactor (Nopharatana et al., 2007).

In the second phase there is an exponential production of biogas from day 5 up to day 11 and

day 12. During this phase, the process of methanogenesis is taking place. The fermentation
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products such as acetate, H, and CO. are converted to methane (CHs) and CO: by
methanogenic archaea (Bjornsson et al., 2000; Pavlostathis and Giraldo-Gomez, 1991). This
can be summarized by equations (3.6) and (3.7):
I.  Hydrogenotrophic methanogenesis
4H, + CO, - CH, + 2H,0 3.6

ii.  Aceticlastic methanogenesis
CH;COOH - CH, + CO, 3.7

In the third phase there is a steady decline in biogas production from day 11 to day 15. This
is due to stationary phase of microbial growth (Castillo et al., 1995). The methanogenic

bacteria die due to the depletion of carbon in the substrate.

Figure 3.4 shows the average biogas production rate values for different TS contents.

Biogas production (I/d)
)
8

5 6 7 8 9 10 11
Total Solids (%)

Figure 3.4: Average biogas production rate for various total solid levels

The mean rates of biogas production were 37.5, 45.7, 73.1, 43.0, and 36.7 I/d for 6, 7, 8, 9,
and 10% TS, respectively. The rate of gas production for the digestion the fixed dome
laboratory system digesting cattle manure at 35°C, was low (37.5 I/d) at the lowest total
solids (TS) of 6%, highest at the median TS of 8% and again lowest (36.7 1/d) at the highest
TS used of 10%. This could be attributed to the digestion dynamics involving the bacterial

succession with respect to the nutrient availability as discussed below.
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Anaerobic digestion process increased steadily from total solids of 6% to 8%. At low solids,
aceticlastic methanogens called methanosarcina play an important role, followed by
hydrogenotrophic methanoculleus and methanomicrobiales species (Yi et al., 2014).
Methanosarcina, a typical aceticlastic methanogen, has often been reported to be the
dorminant methanogen in anaerobic digestion (Demirel and Scherer, 2008). The ability of
genus methanosarcina having high growth rates and forming irregular cell clumps makes
them more tolerant to changing pH and high concentrations of toxic ionic agents (Conklin et
al., 2006). Methanosarcina produce methane from acetate (although some species are more
versatile and can also utilize hydrogen and carbon dioxide), methylated amines and methanol,
and also use both the aceticlastic and hydrogenotrophic methanogenesis pathways compared

to methanosaeta species (de Vrieze et al., 2012).

As the total solids increase from 8% to 10%, the biogas production rate declines steadily.
Increasing the total solids means a higher applied organic loading rate and more volatile
solids for microorganisms which results in higher volatile fatty acid concentrations (Yi et al.,
2014), and this favours the growth of methanosarcina species (de Vrieze et al., 2012). On the
other hand, methanoculleus species population decline in mesophilic anaerobic digesters with
an increase in total solids content (Bourque et al., 2008). The changing of microbial
communities in mesophilic anaerobic digestion of cow dung was responsible for the

performance exhibited in Figure 3.4.

This observation is similar to the work reported by Igoni et al. (2008) on a batch reactor. A
marginal increase in the percentage of total solids results in a geometric increase in the
volume of biogas produced, suggesting therefore (as seen in Figure 3.4) that a continual
increase in the percentage of total solids at some point becomes immaterial to the increasing
volume of biogas produced. This is possible because when percentage of total solids
increases, the amount of water decreases, thus reducing the level of microbial activity, which
then affects the amount of biogas, particularly at higher values of the TS% (lgoni et al.,
2008).

Itodo and Awulu (1999) showed that slurries of higher total solids concentrations were more
acidic than that of lower total solids concentrations, which is an additional reason why higher
total solids values would not significantly affect the increasing volume of biogas produced.
Abbassi-Guendouz et al. (2012) showed that the total methane production decreased with
total solids contents increasing from 10% to 25% in batch anaerobic digestion of cardboard
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under mesophilic conditions. Forster-Carneiro et al. (2008) also showed that the biogas and
methane production decreased with total solids contents increasing from 20% to 30% in dry

batch anaerobic digestion of food waste.

It can be deduced from Figure 3.3 and Figure 3.4 that generally at low concentrations of total
solids, the gas production increases more steadily than at higher concentrations of total solids
(Beevi et al., 2015; Liu and Jian, 2016; Tsunatu et al., 2014). It can also be noticed that as the
solid concentration increases above 8%, the gas production begins to drop or falls drastically
(Eltawil and Belal, 2009).

3.3.2. Effect of temperature on biogas production
Table 3.6 shows the data obtained when the experiment was run at 8% total solids at different

temperatures. Figure 3.5 is a graphical presentation of data in Table 3.6.

Table 3.6: Biogas production rate for various temperatures

Day 25°C 30°C 35°C 40°C 45°C
1 0.00 0.00 0.00 0.00 0.00

2 0.00 0.00 0.00 0.00 0.00

3 0.00 0.00 0.00 0.00 0.00

4 0.00 0.00 0.00 0.00 0.00

5 0.00 0.00 0.00 0.00 0.00

6 0.00 11.42 23.64 18.73 9.73

7 0.00 38.27 61.38 57.93 21.94

8 0.00 4531 63.09 75.60 38.52

9 7.84 54.69 79.88 83.58 51.83
10 21.69 65.83 88.00 97.42 72.96
11 33.47 72.61 102.00 110.81 93.91
12 45.63 80.37 90.37 121.06 69.78
13 36.81 68.74 86.00 90.15 62.71
14 19.25 51.52 72.85 77.87 44.08
15 13.94 31.04 64.00 58.97 28.59
Average 25.52 51.98 73.12 79.21 49.41

The average daily biogas production rates increase with increase in temperature between the
25°C  and 40 °C before it decreased at 45 °C. These average biogas yields were 25.5 I/d, 52
I/d, 73.1 1/d, 79.2 I/d and 49.4 I/d, for the 25 °C, 30 °C, 35 °C, 40 °C and 45 °C, respectively.
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Figure 3.5 shows the results of biogas production rate for 8% total solids at 25°C, 30°C, 35°C,
40°C, and 45°C. Generally, the production biogas increases with time of digestion and
increase in temperature from day zero when the digester is loaded and 25°C for temperature
up to a maximum at 11" or 12" day being varying between 20 1/d to 120 I/d for the different
temperatures. Thereafter, the production starts decreasing just as was observed with effect of

total solids exhibiting the four phases.

Biogas production (l/d)

0 2 4 6 8 10 12 14 16
Substrate retention time (days)

Figure 3.5: Biogas production rate for various temperatures

The first phase ranges from day 1 to day 5 for temperatures 30°C to 45°C, and day 1 to day 8
for 25°C; no biogas is produced. During this phase, hydrolysis is taking place. Proteins,
carbohydrates, and fats are being broken down into amino acids, simple sugars, and long
chain fatty acids by hydrolytic bacteria (Pavlostathis and Giraldo-Gomez, 1991). This is
followed by acidogenesis where the simple compounds are converted into acids such as
acetic acid (CH3sCOOH) (Batstone et al., 2002). The acids are then converted into CO> and
H2 in the process called acetogenesis (Batstone et al., 2002). In this phase, heat is required to

facilitate the fermentation process.
In the second phase, there is an exponential biogas production from day 5 to day 11, and day

12 for all the temperatures. The highest biogas production occurs at 40°C (121.06 I/d on day
12) followed by 35°C, 30°C, 45°C, and lastly 25°C. The third phase starts from day 12
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onwards. Biogas production drops drastically because the feed material is depleted leading to

the death of mesophiles in the batch reactor.

There are three temperature ranges within which anaerobic digestion of a substrate takes
place. Psychrophilic temperature range lies below 20°C, mesophilic temperature range
between 30°C and 40°C, and thermophilic temperature range from 50°C to 65°C (Eder and
Schulz, 2006; Grady et al., 1999; Patharwat et al., 2016).

Figure 3.6 shows a plot of average biogas production rate against the temperature.
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Figure 3.6: Average biogas production for various temperatures

It can be noticed in Figure 3.6 that at 25°C, biogas production was low due to very little
microbial activity because the psychrophilic bacteria had died off while the mesophiles were
regenerating to take over the process of methanogenesis (Leenawat et al., 2016; Pandey and
Soupir, 2012). There is a steady increase in biogas production in the mesophilic range
between 30°C (51.98 I/d), 35°C (73.12 I/d), and 40°C (79.21 I/d) because of the increased
regeneration of mesophiles (Lettinga et al., 1997). The observations at 35°C and 40°C agree
with work reported by Adepoju et al. (2016), Hajji et al. (2016), and Patharwat et al. (2016).
An increase in biogas yield occurs with an increase in temperature of pretreatment up to a
certain optimum temperature above which production decreases (Bochmann et al., 2010;
Jahng et al., 2011) because of xylose formation and lignin breakdown that become toxic to
anaerobic digestion bacteria (Bochmann and Montgomery, 2014). The optimal temperature
for mesophilic anaerobic digestion is 37°C (Lettinga et al., 1997; Manjula and Mahanti, 2014;
Uzodinma et al., 2007). Although some variation is considered normal, digester temperature
should be always maintained between 35°C and 40°C (Hajji et al., 2016).
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At 45°C, the biogas production rate is lower than expected. This is so because the enzymes of
mesophiles are denatured leading to their death, while the thermophiles regenerate to take
over the methane production process (Lettinga et al., 1997). During this transition, the
activity of the bacteria is not as intensive as in the mesophilic range. This trend was also
reported by Ghatak and Mahanta (2014). The rate of bacteriological methane production
increases with temperature as well as the amount of free ammonia; the bio-digestive
performance could be inhibited or even reduced as a result (Eder and Schulz, 2006; Grady et
al., 1999). There is also inhibition in production of biogas due to the accumulation of
ammonia at 45°C (Mgller et al., 2004).

3.3.3. Effect of substrate retention time on biogas production at 8% TS and 35°C
Table 3.6 shows the results of running the experiment at total solids of 8% and a temperature

of 35°C. Biogas production rate is in litres per day (l/d).

Table 3.7: Biogas production rate (I/d) with time of digestion at 8% TS and 35°C.

Day Run 1 Run 2 Run 3 Average
1 0 0 0 0
2 0 0 0 0
3 0 0 0 0
4 0 0 0 0
5 0 0 0 0
6 22.97 23.25 23.64 23.29
7 62.41 60.86 61.38 61.55
8 62.81 63.15 63.09 63.02
9 79.20 79.52 79.88 79.53
10 89.04 87.93 88.00 88.32
11 100.27 102.51 102.00 101.59
12 89.48 90.79 90.37 90.21
13 87.07 85.96 86.00 86.34
14 71.84 72.62 72.85 72.44
15 60.18 63.70 64.00 62.63

Figure 3.7 shows the results in a graphical form for biogas production rate at total solids of

8% and 35°C at different retention times.
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Figure 3.7: Biogas production at various substrate retention times

Assuming a 2 or 3 stage digestion process starting from the onset of quality biogas
production, that is from the 5" day, the process can be modelled by second and third order
polynomial regression equations as given in Figure 3.8 and equations 3.8 and 3.9.
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Figure 3.8: Biogas production at 8% TS and 35°C using 2019 data

Yaord = -2.41x% + 54.18x - 210.57 3.8

Y3org= 0.02%3 - 3.02x? + 59.90x - 227.25 3.9
The simulations using these equations (3.8 and 3.9) were compared with those previous
equations (3.1 and 3.2) using 2018 data as presented in Appendix A2. The simulations depict
differences which could be attributed to the assumptions of the 2, 3 or 4 stage digestion
processes while the interaction with the total solids and temperature may be difficult to
separate. A number of factors may be the cause. For instance, the 1% stage (0-5 days) with

zero gas production could rightly be excluded from modelling. Secondly the 2" and 3"
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stages are difficult to separate since there is only half day difference between the 2. The only
model, therefore, suggested for the biogas prediction for the system between day 5 and about
day 17 when burnable gas (biogas) ceased, could be a 2" order polynomial model though its

precision and statistical accuracy will require more data to enhance and generalize.

There was no biogas production from day 1 to day 5. This was attributed to three processes of
anaerobic digestion taking place: hydrolysis, acidogenesis and acetogensis respectively. The
first one was hydrolysis. Organic biomass contains complex polymers which are inaccessible
to microorganisms without being further broken down through hydrolysis (Gujer and
Zehnder, 1983). As a result, hydrolysis serves the purpose of rendering macromolecules into
its smaller components which in turn can be utlised by acidogenic bacteria (Meegoda et al.,
2018). During hydrolysis, hydrolytic bacteria are able to secrete extracellular enzymes that
can convert carbohydrates, lipids and proteins into simple sugars, long chain fatty acids and
amino acids respectively (Park et al., 2011). After enzymatic cleavage, the products of
hydrolysis are able to diffuse through the cell membranes of acidogenic microorganisms (van
Lier et al., 2008).

The second process was acidogenesis. Acidogenic bacteria are able to produce intermediate
volatile fatty acids (VFAS) and other products (Meegoda et al., 2018). Volatile fatty acids
constitute a class of organic acids such as acetates, and larger organic acids such as
propionate and butyrate (Bergman et al., 1990). As opposed to other stages, acidogenesis is
generally believed to proceed at a faster rate than all other processes of anaerobic digestion,
with acidogenic bacteria having a regeneration time fewer than 36 hours (Deublein and
Steinhauser, 2008). With the rapidity of this stage, the production of volatile fatty acids
creates direct precursors for the final stage of methanogenesis; Volatile fatty acid

acidification is widely reported to be a cause of digester failure (Akuzawa et al., 2011).

Acetogenesis is the third process during which higher volatile fatty acids (e.g. propionate and
butyrate) are converted into acetate and hydrogen (Hansen and Cheong, 2013). At the same
time, lipids undergo a separate pathway of acetogenesis through acidogenesis and f-
oxidation, where acidogenesis produces acetate from glycerol, while B-oxidation produces
acetate from LCFAs (Cirne et al., 2007).
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The results and the observation of retention time made in this study may not be in total
agreement with (Varma et al., 2009) who reported that hydrolysis takes 2 days while
acidogenesis and acetogenesis take 3.6 days. This may be due to a different system (digester)
design and management (operational factors such as temperature, feeding and stirring
regimes) and substrate characteristics including type of feedstock, total solids among other

variables, apart from the data collection precision.

Methanogenesis marks the final stage of anaerobic digestion, where accessible intermediates
are consumed by methanogenic bacteria to produce methane (Ferry, 2010). Production of
biogas starts from day 5 and increases steadily to day 11 (102.00 I/d). Methanogenic bacteria
are confined to a small selection of substrates (Meegoda et al., 2018). Aceticlastic
methanogenesis from acetate accounts for nearly two thirds of the methane production while
the remaining one third comes from hydrogenotrophic methanogenesis (Belay et al., 1986;
Lovley and Klug, 1983).

However, it was noticed that biogas production stagnated from day 7 to day 8. This can be
attributed to excessive partial pressure of hydrogen produced by acetogenesis that deleted
acetogenic microorganisms (Dinopoulou et al., 1988). But due to the presence of
hydrogenotrophic methanogens, especially the methanosarcina species, hydrogen was able to
be rapidly consumed while maintaining partial pressure at a level favourable to acetogenesis
by creating an exergonic reaction (Stams and Plugge, 2009). During the stagnation period,
methanosarcina species, which tend to be robust and are capable of withstanding ammonia,
sodium, and acetate concentrations in addition to pH shocks at levels that would otherwise be
detrimental to other methanogenic bacteria, kept on producing biogas (de Vrieze et al., 2012).

Consequently, the steady production came on course from day 8 to day 11.

Methanogenic bacteria represent a group of obligate anaerobic archaea; as an acute
sensitivity, it was found that 99% of methanococcus voltae and methanococcus vannielli cells
had been killed within ten hours upon exposure to oxygen (Kiener and Leisinger, 1983).
Methanogens have a slower regeneration time than other bacteria in an anaerobic digestion;
at least 5 to 16 days (Deublein and Steinhauser, 2008). However, some hydrogenotrophic
species, such as methanococcus maripaludis, have a doubling time of only two hours
(Richards et al., 2016).
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From day 11 onwards, biogas production started declining from 102 I/d to 62.63 I/d on day
15. This was caused by the depletion of nutrients in the substrate and the gradual death of the
methanogens. In batch reactors, the end of methanogenesis is determined when biogas
production stops, which can take about 40 days (Verma, 2002).

3.4 Conclusions and Recommendation

3.4.1 Conclusions

Biogas production rate varied with different total solid levels increasing from an average of
0.25 m3/m3d at 6% total solids (TS), through an average of 0.32 m®m?3d for 7% TS to reach a
maximum average of 0.48 m3/m?3d at 8% TS (with a manure to water ratio of 1:1.3), and then
started decreasing steadily to 0.24 m*/m3d as the total solids increased to 10% through an
average of 0.32 m3m?3d for the other total solid levels of the cattle manure under free range
animal production system in Egerton, Kenya. The optimal TS for the laboratory fixed dome

digester is 8% when operation at a digester temperature of 25 to 45°C.

In the mesophilic range of temperature, biogas production increased with increase in
temperature, generally, moving from 0.25 m*m?d at 25°C through 0.35 m3/m3d at 30°C to
0.53 m3/m?3d at 40°C (optimal temperature), and then declined to 0.33 m3/m3d at 45°C.

The biogas production increases with the retention time, being maximum of 0.68 m®/m?3d
from the batch laboratory fixed dome digester at 11" day of digestion, having started biogas
production after 5 days for 8% TS cattle manure substrate being maintained at a temperature
of 35°C.

Empirical models to simulate the biogas production with the temperature and total solid

ranges used are possible.

3.4.2 Recommendation
The above conclusions can be transferred with appropriate modifications and scale factors for
adoption for field and industrial fixed digesters for biogas production into operational

guidelines for biogas stakeholders including designers and operators.

Further research is recommended to determine:
1. Effect of feeding regimes (as batch and continuous bioreactor or digester) at varying

temperatures and stirring frequencies for different substrates
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. The effect of thermophilic and cryophilic (ambient and below) temperature ranges on
biogas production rate and quality for the laboratory fixed dome digester

. Accuracy and precision of empirical models from experimental and observed data
from the biogas system.
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CHAPTER FOUR
EVALUATING BIOGAS PRODUCTION PREDICTION MODELS

Abstract

A number of biogas production prediction models have been proposed but they have not
been tested for the common Kenyan organic material, cow or cattle manure used to produce
biogas. They include the empirical plug flow digester model at fixed temperature, pH, and
loading rate and expressing biogas yield as a function substrate influent and effluent volatile
solids and hydraulic retention time. A modification of this model by Chen and Hashimoto
Model adds the influence of temperature and bacterial population. A simpler low
temperature lagoon model relates temperature to biogas production amount. This model has
been advanced to the Toprak model which made yield a function of the exponential of
temperature. Chen and Hashimoto Model and Scoff and Minott model are more involving
with more variables and hence more since they involve hydraulic retention time, volatile
solids concentrations, bacteria growth rate, digester temperature, and daily substrate flow
rate. These biogas production prediction models were evaluated using data observed while
producing biogas from a fixed dome digester set at selected temperatures and using cow and
liquid cattle manure from semi-free range animals of Tatton Farm, at Njoro in Kenya at 6, 8
and 10% total solids. Two (the Low Temperature Lagoon and the Toprak) out of the five
models tested, suited a fixed dome batch bioreactor data using a goodness of fit between the
predicted data by the models and that obtained from laboratory experiments. A third model
(named the Fixed dome Temperature model) relating temperature to the rate of biogas
production) was developed from experimental data, and validated using a set of observed
data from a different experiment conducted nearly a year later from the data used to develop
the model. The similarity among the Low Temperature Lagoon, modified Toprak and Fixed
dome Temperature models was observed while noting their simplicity and hence may not
fully explain the 3 or 4 stages of the biogas production fluctuations. The other models could
be applied in the digester system but with more in depth understanding and determination of

the bacterial population dynamics.

4.1 Introduction
Models are developed and used to help scientists, engineers, and decision makers to
understand and communicate about a system of interest with the ultimate aim of bringing a

positive change to how a system is built and/or managed. First, models must be a simplified
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representation of the system and provide a cognitively-mediated environment to explain the

systemic behavior (Akbas and Ozdemir, 2018). Second, models are limited to the collective

cognitive complexity of the ‘mental models’ of those involved in model development: some

models are an inconsistent representation of a dynamic and complex system (Stockburger,

2006). These challenges are escalated on using models in deep uncertainty situations where

stakeholders do not know or cannot agree on the system structure, future scenarios, and

model parameters (Kwakkel and Pryut, 2013).

There are four types of models (Ali et al., 2016):

Physical models: these are smaller and simpler representations of the thing being
studied.

Conceptual models: they tie together many ideas to explain a common phenomenon
or event.

Mathematical models: are sets of equations that take into account many factors to
represent a phenomenon.

Stochastic models: are tools for estimating probability distributions of potential

outcomes by allowing for random variation in one or more inputs over time.

In this study, mathematical models were used because integers and figures were involved in

relating the inputs (factors) to the output (biogas production rate).

Models for predicting biogas production include:

a)

Y

Plug Flow Model

The model was among the earliest suggested for predicting gas production in a plug
flow digester by Jewell et al. (1978). It is a simple empirical formula with many
parameters like temperature, pH, and organic loading rate remaining constant; and is

given as:

Sbo - Sbi
=0.5 (W) 4.1

where,
Y = Biogas yield in litres/litre of digester per day

Swbo = Influent volatile solids
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Sbi = Effluent volatile solids
HRT = Hydraulic retention time in days

If any of the fixed parameters changed, the model would not remain valid

(Jewell et al. (1978).

b) Chen and Hashimoto Model
Chen and Hashimoto (1978) improved on the Plug Flow model by incorporating
other parameters in their model to take care of digester temperature, bacterial growth

rate and volatile solid concentration of the substrate. The model is given as:

y = BoSo {1 _ K } 4.2

HRT HRT(up)—14K

where,
Y = Biogas production in litres/litre of digester per day
B, = Ultimate yield of gas in litres/gram of volatile solid (VS) added
So = Influent VS concentration in grams/litre
K = Kinetic parameter (dimensionless) = 0.6 + 0.0206e%0515°
HRT = Hydraulic Retention Time

Um = 0.013T — 0.129 = Maximum bacteria growth rate in which T is

the temperature in degrees Celsius (°C)
T = Digester temperature in °C

c) Low Temperature Lagoon Digester Model
Safley and Westerman (1992) developed a model to predict gas production from a
low temperature lagoon digester or pond digesters. It is based on the temperature of
the lagoon, and keeps all other parameters constant including substrate type, total
solids, feeding rate and hydraulic retention time among others. The linear Lagoon

model was given as

Y = 0.0093T + 0.216 4.3
where,
Y = Biogas production in m%/kg VS
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d)

T = Digester temperature in °C

The temperature was measured at various points (horizontally and vertically) of the

lagoon while observing the ambient temperature.

Toprak model
Toprak (1995) developed a model for a pond digester as shown in equation (4.4).

Y = 1.241T}1%7 4.4

where,
Y = Biogas production in L/m® of digester per day

Ta = Ambient air temperature, °C

This Pond Model, like the Lagoon model, used temperature (specifically ambient

temperature) giving the biogas production as an exponential of the temperature.

The advantages and disadvantages of these models to a laboratory reactor data are
likely to be varied and applicability may be low or high and hence the need to test

the models using the data from the fixed dome digester.

Scoff and Minott model
A more accurate model for plug flow digesters was developed by Minott (2002). It
considers hydraulic retention time, volatile solids concentrations, bacteria growth

rate, digester temperature, and daily substrate flow rate. It is given as:

Y = 0.5 {c Cr(x,t) Ta} 4.5
THRTLO T TV '

where,
Y = Gas production in kg/day
HRT = Hydraulic Retention Time (days)
v = Daily flow rate of manure slurry into digester (m®/day)

Co = 0.863TS (which is influent total volatile solids in kg/m?, TS = total

solids)
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To = Constant temperature at which the digester is operated
T.=273.2K

Cr = Total substrate degradation in the digester (kg/m®. Total amount of

organic matter digested)
Cr is given as:

COKe(—l/K)

ey {(um = 2K)[1 — eCu¥mt/BO] 4 tu, [1 + eCumt/O]} 4.6
Ct = Total substrate degradation

X = at given position

t = at given time

K = Hashimoto ideal plug flow constant = 1.26

um= 0.013To— 0.129 (which is the maximum bacterial growth rate)
T = maximum HRT for digestion up to a given point (days).

In this study, some of the above existing mathematical models for predicting biogas
production were tested to find out if they could relate the rate of biogas production from a
laboratory fixed dome batch bioreactor to some of the selected process or digestion

parameters. The tools for testing included:

a) Coefficient of determination, R? (Sen, 2008).

(N, Exp;Pred;)?

4.7
N Exp?¥N . Pred?

R? =

where,
Expi = Experimental value
Pred; = Predicted value of the model

N = Number of observations
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R? varies from 0 to 1; the closer the value is to 1, the better is the relationship

between the experimental and predicted values.

b) Modelling Efficiency, EF (Lahsasni et al., 2004).

— £V=1(Expi - Expi mean)2 - Iiv=1(Predi - Expi)z

EF 4.8
Iiv=1(Expi - Expi mean)2
where,
Expi = Experimental value
EXpimean = Experimental mean value
Pred; = Predicted value
N = Number of observations
EF varies from 0 to 1. The best fit comes when EF tends to 1.
c) Root Mean Square Error, RMSE (Eterkin and Firat, 2015).
N 0.5
1
RMSE = NZ(Expi — Predl-)zl 4.9
i=1
where,

Expi = Experimental value
Pred; = Predicted value of the model
N = Number of observations
RMSE should tend to zero for a good fit between the experimental and predicted

values.

d) Chi Square, X? (Hossain et al., 2007).

L1(Exp; — Pred;)*
N—n

X2 = 4.10

where,
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Expi = Experimental value
Pred; = Predicted value of the model
N = Number of observations
n = number of constants in the model
The X2 value tending towards zero gives a better goodness of fit.

Industrial and field biogas plants do not often operate at their optimum, and hence to attain a
higher efficiency it is necessary to know the limits for the anaerobic digestion process; these
can only be identified in laboratory experiments (Kowalczyk et al., 2011). To use the results
of laboratory scale experiments, it is essential to know whether the results are transferable to
industrial, institutional or household biogas systems and whether the experiments are
reproducible. Experiments at a laboratory scale are the most common way to study the

anaerobic digestion process.

Brunn et al. (2009) experimented with the reproducibility and transferability of laboratory
scale reactors to industrial scale; two identical 120 litre (L) reactors operating under the
same conditions were run in parallel, and compared to an industrial scale reactor with a
process volume of 4600m?. The results showed that the industrial scale reactor produced, on
average, 36% more gas than the laboratory scale reactors due to the different feeding
schedules and substrates; the laboratory scale reactors were fed three times per week while
the industrial scale reactor was fed daily, and the substrate for the reactors from different
plants. A good reproducibility for reactors of the same scale was found, but not for
transferability. This shows the importance of using similar process parameters for tests

relating to reproducibility and transferability.

Kowalczyk et al. (2011) researched the scalability of anaerobic digestion by analysing the
performance of three identical 22 L reactors and a single 390 L reactor, operating under
identical process conditions. The goal of the work was to serve as a “pre-study” to determine
the transferability of reactors of two different scales, as well as reproducibility between the
reactors of the same size. The results of the study showed a high level of correspondence
between the four reactors based on the measured parameters (biogas volume, biogas
composition, percentage of dry matter, and volatile solids. While studying the transferability

of experimental results, there must be a comparison between a laboratory scale reactor and

114



an industrial scale reactor in such a manner that all process parameters chosen must be as

identical as possible for synchronicity.

4.2 Materials and Methods

The Plug Flow, Chen and Hashimoto, and Scoff and Minnott models are only applied to
continuously-fed digesters as recommended by (Eder and Schulz, 2006) and hence they
cannot be used to analyse the anaerobic digestion process in a batch bioreactor as was the
case in this study. Consequently, the tests for goodness of fit were done on a Low

Temperature Lagoon Digester, Modified Toprak, and Fixed-dome-lab Temperature models.
4.2.1 Low Temperature Lagoon Digester model

The Low Temperature Lagoon Digester Model (equation 4.3) was tested using data found in
this research. The Toprak model was modified and tested to determine if it fitted the
situation of a laboratory fixed dome batch reactor; ambient air temperature was replaced
with digester temperature with the assumption that the digester could be operated at the
stated temperatures as being the prevailing ambient temperatures. The two models were run
at 8% total solids. All other factors were assumed to be constant. This was mainly done to
test the optimality of performance in terms of biogas yield per day. The Lagoon
Temperature model as presented in equation 4.3 after being converting biogas units in the
function from m3/kg VS by multiplying the experimental data gotten in this research with a
factor of 1 (since the ratio of TS/VS varies widely depending on the substrate and system
digestion conditions varying just below 1 and just above 2) and hence was used without any
modification as given in equation. This assumption was used in the evaluation and testing of

all the models in this chapter.
4.3.2 Modified Toprak model
Modified Toprak model

Y = 1.241T7%127 4.11
where,

Y = Biogas production in m*/m? per day

T = Digester temperature, °C.
This model was run at 25°C, 30°C, 35°C, 40°C and 45°C.
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4.2.3 Fixed-dome-lab Digester Temperature Model

Fixed-dome-lab Digester Temperature (FDT) Model was also developed from the data

obtained on temperature, and validated. A test for goodness of fit was conducted using

Coefficient of determination, Root Mean Square Error, and Chi Square (Sen, 2008).

4.3 Results and Discussions

4.3.1 Low Temperature Lagoon Digester model

Experimental values for biogas production rate (m*/m3d) at 8% total solids at different
temperatures, and predicted values from the Low Temperature Lagoon Digester model

(m3/m®d) as given in equation and given above and they are shown in Table 4.1 and Table

4.2, respectively.

Table 4.1: Actual biogas production rate (m3/m3d)

Temperature (°C)

Day 25 30 35 40 45
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0.0761 0.1576 0.1249 0.0649
7 0 0.2551 0.4092 0.3862 0.1463
8 0 0.3021 0.4206 0.5040 0.2568
9 0.0523 0.3646 0.5325 0.5572 0.3455
10 0.1446 0.4389 0.5867 0.6495 0.4864
11 0.2231 0.4841 0.6800 0.7387 0.6261
12 0.3042 0.5358 0.6025 0.8071 0.4652
13 0.2454 0.4583 0.5733 0.6010 0.4181
14 0.1283 0.3435 0.4857 0.5191 0.2939
15 0.0929 0.2069 0.4267 0.3931 0.1906
Mean 0.0794 0.2310 0.3250 0.3521 0.2196
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Table 4.2: Low Temperature Lagoon model predicted values

Day Temperature (°C)
25 30 35 40 45

1 0.2160 0.2160 0.2160 0.2160 0.2160
2 0.2160 0.2160 0.2160 0.2160 0.2160
3 0.2160 0.2160 0.2160 0.2160 0.2160
4 0.2160 0.2160 0.2160 0.2160 0.2160
5 0.2160 0.2160 0.2160 0.2160 0.2160
6 0.2160 0.2167 0.2175 0.2172 0.2166
7 0.2160 0.2184 0.2198 0.2196 0.2174
8 0.2160 0.2188 0.2199 0.2207 0.2184
9 0.2165 0.2194 0.2210 0.2212 0.2192
10 0.2173 0.2201 0.2215 0.2220 0.2205
11 0.2181 0.2205 0.2223 0.2229 0.2218
12 0.2188 0.2210 0.2216 0.2235 0.2203
13 0.2183 0.2203 0.2213 0.2216 0.2199
14 0.2172 0.2192 0.2205 0.2208 0.2187
15 0.2169 0.2179 0.2200 0.2197 0.2178

Mean 0.2167 0.2181 0.2190 0.2193 0.2180

The data was tested for goodness of fit using the Coefficient of Determination, Root Mean
Square Error, and Chi Square (Devore and Farnum, 2005). Mean values for actual, and

predicted biogas production rate (m3/m?3d) were used.
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i. Coefficient of determination, R?

Table 4.3: R? calculations for Low Temperature Lagoon model

Temp (°C) Yield (m3/m?3d) Calculations
Exp Pred Exp.Pred Exp? Pred?

25 0.0794 0.2167 0.017207 0.006303 0.046976
30 0.2310 0.2181 0.050397 0.053371 0.047589
35 0.3250 0.2190 0.071178 0.105613 0.047971
40 0.3521 0.2193 0.077196 0.123942 0.048081
45 0.2196 0.2180 0.047877 0.048214 0.047542

Y (Exp.Pred) = 0.263856, (X (Exp. Pred))? = 0.06962

Y Exp? = 0.337444, Y Pred? = 0.238159

z Epo.Z Pred? = 0.080365
2 _ 0.06962

= = 0.866296 = 0.87, fair for such research
0.080365

Generally, this implies that the goodness of fit between the predicted and observed data is
between fairly good and good and hence the model for prediction of the system operation

can be considered to be good.
ii.  Root Mean Square Error, RMSE

Table 4.4: RMSE calculations for Low Temperature Lagoon model

Temp (°C) Yield (m*/m3d) Calculations
Exp Pred Exp-Pred (Exp-Pred)?
25 0.079391 0.216738 -0.13735 0.018864
30 0.231022 0.218149 0.012874 0.000166
35 0.324982 0.219022 0.10596 0.011227
40 0.352053 0.219274 0.132779 0.01763
45 0.219578 0.218042 0.001536 2.36E-06
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(Exp; — Pred;)? = 0.04789

5
=1

l

0.04789

» RMSE = J(**2) = 0.009578 = 0.01, good fit

iii.  Chi Square, X?

Table 4.5: X2 calculations for Low Temperature Lagoon model

Temp (°C) Yield (m3/m3d) Calculation
Exp Pred Exp-Pred (Exp-Pred)?
25 0.079391 0.216738 -0.13735 0.018864
30 0.231022 0.218149 0.012874 0.000166
35 0.324982 0.219022 0.10596 0.011227
40 0.352053 0.219274 0.132779 0.01763
45 0.219578 0.218042 0.001536 2.36E-06

> (Exp; — Pred;)? = 0.04789 = 0.05, fair
N-n=5-1=4

. x2 = 004789

= 0.01197 = 0.01 indicating good fit

From, the R? (0.87), RMSE (0.01) and X2(0.01), it is clear that the Low Temperature

Lagoon Model can be used to predict the biogas yield from a batch bioreactor operating

using cow dung at reactor temperatures between 25 and 45°C with some reservations since a

R? value of 0.87 could be acceptable for systems where R? >0.85 is acceptable unlike where

most reject good of fitting using R? <0.95. This could be attributed to the fact that, even in a

low temperature lagoon, once bacterial activity starts, the lagoon temperature soon rises to

above body temperature. The major similarity of between the two systems (batch feeding

regime) could be the controlling factor due the absence of washout and dilution as can be

experienced in a continuous or semi-continuous bioreactor.

4.3.2 Modified Toprak Model

From Table 4.1 that gives the actual values of biogas production rate (m3/m?3d) and using the

Modified Toprak model, Table 4.6 was created, give the predicted biogas production.
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Table 4.6: Modified Toprak model predicted biogas values

Day Temperature (°C)
25 30 35 40 45

1 0.046693 0.057344 0.068224 0.079304 0.090561
2 0.046693 0.057344 0.068224 0.079304 0.090561
3 0.046693 0.057344 0.068224 0.079304 0.090561
4 0.046693 0.057344 0.068224 0.079304 0.090561
5 0.046693 0.057344 0.068224 0.079304 0.090561
6 0.046693 0.057344 0.068224 0.079304 0.090561
7 0.046693 0.057344 0.068224 0.079304 0.090561
8 0.046693 0.057344 0.068224 0.079304 0.090561
9 0.046693 0.057344 0.068224 0.079304 0.090561
10 0.046693 0.057344 0.068224 0.079304 0.090561
11 0.046693 0.057344 0.068224 0.079304 0.090561
12 0.046693 0.057344 0.068224 0.079304 0.090561
13 0.046693 0.057344 0.068224 0.079304 0.090561
14 0.046693 0.057344 0.068224 0.079304 0.090561
15 0.046693 0.057344 0.068224 0.079304 0.090561

Mean 0.046693 0.057344 0.068224 0.079304 0.090561

The data was tested for goodness of fit using the Coefficient of Determination, Root Mean
Square Error, and Chi Square (Devore and Farnum, 2005). Mean values for actual, and

predicted biogas production rate (m3/m?3d) were used.
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i. Coefficient of determination, R?

Table 4.7: R? calculations for Modified Toprak model

Temp (°C) Yield (m3/m?3d) Calculations
Exp Pred Exp.Pred Exp? Pred?
25 0.079391 0.046693 0.003707 0.006303 0.00218
30 0.231022 0.057344 0.013248 0.053371 0.003288
35 0.324982 0.068224 0.022172 0.105613 0.004654
40 0.352053 0.079304 0.027919 0.123942 0.006289
45 0.219578 0.090561 0.019885 0.048214 0.008201

Y (Exp.Pred) = 0.086931, (X(Exp. Pred))? = 0.007557
Y Exp? = 0.337444, ¥ Pred? = 0.024613

Y Exp?.Y, Pred? = 0.008306

__0.007557

-~ R? =
0.008306

= 0.909855 =0.91, hence a good fit.

ii.  Root Mean Square Error, RMSE

Table 4.8: RMSE calculations for Modified Toprak model

Temp (°C) Yield (m3/m3d) Calculations
Exp Pred Exp-Pred (Exp-Pred)?
25 0.079391 0.046693 0.032698 0.001069
30 0.231022 0.057344 0.173678 0.030164
35 0.324982 0.068224 0.256758 0.065925
40 0.352053 0.079304 0.27275 0.074392
45 0.219578 0.090561 0.129017 0.016645

5
E(Expl- — Pred;)? = 0.188196

i=1

0.188196
5

~ RMSE = \/( ) = 0.194 = 0.2, implying a fairly good fit
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Chi Square, X?

Table 4.9: X2 calculations for Modified Toprak model

Temp (°C) Yield (m3/m?3d) Calculations
Exp Pred Exp-Pred (Exp-Pred)?
25 0.079391 0.046693 0.032698 0.001069
30 0.231022 0.057344 0.173678 0.030164
35 0.324982 0.068224 0.256758 0.065925
40 0.352053 0.079304 0.27275 0.074392
45 0.219578 0.090561 0.129017 0.016645

4.3.3 Proposed Fixed-dome-lab Temperature Model

The experimental data of biogas production rate (measured in m3/m3d and collected in the
early part of the year 2018) from fixed-dome-lab bioreactor at Egerton University and
digesting at 35°C using cow dung influent with a total solids content of 8% (presented in
Table 4.1) was used to develop the Proposed Fixed-dome-lab Temperature Model.
Experiments to collect data to validate the model, were carried out in the year 2019 and
obtained results shown in Table 4.10. This data was used for validating the Fixed-dome-lab

> (Exp; — Pred;)* = 0.188196 = 0.2

N—-—n=5-0=5
B 0.188196

XZ
5

= 0.037639 = 0.04, hence good fit

Temperature Model that was developed from the data of year 2018.
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Table 4.10: Biogas production rate (m3/m3d) for 2019.

Day Temperature (°C)
25 30 35 40 45
1 0 0 0 0 0
2 0 0 0 0 0
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 10.620 30.732 17.793 8.465
7 0 35.591 79.794 55.033 19.087
8 0 42.138 82.017 71.820 33.512
9 9.408 50.861 103.844 79.401 45.092
10 26.028 61.221 114.400 92.549 63.475
11 40.164 67.527 132.600 105.269 81.701
12 54.756 74.744 117.481 115.007 60.708
13 44.172 63.928 111.800 85.642 54.557
14 23.100 47.913 94.705 73.976 38.349
15 16.728 28.867 83.200 56.021 24.873
Total( I) 214.356 483.414 950.573 752.514 429.823
Total(m®/mqd) 1.429 3.222 6.337 5.016 2.865
Mean(m®/mqd) 0.204 0.322 0.633 0.501 0.286

A curve fitting the biogas production rate mean values for 2018 was given by equation 4.12,
having an R? of 0.9477 as:

Y = —0.0024T2% + 0.1801T — 2.8332 4,12
where,
T = temperature of the digester (°C)

This second order polynomial implies a two stage model and in line with the Modified
Toprak model (Toprak, 1995) using temperature as the major factor influencing the rate at
which biogas is being produced. Both models use degrees Celsius in the computation of gas
yield which may need verification if the use of Kelvin was to be applied. These assumptions
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may lead to discrepancies that may be noted in the simulation compared to the observed
data.

Equation 4.12 was used to produce simulated values as shown in Table 4.11.

Table 4.11: Simulation values of Fixed-dome-lab Temperature model

Sample No. Year: 2018

Temp (°C) Y .exp* Y.s**
1 25 0.1701 0.1693
2 30 0.3465 0.4098
3 35 0.4874 0.5303
4 40 0.5280 0.5308
5 45 0.3293 0.4113

*Experimental yields **Simulated yields

Table 4.12: Mean biogas production rate (m3/m3d) values for 2018 and 2019

Sample No. Year 2018 2019
Temp (°C) Yexp Yvd***
1 25 0.1701 0.2041
2 30 0.3465 0.3222
3 35 0.4874 0.6337
4 40 0.5280 0.5016
5 45 0.3293 0.2865

***Data for validation

The data in Table 4.12 gave the graph in Figure 4.1
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Figure 4.1: Trends of Fixed-dome-lab Temperature model and validation values

The Fixed-dome-lab Temperature model was tested for fitness using R?, RMSE, and X2.

i. Coefficient of determination, R?

Table 4.13: R? calculations for Fixed-dome-lab Temperature model

Temp (°C) Yield (m3/m?3d) Calculations
Yexp Yvd Yexp.Yvd Yexp? Yvd?
25 0.170124 0.204149 0.034731 0.028942 0.041677
30 0.346533 0.322276 0.111679 0.120085 0.103862
35 0.487473 0.633715 0.308919 0.23763 0.401595
40 0.52808 0.501676 0.264925 0.278868 0.251679
45 0.329367 0.286549 0.094380 0.108482 0.082110

Z(Yexp. Yvd) = 0.814634
C(Yexp.Yvd))? = 0.663629
Z Yexp? = 0.774009; Z Yvd? = 0.880923

Y Yexp?.Y Yvd? =0.681842
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_ 0.663629
"~ 0.681842

2

= 0.973288

ii. Root Mean Square Error, RMSE

Table 4.14: RMSE calculations for Fixed-dome-lab Temperature model

Temp (°C) Yield (m®m?3d) Calculations
Yexp Yvd Yexp-Yvd (Yexp-Yvd)?
25 0.170124 0.204149 -0.034020 0.001158
30 0.346533 0.322276 0.024257 0.000588
35 0.487473 0.633715 -0.146240 0.021387
40 0.52808 0.501676 0.026404 0.000697
45 0.329367 0.286549 0.042818 0.001833

5
Z(Yexpl- —Yvd;)? = 0.025663

i=1
N=5

(0.025663)

.~ RMSE =+/ = 0.0716

i. Chi Square, X?

Table 4.15: X2 calculations for Fixed-dome-lab Temperature model

Temp (°C) Yield (m3/m3d) Calculations
Yexp Yvd Yexp-Yvd (Yexp-Yvd)?
25 0.170124 0.204149 -0.03402 0.001158
30 0.346533 0.322276 0.024257 0.000588
35 0.487473 0.633715 -0.14624 0.021387
40 0.528080 0.501676 0.026404 0.000697
45 0.329367 0.286549 0.042818 0.001833

(Yexp; — Yvd;)? = 0.025663

5
=1

l

N-n=5-1=4
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_ 0.025663

XZ
4

= 0.006416

A summary of model tests is given in Table 4.12

Table 4.16: Summary of model tests

Model R? RMSE X2
Low Temperature Lagoon 0.8662 0.0095 0.0119
Modified Toprak 0.9098 0.1940 0.0376
Fixed-dome-lab Temperature 0.9732 0.0716 0.0064

A goodness of fit is achieved when the R? value is as close as possible to 1, while the RMSE
and X2 should tend to zero (Eterkin and Firat, 2015). A statistical analysis in Table 4.12
shows that the best goodness of fit is attained by the Fixed-dome-lab Temperature model
having a Coefficient of determination of 0.9732, a Root mean square error of 0.0716, and a
Chi square of 0.0064.

4.4 Conclusions and Recommendation

4.4.1Conclusions

The Low Temperature Lagoon Digester and Modified Toprak were tested. Consequently,
the mathematical models showed relatively high levels of tests for goodness of fit with the
observed data from the batch fixed dome lab digester biogas yields for the given

temperatures.

The Fixed-dome-lab Temperature (FTP) Model developed for the bioreactor was found
good in predicting its performance in terms of gas yield with temperature at set total solids
level and could be the be adopted to predict its biogas production rate of the anaerobic
digestion process when using cattle manure as a substrate especially at a TS of 8%. It can
generally predict and be used with limits of temperature of 25°C - 45°C and total solids
levels of 6% to 10% using cow manure from free range management system. The Fixed-
dome-lab Temperature model is
Y = —0.0024T?% + 0.1801T — 2.8332

where,
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Y = Mean biogas produced in m®per m3of digester volume per day
(m3/mdd)
T = Digester temperature (°C)

4.4.2 Recommendation

Available mathematical models for the prediction of biogas production rate can be used with
a precaution ensuring the initial and final boundary conditions of the model are clear and
adhered to. In most cases, the scope and limitations for the models are not easily identified,

hence the caution.

It is further recommended that the following research be conducted:

i.  Existing models should be validated with huge, replicated and similar experimental
data as ones used in their development.

ii.  Models relating total solids and substrate retention time to biogas production rate
should be developed for a fixed dome laboratory bioreactor as batch and semi
continuous system that operates in a psychrophilic, mesophilic and thermophilic
temperature ranges.

iii.  Compare the lab bioreactor performance with those of the field digester for the same

months or operating digestion temperatures.
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CHAPTER FIVE
OPTIMISATION OF BIOGAS PRODUCTION

Abstract

Optimisation was done by investigating the interaction effects of total solids, temperature,
and substrate retention time on biogas production in a batch bioreactor. Central composite
design (CCD) of Response Surface Methodology (RSM) was used to design the experiment.
Total solid levels were varied from 6.31% to 9.68%, temperature was from 26.59°C to
43.41°C, and substrate retention time was from 9.95 to 20.04 days. Analysis of results was
done using Design Expert software statistical package (version 10.0.0.3). It gave a coefficient
of determination of 0.9665 which indicated a high correlation between the variables. All the
variables had a significant effect. Contour plots, and three dimensional graphs were
discussed. The highest rate of 75.41litres/day was achieved at a level of 8% total solids total
solids, 43.41°C, and 15 days.

5.1 Introduction

Optimisation is the act of achieving the best possible result under given circumstances. In
design, construction and maintenance, engineers have to make decisions. The aim of such
decisions is either to minimise the effort or to maximise benefit. The effort or benefit can be
expressed as a function of certain design variables. Hence optimisation is the process of
finding conditions that give the minimum or the maximum value of a function (Astolfi and
Praly, 2006). Efforts to maximise biogas production are currently being done by using
various feedstocks. Reungsang et al. (2012) used Response Surface Methodology (RSM)
with a Central Composite Design (CCD) to optimise the key factors affecting methane
production from the acidic effluent coming from the sugarcane juice hydrogen fermentation
process. The parameters studied were substrate concentration, ratio of NaHCO3 to substrate
concentration, and an initial pH. The maximum methane yield of 367 ml CHa4/g-volatile solid
(VS) added was obtained at the optimum conditions of 13,823 mg-COD/I, an NaHCOs to
substrate concentration ratio of 3.09, and an initial pH of 7.07. Methane yield was enhanced
4.4-fold in comparison to raw effluent. Sathish and Vivekanandan (2016) studied the optimal
conditions for biogas generation from anaerobic digestion of rice straw in a 1m? floating
drum anaerobic digester using RSM. The parameters were temperature, pH, substrate
concentration, and agitation time. The highest level of biogas of 0.72m?® was produced at an
optimum temperature of 50°C, pH 7.5, substrate concentration of 110.70 kg, and an agitation

time of 5 seconds, respectively. Saleh et al. (2012) investigated the effects of temperature,
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palm oil mill effluent (POME) volume, inoculum volume, and co-substrate addition such as
oil palm empty fruit bunch (EFB) and palm kernel on the anaerobic digestion process for
biogas and methane production. RSM by Box-Behnken design verified that the specific
biogas production rate and methane yield were mainly affected by the operating temperature
and co-substrate addition. The optimal conditions for the maximum specific biogas
production rate (0.0574 m® kg chemical oxygen demand per day) and methane yield (25.6%)
were predicted by multiple response optimisation and verified experimentally at 47.8°C
operating temperature, 50.4 ml POME volume, and 5.7 g EFB addition. Other similar works

have been reported by Pannucharoenwong (2018) among others.

Response surface methodology (RSM) is one of the most effective approaches for designing
experiments, for building models, and for determining optimal conditions on responses which
are influenced by several independent variables (Bezerra et al., 2008; Kang et al., 2016).
Apart from defining the influences of independent variables on the responses, RSM also
determines the effect of interaction between parameters to obtain the best performance on a
system (Belwal et al., 2016; Zaroual et al., 2009). RSM is a collection of statistical and
mathematical techniques used for developing, improving, and optimising processes
(Montgomery et al., 2009). The most extensive applications of RSM are in situations where
several input variables potentially influence some performance measure or quality
characteristic of a process; most applications of RSM are sequential in nature, and are
performed within some region of the independent variable space called the operability region
(Carley and Kamneva, 2004).

Two types of RSM are used in design of experiments: Box—Wilson, and Box—Behnken (Jain
et al., 2011). The Box—Wilson, which is also called central composite design (CCD), has
three different design points: edge points as in two-level designs (£1), star points at +a that
take care of quadratic effects, and centre points (0) (Jiménez et al., 2014). Central composite
design does testing at five levels. The edge points are at the design limits, star points are at
some distance from the centre depending on the number of factors in the design; the star
points extend the range outside the low and high settings for all factors, the centre points
complete the design (Leiviskd, 2013). Central composite design provides high quality
predictions over the entire design space, and is suitable for fitting a quadratic surface, and

usually works well for process optimisation (Kousha et al., 2015).
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Box-Behnken design is an independent quadratic design because it does not contain an
embedded factorial or fractional factorial design (Kong et al., 2016). In this design, the
treatment combinations are at the midpoints of edges of the process space and at the centre,
require three levels of each factor: -1, 0, and +1, and has fewer treatment combinations than
CCD (Leiviska, 2013).

In this study, CCD was used. Experiments designed by using CCD have fewer runs, and also
give similar results which are comparable to a full-factorial design, and enables an effective
evaluation of interaction between individual factors to provide the best combination for
optimal performance (Jiménez et al., 2014; Khoobbakht et al., 2016). Central composite
design is robust; it makes the process consistent on target and is relatively insensitive to
factors that are difficult to control (Taguchi, 1986, 1987). .

5.2 Materials and Methods

All the protocol was the same as in chapter 3 except the experimental design and data
analysis.

a) Design of experiment

Central composite design was used to get the matrix of experiments with three factors, each
being tested at five different levels. The response was biogas production (Y). The factors
were: substrate retention time (xi), total solids (x2), and temperature (x3). Design Expert
software (version 10.0.0.3, Stat-Ease, Inc., Minneapolis, United States) statistical package
was used to generate Table 5.1 and Table 5.2 for the experiment. The levels of every factor
were as indicated in Table 5.1. In the design space, the highest level was coded as +1, the
centre point was 0, and the lowest level was coded as —1. The outer design space points
corresponding to o were = 1.68179. a = 2¥4 where k is the number of factors (Ahmad, 2009;
Aslan, 2007). In this case, k = 3. There was a total of 20 runs of experiments; comprising of 6
centre points and 14 axial points. If a full factorial experiment were done, there would have

been 53 (or 125) runs of experiments.
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Table 5.1: Factors and their coded and actual values

Coded and Actual VValues

Factor Symbol Unit -1.68 -1.00 0.00 +1.00 +1.68
SRT X1 days 9.95 12.00 15.00 18.00 20.04
TS X2 % 6.31 7.00 8.00 9.00 9.68
Temp X3 °C 26.59 30.00 35.00 40.00 43.41

Actual values (x;) were found from equation (5.1) (Christakos et al., 2015; Mao et al., 2015;

Reungsang et al., 2012) as:

Xi — Xo
Ax

X =

where:

i=1,2 and3

Xi = the input variable

Xo = the value of x; at the centre point

5.1

AX = the step change between input variables

X = the coded value.

Example: to determine the actual value corresponding to a coded value of —1.68 for total

solids.

From equation (5.1),

= x; = x.Ax + x,
where: x=-1.68, Ax=8-7=1,and xo=8

©x, =—1.68(1) + 8 = 6.31
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The matrix of experiments is shown in Table 5.2.

Table 5.2: Matrix of the experiments

Run Factors
ASRT B:TS C:Temp
(days) (%) °C)
1 15.00 8.00 35.00
2 15.00 8.00 35.00
3 15.00 6.32 35.00
4 15.00 8.00 35.00
5 18.00 7.00 40.00
6 12.00 7.00 40.00
7 15.00 8.00 26.59
8 18.00 9.00 30.00
9 15.00 8.00 35.00
10 15.00 8.00 35.00
11 15.00 9.68 35.00
12 15.00 8.00 35.00
13 12.00 9.00 30.00
14 20.04 8.00 35.00
15 12.00 7.00 30.00
16 12.00 9.00 40.00
17 9.95 8.00 35.00
18 18.00 7.00 30.00
19 18.00 9.00 40.00
20 15.00 8.00 43.41
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b) Statistical analysis and modeling

A second order mathematical model was used to fit the quadratic equation (Beevi et al.,
2015; Feng et al., 2017; Mukhopadhyay et al., 2013a; Thanwised et al., 2012) as given

below.

Y =0+ z Bix; + Z Bijxixj + Z Biix? 5.2
; T T

The interpretation of equation 5.2 is as follows:

Y = Bo + Bix1 + Baxz + Paxz + Piaxixy + Praxixs + Bazxyxz + PraXi + ParXs
+ ,333963% 53

where:
Y is the measured response
X1, X2, and xz are coded input variables
Bo is the intercept term
B1,B2, and B3 are coefficients showing the linear effects
B12, P13, and P23 are cross-product coefficients showing the interaction effects

B11, B22, and P33 are the quadratic coefficients
Design Expert version 10.0.0.3 statistical package was used to analyse the model.

c) Model verification and validation

In this study, optimisation was done with the predictive model for the response as a function
of substrate retention time, total solids, and temperature. The model (generated by Design
Expert software version 10.0.0.3) was based on results from CCD on biogas production rate.
Setting numerical optimisation criteria was by Design Expert software (version 10.0.0.3).
This software uses an optimisation method developed by Derringer and Suich (1980), and is
described by Montgomery et al. (2009). This criteria was also used by Avicenna et al. (2015).
The objective function was to maximise biogas production rate (Y); subject to the variables
(A: substrate retention time, B: total solids, and C: temperature) and their respective

constraints as shown below:
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Maximise

Y = —-901.41 4 15.214 + 183.25B + 7.74C — 0.56AB + 0.04AC + 0.06BC — 0.41A%

—11.47B%? — 0.11C*? 5.4
Subject to:
12<A<18;7<B<9;30<C<40
Table 5.3: Criteria.
Name Goal Lower limit Upper limit
A: SRT (days) In range 12.00 18.00
B: TS (%) In range 7.00 9.00
C: Temp (°C) In range 30.00 40.00
Y: Biogas production (litres/day) Maximise 33.01 75.41
This procedure generated Table 5.4.
Table 5.4: Influent preparation
TS (%) Cow dung : water dilution Cow dung (kg) Water (kg)
7.642 1:1.441 49.160 70.840
7.697 1:1.424 49.505 70.495
7.724 1:1.416 49.669 70.331

Influent preparation was done as follows: 1 kg of cow dung contains 0.18658 kg of total
solids (TS). In an influent of 7.642% TS, it implies that 7.642 kg of TS are contained in 100

kg of influent. Therefore 0.18658 kg of TS are contained in

(018658X100
7.642

influent = 2.441 — 1 = 1.441 kg. Therefore cow dung : water ratio is 1:1.441

1X120 1.441X120

For an influent of 120 kg, Cow dung = = 49.160 kg; Water =

2.441
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= 70.840 kg



Gas collection was by water displacement method. Biogas analysis was done using a Gas
Chromatograph. Experiments were done on the first three optimised solutions. The results

were compared.

5.3 Results and Discussions
Experimental results as well as the predicted values for biogas production rate are given in
Table 5.5.

a) Prediction model

Table 5.5: Actual and predicted biogas yield

Run Factors Biogas production rate
ASRT B:TS C:Temp Actual Predicted Actual Predicted
(days) (%) (°C) (I/d) (I/d) (m¥m3d)  (m¥mdd)
1 15.00 8.00 35.00 72.11 73.16 0.48 0.48
2 15.00 8.00 35.00 72.90 73.16 0.48 0.48
3 15.00 6.32 35.00 45.73 51.82 0.30 0.34
4 15.00 8.00 35.00 71.56 73.16 0.47 0.48
5 18.00 7.00 40.00 66.91 68.89 0.44 0.45
6 12.00 7.00 40.00 67.48 65.35 0.44 0.43
7 15.00 8.00 26.59 52.71 55.96 0.35 0.37
8 18.00 9.00 30.00 36.40 39.99 0.24 0.26
9 15.00 8.00 35.00 71.80 73.16 0.47 0.48
10 15.00 8.00 35.00 71.96 73.16 0.47 0.48
11 15.00 9.68 35.00 33.01 29.74 0.22 0.19
12 15.00 8.00 35.00 72.30 73.16 0.48 0.48
13 12.00 9.00 30.00 45.88 45.57 0.30 0.30
14 20.04  8.00 35.00 61.52 61.88 0.41 0.41
15 12.00 7.00 30.00 58.00 55.95 0.38 0.37
16 12.00 9.00 40.00 52.65 56.17 0.35 0.37
17 9.95 8.00 35.00 61.25 63.56 0.40 0.42
18 18.00 7.00 30.00 59.14 57.09 0.39 0.38
19 18.00 9.00 40.00 49.17 52.99 0.32 0.35
20 15.00 8.00 4341 75.41 74.79 0.50 0.49

138



The combination of factors which yielded the highest biogas production rate of 75.41 litres
per day (I/d) was a substrate retention time of 15 days, total solids of 8%, and a temperature
of 43.4°C. This is the optimum combination of factors that gives the highest biogas
production rate of 0.50 cubic metres of biogas per cubic metre of biodigester volume per day
(m3/m2d), which is equivalent to 75.41 I/d.

A regression analysis was done based on the experimental results using the Design Expert
10.0.0.3 statistical package, and it yielded a relationship given by equation 5.4. This equation
was used to predict biogas production rate as shown in Table 5.5.

It was observed that the actual biogas production rates were in agreement with 0.4m3/m?3d
reported by Nyaanga (2011), and Moog et al. (1997). This value also agrees reasonably with
0.42 m®/m?3d that was observed by Ferrer et al. (2011). Consequently, the model can be

adopted for use under similar conditions of this experiment.
b) Analysis of variance (ANOVA)

The analysis of variance is necessary in order to determine the significance and adequacy of
the model (Thanwised et al.,, 2012). The statistical significance of the second-order

polynomial equation was checked by an F-test (ANOVA). Table 5.6 shows the statistics.
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Table 5.6: Analysis of variance

Source Sum of Squares df Mean Square  F Value p-value Prob > F
Model 3037.53 9 337.50 32.09 <0.0001
A-SRT 10.43 1 10.43 0.99 0.3428
B-TS 577.69 1 577.69 54.93 <0.0001
C-Temp 411.52 1 411.52 39.13 <0.0001
AB 22.88 1 22.88 2.18 0.1710
AC 2.30 1 2.30 0.22 0.6500
BC 0.66 1 0.66 0.062 0.8079
A? 194.38 1 194.38 18.48 0.0016
B? 1891.36 1 1891.36 179.83 <0.0001
C? 107.16 1 107.16 10.19 0.0096
Residual 105.17 10 10.52

Cor Total 3142.71 19

Other Statistics

R?=0.9665; Adjusted R?=0.9364; Predicted R?= 0.7442; C.V.% = 5.41; Adequate precision
=19.562; PRESS = 803.97; Standard deviation = 3.24; Mean = 59.89

The ANOVA was used to evaluate the significance of the quadratic polynomial model
(Nanduri et al., 2008). For each term in the model, a large F-value and a small P-value would
imply a more significant effect on the respective response variable (Quanhong and Caili,
2005). A model F-value of 32.09 was found. There was a chance of less than 0.01% that a
value this much could be caused by noise. Hence the model was chosen for the experiment.

Model values whose ‘prob>F’ are less than 0.05 (i.e. p < 0.05) are significant. In this case the
linear effects of total solids (B), and temperature (C), were significant. The quadratic effects
of substrate retention time (A?), total solids (B?), and temperature (C2) were significant. The
interaction effects of AB, AC and BC were insignificant. All the significant factors had an

individual effect on biogas production rate.

A coefficient of determination (R?) is used to measure the variability in the actual response
values that can be described by the corresponding independent factors (Mukhopadhyay et al.,
2013a). In this case R? was 0.9665; it implied that a sample variation of 96.65% of the total
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variation could be explained by the model, and only 3.35% could not be explained by the
model for this work. For a good statistical model, the R? should be in the range of 0.75-1.0
which indicates a good fit of the model (Niladevi et al., 2009).

The adjusted R? of 0.9364 was also very high. It indicated the higher significance of the
model. The Predicted R? value of 0.7442 showed reasonable agreement with the adjusted R?
value of 0.9364. The threshold is that the difference between the adjusted R? and the
predicted R? should be less than 0.2 (Subha et al., 2015). The difference here is 0.1922. This
indicated a good agreement between the observed and the predicted values as demonstrated
in Table 4.6.

The percentage of coefficient of variation (CV %) is a measure of residual variation of the
data relative to the size of the mean; the higher the value of CV, the lower is the reliability of
experiment (Sumi¢ et al., 2016). A lower CV of 5.41% indicated a greater reliability of the
experiment. As a general rule, a model can be considered reasonably reproducible if the CV
is not greater than 10% (Rasouli et al., 2015). This model is reproducible.

Adequate precision is a measure of signal to noise ratio; a ratio greater than 4 is desirable
(Mason et al., 2003). In this case, the ratio was 19.562; which indicated an adequate signal.

This model can be used to navigate the design space.

The Predicted Residual Sum of Squares (PRESS) is a measure of how well the model fits
each point in the design; the smaller the PRESS statistics, the better would be the model
fitting the data points (Rasouli et al., 2015). Here the value of PRESS found was 803.97. This

value is small; it shows that the model fits well on each point in the design.

Lack-of-Fit (LoF) F-value of 17.71 implied that it was not significant relative to the pure
error. Non-significant lack of fit indicated a good fitness of the model (Kang et al., 2016).
There was only 34% chance that this magnitude of LoF F-value could occur due to noise.
This is similar to work reported by Cheng et al. (2001). The model showed standard

deviation and mean values of 3.24 and 59.89 respectively.
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c) Diagnostics

i) Predicted results versus actual results
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Figure 5.1: Predicted versus actual results

Figure 5.1 shows that the predicted results lie within the normal probability curve. The actual
results also exhibit the same behavior. Outliers also exist, implying the errors inherent in the
experiment due the losses of biogas and the accuracy of the equipment used to monitor the
anaerobic process. However, a high R? value that was found emphasizes a high degree of

similarity that was observed between the predicted and the experimental values.

i) Residuals versus Run
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Figure 5.2: Residual versus run

Figure 5.2 shows that the error bars for the runs range from -4.14579 to 4.14579 within which
the observed data is statistically the same. It can be seen that all the 20 runs are in this range;

hence the observed data for the runs is admissible.
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iii) Normal plot of Residuals

The normal probability plot given in Figure 5.3: shows some scatter along the line indicating

that the residuals follow a normal distribution.

Normal % Probability

0.00

Externally Studentized Residuals

Figure 5.3: Normal plot of residuals

iv) Residuals versus predicted
Figure 5.4 indicates the residuals versus the ascending predicted response values. The plot

shows a random scatter; similar to Figure 5.2.
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Figure 5.4: Residuals versus predicted

From the four diagnostic plots (Figures 5.1- 5.4), it can be concluded that the model has
satisfied the assumptions of the analysis of variance and also reflected the accuracy and
applicability of RSM to optimise the process factors for the efficient generation of biogas
(Mukhopadhyay et al., 2013a).
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d) Model Diagrams

Design Expert software was used to generate contour or two-dimensional (2D) plots and
three-dimensional (3D) surface plots to find the optimum operating conditions of the
anaerobic digestion process for cow dung (Rasouli et al., 2015). These graphs give an insight
view of the behavior of two-factor-interactions (2FI) between factors that influence biogas
production in this study. A 2D plot is a graphical representation of a two dimensional
response surface as a function of two independent variables, maintaining all other variables at
fixed level (Sinha et al., 2013). 2D and 3D surface plots are useful for establishing desirable
response values; a contour plot provides a two-dimensional view where all points that have
the same response are connected to produce contour lines of constant responses, whereas a
3D surface plot provides a three dimensional view that may provide a clearer picture of the
response surface (Rao and Baral, 2011). These plots were helpful in understanding both the
main effects and interaction effects of the independent variables on the response (Jain et al.,
2011). Figures 5.5, 5.7 and 5.9 are 2D plots, and Figures 5.6, 5.8 and 5.10 are 3D surface
plots as given by the Design Expert 10.0.0.3 statistical package.

B: Total Solids (%)

7.5

A: SRT (days)

Figure 5.5: AB 2D plot
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Figure 5.6: AB 3D graph

Figure 5.5 is a 2D plot showing the 2FI between SRT and TS while the temperature is held
constant at 35°C. A maximum biogas production rate of 75 I/d is attained at 7.7% TS and an
SRT of 14 days. Above a TS of 7.7%, the biogas production rate starts declining beyond 55
I/d as the TS approaches 9%. It is also observed that as the SRT increases from 14 days,

biogas production rate decreases to 65 I/d at 17.5 days.

Figure 5.6 is a 3D surface plot of SRT and TS when the temperature is held constant at 35°C.
It gives a further insight on the interaction effect of SRT and TS on biogas production rate.
The rate is 67.6 I/d when SRT is 12 days at a TS of 7%. When SRT is held at 12 days while
TS is varied from 7%, the rate increases from 67.6 1/d to 73.3 I/d at 7.78% TS, then declines
to 55 I/d at 9% TS. Similarly when the TS is held at 7% while the SRT is varied, biogas
production rate increases from 67.6 1/d at 12 days to 68.8 I/d at 15 days. It then declines to
63.8 I/d at 17.9 days. The optimal value, however, is shown at the top of the 3D surface as a
biogas production rate of 70.78 I/d at 15.9 days and 8.2% TS.

Figure 5.7 shows a 2D 2FI between SRT and Temperature while TS is held at the centre point

(8%). Biogas production rate reaches a maximum value of 74 I/d from 12 days to 17.5 days,
and 35.7°C to 40°C. The rate then declines to 60 I/d at 18 days.
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Figure 5.7: AC 2D plot

Biogas production rate (I/d)
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Figure 5.8: AC 3D graph

Figure 5.8 shows the 3D version. At 12 days, the rate increases from 65.7 I/d at 30°C to
71 1/d at 40°C. Also at 30°C, the rate increases from 65.7 I/d at 12 days to 67.3 I/d at 14.7
days; then declines to 58 I/d at 18 days. The optimum biogas production rate shown on
top of the 3D surface is 74.07 I/d at 15 days and 34.9°C.

Figure 5.9 is a 2D 2FI between the TS and Temperature on biogas production rate while
SRT is held at the centre point (15 days). A maximum rate of 70 I/d is attained between
7.1 -8.4% TS, and 33 — 40°C. The rate declines to 50 I/d at 8.9% TS.

Figure 5.10 is a 3D representation. At 7% TS and 30°C, the biogas production rate is 35
I/d. When 7% TS is kept constant, the rate increases from 35 I/d at 30°C to 69 I/d at 40°C.
Similarly when 30°C is kept constant, the rate increases from 35 I/d at 7% TS to 68 I/d at
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8.4% TS; then declines to 45.9 I/d at 9% TS. An optimal rate is 74 I/d at 8.1% TS and

35.2°C. This is similar to an observation reported by Sathish and Vivekanandan (2016)
and Beevi et al. (2015).

C: Temp (deg C)

B: Total Solids (%)

Figure 5.9: BC 2D plot

Biogas production rate (I/d)

C: Temp (deg C) 75 B: Total Solids (%)

Figure 5.10: BC 3D graph
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e) Perturbation

Perturbation is a deviation of a system, moving object, or process from its regular or normal
state or path, caused by outside influence. Perturbation plot provides silhouette views of the
response surface. For response surface designs, the perturbation plot shows how the response
changes as each factor moves from the chosen reference point, with all other factors held
constant at the reference value (Mukhopadhyay et al., 2013b). Design Expert sets the
reference point default at the middle of the design space (the coded zero level of each
factor).Figure 5.11 represents the comparison of the effect of process parameters at the
midpoint (coded 0) in the design space.
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50 —

Biogas production rate (I/d)

40 —

30 —

T T T T T
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Figure 5.11: Perturbation

When B (TS) and C (Temperature) are held at their respective midpoints, it shows that A
(SRT) gives a steadily higher biogas production rate from day 12 up to its midpoint value
(day 15), and then the rate starts decreasing. Similarly, for B, the rate increases from 6.31%
TS, then starts dropping before the midpoint (8% TS) is reached. Thereafter the rate
decreases steadily. For C, the rate increases uniformly from 25°C to the midpoint (35°C), then
the trend continues up to 40°C.

f) Verification and validation of the model

The results of the RSM optimised factors of substrate retention time (SRT), total solids (TS)
and Temperature (Temp) and their corresponding predicted and observed or measured
average biogas production rate (I/d) are given in Table 5.7.
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Table 5.7: Optimised and experimental results

Solution/ Expt.* Factors Avg* Biogas production rate (I/d)
set

SRT (days) TS (%) Temp (°C) Optimised/Pred Experiment/Obs

1 15.339 7.642  39.643 75.578 69.855
2 15.179 7.697  39.202 75.612 70.929
3 15.385 7.724  38.979 75.530 68.247

*Avg = Average, I/d = litres per day, SRT = substrate retention time, TS = total solids, Temp

= Temperature, Expt = experiment, pred = predicted, and obs = observed or measured

It was observed that the optimised biogas production rate for solutions 1, 2 and 3 were higher
than experimental ones by 8.19%, 6.60% and 10.67% respectively. Gallert et al. (2003) made
a similar observation while researching on how effective and accurate the data gathered from
laboratory scale reactors were at predicting the performance of industrial scale reactors
operating under the same basic parameters. For the results to be valid, the difference between
the experimental value and the predicted value should be less than 20% (Subha et al., 2015).

The differences are within the tolerance limits and hence the optimisation is admissible.

Laboratory scale experimentation is an essential component of anaerobic digestion research
and development because it has the ability to simultaneously test multiple variables on a
small scale to see their impact on efficiency, and it also helps in reducing the costs associated
with optimisation (Gamble et al., 2015). There is a strong correlation between the the
optimised values and the experimental values. Kowalczyk et al. (2011) observed that such a

strong correlation can be used to upscale the laboratory conditions to an industrial scale.

5.4 Conclusions and Recommendation

5.4.1 Conclusions

The optimal biogas production of 75.41 I/d (or 0.50m%/m?3d) was achieved at an interaction of
substrate retention time of 15 days, 8% total solids, and a temperature of 43.41°C using both
the various indicators of statistics including those in the analysis of variance (ANOVA) at the
95% significance level while the adequacy of the simulation models for the same was done
using all the components of response surface method (RSM) as an optimisation technique.

The optimised results were tested using the inbuilt RSM protocols and found to be in
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agreement with the experimental results with a tolerance of 6.6 — 10.7 %, hence they can be

used.

5.4.2 Recommendation

Analysis of variance (ANOVA) and response surface method (RSM) indicators can be used
to determine the optimal points of biogas production when dealing with varying factors; in
this case substrate retention time, total solids and temperature. The same can be applied to a
combination of other parameters (such as pH, organic loading rate, and agitation) that affect
biogas production in the psychrophilic, mesophilic and thermophilic ranges of biomass
digestion temperature for biogas production should be investigated to determine their optimal

level of biogas production rate.
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CHAPTER SIX
GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

6.1 General Discussion

The effect of total solids on biogas production rate was investigated in a fixed dome
laboratory digester of 0.15m?3. Data was collected at a temperature of 35°C for total solid
levels of 6 — 10%. There was no production of biogas from day 1 to day 5 for total solids of
7% and 8%, from day 1 to day 6 for total solids of 6% and 9%, and from day 1 to day 7 for
total solids of 10%. In this phase, three main processes are taking place namely hydrolysis,
acidogenesis, and acetogenesis. Hydrolysis is where proteins, carbohydrates, and fats are
being broken down into amino acids, simple sugars, and long chain fatty acids, respectively
by the hydrolytic bacteria. Acidogenesis is a process during which simple sugars and amino
acids resulting from hydrolysis are degraded to a number of simpler products such as volatile
fatty acids including propionic acid, butyric acid, and acetic acid. Acetogenesis is the
degradation of higher organic acids formed in acidogenesis to yield acetic acid, carbon
dioxide and hydrogen. This intermediate conversion is crucial for the successful production

of biogas.

In the second phase there was an exponential production of biogas from day 5 up to day 11
and day 12. During this phase, the process of methanogenesis was taking place. The
fermentation products such as acetate, hydrogen and carbon dioxide were converted to

methane and carbon dioxide by methanogenic archaea.

In the third phase there was a steady decline in biogas production from day 11 to day 15 due
to stationary phase of microbial growth. The methanogenic bacteria died due to the depletion
of carbon in the substrate. It was generally observed that the highest biogas production rate
was achieved by 8% total solids (0.68m%m?3d) on day 11, followed by 7%, 9%, 6%, and lastly
10% in a descending order. Anaerobic digestion process increased steadily from total solids
of 6% to 8%. At low solids, aceticlastic methanogens called methanosarcina play an
important role, followed by hydrogenotrophic methanoculleus and methanomicrobiales
species. As the total solids increase from 8% to 10%, the biogas production rate declines
steadily. Increasing the total solids means a higher applied organic loading rate and more
volatile solids for microorganisms which results in higher volatile fatty acid concentrations.
A marginal increase in the percentage of total solids results in a geometric increase in the

volume of biogas produced, suggesting therefore that a continual increase in the percentage
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of total solids at some point becomes immaterial to the increasing volume of biogas
produced. This is possible because when the percentage of total solids increases, the amount
of water decreases. This reduces the level of microbial activity which then affects the yield of
biogas, particularly at higher values of the TS%.

Effect of mesophilic temperature was investigated. The experiment was run at a constant total
solid of 8%. The levels of temperature were 25°C, 30°C, 35°C, 40°C and 45°C. The results
exhibited three phases. The first phase ranges from day 1 to day 5 for temperatures 30°C to
45°C, and day 1 to day 8 for 25°C; no biogas was produced. During this phase, hydrolysis,
acidogenesis, and acetogenesis were taking place. In the second phase, there was an
exponential biogas production from day 5 to day 11, and day 12 for all the temperatures. The
highest biogas production occurred at 40°C (0.807 m3m?3d on day 12) followed by 35°C,
30°C, 45°C, and lastly 25°C. The third phase started from day 12 onwards. Biogas production
dropped drastically because the feed material was depleted leading to the death of mesophiles

in the batch reactor.

There are three temperature ranges within which anaerobic digestion of a substrate can take
place. Psychrophilic temperature range lies below 20°C, mesophilic temperature range
between 30°C and 40°C, and thermophilic temperature range from 50°C to 75°C. At the
beginning, biogas production was low due to very little microbial activity because the
psychrophilic bacteria had died off while the mesophiles were regenerating to take over the
process of methanogenesis. There was a steady increase in biogas production in the
mesophilic range between 30°C (0.346m%m3d), 35°C (0.487m*m3d), and 40°C
(0.528m3/md) because of the increased regeneration of mesophiles. At 45°C, the biogas
production rate is lower than expected. This is so because the enzymes of mesophiles are
denatured leading to their death. The rate of bacteriological methane production increases
with temperature as well as the amount of free ammonia. The accumulation of ammonia

inhibited biogas production.

The effect of substrate retention time on biogas production rate was investigated by running
the experiment at total solids of 8% and a temperature of 35°C. There was no biogas
production from day 1 to day 5. This was attributed to three processes of anaerobic digestion

taking place namely hydrolysis, acidogenesis and acetogenesis, respectively.
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Methanogenesis marks the final stage of anaerobic digestion, where accessible intermediates
are consumed by methanogenic bacteria to produce methane. Production of biogas starts from
day 5 and increases steadily to day 11 (0.68m*/m3d). However, it was noticed that biogas
production stagnated from day 7 to day 8. This can be attributed to excessive partial pressure
of hydrogen produced by acetogenesis that deleted acetogenic microorganisms. But due to
the presence of hydrogenotrophic methanogens, especially the methanosarcina species,
hydrogen was able to be rapidly consumed while maintaining partial pressure at a level
favourable to acetogenesis by creating an exergonic reaction. During the stagnation period,
methanosarcina species, which tend to be robust and are capable of withstanding ammonia,
sodium, and acetate concentrations in addition to pH shocks at levels that would otherwise be
detrimental to other methanogenic bacteria, kept on producing biogas. Consequently, the
steady production came on course from day 8 to day 11.

From day 11 onwards, biogas production started declining from 0.68 to 0.418m3/m3d on day
15. This was caused by the depletion of nutrients in the substrate and the gradual death of the

methanogens.

An evaluation of some existing biogas production prediction models was done. The models
included the Plug Flow, Chen and Hashimoto, Scoff and Minnot, Low Temperature Lagoon
Digester, and Toprak. The first three were found to be applicable to semi-continuously-fed
and continuously-fed digesters. The last two models were found to suit the batch-fed
digesters, and hence they were evaluated in this work. A test for the goodness of fit between
the experimental data and the predicted values from the models was done. The tools for
testing included the coefficient of determination (R?), root mean square error (RMSE), and

Chi square (X?). A Fixed-dome-lab Temperature model was developed and validated.

A goodness of fit is achieved when the R? value is as close as possible to 1, while the RMSE
and X2 should tend to zero. A statistical analysis showed that the best goodness of fit was
attained by the Fixed-dome-lab Temperature model having R? of 0.9732, RMSE of 0.0716,
and X2 of 0.0064.

Optimisation was done by investigating the interaction effects of total solids, temperature,
and substrate retention time on biogas production in a batch bioreactor. Central composite

design (CCD) of Response Surface Methodology was used to design the experiment.
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Experiments designed by using CCD have fewer runs, give similar results which are
comparable to a full-factorial design, and enables an effective evaluation of interaction

between individual factors to provide the best combination for optimal.

In this study, CCD was used. Design of the experiment was done with the help of Design
Expert software (version 10.0.0.3). Total solid levels were varied from 6.31% to 9.68%,
temperature was from 26.59°C to 43.41°C, and substrate retention time was from 9.95 to
20.04 days. Analysis of results was done using Design Expert software. It gave a coefficient
of determination of 0.9665 which indicated a high correlation between the variables. The
highest biogas production rate of 0.502m%m?3d was achieved at a level of 8% total solids total
solids, 43.41°C, and 15 days.

6.2 General Conclusions

Biogas production rate varied with different total solid levels increasing from an average of
0.25 m3/m3d at 6% total solids (TS), through an average of 0.32 m®m?3d for 7% TS to reach a
maximum average of 0.48 m®/m?3d at 8% TS (with a manure to water ratio of 1:1.3), and then
started decreasing steadily to 0.24 m*/m3d as the total solids increased to 10% through an
average of 0.32 m3m?3d for the other total solid levels of the cattle manure under free range
animal production system in Egerton, Kenya. The optimal TS for the laboratory fixed dome
digester is 8% when operating at a digester temperature of 25 to 45°C. In the mesophilic
range of temperature, biogas production increased with increase in temperature, generally,
moving from 0.25 m*/m3d at 25°C through 0.35 m*/m3d at 30°C to 0.53 m*m?3d at 40°C
(optimal temperature), and then declined to 0.33 m3m?3d at 45°C. The biogas production
increases with the retention time, being maximum of 0.68 m3/m?3d from the batch laboratory
fixed dome digester at the 11" day of digestion, having started biogas production after 5 days
for 8% TS cattle manure substrate being maintained at a temperature of 35°C. Optimised
results were in agreement with the experimental results with a tolerance of 6.6 — 10.7 %.
Empirical models to simulate the biogas production with the temperature and total solid

ranges used are possible.

6.3 General Recommendations
The above conclusions can be transferred (with appropriate modifications and scale factors
for adoption for field and industrial fixed digesters for biogas production into operational

guidelines for biogas stakeholders including designers and operators. Available mathematical
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Vi.

models for the prediction of biogas production rate can be used with precaution ensuring the
initial and boundary conditions of the model are clear and adhered to. In most case the scope
and limitations for the models are not easily identified, hence the caution. Biogas production
rate was investigated at a constant temperature of 350C while total solids were varied from 6-
10%. A maximum yield of 0.48m3/m3d was achieved at 8% total solids (or substrate to water
dilution of 1:1.3). The effect of mesophilic temperature range on biogas production rate was
investigated at total solids of 8%. The highest average yield of 0.52m3/m3d was attained at
40°C. When the experiment was run at a total solids of 8% and a temperature of 35°C, the
highest average biogas production rate of 0.67m3/m3d was attained at a substrate retention
time of 11 days. A Fixed-dome-lab Temperature model can be adopted to mimic biogas
production in a fixed dome batch bioreactor in the mesophilic range. The limits are that the
total solids of the substrate should be 8%, temperature should be 25-45°C. The optimal biogas
production rate of 0.50m%/m3d was achieved at a substrate retention time of 15 days, 8% total
solids, and a temperature of 43.41°C. Optimised results were in agreement with the

experimental results with a tolerance of 6.6 — 10.7%.

Emanating from this research, it is hereby further recommended that the following research
be conducted:
Existing models should be validated with huge, replicated and similar experimental data
as ones used in their development.
Models relating total solids and substrate retention time to biogas production rate should
be developed for a fixed dome laboratory bioreactor as batch and semi continuous system
that operates in a psychrophilic, mesophilic and thermophilic temperature ranges.
Compare the lab bioreactor performance with those of the field digester for the same
months or operating digestion temperatures.
Effect of feeding regimes (as batch and continuous bioreactor or digester) at varying
temperatures and stirring frequencies for different substrates.
The effect of thermophilic and cryophilic (ambient and below) temperature ranges on
biogas production rate and quality for the laboratory fixed dome digester.
Accuracy and precision of empirical models from experimental and observed data from

the biogas system.
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APPENDICES

Appendix 1: Design Drawings, Calculations, Figures and Plates

Al.1 Design of a bioreactor and figures
The design was done in order to establish the dimensions of the bioreactor.

a) A cross-section of the laboratory bioreactor
Figure Al.1 shows a cross-section of the laboratory bioreactor.

Vo

lvh

v

Figure Al.1: Cross-section of a bioreactor
Key:
V¢ = Volume of gas collecting chamber
Vgs = Volume of gas storage chamber
V¢ = Volume of fermentation chamber
VH = Volume of hydraulic chamber
Vs = Volume of sludge layer
V = Total volume of digester
Assumptions for volume (Nijaguna, 2006) were as given below.

Ve=5%V
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Vs = 15% V

Vgs + Vi = 80% V

Vgs = Vi

Vgs = 0.5 (Vgs + Vi + Vs ) K

V= Vc+ Vgs+ Vf+ Vs
where K = Gas production rate in m® per m® of digester volume per day.
For Bangladesh K = 0.4 m®m?3d (Moog et al., 1997).

b) Geometry of the bioreactor

Figure Al.2: Geometry of the reactor

Assumptions of geometrical dimensions (Nijaguna, 2006).
D = 1.3078V1/3
V, = 0.0827D3,V, = 0.05011D3, V; = 0.3142D3

R, = 0.725D, R, = 1.0625D

D D

f1=§:fz=§

S; = 0.911D?, S, = 0.8345D?
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c¢) Volume of the bioreactor chamber and its components
The required volume of the biodigester, V
V = 0.15m3 (or 150 litres)
From geometrical assumptions:
Working volume of digester = Vg + V¢
o Vgs + V; = 0.8V = 0.8 X 0.15 = 0.12m?
i. Diameter (D) of the reactor.
D = 1.3078V'/3 = 0.6948m = 694.8mm
ii.Height (H) of the fermentation chamber.
V3 = 0.3142D3 = 0.1053m3

Also,

V. = Sp2y
374
4V,
" 1D2
_ 4x0.1053
T x 0.69482

= H

= 0.2777m = 277.7mm

H:D should not exceed 0.5 (Nijaguna, 2006). In this design,

0.2777
0.6948

H: D ratio = = 0.3996 = 0.4, this is permissible.

iii.  Other dimensions

D 0.6948

=== = 0.1389m = 138.9mm
5 5
D 0.6948

S = § = 3 = (0.0868m = 86.8mm

Ry =0.725D = 0.725 X 0.6948 = 0.5037m = 503.7mm
R, = 1.0625D = 1.0625 x 0.6948 = 0.7382m = 738.2mm

iv.  Areas
S; =0.911D% = 0.911 x 0.6948% = 0.4397m?
S, = 0.8345D? = 0.8345 x 0.6948% = 0.4028m?
v.  Volumes
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V; = 0.0827D3 = 0.0827 x 0.6948% = 0.0277m?
V. = 0.05V = 0.05 x 0.15 = 0.0075m3
V, = 0.05011D3% = 0.05011 X 0.6948% = 0.0168m3

d)Volume of hydraulic chamber (V1) and its components

Figure A1.3 shows a sketch of the hydraulic chamber and its relative position with the

reactor.
I;I.Q /Vc
/,gz\ L
Vgs h2
7 e

Figure A1.3: Hydraulic chamber in relation to the bioreactor
i)VVolume of hydraulic chamber (VH).
Volume of bioreactor required, V = 150 litres (or 0.15m%)

From assumptions of volume:

Vgs = Vu
But,
Vys = 50% of daily gas produced
& Vs = 0.5(Vys + Vp + Vo)K
Where: K = Gas production rate in m® per m® of reactor volume per day
Again,
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V. = 0.05V = 0.05 x 0.15 = 0.0075m3
V; = 0.15V = 0.15 x 0.15 = 0.0225m3
Vys + V; = 0.8V = 0.8 x 0.15 = 0.12m3
Hence,
Vy = Vys = 0.5(0.12 + 0.0225) x 0.4 = 0.0285m>
(Note: V; = 0.8V — Vg = 0.12 — 0.0285 = 0.0915 m3 <V3)
ii)Height (h3) of hydraulic chamber.

From figures A1.2 and A1.3, it can be seen that,

Vi = (Ve + s) = (7 0°11)

4
= H; =W[(VC+V95)—V1]

Also,

V. + Vs = 0.0075 + 0.0285 = 0.036m>

H, = m(0.036 —0.0277) = 0.0218m = 21.8mm

Rule:
When H = 1000mm of water, fix h = 800mm (1mm = 10 N/m?)
By proportion, h = 221mm when H = 277mm,

_ 277 x 800

1000 = 221.6mm

i.e.
From,
h=h;+f; + H,
= hs =h—(f; + Hy)
s hy =0.2216 — (0.1389 + 0.0218) = 0.0609m = 60.9mm
iii)Diameter of hydraulic chamber (Dn).

VH can be expressed as,

T
Vy = Z (DH)2h3
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4 vt
:DH:[EXh_
3

4 x 0.0285 1%/2
0 06097 = 0.7757m = 775.7mm

Al.2: Engineering drawings
The following drawings were made with the help of an Automatic Computer-Aided Draft
software, version 2017 (AUTOCAD 2017).

&
Q
$

' 60.30

775.70

277.70

@)

7 347.40
0
<&

L.

Drawing Al.1: Expansion Chamber, Bioreactor, and Feed Hopper
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Bioreactor

Stirring rod

Water jacket

—__

ey

) |

A

Vi

Stand chamber
Expansion

Stand chamber Stand
Stand Hot water tank
Water pump Insulation

Drawing Al.2:Cross-section of the bioreactor system

Control unit

Power supply

Drawing Al.3: Cross-section of Electrical control system
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Al.3: Plates of types of bioreactors
The following are the photographs of various biogas systems in Kenya.

Plate Al1.2: Fixed dome
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Plate Al.4: Lagoon
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Plate A1.5: Lagoon covered with a membrane
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Appendix 2: Biogas production data and analysis

A2.1 Biogas Production (litres per day) in the Egerton University Fixed Dome Lab

Digester
120
—— 6% —O— 7% 8% 9% —@— 10% Poly. (8%) Poly. (9%)

100

80 |y =0.0147x% - 0.707C + 9.9689x? - 38.235x + 34.962

R = 0.9699

60

40

20 2

0 OO e @ _.//
0 2 4 6 8 10 12 14 16

20

Fig A2.1: Biogas production (on Y-axis in litres per day) with retention time (in days) for

various TS and regression models for the optimal TS (8%) and other TSs (6, 7, 9
&10%).

Note:

This for the different total solid (TS) contents of Egerton University (Kenya) cattle manure
substrate or influent being digested at 35 degrees Celsius in a Fixed Dome Lab Digester.
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Note: Error bars are the same due to insufficient number of replications

Figure A2.2: Average Measured or Observed versus Predicted Biogas yield using the
Polynomial

empirical models for 8% and the 6,7,9 and10% Total solids (TS)
The Models used to generate the simulations in Table A2.2.1 are:
Y2019 30rd = 0.0203%3 - 3.0172x2 + 59.904x - 227.25 (R?=0.97)
Y 2019 20rd = -2.4088x% + 54.18x - 210.57 (R2=0.97)
Y2018 4ord = 0.0219x* - 0.856x° + 10.413x? - 38.621x + 35.616 (R?=10.92)
where
Y is gas yield in litres per day, and

x = digestion time from loading in days.
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A2.2: Biogas prediction for 8% TS at 35 degrees Celsius for models based on 2018 and
2019 data

Using Observed and simulated Data collected in 2018 a regression model was developed and

used to simulate the data that was compared with observed data collected in 2019 as

presented in Table and Figure below.

70

60

50

40

30
20 -
y = 0.0218x* - 0.856x3 + 10.413x2 - 38.621x + 35.616

10 R2=0.9227

0
-10
-20

Fig A2.4: Average Biogas (for 8% TS) production (I/d, on Y- axis) with time of digestion
(days, X-axis)
The resulting regression line is:

Yeosrs = 0.0219x* - 0.856%° + 10.413x? - 38.621x + 35.616 (R? = 0.9227)
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Table A2.2 Biogas prediction for 8% TS at 35° C for models based on 2018 and 2019 data

Day 2019avg obs  2018Sim  2019Sim3ord  2019Sim2ord

1 0 6.6 -290 -159
2 0 -6.5 -359 -112
3 0 -7.9 -434 -70
4 0 -14 -514 -32
5 0 9.5 -600 0

6 23 22.2 -691 28

7 62 345 -787 51

8 63 44.5 -889 69

9 80 51.1 -996 82
10 88 53.7 -1108 90
11 102 52.1 -1224 94
12 90 46.6 -1345 93
13 86 38.2 -1471 87
14 72 28.3 -1602 76
15 63 18.9 -1736 60
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Appendix 4: Abstracts of Publications
Two papers were published from this work:

a) Paper 1: Effect of total solids on biogas production in a fixed dome laboratory digester
under mesophilic temperature. Annals of Advanced Agricultural Sciences, Vol. 4, No. 2,
May 2020. https://dx.doi.org/10.22606/as.2020.42003

b) Paper 2: Optimisation of biogas production in a batch laboratory digester using total
solids, substrate retention time, and mesophilic temperature. International Journal of
Power and Energy Research, Vol. 4, No. 2, July  2020.
https://dx.doi.org/10.22606/ijper.2020.42001

The abstracts of the papers are as follows.
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Annals of Advanced Agricultural Sciences, Vol. 4, No. 2, May 2020
26 https: / /dx.doi org/ 10.22606 /as.2020.42003

Effect of Total Solids on Biogas Production in a Fixed Dome
Laboratory Digester under Mesophilic Temperature

Barasa H. Masinde!", Daudi M. Nyaanga®, Musa R. Njue® and Joseph W. Matofari®

! Mechanical and Industrial Engineering Department; Masinde Muliro University of Science and Technology, P.O.
Box 190 — 50100, Kakamega, Kenya
? Agricultural Engineering Department, Egerton University, P.O. Box 536 — 20115, Egerton, Kenya

3 Dairy, Food Science and Technology Department, Egerton University, P.O. Box 536 — 20115, Egerton, Kenya
Email: he . masb62@gmail.com

Abstract. An investigation on the effect of total solids on biogas production was done using a
laboratory scale batch reactor of 0.15 m? capacity. The feedstock was dung from dairy cows managed
under a free range system. Experiments were done on a substrate having total solids of 6%, 7%, 8%,
9%, and 10% at a constant temperature of 35°C; and the mean biogas production was 0.249, 0.304,
0.487, 0.287, and 0.244 m® of biogas per m® of digester volume per day (m?®/m3d), respectively. It was
concluded that the highest average biogas production of 0.487 m®/m? is attained at total solids of
8%.

Keywords: total solids, biogas production, fixed dome, laboratory digester

1 Introduction

Biogas is an important form of renewable energy. It is stored in biological materials such as straw,
manure and other agricultural products; and it is one of the key options for mitigating Green House Gas
(GHG) emissions to replace fossil fuels [1, 2]. It can be used to generate heat, electricity, and produce
transport fuel [3, 4]. Each year, 590-880 million tonnes of methane are exhausted worldwide into the
atmosphere through microbial activity and 90% of this comes from biogenic sources [5].

Anaerobic digestion is the process by which organic matter is broken down in the absence of oxyvgen
to produce biogas, carbon dioxide and other traces of gases. The process of anacrobic digestion takes
place through four successive stages: hydrolysis, acidogenesis, acetogenesis, and methanogenesis; and it is
dependent on the interaction between diverse microorganisms that are able to carry out the four
aforementioned stages [6]. In single stage batch reactors, the substrate is loaded and the four processes
are allowed to occur in the same reactor sequentially; then the slurry is emptied after a predetermined
retention time or the cessation of biogas production [6].

Working under the assumption that all the substrate is converted to CHy and CO,, and that the
carbon (C), hydrogen (H:) and oxygen (O:) composition of the substrate are known, one can use the
following equation and the general gas equation to find a theoretical molar and volumetric output of
CH, [7].

CuHaOp + (n =22 H,0 = (2 -2+ 2)co, + (3+2-%)cH, (1)

Under actual operating conditions, equation 1 was modified to account for the presence of ammonia
(NHs) and hydrogen sulphide (HsS) in the waste as given in equation 2 below [8].

CoH,0,N..S +( a b+31+y)HO
n————=—+—+=
nilalpNxoy 1 2 1 2 2 (2)
( a+b+3x+y)co +( +2 h_3x y)CH+ NH; + yH,S
sty 2, 2. Y a_o_=2x_JY
"7 7 )T (R Ty T T )t T T

Parameters that affect biogas production include substrate concentration, temperature, substrate
retention time, carbon to nitrogen ratio, pH, organic loading rate, nutrients, and toxicity [9]. The effects
of these parameters are different on different microbial groups as each microbial group has different
physiological and nutritional needs; and it is imbalances between them that cause instability [10]. An
imbalance in the process caused due to the disturbance in the hydrolysis stage will limit the activities in
the subsequent stages thereby reducing biogas production; a disturbance in methanogenesis will bring

AS Copyright © 2020 Isaac Scientific Publishing
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Optimization of Biogas Production in a Batch Laboratory
Digester Using Total Solids, Substrate Retention Time, and
Mesophilic Temperature

Barasa H. Masinde', Daudi M. Nyaanga®, Musa R. Njue® and Joseph W. Matofari®

! Mechanical and Industrial Engineering Department, Masinde Muliro University of Science and Technology, P.O.
Box 190 — 50100, Kakamega, KENYA.
? Agricultural Engineering Department, Egerton University, P.O. Box 536 — 20115, Egerton, KENYA.

# Dairy, Food Science and Technology, Egerton University, P.O. Box 536 — 20115, Egerton, KENYA.
Email: he.masb62@gmail.com

Abstract. Optimization was done by nvestigating the interaction effects of total solids, mesophilic
temperature, and substrate retention time on biogas production in a batch biodigester. The volume of
the biodigester was 0.15m? Central composite design of Response Surface Methodology was used to
design the experiment. Total solid levels were varied from 6.31% to 9.68%, temperature was from
26.50°C to 43.41°C, and substrate retention time was from 9.95 to 20.04 davs. Analysis of results was
done using Design Expert software statistical package (version 10.0.0.3). It gave a coefficient of
determination of 0.9665 which indicated a high correlation between the variables. All the variables
had a significant effect. The highest biogas production rate of 75.41litres/day (or 0.50 m® of biogas
per m® of digester volume per day, m*/m*d) was achieved at a level of 8% total solids, a temperature
of 43.41°C, and a substrate retention time of 15 days.

Keywords: optimization, biogas production, total solids, mesophilic temperature, substrate retention

time.

1 Introduction

Optimization is the act of achieving the best possible result under given circumstances. In design,
construction and maintenance, engineers have to make decisions. The aim of such decisions is either to
minimize the effort or to maximize benefit. The effort or benefit can be expressed as a function of
certain design variables. Hence optimization is the process of finding conditions that give the minimum
or the maximum value of a function [1]. Efforts to maximize biogas production are currently being done
by using various feedstocks. Reungsang et al [2] used Response surface methodology (RSM) with a
central composite design (CCD) to optimize the key factors affecting methane production from the
acidic effluent coming from the sugarcane juice hydrogen fermentation process. The parameters studied
were substrate concentration, ratio of NaHCOj; to substrate concentration, and initial pH. The
maximum methane yield of 367 mL CH,/g-volatile solid (VS) added was obtained at the optimum
conditions of 13,823 mg-COD/L, an NaHCOj to substrate concentration ratio of 3.09, and an initial pH
of 7.07. Methane yield was enhanced 4.4-fold in comparison to raw effluent. Sathish and Vivekanadan [3]
studied the optimal conditions for biogas generation from anaerobic digestion of rice straw in a Im®
floating drum anaerobic digester using RSM. The parameters were temperature, pH, substrate
concentration, and agitation time. The highest level of biogas of 0.72m* was produced at an optimum
temperature of 50°C, pH 7.5, substrate concentration of 110.70 kg, and an agitation time of 5 seconds,
respectively. Saleh ef al [4] investigated the effects of temperature, palm oil mill effluient (POME)
volume, inoculum volume, and co-substrate addition such as oil palm empty fruit bunch (EFB) and
palm kernel on the anaerobic digestion process for biogas and methane production. RSM by Box-
Behnken design verified that the specifie biogas production rate and methane yield were mainly affected
by the operating temperature and co-substrate addition. The optimal conditions for the maximum
specific biogas production rate (0.0574 m*/ kg chemical oxygen demand per day) and methane yield
(25.6%) were predicted by multiple response optimization and verified experimentally at 47.8°C

Copyright © 2020 Isaac Scientific Publishing LIPER
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