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Abstract
Residues from slaughter houses offer an abundant resource in Bolivia. The residues can be
used for biogas production with biofertilizer as a bi-product. These resources are, however,
currently not being used. Instead, they are released in water systems, implying heavy
contamination, e.g., on the Lake Titicaca in western Bolivia. Severe environmental effects are
observed in the lake and connected water systems. The residues from slaughter houses are an
important part of the problem. If the contamination continues, important environmental values
will be lost.
Information around the resource is scarce, since no extensive inventory has been carried out.
It is estimated that officially registered slaughter houses in the four major cities of Bolivia
alone produce over 75 tons of organic residues per day. This flow of residues has increased
since the world market for animal fodder based on blood dropped significantly. In addition,
there is little experience of biogas production in cold environments at that altitude, almost
4000 meters over sea level.
Production of biogas from waste is one of the most common methods to generate energy and
at the same time best waste reduction methods. Biogas production can be practiced favoring
one the extremities, that is, either for the purpose of energy production or waste reduction.
In this thesis, the focus is on waste reduction, that is the slaughter house residues.
Nevertheless, the ultimate outcome is always to reduce as much waste as possible and, at the
same time, generate profitable energy.
There are many technological and financial challenges that have to be addressed to see the
complete realization of the biogas concept. Therefore, this master thesis focus on producing
biogas from residues of slaughter houses in the greater area around Lake Titicaca and studies
which technological issues have to be solved. Furthermore, analyzing how the biogas segment
can be further developed in Bolivia according to the appropriate technology selection is also
investigated.
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Summary
Slaughter house residues are among the abundant resources in Bolivia. These residues can be
used for biogas production with biofertilizer as a byproduct. However, these resources are
being discharged to the nearby water systems, implying heavy contamination e.g., on the Lake
Titicaca in western Bolivia.
Biogas refers to the gas produced by the breakdown of organic biomass with or without the
presence of oxygen, which consist of mainly methane, carbon dioxide and some trace
compounds
Biogas production involving the use microorganisms which uses oxygen is not recommended
since the methane content is very small when compared to the biogas production using non
aerobic microorganisms.
Biogas production has three phases; hydrolysis, acidogenesis and methanogensis. There is
symbiotic relationship among the active microorganisms which consists large culture of
species.
In the same manner this study focuses on the investigating the possibility of producing biogas
from the slaughter house residue by using anaerobic digestion methods.
Currently, experts, engineers and analysts are carrying out project to produce energy from
these residues being discharged to the Lake Titicaca. The main challenges to achieve the
realization of biogas from the slaughter house residues are the low and fluctuating
temperature in the area. The fluctuating temperature affects the growth of the microorganisms
which are responsible for anaerobic digestion. There has to be a viable solution to either
increase the temperature of the surrounding to the optimum temperature range as required by
the microorganisms or there has to be a scientific way to compensate for what is lost due to
the low and fluctuating temperature.
In addition, the waste digested in the slaughter house reside contains too much blood and this
is content that needs to be removed more efficiently. Although this sounds simple, it has its
own obstacles in making the process of the digestion inefficient. Blood by itself has more of
water content than solid parts, which means less carbon to nitrogen ratio in scientific terms. In
every anaerobic digestion there is specific amount of carbon, nitrogen and other elements
required by the microorganisms. Therefore, blood being unable to fulfill this requirement
makes it unfavorable waste for the bacterial even though the need to avoid it is also
unquestionable.
There are several problems that make the realization of biogas production from the slaughter
house difficult. At the same time, there are several studies being carried out, including this
master thesis, which are searching for ways to solve the problems.
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Currently, a biogas plant is already constructed and has been tested for several months. At the
project site, the biogas system (plant) is constructed under a greenhouse structure to keep the
immediate surrounding temperature as constant as possible.
Adaption to the colder climate through the inoculation of bacterial culture regenerated in
optimal environment is being tested.
Co-digestion of other products with the slaughter house residues is also being carried out.
All the proposed solutions will be studied in a more detailed way, and solutions will be
suggested at the end. At the end, recommendations will be made to improve the current
analysis carried out at the site.
One important point which makes the study difficult is the limitation put on the use of
financial resource. All technologies from highly developed countries cannot be just
implemented in Bolivia due to economic constraints. Obviously,
there has to be a balance between technology and cost, not least in a developing country
context.
Most importantly, biogas is useful in the sector of energy production which includes light and
heat. In most developed countries the use of biogas has further advanced as an alternative fuel
for vehicles. As the objective of this thesis states, elimination and conversion of biomass
waste into useful output improves environmental conditions like clean air, water and soil etc.
In general biogas production technology can play essential role by utilizing organic residue
for environmentally friendly and lasting energy production. Even though the role is known
very well, the difficulty to implement biogas technology comprehensively is still a problem in
many parts of the world especially in developing countries.
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Terminology
A (=KskY/Kh) Kinetic parameter
B Specific methane yield, L of CH4/g of substrate added
BO Maximum specific methane yield, L of CH4/g of
substrate added at infinity HRT
F Volumetric substrate removal rate, g/L day
K Hydrolyzed substrate transport rate coefficient, L/days
Kh Substrate hydrolysis rate coefficient, L/days
Ks Half-saturation constant for hydrolyzed substrate, g/L
Mv Volumetric methane production rate, L of CH4/L day
R (=Sr/STO) Refractory coefficient
Sh Concentration of hydrolyzed substrate, g/L
Su Intracellular concentration of hydrolyzed substrate, g/L
So Input biodegradable substrate concentration, g/L
S Biodegradable substrate concentration in the effluent or in the digester, g/L.
Sr Refractory feed substrate concentration, g/L
STO (=So+ St) Total feed substrate concentration, g/L
ST (S + Sr) Total substrate concentration in the effluent, g/L
TS Total solids, g/L
TSS Total suspended solids, g/L
VFA Total volatile fatty acids, g/L
VS Volatile solids, g /L
VSS Volatile suspended solids, g/L
X Biomass concentration, g/L
Y Biomass yield coefficient, biomass/substrate mass
HRT Hydraulic retention time, days.
µ Specific growth rate of microorganisms, L/days
µm Maximum specific growth rate of microorganisms, L/days
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1. Background
1.1 Description of the study area-Bolivia
Bolivia is a landlocked country in central South America. It is bordered by Brazil to the north
and east, Paraguay and Argentina to the south, and Chile and Peru to the west.
Bolivia is a democratic republic, divided into nine departments with estimated population of 9
million. Its geography is varied from the peaks of the Andes in the west, to the eastern
lowlands, situated within the Amazon Basin. It is a developing country, with a medium
human development Index score, and a poverty level around 60%. Its main economic
activities include agriculture, forestry, and fishing, mining and manufacturing goods such as
textiles, clothing, refined metals, and refined petroleum. Bolivia is very wealthy in minerals
especially tin [35].

Fig 1- Map of Bolivia (Source : Wikipedia)

La Paz is located high above sea level, sitting on a bowl surrounded by the high Altiplano. As
it grows, the city climbs the hills to varying elevations from 3000 to 4100 m. La Paz is the
legislative capital of Bolivia, and the largest city of the country [31].
The city of El Alto (Spanish for The Heights) is a southwestern suburb of La Paz, Bolivia,
located on the Altiplano highlands.
Lake Titicaca, whose name means "rock of the jaguar" or "rock of the feline" in the Aymara
language, is located on the border of the two South American countries, in the Andes
mountains. It is the world's highest navigable lake, at 3,810 meters above sea level. Its waters
are crystalline blue across most of its 8,562 square kilometer surface (3,790 sq km belong to
Bolivia and 4,772 to Peru). More than 25 rivers flow into Titicaca [35, 31].
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Fig 2- Lake Titicaca (Source: http://photo.goliathus.com/bolivia/bolivia.php)

1.2Justification for the current study in biogas production
Residues from slaughter houses offer an abundant resource in Bolivia. The residues can be
used for biogas production with biofertilizer as a byproduct. These resources are, however,
currently not being used. Instead, they are released in water systems, implying heavy
contamination, e.g., on the Lake Titicaca in western Bolivia. Severe environmental effects are
observed in the lake and connected water systems. The residues from slaughter houses are an
important part of the problem. If the contamination continues, important environmental values
will be lost.
Information around the resource is scarce, since no extensive inventory has been carried out.
It is estimated that officially registered slaughter houses in the four major cities of Bolivia
alone produce over 75 tons of organic residues per day. This flow of residues has increased
since the world market for animal fodder based on blood dropped significantly. In addition,
there is little experience of biogas production in cold environments at that altitude, almost
4000 meters over sea level.
The major part of this project focuses on the slaughter house products that are released in
water systems, implying heavy contamination, e.g., on the Lake Titicaca in western Bolivia.
There is project undergoing currently to produce biogas from the slaughter house products,
mainly blood which are continuously released to the lake.

1.3 General objective of the project
The main objectives of this project are to:
 Investigate the potential for producing biogas from residues of slaughter houses in the
greater area around Lake Titicaca.
2
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Sub-Objective
 Investigate the technological issues that are impeding a realization of the
biogas potential around the greater area of Lake Titicaca.
 Investigate how the biogas segment can be further developed in Bolivia. Here,
the biogas-plant design, type of reactors, and how the whole process step
should be interconnected will be suggested in order to overcome the challenges
like temperature in Bolivia, to be able to produce biogas efficiently from the
slaughter house residues that are presently being discharged into Lake Titicaca.

1.4 Problem statement
1.4.1 Climatic challenges
There are several factors that are a challenge making the production of biogas from slaughter
house product more complicated to achieve in this area.
Altiplano (4,000 m above sea level) faces several unusual obstacles raised by the extreme
climatic conditions of these regions:
• Strong solar radiation;
• Low mean temperatures of air and pond water;
• Strong differences between day and night in the temperature of air and pond surface
water;
• Low oxygen pressure.
Solar Radiation
Solar radiation is very high in the area, reaching 550 cal/cm2/day due to a thin atmosphere of
rarefied, clean, dry air (at a low latitude of 15º–20º S). Solar radiation drops to about 300
cal/cm2/day at 2500 m altitude, and to only 200 cal/cm2/day at 4000 m altitude in the almost
tropical wet climate of Santa Cruz [36].
Temperature
The temperature of both air and pond water is low on average due to altitude. Most of the heat
accumulated during the day is lost during the night due to the dryness of atmosphere and
consequent low regulation capacity. Low water temperatures affect BOD degradation rates of
both anaerobic and aerobic processes.
Day/night changes in temperature
Temperature difference is extreme, from almost 20ºC to below zero in air, and from 18ºC to
7ºC in pond surface water. The associated effects measures on the digester are the result of
this variation as shown below.
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Fig 3 - Biodigestor temperature reading (source : Thibault Caille L’Etienne, Master thesis 2010)

Note:-The above picture shows that the temperature reading taken from digesters installed in
the green house structure in Bolivia. The horizontal axis shows the time interval the reading is
taken while the vertical axis shows the specific temperature of the digester taken at the
specified time. The different digesters are identified in color. In this graph, One can examine
how the pick of high and low temperatures are recorded within a minimum time interval of 9
hours.

Atmospheric pressure
The atmospheric pressure at 4000 m altitude is about 60 % of that at sea level. The middle
altitude valleys, called “Valles” and “Yungas” (e.g. in Cochabamba region) present milder
conditions [33]. Climatic constraints and their effect in Altiplano is compared and
summarized in following table to the other areas.

Parameter

Units

Altiplano

Valles

Llanos

Altitude

m

4000

2500

400

Mean water temp.

ºC

9

20

24

D. Oxygen
saturation

mg/l

7.3

7

8.7

Solar radiation

cal/cm2/day

550

300

200

Table1- Parameter comparison for different areas in Bolivia (Source:[33])
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Note: The data presented below are collected for the design of waste stabilization ponds
(WSP).Even though this project focuses on producing biogas in confined balloon digester the
external parameters remain the same.
From the above table it is possible to observe that the conditions at Altiplano are very
different. These parameters make it very difficult to produce biogas as needed.

1.5 Research questions
The main focus of the project is on the following research questions:
•

•
•
•
•
•

How is the cold climate affecting the production of the biogas in Bolivia? Is it possible
to investigate the effect of the temperature and other related factors in terms the
kinetics and thermodynamics point of view?
Is it possible to develop model equation that can show all the sensitive parameters of
the biogas production?
What would be the residence time of process in digesting the full potential of the
available substrate? Is the biogas amount found in the residence time satisfactory?
Can the biogas production include in major amount cattle blood as substrate? Since
one of the objective is to solve the problem of blood discharged to Lake Titicaca.
Is there any possibility to co-digest the slaughter house products with food waste and
ensilage to get better biogas yield?
What should be done in order to alleviate the problem of temperature in terms of
substrate co-digestion, digester design and monitoring of the biogas plant?
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Chapter 1
1. Methodology
In this chapter discussion will be made on methodology how the study is going to be
performed. Explanation will be made how a general literature study and a case study research
strategy will be used. The project study incorporated the following methodological steps.

1.1 Data and information Collection
Data collection is made through e-mail and personal communication with experts working on
the project in La Paz, Bolivia and the supervisor of this thesis, Tomas Lönnqvist. Since the
project is carried out from Sweden by collaborating the experts at the biogas plant in Bolivia,
information and site pictures were very much mandatory for better visualization.
Therefore, the following data were available at the start of the project
1. The slaughter house processes 50 animals per day as an average. Three digesters have
been installed to process the generated residues, blood, rumen, manure and residue
water from the washing processes. The digesters are partly situated in a ditch that is
insulated. Currently the entire volume of the digesters is situated in the ditches. The
digesters are of bag type and not yet inflated to their maximum volume. The input at
the short end of the green house is located to the north and the output of fertilizer is
located to the south. The bag digesters installed in the biogas plant which is supported
in green house structure in order to maintain the heat loss due to the low and
fluctuating temperature.
The following pictures were sent by the supervisor of this thesis, Tomas Lönnqvist.

Fig 3A and 3B - Bag digesters installed at biogas plant, La Paz, Bolivia.
The Visualization of the biogas plant through pictures helped for achieving better
understanding of the area and biogas plant.
2. The following residues loads in the three digesters at different times were recorded
and sent by Tomas Lönnqvist.
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Fig 3C - Slaughter house residue load
The availability of the initial load will help in estimating the amount of biogas and the
daily feed. These are an important data in determining the digester size, type and the
maximum output that can be achieved.
3. Data of temperature reading on the three digesters were recorded and sent by Thibault
Caille L’Etienne and Tomas Lönnqvist.

Fig 3D - Recorded temperature reading at different time.
The temperature reading is taken by device installed in each three bag digesters. And
the graph is done on excel to show the temperature variation against with time.
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The reading has importance in visualizing how the temperature is fluctuating and rate
at which it is fluctuating to low and high reading. Since biogas production needs at
optimal constant temperature the data available witness the core problem of
temperature fluctuation.
4. At the start of the project it was too early to fulfill the biogas parameters like PH level
and carbon dioxide concentration etc. But some of the initial reading sent by Tomas
Lönnqvist has helped in determining how over acidification is resulting in the area due
to too much blood digestion and this takes the project into further challenging new
zones of problems.

Fig 3E - The load of raw material realized 5, 9, 14 and 14 of June.
The reading sent showed Digester 1 and 3 are producing methane (11,5% and 12,5%) and
contains zero or close to zero oxygen. The gas from digester 2 only contains 2% methane and
as much as 3% oxygen. The presence of oxygen signifies an aerobic environment which
inhibits methane formation. Most probable reason is a leakage in digesters 2, which must be
investigated further.
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1.2 Analysis and research methods
1.2.1 Literature study and case study
The methodology basically will focus on literature study and case study.
Literature study includes:•
•

Complete review and study of biogas production in general and in specific related to
the project from books, Internet sources and course learned.
Complete study of day to day upcoming events from the project site and feedback
from Tomas Lönnqvist since he has visited the biogas plant and analyzed the problems
in person.

Case study includes:• Case study of different country with similar conditions is examined. This is to mean
there are so many developing countries which have used different kinds of biogas
plant in order to alleviate cold climate related problems. Those experience will help in
selecting better choice of technology with low cost

1.3 Study design
The creation of a case study design is important to increase the validity and reliability of the
research. The external validity or the ability to generalize the findings of the study to other
cases is satisfied when the correct structure of research is first outlined. The data collected is
then generalized to the theory that is used in other cases. When appropriate documentation is
maintained, then reliability of the study is also satisfied. The following study design or
strategic approach will be carried out for the successful realization of the project. This
approach is summarized in the flow diagram below.(refer to the flow chart below)
1) Identifying problems: What are the main problems impeding the biogas production? The
obvious problems are known from the project and are stated in the left and right box. But
the study tries to find more problems that might be hidden which resulted due to the
combination of the known problems of low temperature and too much blood in the
substrates.
2) Limiting the scope of the study: This is done by asking direct question to the stated
problem. For example, is there any solution available so far to increase the temperature
of digester in cold climate area? If there is no any literature study available from the
experience of different countries, then this study is not going to create any new scientific
discovery but rather look for solution by analyzing facts.
3) Analyzing the overall effect: In order to analyze other problems that might be happening
due to this known basic problem the model algorism asks the question ‘is it possible to
develop model and show the relationship of biogas production versus temperature and
substrate concentration with all the other parameters?’
If possible this will help to see the change made on one variable while for example
trying to increase the temperature.
9
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4) Checking the viability of the solution proposed: This is done by asking the question of
cost- benefit
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Flow chart 1 - Flow chart showing step by step approach for reaching valid solution to problem statement
(Source: Tadious Tesfaye Tefera, Master thesis, 2010)
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Chapter 2
2. Introduction to anaerobic digestion
Biogas is gas produced microbiologically by anaerobic treatment of organic waste. Anaerobic
digestion is a process well known from nature where biogas is produced spontaneously.
However, an industrial technology of anaerobic digestion has been developed as a part of
waste water treatment process at the beginning of the 20th century. Currently, technology of
anaerobic digestion is used for sewage sludge treatment; also biogas systems for organic
wastes or biomass treatment are built.
However, adoption of biogas technology in developing countries with cold climates is limited.
The cold temperature affects the growth rate of the microorganisms responsible for anaerobic
digestion; this leads to a drop in biogas production during cold periods. Understanding the
microbiology of the system is necessary and crucial to produce any kind of mitigation ideas to
cold climate problems and other related problem. Next the detail biochemical process of
taking place will be discussed.

2.1. Microbiology
The decomposition of waste biomass to produce biogas depends on a complex interaction of
several speciess of microorganisms (bacteria).This bacteria species require a harmonious
environment for efficient utilization of biomass waste to biogas. The digester operation should
be in dynamic equilibrium, which is progressive change without disrupting the harmonious
environment of the system. Any sudden change in the environment will result in production of
unwanted product which ultimately inhibits the overall production. Therefore, it is crucial to
understand the major microbiological pathways, for sufficient and effective production of
biogas. Here the detailed microbiological path ways will be discussed.
2.1.1 Hydrolysis
Hydrolysis is the first phase (stage) which chemical reaction takes place in the digester where
complex organic matter is decomposed into simple molecule using water and enzyme to split
the chemical bonds between the compounds.
In anaerobic digester both facultative and obligatory bacteria exist. Facultative bacteria are the
types of bacteria that can use either dissolved oxygen in the water or chemically derived
oxygen from compounds for respiration, energy and growth; whereas, obligatory bacteria
cannot use oxygen for growth and even harmed by it.
When both types of bacteria are introduced into the anaerobic digester, the facultative
bacterium takes the oxygen dissolved in the water and cause oxidation-reduction potential 1
1

Oxidation-reduction potential is a measure of the tendency of a chemical species to acquire electrons and
there by reduced.
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necessary for obligatory anaerobic microorganisms (bacteria). Therefore both of them live in
good harmony (symbiosis relationship).
In most cases the biomass feed to the digester is made from large organic polymer. In order
for the bacteria to access energy potential of the feed material for their growth, these chains
must be broken down into their smaller constituent parts. In this stage compounds like
protein, fats, carbohydrate are broken into smaller soluble compounds by the enzyme that
controls hydrolysis, e.g.esterase. It is produced from both facultative and obligatory anaerobic
bacteria. The time taken to break down these polymers depends on the type of polymer.
The hydrolysis of carbohydrates take a few hours, where as for fats it takes a few days and
even longer for cellulose.
The Detailed scheme of breakdown is represented below.

Fig 4 - The key process stages of anaerobic digestion(source: [25])

2.1.2 Acidogenic phase (Acid forming stage)
In this stage the product of hydrolysis are subsequently metabolized by obligatory anaerobic
bacteria collectively called Acidogenic bacteria. The intermediate products formed are short
chain fatty acids (e.g. acetic acid, propionic acid, butyric acid, valeric acid, and acetate),
Alcohol, hydrogen and carbon dioxide. The interesting products as initial intermediate
product for the formation of methane gas are acetic acid, hydrogen and carbon dioxide.
The fate of the metabolites depends on the type of the bacteria and culture condition (redox
potential).At low partial pressure of hydrogen (<10-4 atm), acetate and /or hydrogen are
formed; at high partial pressure of hydrogen (>10-4 atm), ethanol or organic acid is produced.
Short chain fatty acids are the main products which lower the pH and hence the name
Acidogenic phase comes from acidification.
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The overall performance of the anaerobic digestion is affected by the concentration of
individual fatty acids (short chain fatty acids) formed in the Acidogenic stage because acetic
acid and butyric acid are the preferred precursor for methane production [27]. As pH dropped
owing to acetate accumulation, microbes would limit acidification from metabolism by
producing lactate or butyrate of acetate or by re-uptaking acetate to acetyl-coenzymes.
Bacteria responsible for acid production are facultative, obligatory or both (i.e. bacteriodes,
bifidobacterium, clostridium, lactobacillus and streptococcus) [28]. But in general the
microorganisms which produce short fatty chain acids exhibit obligate proton-reducing
metabolism (i.e. they produce hydrogen as fermentation product). This mechanism is
commonly referred to as interspecies hydrogen transfer
2.1.3 Acetongenic phase
The term ‘Acetogen’ refers to the collection of bacteria that generates acetate (CH3COOH) as
a product. The process is different from acetate fermentation 2, although both occur in the
absence of oxygen and produce acetate.
In this stage acetate is produced from variety of energy (for example hydrogen) and carbon
(for example carbon dioxide) sources. Therefore, the end product of acetogenic phase is acetic
acid, carbondioxide and hydrogen in well monitored production. This intermediate conversion
is important for proper anaerobic digestion and methane production because methagones
(bacteria performing the next last phase called methanogenic phase) don’t utilize these
volatile fatty acids directly [29].
In other terms, what it means is the bacteria in the next phase can process only acetate,
hydrogen and carbondioxide. So if the hydrogen partial pressure is low, hydrogen, carbon
dioxide and acetate dominates the product of the acetogenic phase. Otherwise, fatty acids are
produced which makes the next process useless.
The first thing to note is that acetogenic bacteria are usually found in multi-organism
communities, i.e. they tend to cooperate in communities with other species of bacteria (the
best characterized example is in the rumen). In many ecosystems, acetogenic bacteria are
found in close conjunction with methanogenic bacteria. Acetogenic bacteria take the
metabolic products of other bacteria, like propionate, butyrate, formate, etc., and convert them
into acetate and hydrogen. It is the job of the methanogenic bacteria to quickly take this
acetate and hydrogen and convert it to other products (like methane and CO2). This means
that under normal circumstances, in their natural environments, acetogenic bacteria live under
low concentrations of hydrogen because the methanogenic bacteria they live symbiotically
with utilize it almost as soon as the acetogenic bacteria produce it. A low concentration of
2

Acetate fermentation is anaerobic chemical reaction and pathways resulting in the breakdown of acetate,
yielding energy in the form of ATP.
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hydrogen in contained spaces (like the ruminant gut) means low partial pressure of hydrogen;
this low partial pressure of hydrogen is needed to maintain proper growth of acetogenic
bacteria.
When acetogenic bacteria are isolated and grown individually, they continue on producing
hydrogen like they normally would but there are no other species to take this hydrogen and
use it. Or due to other factors, if the hydrogen concentration consumed by the methanogenic
bacteria is not in proportion to what is produced by acetogenic bacteria, then as a result, the
concentration and the partial pressure of hydrogen increase. To compensate, the acetogenic
bacteria slow down their major metabolic pathways so that they produce less hydrogen
(remember that bacteria also have an optimal pH that they grow at, increasing hydrogen
production in a solution also means a decrease in the pH so by decreasing hydrogen
production, the bacteria are also trying to maintain their optimal pH). The off-shoot of this is
that they switch to other pathways which instead of producing acetate and hydrogen produce
volatile fatty acids.
Creating an ideal environment where acetogenic bacteria produce acetate and not volatile
fatty acids is one of the major concerns in industrial microbial processing.
2.2.4 Methanogenic phase (methane forming phase)
The final step in anaerobic digestion is termed as methanogenic phase. Here the anaerobic
bacteria select the type of substrate which they can degrade further to form methane and
carbon dioxide.
Methane bacteria are such a unique group of organisms that they have been placed into a new
evolutionary domain referred to as Archaea [30].
The primary route of methanogenic bacteria is fermentation of acetic acid to methane and
carbon dioxide.
CH3COOH
CH4 + CO2 at a ∆G0 =-31kJ/mol
From the above reaction 67-70% of methane is found; whereas, the rest of 27-30% methane
comes from reduction of CO2 by hydrogen.
CO2 +4BADH-\H+
CH4 +2H2O +4NAD+ at ∆G0 =-136 kJ\mol

2.2 Conclusion
In the microbiology of biogas production, a biological process called anaerobic digestion
plays an important role. Anaerobic digestion occurs naturally by bacterial action breaking
down organic matter in the absence of oxygen. It is quite similar in principle to the anaerobic
breakdown of biomass waste in a landfill.
Anaerobic digestion process of waste matter yields gas called biogas which is composed of
about 60 per cent methane and 40 per cent carbon dioxide (CO2) in ideal system. In practical
applications, traces of other gases are also found.
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The biogas produced can be used to generate heat and electricity. An upgrading of the
methane content of the biogas is necessary so that it can be used in public grids to supply
electricity and heat. Moreover anaerobic digestion produces residue called digestate which is
used as fertilizer.
After shredding the biomass waste to increase surface area available to microorganisms,
anaerobic digestion takes place in sealed compartment called digester.
Anaerobic digestion is a chemical and biological reaction which takes place in the digester in
different stages. The stages are classified as follows:
•

•

•
•

Hydrolysis which is the first stage of the process where complex organic compounds
are broken down into simpler monomer like carbohydrate to sugars; proteins to amino
acids; and lipids to fatty acids.
Acidogenesis which is the second stage where the product from hydrolysis are broken
down into simpler molecules of carbon dioxide ,volatile fatty acids , ammonia, and
hydrogen sulfide.
Acetogenesis which is the third stage where further breakdown and combination takes
place to produce carbon dioxide, acetic acid and hydrogen.
Methanogenesis which is the final stage where methane and carbon dioxide are
produced with some trace compounds.

Anaerobic digestion offers the advantage of lowered pollutant emissions than other means of
treating waste biomass like gasification, incineration, and landfill dumping.
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Chapter 3
3. Process parameters and design
3.1 Process parameters
In this chapter all the factors or parameters that affect, control or determine the production of
biogas in an aerobic condition will be investigated. There are many environmental and
operation variables associated with anaerobic treatment.
Many factors must be taken into consideration and be controlled. The environmental
requirement for hydrolysis and acidogenesis phase is also quite different than acetogenesis
and methanogenesis phase. Microorganisms in methanogenesis phase have lower growth rate
and are very sensitive to changes in environmental factors, this makes a default rule that
priority should be given to this stage, even though divergence may occur depending on the
type of substrate.
The most important process parameters are discussed below.
3.1.1 Temperature
Methane is formed in nature over a wide temperature range from close to freezing [16] e.g.
sewage in arctic, up to over 100 o C such as in streams of Geysers [15]. In anaerobic digestion
three different temperature ranges are identified depending on the suitable range for
microorganisms to grow and metabolize the substrate available.
a) Psychrophilic, temperature from 10 o C to 25 o C
b) Mesophilic, temperature from 25 o C to 35 o C
c) Thermophilic, temperature from 49 o C to 60 o C
The microorganism associated with the situation to live and be active at those temperature
ranges are termed Psychrophiles, Mesophiles and Thermophiles respectively.
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Fig 5 - Relative growth rates of Psychrophilic, Mesophilic and Thermophilic Methanogens (Source:
[17].)

The overlapping growth temperature ranges in Figure 5 indicate that there is no clear
boundary between these classes of microorganisms. But, in general, most methanogenic
microorganisms belong to Mesophilic where few are Thermophilic. Anaerobic reactors most
often operate at mesophilic and Thermophilic range [17]. And there is a number of
Mesophilic and Thermophilic bacteria described in many scientific literatures with optimum
temperature 28 o C to 42 o C and 55 o C to 72 o C respectively. Methane production is possible
under psychrophilic conditions but it occurs at lower rate. Bacterial growth and activity
decrease below35o C [19]. So far no anaerobic Psychrophilic bacteria have been identified
with a relative temperature maximum below 25oC. The work of Zeeman [13] (1988) and
Wellinger [20] (1985) rather suggest a slow adaption of mesophilic bacteria to low
temperature.
The methanogenic bacteria are available in all kinds of environments and survive a wide
temperature range. This makes it not surprising to find that the change from Mesophilic to
Thermophilic temperatures or vice versa is not a problem in anaerobic digesters as long as the
change occurs smoothly (slow change, low loading). However, it might take months before
Mesophilic cultures are adapted to psychrophilic temperatures. Once the adaptation to low
temperatures is complete, the system reacts very well to stress situations [20].
In laboratory test biogas production might be possible below freezing point that is down
to -3o C, even though the general accepted lowest temperature at which microorganisms grow
is -11 o C.
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The ultimate gas yield of psychrophilic digestion is lower than at mesophilic temperatures.
Differences reported are in the range of 30% for cattle manure [20] and 22% for sewage
sludge [21]. On the other hand, there is hardly any difference between mesophilic and
thermophilic digestion. It is known fact at higher temperature there is a faster degradation, but
the ultimate gas yield is fairly comparable.
In conclusion, the range of the temperature should be kept nearly optimum and constant .A
rapid change in the temperature may result in a shutdown of the process or up to 30 % loss in
the gas yield. As it is mentioned above in detail, the main reason is the ecological system of
the microorganisms may not adapt the new range or it could even make them inactive. There
is not much that human interference can do to make the microorganisms adapt to the change.
Therefore, it is mandatory to keep the digester in optimum temperature and have monitoring
mechanism to keep the temperature constant inside the digester.
3.1.2 Hydrogen partial pressure
Before stating how hydrogen partial pressure is an important parameter in anaerobic
digestion, let us review the concept of partial pressure.
The law of Dalton states the pressure of a mixture of gases is equal to the sum of the pressure
of all individual gases contained. Assuming there are N numbers of gases mathematically this
can be written as
Pressure total=Pressure1+Pressure2+……+Pressure N
Therefore what we call the partial pressure of a gas is the pressure exerted by the either one of
the gases from 1 to N.
In anaerobic digestion methanogenic bacteria require a good supply of hydrogen gas since
they are hydrogen consuming microorganisms. At the same time, acetogeneic bacteria are
hydrogen producing bacteria, as end product with acetic acid and carbon dioxide. There has to
be symbiotic relationship between these two types of microorganisms and the hydrogen gas
concentration should be balanced. That means methanogenic bacteria must have enough
supply of hydrogen, where as the partial pressure of hydrogen should be low so that
acetogeneic bacteria are not surrounded by too much hydrogen and stop producing the
hydrogen gas. The mechanism of the hydrogen transfer is diffusion. The hydrogen should be
picked up by the methanogenic bacteria as soon as it is produced by acetogeneic bacteria.
Many scientific studies have shown that the optimal distance between interacting hydrogenproducing and hydrogen–consuming species is about 10µm. under practical conditions. These
distance is about ten bacterial width. Clearly, the bacteria must be indeed close together.
Otherwise inter-species transfer would be rate limiting step in the overall process. This is
what happens mostly in a completely mixed continues stirred reactor, where the individual
bacterial species are dispersed uniformly throughout the system in homogenous way.
The maximum acceptable hydrogen partial pressure thus depends on the species of the
bacteria, type of substrate and their distribution in the digester.
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The reaction taking place in acetogeneic and methanogenic phase is exergonic (heat is
released). In the case of high partial pressure of hydrogen, the acetogeneic bacteria will stop
producing hydrogen which is necessary for methanogenic bacteria. So for some compounds to
be metabolized to form methane, the bacteria need high amount of energy. This is not in favor
of the reaction, since it should be exergonic.
As discussed in chapter 2, the acetogeneic bacteria will produce volatile acids instead of
hydrogen when the partial pressure is very high. And some fatty acids, like propionic acid are
very hard to convert to methane and its accumulation leads to over acidification of the system
which is another major problem.
Therefore, the accepted value of the hydrogen partial pressure should be studied beforehand
depending on the type bacteria, substrate and digester type. Additionally the way of mixing is
very important to avoid the effect of high partial pressure.
3.1.3 Hydraulic retention time
The hydraulic retention time (HRT) describes the average time the substrate remains in a
digester. It is defined by

In a continuous-flow digester HRT has to be longer than the doubling or the regeneration time
of the bacteria to prevent wash-out. Methanogenic bacteria have longer regeneration time up
to 16 days where as acidogeneic bacteria can regenerate themselves in a maximum of 90 hr.
Explaining the process in detail, the inoculating sludge which is composed of the
Microorganisms is fed into the digester when biogas production is started. In the first start it
usually takes longer time for microorganism to adapt the environment and grow. The process
continues by feeding biomass (waste) to be degraded by these microorganisms. The time the
sludge remains in the digester is called sludge retention time which is equal to the hydraulic
retention time. If the time before one bacterial cell reproduces is much shorter than the time to
produce the biogas and collect the end products, there will not be an active bacteria for the
next feed of biomass (waste) since all the bacteria are washed out with the end product.
The HRT time is dependent on the type of substrate or material to be degraded. The lower the
degradation rate, the slower the regeneration or doubling time and the higher the HRT. This is
because the bacteria can regenerate themselves or grow depending on the available soluble
intake of food. If the time it takes to breakdown (degrade) the initial insoluble biomass is
longer, the bacteria have to also wait the same amount of time. This in general makes the time
the substrate has to be in the digester longer.
It is important not to forget the temperature parameter discussed earlier, since all parameters
are experienced together in the production process. Stressing this point, even if the biomass
type is easily degradable if the temperature is very low than the optimal needed by the
bacteria, they will be inactive and unable to metabolize.
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The velocity of degradation of the basic classes of compounds increases in the following
order:
• Cellulose
• Hemi-cellulose
• Proteins
• Fat
• Carbohydrate
Products from slaughter house like rumen, intestinal content have high content of fat, lipids
and proteins which therefore needs longer HRT than biogas production from substrates like
manure, ensilage and food waste. One important point to relate with the temperature is in
areas of cold climate as in the case of Bolivia the HRT for anaerobic digestion of the slaughter
house byproducts is even much larger. This is due to two effects; the substrate type and the
low temperature.
Even though lipids (fat) are fairly rapidly degraded, they may be the reason for problems
related to inhibition. Lipids and their hydrolysis products, the long chain fatty acids (LCFA),
might absorb to surfaces and as such hinder (physically) the attack of exo-enzymes which
hydrolyze the substrate and the transport of substrates through bacterial membranes [22,23].
High concentrations of LCFA are also known to inhibit its own degradation (B-oxidation;
[22]) and also methane formation.
As mentioned above, there is also a close relation between temperature and optimal HRT.
O'Rourke (1968) found that the degradation of VFA in sewage sludge becomes the rate
limiting step at lower temperature [24]. Wellinger (1985) confirmed the findings with cattle
waste [20]. In continuous-flow digesters operated at 18° and 14°C respectively. VFA
concentrations started to increase when HRT dropped below 30d (Fig. 6) with a subsequent
decrease of gas yield
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Fig 6 - Gas yield and acetate concentration from cattle manure in function of HRT and temperature
(source: [20])

3.1.4 Organic loading rate (OLR)
Before preceding this parameter let us define some basic terms that will be used throughout
the text. In biomass feed, the flowing components are mentioned and investigated frequently.
They are defined as follows:
1) Total solids: includes all the solids present in the sample of the solution. It is
determined by evaporating a known sample volume of unfiltered solution in
temperature 105 o C in oven.
2) Total dissolved solids: includes all solids present in the sample solution filtered
through 1.2µm filter. It is determined by evaporating a known volume of the filtrate
sample at 105 o C in oven.
3) Total suspended solids: includes all the solids present in a sample that remain on
1.2µm filter. It is determined by filtering a known volume of sample and placing the
filter and filter container in 105 o C in oven for 24 hour to evaporate the water.
Note that total solids are the sum of the total dissolved solids and total suspended solids.
a) Fixed solids: are solids that remain after firing a sample in 550 o C muffle furnace. It
can be performed in total solids, total dissolved solids or total suspended solids.
b) Volatile solids: are solids removed by firing a sample in 550 o C muffle furnace. It can
be performed on total solids, total dissolved solids or total suspended solids.
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The main interest in biogas production is in the total suspended solids and total volatile solids.
Volatile solids are mainly from organic compounds that are going be converted to carbon
dioxide and water under controlled temperature. The remaining material is considered ‘fixed’
or ‘inorganic’.
The organic loading rate (OLR) describes the amount of organic material (expressed as COD
or Volatile Solids (VS)) which is fed daily per m3 of digester volume. Mathematically it can
be represented as follows:-

Optimum organic loading rate depends on digester type, types of substrate and temperature.
One important point to find out first is which frequency of loading the digester is optimum
and makes sure the microorganism adapt the frequency of the loading. Every digester has a
specific optimal OLR and an exceeding of that specific OLR can result in incomplete
degradation of the volatile solids because the first step which is the acidification step produces
more end products than the second step can utilize, leading to a drop in pH.
Adjustment of the OLR is difficult and requires prior batch (laboratory) scale studies followed
by trial and adoption on field scale.
3.1.5 pH
pH is also important parameter to get stable operational conditions because of the adverse
effects that can occur when the pH fluctuates. Acceptable values of pH 6.2 exist as minimum
before the enzymatic activity of the methane forming bacteria stopped. In a properly operated
anaerobic digestion the pH should be between 6.8 and 7.2. Maintaining optimum pH in any
step is essential to have successful operation and control of the anaerobic system. Otherwise
accumulation of volatile fatty acids often occurs during the operation and the pH will decrease
if sufficient buffering capacity is not available. To solve this problem feeding should be
stopped and the buffering capacity should be increased. But in developing countries this is not
feasible method since the solution is expensive. So rather it is better to avoid the accumulation
of volatile fatty acids by suitable process design and operation. It should be noted also that the
occurrence of toxic chemicals is also pH dependent.
3.1.6 Toxic compounds
There are many compounds that are toxic to the methane producing bacteria in a digester .The
formation of toxic compounds is pH dependent. If the substrate contains high amount of fats
and proteins (e.g. slaughter house products) toxic compounds like sulfides, ammonia and in
most cases volatile fatty acids will be available. In anaerobic digestion methanogenic bacteria
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are most sensitive to the toxicity of ammonia, hydrogen sulfide and volatile fatty acids.
Ammonia is toxic at pH higher than 7, a free ammonia level of 150 mg/L can cause grows
inhibition. Hydrogen sulfide and volatile fatty acids are toxic at pH bellow 7. These values are
not exact values because the methane producing bacteria can be affected by slight change of
the concentration.
Long chain fatty acids are also toxic to anaerobic cultures and give inhibitory effects on
methane production. Anaerobic microorganisms are sensitive to heavy metals but the
concentration rate in most practical production is low. Methanogenic bacteria are very
sensitive to oxygen but facultative anaerobic bacteria present in the digester can consume any
oxygen inside the digester.
In conclusion, prediction should be made before the start of the process depending on the type
of the substrate which kind of toxic compounds might be present. And there should be
monitoring system to control changes exhibited by the culture of bacteria.

3.2 Process design
Process design includes the systems of biogas production, that is the types of equipments used
and their design. As process parameters refers to the important factors that control biogas
production, the process design affects and controls the production too.
The process design for all biogas plant in principle includes the following units:
• The production unit - which includes the anaerobic digester and storage tanks for pre
and post treatment for digestion.
• The biogas upgrading unit
• All Precautionary safety units
There are so many types of design available for the above units (facilities) depending on the
types of waste to be processed, the type of biogas needed (methane content needed) and
economical conditions of the concerned producer. It will be very difficult and laborious to go
through all types of design available since it is countless. Therefore, in this study the main
important concerned unit will be discussed that is the production unit. Moreover the
discussion will be limited to the production unit types available in developing countries in
order to relate to the current small scaled biogas production in Bolivia. Before analyzing the
production unit in developing country lets discuss the principle set up of the production unit.

3.3 Production unit of biogas
The main core of the production unit from the biogas plant is the anaerobic digester. In the
next section these anaerobic digesters will be studied in detail.
3.3.1 Anaerobic digester
Digester (reactor) is the place where the waste biomass is digested. The classification of
reactors is based on criteria like the mode of feeding, mixing of fluid (substrate and sludge) in
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the reactor. [25] The most common types of reactors involved in biogas production are
discussed below depending on the criteria mentioned above.
There are two types of digesters classified and named according to the mode of operation for
waste to be digested.

 CSTR (Completely mixed tank reactor system)
Continuously stirred tank reactors are also known as well mixed reactors. CSTR or well
mixed reactors are easily visualized as vessels or tanks that are stirred to achieve uniformity
throughout the tank. The biomass waste which is ready for digestion is pumped at specified
interval into a digester, displacing an equal volume of digested waste. Therefore, the volume
in the digester remains constant.

Mode of feeding –can be at regular interval or batch
mode of feeding (where the waste is once fed
totally)
Mode of mixing – always continuous mixing at
intervals of days or hours is applied depending on
the types of waste for CSTR.
An ideal CSTR, when new material or substrate
filled in there is an automatic overflow of the digested substrate.
In order to achieve this, the substrate must always be fluid. It is assumed that the fluid is
homogenous throughout the reactor due to the intense mixing.
Fig 7 - CSTR

 PFR (Plug flow reactor system)
Plug flow reactors are also called tubular rectors due to their shape resembling tube lying in
the horizontal direction. The concentration of the substrates decreases from inlet to outlet,
where as new formed product increase from inlet to outlet.
Mode of feeding – is continuous so that when
new substrates are added, the metabolized
products displace the volume.
Mode of mixing – the fluid is perfectly mixed
in the radial direction but not in the axial
direction (forwards or backwards).
Fluid going through a PFR may be modeled as
Fig 8 - PFR
flowing through the reactor as a series of
infinitely thin coherent "plugs", each with a
uniform composition, travelling in the axial direction of the reactor, with each plug having a
different composition from the ones before and after it.
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There are many types of design and classification based on the combination of the two basic
types mentioned above. As an introduction the above discussion will be enough to show all
the types in developed and developing countries are the extension of these basic types of
digester.
In the next section the types of digester which are designed ad being used in developing
countries will be explained in detail. Furthermore, the comparison will be made of between
each types of system in order to get an insight where the Bolivian biogas plant stands in terms
of its digester design. This helps to propose solution and take the advantage of the experience
as these digester were practiced for so long in many countries.

3.4 biogas production units (biogas plants) in developing countries
There are several kinds of biogas plant types used in developing countries this includes:
a) Bag digester plant
b) Fixed dome digester plant
c) Floating drum digester plant
d) Vacvina Biogas plant
In the next section each of this kind of biogas plant will be discussed in detail. The analysis
made will be helpful in selecting the best set up for the production and will be used in later
chapters.
3.4.1 Bag digester plant
Bag digester plant is also called balloon plant. It generally consists of a plastic or rubber
digester bag which is UV-resistant and made from materials like Neoprene, Rubber, and
RMP. The substrate and sludge is fed in the bag which has inlet and outlet tubes attached
directly to the skin of the bag. The gas is stored in the upper part of the bag, even though in
some cases it is possible to collect the gas in another bag. The residue is collected in the lower
part. (see Fig 9 and 10)
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Fig 9 - Bag or balloon digester (source: Bioconversion of Organic Residues for Rural
Communities (UNU, 1979, 178 p.)

As shown in fig 9, the pressure of the gas is adjusted by putting stones on the bag or building
supporting concrete structure. Agitation or mixing is accomplished by the movement of the
skin of the bag.
The bag digester type acts essentially as plug flow reactor (PFR) where the materials added
each day theoretically will move
as unit mass through the digester
until the HRT is reached. Then,
the digested mass will flow from
the digester bag as unit.A portion
of the effluent is re-introduced
into the inlet so that it will act as
seed to re-inoculate the bag
digester.
InBolivia the production of the

Fig 10 - Bag or Balloon digester with separate gas collector
biogas is being carried out by the
(Source: Google image

similar bag or balloon digester.
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Fig 11 - Bag digester a project site in Bolivia.( Source: photo from the current project in Bolivia)

Advantage of the bag (balloon) digester:
a)
b)
c)
d)

It is inexpensive compared to all other digester type.
The installation is easy and can be done in hours.
It offers uncomplicated cleaning mechanisms.
The bag walls are thin. Hence, the digester content can be heated easily if external
source is available (e.g. sun).

Disadvantage of the bag (balloon) digester:
a) It has short life span (average 5 years).(Source: practical experience seen in
production of biogas with bag digester in rural Ethiopia)
b) It is easily damaged and hard to repair.
c) More labor required to remove the slurry and transport it to the field.
d) It is very hard to maintain it in uniform temperature when there is fluctuation of
temperature in the environment.
e) It is difficult to insulate.
f) It needs a very high quality plastic (PVC).
Bag digester was constructed first in Taiwan in 1960. Later it is tested in Nepal by GGC at
Butwal from April to June 1986. The report from the test shows that bag digester can be used
very well provided that it is possible to maintain pressure in the bag to avoid inflation and if
PVC plastics can be found easily.
In contrary to what is reported, experience has shown that it is difficult to find PVC plastics in
most developing rural countries.
3.4.2 Fixed dome digester
Fixed dome digester is a Chinese model biogas plant. It was built in China around 1936. First
it was constructed with bricks underground. The basic parts was also included namely
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digestion chamber and gas storage at the top part. In Chinese model, the digestion chamber
and gas holder were combined as one unit.
Later the fixed dome digester was constructed by KVIC. Khadi and Village Industries
Commission (KVIC) is a statutory body established by an Act of Parliament (No. 61 of 1956,
as amended by act no. 12 of 1987 and Act No.10 of 2006. In April 1957, it took over the work
of former All India Khadi and Village Industries Board. [10]
The digester has many in various types, like the Chinese fixed dome, Janata model and Janata
II model, Deenbandu and CAMARTEC.

Fig 12 - Fixed-dome type biogas plant (digester) (Source: http://www.industrialgasplants.com/biogasplant.html)

As shown above in the fig.12. The biomass to be digested (e.g. slaughter house product) will
be fed to the digester and the responsible bacteria convert it to biogas and slurry (digested
waste). The gas consisting of methane and carbon dioxide with other trace gases is captured in
the dome shaped gasholder while the slurry is displaced in the compensating tank.
The level of slurry in the digester depends on the loading rate, gas production and
consumption. At the time of gas production slurry is pushed back sideways, displaced to the
compensation tank. When gas is consumed slurry enters back into the digester from the
compensation tank. As a result of these movements, a certain degree of mixing is obtained of
slurry of different ages; therefore this design approaches a mixed digester reactor (CSTR).
The fixed dome digester is relatively inexpensive. It is simple, has no moving parts and has
therefore a long lifespan, up to 20 years (GTZ, 1999). The plant is suitable for cold climates
because most part is beneath the ground level. Therefore the plant is protected against low
temperatures occurring during night and in cold seasons. The temperature within the digester
is lower during daytime and higher during nighttime (GTZ, 1999). This fluctuation is
beneficial for the methanogenic bacteria and subsequently for the biogas production.
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Advantage of the fixed dome digester:
a) It is inexpensive compared to the advantage it offers when compared to other types.
b) It is durable and can be used up to 20 years.(GTZ,1999)
c) It is well insulated and underground construction. It is best type of digester for
producing biogas at colder climate in countries like Bolivia.
Disadvantage of the fixed dome digester:
a) It is very difficult to construct in bedrock areas.
b) High technical skills are required for a gas tight construction and special sealant is
required for the gasholder .This is because gas leaks may occur due to design failure.
c) The life of fixed dome type plant is longer (from 20 to 50 years) compared to KVIC
plant.
In the last 17 years, Gobar Gas and Agricultural Equipment Development Company (GGC) of
Nepal have developed a design and it was well used in many countries. GGC designed the
fixed dome model based on the initial china model, the only main modification being concrete
dome rather than brick dome.
3.4.3 Floating drum digester
After the construction of fixed dome digester in India, Jashu Bhai J Patel developed a design
of floating drum biogas plant in 1956. In 1962, Khadi and Village Industries Commission
(KVIC) of India approved Patel’s design and soon became popular in India and the world.

Fig 13 - Floating gas-holder biogas plant(Source: http://www.industrialgasplants.com/biogasplant.html)

The digester tank designated by letter T on the figure above is surrounded by a well made of
concrete. It is divided into two parts. One side has the inlet, from where slurry is fed to the
tank. The tank has a cylindrical dome designated by letter H made of stainless steel that floats
on the slurry and collects the gas generated. This is the main difference with the fixed dome
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digester discussed above. The gas can be taken out through outlet pipe V. As the decomposed
matter expands, it overflows into the next chamber in tank T. This is then removed by the
outlet pipe to the overflow tank and is used as manure for cultivation purposes (fertilizers).

Advantage of the floating drum digester:
a) All the advantages the fixed dome digesters have are also the advantages of the
floating drum digester.
b) Additionally in this kind if digester the gas pressure is constant as a result of the
weight of the drum.
Disadvantage of the floating drum digester:
a) The floating chamber is made of stainless steel. This is expensive and needs
continuous maintenance and supervision for non-rust.
The high expensive cost of steel and maintenance being the weakness of this design, its
popularity declined. As result of this, In Nepal, KVIC design plants have not been constructed
since 1986.
3.4.4 Vacvina Biogas plant
The VACVINA model is an improvement of previous biogas designs namely fixed dome and
plastic bag plants.

Fig 14 - Vacvina biogas plant (Source: VACVINA, Center for Community Research and Development
(CCRD))

The input to the digester comes through a ditch (as shown in the above figure) attached
through a siphon system, connecting the wastes from the animal shed to the digester. The
digester is a rectangular structure with a volume capacity of over 5 m3 suited to an animal
husbandry of five to six pig heads. It could be placed next to or below the animal shed. The
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output of the digester goes through PVC exhaust pipe. This biogas reservoir system collects
and stores gas from the digester for cooking. The system normally has two to three plastic
bags. The collected gas is then used as fuel for the kitchen stove.
Advantages of the VACVINA model:
a) It is a simple construction requirement with high tolerance to construction flaws and
defects.
b) It is relatively less expensive than others in terms of construction and maintenance
costs, requires minimum spaces, which enable them to be built even in land constrained
areas such as overcrowded compounds
c) It is suitable for colder climate countries like Bolivia since the biogas plants consist
of a flat top rectangular underground digestion chamber with external plastic gas
reservoir.
d) It has long life expectancy.

3.5 Assessment of the different biogas plant
To make the study very feasible and be able to compare the current bad digester used in
Bolivia for this project scale based evaluation and assessment can be made. The evaluation is
based on the common properties and process outputs that are expected from one biogas plant.
1. Structural strength
Structural strength measures the mechanical strength of the digester to stand the internal
pressure exerted by the gas being produced. This is to avoid the occurrence of gas leak and
explosion in some cases. The structural strength is related to the shape of the digester.
• Bag digester – Bag digesters have the lowest structural strength and can easily be
inflated or expanded due to pressure.
• Fixed dome digester – this type of digester have the highest load bearing capacity that
is due to the spherical shape they posses which makes pressure to be distributed
instead of the acting at one point.
• Floating dome digester – this type of digester has better strength but not like fixed
dome since the steel structure on the top of the digester lacks strength
• Vacvina Biogas plant – this type of digester have weak structural strength due to the
flat shape they possess and pressure will be concentrated at point.
2. Life span
Life span refers to the how long the plant or digester can be used before being out of use.
Digester
Type

Life
span

Reference

Bag digester

Less than
5 Years
20-50Years

Small-Scale Biogas Sanitation Systems

Fixed dome
digester

http://www.fao.org/sd/Egdirect/EGre0022.htm
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5-10 Years
Floating dome
digester
Vacvina Biogas 3-5 Years
plant

http://transitioncalifornia.ning.com/forum/topics/from-biogas-tomanure

GTZ 1999

Table 2- Life span of different types of digesters

3. Set up or constructability
Set up or constructability refers to how much of high skilled person are required to set up the
biogas plant.
• Bag digester – these types of digesters have an easy set up. The only limitation will
be finding an access to a good PVC cover for the digester.
• Vacvina biogas plant – these type of plant have also easy set up due to their rectangular
box shape.
• Fixed dome and Floating dome digester –these digesters require a relatively demanding
know how in setting up the plant compared to the bag and Vacvina biogas plant but
relatively also easy compared to all other advanced technologies currently practiced
for biogas production. Especially if the area the plant is located solid rock it will be
difficult to dig underground.
4. Heat maintenance
Heat maintenance refers to the how low is the heat transfer coefficient for preserving heat
when subjected to fluctuating temperature. This is very important criteria since it is directly
related to the problem statement of this project.
The outcome required is, if possible, to avoid the heat loss or minimize the loss from the
digester to the surrounding in such way that it will not affect the process. Heat loss from
digester can be studied based on three factors.
 The shape of digester – if a digester has lower surface to volume ratio the heat loss is
less. From structural physics it is understood that is the shapes like sphere types has
lower ratio. That means that the more the shape resembles a sphere, the less is the loss
of heat. Therefore,
•
•

Fixed dome and floating dome digesters benefit from their shape resembling
sphere and having lower surface to volume ratio.
Bag and Vacvina biogas plant have large ratio which makes more exposed to
heat loss.

 Applying insulation – Even though the insulation is beneficial to all types of digester
in a cold climate and fluctuating temperature area, the implementation of insulating
digester depends on the cost of insulating material and this is directly related again to
the surface volume ratio. Therefore,
•

Fixed dome and floating dome digesters have less surface to volume ratio and
need small insulating material minimizing the cost of insulation.
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•

Bag and Vacvina biogas plant require large amount of the insulating material
due to their large surface to volume ratio.

 Easy set up to install the digester underground. If a digester is constructed fully
underground the heat loss will be minimized in considerable amount. Therefore,
• Fixed dome digesters, floating dome digesters and Vacvina biogas plant
benefit from easy set up to be installed underground.
• Bag digesters can only be constructed partially underground since the PVC
material has to be outside to avoid damage.
5. Maintenance duration
Maintenance duration refers to the time interval in which maintenance is needed to avoid
failure. This involved removing settling solid, cleaning and related work to increase the
performance of digester as new one.
•

•

Fixed dome and floating dome digesters need to be maintained once in 5 year.
That means a complete cleaning shutting up the plant. Also floating dome
digesters need from time to time painting on the steel part to avoid rust and
corrosion.
Bag and Vacvina biogas plant have short life span therefore needs regular
maintenance to avoid settling solid and leak of gas.

6. Investment cost
Investment cost refers to how much finance is needed to set up the biogas plant and produce
certain amount. Investment cost in wider and detailed view depends on many factors like the
kind of construction material used, the easy availability, size capacity of the plant and the
knowledge skill required to construct the specific biogas plant required.
A comparable cost in general is presented below in the table for guideline purpose from
biogas projects implemented in different developing countries below in the table but this
doesn’t guaranteed the cost will be the same in another area since it depends on many factors
as it mentioned above.
Digester type(plant type )

Cost ( USD)

Bag Digester

120

Fixed dome digester

293

Floating dome digester

243

Vacvina biogas plant

140

Table 3 - Investment cost for different digesters (source: [40], [41] and [42])
Based on the above evaluating criteria, the digesters or plant can be evaluated. The evaluation
can be simple comparison is assigning value in number and where the highest number
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describing the high fulfillment of certain criteria where as any disadvantage in the plant can
be accounted by giving a lower number.
On scale 1 to 5, let 1 represent the difficulty or poor selection based on the criteria by using
specified digester where as 5 represent the best chosen one depending on the evaluating
criteria. All the number between 1 and 5 represent the same phenomena in rank.
The table below shows the assessment based on the criteria set.
Evaluating
Criteria
Structural strength
Life span
Flow pattern
Set up or constructability
Heat maintenance
Maintenance duration
Investment cost
Summation

Bag
Plant
1
1
3
5
1
1
5
17

Fixed-dome
Plant
5
5
4
3
5
5
3
30

Floating –dome
Plant
5
3
5
2
4
4
1
24

Vacvina
plant
3
4
1
4
3
2
2
19

Table 4 - Evaluation assessment table for different possible plant of biogas for developing
countries
As shown above the fixed dome plant or digester is the best in fulfilling the criteria for biogas
production when compared to the possible types of plant design that were implemented in
different developing country.

3.6 Conclusions
Production of biogas and biogas plant performance is greatly influenced and controlled by
two important factors namely process parameter and process design. Process parameter is a
process or environmental variable that has to be controlled in order to make the digestion
process in favor as required by the microorganisms. The most important process parameters
are the following.
Temperature
A wide temperature range is available for anaerobic digestion to occur and the temperature
ranges are grouped into three main ranges called psychrophilic, mesophilic and thermophilic
temperature zones. The rate of digestion increases with temperature. Microorganisms are also
classified according to the temperature range suitable to function well.
Organic Loading Rate (OLR)
Organic Loading Rate is a measure of the mass of volatile solids (VS) fed to the digester in a
daily basis. Typical values vary from 0.1 to 15 kg VS/m3/d.
pH
The pH is the characterization of the acidity (basecity ) of the system. The most optimal pH
range for anaerobic digestion is 6.8 –7.5 (Schink, 1988). The pH is important parameters to
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check the production of volatile fatty acids since they are the main source of acid in the
system which is inhibitory
Hydraulic Retention Time (HRT)
Hydraulic Retention Time is the time for the anaerobic microorganisms’ population spends in the
digester with the biomass. The HRT has to be sufficient to avoid washing out of microorganisms
before they replicate themselves from the digester. Carbohydrate can be digested faster and
require less HRT compared to protein or cellulose.
Hydrogen partial pressure
Hydrogen partial pressure balance is very important for the process since methanogenic
bacteria must have enough supply of hydrogen, where as the partial pressure of hydrogen
should be low so that acetogeneic bacteria are not surrounded by too much hydrogen and stop
producing the hydrogen gas.
All the above parameters have to be in their optimal condition in order to carry out the
digestion process effectively. In all practical production of biogas laboratory analysis is first
done to determine the optimal value of the parameters before feeding the biomass waste to the
digester. Later on adjustments are made depending on the result found.
The other important factor in biogas production is the process design. Process design consists
of the production unit, the biogas upgrading unit and all Precautionary safety units. And one of
the most important subunit from the production unit is the digester. The digester is the place
where all the chemical and biological reactions take place.
There are so many kinds of digester available but the operating mode is classified into two
main categories of completely mixed reactor and plug flow reactor.
Under the mentioned category there are so many types of design available as explained in the
chapter, but the main type of digester practiced in developing countries are the following:•
•
•
•

Bag digester plant
Fixed dome digester plant
Floating drum digester plant
Vacvina Biogas plant

Each type of the digester and plants are discussed in the chapter in detail. And the most
suitable digester type based on the structure, heat loss reduction similar to the project under
study in Bolivia is the fixed dome digester.
As an overall remark, it can be said again that both the process parameters and process design
have to be in optimal arrangement and linked in order to produce biogas that have
considerable outcome in public system providing energy source.
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Chapter 4
4. Development of kinetic model
4.1 Justification to the development of kinetic model
In the last chapter, discussion is made on how different parameters affect biogas production.
In controlling and adjusting all the parameters to the optimum condition will lead to
successful production of biogas. But it is very important to know what will happen to the
other parameters when some other parameters are changed pre hand before applying change.
In this project some of the parameters like temperature are not adjustable in direct way even
though the optimum temperature for the production is known from theories and experiments.
Since still the objective is to produced biogas from slaughter house at cold and fluctuating
temperature, understanding only how temperature affects the process is not enough to advance
in solution proposal. The overall of relationship of temperature as parameters should be
understood with bacterial cell growth, product formation, byproduct formation and interrelationship with the other parameters discussed in the last chapter like Ph, HRT, etc.
This indicates that need to find some expression where all the parameters (variables) affecting
biogas are linked to each other. In other term, a mathematical model is needed to represent the
reality of what is going on biogas production.
A mathematical model for biogas production is a set of relationships between inputs and
outputs. In a biogas system, the output is what is coming out of the digester which includes
product, by product and unexpected compounds in case of failure in process control. The
input parameters include all the process parameters discussed in chapter 3.
The type of model that needs to be developed is kinetic model because the main limitation
due to low temperature is on the rate at which microorganisms grow and decompose waste to
other products.
As a general rule, any model including the kinetic model mentioned here must be as simple as
possible even though it has to cover the wide range of the entire process. In the coming
section step by step approach of developing kinetic model of biogas will be done.

4.2 Development of kinetic model
So many various kinetic models have been developed for anaerobic digestion of waste
biomass and biogas production. Examining the early ones developed single-culture system
assumption (the overall microorganisms and inter-relationship is treated as if there is one
single microorganism in the system) were made and considers Monod equation[1, 2, 3].
Recently other models based on a continuous multicultural system have been developed. It
represent the conversion process better but again assumptions are made including culture
growth obeys Monod-type kinetics.
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4.2.1 Monod equation
Before including all factors and trying to develop model for the overall biogas development,
let’s examine the basic model equation called Monod equation. This equation relates specific
growth rate of microorganism to substrate concentration (nutrition to the microorganism). The
equation will be used also later, so through understanding is important. Even if there are there
are many models with varying complexity the Monod equation due to its simplicity will be
chosen to represent the relationship.
The Monod equation relates substrate concentration to microorganism growth rate as
follows:-

Where µ - is specific growth rate
- is maximum specific growth rate
S - is substrate concentration
km – is the half saturation concentration
The graphical representation of equation 1 looks as shown below

Fig 15 - Graphical representation of growth rate of single bacteria cell and substrate concentration.

Note: - The Monod equation assumes that only the availability of substrates determines the
growth rate of microorganisms. It is known facts that the assumption is not correct one since
several other factors determine the growth of the microorganisms.
But still this model equation represent very well the growth rate of the substrate based on only
substrate. Therefore, its importance remains the same.
4.2.2 Basic assumptions
In the previous section discussion is made on the basic relation that is going to be used more
often to describe the relationship between microbial growth and substrate concentration. Now
in this section basic assumptions will be discussed for developing the other relationships of
biogas production with parameters listed in chapter 3.
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The two most important assumptions are taken into consideration in the development of the
kinetic model:
1) Complex polymeric compounds can’t be taken by the microorganisms without initial
hydrolysis into soluble (consumable) compounds. The direct substrate (intake food)
for cell growth and methane production is the hydrolysis assimilable compounds
which are the product of hydrolysis.
2) The transport of hydrolyzed assimilable compounds which into the cell is not rate
limiting [7].

4.3 Kinetics Model development for anaerobic digestion
The anaerobic digestion is takes place in three phases or stages.
 Phase 1- Extracellular hydrolysis of complex compounds into soluble substrates
 Phase2- Transport of soluble substrates into the cell of the microorganisms
 Phase 3-Utilization of assimilable substrates for growth and methane formation.
4.3.1 Phase 1
Hydrolysis is assumed to be a first-order reaction with respect to the concentration of
hydrolysable substrate S (mass/volume):
Let S-denotes the hydrolysable substrate concentration (This don’t include nonhydrolysable substrates).
Sh-denotes concentration of hydrolyzed substrate (g/L)
Kh-denotes hydrolysis rate coefficient, L/day
Then, –

)………………………………………………………. (1)

To clarify more ,how equation 1 is derived .Assume we have a digester shown below with
initial concentration of hydrolysable substrate ,S and outlet concentration after some product
are hydrolyzed represented by Cs.

STo (SO+Sr)

S+Sr

CS

Figure 16 - Digester feed and output.

In Figure 16, out of the total feed STO ,which contains the total biodegradable substrate
concentration (SO) and non-biodegradable concentration (Sr ),only S concentration of is
hydrolysable concentration of the substrate .And from this S concentration ,only Sh is
hydrolyzed by the bacteria and which is not shown in the figure.
The rate of change of the concentration of S can be written using the rate law, mathematically
as

35

Potential for biogas production from slaughter house residues
, where

denoted the transfer coefficient or rate constant. The negative sign

indicates there is degradation. But if the amount of hydrolyzed substrate is represented by Sh,
then =S – Sh.
Therefore substituting the value of

to the above rate equation –

) can be

written. The validity of the assumption was experimentally proved by pavlostathis and
Gossett [6].
4.3.2 Phase 2
Internalization or transport of the hydrolyzed substrate into the cell is accomplished by
diffusion. Therefore, the transport of the hydrolyzed substrate into the cell of microorganism
is dependent and related on the following factors.
1) The difference in concentration of the hydrolyzed substrate (
) outside and inside
the cells of the microorganisms. (This is called the diffusion gradient).
2) The concentration of the active cell biomass (the amount of microorganism actively
growing by feeding the soluble hydrolyzed substrate).
Let X- denotes the active biomass of cell concentration.
Su- denotes the intercellular (inside cell) concentration of hydrolyzed substrate.
K- denotes hydrolyzed substrate transport rate coefficient, time-1.
Then the rate change of hydrolysable substrate, S can be written in terms of the above
parameters as follows:
………………………………………………. ….. (2)
It is assumed that hydrolyzed substrate entering into the cell is metabolized very fast so the
intercellular concentration ≈0. Therefore equation 2 becomes
……………………………………………………………. (3)
The concentration of the hydrolyzed substrate outside the cell ( ) can be derived by
combining equation 1 and 3.
–

)=
)=

Therefore,
………………………………………………………….. (4)
4.3.2 Phase 3
Microorganisms’ cell growth on hydrolyzed (assimilable) substrate is assumed to follow
Monod kinetics as discussed earlier and is expressed as,
……………………………………………………………… (5)
Where -denotes the specific growth rate of the microorganism, time -1.
-denotes maximum specific growth rate of microorganism, time -1.
-denotes half saturation constant for hydrolyzed substrate, g/L.
36

Potential for biogas production from slaughter house residues
Substituting the value of the hydrolyzed substrate concentration
equation 5, equation 5 becomes

from equation 4 into

……………………………………………………… (6)
Under steady state condition of continuous digestion in a completely mixed reactor without
recycling, the flowing relationship holds.

Representing HRT with the symbol HRT,
…………………………………………………………………….. (7)
That means the specific growth rate of the bacteria is equal to the time duration starting the
time the microorganism get fed of biodegradable substrate until the remaining is washed out
with the product formed. In other terms, equation 7 implies the growth rate of the bacteria is
proportional to the time they get continuous feed of assimilable substrate, and this time is
equal to the hydraulic retention time.
The other relationship that holds for steady state condition is as follows:
Let F –denotes volumetric substrate removal rate, g/L.
So - denotes input biodegradable substrate concentration, g/L.
S-as used above denotes the hydrolysable substrate concentration in the digester, g/L.
Then

………………………………………………………………… (8)

To achieve simplification on the model, the following assumptions are taken into
consideration.
• Maintenance energy is assumed to be small. That means the energy consumed for
functions other than production of new cell material is neglected.
• Microbial decay is also assumed to be small.
This assumption makes the biomass yield coefficient, represented by Y, constant.
The biomass yield coefficient (Y) is the ratio of the rate of new cell development to rate of
substrate consumption (cell mass /substrate mass).
Then the active call biomass can be expressed as
……………………………………………………….. (9)
Since,
.
Substituting equation 9 into equation 6 for the value of X, equation 6 becomes
………………………………… ……….. ….. (10)
Equation 10 is the basic equation for substrate utilization in the anaerobic digestion of
complex organic substances.
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4.4 Adjustment of the basic model equation to more realistic
conditions.
The half saturation constant with respect to the hydrolyzed substrate (KS, mass/volume) is
expected to be small value. KS for sugar in methane fermentation was reported to be
0.24g/L[6].When S>> KS ,which may be the case in practical anaerobic digestion of complex
feeds, the second term on the right hand side of equation 10 becomes negligible (KS/S≈0) and
the equation degenerates to ,
………………………………………… ………….. (11)
In the case of easily hydrolysable substrates,
may be very large in relation to other values.
The extreme case of soluble and assimilable substrates e.g. Glucose, =∞.In such cases the
first term of equation 10 becomes negligible and the equation is reduced to
…………………………………………. …………………….. (13)
To show the effluent substrate concentration (S), is dependent on the influent substrate
concentration ( ), the flowing arrangement can be done.
If

can be represented by A and

, then substituting these values in equation 10,

it can be written as
……………………………………………. (14)
At washout, S0=S, and equation 10 can be written as
………………………………………………………………… (15)
Equation 15 also shows that if S>>K, µ≈
Equation 10 can also be arranged as

at critical retention time.

…………………………………………………………… (16)
to show that as S approaches zero , approaches zero. That means, growth is possible only
when there is enough hydrolysable substrate.
4.3 Incorporating refractory coefficient to the model equation.
As it is discussed earlier, the volatile solid (VS) content of the feed is the one that has the
main potential to yield methane gas, as it is combustible /degradable in the digester. But there
is non-biodegradable part always in the feed no matter how long the process runs. The nonbiodegradable part from the volatile solids is called Refractory material.
Let us first, restate the terms again to avoid confusion before proceeding to the next step.
Let -denotes the input biodegradable substrate concentration, g/L at time t=0.
Sr –denotes is the refractory (non-biodegradable) concentration, g/L.
STO-denotes total feed concentration, g/L. (STO=So + Sr).
S - denotes biodegradable substrate concentration in the effluent or in the digester, g/L.
ST-denotes total substrate concentration in the effluent, or digester, g/L. (ST=S + Sr).
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ST=(Sr+S)
STO=(S0+Sr)

ST=(Sr+S)

Figure 17 - Degradable and non-biodegradable portion of the substrates (Sr).
Note that Sr does not show any change from feed to product since it is biodegradable
Now, refractory coefficient can be defined based on the above illustration.
Refractory coefficient (R) is the decimal fraction representing the proportion of substrate that
is non-biodegradable at infinite digestion time.
Mathematically, R=

…………………………………………………… (17)

The flowing relationship can be then written
S0 =STO – Sr = STO -R STO= STO (1-R),
S0= STO (1-R)……………………………………………………………………… (18)
And,
S=ST – Sr= ST-RSTO,
S=ST –RSTO………………………………………………………………………. (19)
By using equation 7, 18 and 19 equation 10 can be written as
…………………….. (20)
Equation 20 can be further rearranged as
……………………………………………………… (21)
Equation 21 shows the relationship between effluent concentration and influent concentration
of total volatile solids.
Furthermore, volumetric substrates removal F may be expressed as
………………………….. (22)
The term

is the loading rate of the total VS, described in the previous chapter.

As it can be seen in the development all the parameters are linked together to each other, and
the value of one parameter change drastically affect (change) the other.

4.4 Kinetics of methane production
Prior to developing the methane production kinetics, the following terms should be defined.
Oxygen demand (OD) is basically consists of biodegradable or biochemical oxygen demand
and non-biodegradable or chemical oxygen demand.
b) Biodegradable oxygen demand (BOD) is a measure of the amount of oxygen that a
bacteria will consume while decomposing organic matter under aerobic condition.
c) Chemical oxygen demand (COD) is a measure of the total quantity of oxygen
required to oxidize all organic matter into carbon dioxide and water .COD doesn’t
differentiate between biologically available and inert organic matter. And COD is
basically a measure of the organic matter content or concentration.
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In anaerobic system no oxidizing agent is added and COD reduction can only occur through a
removal of organic material from the waste (biomass), through metabolic pathways leading to
the evolution of methane and carbon dioxide.

Fig18 - Comparison of the COD balance during anaerobic and aerobic treatment. (Source: [18])

The waste (biomass) COD can be calculated from the methane produced. It was reported in
literatures the destruction of 1 g of waste (biomass) COD was shown to be equal to the
production of 0.35L of methane at STP (standard temperature and pressure) [39].
It is assumed the ratio of the biodegradable COD reduction and biodegradable VS reduction
remains constant through anaerobic process, since VS represents the organic content of the
feed. Therefore, the ration COD/VS is generally constant for a given residue.
Following the above analysis, if
B-denotes the specific methane yield in liters at STP per gram of COD or Vs added to the
digester.
BO-denotes the maximum specific methane yield in liters at STP per gram of COD or VS
added to the digester at infinite retention time.
The biodegradable COD or VS in the digester will be directly proportional to the BO-B and
BO will be directly proportional to the biodegradable COD or VS loading .Then the flowing
relationship can be derived.
………………………………………………………………… (23)
By using equation 23 equation 10 can be expressed as follows

Since

is represented by A,
……………………………….................................... (24)

Equation 24 represents the kinetic model equation for methane production.
Equation 24 can be further arranged using equation 18,
………………………………………………………… (25)

……………………………………………………… (26)
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Equation 25 and 26 show that at constant influent substrate concentration, as HRT approaches
∞,

approaches unity. That means it is possible to achieve the theoretical maximum yield by

keeping the hydraulic retention time very long.

4.5 Kinetic consideration and model manipulation.
The volumetric methane production rate represented by M v, in volume of methane per
digester volume per unit time can be given as follows:
……………………………………… (27)
Where,

is the loading rate.

Representing this loading rate

by Q,

………………………………………………………. (28)
Here a more generalized representation can be made by analyzing the equation 28. The
expression

is very small close to zero in most cases because the value of

is very

small representing the half saturation constant for hydrolyzed substrate, g/L. When this value
is divided by
and added to the constant A, the result will be approximately the
same as A. Therefore, hence
=A
Then equation 28 can be written as
) ………………………………………………… (29)
Equation 29 shows at infinite retention time, the gas production equal to
, since the right
term in the braces approaches unity as
becomes very large. The constants on the right
side of the equation can be estimated to be constant for pyscrophilic digestion [9] since they
represent utilization rate except the HRT and
term.
The parameters which are dependent on other factors are described below
1) BO –is the maximum biodegradability or methane yield and depends on the chemical
structure and composition of the substrate ,not on temperature.
2)
-is the specific maximum growth of the microorganism which is dependent on the
temperature.
3) Q-is the loading rate which is dependent or function of the added Volatile solid(VS)
per day .
The parameters described on 2 and 3 above can be manipulated to adjust (compensate) for
low temperature digestion .This is done by increasing the HRT at constant loading rate or by
making the loading rate adjustable to the substrate utilization of the respective microbes at
constant HRT.
As described in chapter 2 the substrate degradation for anaerobic digestion has four major
phases. In sufficient retention time (HRT) will result in the following effects:
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1) The system becomes intensively acidified with VFA. This is because the conversion
rate of VFA to methane by methanogenic bacteria is lower than the production of
VFA by acidogenic bacteria. Since methanogenic bacteria are the most sensitive of all
the microbes, the decrease in pH due to the accumulation of VFA affects them to
perform the conversion.
For instance several researchers found that the HRT of 20 days at 20 oC, the propionate
concentration will be three times higher than the acetate concentration ;a built up of
propionate VFA is toxic to methanogenic bacteria[13,14].
2) If the HRT is lower, then SRT (sludge retention time) is also lower and the sludge
containing the microbes will be washed out of the system at end before the net
bacterial growth is achieved.
Finally, as shown mathematically the composition of the substrate has to be modified by codigesting to get better result or longer residence time is needed to get high yield of methane

4.6 Conclusions
In biogas production the volume of Methane that can be found from one time production per
digester can be written mathematically. This helps to understand two basic things:•
•
•

It helps to understand what factors determining amount of methane produced.
It helps to understand how each factor is related to each other.
It predicts understand what will happen to the methane amount if one factor is
changed, remains constant.

Therefore, after discussing how the development of the mathematical expression of methane
yield is produced in the above section, it was possible to show that the volume of methane per
digester volume per unit time can be given as:)
Or

Since

=

Here it can be seen all the factors discussed theoretically are included and affects methane
yield. Additionally changing one factor has many proportional changes on the other factor.
The objective is to increase the methane yield, M v . In order to achieve this adjustment must
be on the other factors. The following factors are important one:• BO –is the maximum biodegradability or methane yield and depends on the chemical
structure and composition of the substrate ,not on temperature.
•
-is the specific maximum growth of the microorganism which is dependent on the
temperature.
•
-The hydraulic retention time
• STO- total feed concentration.
Here solutions can be suggested what must be done on each factor in order to increase the
methane yield.
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•

•

•

Increasing BO (maximum biodegradability) will give higher methane yield. But this is
characteristic of the substrate not the system and it is related to the total feed
concentration (STO). Since the substrate use here is mainly slaughter house product
which has low biodegradability, the means to increase biodegradability will be codigesting it with other easily biodegradable substrates like carbohydrates (ensilage,
food waste, paper etc). This will be discussed in later chapters in detail.
Increasing
(is the specific maximum growth of the microorganism,) will give
better methane yield. In fact this is one of the major problems as discussed since the
growth of the microorganisms is limited due to low temperature. Solutions available
to increase temperature will also help increase the growth of the microorganisms.
Solutions will be discussed in the latter chapter.
Increasing or decreasing
(hydraulic retention time) cannot just be recommended
as a solution alone without other factor. If the process of production is batch (one
time) production increasing the HRT will let give better methane yield because
digesting until all the substrate is exhausted will give all the possible amount of
methane that can be found. But in case of continuous process there should be specific
amount of time decided for the substrate to stay in the digester depending on the
loading rate (the amount of feed per HRT). This is because if the feed is continuous
there will be fixed pick time where there is higher amount of biogas production rate
(note that it is production rate not volume). The amount of biogas produced after this
production rate is not so much and it is better to feed another substrate than wait until
all is exhausted.

In this production in Bolivia so far the data collected shows that the feed from the slaughter
house are going to take place in batch manner. Therefore, it is mandatory to understand the
above mentioned case, and increasing HRT will be an appropriate solution.
In the coming sections solutions will be discussed how to improve each factor shown by the
model and the associated changes that are recommended on the process parameters and design
to implement the solution successfully
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Chapter 5
5. Mitigation measures to increase Biodegradability
It has been discussed so far what factors control the production of biogas. In this chapter and
coming chapters study will be made to propose solutions to mitigate the effect realized from
the model and ultimately to get better production of biogas. In this chapter, the focus will be
one of the parameters that is impeding the production that is the maximum biodegradability
BO. As it shown in the model equation

Increasing maximum biodegradability
and
will give higher methane yield. But this is
characteristic of the substrate not the system. Since the substrate use here is mainly slaughter
house product which has low biodegradability since it is mainly protein compounds.
Additionally too much blood as substrate means low total solid content or volatile solid
content. Therefore the focus on this chapter will be how to increase these parameters in order
to get better yield.
One of the known methods to achieve this efficiency in production is to use method of codigestion. In the next section deep discussion about co-digestion and how this could help to
increase the biodegradability and related factors will be studied.

5.1 Concept of Co-digestion
When more than one substrate is mixed with other substrate/s in homogenous mixture and
undergoes anaerobic digestion the process is called Co-digestion. The number of substrate to
be digested together is unlimited but proper amount of ratio is always added to get effective
result out of the process.
In this project as it being mentioned co-digestion is recommend as one solution. To analyze
the fact deeply, let’s examine the main substrate that are discharged to lake Titicaca.
Slaughter house products including rumen, intestinal content and mainly blood are the
residues discharged and the aim is to digest this residues and produce biogas at the same time
avoid the contamination of the lake Titicaca and surrounding.
It is suggested that co-digesting these slaughter house products with food waste and energy
crops products like ensilage helps to get better yield of biogas. Before discussing co-digestion
as solution in the next section, logical justification will be discussed to answer basic questions
such as;
• Why is it not recommended to digest slaughter house products alone?
In the next section two important points will be discussed to answer the above question
focusing on the slaughter house residues.
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5.1.1Slaughter house residues
Going back to the questions stated above. The reasons why slaughter house products could
not be digested alone (why co-digestion is necessary) are as follow:
• The microorganisms which degrade the slaughter house waste (or any kind of waste)
are highly affected and destabilized from normal functioning if much ammonia is
produced in the conversion process. Animal by products from slaughter house
(intestinal content, rumen and blood) are source of high protein which breaks down to
simpler forms of ammonia.
To elaborate more, ammonia is toxic for the process for the following reasons:
 The hydrogen ion concentration ( H+)balance which is has to be stay balanced
for acetogenic and methanogenic bacteria will be disrupted because the ammonia
will form the ammonium ion (NH4+) by reaction called oxidative
phosphorylation by passing through the mitochondrial membrane (bacterial
membrane).
 The production of ammonia as NH3 as it disrupts the hydrogen balance, it will
increase the PH of the system beyond the required optimal amount and result in
total shut down of the system.
 Ammonia is taking part in the redox reaction, therefore it disrupts co-enzyme
(NADH/NAD+ and NADPH/NADP+) balance needed for further reaction which
makes the system to produce less gas.
• The other reason digestion alone is not recommended is the high amount of fat
available next to the protein in slaughter house product will inhibit the degradation
process as discussed in chapter 2&3. This is due to two main factors:
 Fats are very difficult to degrade due to their complex structure
 Fats degrade into fatty acids which lowers the PH level below the optimal value
and leads to the disruption of system
Note: - Even if the issue discussed here are focused on how the slaughter house products are
not recommended to be digested alone, as an overall the temperature condition which is
discussed in the previous chapters makes the process even more difficult.
• The other reason is slaughter house products do not fully satisfy one of the required
parameters in biogas production that is the carbon to nitrogen ratio. This will be
discussed widely in the next section.
5.1.1.1 Carbon to Nitrogen ratio
In the previous section the justification why single substrate digestion is not recommended is
given. Here in the other problem described briefly above will be discussed. An effective
biogas production of biogas an aerobically from biomass waste depends on many factors
(parameters) discussed in chapter 3. One of the important factors very closely related to this
section is the carbon/nitrogen ratio (C: N).
When looking to each element individually, microorganisms need carbon as basic building
block and means of getting energy while nitrogen is important for development of genetic and
cellular material. Carbon is dominant element in all carbohydrate, cellulose containing
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biomass, where as nitrogen is dominant element in protein containing biomass. Even if both
elements are necessary there is natural metabolism mechanism microorganism follow to take
these nutrients (Carbon and nitrogen) as there is natural, standard and required amount of food
and nutrient intake for humans.
Microorganisms commonly need about 30 parts of carbon for every part of nitrogen they
digest. If nitrogen is excess, the microorganisms cannot digest all and lost in the form of
smelly ammonia gas which itself is bad for the microorganisms for reasons discussed above.
In any biogas production the C: N ratio of the substrate is determined in the laboratory before
feeding the substrate to the digester and start production. In fact, most of the materials are
recoded and the C/N ratio of all kind of materials which can be used in digestion process are
known with their C/N ratio as shown in Appendix 1.
Therefore we can see that from the table the C/N ratio of blood for example is 3:1. This
explains that the carbon content present in blood is 3 times nitrogen which is very much low
since C/N ratio needed for digestion is 30:1. Since slaughter house residues do not fulfill the
necessary C/N ratio, digesting them without any means of increasing the carbon content will
give insufficient result.
In the next section solution will be suggested how to increase the C/N ratio. At the same time,
any solution that increase the C/N ratio will result in less nitrogen in the system which is by
itself mitigation measure for the problems discussed concerning nitrogen and ammonia in the
above section.

5.2 Co-digestion as part of the solution
The reason why above two justification are made on the idea of digesting slaughter house
products is to show that co-digestion as result of logical explanation even though it is very
well known facts and experience to use co-digestion in many scenarios. The obvious solution
here will be increasing the carbon content of the slaughter house product. That means adding
more carbon to the slaughter house products so that the ratio of C to N goes up to at least as
required to 30:1. Adding carbon means adding materials that have high carbon content and
digesting this material together.
The above statement is the other way of defining what is called co-digestion. In this
production of biogas slaughter house products are recommended to mix with any
carbohydrate waste that can be easily available like ensilage and food waste because the C/N
ratio of both wastes are high. And as homogenized mixture of the three substrates (slaughter
house products, ensilage and food waste) the C/N ratio will increase. This is the standard and
suitable mix for the microorganisms to digest at faster rate and to avoid the problems
discussed above related to ammonia toxicity.
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5.3 Related advantages of Co-digestion
The main advantages of the co-digestion of ensilage and food waste with the slaughter house
products are discussed above. But further more additional advantages can be investigated.
Still it is important to remember that co-digestion is suggested as part of the solution because
there is constraint of temperature. This discussion is assuming that all the recommended
adjustments are made to improve the low temperature effect and additionally Co-digestion is
practiced Needless to say, Co-digestion does not bring any difference if the temperature is too
low and mitigation measures are not taken.
Keeping this point at the focus Co-digestion offers the following additional advantages:•

Better nutrient balance for an effective digestion
As this is discussed above for C/N ration balance, the nutrient ratio of all important available
compounds (Carbon, Nitrogen, Phosphorus and Potassium) will be adjusted to meet the
optimal requirement and digestion of the slaughter house product will be achieved.
Additionally, not only better yield of gas is obtained but also better digestate which can be
used as fertilizer. Since the nutrient balance is correct it will be suitable also for
microorganisms in the soil.
•

Better homogenized feedstock is obtained
Slaughter house products if digested alone contains more of liquid substrate since the majority
of the component has to be blood (from the slaughter house products the one that is
contaminating lake Titicaca is blood).It is known fact in every biogas production there is
required amount of solid content (TS and VST) and wet content. It is clear without further
justification the wet content is too much higher in this case due to the blood. There for, codigesting it with food waste and ensilage will increase the total solid content and result in
better digestion and ultimately increased biogas production. The volatile solid or total solid
content is tested in the mixture in laboratory before feeding the products to the digester.
•

Sufficient and continuous biogas production for longer period
In case of shortage of availability in one of the substrate occurs for any reason, the supply of
biogas to the public grid or usage will not be interrupted. This is because it is always possible
substitute another substrate with similar C/N ratio and production will continue. To illustrate
with example, in case of animal disease slaughter house can stop functioning for some period
to treat the animals not transmit any infectious matter through blood and residues. In times
like this similar waste product can be co-digested with ensilage, food waste and can guarantee
the supply of the biogas to the public.
•

It creates higher economic benefits and shorter payback time
Better fertilizer quality as mentioned above due to co-digestion will bring economical profit
either by selling it on the market and using it to develop crops. In biogas production, there is
payment made by processing industries to bring waste for production called gate fee. The
increased production in biogas and better fertilizer will lower the gate fee. As an example, the
farmer will supply ensilage by taking good fertilizer from the slaughter house without
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additional payment. The saving made finically will also shorten the payback period of the
money invested for the biogas plant at the slaughter house.

5.4 Conclusion
Among the impeding factors for the realization of the potential of biogas production from
slaughter house in Bolivia, one of the factors discussed is having too much blood as substrates
to digest. Additionally, slaughter house residues have their own chemical composition which
makes them unsuitable to be digested alone without mixing them with other substrates.
The impeding factors affect certain requirements called the ultimate biogas production and
biodegradability that determine the amount of biogas production. This is due to the lower
degradation rate of protein compound like slaughter house residues, low carbon to nitrogen
ratio and related effects of toxicity due to ammonia production from the residues.
In order to improve the ultimate biogas production and biodegradability, improving the causes
that makes the requirements is low is the right approach. Co-digestion, which is mixing of one
or more substrate in the digestion process, offers solution to this specific problem.
Carbon/nitrogen ratio can be improved better if carbohydrates materials like ensilage and food
waster are digested with the protein composed residues of the slaughter house. Moreover, the
amount of nitrogen content will be lowered which is good to avoid ammonia contamination.
Furthermore, co-digestion can offer several benefits like better nutrient balance, better
homogenized feedstock, sufficient and continuous biogas production and it creates higher
economic benefits.
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Chapter 6
6. Mitigation measures to increase the specific maximum
growth of the microorganism
In this section, the mitigation measures to increase the bacterial growth rate that is caused due
to low and fluctuating temperature will be discussed. In the above chapters discussion was
made how the loss of optimal temperature affects the growth rate (reproduction rate) of the
bacteria and ultimately how this affects the production of the biogas.
The model equation shows the exactly the same result. Let’s look once again how this is
analyzed in the model equation.
As discussed the volumetric methane production can be written as

Here the important term we are investigating is the specific maximum growth of the
microorganism,
which is dependent on the temperature.
In mathematical language, increasing

means making the general term,

on the

right side approach zero, which is maximum of the volumetric production And in this case
volumetric production can be represented as
In actual case, this never happens because no matter how fast the microorganism grow and
replicate, the term on the right side will not be zero. But it confirms what is being discussed in
theory that is increasing the specific growth of the bacteria result in higher production.
Therefore, once this is confirmed the focus is how to increase this growth rate. It has been
discussed that the growth rate depends on many factors like nutrition, temperature, light etc.
And how nutrition affects the growth rate in chapter 9 and co-digestion is suggested as
solution.
To elaborate more on the temperature point let’s examine the current biogas plant installed in
Bolivia and see the temperature of the interest. The bag digester installed and its three
temperature of interest are shown in the figure below.
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Fig 19 - Heat transfer model for bag digester (source : www.fao.org/bagdigester)

As it can be seen in the illustrative example, we have three temperature points of interest. In
fact, these temperature points exist even if different kinds of digester are installed. The bag
digester is chosen just to make similar example. The three temperature points shown the
figures above are:
• Temperature of the sludge (T_slurry) which is temperature which has direct impact
on the bacteria and state of the waste biomass being digested.
• Temperature of the cover material for the digester (T_ cover).
• Temperature of the surrounding air (T_air).
Any method that is available to increase T_slurry is not advisable for this project for two
reasons:
1) All the methods require an external heat engine to the minimum leaving aside the
advanced standard heat exchangers. This is not economically feasible for this project.
2) Assuming it was possible to increase to T_slurry still it will not still give better result.
This is because since heat flows from area of high to low temperature and the heat
will be automatically be lost to the surrounding. Any measure still to regain the heat
inside by applying cover material for the digester which has low heat transfer
coefficient will add up the cost and make sit economically not feasible.
Therefore, working in the reverse direction has better result. That is any affordable solutions
to increase the T_ cover and T_air makes heat to flow from outside to inside of the digester.
In this section proposed solution to the impeding factors temperature will be studied. The
focus of the solution finding will be from two perspectives;
• Internal Adaptation method to the cold and fluctuating temperature
• External methods to increase the surrounding temperature(T_ cover and T_air)
Solution based on the above two approach will be discussed in the coming sections.

50

Potential for biogas production from slaughter house residues

6.1 Internal adaptation method to the cold and fluctuating
temperature
6.1.1 Using Acclimatized Inoculums
Acclimatized Inoculums are microorganisms (bacterial culture) developed in higher
temperature and allowed to adapt the temperature change in another environment specifically
colder environment.
In psychrophilic system the biogas yields and digester performance are not as successful as in
mesophilic temperatures and are affected by extremes of seasonal temperatures. It is essential
therefore to start-up a psychrophilic system with mesophilic inoculums and acclimatizes
(adapt) to low temperatures. This is primarily because of the absence of cold-active
(psychrophiles) microorganisms and it is difficult to find large volume of psychrophilic
inoculums that are required for the startup of full-scale installations.
The ability to cultivate an extremely active sludge would reduce start-up times, increases
treatment efficiencies and hence lower the treatment cost considerably. However,
psychrophilic inoculums are required in order to develop a true psychrophilic community.
Studies was carried out for the digestate of a mesophilic digester which was allowed to
acclimatize for 1.5 year at 6 °C and thereafter used as inoculums (35%) for a manure batch
experimental 6 °C. Compared to a sample under similar conditions but without acclimatized
inoculums (Nozhevnikova, Kotsyurbenko et al. 1999), the results show a much higher
methanogenic activity compared to the non-acclimatized inoculums condition. (See figure 20
below)

Fig 20 - Methanogenic activity, (1) with acclimatized inoculums and (2) without acclimatized
inoculums. (Nozhevnikova, kotsyurbenko et al .1999).

Therefore, it is possible to conclude that the introduction of bacteria inoculums to acclimatize
to low temperature will conceivably boost the production in the biogas. One important factor
to mention is during insertion of the sludge containing the inoculums in the digester, any
human interference to make the microorganism adapt more faster and efficiently do not work.
Rather it will lead to total shut down of the biogas production and it will take longer time and
more cost to clean all the material again and start-up the process. The rate at which the
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inoculums adapt and start to show growth is still unknown and under investigation in many
research areas. But once adaption is made the low and fluctuation temperature has no
significant effect on the process due to the fact that the microorganisms have adapted these
changes naturally. It can be compared to the system by which human body develop immunity
to disease.

6.2 External methods to increase the surrounding temperature
Here it focus of the discussion will be on external mitigation measures to increase the
temperature so as to increase the specific growth rate of the microorganisms an ultimately to
increase the biogas production. What is meant by external methods is all the mitigation
measure that can be taken on the digester and outside the digester in the environment as
described in the beginning of this chapter.
6.2.1 Digester modification to adapt to colder climate
There are more complicated types of digester and plants design used in developed countries
for different scenarios but these are not feasible for developing countries due the demand of
high cost. Therefore the discussion is limited to the digester types suitable to developing
countries which are discussed in chapter 5.
6.2.1.1 Digester design aspects
One of the modifications that can be made is adjusting the design of the digester to the one
that maintains the temperature optimal against the low and fluctuating temperature in the
outside environment. Adjustment can be made from modifying part of the digester up to
discarding the unsuitable digester and replacing them with best ones provided that they are
economically affordable.
Since the purpose is to compensate the temperature effect (cold climate) on the biogas
production all types of digester mentioned discussed above must be installed underground.
This is a common rule to resist the cold temperature. This is because the soil temperature is at
higher temperature than the ambient temperature and the digesters are shaded from external
ambient temperature.
As it is discussed in the above chapter about the biogas plant set up only the digester types
listed in this project are suitable for production due to economical constraints. Specifically the
best recommended design (type) is the fixed dome digester among the discussed types of
digesters.
It is known that this project is being carried out currently with bag balloon digester and by
recommending the fixed done digester it is clear that bag digester are not suitable. Even
though the advantage of each type of digester is discussed widely in the previous chapter, let
revise once again the reason why bag digester is not suitable one for this project.
•

Bag digesters are very difficult to put them totally underground. Although half part of
the digester is underground and green house is used to cover the area, the advantage is
less when compared to the fully underground fixed done digester.
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•

•

Bag digester can easily be pierced or torn and it very difficult to maintain it back. The
process to stop production to replace the bag leads to loss of gas and it is
uneconomical.
Mixing is very difficult in case of bag digester.

The only justification why bag digester is being used currently could be because of the cheap
price in the market and since it is first trial to produce biogas, it can be good idea to try and
investigate with cheaper bag plant. But for sustainable production the fixed dome is
recommended and it has all the advantages discussed in chapter 3.
So as an overall conclusion to answer what can be done in design aspect of the digester is to
use the design of the fixed dome digester will help to increase the temperature of the system.
In the next section discussion will be made on other mitigation measure to use to increase the
temperature.
Note: - All the mitigation measure discussed after here is assuming that the fixed dome
digester is used. This is to say that the methods can be used with any other digester, but the
outcome will be more exaggerated and beneficial if and only if the first solution of installing
fixed dome digester is practiced.
6.2.2.2 Increasing the digester volume
In this section, discussion will be made on how increasing the volume of the digester helps to
increase one of the impeding factors of low and fluctuating temperature. The approach to this
solution is indirect and needs through understanding on many other factors.
In the previous discussion the optimal temperature requirement for the microorganism was
described in terms of the growth rate. This optimal temperature mentioned is the temperature
of the sludge (containing the microorganisms). Temperature by itself is a scalar quantity
representing the heat sate of a matter. And this specified temperature of sludge represents the
heat contained in the sludge. Once the sludge enters the digester heat flows from the sludge to
the walls of the digester and next to the surrounding since the digester and the surrounding
environment will be at relatively colder temperature. If there were possibilities to minimize
the heat loss to the outside, the sludge would have maintained its heat content and production
would be efficient.
This shows optimal temperature microorganisms need to grow can also be described in terms
of heat requirement. Therefore heat requirement can be written in terms of the temperature
change of the incoming sludge and the digester since the change in temperature is a vector
quantity because it describes the movement of heat in specific direction.
Hence,
Heat requirement = Q x (T Digester – T incoming sludge) x U sludge x C sludge ………… (30)
Where: Q – sludge flow rate, m3/d,
T digester – temperature in digester, °C,
T incoming sludge – temperature of incoming sludge, °C,
U sludge – specific gravity of sludge, kg/m3,
C sludge – specific heat of sludge, J/kg °C (it is assumed 4200 J/kg ° C for water).
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From the above equation Q and T are the only variables dependent on environment and
changes with the environment at hand. The variables U and C as it is known are intrinsic
property that cannot be manipulated.
Therefore, in psychrophilic digestion in order to meet up the heat requirement for the
microorganism, which is to increase Q as needed, two options, can be analyzed from equation
30. These are
•
•

Increasing the temperature of the digester
Increasing the flow rate of sludge

Since, in this case, increasing the temperature of the digester, T digester is impossible to achieve
in direct way due to economical constraint to install heat exchangers, the one solution is the
apply the second option to increase the sludge flow rate ,Q. The sludge flow, Q is previously
defined as
Q=V/HRT
But it can be seen that increasing Q means increasing the volume of the digester so that the
sludge has more time in the digester to compensate for the effect of the lower temperature of
the digester for the specified amount of time the slaughter house residue has to stay in the
digester (HRT).
In conclusion, one of the other digester modifications that can be applied to increase
temperature of the digester is to increase the volume of the digester until the heat requirement
described in the above equation is fulfilled. Applying this method on fixed dome digester will
give much better result in combination.
6.2.2.3 Creating easy access to maintenance and cleaning
In this section, other modifications on the digester will be examined, such as creating easy
access to maintenance and cleaning to increase the temperature.
In performing biogas production one phenomenon that is going to affect the yield is the
unexpected decline of HRT and SRT of the digester. This might happen due to the settling
heavy solids which tend to settle due their larger size. This intern will decrease the effective
digester volume because some of the space is taken by the solids. In the above section, it is
discussed that increasing the volume helps to increase the temperature and if there is settling
solids this will have negative effect.
Since,
V=Q×HRT
To compensate for any factor that decrease V, increasing Q or HRT might seem an option but
this is not always true for the following reasons
•
•

Due to running cost limitation the plant HRT might be fixed one and production has
to at specified time (constant HRT).
Increasing flow rate, Q may not be also possible due to pumping cost concern and
feed availability.

Therefore, the only option will be to clean digesters at regular interval.
In conclusion, another modification that can be applied on the digester is to design or buy one
that has easy access to cleaning so that as it said above the digesters can be cleaned with
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regular interval to maintain the volume and to keep the digester at maximum operation. Fixed
dome digester fulfils this requirement therefore this adds good point for recommending it
again.
Note: - This strategy is common and applies to all situations and temperatures. But it is a clear
fact using bag digester makes cleaning very difficult and since mixing mechanism are
poor in bag digester the means to remove settling solids is limited.
6.2.2.4 Insulation
In hot regions it is relatively easy to simply shade the digester to keep it in the ideal range of
temperature, but cold climates present more of a challenge. In developed country this is not
problem because there will be heat exchangers installed which keeps the temperature at
constant level. However, economic constraints in developing countries do not normally permit
to install heat exchangers. Therefore one option that can be to modify the digester, insulating
it with material that has a low heat transfer coefficient. This is both affordable and efficient to
retain more heat.
6.2.2.5 Solid state digestion
Solid state digestion refers to limiting the dilution of the substrate. This process occurs at high
total solids content (TSC) i.e. the substrate fed into the plant does not flow by itself. The
method requires a much smaller quantity of water. The less the substrate is diluted the smaller
volume is required for the same retention time. Therefore solid-state digestion offers:
•
•
•

Reduced digester volume
Higher gas production
Better digested slurry management

Provided that the initial digester is fixed dome biogas plant design, the main modifications
that are incorporated for this type of biogas plant in order to carry out solid-state digestion
are:
• The inlet feed chamber of the fixed dome plant should be replaced with a
commercially available wider diameter reinforced cement concrete (RCC) pipe as
against the initial pipe in the first unit.
• The outlet slurry chamber should be enlarged to accommodate the total volume of
slurry displaced from the digester
• The step type construction of the outlet chamber of the fixed dome plant should be
changed to an inclined smooth surface for streamlined flow of the digested slurry.
The schematic diagrams of the common fixed dome biogas digester for digestion of diluted
biomass and the modified fixed dome digester for solid sate digestion (non-diluted biomass)
are presented blow to visualize the changes made.
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Fig18. Schematic of
fixed dome digester.
(Source: Book;A biogas
plant for the digestion
of fresh undiluted cattle
dung)

Fig19. Schematic of
modified fixed dome
type for solid state
digestion.(Source:
Book; A biogas plant
for the digestion of
fresh undiluted cattle
dung )
The modified form of the fixed dome plant for this kind of case is also referred as the Janta
model.
In conclusion, simple modifications can be carried out on the common fixed dome type Janta
biogas plant and it is among the best recommendation for project being carried out at Bolivia.
The digestion of fresh undiluted slaughter house products can be achieved with no (or very
little) water for mixing. The modified plant generates approximately 50% more biogas and
makes the handling of both input slurry as well as the digested slurry far easier than the
common biogas plant. The increment in biogas output will compensate for what is being lost
due to lower temperature.

6.3 Discussion
Investigation psychrophilic digestion of slaughter house residue is a relatively new research
area when it comes to using very cheap technology. But it is possible to see from the study
made that there is a possibility for producing sufficient amount of biogas from slaughter
house residues against the cold and fluctuating temperature. It can also be seen from the study
that there are solutions available to mitigate the effects raised due to many factors listed.
Above all the solutions discussed are financially affordable.
The study illustrates that there are no means that the biogas plant can be made with expensive
heat exchangers and heating system due to the economical constraint in Bolivia. At the same
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time, the current plant with green house structure is shown to have low structural durability
and generally not the best selection for this project.
The first basic approach to the problem was made on the different solutions how to keep the
surrounding temperature on stable condition. The study has shown that there are so many
other affordable biogas digesters which can be installed underground. These digesters namely
floating dome digester and fixed dome digester are such types of digesters which are tested
and used in many developing countries. And considering cost and other important parameters
necessary for biogas production fixed dome is the best selection.
The study has shown that building greenhouse structure above the fixed dome makes the
outcome even very promising. Soil preserves the heat in the digester wrapped up around it as
blanket. Additionally the green house structure will minimize the extreme fluctuating high
and low pick whether condition since the air in the green house is trapped without moving in
and out freely.
But still due to the fact that bacteria are very sensitive to any change in the parameters, it is
not possible to say this is all what it takes to get sufficient biogas yield. Therefore, inoculation
bacterial culture to the digester designed in the way that is stated above will have additional
better outcome. The bacteria culture first will be growing in warn suitable environment, then
after some days (normally it might take 15 days) they will be fed to the digester. In the
digester, the environmental parameter especially the temperature is different. Therefore, at the
start of the process many bacterial cultures will die due to the change. But some will start to
adapt to the change and start to reproduce and function in different environment very well.
In short term this is what is called adaption of thermophilic bacterial to live and grow in
psychrophilic temperature. Human interference has nothing to do in adaption process, rather it
might disrupt the process and this might result in total shut down of the system. Adaption is
natural process and it will happen naturally.
Therefore, it is seen that the fixed dome digester designed with green house structure below
the ground will mitigate the problem of low and fluctuating temperature. Furthermore
inoculating the culture of bacteria inoculums from good environment is another boost to the
solution.
Another related solution discussed in this study is what is called solid state digestion which
implies adding less water the waste feed. In fact in this study our main substrate is blood
which has high wet content, so solid state digestion is the only means to keep up the standard
solid content for the production.When solid state digestion is applied there is also some
modification that has to be made on the design of the inlet pipe in the fixed dome digester.
Another problem encountered was the inhibiting fatty acid produced from the blood which is
digested as waste. In other terms, the nitrogen content is too high in the blood than the carbon
content. Therefore, adding the specified amount of waste material to be digested with the
slaughter house product will increase the carbon content of the waste and will result in less
toxic fatty acid which is in turn good for the process.
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In Bolivia, it is believed that food waste and ensilage are easily available waste that can be codigested with the slaughter house products. Therefore, this is will be another major solution
investigated for mitigating the problems related to the blood.
In general paragraph, the solution achieved in this study can be explained as stated below. The
low and fluctuating temperature has a constraint on the specific growth of microorganisms
that are participating in the digestion process of slaughter house product to produce biogas. As
this is shown also in kinetic model, the direct effect of temperature on bacteria growth rate is
linked to all other parameters that are responsible for the amount of biogas formation.
Increasing the specific growth rate of the microorganism is possible whenever the possibility
of achieving optimal temperature exits provided other factors are also satisfied. Two ways of
approaching the solution were used, which are the adaption method of microorganism to the
low temperature and external methods that can help increase the temperature of the digester.
In general term an efficient production of biogas will be possible if the digesting bacteria are
first cultivated in laboratory where the media temperature is enough for their optimal
production and be inserted to a digester type called fixed dome. Fixed dome offers that
advantage of being flexible to be constructed fully underground and having concert wall so
that the heat loss is very small or negligible to the surrounding. Additionally, increasing the
volume of the fixed dome to have longer HRT and adjusting the design according to the
standard procedure to practice sold state co-digestion and ease of access to cleaning will boost
the amount of biogas production.
The bag digester system being currently practiced in Bolivia should only be for an
experimental situation and are not recommended for final production due to the disadvantages
discussed.

6.4 Conclusion
Biogas production by anaerobic digestion offers so many advantages in utilizing waste to
energy. In this study, it is shown that the advantage is not only for energy sectors but also for
the safety of the environment. It is very well advised practice in Bolivia to produce biogas
from slaughter house residue which is currently discharged to Lake Titicaca. The study has
shown that three major problems impede the realization of potential of producing biogas from
the slaughter houses. These impeding factors are the cold climate with fluctuating temperature
and the digestion of difficult; unsuitable substrate which is animal blood. Moreover, the
economical constraint in Bolivia as developing country to use advanced technology to
improve the negative effects resulted due to those factors makes the realization more difficult.
Consequently, the main focus of this study is to search innovative and affordable solutions to
mitigate the impact due to these factors on biogas production from the slaughter house.
This study showed that cold and fluctuating temperature has direct effect on the growth of
microorganisms. The bacterial culture needs very optimal condition to grow and replicate.
The culture is more over very sensitive to any slight disturbance in any of the parameters they
need for growth. In project area La Paz, the temperature reading of the digester showed
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fluctuation which is severe disaster for the whole process. Even though the direct effect of
low temperature at first is inhibiting the growth of the microorganisms, it has an indirect
effect on disrupting all other parameters necessary for biogas production. It is discussed that
factors like PH, substrate concentration, carbon/nitrogen ratio and all the parameters(factors)
in chapter 3 has to be in their optimal condition as required by the microorganisms. The effect
of the temperature therefore not only affects the growth of the bacteria culture but also all
important factors mentioned ultimately making the realization of the biogas production very
difficult.
It is also discussed that additional impeding factor was digesting blood as substrate. The
slaughter house residue being discharged to Lake Titicaca includes rumen, intestinal content
and blood. More portion of the waste that is causing pollution into the lake water is blood.
Therefore, this study incorporated the idea of digesting more blood and also to mitigate the
problem. It is discussed that blood by itself is very difficult to digest since its wet content is
too much and don’t satisfy the solid content of waste required for digestion. Additional major
problems relating to production of ammonia and accumulation of volatile fatty acids which is
toxic to the process is realized in the study.
Further study shows that lack of knowing how each factor or parameter is linked to each other
and to methane content makes the proposal of solution difficult.
As the main focus on the study is to find solution, the first strategy was to develop kinetic
model that can precisely describe the production of biogas mathematically and understood
how each factor is linked to the other factors required to be optimal in the process. The
development of the model has shown that biogas production can be described in single
mathematical equation that easy and more visible than the theories being discussed. After
careful assumption and analysis it was possible to show the volumetric biogas production rate
B can be represented as

Where, Bo -Ultimate methane yield (m /kg)
So- Influence volatile solid concentration (kg/m3)
HRT-Hydraulic retention time (day)
- Maximum specific growth rate (day)
K- Dimensionless kinetic parameters
As discussed in chapter 4, it was possible to see from the model where and how the impeding
factors control the production of biogas and more over it can be seen how each factors are
related.
The study advanced further on the solution based on the model and the following solutions are
proposed.
1) The model predicts that increasing the ultimate methane yield and Influence volatile
solid concentration are dependent only on the substrate concentration and the Carbon
/ Nitrogen yield. The composition of the slaughter house residue as feed to the
digester plays n important role here. In order to increase these factors, mixing of the
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product with more other products makes it more biodegradable and increase the
volatile solid content of the substrate. In other terms Co-digestion is best solution
discussed to increase these important factors.
In Chapter 5 Co-digesting the slaughter house product with easily degradable carbohydrates
like ensilage and food waste is discussed as solution to boost the volatile solid concentration.
So, this intern will increase the methane production.
2) As the model predicts increasing the HRT for longer time has also better methane
yield. It is known that increasing the HRT for longer time has no any effect on the
rate of production of methane, since the highest pick rate is achieved before the actual
HRT. But even though production rate falls down at the end of the process due to
substrate exhaustion methane production will not stop. Therefore the longer the HRT,
the higher the volumetric methane amount.
Two other related recommendation are made also relating to the HRT
 Making the process continuous production has an advantage of always getting
higher pick production. When the production rate of methane falls down just
below the pick point feeding of substrate to the digester follows. By this
mechanism it is possible to achieve higher production rate of methane than
what is found in batch process. In collective term, higher production for longer
time means higher volumetric amount.
 If the process of production is made continuous, for the longer HRT period
chosen tests can be run in the lab to determine the optimal best loading rate
(feeding rate of the substrate to the digester). If the optimal loading rate is not
found, adjusting longer HRT and making the process continues has no any
effect because suddenly due to too much feeding or less feeding of the
substrate disruption like accumulation of volatile fatty acid will impede the
process.
3) The other result found in the study is the mitigation methods to increase the temperature
of the system to increase the specific growth rate of microorganisms, µm. As the model
shows increasing the specific growth rate increase the volumetric methane production.
This is discussed in chapter 6 widely.
To summarize the findings to increase the temperature of the system two perspective solution
are suggested.
 Increasing kinetics performance without increasing the temperature
This is a method of using acclimatized inoculums, which means microorganisms (bacterial
culture) developed in higher temperature are allowed to adapt the temperature change in another
environment specifically colder environment. It takes longer time to adapt the colder
temperature and to the fluctuation, but once adaption is made the microorganisms can function
as if the process is thermophilic. No human interference can make the microorganism adapt the
system any faster. It is also not very well understood how the adaption process takes place since
it is happening naturally but this method is proven to be efficient in many practice seen do far.
 Increasing temperature using external means
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The study finds many ways to increase the temperature of the digester is to use modification
on the digester and on the plant. Among the many options discussed the most economical
feasible ones include:• Changing digester design – it is suggested that fixed dome digester type is the best
selected ones due to underground construction which insulate the system.
• Increasing the digester volume-Increasing the digester volume is suggested since this
is direct result of increasing the HRT.
• Adjusting easy way of maintenance- designing or adjusting an easy way of cleaning
allows keeping the effective digester volume by removing soli accumulation. This is
direct result follows after increasing the volume.
• External insulation- insulating the digester with material with a low heat transfer
coefficient material is proven to be an effective way to maintain the temperature. This
is direct substitution of heat exchangers since installing heat exchangers is not
economically feasible in this project.
• Adjusting the design of the digester suitable for solid state digestion-Solid state
digestion, which is limiting the amount of dilution, is an effective method since
especially our main substrate is blood. In order to achieve solid state digestion the
digester design at feeding pipe has some requirement discussed in detail in chapter 6.
• Using Solar canopy (green house) - As it is being practiced in the project area in La
Paz now, covering the digester with a glass or plastic roof and frequently glass or
plastic walls warms the digester inside the structure faster than heat can escape and
ultimately improves the performance.
All the solutions shown by the study is the ones that are cheap and easy to construct. The
associated costs are also explained in the study. Therefore, combination of all the solution
suggested has to be implemented together in combination to solve multi-problematic
condition impeding the realization of the biogas production in Bolivia. The table below
summarizes the solution discussed.

Solution Focus

Solution suggested

Improved impeding
parameter
Temperature

Overall effect on
production
Better microbial growth
and increased gas
Production.

Best digester type
(design)

Fixed- dome
digester

Hydraulic
retention time
(HRT)

Longer HRT

Bacteria growth rate
(Adaption to
low temperature)

More volumetric
Methane production.

Substrate feed
adjustment

Co-digestion with
carbohydrates
(ensilage and food waste)

Volatile solid content,
Carbon/ nitrogen ratio,
Degradability(ultimate
methane yield Bo)

More volumetric
Methane production
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Process type
chosen

Continuous ( plug flow
reactor, PFR)

-

High pick production of
methane.

Optimal Loading
rate

As tested in laboratory
according
to the estimated HRT
Solar canopy (greenhouse
structure)

Substrate concentration

Higher production
Both in rate and amount

Temperature

Better microbial growth
and increased gas
Production.

Solid state digestion on
fixed-dome with PFR

HRT(Bacteria growth rate
and adaption to
low temperature
Adaption to
low temperature

Higher production

External heating
mechanism
For digester
Process and
digester
modification
Adjustment on
Initial microbial
sludge before
feeding.

Using acclimatized
inoculums bacteria

Better microbial growth
and increased gas
Production

Table 5 - Summary of mitigation suggested for production of biogas from slaughter house
residues in Bolivia.
As concluding remark again it can be said, there is potential for the production of biogas from
slaughter house residue in Bolivia despite the fact that impeding factors exist. It is shown in
this study that the biogas production has dual purpose of energy production and avoiding the
contamination of Lake Titicaca.
The current production at the site is being carried out with bag logon digester. And the study
has shown that it is not recommended setting. Fixed dome digester with PFR mode of
operation can give better result if used with co-digestion by acclimatized inoculums of
bacteria .Additionally, Support of solar canopy is recommended.
In general very good potential for biogas production can be achieved if the system set up
fulfills all the important adjustments summarized in the above table.
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Appendix 1: Carbon to nitrogen ratio and nitrogen content
Material

Nitrogen (% of Total Weight)

Activated sludge
Alfalfa
Blood
Bone meal
Bread
Buttercup
Cabbage
Carrot, whole
Clover, red
Cocksfoot
Cottonseed meal
Fern
Fish scrap
Garbage, green
Garbage, raw
Kentucky bluegrass
Lawn clippings, young
Lettuce
Manure, farmyard (avg.)
Manure, chicken
Manure, cow
Manure, horse
Manure, human
Manure, pig
Manure, poultry
Manure, sheep
Manure, steer
Meat scraps
Milorganite(TM)
Mustard
Newspaper
Oat straw
Onion
Peanut hull meal
Pepper
Pigweed (Amaranthus sp.)
Potato tops
Purslane
Ragwort
Sawdust, raw .
Sawdust, rotted
Seaweed
Sewage, fresh
Slaughterhouse waste
Soybean meal
Timothy grass
Tobacco
Tomato
Turnip tops

5-6
2.4-3
10 – 14 3:1

2.2
3.6
1.6
1.8
2.55
1.15
6.5 – 10
3
2.15
2.4
4
3.7
2.15
3.2
1.7
2.3
5.5 – 6.5
3.75
6.3
3.75
1.35
5.1

Ratio of Carbon to
Nitrogen (C:N)
6:1
16-20:1
3:1
3.5:1
2.10
23:1
12:1
27:1
27:1
19:1
5:1
43:1
5.1:1
18:1
25:1
19:1
12:1
14:1
7:1
18:1
25:1
10:1
15:1
25.3:1
5.4:1
26:1
812:1
48:1
15:1
11:1
15:1
11:1
25:1
8:1
21:1
511:1
208:1
19:1
11:1
2:1
5:1
58:1
13:1
12.1
19:1

1.5
.05
1.05
2.65
2.6
3.6
1.5
4.5
2.15
11
.25
1.9
7-10
.85
3
3.3
2.3
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Turnip, whole
Urine
Vegetables, non-legume
Wheat flour
Wheat straw
Wood, white fir

1
15-18
2.54
1.7
.3
.06

44:1
8:1
11-19:1
128:1
767:1

Table 6 – Carbon to nitrogen ratio for different materials. (Source: [43], [44])
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