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Abstract 

In this study the biogas production potential of cotton seed cake (CSC) and rapeseed cake 

(RC) were assessed at laboratory scale. The physico-chemical analysis data (TS, VS, C:N 

ratio and pH) of the cakes confirmed that RC and CSC are feasible feedstock of anaerobic 

digesters. By blending RC and CSC with cow dung in different ratios the feedstock of the 

biogas digesters was prepared. From the nine treatments the maximum biogas of 6.1 L with 

72% quality was generated by CP-5 digester (50% CSC & 50% CD) followed by CP-1 

digester (50% RC & 50% CD) having 5.2 L biogas through 65% quality. The control (CD 

alone) produced 2.3 L biogas with 67% quality. Since the slurry of anaerobic digester 

contain essential plant nutrients; the content of major plant nutrients that are left in the 

digesters were measured at the end of retention time. CP-5 digester (the highest biogas 

producer) left with slurry of 3206.14 mg/L total nitrogen, 9707.88 mg/L of available 

phosphorus and 1238.85 mg/L of available potassium. 

 Key words: oil seed cake, Biogas, slurry, bench scale biogas digester, macro nutrient 
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CHAPTER -1 INTRODUCTION 

1.1 Background and Justification 

The increased consumption of energy all over the world has led to a drastic increase to the rates 

of extraction of carbon based fuels. In addition to this, fossil fuel has a finite source that will not 

be able to meet the increasing fuel needs in the world. Since fossil fuels burning emit carbon 

dioxide and other green house gases, it is responsible for the global warming the world is 

currently experiencing (Jurgen et al., 2009). In these days, the world has been confronted with an 

energy crisis due to the depletion of fossil fuels resources easily accessible and increased 

environmental concerns such as global warming, while the global demand of fossil fuels is 

increasing due to economic growths.   

Biofuels such as bioethanol, biodiesel and biogas are environmentally friendly clean renewable 

energy technologies that can substitute the use of fossil fuels (Pieprzyk & Kortluke, 2010). 

Renewable energy sources are not only important to ensure the security of future energy supply 

once the world runs out of fossil fuels; but they are also important from environmental point of 

view as the clean energy option that does not release harmful greenhouse gas emissions that 

contribute to global warming (Halberg et al., 2008). Biofules have a great probability of 

decreasing the greenhouse gas emissions because of the fact that they are primarily derived from 

crops which absorb carbon dioxide. Thus, the balance of carbon dioxide is sustained and 

maintained in the atmosphere. 

Anaerobic digestion is not a new technology; it has existed for a long period of time on earth. It 

consists of a series of biological processes that convert organic compounds to methane and 

carbon dioxide, and reduce the volatile solid by 35% to 60%, depending on the operating 

condition (Bitton, 2005). Biogas is renewable energy source produced by microbial breakdown 

of organic matter in the absence of oxygen. It is a universally accepted and proven technology 

for bio-energy generation from bio-waste (Abdushmmala et al., 2009). Waste is a by-product of 

human activity. Generally, wastes can be classified as biodegradable wastes and non-

biodegradable wastes. Organic solid wastes such as biomass, manure, sewage, municipal waste, 

http://en.wikipedia.org/wiki/Organic_matter
http://en.wikipedia.org/wiki/Biomass
http://en.wikipedia.org/wiki/Manure
http://en.wikipedia.org/wiki/Sewage
http://en.wikipedia.org/wiki/Municipal_waste
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green waste and agricultural wastes are biodegradable wastes (Polprasert, 1989). Biodegradable 

organic wastes are the major raw materials for biogas production. When properly treated, biogas 

can be used to generate electricity or eventually added to a pipeline system and used in homes 

and businesses (Balsom, 2006). 

Generally, oil seeds can be classified as edible and non-edible oil seeds. Edible oil seeds such as 

sunflower, cotton seed, rapeseed, etc used as a raw material in vegetable oil processing 

industries. While non-edible oil seeds like Jatropha, Caster Bean, Moringa, etc most commonly 

used in biodiesel production. Oil content of oil seeds are not more than half percent by mass of 

the total seed mass. The study conducted by Andinet  Ejigu, (2008) indicated that Moringa 

stenopetala seeds yield 45% w/w of oil. The remaining 55% seed cake is left as by-product. 

Non-edible cake neither can be used for animal feeding nor directly can be used in agricultural 

farming due to its toxic nature (Chandra et al., 2006). Vegetable oil processing industries that use 

rapeseed as raw material disposed the cake as waste due to the presence of toxic substances. One 

of the major problems arising in biodiesel and vegetable producing industries is the disposal of 

oil cake after extracting oil from seed. The utilization of generated cakes in an environment 

friendly manner cannot be ignored, because its disposal as waste would create environmental 

problems. Chandra et al., (2006) stated that the presence of non-edible oil seed cakes in the open 

atmosphere would generate the following gases due to self decomposition of biomass over the 

action of various microorganisms. 

1. Gases from waste sources: CH4, N2O, H2S, NH3, CO2 

2. Volatile organic compounds (VOCs) 

Kolesarova et al., (2010) suggested that a convenient way to lower the cost of biodiesel is to use 

the by-products as a potential source of energy, rather than treat them as waste. The best strategy 

is to manage and utilize non-edible cakes as biomass resources rather than disposing them as 

waste so that energy and economic as well as environmental benefits can be realized. Anaerobic 

digestion of these cakes could significantly reduce the gaseous emissions (CH4, VOCs, H2S) 

from the disposed wastes. Therefore, anaerobic digestion of these cakes would be a better way of 

cake utilization for energy generation and further, effluent as enriched organic manure for 

organic farming. Capturing and using the methane also precludes its release to the atmosphere, 

http://en.wikipedia.org/wiki/Green_waste
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where it has twenty-one times more global warming potential than carbon dioxide (Bitton, 2005). 

The biogas generation potential of Jatropha curcas and Pongamia pinnata oil seed cakes is in 

the range of 220 - 250 and 240 -265 liter per kg of cake, respectively (Chandra et al., 2006). 

Eyasu Mekete, (2008) conducted an experiment on anaerobic digestion of Moringa stenopetala 

seed cake powder and in his conclusion biogas with a range of 62-72 % CH4 composition can be 

produced from the cake. 

 

The Production of rapeseed (Brassica carinata) covers an area of 15,000 ha, representing 85 % 

of the total area of land devoted to the production of Brassica species in Ethiopia (Debebe 

Tadelle et al., 2003). A large proportion of this crop is processed for oil production that results in 

substantial quantity of Rapeseed Cake (RC) as a by-product. RC is a potentially good source of 

plant protein for farm animals. However, feeding of RC can have a negative impact on the health 

and growth of farm animals associated with its content of glucosinolates (Zuralalova, Vasak, 

2004). Goitrin, (5-vinyl-oxazolidine-2-thionine) derived from degradation of glucosinolates by 

enzymes contained in the feed is known to inhibit thyroid function by blocking the incorporation 

of iodine into thyroxin precursors and by suppressing thyroxin secretion from the thyroid gland. 

Proper function of the thyroid gland is important in growth promotion (Chew, 1988). 

In Ethiopia there are a large number of vegetable oil processing industries that use rapeseed as a 

major raw material. The presence of toxic chemicals in rapeseed cake enforce the industries not 

to sell it as animal feed, rather they disposed it directly to the environment. The damping of 

rapeseed cake has so many social and environmental problems. In this study the biogas 

production potential of Cotton seed cake and Rapeseed cake will be assessed. 

1.2 Statement of the problem 

Nowadays, the government of Ethiopia has given due attention for investments specially for 

industrial sectors which are environmentally sound for scaling up the country`s economy. 

Ethiopia has favorable climatic condition for the cultivation of edible and non-edible oil seeds 

which are raw materials for oil processing industries. Among the largest number of industries, 

several vegetable edible oil factories have been established in Ethiopia at small and large scales.  
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Vegetable oil processing industries use different oil extraction methods like boiling, pressing and 

adding chemical solvents to extract oil from edible oil seeds. During the industrial processing of 

pure vegetable oil; certain by-products like oil seed cake (a residue after pressing), wastewater, 

soap stocks etc are generated from the industries. During solvent extraction of vegetable oils, 

chemical solvents which are added to extract the oil remain partly as residue with the seed cake. 

As result, the oil cakes are toxic to use them directly for animal feed without proper treatment. 

Rapeseed is one of the major raw materials for edible oil processing industries in Ethiopia. Since 

rapeseed cake contains toxic chemical, it is not used as animal feed. 

Most vegetable oil processing industries that use rapeseed as a raw material and chemical 

solvents for efficient oil extraction dump the seed cakes directly to the environment. Wastes that 

are generated from vegetable oil processing industries can cause an adverse effect to the 

environment by contaminating land, water and air. In addition, they have harmful effect on 

human and animal health (http://www.ifc.org).  

Biodegradable organic industrial wastes like oil seed cakes that are dumped to the environment 

have high potential to produce landfill gases. Landfill gases are hazardous to the environment for 

three key reasons. They become explosive when they escape from the landfill and mix with 

oxygen (Abdushmmala, 2009). The methane contained within biogas is 21 times more potent as 

a greenhouse gas than carbon dioxide (Bitton, 2005). Therefore, uncontained landfill gas which 

escapes into the atmosphere may significantly contribute to the effects of global warming. In -

addition volatile organic compounds (VOCs) contained within landfill gases contribute to the 

formation of photochemical smog. 

Nowadays the price of fossil fuels increases rapidly. Consequently, it creates inflation and high 

living cost in developing countries like Ethiopia. People who live in rural part of Ethiopia use 

wood and cow dung cake as energy source for cooking. In addition, there are some communities 

who use the dried oil seed cake as fuel source by buying it from vegetable oil processing 

industries. But the two major problems of using the cow dung cake and oil seed cake as energy 

source are:  1) their use for fuel precludes their use as fertilizers, and 2) they are often burned in 

open fire at very low energy efficiency (luminous flame). Oil seed cakes are rich in energy and in 

http://en.wikipedia.org/wiki/Volatile_organic_compound
http://en.wikipedia.org/wiki/Photochemical_smog
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protein (Rajasekaran et al., 2008).When cow dung and oil cakes are processed into biogas the 

output slurry is recovered for fertilizer, and both problems can be addressed. 

Currently, the price of vegetable oil is increasing in Ethiopia. Addis Modjo Edible Oil Complex 

Share Company is one of the most known vegetable oil producing industry in Ethiopia. The 

company is not working in its full capacity mainly due to power interruption. The power 

interruption problem can be mitigated by using its by-products for biogas production. The 

application of biogas technology in a country is like killing two birds with one stone. It is a good 

waste management mechanism and an alternative renewable energy source. In this study, how 

bio-wastes (oil seed cakes) that are generated from vegetable oil processing industries can be 

recovered and used as an alternative energy source in the form of biogas and its slurry as 

fertilizer will be assessed. 

1.3 Objective of the study 

1.3.1 General objective 

The general objective of this study is to assess the biogas production potential of cotton seed 

cake and rapeseed cake; and to measure the content of macro plant nutrients present in the slurry 

of biogas digesters. 

1.3.2 Specific objective 

 To characterized rapeseed cake and cotton seed cake as potential feedstock to start 

anaerobic digestion;  

 To measure and compare the biogas production potential of cottonseed cake and rapeseed 

cake; 

 To quantify the major plant nutrients (N, P and K) that are left in the slurry of the biogas 

digesters. 
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1.4   Significance of the study 

1.4.1 To the environment 

 

The implementation of these research findings in large scale can solve many environmental 

problems. Studies show that large compositions of wastes generated from vegetable oil 

processing industries are biodegradable. The construction of biogas plants in vegetable oil 

processing industries can keep wastes and bacteria out of streams, rivers, groundwater and air. 

Moreover, the capturing of methane gas that is released from the decomposition of organic 

wastes in a biogas plant can protect the atmosphere from substantial emission of green house 

gases (which are strongly associated with global warming). 

In addition, the application of this biogas project by the vegetable oil processing industries can 

eliminate bad odors that are generated from bacterial decomposition of the disposed oil seed 

cakes. The release of volatile organic compounds from the industry waste to the atmosphere can 

also affect the health of the society and animals as well. The society can also get an access to 

biogas with low price from the vegetable oil processing industries.   

1.4.2 To vegetable oil processing industries 

The findings of this research also have a number of advantages for vegetable oil processing 

industries. For instance, vegetable oil processing industries use large energy sources for oil 

extraction and refining processes, hence the construction of the biogas plant in these industries 

can minimize their energy cost. The findings of this research can also solve the waste 

management problems of vegetable oil processing industries by recovering their wastes.  In 

addition, the industries can get extra income from the digested slurry by selling it as a fertilizer. 
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CHAPTER -2 LITERATURE REVIEW 

2.1 Vegetable Oil Processing  

Oilseeds are a mainstay of the rural and national economy in Ethiopia. After coffee oilseeds are 

the second largest export earner for the country and already more than 3 million smallholders are 

involved in its production (Wijnands et al., 2007). Vegetable oil is a type of edible oil obtained 

by processing edible oil seeds like soybeans, olives, coconuts, corn, peanuts, sunflower seeds, 

cotton seeds, sesame seeds etc. Vegetable oils are recovered by grinding, cooking, expelling and 

pressing, or by solvent extraction of the raw materials. Vegetable oil processing industry 

involves the extraction and processing of oils and fats from vegetable sources. Vegetable oils and 

fats are principally used for human consumption but are also used in animal feed, for medicinal 

purposes, and for certain technical applications (http://www.ifc.org). The oils and fats are 

extracted from a variety of fruits, seeds, and nuts. The preparation of raw materials includes 

husking, cleaning, crushing, and conditioning (Kurki et al, 2008). 

The extraction processes are generally mechanical (boiling for fruits, pressing for seeds and nuts) 

or involve the use of solvent such as hexane. After boiling, the liquid oil is skimmed; after 

pressing, the oil is filtered; and after solvent extraction, the crude oil is separated and the solvent 

is evaporated and recovered. Residues are reprocessed to yield by-products such as animal feed. 

Crude oil refining includes degumming, neutralization, bleaching, deodorization, and further 

refining. 

2.1.1 Oil cakes 

Oil cakes or oil meals are solid residues obtained after oil extraction from the seeds. Their 

composition widely varies depending on the quality of seeds, growing conditions and extraction 

methods  (Kurki et al, 2008).  Oil cakes can be either edible or non-edible. Edible cakes have a 

high protein content ranging from 15 to 50 % (Kolesárová et al., 2010). Depending on the 

method of oil extraction from the seeds, two basic types of solid byproducts are generated. Oil 

cakes are produced when simple oil pressing system is used. In case that pressing is followed by 

advanced extraction techniques, residues are usually referred to as oil meals. The more effective 

is the extraction process, the less lipids remain in the cakes. About 12 % of fats (or even 20% in 

mailto:alk@ncat.org?subject=%22Oilseed%20Processing%20for%20Small-Scale%20Producers%22
mailto:hollyh@ncat.org?subject=%22Oilseed%20Processing%20for%20Small-Scale%20Producers%22
mailto:hollyh@ncat.org?subject=%22Oilseed%20Processing%20for%20Small-Scale%20Producers%22
mailto:alk@ncat.org?subject=%22Oilseed%20Processing%20for%20Small-Scale%20Producers%22
mailto:hollyh@ncat.org?subject=%22Oilseed%20Processing%20for%20Small-Scale%20Producers%22
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case of small processing facilities) may remain in the oil cake when simple pressing method is 

employed. Second pressing, sometimes accompanied by water vapour extraction, can lower the 

content of fats to approximately 8%. If the extraction using hexane is engaged, oil meal with fats 

content about 1-3% can be generated (Watson, and Meleroeffer, 1976). Using the by-products 

that are generated from vegetable oil processing industries as a raw material for biogas 

production is one alternative measure for proper waste management in the industries (Chandra et 

al., 2006). 

 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

 

 

 

  

 

 

                                                                                                                                                                        

Figure 2.1  Schematic diagram showing the utilization of edible oil seeds for the production 

of vegetable oil and gaseous fuel (biogas) (modified from Chandra et al., 2006) 

 2.2   Anaerobic Digestion 

Anaerobic digestion is a natural process during which organic matter, in the absence of oxygen, 

is degraded to methane (60-70%), carbon dioxide (30-40%), water vapor and traces of  nitrogen, 

hydrogen sulphide and ammonia (Berglund, 2006). This mixture of gases is called biogas. 

Anaerobic digestion is an alternative solution to livestock waste management that offers 
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economic and environmental benefits (Balsom, 2006). Its feedstock can be unwanted „wastes‟ 

such as slurry or food waste, biomass, manure, sewage, municipal waste, green waste, plant 

material and energy crops (Budiyono et al., 2006). Anaerobic digestion consists of a series of 

microbiological processes that convert organic compounds to methane and carbon dioxide, and 

reduce the volatile solids by 35 percent to 60 percent, depending on the operating conditions 

(Bitton, 2005).  

 2.3. Microbial (Biological) Stages in Anaerobic digestion   

Four categories of microorganisms are involved in the transformation of complex organic 

materials into simple molecules such as methane and carbon dioxide (Bitton, 2005). Anaerobic 

Digestion is divided into four main biological and chemical stages (Drawnel, 2008). 

2.3.1. Hydrolysis: In hydrolysis complex organic substances are converted to simple ones 

(carbohydrates to sugars, fats to fatty acids and proteins to amino acids) by use of fermentative 

bacteria. The monomers are directly available to the next group of bacteria. Hydrolysis of the 

complex molecules is catalyzed by extracellular enzymes such as cellulases, proteases, and 

lipases. However, the hydrolytic phase is relatively slow and can be limiting in anaerobic 

digestion of wastes such as raw cellulolytic wastes that contain lignin. 

      

2.3.2 Acidogenesis: In acidogenesis acidogenic (acid-forming) bacteria (e.g., Clostridium) 

convert sugars, amino acids, and fatty acids to organic acids, alcohols and ketones, acetate, CO2, 

and H2.  The products formed vary with the bacterial type as well as with culture conditions like 

temperature and pH (Bitton, 2005). 

 

2.3.3 Acetognesis: Products from acidogenesis are converted to acetate, hydrogen and carbon 

dioxide by acetogenic bacteria such as Syntrobacter wlinii and Syntrophomonas wolfei. These 

groups of bacteria require low hydrogen tensions for fatty acid conversion. Under relatively high 

H2 partial pressure, acetate formation is reduced and the substrate is converted to propionic acid, 

butyric acid, and ethanol rather than methane (Bitton, 2005). 

 

http://www.answers.com/topic/biomass
http://www.answers.com/topic/manure
http://www.answers.com/topic/sewage
http://www.answers.com/topic/municipal-solid-waste
http://www.answers.com/topic/green-waste
http://www.answers.com/topic/vascular-tissue
http://www.answers.com/topic/vascular-tissue
http://www.answers.com/topic/energy-crop
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2.3.4 Methanogenesis: Acetate, carbon dioxide and hydrogen are reduced to methane and 

carbon dioxide by methanogenic bacteria. Methanogens are subdivided into two subcategories: 

Hydrogenotrophic methanogens (i.e., hydrogen-using chemolithotrophs) convert hydrogen and 

carbon dioxide into methane: 

CO2 + 4H2  CH4+ 2H2O 

Acetotrophic methanogens, also called acetoclastic or acetate-splitting methanogens, convert 

acetate into methane and CO2: 

CH3COOH        CH4 + CO2  

 

                   

                                                         Hydrolytic Bacteria 

  

                                             Acidogenic Bacteria 

 

 

                                     Acetogenic Bacteria 

 

 

                                 Methanogenic Bacteria 

 

Figure 2.2  Anaerobic digestion mechanism (modified from Bitton, 2005) 

2.4 By-products of anaerobic digestion  

2.4.1 Biogas 

 Biogas – is a mixture of 60% - 70% methane, 30% - 40% carbon dioxide and traces components 

of ammonia (NH3) and hydrogen sulfide (H2S) ( Bitton, 2005).  This biogas is then combusted to 

generate heat, power or road fuel. However, the amount of gas produced, depends on several 

factors such as temperature, pH , hydraulic and organic loading rates, toxic compounds, substrate 
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type, and total solids (TS), volatile solids (VS) content. The caloric value of the biogas is about 

5.5–6.0 kWh m
–3

 which corresponds to about 0.5 L of diesel oil (http://www.res2.agr.ca). 

Any biomass except lignin (a major component of wood) can be converted to biogas including 

animal and human wastes, sewage sludge, crop residues, industrial processing byproducts, and 

landfill material (Bitton, 2005). The conversion of animal wastes and manure to methane or 

biogas can yield significant health and environmental benefits. Methane is a greenhouse gas 

(GHG) that is 21 times more powerful than carbon dioxide (CO2) in trapping heat in the 

atmosphere. By trapping and utilizing the methane, GHG impacts are avoided. Further, the 

pathogens existing in manure are eliminated by the heat generated in the biodigestion process. 

2.4.2 Slurry or Digestate   

Digestate is a semi-solid material remaining after the anaerobic digestion of biodegradable 

feedstock. Anaerobic digestion can be seen as a method to treat the organic wastes but, in order 

to extract the maximum recovery value from these wastes, the slurry should have a useful 

purpose and benefit should be derived from its production. Its main advantage is that it has a 

high nutrient content. Its quality should be acceptable for purposes such as soil amendment or 

landscaping. Digestate quality can be assessed on three criteria: chemical, biological, and 

physical aspects. The chemical aspects of quality management of slurry are related to the 

presence of: 

 heavy metals and other inorganic contaminants; 

 persistent organic contaminants; 

 macro - nutrients like Nitrogen, phosphorous and potassium. 

2.4.2.1 Use of Digestate 

AD draws C, H and O from feedstock. Essential plant nutrients (N, P and K) remain largely in 

the slurry. The composition of the fertilizing agents depends on the feedstock and can therefore 

vary. The availability of nutrients is higher in digestate than in untreated organic waste. Nutrients 

(N-P-K) are mineralized to allow improved plant uptake. For instance, digestate has 25% more 

accessible NH4-N (inorganic N) and a higher pH value than untreated liquid manure. The use of 

slurry also benefits the humus balance in the soil and keeps the recycling of nutrients. Kongkaew 

et al., (2004) suggested that the use of anaerobic sludge mixed with chemical fertilizer in the 
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ratio of 1:1 is highly effective for sweetcorn, tomato and strawberry production and soil 

phosphorus improvement 

The digestate may have to be dewatered and thus separated into two fractions: the fibres and the 

liquor. The fiber is bulky and contains a low level of plant nutrients. It can be used as a soil 

conditioner and as low grade fertilizer. Further processing of the fibers, such as composting 

could produce good quality compost. The liquor (liquid effluent) contains a large proportion of 

nutrients and can be used as a fertilizer. Its high water content facilitates its application through 

conventional irrigation methods. According to Erickson et al., (2004) the liquor can be used as 

fertilizer on agricultural lands, but it cannot be used in greenhouses as it contains some particles 

that block feeder pipes. The use of fiber and liquor from anaerobic digester plant has led to 

improved fertilizer utilization and therefore less chemical consumption in cropping systems. 

2.4.2.2 Composting of slurry 

Kongkaew, (2004) recommended that in order to obtain a high quality product, with a higher 

value, the digestate can be processed into compost. Composting would ensure a complete 

breakdown of the organic components as well as fixing the mineral nitrogen onto humus-like 

fraction which would reduce nitrogen loss.  

2.5 Factors that affect anaerobic digestion 

  2.5.1 Temperature  

Anaerobic process, like other biological process, strongly depends on temperature. According to 

Monnet (2003) anaerobic digestion can occur under two main temperature ranges: 

 Mesophilic conditions; between 20-45
o
C. 

 Thermophilic conditions; between 50-65
o
C 

Anaerobic process, however, can still operate in a temperature range of 10 – 45
o
C                        

(http://www.wastedb.eu). The optimum temperature of digestion may vary depending on 

feedstock composition and type of digester, but in most anaerobic digestion processes it should 

be maintained relatively constant to sustain the gas production rate. Thermophilic digesters are 

more efficient in terms of retention time, loading rate and nominally gas production, but they 

need a higher heat input and have a greater sensitivity to operating and environmental variables, 
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which make the process more problematic than mesophilic digestion. Temperature within the 

digester is critical, with maximum conversion occurring at approximately 95°F in conventional 

mesophilic digesters. For each 20°F decrease in temperature, gas production falls by 

approximately 50 percent (Barker, 2001). The temperature of the fermentation process should be 

kept constant to within a maximum of ± 1°C (Jurgen et al., 2009). 

2.5.2 pH  

The optimal pH values for acidogenesis and methanogenesis stages are different. During 

acidogenesis acidogenic bacteria produce organic acids: acetic, lactic, and propanoic acids that 

tend to lower the pH of the bioreactor. Under normal conditions, this pH reduction is buffered by 

bicarbonate produced by methanogens. Under adverse environmental conditions, the buffering 

capacity of the system can be upset, eventually stopping methane production. The acidogens 

prefer a pH 5.5 - 6.5, while methanogens prefer a range of 7.8 - 8.2. In an environment where 

both cultures coexist, the optimal pH range is 6.8 – 7.4 (Boopathy, and Daniels, 1991). Since 

methanogenesis is considered as the rate limiting step, where both groups of bacteria are present, 

it is necessary to maintain the reactor pH close to neutral.    

An increase in volatile acids level thus serves as an early indicator of system upset. Monitoring 

the ratio of total volatile acids (as acetic acid) to total alkalinity (as calcium carbonate) has been 

suggested to ensure that it remains below 0.1 (Wang et al., 2009). One method for restoring the 

pH balance is to increase alkalinity by adding chemicals such as lime, anhydrous ammonia, 

sodium hydroxide, or sodium bicarbonate. 

2.5.3 Nutrients 

Digesters can be considered as a culture of bacteria feeding upon and converting organic waste. 

The elements carbon and nitrogen in the feedstock are the chief foods of anaerobic bacteria. 

Carbon is utilized for energy and nitrogen for building cell structures. Anaerobic bacteria use the 

carbon and nitrogen content of the feedstock in different rate. Relationship between the amount 

of carbon and nitrogen present in organic materials is represented by C:N ratio. 

Optimum C:N ratios in anaerobic digestion should be from 10:1 to 25:1 (Drawnel, 2008). A 

higher C:N ratio is an indication of a rapid consumption of Nitrogen by methanogens and results 

in a lower gas production. On the other hand, a lower C:N ratio causes ammonia accumulation 
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and pH values exceeding 8.5, which is toxic to methanogenic bacteria. Optimum C:N ratio of the 

feedstock materials can be achieved  by mixing waste of low and high C:N ratio, such as organic 

solid waste mixed with sewage or animal manure (Monnet, 2003). The presence of vitamins and 

metals such us: Fe, Ni, Mg, Ca, Na, Ba, Mo, Se and Co also very crucial to stimulate the growth 

of bacteria. 

2.5.4 Particle size 

 

Though particle size is not that much important parameter as temperature or pH of the digester 

contents, it still has some influence on gas production. The size of the feedstock should not be 

too large otherwise it would result in the clogging of the digester and also it would be difficult 

for microbes to carry out their digestion. Smaller particles on the other hand would provide large 

surface area for adsorbing the substrate that would result in increased microbial activity and 

hence increased gas production. Large particles could be used for succulent materials such as 

leaves. However, for other materials such as straws, large particles could decrease the gas 

production. The results suggested that a physical pretreatment such as grinding could 

significantly reduce the volume of digester required, without decreasing biogas production          

( David, and Kouichi,1984). 

2.5.5 Operational parameters 

From both the waste treatment and resource recovery perspectives, it is important to examine 

some of the important operational factors that govern the anaerobic bioconversion process. These 

include organic loading rate, mixing, retention time (RT) etc. The following sections elaborate 

some important operational parameters: 

Pretreatment 

Feedstocks sometimes require pretreatment to increase the methane yield in the anaerobic 

digestion process. Pretreatment breaks down the complex organic structure into simpler 

molecules which are then more susceptible to microbial degradation. According to Monnet, 

(2003) pretreatment could be done in any of the following ways: 

 Pretreating the feedstock with alkali or acid 

 Predigestion of fresh substrate 
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 Thermochemical pretreatment 

Mixing or stirring 

Mixing, within the digester, improve the contact between the microorganisms and substrate and 

improves the bacterial populations` ability to obtain nutrients. In addition mixing of the digester 

content reduces thermal stratification (the development of temperature gradient), reduces scum 

buildup, dilutes levels of inhibitors and retains inorganic material (grit) in suspension (Drawnel, 

2008). 

Retention time (RT)  

RT is the time needed to achieve the complete degradation of the organic matter. The retention 

time varies with process parameters; such as process temperature, and waste composition. The 

retention time for waste treated in mesophilic digester ranges from 15-30 days and 12-14 days 

for termophilic digester (Monnet, 2003).                     

Organic loading rate (OLR)  

Since the anaerobic process is a biological treatment process, loading parameters are most 

meaningful if they are expressed in terms of organic loadings. OLR is the measure of the 

biological conversion capacity of the AD system. For solid wastes and organic sludges; loadings 

most commonly are based on volatile solids (VS), whereas for dilute wastewaters loadings would 

be expressed in terms of biochemical oxygen demand (BOD) or chemical oxygen demand 

(COD) (Bitton, 2005). This paper emphasizes only anaerobic digestion of solid wastes.  Feeding 

the system above its sustainable OLR, results in low biogas yield due to accumulation of 

inhibiting substances in the digester slurry (that is fatty acids). Under such circumstances, the 

feeding rate of the system must be reduced. OLR is a particularly important control parameter in 

continuous systems. OLR is expressed in kg COD or VS per cubic meter of reactor. It is linked 

with retention time for any particular feedstock and anaerobic reactor volume (Monnet, 2003). 

The stability of the anaerobic process and the rate of gas production are both dependent upon 

organic loading rates. At higher loadings, the process often becomes unbalanced because of the 

excessive production of volatile acids. Carbon dioxide production under these conditions often 

will cause foaming of the digester and contribute to operating problems. Maintenance of uniform 
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or near uniform loading rates based on frequent, or if possible, continuous additions of raw 

sludge to the digester will yield the most consistent digester operation. 

2.5.6 Feedstock characteristics parameters 

In this paper the term feedstock is defined to include any substrate that can be converted to 

methane by anaerobic bacteria. Feedstock can range from readily degradable wastewater to 

complex high-solid waste. One requirement is that a given waste or wastewater contains a 

substantial amount of organic matter that is finally converted mainly to methane and CO2 

(Steffen et al., 1998). 

Historically anaerobic digestion has mainly been associated with the treatment of animal (pig, 

cattle, poultry) manure and sewage sludge from aerobic wastewater treatment plants. However, 

in the 1970s increased environmental consciousness, accompanied by the demand for new waste 

management strategies and renewable energy forms, broadened the field of applications for 

anaerobic digestion and hence introduced industrial and municipal wastes as well (Steffen et al., 

1998). 

Recent concerns over land filling of solid wastes stimulated engineers to consider new 

approaches to their treatment before disposal. For example solid and semi-solid wastes such as 

the organic fraction of municipal solid waste commonly disposed of to landfills or aerobically 

composted, may be treated anaerobically, saving landfill space and converting the organic 

material partially to biogas energy. The feedstocks for anaerobic digestion vary considerably in 

composition, homogeneity, fluid dynamics and biodegradability. The following feedstock 

parameters should be considered before the implementation of anaerobic digesters. 

Total solid (TS)  

TS is the term applied to the material residue, left in a vessel after evaporation of a sample and 

its subsequent drying in an oven at a defined temperature 105 °C ( Monnet,  2003).  

TS (%) = (weight after drying 105
o
C/wet weight) *100                                            Equation 2.1 

High water containing substrates not only unnecessarily increase the digester volume, but also 

raise the heat input per m³ waste required, resulting in unfavorable process economics. On the 

other hand, high TS contents dramatically change the fluid dynamics of substrates, often causing 

process failure due to bad mixing behavior, solids sedimentation, clogging and scum layer 
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formation. Steffen et al., (1998) suggested that the optimum TS - concentration for anaerobic 

digester will be in the range of about 6 - 10%. Pig and cow slurries are reported to contain dry 

matter contents in the range of 3 to 12% and Chicken manure contains 10 to 30% TS (Budiyono 

et al., 2006). 

Volatile solids (VS) 

VS is the weight lost during combustion at 550°C that refers to organic compounds in the 

feedstock. The efficiency of the digesters is typically measured by the amount of volatile solids 

reduction between the raw feedstock and the digested sludge. Many variables affect the volatile 

solids reduction in the digestion process, the major variables are: feedstock type, digestion time, 

digestion temperature, and mixing (APHA, 1999). 

Fixed solids (FS) 

FS is the term applied to the residue after combustion at 550°C.It is biologically inert material. 

Volatile fatty acids (VFA)  

Volatile fatty acids (VFAs) are important mid-products in the production of methane, and their 

concentrations affect the efficiency of anaerobic digestion (Wang et al., 2009). VFA are created 

during acidogenesis process. Levels of up to 6000 mg/L have been shown not to inhibit the 

reactions, however if the pH of the reactor moves away from the optimum levels, inhibition of 

the methanogenic bacteria can occur at lower concentrations. This therefore leads to further 

build-up of the VFA s. A healthy reactor will normally have VFA concentrations of up to 4000 

mg/L (Drawnel, 2008).  

Alkalinity  

The bicarbonate alkalinity, in the form of HCO3
-
 provides the main buffering for the buildup of 

acids in the digester. This comes mainly from the destruction of organics containing nitrogen to 

form ammonia, and then the reaction of ammonia with carbon dioxide to ammonium 

bicarbonate. Measurements of the alkalinity gives a view point on both how 'safe' the reactor is 

in relation to buffering acidic shock loads and how healthy the reactor is, as it is normal for 

alkalinity to be between 1000 to 5000 mg/L as CaCO3 (Drawnel, 2008). 
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2.6 Plant nutrients  

According to Allen and Pilbeam, (2007) plants must obtain the following mineral nutrients from 

the growing media: 

 primary macronutrients: nitrogen (N), phosphorus (P), potassium (K); 

 secondary macronutrients such as calcium (Ca), sulphur (S), magnesium (Mg) and 

 micronutrients or trace minerals: boron (B), chlorine (Cl), manganese (Mn), iron (Fe), 

zinc (Zn), copper (Cu), molybdenum (Mo), nickel (Ni), selenium (Se), and sodium (Na). 

2.6.1 Nitrogen 

Nitrogen is a part of all living cells and is a necessary part of all proteins, enzymes and metabolic 

processes involved in the synthesis and transfer of energy.  

In plants nitrogen is a part of chlorophyll (the green pigment) that is responsible for 

photosynthesis. Most of the nitrogen taken up by plants is from the soil in the forms of NO3
–
. 

Nitrogen deficiency most often results in stunted growth, slow growth, and chlorosis. Because 

nitrogen is mobile, the older leaves exhibit chlorosis and necrosis earlier than the younger leaves. 

Soluble forms of nitrogen are transported as amines and amides. Helps plants with rapid growth, 

increasing seed and fruit production and improving the quality of leaf and forage crops.Nitrogen 

often comes from fertilizer application and from the air (legumes get their N from the 

atmosphere, water or rainfall contributes very little nitrogen) (http://www.ncagr.gov). 

2.6.2 Phosphorus 

Like nitrogen, phosphorus (P) is an essential part of the process of photosynthesis. It is important 

in plant bioenergetics. As a component of ATP, phosphorus is needed for the conversion of light 

energy to chemical energy (ATP) during photosynthesis. Phosphorus can also be used to modify 

the activity of various enzymes by phosphorylation, and can be used for cell signaling. Since 

ATP can be used for the biosynthesis of many plant biomolecules, phosphorus is important for 

plant growth and flower or seed formation. Phosphate esters make up DNA, RNA, and 

http://www.google.com/search?tbo=p&tbm=bks&q=inauthor:%22Allen+V.+Barker%22
http://www.google.com/search?tbo=p&tbm=bks&q=inauthor:%22Allen+V.+Barker%22
http://en.wikipedia.org/wiki/Molybdenum
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen_deficiency
http://en.wikipedia.org/wiki/Phosphorus
http://en.wikipedia.org/wiki/Biological_thermodynamics
http://en.wikipedia.org/wiki/Adenosine_triphosphate
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/Cell_signaling
http://en.wikipedia.org/wiki/Biosynthesis
http://en.wikipedia.org/wiki/Biomolecule
http://en.wikipedia.org/wiki/Flower
http://en.wikipedia.org/wiki/Seed
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phospholipids. Most common in the form of polyprotic phosphoric acid (H3PO4) in soil, but it is 

taken up most readily in the form of H2PO4. Phosphorus is limited in most soils because it is 

released very slowly from insoluble phosphates. Under most environmental conditions it is the 

limiting element because of its small concentration in soil and high demand by plants and 

microorganisms. Plants can increase phosphorus uptake by a mutualism with mycorrhiza.  

A Phosphorus deficiency in plants is characterized by an intense green coloration in leaves. If the 

plant is experiencing high phosphorus deficiencies the leaves may become denatured and show 

signs of necrosis. High phosphorus content fertilizers, such as bone meal, are useful to apply to 

perennials to help with successful root formation (Bonner, and Varner, 1999). 

2.6.3 Potassium 

Potassium is absorbed by plants in larger amounts than any other mineral element except 

nitrogen and, in some cases, calcium. It helps in the building of protein, photosynthesis, fruit 

quality and reduction of diseases.  Potassium regulates the opening and closing of the stomata 

by a potassium ion pump. Since stomata are important in water regulation, potassium reduces 

water loss from the leaves and increases drought tolerance. Potassium deficiency may cause 

necrosis or interveinal chlorosis. K
+
 is highly mobile and can aid in balancing the anion charges 

within the plant. It also has high solubility in water and leaches out of soils that are rocky or 

sandy and can result in potassium deficiency. It serves as an activator of enzymes used in 

photosynthesis and respiration. Potassium is used to build cellulose and an aid in photosynthesis 

by the formation of a chlorophyll precursor.Potassium is supplied to plants by soil minerals, 

organic materials, and fertilizer. Potassium deficiency may result in higher risk of pathogens, 

wilting, chlorosis, brown spotting, and higher chances of damage from frost and heat. 

All fertilizers have three numbers on the label which indicate the fertilizer analysis or 

percentage by weight of nitrogen, phosphorus and potassium, in that order.   

Therefore, for example a 50 pound bag of fertilizer labeled 20-10-5 would contain 20% nitrogen 

(10 pounds), 10% available phosphates (5 pounds), and 5% soluble potash (2.5 pounds). 

(http://www.donnan.com) 

http://en.wikipedia.org/wiki/Phosphorus_deficiency
http://en.wikipedia.org/wiki/Potassium
http://en.wikipedia.org/wiki/Stomata
http://en.wikipedia.org/wiki/Drought
http://en.wikipedia.org/wiki/Potassium_deficiency_(plants)
http://en.wikipedia.org/wiki/Potassium_deficiency_(plants)
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CHAPTER – 3 MATERIALS AND METHODS 

3.1 Study area description  

The study was conducted at Addis Modjo Edible Oil Complex Share Company. The company 

has two sites (Modjo site and Addis Ababa site). Modjo branch is located about 76 km from 

Addis Ababa. In this branch raw materials of different edible oil seeds are processed 

mechanically through pressing or chemically through solvent extraction. Hexane is the most 

common solvent that the company uses for oil extraction. Depending on the method of oil 

extraction from the edible oil seeds, two types of solid by-products are generated in Modjo site. 

Oil cakes are produced when simple oil pressing system is used. If pressing is followed by 

advanced extraction techniques, residues are usually referred to as oil meals. Crude oil, the major 

product of Modjo branch, is transported to Addis Ababa branch for further refining processes. 

The Addis Ababa branch of Addis Modjo Edible Share Company is located in the Nifas Silke 

Lafto sub-city. 

Secondary data regarding type of oil seed that the company used; annual productions of crude 

vegetable oil and leftovers (oil cake or oil meal) were collected from the documentation center of 

the company and listed in appendix 1.    

3.2 Feedstock sample collection 

In this study cotton seed cake, rapeseed cake and cow dung were used as feedstock for bench 

scale anaerobic digestion. Cotton seed cake and rapeseed cake samples were taken from Modjo 

branch. The required quantity of cow dung (inoculums) as depicted in Figure 3.2 was obtained 

from private milk dairy in Yeka Sub-city. Figure 3.1 shows that, the size of seed cakes was large 

pilates and hard in texture. As a result pretreatment of the feedstocks was needed. In order to 

increase the surface area, the seed cakes were crushed into powder form by using mortar and 

pestle. Satyanarayan et al .,(2007) suggested that adding cow manure to castor bean cake and 

mustard oil cake  (Brassica compestries) is very important for C:N ratio amendment of biogas 

digesters. 
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Figure 3.1 Rapeseed cake and cotton seed 

cake samples 

                  Figure 3.2 Fresh cow dung sample 

3.3 Physico-chemical property determination of the feedstock 

First of all, the feasibility of the cotton seed cake and rapeseed cake as feedstock for biogas plant 

was tested for its total and volatile solid content, carbon and nitrogen content. 

3.3.1 Total Solid (TS) 

 

5 g of each collected samples was put in crucibles in triplicate form and weighed. The crucibles 

were placed inside an oven at 105ºC for 24 hours. Then the samples were cooled in a dessicator 

at room temperature and weighed. The weight of the sample which was left in the crucible gave 

the total solid.  The weight that is lost by evaporation describes the moisture content of the 

samples. The percentage of total solid of the samples was calculated in the following equation 

form (APHA, 1999): 

Equation 3.1 

Where A= weight of crucible 

            B= weight of fresh sample + crucible 

            C= weight of dried sample + crucible 
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3.3.2 Volatile Solid (VS) 

 

Volatile Solid (VS) contains largely carbon, oxygen, and nitrogen which burn off an already dry 

sample in a laboratory furnace at 500-600°C, leaving only the ash which contains largely 

calcium, magnesium, phosporus, potassium, and other mineral elements that do not oxidize. The 

volatile solid content of the samples was determined by transferring the dried samples into 

muffle furnace, heating at 550ºC for 5 hours and weighing after cooling in room temperature. 

The volatile solid percentage of the samples was calculated in the following equation form 

(APHA,1999):                     

 

Where A= weight of crucible 

            B= weight of fresh sample + crucible 

            C= weight of sample after oven + crucible 

            D= weight of sample after furnace + crucible 

3.3.3 Fixed Solid (FS)  

 

Fixed solid (the solid that is left on the crucible after ignition in the furnace) of the samples was 

measured. The average value of the triplicate samples was taken as fixed solid content of the 

samples (APHA, 1999). 

3.3.4 Total Nitrogen determination by Kjeldahl method 

About 1 g of the sample was placed in Kjeldahl flask and then in order to decompose the 

nitrogen content in the sample, concentrated sulfuric acid was added. 1 g Se was added to the 

flask and heated to facilitate the decomposition process. The solution then was distilled with 1.5 

N NaOH solution that can convert the ammonium salt to ammonia. The amount of ammonia 

present in the sample was determined by titrating it in boric acid. The boric acid captures the 

ammonia gas. Finally, the amount of nitrogen in a sample can be calculated from the quantified 

amount of ammonia ions in the receiving boric acid solution (APHA, 1999). 
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3.3.5 Carbon content estimation  

If the nitrogen content of a sample is known, one can estimate the percentage of carbon based on 

the volatile solid content of the sample. For most biological materials, the carbon content is 

between 45 to 60% of the volatile solids fraction. According to (Adams et al., 1951) by assuming 

55% of the volatile solid fraction is carbon content; the following formula can be applied to 

calculate the percentage composition of carbon in the sample: 

 

3.3.6 Carbon to Nitrogen ratio 

Finally the carbon to nitrogen ratio of each sample is calculated by dividing the % carbon to % 

nitrogen.                       

 

The total organic carbon and nitrogen ratio of the nine treatments were calculated or estimated 

from the substrates` result and presented in Table 4.5. For instance, the C:N ratio of CP-1 

digester was calculated as follow.  

CP- 1 digester contains 53.64 g rapeseed cake and 226.76 g cow dung (Table 3.1). Since the 

two substrates have their own TC and TN values, the TC content of the two substrates are 

calculated separately and sumed up at the end. Similarly, their TN values are calculated and 

sumed up at the end. Finally, the C:N ratio of the CP-1 digester is calculated as follow. 
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% TC of rapeseed cake = 50.78 % 

 (100 g rapeseed cake contains 50.78 g total 

organic carbon) 

By applying simple mathematical calculation 

the TC content of 53.64 g RSC is:   

100 g rapeseed cake = 50.78 g TC 

 53.64 g rapeseed cake = x1                                                   

x1 =27.24 g TC 

% TC of cow dung = 45.07 % 

 (100 g cow dung contains 45.07 g total 

organic carbon) 

The TC content of 226.76 g CD is:   

100 g CD= 45.07 g TC 

 226.76 g CD= x2                                                

x2 = 102.18 g TC 

TC of CP-1 digester = x1+x2 

TC of CP-1 digester = 129.42 g 

 % TC of CP-1 digester =(129.42/280.4)*100 

 % TC of CP-1 digester = 46.16  % 

 

%TN of rape seed = 3.2 % 

      (100 g rapeseed cake contains 3.2 g 

total nitrogen) 

By applying simple mathematical 

calculation the TN content of 53.64 g 

RSC is:   

100 g rapeseed cake = 3.2 g TN 

 53.64 g rapeseed cake =y1                                                   

y1 = 1.72 g TN 

% TN of cow dung = 1.89 % 

          (100 g cow dung contains 1.89 g 

total nitrogen ) 

The TN content of 226.76 g CD is: 

100 g CD= 1.89 g TN 

 226.76 g CD= y2                                                 

y2 = 4.29 g TN 

TN of CP-1 digester = y1+y2 

TN of CP-1 digester = 6.18 g 

% TC of CP-1 digester 

=(6.18/280.4)*100 

% TN of CP-1 digester = 2.20 % 
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C:N ratio of CP-1 digester = 21.6 

3.3.7 pH  

Since anaerobic bacteria are highly sensitive to high or low pH values, it is very important to 

measure the pH of the feedstocks. The pH of the feedstock compositions were measured before 

the bench scale digesters are sealed and anaerobic digestion is started.   

3.4 Experimental apparatus setup 

3.4.1 Bench Scale Digester 

The anaerobic digesters were prepared in bench or laboratory scales. Amber glass bottles with 

2.8 L holding capacity was used as bench scale digester. To keep the anaerobic condition, the 

bottle was sealed with a rubber stopper having two outlets. A hose gas pipe having 8 mm internal 

diameter and 1m length was inserted to the feedstock solution level through one of the outlet. 

The pipe was used to take samples from the digester. Another hose gas pipe having 5 mm 

internal diameter and 1 m length was attached to top of the amber glass through the second 

outlet. The pipe that was put above the top of the solution was used to collect the biogas 

produced during anaerobic digestion. Totally twenty seven anaerobic digesters were prepared in 

bench-scale at AAU Environmental Science laboratory Figure 3.3.  

 

Figure 3.3  Bench scale biogas digesters with two hose gas pipes 
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Since anaerobic bacteria are highly sensitive to environmental temperature fluctuation, it is very 

important to keep the digesters` internal temperature constant.  Bilhat Leta, (2008) suggested that 

the temperature of bench scale digesters can be regulated by keeping them in the sand. The 

following figure shows that the bench scale digesters were sand-jacketed. 

  
 

  Figure 3.4  Sand-jacketed bench scale biogas digesters 

3.4.2 Downward Liquid Displacement Setup 

The quantity of the biogas was measured by the downward displacement of water (Bilhat Leta, 

(2008), Eyasu Mekete, (2008) and Rajasekaran et al., (2008). As Figure 3.5 illustrates that the 

water displacement setup has two inverted bottles with tightly fitted corks. The first bottle was 

completely filled with water and its cork has two hose gas pipes of 5 mm diameter. One for gas 

inlet and the other for water outlet. The second bottle has one hose gas pipe through which the 

first bottle is connected. When the biogas from the bench scale digester entered to the first bottle 

through the gas inlet the same volume of water was displaced to the second bottle. The volume 

of the displaced water was measured using a measuring cylinder and recorded as the volume of 

the biogas. The gas coming out of the digester was trapped in the water containing bottle. 

The quality of the biogas that is the percentage of CH4 was determined by adding back the 

displaced water to the displacement bottle and connecting the first bottle to the third bottle. As 

Figure 3.6 shows that the third inverted bottle was filled with 10% NaOH solution. When the 

displaced water was added back to the first bottle, the trapped biogas entered the third bottle. The 

CO2, H2S content of the biogas was dissolved in the solution and the CH4 content of the biogas 

displaced its equivalent volume 10% NaOH solution. The volume of the displaced NaOH 
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solution was measured using a measuring cylinder and recorded as the volume of CH4 of the 

produced biogas.  By applying the following simple equation the percentage of methane was 

calculated. The quality of the biogas was in accordance with the percentage of methane. That is 

as the percentage of methane increased the quality of the biogas increased.  

 

%CH4 = (displaced NaOH/displaced water) * 100                                       Equation 3.5   

  

Figure 3.5 Downward water  displacement   

setup          

      Figure 3.6 Downward NaOH solution 

displacement setup 

3.5 Preparation of feedstock composition of the digesters 

The feed stocks for the bench scale digesters were grinded and the composition was prepared in 

different ratio with cow dung. To keep the uniformity of all treatments the total solid content of 

each digester was fixed to 100 g. Since the percentage of total solid of the feedstock composition 

is very important for efficient biogas production, the bench scale digesters adjusted to %TS of 

8%. Jurgen et al., (2009) reported that a biogas plant having TS of 8-10% produce high quality 

of biogas. Dilution is very important to adjust the total solid percentage of the digesters. The 

water added to dilute the feedstock was calculated by applying the following formula:  

The total solid of the samples in every digester was adjusted to 100 g. For example, to prepare 

the first composition 50:50 ratio of rapeseed cake and cow dung; 50 g of total solid of rapeseed 
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cake and 50 g of total solid of cow dung was needed. Since the samples have their own water 

content, 50 g TS of the samples was measured by calculating as follows: 

%TS of rapeseed cake = 93.21%  

           (100 g rapeseed cake contains 93.21 g total solid) 

                                100 g sample of rapeseed cake = 93.21 g TS rapeseed cake 

                                 x g sample of rapeseed cake   = 50 g TS rapeseed cake          

------------------------------------------------------------------------ 

               x= 53.64 g rapeseed cake sample 

%TS of cow dung = 22.05%  

            (100 g cow dung contains 22.05 g total solid) 

  100 g sample of cow dung = 22.05 g TS cow dung  

  y g sample of cow dung   = 50 g TS cow dung          

 ----------------------------------------------------------------- 

                    y= 226.76 g rapeseed cake sample 

Totally 50:50 ratio digester contains 280.40 g total solid of the sample (53.64 g RSC and 226.76 

g CD). To get 8% TS solution of the digester, feed stocks were diluted by tap water. Water added 

for dilution is calculated as follow:  

 

Mass of water added = (100 g ∕ 0.08) - 280.40 g 

Mass of water added = 969.63 g  

969.63 g of tap water is added to CP-1 digester. Similarly, Water added to the remaining 

digesters was calculated and measured. The experiment was conducted in nine different 

composition types or treatments with three replications. The amount of oil seed cakes, cow dung 

and water added in g of each treatment of the bench scale digesters are tabulated as follows. 
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Table 3.1  Feedstock composition of the bench scale digesters in 9 treatments with 3 replications 

Label Amount of seed 

cake (g) 

Amount of 

cow dung (g) 

Amount of 

water added (g) Treatment composition  Replication 

CP-1 

50% C-D : 50% RC 

 

R1 53.64        226.76 969.63 

R2 53.64 226.76 969.63 

R3 53.64 226.76 969.63 

CP-2 

33% CD : 67% RC 

 

R1 71.52 151.20 1027.25 

R2 71.52 151.20 1027.25 

R3 71.52 151.20 1027.25 

CP-3 

25% CD : 75% RC  

 

R1 80.46 113.38 1056.13 

R2 80.46 113.38 1056.13 

R3 80.46 113.38 1056.13 

CP-4 

100% RC 

R1 107.28 0 1142.72 

R2 107.28 0 1142.72 

R3 107.28 0 1142.72 

CP-5 

50% CD : 50% CSC 

 

R1 52.69 226.76 970.55 

R2 52.69 226.76 970.55 

R3 52.69 226.76 970.55 

CP-6 

33% CD : 67% CSC 

 

R1 70.23 151.20 1028.57 

R2 70.23 151.20 1028.57 

R3 70.23 151.20 1028.57 

CP-7 

25% CD : 75% CSC 

 

R1 79.04 113.38 1057.58 

R2 79.04 113.38 1057.58 

R3 79.04 113.38 1057.58 

CP-8 

100% CSC 

R1 105.30 0 1144.61 

R2 105.30 0 1144.61 

R3 105.30 0 1144.61 

CP-9 

100% CD 

R1 0 453.72 796.28 

R2 0 453.72 796.28 

R3 0 453.72 796.28 
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3.6 Quantitative Measurement of the biogas 

The biogas produced in each treatment was measured by liquid displacement method in one day 

interval over a period of eight weeks. The quantity of the biogas was measured by downward 

displacement of water. While the quality that is the percentage of CH4 in the biogas was 

determined by passing the biogas through 10% NaOH solution (downward displacement 

method).  

3.7 pH measurement of the digester 

Since pH is an important parameter for the growth of anaerobic bacteria, the pH of the digesters 

was measured regularly during quantitative measurement of the biogas. In addition, the pH of the 

slurries was measured at the end of biogas production.   

 

 Figure 3.7 pH measurement of the slurries 

3.8 Room temperature measurement 

The experiment was conducted at Environmental Science Laboratory in Addis Ababa University. 

Anaerobic digestion of the nine treatments started on November 28, 2010 and ended on January 

22, 2011. Temperature is an important operational parameter for anaerobic digesters. The room 

temperature of the Environmental Science Laboratory was measured during qualitative 

measurement of the digesters at 7:00 am, 1:00 pm and 7:00 pm. The average values of the three 

temperature readings were taken to check the fluctuation of the room temperature. 
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3.9 Slurry Analysis  

3.9.1 Total solid and volatile solid measurement  

At the end of biogas production the total solid and volatile solid content of the slurries were 

measured. The methods used to quantify these parameters were similar to the methods used to 

measure %TS & %VS of the feedstocks (section 3.3.1 & 3.3.2).  

3.9.2 Macro plant nutrient analysis of the slurry 

When the biogas production was completed, the slurry (digestate) was taken for further analysis. 

Figure 3.8 shows that the slurries are semi liquid material that is left in the digester after the 

completion of biogas production.  

 

 Figure 3.8 Slurries of the bench scale digesters 

Macro plant nutrients (nitrogen, potassium and phosphorus) content of the slurry was analyzed.  

Total Nitrogen measurement  

The total amount of nitrogen left in the slurries was analyzed by Kjeldahl method as stated in 

section 3.3.4.  

 

Available potassium and available phosphorus measurement 

35 mL of the slurry was added to an Erlenmeyer flask having a mixture of 200 mL of 0.05 M of 

calcium acetate, 0.05 M calcium lactate and 0.3 M acetic acid and buffered to pH of 4.1.  The 

solution was shaked vigorously for two hours and filtered. The filtrate was poured to cuvate and 
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put in spectrophotometer (APHA, 1999). Finally, the value of available phosphorus was 

calculated in mg/L with the equation as follow:  

  

35 mL of the slurry was added to an Erlenmeyer flask having a mixture of 200 mL of 0.05 M of 

calcium acetate, 0.05 M calcium lactate and 0.3 M acetic acid and buffered to pH of 4.1.  The 

solution was shaked vigorously for two hours and filtered. The filtrate was tested in flame 

photometer (APHA, 1999). Finally, the amount of available potassium was calculated in mg/L 

with the equation as follow:  
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CHAPTER – 4 RESULT AND DISCUSSION 

4.1 Vegetable Edible Oil Production Capacity of AMEOCSC 

Even though there are a lot of edible oil seeds like soybean, sunflower seed, rapeseed, olive, 

cotton seed etc that can be used as a raw material for vegetable oil production, AMEOCSC uses 

cotton seed and rapeseed as a major raw material (Appendix 1).  

As appendix 2 illustrates that the company`s edible oil production capacity increases from year 

to year. In 2009 the company generated 2,390 ton CSC and 1,477 ton RC as by-product. The 

amount of crude oil and the seed cakes increased by doubled in 2010. Chandra et al., (2006) 

recommended that non-edible oil seed cakes can be used as a feedstock for biogas generation.  

As the percentage achievement column shows that the actual production of total crude oil and the 

by-products declined by 55 % from the annual plan of the company in 2010. The company listed 

the possible causes for the reduction of production as follow:  

Table 4. 1 Factors that affect the annual production quantity of AMEOCSC 

S.N. Major factors  Down time in 

days 

Contribution in 

% 

1. Shortage of raw materials 11 7.38 

2. Mechanical problems in : 

Fat extracting machine   

Hydraulic hose etc 

54 3-6.68 

3. Electrical problems in different machines 7 4.43 

4. Power interruption   71 48.28 

5. Technical problems on boilers  5 3.23 

 Total  148 100 

       (Source: AMEOCSC documentation) 

Table 4.1 illustrates shortage of raw materials, power interruption, technical and mechanical 

problems were major factors that cause quantity reduction in the company in 2010. From the 

listed problems, power interruption is the most prominent and it accounts 48.3%. The company 

stopped production for 71 days due to power interruption (Table 4.1). Balsam, (2006) suggested 

http://en.wikipedia.org/wiki/Soybean_oil
http://en.wikipedia.org/wiki/Sunflower_oil
http://en.wikipedia.org/wiki/Rapeseed
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that biogas can be used to fuel generators to produce steam and electricity. For factories having 

problems of proper waste management mechanism and power interruption, the implementation 

of biogas plant can solve both problems. In this study the biogas production potentials of cotton 

seed cake and rapeseed cake were assessed.    

4.2 Physico-chemical property of Cotton seed cake, Rapeseed cake and cow 

dung 

4.2.1 TS, MC, VS and FS content of the feedstock    

Total solid, moisture content, volatile solid and fixed solid compositions of the raw materials are 

the most important parameters to assess the biogas production potentials of feedstocks. Note that 

the values of VS and FS are out of the total solid content. In this study, these parameters of 

cotton seed cake, rapeseed cake and cow dung were measured in triplicates and their average 

values are tabulated as follow. 

Table 4. 2 TS, MC, VS and FS content of Cotton seed cake, Rapeseed cake and Cow dung 

Parameters Cotton Seed Cake 

(CSC) 

Rapeseed Cake 

(RC) 

Cow Dung 

(CD) 

% TS 93.21 94.89 22.05 

% MC 6.79 5.11 77.95 

% VS 91.07 91.40 81.75 

% FS 8.93 8.60 18.25 

Chandrakant, and Chellapandi, (2009) reported that cotton seed cake has TS of 94%, which is in 

agreement with the result of this study. The above table shows that the percentage composition 

of the total solids of cotton seed cake, rapeseed cake and cow dung are around 93%, 95% and 

22%, respectively.  This leaves their moisture content to be 7%, 5% and 78%, respectively. Very 

high total solid content of the feed stocks of biogas digesters can slow down the mobility of 

anaerobic bacteria.  Jurgen et al., (2009) suggested that the most favorable percentage of total 

solids for biogas production is in the range of 8-10%. The TS percentage of each treatment was 

adjusted to 8% by adding tap water. Elias Jigar, (2010) reported that cow dung has a volatile 

solid content of 79.1%. The percentage composition of volatile solids of the seed cakes and the 

cow dung is above 80% from their total solids fraction (Table 4.2). This indicates that a large 
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portion of the raw materials is biodegradable. Consequently, the seed cakes that are generated as 

wastes from vegetable oil industries can be considered as an important feedstock for biogas 

production. Even though the high TS content of the seed cakes needs more water for dilution, the 

large biodegradable proportion of the cakes enables to generate much biogas from small amount 

of the feedstocks. The fixed solid values of the seed cakes and cow dung are around 9% and 

18%. This shows that less than 20% of the feed stocks content is anaerobically not degradable 

and present as digestate or slurry in the digester. Studies conducted on the use of slurry and 

sludge from biogas digestion pool as bio-fertilizer suggested that the nutrient left in the biogas 

digester plays an important role for soil amendment (Kongkaew, 2004).  

4.2.2 Carbon to Nitrogen Ratio of the Feed stocks  

Another key consideration for anaerobic digestion is the carbon: nitrogen ratio of the input 

material. This ratio is the balance of food that a microb requires in order to grow. The optimal 

C:N ratios in anaerobic digestion should be from 10:1 to 25:1 (Drawnel, 2008). Table 4.3 shows 

that the C:N ratios of  cotton seed cake and rapeseed cake are  11.50  and 15.87,  respectively; 

while the cow dung`s C:N ratio is 23.85. It is necessary to maintain the proper composition of 

the feedstock for efficient digester operation so that the C:N ratio in feed remains within the 

desired range. The organic carbon content of oil seed cakes is relatively higher than cow dung. 

Yadvika et al., (2004) recommended that in order to attain the desired C:N ratio; Waste material 

that is low in carbon content can be combined with materials having high in carbon content.  

Table 4. 3 Carbon to nitrogen ratio of cotton seed cake, rapeseed cake and cow dung 

Parameters Cotton Seed Cake 

(CSC) 

Rapeseed Cake 

(RC) 

Cow Dung 

(CD) 

% TC 50.59 50.78 45.07 

% TN 4.4 3.2 1.89 

C:N 11.50 15.87 23.85 

 

Cow dung which was chosen to act as inoculums in this study has better C:N ratio value than the 

seed cakes. As a result, the inoculums or cow dung was also used as a material that can modulate 
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the C:N ratios of the bench scale digesters. The C:N ratios of the nine treatments of bench scale 

digesters were calculated and their results are listed in Table 4.4.  

As Table 4.3 indicates that cotton seed cake has relatively lager nitrogen than the nitrogen 

content of rapeseed cake and caw dung. Because of this the C:N ratio of CP-8  treatment is 

smaller than the remaining treatments.  Drawnel, (2008) stated that lower C:N ratio can result in 

the accumulation of ammonia in the bioreactor  which is toxic to methanogenic bacteria. The 

only feedstock for CP-9 digester is cow dung having C:N ratio of 23.85; which is close to the 

C:N ratio of cow dung 25 as reported by FAO (1997). 

 

Table 4. 4 Total organic carbon, total nitrogen and carbon to nitrogen ratios of the bench 

scale digesters 

Treatment 

Label 

Organic 

Carbon 

content in % 

Nitrogen 

content in 

% 

C:N ratio 

CP-1 46.16 2.14 21.57 

CP-2 46.90 2.31 20.30 

CP-3 47.44 2.43 19.49 

CP-4 50.78 3.20 15.87 

CP-5 46.11 2.36 19.51 

CP-6 46.82 2.69 17.43 

CP-7 47.34 2.92 16.21 

CP-8 50.59 4.40 11.50 

CP-9 45.07 1.89 23.85 
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Figure 4.1 Comparison on the carbon to nitrogen ratio of the nine treatments 

The above green column in Figure 4.1 clearly shows that the C:N ratio of the digesters decreases 

from CP-1 to CP-4 and from CP-5 to CP-8. This is due to the fact that the amount of the seed 

cakes that have relatively large % nitrogen increases through the treatment compositions. CP-9 

digester (CD alone) has the largest C: N ratio than the remaining treatments. The largest C:N 

ratio of the cow dung which was designed to act as inoculums also has an effect on modulating 

the C:N ratio of the treatments. The smallest C:N ratio was observed in CP-8 digester, this is due 

to the nitrogen content of cotton seed cake being relatively large.   

4.2.3 pH value of the bench scale digesters  

 

Since pH of the feedstocks is an important operational parameter for healthy anaerobic digesters, 

the pH of the feedstocks was measured and recorded. Table 4.5 shows that the pH values of the 

nine treatments are in the range of 6.08 – 6.61. The results verify that the feed stocks have 

convenient pH values to start anaerobic digestion without additional pretreatment. Boopathy, and 

Daniels, (1991) reported that acidogenic bacteria can live in an environment with a pH of 5.5 to 

6.5.  

Treatment composition 
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Table 4. 5 Initial pH values of the feedstocks of the bench scale digesters 

Treatment  Label  CP-1 CP-2 CP-3 CP-4 CP-5 CP-6 CP-7 CP-8 CP-9 

pH value 6.13 6.12 6.11 6.08 6.25 6.52 6.44 6.61 6.20 

 

 

Figure 4.2 pH values of the bench scale digesters versus number of readings throughout the 

retention time 

Figure 4.2 shows the average pH values of the nine treatments for a maximum of 29 readings at 

one day interval for about two months of anaerobic digestion. Through the biological break 

down of large molecules of the feed stocks to smaller forms, the pH values of the digesters 

fluctuated throughout the retention time. The pH values of CP-3, CP-4 and CP-8 digesters 

became acidic after retention time of one week.  The pH of CP-4 (rapeseed alone) and CP-8 

(cotton seed alone) decreased sharply to acidic media of 3.3 and 3.7, respectively; this could 

have inhibition effect on the growth of methanogenic bacteria in the digesters. The inhibition of 

methanogenic bacteria has a negative impact on the quality of the biogas output. As Figure 4.3 
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confirms that the qualities of biogas produced by CP-4 and CP-8 digesters are relatively very 

weak.  Even though the pH of CP-5 (50% CD and 50% CSC) digester having biogas quality of 

72% goes to 4.9 within three weeks of digestion, it recovered back to slightly neutral pH 6.2 and 

stayed for longer time. In addition, during three weeks of fermentation the pH of CP-1 (50% CD 

and 50% RC) digester get to 5.2 from 6.1 and come back to 5.9. The pH of the control (CD 

alone) decreases very slowly from 6.2 to 5.6 all the way through four weeks of anaerobic 

digestion and picked up to pH of 5.8.  There were also significant alternations in the pH readings 

of CP-2, CP-6 and CP-7 digesters all the way through their retention time. 

4.3 Quantitative and Qualitative Measurement of the biogas of the bench scale 

digesters  

In this study the amount of biogas produced by each bench scale digesters was measured by 

considering the volume of the displaced water. In addition, by measuring the volume of the 

displaced 10% NaOH solution, the amount of methane in the digesters` output was measured. 

The output of the bench scale digesters were measured in one day interval. Since each treatment 

was prepared in three replications, the biogas production potential of the treatments was assessed 

from the average values of triplicates. The outputs of the nine treatments are listed in Table 4.6. 

The data listed in Table 4.6 does not show the biogas potential of the seed cakes only; this is 

because the cow dung (inoculum) in the digesters was also anaerobically digested. The intention 

of this study is to assess the biogas potentials of cotton seed cake and rapeseed cake. By 

subtracting the cow dung`s contribution in the digesters, the contribution of the oil cakes can be 

calculated. The amount of net total biogas and methane produced by the oil cakes are presented 

in Table 4.7. For instance, the total biogas produced by pure cow dung in CP-9 treatment is 

2352.5 mL. In CP-1 treatment the composition of cow dung and the rapeseed cake is 50:50 and 

its total biogas production is 5267.83 mL. So, it is possible to calculate the biogas potential of the 

rapeseed cake as follows:  

Biogas potential of rapeseed cake = 5267.83 mL - (2352.5 ml *0.5) = 4091.58 mL 
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From the treatments that contain mixture of rapeseed cake and cow dung; RC in CP-1 digester 

produced 4091.6 mL of biogas with 64.2% methane content.  Table 4.7 demonstrates that as the 

quantity of rapeseed cake increases the quality of the digesters decreases. This could be due to 

the increment of the amount of glucosinolet in the rapeseed cake that inhibits the growth of 

methanogenes. In addition the decrement of C:N ratio could slow down the bacterial growth; 

which has a direct consequence on the percentage of methane. Even though rapeseed cake in CP-

4 (rapeseed cake alone) digester produced 4855.2 mL biogas, the digester is poor in terms of 

quality or methane percentage.  Moreover, from the bench scale digesters those contain a 

feedstock of cotton seed cake blended with cow dung; CSC contribute the maximum biogas of 

4960 mL in CP-5 Table 4.7. Like rapeseed cake, the quality of biogas generated by CSC 

decreased as its quantity increased in the digester.  As appendix 1 illustrates that 4,297 ton of 

cotton seed cake and 3,929 ton of rapeseed cake were generated by the company in 2010. But if 

these much amount of biodegradable wastes is kept in anaerobic digester; 4.1x10
8
 L and 3.0x10

8 

L biogas could be generated from cotton seed cake and rapeseed cake, respectively.  

 

Table 4. 6 Average total biogas, methane and 

quality of the bench scale digesters 

Treatment 

Label  

Total 

biogas 

(mL) 

Total 

methane 

(mL) 

% 

CH4  

 CP-1 5267.83 3424.38 65.00 

CP-2 4034.36 2474.35 61.33 

CP-3 3278.50 1922.83 58.65 

CP-4 4855.17 2607.67 53.71 

CP-5 6136.33 4419.00 72.01 

CP-6 4943.67 3353.18 67.83 

CP-7 3372.17 2183.50 64.75 

CP-8 4327.33 2716.80 62.78 

CP-9 2352.50 1595.00 67.80 
 

Table 4. 7 Total net biogas and methane 

production of cotton seed and rapeseed cakes 

from the bench scale digesters 

Treatment 

Label  

Net 

biogas 

(mL) 

Net 

methane 

(mL) 

% 

CH4 

 CP-1 4091.58 2626.88 64.20 

CP-2 3258.04 1948.00 59.79 

CP-3 2690.38 1524.08 56.65 

CP-4 4855.17 2607.67 53.71 

CP-5 4960.08 3621.50 73.01 

CP-6 4167.34 2826.83 67.83 

CP-7 2784.04 1784.75 64.11 

CP-8 4327.33 2716.80 62.78 
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Figure 4.3 Total biogas, methane and quality of the nine treatments 

The output of the nine treatments can be compared in terms of total biogas, total methane and 

quality (percentage of methane).The bar graph in Figure 4.3 illustrates the total amount of biogas 

and methane produced by the nine treatments over eight weeks of retention time. The maximum 

biogas output of 6,136 mL was recorded in CP-5 (50% CD and 50% CSC) treatment followed by 

CP-1 treatment with 5267.8 mL.  

From the treatments that contain cotton seed; the smallest amount of biogas was generated by 

CP-3 (25% CD and 75% CSC) treatment with 3372.2 mL. Even though the amount of biogas 

produced by CP-8 (cotton seed alone) is larger than CP-7 digester, its quality 63% of methane is 

less than CP-5, CP-6, and CP-7.  The amount of biogas produced by CP-4 digester is greater than 

CP-2 and CP-3 but with less quality. The control, cow dung treatment (CD alone) recorded 

2352.5 mL of biogas. Generally, the total amount of biogas and methane increased as the amount 

of cow dung mixed with the cakes increased. This is in agreement with the result obtained by 

Rajasekaran et al., (2008) and Eyasu Mekete, (2008). Figure 4.3 shows that, the quality of the 

biogas decreases as the contribution of the cow dung decreases in the digesters. This could be 
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related to the C:N ratio of the digesters. The least biogas quality was recorded by CP-4 (rapeseed 

alone) 54%; the decrement of biogas quality with the increment of the quantity of RC could be 

due to the presence of glucosinolet in the RC that inhibits the growth of anaerobic bacteria.  

4.4 Room Temperature Reading  

Figure 4.4 depicts that the room temperature fluctuated throughout the retention time of 

anaerobic digestion. The minimum and maximum room temperature was 15.4
o
C and 17.4

o
C, 

respectively. Since the bench scale digesters were kept in sand, the room temperature fluctuation 

expected not to disturb the anaerobic digestion. Belhat Leta, (2008) studied the insulation 

capacity of sand-jacketed digesters. The study confirmed that sand-jacketed anaerobic digesters 

which were kept at 50
o
C thermostat had a temperature fluctuation of 2.5

o
C. But in this study the 

maximum temperature of the room was 17.4
o
C; the temperature fluctuation of the digesters could 

be 0.85
o
C. Barker, (2001) reported that for each 20°F decrease in temperature, biogas production 

falls by approximately 50 percent.   

 

Figure 4.4 Average room temperature versus number of readings throughout retention 

time 
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4.5 Relationship between C:N ratio of treatments and quality of biogas 

The volatile solid content of the digesters increases as the contribution of the seed cakes 

increases in the treatment composition. Even though the volatile solid content of the digesters 

increases from CP-1 to CP-4 and from CP-5 to CP-8, but the quality of the digesters decreases 

from CP-1 to CP-4 and from CP-5 to CP-8 treatments. This could be related to the C:N ratio of 

the digesters.   

In this study the C:N ratio of the seed cakes in the treatments were modulated by the C:N ratio of 

the inoculums (cow dung). C:N ratio of the feedstock is a major factor affecting the methane 

yield and production rate of anaerobic process (Drawnel, 2008). It is very important to study the 

extent of C:N ratio over metane yield of the bench scale digesters. Figure 4.5 demonstrates that  

as the C:N ratio increases the quality of the biogas increases from CP-4 to CP-1 and CP-8 to CP-

5.    

 

Figure 4.5 Correlation between C:N ratio and biogas quality of the nine teatments 

4.6 Slurry Analysis  

4.6.1 Physical Property of the Slurries 

Biogas is not the only important output of an anaerobic digester; there is also a semi-solid 

residue called slurry that can be used as a soil conditioner. The amounts of total solid and volatile 

solid that were retained in each of the digesters were measured. Table 4.8 shows the average 
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values of percentages of total solid and total volatile solid of the slurries of the bench scale 

digesters.  

Table 4. 8 %TS and %VS of slurries of the nine treatments 

  

The least %TS content of the slurries was measured in CP-5 digester; this could be due to the 

maximum biodegradability of the feedstock in the CP-5 treatment. As compared to digesters that 

contain rapeseed cake; CP-1 digester has minimum %TS and %VS. The anaerobic digesters that 

contain cotton seed cake and rapeseed cake alone have relatively high total solid and volatile 

solid content this could be due to inefficient biodegradability of the cakes alone. The control (CD 

alone) has left with 3.9% TS and 2.0% VS of slurry (Table 4.8). 

4.6.2 pH of the Slurries 

Even though anaerobic slurries contain nutrients that are easily accessible by plants, direct 

application of highly acidic or alkaline slurries may have an effect on the pH of the soil. Table 

4.9 demonstrates the average pH values of the slurries of the nine treatments.  

Table 4. 9 pH values of the slurries of the bench scale digesters 

 

As indicated in table 4.9, the least pH reading of 4.80 was recorded in CP-4 slurry and the 

highest was 6.15 by CP-5. From the slurries that contain rapeseed cake CP-1 treatment (the chief 

biogas producer) has pH of 5.95 which is slightly acidic. The slightly acidic nature of CP-1 

slurry could be neutralized by locally available ash, lime or it could be directly applied in slightly 

Treatment  Label CP-1 CP-2 CP-3 CP-4 CP-5 CP-6 CP-7 CP-8 CP-9 

%TS 4.2 5.8 7 8.3 3.5 4.3 6.5 7.3 3.9 

%VS 2.4 3.2 5.5 6.2 1.8 2.9 3.6 5.8 2.0 

Treatment  Label  CP-1 CP-2 CP-3 CP-4 CP-5 CP-6 CP-7 CP-8 CP-9 

pH value 5.95 5.70 5.20 4.80 6.15 6.02 5.75 5.18 5.76 
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alkaline soil. The maximum biogas producer CP-5 treatment has pH of 6.15 which is close to 

neutral and may not need pretreatments. According to the environmental authority of USA, the 

pH of compost should be with the range of 6.0 to 7.0 (William, 2000). The pH of the slurry of 

the cow dung alone was slightly acidic. 

4.6.3 Macro Nutrients of the Slurries 

The amount of macro nutrients (N, P and K) left in each slurry was measured at the end of biogas 

production. The average values of the macro nutrients of the bench scale digesters are presented 

in the following table. 

Table 4. 10 Amount of total nitrogen, available phosphorus and potassium present in the nine 

slurries 

Treatment 

Label 

Total 

Nitrogen 

(mg/L) 

Available 

Phosphorus 

(mg/L) 

Available 

Potassium 

(mg/L) 

CP-1 3466.45 5556.59 1050.18 

CP-2 3324.26 11189.88 1075.87 

CP-3 3306.23 13116.33 1030.38 

CP-4 3786.20 15847.84 1145.52 

CP-5 3206.14 9707.88 1238.85 

CP-6 3579.98 14733.06 1118.84 

CP-7 3640.08 14962.23 1093.88 

CP-8 3984.21 1791.41 1381.12 

CP-9 1787.06 3480.12 832.69 

 

The maximum amount of total nitrogen was recorded in slurry CP-8 by 3984.21 mg/L as showed 

in Table 4.10. This could be due to large content of total nitrogen present in cotton seed and 

relatively less degradability of the cotton seed alone.  From the treatments that contain rapeseed 

cake; CP-1 digester produced large amount of biogas and its slurry contains 3466.45 mg/L of 

total nitrogen, 5556.00 mg/L of available phosphorus and 1050.18 mg/L of available potassium. 

CP-5 treatment produced the largest biogas from the bench scale digesters and has 3206.14 mg/L 

total nitrogen, 9707.88 mg/L of available phosphorus and 1238.85 mg/L of available potassium 

in its slurry. From the treatments that contain rapeseed cake, maximum amount of macro 

nutrients are left in treatment CP-4. CP-4 slurry (rapeseed cake alone) has 3786.20 mg/L total 
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nitrogen, 15847.84 mg/L of phosphorus and 1145.52 mg/L of available potassium.  According to 

Bonner, and Varner, (1999) a growing media having 1.5% nitrogen, 1% phosphorus and 0.2% 

potassium nutrients is very convenient for the growth of plants.   
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CHAPTER – 4 CONCLUSION AND RECOMMENDATIONS 

4.1 Conclusion 

Addis Modjo Edible Oil Complex Share Company uses cotton seed and rapeseed as a major raw 

material for vegetable oil production. The company`s vegetable oil production capacity raises 

from time to time. The generation of cotton seed and rapeseed cakes as by-product also 

significantly increased. The findings of this study show that, cotton seed cakes and rapeseed 

cakes are a potential feedstock for anaerobic digesters. The blending of the cakes with cow dung 

(inoculums) in different ratio had a role in modulating the C:N ratio of the anaerobic digesters.     

Since the bench scale digesters were sand-jacketed, the fluctuation of environmental temperature 

is expected to not to have disturbed the fermentation process. From the digesters those contain 

rapeseed cake maximum biogas of 5,267.8 mL was produced by CP-1 treatment (50%CD and 

50% RC) with 65% quality. Moreover, from the digesters those contain cotton seed cake blended 

with cow dung; CP-5 treatment is the leader in terms of quality as well as quantity.CP-5 

treatment (50%CD and 50% CSC) generated 6,136 mL biogas and out of this 4,419 mL is 

methane with 72% quality. The control which is 100% CD produced 2,352.5 mL biogas and 

1595 mL of methane having 67.8% quality. Anaerobic bench scale digesters that contain cotton 

seed cake and rapeseed cake alone produced substantial amount of biogas having a quality of 

63% and 54%, respectively. Generally, as the amount of cow dung that is mixed together with 

the oil seed cakes increases; the quantity along with the quality of the biogas output increases.  

Biogas is not the only vital asset of anaerobic digesters but also its slurry contains essential plant 

nutrients. From the digesters that contain rapeseed cake, the maximum biogas producer (CP-1 

digester) has slurry of 3466.45 mg/L of total nitrogen, 5556.00 mg/L of available phosphorus 

and 1050.18 mg/L of available potassium. In addition CP-5 slurry contained total nitrogen of  

3206.14 mg/L, available phosphorus of 9707.88 mg/L and available potassium of 1238.85 mg/L.  

Finally, the construction of biogas plant in vegetable oil industries can solve problems of proper 

waste management and power interruption.  
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4.2 Recommendations         

 Since cotton seed cake and rapeseed cake contain very large total solid content, the 

availability of enough water should be considered during the construction of the biogas 

plant at large scale. 

 Vegetable oil producing companies can implement the findings of this research at large 

scale and minimize their energy cost. In addition, the construction of biogas plant at large 

scale can solve proper waste management problems of the companies. 

 More research should be carried out on optimum temperature, optimum pH and effective 

microorganism to shorten the retention time of anaerobic digestion of cotton seed cake 

and rapeseed cake; and to verify the quality of their biogas. 

 Further research also must be performed on the biological aspects and the micro plant 

nutrient content of the slurries before their direct application as fertilizer. 
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http://www.remade.org.uk/media/9102/an%20introduction%20to%20anaerobic%20digestion%20nov%202003.pdf
http://www.adnett.org/dl_feedstocks.pdf
http://res2.agr.ca/inititatives/manutrent/download/biogas%20gtz%20de.pdf
http://www.wastedb.eu/index.php?option=com_content&view=article&id=2&Itemid=21#6
http://www.ehow.com/about_6406340_advantages-biogas-plant.html
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Appendix 

Appendix 1: Total crude oil, seed cake and meal production by AMEOCSC within four 

years 

Oil 

Seed 

Type 

Raw Material & 

Products 

Production year 

2007 

Producti

on    in 

ton 

2008 

Producti

on    in 

ton 

2009 2010 

Plan 

in ton 

Actual 

in ton  

% 

achieve

ment   

Plan in 

ton 

Actual in 

ton 

% 

achieve

ment   

Mechanical press 

C
o

tt
o
n

 s
ee

d
 

  C
o

tt
o
n

 s
ee

d
 

 

Raw material 3,933 10,033 10,400 5,321 51 17,475 10,032 57.4 

Crude oil 528 1,480 1,404 692 49 1,258 850 67.6 

Husk 1,688 4,299 4,160 2,056 49 6,466 4,299 66.5 

Cake 1,722 4,297 4,472 2,390 53 6,480 4,297 66.3 

Lint, moisture 0.98 10 364 13 3.6 786 104.4 13.3 

R
ap

es
ee

d
 

Raw material 3,358 631 3,500 2,372 67.8 20,970 6,314.1 30.1 

Crude oil 1160 226 1,208 839 69.5 7,129 2,262.7 31.7 

Cake 2,125 393 2,135 1,477 69.5 12,582 3,928.5 31.2 

Lint, moisture 22 - 158 - - 1,258 - - 

S
u

n
fl

o
w

er
  

Raw material - 138 - - - - - - 

Crude oil - 41 - - - - - - 

Cake - 93 - - - - - - 

Lint, moisture - 4 - - - - - - 

Solvent Extraction 

C
o

tt
o
n

 s
ee

d
 CSC 534 2,608 4,472 1,708 38.2 5,965 2,608 43.7 

Crude oil 54 260 447 187 41.8 597 258 43.2 

Meal 484 2,418 4,159 1,617 38.9 5,610 2,418 43.1 

R
ap

es
ee

d
 

RC 537 - 2,135 1,068 50 9,342 - - 

Crude oil 82 - 299 144 48.2 1,395 - - 

Meal 503 - 2,007 969 48 937 - - 

(Source: AMEOCSC documentation) 
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Appendix 2: Measurement of %TS and %VS values of rapeseed cake, cotton seed cake and 

cow dung in three replications. 

Parameters 

Rapeseed cake samples 

Sample A Sample B Sample C 

Weight of crucible (X) 20.69 20.89 20.91 

X + weight of sample 25.07 25.09 25.25 

X  after oven 24.81 24.84 24.96 

X after furnace 21.06 21.24 21.28 

Weight of fresh sample 4.37 4.19 4.34 

Weight of sample after oven 4.12 3.94 4.05 

%TS 94.06% 93.99% 93.39% 

Weight of sample after furnace 0.37 0.34 0.37 

Weight of volatile solid 3.75 3.59 3.68 

%VS 91.02% 91.31% 90.88% 

 

 Cotton seed cake samples 

 

Sample A Sample B Sample C 

Weight of crucible (X) 20.73 20.68 20.64 

X + weight of sample 25.46 25.38 25.38 

X  after oven 25.25 25.17 25.14 

X after furnace 21.11 21.08 21.04 

Weight of fresh sample 4.72 4.69 4.74 

Weight of sample after oven 4.51 4.49 4.5 

%TS 95.56% 95.69% 94.93% 

Weight of sample after furnace 0.38 0.39 0.39 

Weight of volatile solid 4.14 4.1 4.11 

%VS 91.67% 91.24% 91.28% 

 

  Fresh cow dung samples  

 

Sample A Sample B Sample C 

Weight of crucible (X) 21.8 20.81 23.24 

X + weight of sample 26.21 25.57 28.99 

X  after oven 22.82 21.88 24.57 

X after furnace 21.99 21.01 23.49 

Weight of fresh sample 4.41 4.75 5.74 

Weight of sample after oven 1.01 1.06 1.32 

%TS 22.95% 22.42% 23.02% 

Weight of sample after furnace 0.19 0.19 0.24 

Weight of volatile solid 0.82 0.87 1.08 
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%VS 81.41% 81.90% 81.94% 

 

Appendix 3: Triplicate pH values for rapeseed cake containing digesters throughout the 

digestion time 

No  of 

Readings 

50% CD: 50% RC 33% CD: 67% RC 25% CD: 75% RC 100% RC 

CP-1 

R1 

CP-1 

R2 

CP-1 

R3 

CP-2 

R1 

CP-2 

R2 

CP-2 

R3 

CP-3 

R1 

CP-3 

R2 

CP-3 

R3 

CP-4 

R1 

CP-4 

R2 

CP-4 

R3 

2 6.13 6.12 6.14 6.12 6.13 6.11 6.11 6.1 6.12 6.08 6.07 6.08 

4 6.11 6.1 6.11 6.10 6.10 6.11 6.00 6.03 6.02 6.08 6.08 6.07 

6 6.10 6.10 6.11 6.07 6.09 6.1 6.00 6.02 6.00 6.02 6.04 6.00 

8 6.08 6.07 6.08 6.00 6.01 6.00 5.51 5.50 5.50 5.18 5.15 5.25 

10 6.08 6.08 6.08 5.89 5.91 5.90 5.23 5.24 5.20 5.13 5.16 5.12 

12 6.05 6.05 6.06 5.73 5.76 5.77 5.19 5.2 5.22 5.1 5.05 5.08 

14 5.96 5.95 5.96 5.52 5.48 5.5 4.88 4.92 4.95 5.1 5.05 5.08 

16 5.87 5.9 5.89 4.94 4.92 4.96 4.88 4.94 4.74 5.00 4.99 5.00 

18 5.85 5.8 5.82 4.94 4.92 4.95 4.53 4.54 4.54 4.85 4.90 4.94 

20 5.71 5.73 5.71 4.92 4.93 4.9 4.27 4.25 4.26 4.75 4.79 4.8 

22 5.11 5.10 5.10 4.91 4.92 4.91 4.21 4.20 4.20 3.56 3.52 3.57 

24 5.10 5.10 5.10 4.89 4.9 4.86 3.98 3.93 3.95 3.32 3.35 3.34 

26 5.22 5.19 5.19 4.81 4.82 4.78 4.1 4.14 4.13 3.18 3.35 3.38 

28 5.34 5.32 5.35 5.00 5.03 5.03 4.23 4.24 4.25 4.00 4.15 4.15 

30 5.38 5.38 5.36 5.21 5.20 5.20 4.85 4.82 4.8 4.24 4.20 4.22 

32 5.61 5.66 5.66 5.21 5.21 5.20 5.00 4.9 4.85 4.35 4.40 4.36 

34 5.68 5.66 5.69 5.20 5.28 5.26 5.16 5.00 5.02 4.43 4.50 4.45 

36 5.73 5.71 5.70 5.30 5.33 5.32 5.16 5.02 5.12 4.50 4.51 4.52 

38 5.74 5.75 5.71 5.35 5.36 5.34 5.18 5.12 5.16 4.72 4.70 4.68 

40 5.76 5.75 5.74 5.4 5.4 5.41 5.18 5.12 5.16 4.7 4.75 4.80 

42 5.82 5.83 5.83 5.43 5.41 5.43 5.18 5.13 5.17 4.7 4.75 4.80 

44 5.74 5.93 5.98 5.52 5.55 5.51 5.20 5.19 5.18 4.75 4.78 4.77 

46 5.92 5.94 5.9 5.6 5.64 5.63 5.20 5.16 5.18 4.82 4.78 4.80 

48 5.94 5.93 5.94 5.7 5.65 5.6 5.20 5.16 5.18 4.82 4.78 4.80 

50 5.94 5.96 5.94 5.72 5.67 5.65 5.20 5.18 5.18    

52    5.72 5.67 5.65 5.20 5.18 5.22    

54    5.7 5.71 5.7 5.20 5.19 5.2    
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Appendix 4: Triplicate pH values for cotton seed cake containing digesters and the control 

(CD alone) throughout the digestion time 

 

50% CD: 50% CSC 33% CD: 67% CSC 25% CD: 75% CSC 100% CSC 100% CD 

CP-5 

R1 

CP-5 

R2 

CP-5 

R3 

CP-6 

R1 

CP-6 

R2 

CP-6 

R3 

CP-7 

R1 

CP-7 

R2 

CP-7 

R3 

CP-8 

R1 

CP-8 

R2 

CP-8 

R3 

CP-9 

R1 

CP-9 

R2 

CP-9 

R3 

2 6.26 6.23 6.25 6.50 6.53 6.52 6.44 6.43 6.45 6.62 6.60 6.62 6.20 6.20 6.19 

4 6.22 6.25 6.22 6.50 6.51 6.52 6.43 6.40 6.45 5.40 5.40 5.41 6.19 6.20 6.19 

6 6.14 6.15 6.18 6.58 6.42 6.50 6.40 6.42 6.41 5.50 5.52 5.48 6.09 6.11 6.10 

8 5.80 5.88 5.86 6.40 6.44 6.42 5.94 5.92 5.90 5.02 5.05 5.08 6.01 6.03 6.05 

10 5.66 5.68 5.64 6.41 6.38 6.42 5.74 5.78 5.70 5.00 5.02 5.04 6.00 6.02 6.01 

12 5.45 5.46 5.42 5.95 6.08 5.98 5.55 5.52 5.52 4.98 4.99 5.00 6.00 6.01 6.00 

14 5.32 5.35 5.38 5.60 5.58 5.62 5.32 5.28 5.27 4.78 4.82 4.80 6.00 6.01 6.00 

16 5.25 5.30 5.28 5.42 5.38 5.42 4.75 4.77 4.76 4.69 4.72 4.68 5.80 5.85 5.84 

18 5.00 5.08 5.06 5.42 5.36 5.35 4.57 4.58 4.56 4.54 4.56 4.54 5.82 5.85 5.80 

20 4.93 4.92 4.94 5.39 5.35 5.33 4.36 4.35 4.40 4.05 4.14 4.08 5.76 5.79 5.78 

22 4.90 4.92 4.90 5.26 5.20 5.28 4.25 4.22 4.26 3.92 3.90 3.89 5.74 5.79 5.74 

24 4.88 4.89 4.80 4.93 4.92 4.96 4.00 3.96 3.94 3.70 3.65 3.75 5.70 5.74 5.71 

26 5.00 5.08 5.10 4.85 4.92 4.94 4.01 4.05 4.02 4.04 4.00 4.02 5.68 5.64 5.63 

28 5.32 5.30 5.28 4.58 4.62 4.60 4.09 4.12 4.08 4.35 4.33 4.38 5.62 5.60 5.61 

30 5.30 5.36 5.40 4.40 4.39 4.36 4.12 4.18 4.17 4.56 4.58 4.52 5.62 5.60 5.61 

32 5.55 5.45 5.36 4.75 4.68 4.66 4.39 4.35 4.44 4.62 4.65 4.63 5.62 5.64 5.60 

34 5.80 5.84 5.81 4.82 4.84 4.80 4.53 4.50 4.52 4.66 4.68 4.69 5.62 5.64 5.60 

36 5.88 5.83 5.85 4.95 4.94 4.92 4.65 4.65 4.68 4.75 4.72 4.75 5.65 5.69 5.69 

38 5.87 5.84 5.85 4.96 4.94 4.94 4.69 4.71 4.69 4.84 4.86 4.82 5.65 5.69 5.69 

40 5.90 5.94 5.88 5.02 5.05 5.01 4.82 4.80 4.86 4.92 4.92 4.91 5.70 5.74 5.71 

42 5.95 5.92 5.95 5.11 5.18 5.16 4.98 4.95 4.96 4.94 4.92 4.91 5.70 5.74 5.71 

44 6.00 6.02 6.00 5.26 5.24 5.23 5.10 4.96 4.97 4.98 5.00 4.96 5.78 5.75 5.72 

46 6.10 6.02 6.02 5.55 5.56 5.62 5.25 5.23 5.20 4.98 5.00 5.04 5.78 5.72 5.75 

48 6.08 6.14 6.12 5.87 5.90 5.86 5.53 5.55 5.53 5.00 5.05 5.09 5.77 5.74 5.76 

50 6.12 6.15 6.13 5.88 5.92 5.86 5.67 5.64 5.64 5.03 5.08 5.15    

52 6.15 6.18 6.14 5.96 5.97 5.94 5.70 5.70 5.71 5.10 5.13 5.14    

54    5.95 6.00 5.99 5.72 5.74 5.72 5.13 5.15 5.18    

56    5.95 6.00 5.99 5.73 5.76 5.76 5.13 5.15 5.18    

58    6.04 6.02 6.01    5.17 5.18 5.19    
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Appendix 5: Amount total nitrogen, available phosphorus and available Potassium present 

in the slurries of the nine treatments with their replication   

Treatment Label Replication Total Nitrogen Available Phosphorus Available Potassium 

CP-1 R1 3450.1 5555.56 1050.35 

 

R2 3469.18 5564.05 1055.05 

 

R3 3480.08 5550.15 1045.15 

CP-2 R1 3325.54 11128.65 1080.8 

 

R2 3342.15 11135.35 1074.56 

 

R3 3305.1 11305.65 1072.25 

CP-3 R1 3300.05 13135.5 1020.56 

 

R2 3310.55 13103.62 1032.05 

 

R3 3308.08 13109.86 1038.54 

CP-4 R1 3795.45 15856.62 1142.55 

 

R2 3782.5 15850.05 1158.45 

 

R3 3780.65 15836.85 1135.56 

CP-5 R1 3205.64 9708.52 1235.5 

 

R2 3200.15 9700.05 1242.5 

 

R3 3212.64 9715.06 1238.56 

CP-6 R1 3584.25 14732.63 1115.62 

 

R2 3580.65 14725.52 1118.85 

 

R3 3575.05 14741.04 1122.05 

CP-7 R1 3635.05 14930.05 1089.42 

 

R2 3645.12 14981.08 1094.15 

 

R3 3640.08 14975.56 1098.08 

CP-8 R1 3985.65 1789.62 1382.25 

 

R2 3988.05 1794.55 1375.58 

 

R3 3978.94 1790.05 1385.54 

CP-9 R1 1786.64 3475.6 836.53 

 

R2 1792.08 3481.25 832.88 

 

R3 1782.45 3483.5 828.65 
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Appendix 6: Room temperature reading throughout the retention time of anaerobic 

digestion in 
o
C 

 Date 
Morning 
(7:00AM) 

Noon 

(1:00PM) 
Dusk 

(7:00PM) Average  
11/28/2010 15.0 17.0 16.0 16.00 
11/30/2010 16.0 18.0 16.0 16.67 
12/2/2010 16.0 17.0 16.0 16.33 
12/4/2010 16.0 16.0 16.0 16.00 
12/6/2010 16.0 16.0 16.0 16.00 
12/8/2010 15.0 18.0 18.0 17.00 
12/10/2010 15.0 18.0 17.0 16.67 
12/12/2010 15.0 18.0 16.0 16.33 
12/14/2010 14.0 17.0 17.0 16.00 
12/16/2010 14.0 16.0 16.0 15.33 
12/18/2010 15.0 18.0 17.0 16.67 
12/20/2010 15.0 18.0 17.0 16.67 
12/22/2010 14.0 17.0 17.0 16.00 
12/24/2010 14.0 18.0 16.0 16.00 
12/26/2010 15.0 18.0 17.0 16.67 
12/28/2010 15.0 18.0 16.0 16.33 
11/28/2010 15.0 18.0 16.0 16.33 
11/30/2010 15.0 18.0 17.0 16.67 
1/1/2011 14.0 18.0 17.0 16.33 
1/3/2011 15.0 17.0 17.0 16.33 
1/5/2011 15.0 17.5 17.5 16.67 
1/7/2011 15.0 18.0 18.0 17.00 
1/9/2011 15.0 18.0 16.5 16.50 
1/11/2011 15.0 18.0 16.5 16.50 
1/13/2011 15.5 17.0 17.0 16.50 
1/15/2011 15.0 18.0 18.0 17.00 
1/17/2011 15.5 18.0 18.0 17.17 

1/19/2011 17.0 18.0 17.0 17.33 

1/21/2011 17.0 18.0 17.0 17.33 

1/22/2011 17.0 18.0 16.0 17.00 
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Appendix 7: Average biogas, methane and percentage of methane of the nine treatments 

within twenty days of retention time 

Retention Time  
2 4 6 8 10 12 14 16 18 20 

C
P

-1
 Biogas (mL) 

0.0 92.0 147.7 113.8 140.2 140.7 216.0 242.5 244.8 196.8 

Methane (mL) 
0.0 39.7 69.7 61.7 85.0 82.5 120.0 139.8 148.7 118.7 

% CH4 

 

43.1 47.2 54.2 60.6 58.6 55.6 57.7 60.7 60.3 

C
P

-2
 Biogas (mL) 

28.0 82.3 147.0 87.5 101.8 110.8 152.5 163.8 191.5 135.3 

Methane (mL) 
13.6 39.7 71.3 42.3 49.7 54.3 77.1 84.3 100.2 73.0 

% CH4 
48.6 48.2 48.5 48.4 48.8 49.0 50.5 51.5 52.3 53.9 

C
P

-3
 Biogas (mL) 

0.0 67.3 95.0 80.5 92.2 97.8 119.0 145.0 165.7 208.7 

Methane (mL) 
0.0 29.0 42.7 37.0 43.5 46.3 57.0 73.3 82.8 110.7 

% CH4 

 

43.1 44.9 46.0 47.2 47.4 47.9 50.6 50.0 53.0 

C
P

-4
 Biogas (mL) 

99.7 256.2 331.5 215.5 109.2 96.8 202.5 216.3 242.7 405.7 

Methane (mL) 
40.8 63.8 70.7 102.7 52.2 47.5 99.5 109.0 123.5 206.0 

% CH4 
41.0 24.9 21.3 47.6 47.8 49.1 49.1 50.4 50.9 50.8 

C
P

-5
 Biogas (mL) 

0.0 95.7 148.7 100.7 113.2 407.3 144.7 225.0 323.2 260.8 

Methane (mL) 
0.0 45.7 71.3 54.5 64.7 250.3 89.5 148.3 212.0 178.7 

% CH4 

 

47.7 48.0 54.1 57.1 61.5 61.9 65.9 65.6 68.5 

C
P

-6
 Biogas (mL) 

0.0 1.3 44.7 51.7 73.5 94.7 110.8 165.7 210.0 386.7 

Methane (mL) 
0.0 0.5 20.3 24.8 35.8 47.2 57.5 87.3 126.3 217.0 

% CH4 

 

37.5 45.5 48.1 48.8 49.8 51.9 52.7 60.2 56.1 

C
P

-7
 Biogas (mL) 

19.7 61.7 79.7 90.8 92.5 118.5 213.3 245.7 259.8 122.5 

Methane (mL) 
8.5 29.3 38.5 45.8 47.7 60.2 112.8 134.7 163.7 81.0 

% CH4 
43.2 47.6 48.3 50.5 51.5 50.8 52.9 54.8 63.0 66.1 

C
P

-8
 Biogas (mL) 

97.0 155.0 160.7 56.0 87.8 72.0 105.8 123.2 116.0 167.0 

Methane (mL) 
43.3 70.0 73.7 26.0 43.0 36.0 52.5 62.3 63.3 97.0 

% CH4 
44.7 45.2 45.9 46.4 49.0 50.0 49.6 50.6 54.6 58.1 

C
P

-9
 Biogas (mL) 

0.0 41.3 134.3 76.2 64.0 68.5 81.2 92.2 64.3 102.2 

Methane (mL) 
0.0 20.7 68.0 42.5 35.7 44.3 53.0 62.3 43.7 70.8 

% CH4 

 

50.0 50.6 55.8 55.7 64.7 65.3 67.6 67.9 69.3 
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Appendix 8: Average values of biogas, methane and percentage of methane of the nine 

treatments from twenty second day to fortieth day of retention time. 

Retention Time  22 24 26 28 30 32 34 36 38 40 

C
P

-1
 Biogas (mL) 368.7 399.3 455.7 277.7 346.7 372.8 445.5 329.8 256.0 194.3 

Methane (mL) 229.3 250.2 300.3 188.5 235.8 262.0 315.2 230.9 187.3 145.8 

% CH4 62.2 62.6 65.9 67.9 68.0 70.3 70.7 70.0 73.2 75.0 

C
-P

-2
 Biogas (mL) 233.0 245.2 194.3 189.7 208.3 221.5 245.2 237.3 208.7 146.8 

Methane (mL) 137.7 147.8 118.8 122.0 143.5 168.8 190.0 189.3 143.3 94.0 

% CH4 59.1 60.3 61.1 64.3 68.9 76.2 77.5 79.8 68.7 64.0 

C
P

-3
 Biogas (mL) 153.3 236.2 121.7 140.8 165.2 112.5 255.0 209.3 130.0 100.0 

Methane (mL) 81.2 131.0 67.3 85.2 104.2 75.2 168.5 152.0 92.5 63.7 

% CH4 52.9 55.5 55.3 60.5 63.1 66.8 66.1 72.6 71.2 63.7 

C
P

-4
 Biogas (mL) 345.2 272.5 302.3 138.3 246.7 253.2 323.3 265.3 114.5 108.5 

Methane (mL) 183.5 155.8 187.0 91.5 167.7 171.3 223.8 175.6 74.2 68.8 

% CH4 53.2 57.2 61.9 66.1 68.0 67.7 69.2 66.2 64.8 63.4 

C
P

-5
 Biogas (mL) 306.5 315.0 246.3 262.0 486.7 409.5 364.5 392.3 369.5 441.7 

Methane (mL) 212.0 223.3 175.2 190.7 356.3 319.0 286.0 317.5 308.0 358.0 

% CH4 69.2 70.9 71.1 72.8 73.2 77.9 78.5 80.9 83.4 81.1 

C
P

-6
 Biogas (mL) 217.8 424.2 294.7 170.0 308.2 274.0 452.8 248.5 204.7 211.0 

Methane (mL) 151.0 288.0 204.3 123.0 228.3 195.8 337.0 200.0 154.7 161.7 

% CH4 69.3 67.9 69.3 72.4 74.1 71.5 74.4 80.5 75.6 76.6 

C
P

-7
 Biogas (mL) 99.3 207.2 110.2 122.3 142.2 118.5 142.7 160.8 146.0 170.0 

Methane (mL) 61.0 124.3 86.2 96.3 103.5 94.5 108.0 121.0 106.5 121.8 

% CH4 61.4 60.0 78.2 78.7 72.8 79.7 75.7 75.2 72.9 71.7 

C
P

-8
 Biogas (mL) 193.3 287.0 239.0 210.3 271.2 202.5 235.2 250.3 110.2 122.3 

Methane (mL) 116.5 180.2 162.8 144.2 194.2 159.7 189.3 201.5 86.8 93.7 

% CH4 60.3 62.8 68.1 68.5 71.6 78.8 80.5 80.5 78.8 76.6 

C
P

-9
 Biogas (mL) 143.7 133.0 84.5 95.5 122.5 152.0 165.2 170.0 124.0 153.2 

Methane (mL) 101.2 96.7 62.7 71.7 94.6 113.5 125.8 131.3 95.0 101.3 

% CH4 70.4 72.7 74.2 75.0 77.2 74.7 76.2 77.3 76.6 66.2 
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Appendix 9:  Average values of biogas, methane and percentage of methane of the nine 

treatments from forty second day to fifty eighth day of retention time. 

Retention Time  
42 44 46 48 50 52 54 56 58 

C
P

-1
 Biogas(mL) 

158.8 50.5 40.5 21.5 15.5 

    Methane (mL) 
125.3 35.7 26.0 14.2 12.2 

    % CH4 78.9 70.6 64.2 66.0 78.7 

    

C
P

-2
 Biogas (mL) 

211.0 121.7 137.5 108.5 62.0 35.5 27.5 

  Methane (mL) 
131.0 72.5 81.0 65.5 38.5 15.0 10.0 

  % CH4 62.1 59.6 58.9 60.4 62.1 42.3 36.4 

  

C
P

-3
 Biogas (mL) 

94.0 132.3 141.7 82.6 68.0 54.7 10.0 

  Methane (mL) 
63.5 85.2 95.0 68.5 40.5 20.6 6.5 

  % CH4 67.6 64.4 67.1 82.9 59.6 37.7 65.0 

  

C
P

-4
 Biogas (mL) 

97.6 82.4 74.7 54.7 

     Methane (mL) 
54.6 44.0 57.7 36.5 

     % CH4 55.9 53.4 77.2 66.7 

     

C
P

-5
 Biogas (mL) 

244.7 187.2 136.0 87.7 47.3 20.4 

   Methane (mL) 
197.0 154.5 98.5 69.6 27.9 10.5 

   % CH4 80.5 82.5 72.4 79.4 59.0 51.5 

   

C
P

-6
 Biogas (mL) 

226.2 171.0 154.5 167.0 114.5 92.8 21.2 37.8 13.8 

Methane (mL) 
166.2 120.3 117.0 117.7 72.2 57.2 13.2 21.0 7.8 

% CH4 73.5 70.4 75.7 70.5 63.0 61.6 62.2 55.5 56.6 

C
P

-7
 Biogas (mL) 

123.2 120.2 116.0 138.3 65.5 41.7 24.0 20.0 

 Methane (mL) 
97.0 85.0 78.3 88.5 40.3 24.0 13.6 10.8 

 % CH4 78.8 70.7 67.5 64.0 61.6 57.6 56.7 54.0 

 

C
P

-8
 Biogas (mL) 

145.3 141.7 150.0 151.5 183.5 143.5 82.3 58.7 9.0 

Methane (mL) 
102.0 92.2 91.3 86.5 101.3 74.0 50.7 19.8 3.0 

% CH4 70.2 65.1 60.9 57.1 55.2 51.6 61.6 33.8 33.3 

C
P

-9
 Biogas (mL) 

122.3 81.1 26.0 9.1 

     Methane (mL) 
81.3 55.0 18.9 5.0 

     % CH4 66.5 67.8 72.7 54.9 
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