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Abstract 

Production of methane-rich biogas through anaerobic digestion of organic materials 

provides a versatile carrier of renewable energy, as methane can be used in replacement for 

fossil fuels in both heat and power generation and as a vehicle fuel, thus contributing to 

mitigate the emissions of greenhouse gases and slowing down the climate change. 

In this study, the potential of Cladodes, which is plate like section, of Opuntia ficus indica, is 

evaluated for its potential in biogas production. Five treatments cow dung alone(T1), 

Cladodes alone(T2), and Cladodes used as feed stock mixed with cattle manure in different 

combinations (at a level of 50:50(T3) ,25:75(T4) , 75:25(T5) ) allowed to digest 

anaerobically at ambient temperature in 2.8litre sand jacketed  triplicate batch digesters. 

The amount of biogas and methane produced over the retention time of 66 days for these 

digesters was compared. The highest total biogas yields were obtained from 75%Cow dung: 

25%Cladodes combination (T5) as 14,183 ml followed by T1 as 13670ml ( 0 .022m3/kg) and 

the lowest was from Cladodes alone as 6,176ml. 

The percentage of methane gas obtained from the experiment for treatments T1, T2, T3, T4 

and T5 were 66.33%,53.16%,63.84%,52.1% and 69% respectively. Among all treatments T5 

was found to produce high methane percent of the biogas. Treatments (T1 and T5) that have 

a C:N ratio within the range of 20-30 found to perform better in biogas yield and methane 

production than that are not.  The experimental findings further showed that the 

composition of methane for all treatments were within the range of 50 to 70%. As 

determined in laboratory the physico-chemical characteristics of the Cladodes further 

revealed the suitability of the substrate for biogas production and if suitable materials for 

co-digestion, such as manure, are not available, Cladodes can be digested alone.  

Statistical test for the mean difference of dependable variable pH  of treatments except 

between T3 and T5 varies significantly at 0.05 level. The result also showed that the biogas 

and methane content of the gas produced by T5 vary significantly at 0.05 level except with 

T1and T3. Finally, environmental, slurry and foreign currency benefits have been realized 

through fuel replacement value of the biogas produced by the five treatments. 
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1. Introduction 

1.1. Background and Justification 
The world energy demand is continually increasing due to the increase in the world’s 

Population, economic growth, and energy usage. At today’s rate of increase the sources of 

fossil energy, which meet the majority of the current world energy demand, will not be 

sufficient in the centuries to come (Heinloth, 1997). Moreover, CO2 emissions, which are 

the main cause of the greenhouse effect, and other atmospheric pollutants from energy 

generation using fossil fuels, cause environmental pollution. 

 
Several factors have led the world in the 21st century to search for alternative sources of 

energy from renewable sources. These include the ever-increasing consumption of 

nonrenewable fossil fuels, the harmful ecological aspects of directly using cow dung and 

wood as fuel, and inadequate rural electrification (Garg et al., 1980). 

 

The use of renewable energy sources can contribute to solving present and future energy 

problems. Among the alternative energy sources, the biogas production from green energy 

crops and organic waste has world wide application as it yields a good quality fuel and 

fermented slurry, which may be used as a manure or soil conditioner. In addition, it helps to 

a great extent in the abatement of pollution. The biogas has a very positive impact on the 

environment since less CO2 is formed during its combustion than it is used for 

photosynthesis by the plants from which it is produced (Navickas 2007,Weiland ,2003). 

  

The use of renewable biomass (including energy crops and organic wastes) as an energy 

resource is not only "greener" with respect to most pollutants, but its use represents a closed 

balanced carbon cycle regarding atmospheric carbon dioxide (Spencer 1991). 

Biogas is formed during anaerobic fermentation of organic matters such as: farmyard 

manure, liquid manure, energy crops, organic waste materials, slaughter-house waste. 
Energy Crops are Plant species that are efficient users of solar energy for converting CO2 

into biomass, which can be used as a source of energy Co-digestion is the simultaneous 

digestion of more than one type of feedstock in the same unit. Advantages include better 
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digestibility, enhanced biogas production/methane yield arising from availability of 

additional nutrients, as well as a more efficient utilization of equipment and cost sharing 

(Agunwamba, 2001)  

1.2 Problem statement 
The energy use pattern in the country have not only polluted the environment but also 

affected human health. Apart from this, fossil fuels which are not renewable are diminishing 

in availability. It may also cost heavily on our foreign exchange in future.  

The lack of adequate energy services in rural areas of the country has social dimensions as 

well as serious environmental and health effects. Many of these problems are exacerbated by 

the almost exclusive reliance of rural populations in most areas on traditional fuels coupled 

with simple technologies characterized by low energy efficiency and harmful emissions. 

Due to inadequate researches and lack of sufficient energy services in rural areas, it is highly 

relevant to investigate potential of biogas production from energy crop like Cladodes of 

Opuntia ficus indica.  

This particular biomass is considered to be important energy crops for biogas production 

because of its high organic matter yield per hectare, wide availability to supplement cow 

dung for biogas production and gregarious prevalence of the plant throughout northern part 

of the country.  In addition to this, they can easily propagate and tolerate to drought and poor 

soil fertility. They can also grow and adapt in marginal areas, this may create opportunities 

to private sector, NGOs, the country as whole to invest and solve energy and fertilizer crisis 

of the country. Given the large production of Cactus in Northern parts of Ethiopia and the 

level of cattle rearing in the country, large quantities of cow dung and Cactus are at disposal. 

Therefore, in order to ensure energy self-sufficiency, greater protection of the environment 

and economic development (save rising costs of energy and fertilizers) in rural areas there is 

a need to explore the potential of biogas production from co-digestion of Cladodes of 

Opuntia ficus indica and cow dung. 
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1.3. Objectives 

1.3.1. General objective 

• The main objective of this research is to evaluate the potential use of Cladodes of 

Opuntia ficus indica in producing biogas through anaerobic digestion. 

 

1.3.2. Specific objectives 

• To characterize Cladodes biomass in terms of their TS (total solid) and VS (volatile 

solid). 

• To find out the optimal biogas production with different combination of feed stocks.  

• To determine the quality of  biogas production from Cladodes and its combination  
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2. Literature review 

2.1. Energy 

Energy maintains our entire economic system and supplies us with comfortable lives. 

Nevertheless, the amount of energy that fossil fuels can provide is ultimately limited. This 

means that the energy supply in the future needs solutions at present. In order for sufficient 

energy to be available in future centuries, it is essential to explore and further develop the 

use of renewable energy sources. The problem with non-renewable energies, in addition to 

limited resource, is that they cause environmental pollution. Burning fossil fuel produces 

CO2 and other atmospheric pollutants. Mitigating the current trend of increasing CO2 

emissions relies on taking measures to reduce final energy consumption, to encourage a 

more rational use of primary energy sources and to exploit renewable energy sources more 

intensively.  

2.2. Energy problems in developing countries 

Many developing countries are heavily dependent on the import of fossil fuels, using a large 

part of often scarce foreign currency. At the same time large areas are rapidly deforested, at 

least partly because wood is still the most important local energy source in many of 

developing countries. The resulting erosion problems are large-scale. Any families 

belonging to the rural or urban poor require a larger part of their income and time to obtain 

the minimum amount of fuel needed for basic activities such as cooking.   

According to Marchin (1992), the biogas technology in developing countries addresses a 

number of problems: 

 Scarcity of fire wood, 

 Indoor health problems by cooking with firewood or cow-dung  

 Loss of fertilizer from burning cow-dung 

 Time consuming firewood gathering is a burden for many women, 

 Lack of efficient and affordable light sources for studying during evening. 
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2.3. The Advantages and Economic benefits of biogas utilizations 

Efficient utilization of biogas technology definitely has positive effects on the national 

economy (Anonymous, 1980) 

 Biogas generation is one of the cheapest methods of producing energy on the spot 

from readily available resources 

 It reduces the consumption of commercial energy sources such as coal, kerosene, 

which results in reduction of family fuel budget. 

 The uncertainty of energy supply is partially resolved as there is less dependence on 

imported energy. 

 Forest wealth of the nation is saved as there is considerable reduction in consumption 

of firewood. 

 Valuable organic fertilizer can be obtained and this in turn increases agricultural 

production and also reduces the dependence on chemical fertilizer. 

 Dependency on imported energy and fertilizer is reduced, resulting in big saving of 

foreign exchange. The gasoline consumption at national and central region in 

Ethiopia greatly varies in amount. The quantity of gasoline imported and the price 

expended for gasoline in the last five years at the national level is given in the table 

below.  

     Table 1: The quantity of gasoline imported and its cost for Ethiopia   

 

Source: - Ethiopian Petroleum enterprise, 2009  

Year Quantity imported 

(metric tons) 

cost (U.S dollar) 

2003/2004 130,415.50 40,072,472.57 

2004/2005 146,093.95 58,719,743.75 

2005/2006 137,192.63 70,657,717.36 

2006/2007 143,742.95 84,245,805.13 

2007/2008 139,093.02 116,129,644.77 

Total 696,538.05 369,825,383.58 
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In dried dung, carbon burns with 11% efficiency in the traditional fire, as opposed to 60% 
efficiency for methane obtained from biogas plants (Parikh et al., 1977) 
 
Table 2: Effective cooking energy needs 
 
Fuel Calorific value Efficiency of burning Effective 

calories 

Dried dung 3100-3300kcal/kg 11% 345-365kcal/kg 

Bio-gas 4770kcal/m3 60% 2860kcal/m3 

 
In addition to the increasing demand for energy, the demand for fertilizer needs to be met by 

local resources, in developing countries, as the chemical fertilizer is increasingly moving out 

of the reach of the rural poor. Hence efficient utilization of cow dung has become a vital 

necessity. Thus biogas technology is promising option for the most efficient utilization of 

the local resources for fuel and fertilizer (Parikh et al., 1977).According to Biswas (1977) 

1m3
 of biogas can have a replacement value of different fuels as shown in the Table 3.  

Table 3: Replacment value of different fuels by 1m3
 of biogas  

Fuels Replacement value of 1m3 of biogas 

Alcohol 1.1litres 

Butane 0.43kg 

Cattle dung cake 12.30kg 

Charcoal 1.4kg 

Crude oil  0.6litre 

Diesel oil 0.52litre 

Electricity 4.7kwh 

Firewood 3.47kg 

Gasoline 0.8litre 

Kerosene 0.62litre 

LPG 1lb 

Soft coal 1.6kg 

Town Gas 1.5m3 
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2.4. Biogas plants 

2.4.1 Types of biogas reactors 

There are numerous designs and configurations of anaerobic digesters, and each has its 

advantages and draw backs. There are two basic types of digesters: discontinuous reactors 

(batch reactors) and continuous reactors. There are many types of continuous reactors; the 

most commonly used reactors are continuously stirred tank reactors (CSTR) and two phase 

reactors. Therefore, only these types will be described briefly. 

2.4.1.1 Batch reactor 

Batch-type digesters are the simplest to build. Their operation consists of loading the 

digester with organic materials and allowing it to digest. The retention time depends on 

temperature and other factors. Once the digestion is complete, the effluent is removed. 

 It represents a non-continuous process that is particularly suited for seasonally produced 

biomass feeds and for feeds with very high solids content. In batch processes, feed is added 

to an inoculums derived from a previous digester or other source and then placed in the 

batch reactor and allowed to digest anaerobically over a period of time depending upon the 

feed material. The fermentation is allowed to proceed until gas production stops or becomes 

negligible. The main advantage of batch reactors is they allow us to assess the digestibility 

of a particular feed material.  

2.4.1.2 Continuously stirred tank reactor 

In a continuous reactor, organic material is constantly or regularly fed into the digester. 

Unlike batch-type reactors, continuous digesters produce biogas without the interruption of 

loading material and unloading effluent. They may be better suited for large-scale 

operations. It is an adaptation of a batch reactor in which the substrate is continuously 

pumped into the reactor while the reaction mixture is removed at the same rate. The 

continuously stirred tank reactors (CSTR) is usually heated, mixed continuously or 

intermittently, and fed intermittently rather than continuously. CSTR is the simplest among 

the continuous reactors and has the following advantages: uniform distribution of the 

substrate throughout the digester, good control of process parameters may be established; 
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prevention of scum layer formation when properly mixed, easily modeled and does not 

require high operating costs. 

 
2.4.1.3 Two-phase reactor 

Generally, anaerobic digestion is carried out by two groups of bacteria (non methanogenic 

and methanogenic) that differ significantly with respect to their requirements (Chynoweth 

and Isscson, 1987). In a one-phase reactor (e.g., CSTR), all the bacteria groups are working 

in the same reactor in which the reaction condition is not ideal for each bacteria. In two-

phase reactor the hydrolysis/acid formation and methane formation are physically separated 

so that each reaction can take place under optimal conditions. 

The two-phase technology has numerous benefits: hydrolysis and acidification occur quicker 

than in conventional systems; the common problems of foaming in single-tank systems are 

reduced by the destruction of biochemical foaming agents before they reach the methane 

forming reactor; and the biogas produced is typically rich in methane. On the other hand, the 

two-stage systems are the most complex, and most expensive, of all systems. 

2.5. Feed stocks for biogas production 

Shivappa et al. (1980) studied different plant wastes like soybean wastes, sunflower wastes, 

and banana trashes. Up to the 4th month, the total gas production from 1:1 and 1:3 

proportions of soybean and cattle dung was more than that of cattle dung alone. During 5th 

month, the gas production decreased considerably when compared to cattle dung. 

 

Simlot (1980) suggested that addition of water hyacinth to the cattle dung increased the gas 

production by 20 to 30 percent over control. 

 

Addition of water hyacinth to the cattle dung, gave a maximum gas production of 265.2 l per 

kg in 75 days when compared to wheat straw (107.4 l), ground shell (202.4 l) and paddy 

straw (217.02 l) per kg in 75 days (Anonymous, 1981). 

 

Prabhu et al. (1991) reported that the rate of gas production was greater and gas evolution 

started earlier when water hyacinth supplemented cattle manure in biomethanation. 
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Kamaraj et al. (1981) conducted experiments in five-liter capacity digesters to study the 

effect of incorporation of various agricultural waste of chopped maize cob, cotton stalk, 

paper pulp, parthenium weed and calortropis weed along with cow dung. They had reported 

that the incorporation of parthenium weed along with cow dung gave the maximum gas 

production of 1756 cc/day. 

2.6 Description of the feedstock (Opuntia ficus-indica) 

Cactus pear (Opuntia ficus-indica (L.) Mill.), also known as prickly pear, is a suitable crop 

for waterscarcity regions. It is a succulent, xerophytic, spiny or spineless plant of multiple 

uses (Felker et al., 1997).  

The chemical composition of cladodes (on dry matter basis): moisture content 85-90%, 

crude protein content 5- 12 %, dry matter digestibility 62-76%, and carbohydrate content 2-6 

% (Stuart, 2003). It has nutritional composition that is similar to other leafy vegetables. 

Cactus (Opuntia ficus indica)  is grown in mixed bush ecosystem, irregularly planted and 

placed on very steep slopes to deter erosion, under conditions of infertile soils, steep and 

rocky slopes.  It is also planted on backyards and homesteads. Spineless cacti have high 

water use efficiency; they can be grown with limited water on marginal lands, creating a 

valuable source of biomass on degraded land in semi-arid regions. Using spineless cacti as 

an energy crop is offering serious perspectives to countries prone to drought and relying on 

imports for their energy consumption (Tarrisse, 2008) 

2.7 Anaerobic digestion and Biogas production 

 Anaerobic digestion is a process in which micro organisms break down biodegradable 

material in the absence of oxygen. Anaerobic digestion is a renewable energy source 

because the process produces methane and carbon dioxide rich biogas suitable for energy 

production helping replace fossil fuels. Also, the nutrient-rich solids left after digestion can 

be used as fertilizer (Ciborowski, 2004). 

 
Anaerobic digestion is a controlled biological process that can substantially reduce the air 

and water quality impacts of livestock manures through reducing greenhouse gas (GHG) 

emissions. Methane is a greenhouse gas with 21 times the heat-trapping capacity of carbon 
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dioxide. In addition, the electricity generated using biogas has the potential of reducing 

carbon dioxide emissions by displacing fossil fuel combustion that otherwise would have 

been used to generate the electricity. Given the absence of oxidized forms of nitrogen in 

dairy cattle manure and the requirement of anaerobic conditions for methane production, the 

potential for nitrous oxide emissions is significantly reduced. 

2.7.1 Principles of anaerobic digestion 

Knowledge of the fundamentals of the anaerobic digestion is useful in the design and 

operation of efficient digesters, and in understanding how unfavorable (upset) conditions 

can occur and how to avoid them. Anaerobic digestion is a complex process consisting of a 

mixed biological system in which organic materials such as carbohydrates, lipids, and 

proteins are utilized by microorganisms in their normal metabolic activities. It occurs in four 

basic biological and chemical steps of anaerobic digestion as the result of the activity of a 

variety of microorganisms (Ciborowski, 2004). 

2.7.1.1 Hydrolysis 

The digestion process begins with bacterial hydrolysis of the input materials to break down 

insoluble organic polymers such as carbohydrates to a form that can be directly utilized by 

the anaerobic organisms.  

The rate of hydrolysis is a function of factors such as pH, temperature, composition and 

particle size of the substrate, and high concentrations of intermediate products (Veeken and 

Hamelers, 1999). 

 
In most cases biomass is made up of large organic polymers. In order for the bacteria in 

anaerobic digesters to access the energy potential of the material, these chains must first be 

broken down into their smaller constituent parts. These constituent parts or monomers such 

as sugars are readily available by other bacteria. The process of breaking these chains and 

dissolving the smaller molecules into solution is called hydrolysis. Therefore hydrolysis of 

these high molecular weight polymeric components is the necessary first step in anaerobic 

digestion (Sleat & Mah, 2006). Through hydrolysis the complex organic molecules are 

broken down into simple sugars, amino acids, and acids. Hydrolysis is the first and often the 
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rate-limiting step. In the hydrolysis stage, polymeric compounds are converted by extra-

cellular enzymes to soluble smaller substrate molecules.  

 

(C6H10 O5)n + nH2O _ n (C6 H12 O6) – Hydrolysis 
 

Sanders, et al., (2000) showed that the hydrolysis rate of particulare substrates is limited by 

the amount of surface available to the hydrolytic enzymes. Hydrolytic reactions generally 

limit the amount of methane produced during anaerobic digestion of biomass (Chynoweth 

and Isaacson, 1987). 

2.7.1.2 Acidogenesis  

Acidogenesis (fermentative bacteria) converts simple (soluble) organic material mainly to 

organic acids and alcohol as well as carbon dioxide and hydrogen. Certain fermentative 

reactions proceed only at low H2 concentrations and depend on H2 removal by H2-oxidising 

bacteria (methanogenesis). The resulting low H2-concentration accompanies formation of 

acetate as the major soluble product (Chynoweth and Isaacson, 1987). 

. The biological process of acidogenesis is where there is further breakdown of the 

remaining components by acidogenic (fermentative) bacteria. Here volatile fatty 

acids(VFAs) are created along with ammonia, carbon dioxide and hydrogen sulfide as well 

as other by-products. 

2.7.1.3 Acetogenesis 

The third stage anaerobic digestion is acetogenesis. Here simple molecules created through 

the acidogenesis phase are further digested by acetogens to produce largely acetic acid as 

well as carbon dioxide and hydrogen.  

Acetogenic organisms are the vital link between hydrolysis/acidogenesis and the 

methanogenesis in anaerobic digestion. Acetogenesis provides the two main substrates for 

the last step in the methanogenic conversion of organic material, namely hydrogen and 

acetate. 
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Both the acidogenesis and acetogenesis produce the methanogenic substrates, acetate, H2 

and CO2. The important distinction between these two types is that the fermentative bacteria 

have the possibility of using various electron acceptors for the disposal of electrons. The 

acetogenesis is an obligate proton-reducer and can utilize only protons as electron acceptors 

and only when the H2-concentration is low. At very low H2 concentrations, however, 

methanogenesis from H2 and CO2 becomes unfavorable (Chynoweth and Isaacson, 1987). 

.  

n (C6 H12 O6) _ n CH3 COOH – Acetogenesis/Acidogenesis 
 

2.7.1.4 Methanogenesis 

Methane formation: Involving conversion of simple compounds into methane CH4 and CO2, 

utilizing anaerobic methanogenic bacteria. The terminal stage of anaerobic digestion is the 

biological process of methanogenesis. Here methanogens utilise the intermediate products of 

the preceding stages and convert them into methane, carbon dioxide and water. It is these 

components that make up the majority of the biogas emitted from the system. 

Methanogenesis is sensitive to both high and low pHs and occurs between pH 6.5 and pH 8 

( Martin,2007). It is the last stage of the fermentation process. 

 

3nCH3 COOH _ n CH4 + CO2 – Methanogenesis 
 

Methanogenic bacteria are more sensitive to changes in temperature than other organisms 

present in the digester. This is due to the faster growth rate of the other groups, such as 

acetogens, which can achieve substantial catabolism even at low temperature. Ammonia acts 

as a strong inhibitor of the formation of methane from H2 and CO2. It has only a minor effect 

on the formation of methane from acetate. The most notable feature of the anaerobic process 

is that its successful operation depends on the interaction of metabolically different bacteria. 

To maintain an anaerobic stable treatment system, the nonmethanogenic and methanogenic 

bacteria must be in a state of dynamic equilibrium. To establish and maintain such a state, 

all the parameters affecting the process performance should be monitored and kept within 

the acceptable range. The most important of these parameters are pH, alkalinity, 

temperature, nutrients, retention time, C:N-ratio, toxic material, and organic loading. 
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per Kg fresh plant at a TS concentration of 5 per cent and the methane content of the biogas 

was 75 per cent. 
 

2.9. Factors affecting Biogas Yield 

Anaerobic digestion is an important process for biogas production. The major parameters 

affecting methanogenic reactions in a digester are the C/N ratio, temperature, pH value, 

presence of volatile substance, biological oxygen demand (BOD), chemical oxygen demand 

(COD) etc. The rate of biogas production depends on the ambient temperature of a particular 

region it decreases considerably if the ambient temperature falls below 15°C or if it exceeds 

45°C.Several factors affect the rate of digestion and biogas production .These include: 

2.9.1 Carbon/ Nitrogen (C/N) Ratio 

Substrate composition is a major factor affecting the anaerobic process which affects 

methane yield and production rates. The microbial populations involved in anaerobic 

digestion require nutrients to grow and multiply. 

 

The relationship between the amount of carbon and nitrogen present in organic materials is 

expressed in terms of the Carbon/Nitrogen (C/N) ratio. A suitable C/N ratio in a feed 

material plays an important role for the proper proliferation of the bacteria for the 

degradation process. C: N ratio ranging from 20 to 30 is considered optimum for anaerobic 

digestion. If the C:N ratio is very high, the nitrogen will be consumed rapidly by 

methanogens to meet their protein requirements and will no longer react on the left over 

carbon content of the material. As a result, gas production will be low. On the other hand, if 

the C: N ratio is very low; nitrogen will be liberated and accumulated in the form of 

ammonia (NH3). NH3 will increase the pH value of the content in the digester. A pH higher 

than 8.5 will start showing toxic effect on methanogen population. Animal waste, 

particularly cattle dung, has an average C: N ratio of about 24. The plant materials such as 

straw and sawdust contain a higher percentage of carbon. The human excreta have a C: N 

ratio as low as 8. Materials with high C: N ratio could be mixed with those of low C: N ratio 

to bring the average ratio of the composite input to a desirable level (Karki et al., 1994). 

 



15 
 

At the same time, the balance of carbon and nitrogen in a feed material is important. It is 

often suggested that an optimum C:N ratio is between 20:1 and 30:1. If there is too little 

nitrogen present, the bacteria will be unable to produce the enzymes which are needed to 

utilize the carbon. If there is too much nitrogen, then it can inhibit the growth of the bacteria 

through NH3 toxic concentration (Braun, 1982). 

 
Singh (1974) reported that the gas production was influenced by C: N ratio. The optimum C: 

N was 30:1 for an anaerobic digester, if other conditions were favorable and the bacteria 

used carbon about 30 times faster than nitrogen. 

 

Hills (1980) stated that the greatest methane production per unit occurred when the C: N 

ratio of the feed was 25:1. 

 

Materials with different C: N ratios differ widely in the yield of biogas, the ideal C: N ratio 

being between 20:1 and 30:1 (Marchaim, 1992). Materials with a low C: N ratio are the 

excreta from humans and animals, while materials with a high C:N ratios are residues of 

agricultural plants. If the C: N ratio is high, the gas production can be improved by adding 

nitrogen such as cattle urine, or by fitting a latrine to the plant (Fulford, 1988).  

Anonymous (1981) reported that minimum C: N ratio of 15:1 was observed in the case of 

water hyacinth, cow dung and pre-digested slurry treatment and evolved maximum amount 

of gas when compared to wheat straw (19:1), paddy straw (26:1) and ground shell (27:1) 

mixed with cow dung and pre-digested slurry separately at the temperature of 35 ± -1oC. 

Depending upon the relative richness in carbon and nitrogen content, feed material can be 

classified as nitrogen or carbon-rich. It is generally found that during digestion, micro-

organisms utilize carbon 25 to 30 times faster than nitrogen, i.e. carbon content in feedstock 

should be 25 to 30 times of the nitrogen content (Barnett et al., 1978).  

 
Generally, celluloses are resistant to hydrolysis by enzymes or acids because of their 

structure and the lignin barrier. Carbohydrates are converted to equal amounts of methane 

and carbon dioxide, methanol and lipids to more methane than carbon dioxide, formic acid 

and oxalic acid to more carbon dioxide than methane (Gujer and Zehnder , 1983). 
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The biogas yield changes with different substrates e.g., fat (1000-1200 Nl/kg oTS), 

carbohydrate (700-800 Nl/kg oTS), protein (600-700 Nl/kg oTS ), biowaste (350-500 Nl/kg 

oTS), and lignin (0 Nl/kg oTS) (Weiland, 2001). 

Healthy anaerobic digestion requires carefully controlled raw materials. Fortunately, 

maintaining adequate levels in the feedstock is not usually an issue with on-farm digesters; 

manure generally has all the nutrients needed by the bacteria (Carr, 2007). However, a wide 

range of additional organic waste material ( referred as co-substrates) can be added to the 

mix and generally have the effect of increasing the yield. Straw is a good example. Each 10g 

of straw added to 1kg of manure will increase the methane yield by about 10%, providing 

the straw is adequately digested (Murphy and McCarthy, 2005). The balance of nutrients can 

be a concern when large amounts of cosubstrates are added to the feedstock. If manure 

provides the bulk substrate material, the nutrients will be suitable for healthy anaerobic 

digestion and methane production. 

Cow dung has a C/N ratio of 25, higher than that of swine and poultry (Carr, 2007). The 

carbon to nitrogen ratio should always be kept below 43 (Stephanopoulos, 2007) 

2.9.2 pH Value and buffer capacity 
 
It is essentially a measure of the acidity and alkalinity of a solution before feeding to a 

digester. A pH value of 7 is regarded as neutral, less than 7 as acidic and more than 7 as 

alkaline. Augenstein et al. (1976) suggested that during anaerobic fermentation, micro-

organisms require a natural or mildly alkaline environment for efficient gas production. An 

optimum biogas production is achieved when the pH value of input mixture in the digester is 

between 6.25 and 7.50 (Mahanta et al., 2004). The pH value in a biogas digester is also a 

function of the retention time.  

pH is one of the first indication factors of inhibition in anaerobic reactors. The optimum pH 

for anaerobic digestion is normally in the range of 7 –8 (Chynoweth and Isaacson, 1987). 

Low pH levels, for example, can be a sign of digester imbalance. As volatile acid 

concentrations increase, the pH in the digester decreases. At pH levels below 6, the acidic 
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conditions produced can become toxic to methane bacteria. However, high pH can also 

become a problem if high levels of ammonium are generated at high organic loading rates. 

A pH range between 6.7-7.4 is reported suitable for most methanogenic bacteria to function 

(Verma, 2002). The rate of methanogenesis may decrease if the pH is lower than 6.3 or 

higher than 7.8. The main reason for the absence of biodegradation was the rapid 

acidification of the waste (Verma, 2002).This is generally due to the over production of 

Volatile fatty acid (VFA) by the activity of hydrolytic acidogenic bacteria capable of 

degrading the waste in the first few days of incubation. The pH of the digester is a function 

of the concentration of volatile fatty acids produced, bicarbonate alkalinity of the system, 

and the amount of carbon dioxide produced (Gomec, 2003). 

There are two main operational methods for correcting an unbalanced, low pH condition in a 

reactors. The first approach is to stop the feed and allow the methanogenic population time 

to reduce the fatty acid concentration and thus raise the pH to an acceptable level of at least 

6.8. The second method involves the addition of chemicals to raise the pH and provide 

additional buffer capacity. An advantage of chemical addition is that the pH can be 

stabilized immediately, and the unbalanced populations allowed to correct themselves more 

quickly. Calcium hydroxide (lime) is often used (Marchaim, 1992). 

 
Anaerobic digestion process can be operated over range of 6.0 - 7.0. As organic acids are 

produced during the breakdown of cellulose, when the pH drops below 7.0, there is a 

significant inhibition of rnethanogenic bacteria and acid conditions of a pH of 4.0 are toxic 

to these microorganisms. At pH of 4.0, production of gas will be very low and later stops 

(Garba and Snibo, 1992). 

Low pH inhibits the growth of the methanogenic bacteria and gas generation and is often the 

result of overloading. A successful pH range for anaerobic digestion is 6.0 - 8.0; efficient 

digestion occurs at a pH near neutrality. A slightly alkaline state is an indication that pH 

fluctuations are not too drastic. Low pH may be remedied by dilution or by the addition of 

lime (Anonymous, 1977).  
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Lagerkvist and Chen (1992) have studied reactors simulating landfill, and reported a pH of 

5.3 and 7.4, respectively, in the acidogenic and methanogenic phase. It is, however, 

generally accepted that hydrolysis is optimum at pH 6 - 6.5 (Vieitez and Ghosh, 1999), and 

acidification at pH 5.8 -6.2 (Zoetemeyer et al., 1982b), although the acid-forming bacteria 

can also grow well at pH 5 (Eastman and Ferguson, 1981). In contrast, it is generally 

accepted that methane production from VFAs and lipids is optimal for a pH in the range 6.3 

to 7.8 (Lay et al., 1999). 

Methanogens are the most affected by changes in pH, while VFAs can still be produced at a 

pH below 6.5. The sharp drop in the rate below 6.3 may be related to the fact that methane 

formation proceeds at a slower rate than the production of organic acids. The sharp drop in 

the rate above 7.8 may be related to a shift in NH4
+ to the toxic, unionized form. The pH is 

known to influence enzymatic activity, because each enzyme is active only within a specific 

and narrow pH range, and displays maximum activity at an optimum pH (Lay et al., 1997). 

2.9.3 Temperature 

There is a close relationship between the biogas fermentation process and the temperature of 

the reactor. The higher the temperature, the more biogas is produced but when temperature 

is too high this can cause the metabolic processes to decline as the microorganisms cannot 

tolerate the conditions and enzymes become degraded (Marchaim 1992). 

Bacteria are classified according to their preferred temperature. Sycrophilic bacteria work 

best between 10 and 20 ºC, mesophilic between 20 and 30 ºC and thermophilic bacteria 

between 45 and 60 ºC. Anaerobic digestion is very efficient in the thermophilic range, but 

rural type digesters use mesophilic bacteria, as temperatures higher than 35ºC are very hard 

to obtain. For mesophilic bacteria the optimum digestion occurs at about 35ºC whereas for 

the thermophilic range the optimum is 55ºC (Marchaim, 1992). 

Anonymous (1992) indicated that a stable temperature is very important to maintain gas 

production as the bacteria are very sensitive to changes in temperature. Experiences in China 

indicate that a rapid change of more than 5 ºC will slow down the gas production noticeably. 

This can be a problem when there are major differences in day and night ambient 
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temperatures. It may be one of the reasons for the low gas production in digesters at high 

altitudes, where the digester has to work in the lower mesophilic and sycrophilic range. 

There are two conventional operational temperature levels for anaerobic digesters, which are 

determined by the species of methanogens in the digesters (Song et al., 2004) 

 Mesophilic which takes place optimally around 37-41 °C or at ambient temperatures 

between 20-45 °C where mesophiles are the primary microorganism present 

 Thermophilic which takes place optimally around 50-52 °C at elevated temperatures 

up to 70 °C where thermophiles are the primary microorganisms present. 

All bacterial populations in digesters are fairly resistant to short-term temperature upsets, up 

to about two hours, and return rapidly to normal gas production rates when the temperature 

is restored. However, numerous or prolonged temperature drops can result in unbalanced 

populations, and lead to low pH problems (Marchaim, 1992). 

 

Lund et al., (1996) suggested that the methanogens are inactive in extreme high and low 

temperatures. 

Methane-producing bacteria are, very sensitive to sudden thermal changes and therefore any 

drastic change in temperature should be carefully avoided so that no abrupt decrease in gas 

production occurs. The digestion process must thus be designed to operate at constant 

temperature conditions. Temperatures above 65°C cause gas production to stop (Garba and 

Snibo, 1992). 

2.9.4 Toxicity effects 

Mineral ions, heavy metals and detergents are some toxic materials that inhibit the normal 

growth of pathogens in the digester. Small quantity of mineral ions (e.g., sodium, potassium, 

calcium, magnesium, ammonium and sulphur) also stimulates the growth of bacteria, while 

very heavy concentration of these ions leads to toxic effects. For example, presence of NH4 

from 50 to 200 mg/l stimulates the growth of anaerobic microbes, whereas, its concentration 

above 1500 mg/l produces toxicity. Similarly, heavy metals such as copper, nickel, 

chromium, zinc, lead etc., in small quantities are essential for the growth of bacteria but their 
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higher concentration has toxic effects (Moharao , 1975). Detergents including soap, 

antibiotics, organic solvents etc. also inhibit the activity of methane producing bacteria and 

hence addition of these substances in the digester should be avoided (Moharao , 1975). 

2.9.5 Loading rate and retention time 

Loading Rate 

Loading rate is defined as the amount of raw materials fed per day per unit volume of 

digester capacity. It is an important parameter that affects gas yield. If the plant is overfed, 

acids will accumulate and methane production will be inhibited since micro-bacteria cannot 

survive in acidic situation. Similarly, if the plant is underfed, the gas production will also be 

low because of alkaline solution, which is also not a favorable condition for anaerobic 

bacteria (Anonymous, 1987) 

Hydraulic Retention Time 

The retention time (residence time) is the time needed for the fed substrate to remain in the 

digester under proper reaction. The retention time of a digester is calculated by dividing the 

total capacity of the digestion tank by the rate at which organic matter is fed into it. If the 

retention time is too short, the bacteria in the digester are washed out faster than they can 

reproduce, so that fermentation practically comes to a standstill. The longer a substrate is 

kept under proper reaction conditions, the more complete its degradation will become. But 

the reaction rate will decrease with increasing residence time. The disadvantage of a longer 

retention time is the increasing reactor size needed for a given amount of substrate to be 

treated. HRT is chosen to achieve at least 70-80% digestion. 

Langrage (1979) suggested that HRT depends upon the interior temperature of the digester. 

The higher the temperature of the digester the  lower the retention time. HRT varies between 

20 and 120 days, depending upon the design and operating temperature of the digester. For 

digesters operating in countries of tropical region such as India, HRT is usually taken as 40-

60 days and in countries of colder region such as China, digesters are designed for HRT of 

about 100 days (Anonymous, 1980) 

Other factors such as temperature, dilution, loading rate, etc., influence retention time. At 

high temperature bio-digestion occurs faster, reducing the time requirement. A normal 
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period for the digestion of dung would be two to four weeks (Anonymous 1977, Singh 

1971). 

2.9.6 Agitation 

Agitation or mixing of digester contents significantly helps to ensure intimate contact 

between micro-organisms, which leads to improved fermentation efficiency. Coppinger 

(1979) suggested that effect of varying degrees of mixing of digester contents improves 

biogas production. 

The effects of recirculation of gas to break the scum formation were investigated by 

Mahanta et al., (2004). They found that recirculation of gas improves the biogas yield. A 

recent experiment at Indian Institute of Technology Guwahati showed that recirculation of 

gas increases the biogas production by three times (Mahanta et al., 2004). 

Mixing is important in anaerobic fermentation to ensure adequate contact between bacteria 

and substrate and also to help strip gas out of the liquid. Another reason for using mixing is 

to reduce scum formation which reduces the overall capacity of the digester. Recently, 

Stroot et al., (2001) reported that minimally mixed digesters demonstrated a much more 

stable operation than digesters that were continuously and vigorously mixed; vigorous, 

continuous mixing inhibited relationships between syntrophs and their methanogenic 

partners, possibly by disrupting the side by side position between these organisms. Mixing is 

normally carried out by mechanical agitation, digester contents re-circulation, or gas re-

circulation. 

In practice, a warm, oxygen free environment is provided by a sealed vessel (a digester). It 

usually takes around 15-30 days for the organic material inside a simple tank to be fully 

digested by bacteria. The populations of bacteria which grow in the organic material are 

influenced by temperature as well as feedstock. From an operational standpoint, digesters 

that are maintained at ambient temperature are slowest, those at a temperature of 35°C are 

significantly faster, and ones at a temperature of 50°C are faster still, but energy-intensive to 

maintain (Andrew and Mattew,2009) 
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2.9.7. Particle size 

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 its digestions, 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 (Sharma et 

al., 1988). Physical pretreatment such as grinding could significantly reduce the volume of 

digester required, without decreasing biogas production (Yadvika et al., 2004). 

2.10. Co-digesion 

The growing awareness of the pollution problems, associated with inadequate management 

of animal manure and organic waste, emphasizes the need for appropriate solutions to deal 

with the problem. An integrated process to solve this problem is co-fermentation which is 

defined as the co-digestion of mainly animal manure and other types of suitable organic 

matter in biogas plants. 

Co-digestion is the simultaneous digestion of more than one type of organic matter in the 

same unit (Agunwamba, 2001). Advantages include better digestibility, enhanced biogas 

production/methane yield arising from availability of additional nutrients, as well as a more 

efficient utilization of equipment and cost sharing (Agunwamba, 2001 

 
The feed stocks for anaerobic digestion vary considerably in composition, homogeneity, 

fluid dynamics and biodegradability. For example, the dry matter content varies widely. In 

intensive animal farming, pig and cow slurries are reported to contain dry matter contents in 

the range of 3 to 12 %. Chicken manure contains 10 to 30 % TS. (Braun, 1982). Some agro-

industrial wastes may contain less than 1 % TS, while others contain high TS contents of 

more than 20 %. This results in some substrates being able to be fermented only when mixed 

with other substrate or diluted. In addition, the overall nutrient ratio in waste materials is of 

major importance for the microbial biodegradation process. The C:N-ratio in wastes can 

vary in a considerably wide range between 6 (e.g., animal slurries) and more than 500 (e.g., 

wood shavings). 
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Furthermore, the feedstocks have a different distribution of organic macromolecules like 

proteins, fats and carbohydrates in which their degradation is of great importance. The 

degradation of feedstocks with high fat contents increases VFA considerably, whereas that 

of high protein content leads to large amounts of ammonia (NH4+). 

Thus, a combination of two or more substrates, i.e., co-fermentation, will optimize the 

degradation properties of the feed stocks and hence increase the methane yield. It has been 

reported that the performance of digesters could be considerably improved by means of 

cosubstrate addition and hence increase degradation efficiency and biogas production           

( Kaparaju, et al., 2001). An additional advantage of co-fermentation is the ecological 

disposal of organic waste and at the same time gain of energy. 

 
The main advantages of the co-digestion process are (Braun, 2002): 

• Increased biogas production; 

• Additional amount of fertilizer (soil conditioner); 

• Additional income (gate fees for waste treatment); 

• Higher organic matter bioconversion. 

 

2.11. Dilution and Consistency of Input 

All waste materials fed to a biogas plant consist of solid substance volatile organic matter 

and non-volatile matter (fixed solids) and water. During anaerobic fermentation process, 

volatile solids undergo digestion and non-volatile solids remain unaffected. According to a 

finding by The Energy and Resources Institute (Anonymous, 1987), fresh cattle waste 

consists of approximately 20% total solid (TS) and 80% water. TS, in turn, consist of 70% 

volatile solids and 30% fixed solid.  

For optimum gas yield through anaerobic fermentation, normally, 8-10% TS in feed is 

required (Anonymous, 1987). This is achieved by making slurry of fresh cattle dung in 

water in the ratio of 1:1. However, if the dung is in dry form, the quantity of water has to be 

increased accordingly to arrive at the desired consistency of the input (i.e., ratio could vary 

from 1:1.25 to even 1:2). If the dung is too diluted, the solid particles will settle down into 

the digester and if it is too thick, the particles impede the flow of the gas formed at the lower 
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part of the digester. In both cases, gas production will be less than optimum (Anonymous, 

1987). It is also necessary to remove inert materials such as stones from the inlet before 

feeding the slurry into the digester. Otherwise, the effective volume of digester will 

decrease. 

2.12. Biogas as energy source 

2.12.1. Percentage of methane in biogas 

Biogas is a mixture of gases, mainly methane, CH4, and carbon dioxide, CO2, resulting from 

the anaerobic fermentation of organic matter and can be used as a fuel for heating or 

electrical power generation. It usually contains 50% and above methane and other gases in 

relatively low proportions namely, CO2, H2, N2 and O2 (Milono et al., 1981; Kalia et al., 

2000). The mixture of the gases is combustible if the methane content is more than 50% 

(Agunwamba, 2001). 

Methane potential fraction differs and ranges between 40%-80% do the basis of the digester 

type, substrate quality and digesting bacteria (Stewart et al., 1984).  

Yadav and Hesse (1981) reported that biogas is the mixture of gas mainly composed of 50 to 

70 percent methane, 30 to 40 percent carbon dioxide (CO2) and low amount of other gases 

like water vapor, hydrogen sulfide, hydrogen, and nitrogen. 

Marchaim (1992) reported that typical values for methane content are in the range 50 to 60% 

CH4 for animal manure and up to 75% CH4 for feedstock containing fats. The proportion of 

CH4 to CO2 in the gas depends on the substrate and is slightly affected by temperature, pH 

and pressure. 

Water hyacinth and cow dung were mixed in the ratio of 3:2 and the gas produced was 

found to contain 25 to 32 percent carbon dioxide (Anonymous, 1981). 

2.12.2. Applications for biogas 

Biogas can basically be used in all applications that have been developed for natural gas. It 

has the advantage that it can be stored relatively easily and that it can be used where it has 

been generated. Alternatively it can be transported to the site where it is needed. There are 
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four basic ways of biogas utilization; production of heat and steam, electricity generation/co-

generation, use as a vehicle fuel and (possibly) production of chemicals (Appels et al. 2008) 

Without any treatment such as the removal of sulphur, biogas can only be used at the place 

of production. By increasing the energy content of biogas, such as through compression, the 

biogas can be transported over larger distances in pressure tanks. The enrichment and 

enhancement of the use of biogas can be achieved after removing the CO2 and other 

contaminants. Strachan et al., (2007) described the use of landfill gas in the Durban area to 

fuel a micro turbine thus generating power, which is added to the electrical grid. Applying 

this technology reduced the emission of greenhouse gases (GHG), for which carbon credits 

were earned. There are four basic ways biogas can be utilized: 

• Production of heat and steam 

• Electricity production/ co-generation 

• Vehicle fuel 

• Production of chemicals 
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3. Materials and Methods 

3.1. Feedstock (Inputs) 
The substrates used as feed stock materials for the generation of biogas in the laboratory 

were samples of Cladodes (flat green, plate-like sections of  Opuntia ficus-indica  called 

cladodes (pads) ) and cow dung and different combinations of substrate with cow dung were 

set as different treatments.The Cladodes  were found from Opuntia ficus-indica  producing 

community in Raya azebo woreda(Southern Tigray) whereas the  required quantity of dung 

was obtained from private farm(Yeha Biofarm) in Addis Ababa. Cladodes were cut 

manually into small pieces and used for digestion (physical pre-treatment, particle size 

reduction) as reported by Badger et al.1979, Palmowski & Muller.1999. 

3.2. Methods to determine Physical-chemical properties of the feedstock 

3.2.1. Total solids (TS) 
Freshly collected sample in a crucible is weighed using Analytical balance. The crucible is 

placed inside an electric hot air-oven maintained at 105ºC.The crucibles is allowed to remain 

in the oven for 24 hours, then taken out, cooled in a desiccator, and weighed. The weight of 

the sample, which was left in the oven, gives the total solids and it is represented in 

percentage basis.  

 

TS= ( m (dry)/m (wet) ) * 100% 

Where: 

m(wet) = wet mass 

m(dry) = dry mass 

3.2.2. Volatile solids (VS) 

Volatile solid content of the raw material is determined by drying the samples at 650 ºC 

for three hours. Then volatile solids content in percent is determined by using the formula 

 

VS= (  m(dry) –m(ash) / m(dry) ) * 100% 

Where: m (dry) = dry mass  

                                             m (ash) = remaining mass after ignition 
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3.2.3 C: N ratio 

 The carbon content of the feed stock is measured by considering the volatile solids content 

that was expressed as a percentage and the total carbon content was obtained from volatile 

solids data using an empirical equation as reported by (Haug, 1993, and Barrington et.al, 

2002) 

 
Percent (%) carbon=%VS/1.8 

 
The TS, VS and nitrogen content for the feed stocks were determined in Mekelle University 

Animal Nutrition laboratory. Hence the Carbon to nitrogen ratio for each treatment is 

calculated by dividing the % carbon with % nitrogen. 

3.3. Digester composition 

3.3.1. Feed stocks 

The amount of TS in the bottle is fixed to be 100g and for the purpose of this research a set 

of sixteen batch reactors were used as digesters. Each digester contains Cow dung: Cladodes 

proportions and aimed at investigating the efficiency of Cladodes in biogas production. The 

treatment combinations were as follows:  T1; 100:0, T2; 0:100, T3; 50:50, T4; 25:75, and T5; 

75:25, cow dung: Cladodes on a weight percent weight basis. 

3.3.2. Water content 

The water content for each sample was  determined using the recommendation for better 

biogas production as reported by Ituen et al. (2007), that is, a total solid (TS) of 8% in the 

fermentation  slurry. Feed stocks were mixed with tap water to get about 8% TS solution. 

This was the basis for the determination of the amount of water to be added for any given 

mass of total solid. Hence the proportion of total solid to water was the same in all the 

fermentation slurry samples. 

The content of each digester is tabulated below with treatment, ratio of cow dung to 

Cladodes, fresh cow dung; dry cladodes weight and the amount of tap water ought to be 

added to get a 8 % TS substrate.  Effluent (inoculums) brought from the outlet of Yeha bio-

farm biogas plant was used to start up the digestion and the same volume (625ml) inoculums 

is added in place of tap water across all digester (Table 4). 
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Table 4: Treatments and the content of each digester 

Treatments Proportion 

(%) 

Fresh 

CD(gm) 

Dry 

CLs(gm)
Inoculums(ml) Water 

added(ml 

Total 

volume(ml)

T1 100:0 625 0 625 0 1250 

T2 0:100 0 100 625 525 1250 

T3 50:50 312.5 50 625 262.5 1250 

T4 25:75 156.25 75 625 393.75 1250 

T5 75:25 468.75 25 625 131.25 1250 

T6 Inoculums 

alone 

0 0 2*625 0 1250 

 

3.4. Setting up of experiment 

The experimental set up for the study on batch digestion consisted of amber glass bottle with 

a plastic stopper (Figure2). Sixteen anaerobic digesters were constructed in bench-scale 

experiments where biogas is produced by degradation of organic matter in sealed serum 

bottles with capacity of 2.8L in Addis Ababa at AAU Environmental science laboratory. 

Each serum bottle was sealed with a rubber stopper having two outlets. The first outlet was 

attached to an 8mm internal diameter hose gas pipe and immersed below the top of the 

solution level in order to take samples without introducing air into the digester and indicate 

how much gas is produced inside the digester therefore a plastic tube extends from the 

bottom of the substrate up to the plastic tube cork that prevent out flow of the substrate from 

inside the digester. The second outlet was above the top of the solution for gas collection. 

Five bottles were taken for the experiment with three replications and a single bottle for 

inoculums which has been used to start up the fermentation.  
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Figure 2: Biogas digester set up using serum bottles and Rubber stopper 

All the digesters were sand-jacketed to insulate the internal working temperature from 

environmental fluctuations (Figure 3). Sand-jacket could be used as a very good insulator 

for digesters against high temperature variations, which is harmful than the temperature 

value itself (Bilhate, 2008). 
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Figure 3: Set up of biogas digesters with sand jacketed to control        

temperature flactuation. 

3.5. Digester pH 

Regular follow up of a digester pH was made since the starting time of the addition of the 

substrate with inoculums and water 

3.6. Ambient temperature 

The ambient temperature of AAU Faculty of science, where the experiment conducted, was 

brought from Geophysical Observatory of Science Faculty (AAU). The data was daily 
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minimum and maximum temperature which later presented as monthly average minimum 

and maximum temperature (Table 5). 

Table 5: Average minimum and maximum ambient temperatures in months; Aratkilo 

Science Faculty; AAU (Geophysical Observatory). 

Months/year 2009 2010 

T_Max T_Min T_Max T_Min 

January 23.18 7.67 23.75 7.36

February 24.54 8.33 23.52 10.89

March 26.67 10.45 23.67 10.87

April 25.77 10.5 24.27 11.16

May 26.5 11.85 24.71 11.88

June 25.99 10.67
24.71 11.88

July 21.37 10.63 - - 

August 21.15 10.9 - - 

September 22.53 10.24  - 

October 22.68 8.63 - - 

November 24.4 5.98 - - 

December 22.78 8.87 - - 

 

3.7. Yield and quality of biogas 

The gas production is measured by water displacement method (Figure 4) whereas the 

quality, which is the percentage of methane from the biogas, is estimated by the 

displacement of sodium hydroxide (Figure 5), with a process held one next to the other. The 

gas volume produced in the anaerobic reactor was captured in a bottle filled with water, 

which was kept under pressure. When a gas bubble entered the bottle with water, the gas 

replaced the water, which was then forced out of the bottle into empty bottle. The volume of 

water in the measuring cylinder thus resembled the gas production in the reactor. The 

displaced water is collected and then using a measuring cylinder its volume would be 
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calculated. The displaced water indicates the total volume of biogas produced. Note that the 

gas coming out of the digester is stored in the displaced bottle.  

 
Figure 4: Down ward displacement arranged for biogas measurement. 

Adding back the displaced water to the displacement bottle would push out the biogas stored 

before; and passing it through 5% NaOH solution. The CO2 from the biogas would be 

retained in the solution whereas the methane would displace its equivalent volume of NaOH. 

Collecting the displaced solution and measuring its volume using a measuring cylinder 

would give the volume of methane from the produced biogas (Veeken and Hameleers, 1999; 

Mahmoud, 2002). Hence it would be possible to estimate the percentage of methane in the 

biogas, using the following simple equation. 

 

%CH4 = (displaced Na OH/displaced water) * 100 
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Figure 5: Set-up for measuring methane of the biogas 

3.8. Experimental Consistency and Monitoring. 
The pH, biogas and methane levels in the reactors were consistently and regularly measured 

throughout the digestion phase.  

3.9. Data analysis 
The Mean, Standard Error of the mean for average biogas yield and methane% of the 

replications of the five treatments and F-test statistics at 5 % significant level were made 

using SPSS software (Statistical Package for Social Science). Apart from this, the Physico-

chemical parameters VS, TS of feedstock, the biogas yield and methane% of cladodes alone 

were compared with cow dung mix at different ratios using Line graph and charts using 

Microsoft Office Excel  that led to recommend the optimal biogas production 
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4. Results and discussion 

4.1. Physico-chemical properties of Cladodes and cow dung 

4.1.1. Total Solids (TS) and Volatile Solids (VS) determination   

In this study, the total solid contents and moisture contents (MC) of Cladodes were 14% and 

86% respectively. Out of the total solid, the volatile solid and ash content of the Cladodes 

substrate were 78% and 22% respectively. This shows that a large fraction of the Cladodes 

is biodegradable. This implies that Cladodes can serve as an important feedstock for biogas 

production. The Results of the (TS %) and (VS %)  are annexed rounded up to two decimal 

places. The samples were analyzed in triplicates with average values to attain for accuracy 

and negligible deviation. Characteristics of Cladodes and Cow dung are shown in Table 6. 

Table 6: Characteristic of Cladodes and fresh cow dung                                           

Parameters Fresh cow dung (%) Fresh Cladodes (%) 

MC 84 86

TS 16 14

VS of the TS 79.11 77.2

Ash of the TS 20.89 22.8
                                                   
As it is showen in Table 6, total solid contents and moisture contents of fresh cow dung 

were 16% and 84%. While it’s volatile solid and ash content were 79.11% and 20.89% 

respectively (Table 6). For cow dung, the TS is in the range of 15-20 percent as reported by 

Fulford (1988). However, the VS as percent of TS in this study was 79% which was a bit 

higher than 77% by Fulford(1998)..  

4.1.2. Carbon to nitrogen ratio (C/N) 

Carbon to nitrogen ratio is a major factor affecting the anaerobic process which affects 

methane yield and production rates. Therefore the balance of carbon and nitrogen in a feed 

material is important. It is often suggested that an optimum C:N ratio is between 20:1 and 

30:1. If the C:N ratio is very high, the nitrogen will be consumed rapidly by methanogens to 

meet their protein requirements and will no longer react on the left over carbon content of 

the material. As a result, gas production will be low.  
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On the other hand, if the C: N ratio is very low; nitrogen will be liberated and accumulated 

in the form of ammonia (NH3). NH3 will increase the pH value of the content in the digester 

then it can inhibit the growth of the bacteria through NH3 toxic concentration (Braun, 1982). 

Since, TS, VS and nitrogen content for the feed stocks were determined in laboratory and 

the carbon content of the feed stock was obtained from volatile solids data (% 

carbon=%VS/1.8) as reported by (Haug, 1993, and Barrington et.al, 2002) 

For example the VS of cow dung was 79.11%, using the above formula the total carbon in 

percent was found to be 43.95%. In this regard, the Carbon and Nitrogen content for each 

treatment is calculated according to the proportion of the feed material in each treatment, 

finally their Carbon to nitrogen ratio was obtained by dividing the % carbon with % 

nitrogen. The C/N ratios of the five different combinations of Cladodes and cow dung as 

feedstock for biogas are given below (Table 7). 

Table 7: The carbon to nitrogen ratio of the five treatments 

Treatments  Carbon content 

(%) 

Nitrogen content 

(%) 

C/N 

Ratio 

T1 43.95 1.83 24    

T2 42.89 0.86 48  

T3 43.43 1.3 33  

T4 43.16 1.1 39  

T5 43.68 1.6 27 

 
The carbon to nitrogen ratio obtained from the T1=24:1, T5=27:1were in agreement with the 

optimum C: N ratio 20 to 30 as stated by Braun, 1982. It is also comparable to the carbon to 

nitrogen ratio wheat straw (19:1), paddy straw (26:1) and ground shell (27:1) mixed with 

cow dung and pre-digested slurry as reported by Anonymous (1981). 

On the contrary, the carbon to nitrogen ratio of T2 and T4 is beyond the optimum C:N value. 

For example the C:N ratio of Cladodes alone is about 48 which is greater than as it should 

always kept below 43 as stated by Stephanopoulos (2007). This shows that Cladodes 

biomass is highly organic having less nitrogen therefore might need feed stock supplements 



36 
 

which are rich in nitrogen.The C:N ratio of cow dung(24) used in this study was  near to the 

result C:N ratio of cow dung(25)  as obtained by Carr (2007). 

4.2 The ambient temperature condition 

There is a close relationship between the biogas fermentation process and the temperature of 

the reactor. This can be a problem when there are major differences in day and night 

ambient temperatures.  

Anonymous (1992) indicated that a stable temperature is very important to maintain gas 

production as the bacteria are very sensitive to changes in temperature. 

Lund et al., (1996) stated that the methanogens are inactive in extreme high and low 

temperatures. According to Song et al., (2004) species of methanogens such as Mesophilic  

takes place optimally at ambient temperatures between 20-45 °C. When the ambient 

temperature decreases to 10°C, gas production virtually stops.  

The daily mean minimum and maximum ambient temperature during the phase of 

experiment was 10.30C and 24.110C respectively. Proper insulation of digester helps to 

increase gas production during the cold weather. Hence, in this experiment biogas digesters 

were set up with sand jacketed to control temperature flactuation (Bilhate, 2008). 

4.3 The pH value of digester 

pH is one of the indication factors of inhibition in anaerobic reactors. Therefore, the pH of 

each digester’s substrate was recorded in two days interval in regular basis. The initial pH of 

each input mixture in digester was 6.79, 6.91, 6.75, 6.76 and 6.81 for the digester labeled as 

T1, T2, T3, T4 and T5 respectively. So this result was in agreement to a pH range of input 

mixture in the digester between 6.25 and 7.50 which is suitable for most methanogenic 

bacteria to function as reported by Mahanta et al., 2004.  
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acid forming bacteria produce Volatile Fatty Acids (VFA) resulting in declining pH and 

diminishing growth of methanogenic bacteria. That is, a low pH value inactivated 

microorganisms responsible for biogas production. In this regard the pH of all the digesters 

was not in the range of optimal level 6.7 – 7.4 suitable for most methanogenic bacteria to 

function for biogas production as described by Verma (2002). As it was indicated in the 

figure 7 the decrease in pH is a function of the concentration of volatile fatty acids produced 

by the activity of hydrolytic acidogenic bacteria capable of degrading the feed stock in the 

first few days of incubation, bicarbonate alkalinity of the system, and the amount of carbon 

dioxide produced (Gomec, 2003). 

In such cases, there are two main operational methods for correcting an unbalanced, low pH 

condition in a digester. The first approach is to stop the feed and allow the methanogenic 

population time to reduce the fatty acid concentration and thus raise the pH to an acceptable 

level of at least 6.8. The second method involves the addition of chemicals to raise the pH 

and provide additional buffer capacity. Calcium hydroxide (lime) is often used (Marchaim, 

1992). 

A dependable variable pH between treatments has been statically tested (Table 8). As we 

can see from the table below the significant value at 95% confidence interval was 0.000 

which is less than the level of significance. The result showed that the pH varies 

significantly with varying levels of C: N ratio of treatments at 0.05 level. 

Table 8: One way ANOVA of dependable variable pH between treatments. 

 
Sum of 
Squares df 

Mean 
Square F Sig. 

Between 
Groups 23.584 4 5.896 21.346 .000 

Within Groups 42.812 155 .276    
Total 66.396 159     

 
Since one way ANOVA of pH showed only the existence of significant difference further 

multiple comparisons has been carried out  in order to know where the significant difference 

laid(Table 9).  
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Table 9: Multiple Comparisons for pH (LSD)  
 

(I) Treatments (J) Treatments 
Mean 

Difference (I-J) Std. Error Sig. 
100%CD 100%Cladodes 1.14531(*) .13139 .000
  50%CD:50%Cladodes .55375(*) .13139 .000
  25%CD:75%Cladodes .80344(*) .13139 .000
  75%CD:25%Cladodes .40563(*) .13139 .002
100%Cladodes 100%CD -1.14531(*) .13139 .000
  50%CD:50%Cladodes -.59156(*) .13139 .000
  25%CD:75%Cladodes -.34188(*) .13139 .010
  75%CD:25%Cladodes -.73969(*) .13139 .000
50%CD:50%Cladodes 100%CD -.55375(*) .13139 .000
  100%Cladodes .59156(*) .13139 .000
  25%CD:75%Cladodes .24969 .13139 .059
  75%CD:25%Cladodes -.14813 .13139 .261
25%CD:75%Cladodes 100%CD -.80344(*) .13139 .000
  100%Cladodes .34188(*) .13139 .010
  50%CD:50%Cladodes -.24969 .13139 .059
  75%CD:25%Cladodes -.39781(*) .13139 .003
75%CD:25%Cladodes 100%CD -.40563(*) .13139 .002
  100%Cladodes .73969(*) .13139 .000
  50%CD:50%Cladodes .14813 .13139 .261
  25%CD:75%Cladodes .39781(*) .13139 .003

 
* The mean difference is significant at the .05 level. 

4.4 Amount and Composition of Biogas produced  

In this experimental set up, performance of each treatment was measured through biogas 

yield that a digester produced and the quality of the gas which represents the percentage of 

methane that the produced gas contains.. The total biogas from each treatment was measured 

until it stops to produce any more gas. The total water displaced expressed in terms of 

biogas and NaOH displaced expressed by methane content is shown in Figure 8. To be 

specific it is important to know the contribution of each treatment in the total biogas and 

methane production, the inoculums share should be deducted since it is made to use as a 

start up. For that matter, the total amount of biogas and methane produced from each 
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in this experiment is almost similar to the value (50-70) reported by Yadav and Hesse (1981)  

and the value (40-80) suggested by Stewart et al., 1984 

Results further indicate  that T5 was found to produce methane rich biogas than that of cattle 

dung alone. It is well known that the composition of biogas as well as biogas yields depend 

on the substrates owing to differences in material characterization in each feed material 

(Stewart et al., 1984). 

The highest methane is recorded from digester T5 with 9786ml: the next is T1 by providing 

9067ml followed by T3 with 6097ml. Again the lower performance is from digester T2 and 

T4 by an amount of 3283ml and 4363ml respectively 

Treatment five (T5) stands first in terms of quality of the biogas that is the proportion of 

methane from the produced biogas (69%). Treatment one (T1) and Treatment three (T3) 

follows 2nd and 3rd by 66.33% and 63.84% respectively while treatment (T2) is the least in 

the quality of biogas. 

To sum up, T5 has the best performance relative to other digesters of treatments because it 

gives highest amount of biogas with quality.  The other treatments such as T1, T3 and T4 

were comparable with the typical quality of biogas from animal manure mostly from 50% to 

60 % as reported by Marchaim(1999).  

Mean and SEM for Cladodes mixed with different proportion of fresh cow dung was 

investigated and results are presented in table 10.  

Table 10: Mean Biogas yield and methane from digesters of five different treatments less 
the biogas contribution from inoculums 
Treatments Biogas(ml) Methane(ml) 

100%CD 440.96 ± 43.78 292.47 ± 30.54 

100%Cladodes 199.23 ± 46 .73 105.90 ± 25.24 

50%CD:50%Cladodes 308.08 ± 68.88 196.70 ± 45.75 

25%CD:75%Cladodes 270.06 ± 84.57 140.75 ± 49.25 

75%CD:25%Cladodes 457.53 ± 73.86 315.69 ± 52.39 
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The volum of biogas  and methan produced by 100g Cladodes alone  was 6176ml and 3283 

respectively. The lowest proportion of Cladodes mixed with cow dung was 25:75 which 

means 25gm Cladodes mixed with 75 gm of Cow dung on dry matter basis. Hence, the 

performance of Cladodes for 25 gm when digested  alone or in combination with cow dung 

has been calculated by deducting the  biogas contrubition of cow dung because Cladodes 

alone and cow dung alone were taken as baseline.  

Therefore, the biogas and methane produced by 25g of Cladodes  when  it was digested 

alone  or mixed with cow dung is shown in table 11. 

Table 11: The biogas and methane production  performance of Cladodes less the 

contrubution of cow dung 

Treatments Biogas(ml) Methane(ml)

T2(100g Cladodes) 1544 820.75 

T3( 50g Cladodes) 1357.5 781.75 

T4(75g Cladodes) 1651 698.75 

T5(25g Cladodes) 3930 2985.75 

 As indicated in Table 11  the biogas and methane production from 25g of Cladodes was 

3930ml and 2985.75 ml respectively. In this exprement Cladodes was best perform when it 

combines with 75g of cow dung. 

As to statistics table, dependable variables like biogas between treatments has been 

statistically tested (Table 12). The result showed that the biogas produced vary significantly 

with varying levels of C: N ratio of treatment at 0.05 level. 
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Table 12: One way ANOVA of dependable variable biogas between treatments. 

 

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
1538088.741 4 384522.185 2.891 .024 

Within Groups 19951017.786 150 133006.785    

Total 21489106.527 154     

 
Table 13: Multiple Comparisons of Biogas (LSD)  
 

 

 
 
* The mean difference is significant at the .05 level. 
 
 

 

 

 

(I) Treatments (J) Treatments 
Mean Difference 

(I-J) Std. Error Sig. 
100%CD 100%Cladodes 241.7311828(*) 92.6341347 .010 
  50%CD:50%Cladodes 132.8817204 92.6341347 .154 
  25%CD:75%Cladodes 170.8924731 92.6341347 .067 
  75%CD:25%Cladodes -16.5698925 92.6341347 .858 
100%Cladodes 100%CD -241.7311828(*) 92.6341347 .010 
  50%CD:50%Cladodes -108.8494624 92.6341347 .242 
  25%CD:75%Cladodes -70.8387097 92.6341347 .446 
  75%CD:25%Cladodes -258.3010753(*) 92.6341347 .006 
50%CD:50%Cladodes 100%CD -132.8817204 92.6341347 .154 
  100%Cladodes 108.8494624 92.6341347 .242 
  25%CD:75%Cladodes 38.0107527 92.6341347 .682 
  75%CD:25%Cladodes -149.4516129 92.6341347 .109 
25%CD:75%Cladodes 100%CD -170.8924731 92.6341347 .067 
  100%Cladodes 70.8387097 92.6341347 .446 
  50%CD:50%Cladodes -38.0107527 92.6341347 .682 
  75%CD:25%Cladodes -187.4623656(*) 92.6341347 .045 
75%CD:25%Cladodes 100%CD 16.5698925 92.6341347 .858 
  100%Cladodes 258.3010753(*) 92.6341347 .006 
  50%CD:50%Cladodes 149.4516129 92.6341347 .109 
  25%CD:75%Cladodes 187.4623656(*) 92.6341347 .045 
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Similarly, dependable variable like methane content of the biogas produced between 

treatments vary significantly with varying levels of C: N ratio at 0.05 level (Table 12). 

Table 14: One way ANOVA of dependable variable methane between treatments. 
 

 

Sum of 

Squares df 

Mean 

Square F Sig. 

Between 

Groups 
1047167.365 4 261791.841 4.780 .001 

Within Groups 8215044.939 150 54766.966    

Total 9262212.304 154     
 
 
Table 15: Multiple Comparisons of Methane (LSD)  
 

(I) Treatments (J) Treatments 
Mean 

Difference (I-J) Std. Error Sig. 
100%CD 100%Cladodes 186.5698925(*) 59.4420109 .002
  50%CD:50%Cladodes 95.7741936 59.4420109 .109
  25%CD:75%Cladodes 151.7204301(*) 59.4420109 .012
  75%CD:25%Cladodes -23.2150538 59.4420109 .697
100%Cladodes 100%CD -

186.5698925(*) 59.4420109 .002

  50%CD:50%Cladodes -90.7956989 59.4420109 .129
  25%CD:75%Cladodes -34.8494624 59.4420109 .559
  75%CD:25%Cladodes -

209.7849462(*) 59.4420109 .001

50%CD:50%Cladodes 100%CD -95.7741936 59.4420109 .109
  100%Cladodes 90.7956989 59.4420109 .129
  25%CD:75%Cladodes 55.9462365 59.4420109 .348
  75%CD:25%Cladodes -

118.9892473(*) 59.4420109 .047

25%CD:75%Cladodes 100%CD -
151.7204301(*) 59.4420109 .012

  100%Cladodes 34.8494624 59.4420109 .559
  50%CD:50%Cladodes -55.9462365 59.4420109 .348
  75%CD:25%Cladodes -

174.9354839(*) 59.4420109 .004

75%CD:25%Cladodes 100%CD 23.2150538 59.4420109 .697
  100%Cladodes 209.7849462(*) 59.4420109 .001
  50%CD:50%Cladodes 118.9892473(*) 59.4420109 .047
  25%CD:75%Cladodes 174.9354839(*) 59.4420109 .004
 
* The mean difference is significant at the .05 level. 
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In general, studies on possible uses of Cladodes have indicated its potential use in biogas 

production, followed by fertilizer application as reported by (Tarrisse, 2008). Similarly in 

this experiment it would appear that Cladodes   have potential for biogas production, at least 

at room temperature because the quality of the biogas either from Cladodes alone or with 

combination of cow dung was beyond 50% or within the range of quality biogas yield. In 

addition to this, Volatile solid content of the Cladodes substrate was 78%. This shows that a 

large fraction of the Cladodes is biodegradable. This implies that Cladodes can serve as an 

important feedstock for biogas production and if suitable materials for co-digestion, such as 

manure, are not available, Cladodes can be digested alone. 

4.5.Biogas production of treatments and fuel replacement value  

 In many countries the increasing scarcity of fuel wood is becoming as critical as the scarcity 

of food. Eventually cow dung becomes the main fuel source in villages. In many rural areas 

people watch out for cow dung. They use the dung as fuel for cooking and heating. Often 

they mix the fresh manure with straw and water, flatten it into patties, and dry it. Sometimes 

they use dried dung patties as it is and picked up off the ground. According Biswas (1977) 

biogas produced across treatments can have a replacement value of different solid fuels. 

Cow dung alone in my experiment produced biogas of 0.022m3/kg.  

As shown in figure 8, 0.1kg dry matter cow dung for biogas production has a cattle dung 

cake replacement value of 0.17kg. From this result we can realize the environmental benefit 

and slurry which can be obtained from biogas production. Apart from this, the gasoline 

consumption at national and central region in Ethiopia greatly varies in amount. The 

quantity of gasoline annually imported in the country is substantial. 
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5. Conclusion and Recommendations 
 
5.1 Conclusions 

The daily mean minimum and maximum ambient temperature during the phase of 

experiment were 10.30C and 24.110C respectively. Hence, in this experiment biogas 

digesters were kept throughout in sand jacket to control temperature flactuation. From this 

experiment the volume of biogas produced in all the digesters were ranging from 6.176 l to 

14.183 l. The maximum biogas was produced in a combination of Cladodes to cow dung at 

the ratio of 25:75 which provides 14.183 l in 66 days of retention time. The biogas produced 

from cow dung alone was 13.670 l (0.022m3/kg)  

It is further revealed that those treatments (T1 and T5) that have a C: N ratio  within the 

range of 20-30 are found to perform better in biogas yield and methane production than 

which are not. The carbon to nitrogen ratio of T2 and T4 is beyond the optimum C: N value. 

This shows that Cladodes biomass is highly organic having less nitrogen therefore might 

need feed stocks which are rich in nitrogen if used as substrate for biogas production. The 

result also shows that the pH of the digesters throughout the retention time was under acidic 

condition. In this regard the pH of all the digesters of treatments were not in the range of 

optimal level 6.7 - 7.4 suitable for most methanogenic bacteria to function for biogas 

production. Finally, the quality of the biogas either from Cladodes alone or with 

combination of cow dung also were beyond 50% or were within the range of quality biogas. 

Again from the laboratory result, the Volatile solid content of the Cladodes substrate was 

78% of the TS. This shows that a large fraction of the Cladodes is biodegradable. This 

implies that Cladodes can serve as an important feedstock for biogas production. Biogas and 

methane production from T1(100%CD),T3(50%CD:50%CL) and T5(75%CD:25%CL) were 

not statistically significant at 0.5  level .Co-digestion of cow dung and Cladodes biomass is 

therefore, one way of addressing the problem of lack of enough feedstock for biogas 

production. If\ suitable materials for co-digestion, such as manure, are not available, 

Cladodes can be digested alone and is a good opportunity for poor people who have not 

livestock. Environmental, slurry and foreign currency benefits can be obtained from biogas 

production.  
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5.2 Recommendations 
Biogas technology has significant potential to mitigate several problems related to 

ecological imbalance, minimizing crucial fuel demand, improving hygiene and health, and 

thus, resulting in an overall improvement in the quality of life in rural and semi-urban areas. 

Efforts by National biogas program, NGO’s and other concerned sectors should be made as 

an answer to the growing fertilizer and fuel crisis.  

Opuntia ficus indica is energy Crop Plant species which can be used as a source of energy 

and is characterized by high biomass yield, drought tolerance and be able to grow on 

marginal land as well as in soil of poor quality with low nutrient input and is underutilized. 

Therefore more research on the use of the resource for multiple purposes such as soil and 

water conservation strategy as well as for biogas production in degraded and marginal lands 

has to be carried out. 

As to the biogas produced from the Cladodes should not only be used for production of heat 

and steam. Efforts should also be carried out on the use of   Cladodes biogas for electricity 

generation/co-generation, vehicle fuel and production of chemicals. Use of gas for direct 

combustion close to the site of production may be economical. It may be used for household 

work like cooking; etc. Alternatively, the gas may be purified and exported via a pipeline or 

as compressed gas or liquid. 

The experiment was carried out on dry Cladodes and results show that the biomass is highly 

organic having less nitrogen this could contribute to a condition of low pH. Hence, further 

studies should be investigated on wet Cladodes for their application in energy production. 

Further, focus should be given to Cladodes combination feed stocks which are rich in 

nitrogen for example cattle urine. The condition of low pH also should be studied. Further 

work is again necessary to look at composition of organic matter (carbohydrates, proteins, 

lipids) and process state indicators (VFA, Ammonia level) .Efforts should also be made to 

measure the methane quality of the different combinations by a Gas Chromatography too. 
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Appendixes  
Appendix 1.The recorded respective weighing during the oven procedure for the 

determination of Total Solids TS (%) of the Cladodes and cow dung.  

sample 

code WC W1 W2 W2-Wc W1-Wc TS% 

CLR1 32.07 39.42 33.05 0.98 7.35 13.33

CLR2 32.75 37.86 33.48 0.73 5.11 14.28

CLR3 32.08 38.69 33.04 0.96 6.61 14.52

     SUM 42.14

     AVE 14

CDR1 27.27 38.65 29.14 1.87 11.38 16.43

CDR2 27.45 32.62 28.32 0.87 5.17 16.83

CDR3 28.32 33.86 29.21 0.89 5.54 16.07

     SUM 49.33

     AVE 16

 

 

Where: Wc  = weight of crucible 

W1 = weight of crucible + pre-dried sample before drying  

CLRi =Cladodes replication ,i= 1,2,3 

W2 = weight of dried residue + Wcrucible after drying at 105 0C 

Thus: TS (%) = W2-WC/W1-WC  * 100 
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Appendix 2. The recorded   triplicate weightings during the 550°C drying oven 

Procedure for the determination of Volatile Solids  

sample 

code Wc W1 W2-Wc W1-Wc Ash% 

Volatile 

Solid% 

CLR1 32.072 33.2037 0.2704 1.1317 23.89 76.11

CLR2 32.759 33.9128 0.2643 1.1538 22.91 77.09

CLR3 32.089 33.1731 0.2339 1.0841 21.58 78.42

    SUM 68.38 231.62

    AVE 22.79 77.20

CDR1 27.281 28.6812 0.2814 1.4002 20.09 79.90

CDR2 28.323 29.5372 0.2458 1.2142 20.24 79.75

CDR3 27.452 28.5183 0.2381 1.0663 22.33 77.67

    SUM 62.67 237.33

    AVE 20.89 79.11

Ash% = mass of the ash(W2-Wc)/W1-Wc *100 

where W1=Wc+oven dried sample 

W2=Wc +ash 

VS% =100 -Ash 

VS (%) = {(B-C)/(B-A)} * 100% 

A=weight of Predried dish 

B=weight of dried residue + crucible after drying at 105°C 

C=weight of dried residue + dish after drying at 550°C. 
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Appendix 3: Triplicate values for pH of treatments 

                                                               Treatments 
  T1 T2 T3 T4 T5 
  R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 
1 6.8 6.8 6.8 6.89 6.92 6.92 6.74 6.8 6.7 6.73 6.78 6.78 6.82 6.81 6.81
2 6.8 7 6.9 6.85 6.89 6.91 6.4 6.34 6.39 6.37 6.36 6.46 6.78 6.75 6.79
3 6.7 6.8 6.7 6.4 6.15 6.9 6.25 6.24 6.36 5.98 6.24 5.7 6.69 6.7 6.9
4 6.8 6.8 6.8 4.91 4.87 4.81 5.97 6.03 6.16 5.95 6.1 5.9 6.16 6.12 6.11
5 6.6 6.7 6.6 4.82 4.79 4.89 5.96 5.99 6.16 5.9 5.82 5.61 6.29 6.03 6.12
6 6.6 6.5 6.5 4.82 4.81 4.8 5.76 5.76 6.05 5.82 5.83 5.55 6.07 5.97 5.96
7 6.6 6.3 6.5 4.79 4.83 4.78 5.82 5.91 6.21. 6.15 5.92 5.59 6.09 6.02 5.9
8 6.5 6.3 6.6 4.86 4.79 4.77 5.76 5.86 5.93 6.02 5.95 5.62 6.14 5.97 5.95
9 6.4 6.3 6.5 4.84 4.81 4.79 5.71 5.9 5.96 5.45 5.9 5.37 6.12 5.92 5.87

10 6.4 6.3 6.5 4.82 4.83 4.81 5.74 5.99 6.02 5.1 5.09 5.08 6.1 5.86 5.82
11 6.4 6.3 6.5 4.80. 4.81 4.81 5.8 6.05 6.06 5.2 5.05 5.1 6.5 5.88 5.79
12 6.4 6.3 6.5 4.81 4.8 4.8 5.05 5.1 5.15 4.96 5 5.05 5.8 5.88 5.68
13 6.4 6.2 6.5 4.71 4.8 4.8 5.09 5.2 5.1 5 4.99 5.04 5.9 5.85 5.64
14 6.3 6.3 6.5 4.63 4.7 4.68 5.5 5.42 5.3 4.99 4.98 4.95 5.7 5.83 5.56
15 6.4 6.2 6.5 4.58 4.87 4.88 5.15 5.2 5.22 4.92 4.95 4.95 5.59 5.74 5.51
16 6.3 6.2 6.4 4.57 4.52 4.61 5.42 5.38 5.41 5 5.08 5.02 5.56 5.69 5.46
17 6.3 6 6.3 4.51 4.51 4.49 5.4 5.36 5.4 4.93 4.92 4.95 5.53 5.55 5.39
18 6.1 5.9 6.3 4.62 4.56 4.66 5.38 5.29 5.32 4.92 4.93 4.92 5.44 5.31 5.39
19 5.9 6 6.3 4.52 4.51 4.46 5.3 5.11 5.28 4.98 4.94 4.94 5.39 5.4 5.31
20 5.8 5.8 6.3 4.5 4.52 4.49 5.19 5.21 5.26 4.85 4.9 4.92 5.37 5.35 5.29
21 5.7 5.7 6.1 4.49 4.52 4.51 5.3 5.32 5.4 4.96 4.93 4.91 5.38 5.33 5.24
22 5.6 5.6 6 4.5 4.48 4.48 5.11 5.29 5.38 4.89 4.9 4.9 5.36 5.3 5.22
23 5.4 5.4 5.9 4.52 4.5 4.49 5.16 5.13 5.11 4.82 4.78 4.9 5.31 5.29 5.15
24 5.3 5.3 5.8 4.54 4.5 4.51 5.24 5.2 5.22 4.98 4.8 4.84 5.34 5.32 5.34
25 5.3 5.3 5.7 4.53 4.5 4.52 5.32 5.3 5.24 4.99 4.92 4.95 5.35 5.29 5.27
26 5.3 5.3 5.7 4.55 4.49 4.55 5.31 5.28 5.22 4.98 4.9 4.93 5.36 5.28 5.35
27 5.3 5.3 5.5 4.56 4.53 4.51 5.2 5.21 5.19 4.99 4.89 4.92 5.48 5.25 5.43
28 5.2 5.3 5.4 4.8 4.9 5.02 5.1 5.3 5 5 4.94 4.86 4.99 5.25 5
29 5.2 5.4 5.5 5.13 5.01 5.04 5.21 5.2 5.05 4.98 5.02 4.99 5.01 5.16 4.95
30 5.2 5.1 5.6 5.17 5.34 5 5.06 5.02 5.01 5.3 5.15 5 5 5.16 5.08
31 5.3 5.3 5.6 5.1 5.4 5.1 5.14 5.16 5.06 5.4 5.03 5 5.06 5.1 5.23
32 5 5 5.1 5.03 5.4 5.26 5.2 5.17 5.2 5.34 5 5.17 5.34 5.07 5.1
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Appendix 4: Triplicate values for Methane of treatments 

 

                                                               Treatments 
   T1  T2  T3  T4  T5 

   R1  R2  R3  R1  R2  R3  R1  R2  R3  R1  R2  R3  R1  R2  R3 

1  62  52  58  542  615  522 1225 1292 1258 1358 1364 1420  244  228 225

2  124  124  125  422  454  426 476 478 480 640 610 645  666  632 535

3  155  188  227  360  354  340 496 490 520 494 380 374  135  137 141

4  135  190  185  172  238  195 352 366 385 415 416 422  112  114 114

5  130  118  170  170  188  155 342 294 352 206 220 225  140  86 114

6  126  140  151  182  166  182 410 406 405 164 178 174  92  102 96

7  190  200  220  184  198  200 318 316 312 160 180 182  70  72 68

8  175  185  205  200  202  198 322 330 332 148 158 168  54  58 56

9  126  140  148  165  174  154 250 256 248 128 118 120  136  148 135

10  114  120  132  218  192  210 252 202 262 125 124 116  65  64 66

11  88  95  94  110  100  104 254 250 248 108 126 120  428  412 406

12  62  58  60  135  132  140 252 250 260 100 92 104  214  210 226

13  104  112  110  98  105  112 226 238 244 122 124 110  154  216 268

14  126  136  130  78  75  70 226 230 232 92 114 90  728  700 672

15  156  185  180  110  108  102 194 198 230 76 86 74  876  834 884

16  272  278  282  100  94  98 178 170 178 42 40 38  910  960 998

17  578  626  602           144 154 136          730  706 738

18  580  572  576           150 110 114          652  722 690

19  478  542  428                             612  745 888

20  608  396  496                             520  450 448

21  478  435  445                             428  476 444

22  570  565  565                             410  400 412

23  386  502  496                             424  472 490

24  490  435  376                             402  400 348

25  448  334  338                             444  435 472

26  378  305  278                                     

27  445  402  386                                     

28  320  345  402                                     

29  382  448  458                                     

30  368  396  325                                     

31  442  404  428                                     



60 
 

Appendix 5: Triplicate values for Biogas of treatments 

 
                                                               Treatments 

  T1 T2 T3 T4 T5 

  R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

1 95 80 88 1060 1140 1000 1850 1920 1890 2350 2310 2370 350 336 328

2 190 195 192 825 840 815 700 670 670 1065 998 1095 950 924 782

3 235 290 345 500 505 490 685 702 698 925 940 865 195 193 197

4 205 295 280 290 390 320 573 570 572 615 625 645 166 168 170

5 235 215 300 360 378 345 592 500 596 490 495 500 200 125 160

6 235 260 275 380 348 372 602 610 608 385 382 378 140 156 148

7 260 285 310 400 420 410 620 610 600 325 338 342 120 125 120

8 245 260 295 386 380 398 480 500 495 296 308 316 102 108 105

9 180 195 210 300 310 290 370 373 372 300 300 298 210 220 215

10 165 175 190 384 354 378 390 302 398 278 302 290 102 98 105

11 125 136 134 212 200 198 410 402 408 236 295 278 620 615 598

12 128 118 124 276 264 278 400 410 420 268 236 252 310 300 335

13 160 175 180 213 220 222 378 390 388 300 286 270 260 380 425

14 190 215 205 164 155 144 390 395 396 215 252 235 998 960 1050

15 240 290 280 225 210 195 308 315 360 190 205 188 1200 1175 1280

16 445 450 470 200 196 188 300 298 306 100 88 96 1282 1315 1405

17 830 900 880       265 270 248       1000 996 1070

18 825 810 830       270 206 200       950 1040 1005

19 695 775 610                   875 1010 1235

20 865 568 710                   725 650 670

21 690 660 680                   620 700 635

22 785 750 762                   604 598 612

23 585 785 765                   615 685 722

24 745 670 590                   600 590 512

25 700 530 520                   672 638 695

26 600 500 440                         

27 665 600 595                         

28 505 510 610                         

29 579 690 715                         

30 550 610 500                         

31 670 630 680                         
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Appendix 6: Triplicate average values for amount of biogas production, percentage of 

methane, temperature and pH of digester type “T1”  

Date  Date/week/  T (0c)  pH Biogas(ml) Methane 

(ml) 

%  of 

methane 

8/8/2002  20.67 6.79 - ‐  - 
12/8/2002 1 20.6 6.88 87.67 57.33  65.39
14/8/2002  21.73 6.72 192.33 124.33  64.62
16/8/2002  21.7 6.82 290 190  65.53
18/8/2002  21.47 6.67 260 170  65.44
20/8/2002 2 20.97 6.54 250 139.33  55.62
22/8/2002  21.43 6.44 256.67 139  54.12
24/8/2002  21.93 6.5 285 203.33  71.41
26/8/2002  22.9 6.41 266.67 188.33  70.69
28/8/2002 3 21.7 6.39 195 138  70.76
30/8/2002  21.1 6.38 176.67 122  69.01
2/9/2002  20.23 6.4 131.67 92.33  70.13
4/9/2002  19.7 6.38 123.33 60  46.99
6/9/2002 4 19.97 6.35 171.67 108.67  63.37
10/9/2002  19.33 6.35 203.33 130.67  64.33
12/9/2002  20 6.29 270 173.67  64.36
14/9/2002  20.83 6.22 455 277.33  60.97
16/9/2002 5 19.97 6.11 870 602  69.20
18/9/2002  21.8 6.05 821.67 576  70.12
20/9/2002  21.1 6 693.33 482.67  69.64
22/9/2002  21.27 5.81 714.33 500  69.96
24/9/2002 6 19.97 5.73 676.67 452.67  66.88
26/9/2002  21.63 5.58 765.67 566.67  74.03
28/9/2002  23.23 5.49 711.67 461.33  70.46
30/9/2002  21.3 5.43 668.33 433.67  71.00
2/10/2002 7 21 5.4 583.33 373.33  71.34
4/10/2002  21.73 5.34 513.33 320.33  62.39
6/10/2002  21.17 5.3 620 411  66.26
8/10/2002  21.27 5.36 541.67 355.67  65.64
10/10/2002 8 20.9 5.39 661.33 429.33  64.99
12/10/2002  20.6 5.42 553.33 363  65.61
14/10/2002  20.1 5.4 660 424.67  64.73
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Appendix 7: Triplicate average values for amount of biogas production, percentage of 

methane, temperature and pH of digester type “T2”  

Date  Date/week/  T (0c)  pH Biogas(ml) Methane 

(ml) 

%  of 

methane 

8/8/2002  20.13 6.91 - - - 
12/8/2002 1 20.1 6.88 1066.67 559.67  52.43
14/8/2002  22.67 6.48 826.67 434  52.49
16/8/2002  21.5 4.86 498.33 351.33  70.50
18/8/2002  21.97 4.83 333.33 201.67  60.43
20/8/2002 2 20.97 4.81 361 171  47.30
22/8/2002  21.23 4.8 366.67 176.67  48.17
24/8/2002  21.77 4.81 410 194  47.31
26/8/2002  22.37 4.81 388 200  51.57
28/8/2002 3 21.4 4.82 300 164.33  54.74
30/8/2002  20.27 4.81 372 206.67  55.52
2/9/2002  19.63 4.8 203.33 104.67  51.51
4/9/2002  19.67 4.77 272.67 135.67  49.76
6/9/2002 4 20.07 4.67 218.33 105  46.06
10/9/2002  19.33 4.78 154.33 74.33  48.19
12/9/2002  20.17 4.57 210 106.67  50.88
14/9/2002  20.93 4.5 194.67 97.33  50.03
16/9/2002 5 20.07 4.61   
18/9/2002  21.67 4.5   
20/9/2002  20.33 4.5   
22/9/2002  20.77 4.51   
24/9/2002 6 20.07 4.49   
26/9/2002  21.33 4.5    
28/9/2002  23.3 4.52    
30/9/2002  20.9 4.52    
2/10/2002 7 21.13 4.53    
4/10/2002  21.33 4.53    
6/10/2002  21.07 4.91    
8/10/2002  20.77 5.06    
10/10/2002 8 20.3 5.17    
12/10/2002  19.9 5.2    
14/10/2002  20.0 5.23    
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Appendix 8: Triplicate average values for amount of biogas production, percentage of 

methane, temperature and pH of digester type “T3”  

Date  Date/week/  T (0c)  pH Biogas(ml) Methane 

(ml) 

%  of 

methane 

8/8/2002  19.6 6.75    
12/8/2002 1 21.8 6.38 1886.67 1258.33  66.69
14/8/2002  21.53 6.28 680 478  70.26
16/8/2002  21.77 6.05 695 502  72.24
18/8/2002  21.83 6.04 571.67 367.67  62.75
20/8/2002 2 21.6 5.86 562.67 329.33  58.56
22/8/2002  21.67 5.87 606.67 407  67.09
24/8/2002  21.53 5.85 610 315.33  51.70
26/8/2002  22.2 5.86 491.67 328  66.72
28/8/2002 3 21.33 5.92 371.67 251.33  67.62
30/8/2002  20.23 5.97 363.33 238.67  65.78
2/9/2002  20.17 5.1 406.67 250.67  61.06
4/9/2002  20.17 5.13 410 254  61.96
6/9/2002 4 19.87 5.41 385.33 236  61.24
10/9/2002  19.57 5.19 393.67 229.33  58.26
12/9/2002  20.33 5.4 327.67 207.33  63.25
14/9/2002  20.8 5.39 301.33 175.33  58.18
16/9/2002 5 19.87 5.33 261 144.67  55.39
18/9/2002  20.9 5.23 225.33 124.67  54.98
20/9/2002  20.1 5.22   
22/9/2002  21.13 5.34   
24/9/2002 6 19.87 5.26    
26/9/2002  21.2 5.13    
28/9/2002  22.93 5.22    
30/9/2002  20.876 5.29    
2/10/2002 7 20.9 5.27    
4/10/2002  21.53 5.2    
6/10/2002  21 5.13    
8/10/2002  21.13 5.15    
10/10/2002  19.87 5.09    
12/10/2002  19.57 5.12    
14/10/2002  20.33 5.19    
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Appendix 9: Triplicate average values for amount of biogas production, percentage of 

methane, temperature and pH of digester type “T4”  

Date  Date/week/  T (0c)  pH Biogas(ml) Methane (ml)  %  of 

methane 

8/8/2002  18.63 6.79 - - - 
12/8/2002 1 22.4 6.4 2343.33 1380.66667  58.92
14/8/2002  22.74 5.97 1052.67 631.666667  60.04
16/8/2002  21.67 5.98 910 416  45.69
18/8/2002  21.73 5.77 628.33 417.666667  66.49
20/8/2002 2 21.63 5.73 495 217  43.83
22/8/2002  21.6 5.89 381.67 172  45.08
24/8/2002  21.97 5.86 335 174  48.17
26/8/2002  22.8 5.57 306.676 158  50.14
28/8/2002 3 21.5 5.09 299.33 122  40.76
30/8/2002  20.9 5.12 290 121.666667  42.01
2/9/2002  20.18 5 269.67 118  43.88
4/9/2002  20.22 5.01 252 98.6666667  39.19
6/9/2002 4 20.23 4.97 285.33 118.666667  41.59
10/9/2002  19.87 4.94 234 98.6666667  42.11
12/9/2002  20 5.03 194.33 78.6666667  40.44
14/9/2002  21.03 4.93 94.67 40  42.34
16/9/2002 5 20.23 4.92   
18/9/2002  21.33 4.95   
20/9/2002  20.47 4.9    
22/9/2002  20.97 4.93    
24/9/2002 6 20.23 4.9    
26/9/2002  21.7 4.83    
28/9/2002  23.13 4.87    
30/9/2002  20.87 4.95    
2/10/2002 7 21.1 4.94    
4/10/2002  21.43 4.93    
6/10/2002  21.43 4.93    
8/10/2002  20.97 5    
10/10/2002 8 21.03 5.15    
12/10/2002  21.20 5.21    
14/10/2002  21.30 5.17    
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Appendix 10: Triplicate average values for amount of biogas production, percentage of 

methane, temperature and pH of digester type “T5”  

Date  Date/week/  T (0c)  pH Biogas(ml) Methane 

(ml) 

%  of 

methane 

8/8/2002  19.4 6.81 - - - 
12/8/2002 1 20.33 6.77 338 232.33  68.72
14/8/2002  22.17 6.76 885.33 611  68.98
16/8/2002  22 6.13 195 137.67  70.59
18/8/2002  21.77 6.15 168 113.33  67.46
20/8/2002 2 20.7 6 161.67 113.33  70.02
22/8/2002  21.6 6 148 96.67  65.32
24/8/2002  21.8 6.02 121.67 70  57.53
26/8/2002  22.67 5.97 105 56  53.32
28/8/2002 3 20.87 5.93 215 139.67  65.26
30/8/2002  20.1 6.06 101.67 65  63.97
2/9/2002  20.1 5.79 611 415.33  67.97
4/9/2002  20.1 5.8 315 216.67  68.83
6/9/2002 4 19.87 5.7 355 212.67  59.71
10/9/2002  19.93 5.61 1002.67 700  69.96
12/9/2002  20.77 5.57 1218.33 864.67  70.95
14/9/2002  20.97 5.49 1334 956  71.67
16/9/2002 5 19.87 5.38 1022 724.67  70.95
18/9/2002  21.1 5.37 998.33 688  68.90
20/9/2002  20.8 5.34 1040 748.33  71.87
22/9/2002  21.33 5.32 681.67 472.67  69.27
24/9/2002 6 19.87 5.29 651.67 449.33  68.98
26/9/2002  21.67 5.25 604.67 407.33  67.36
28/9/2002  23 5.33 674 462  68.57
30/9/2002  20.87 5.3 567.33 383.33  67.59
2/10/2002 7 21.13 5.33 668.33 450.33  67.39
4/10/2002  21.6 5.39    
6/10/2002  20.97 5.08    
8/10/2002  21.33 5.04    
10/10/2002  20.87 5.08    
12/10/2002  20.1 5.13    
14/10/2002  20.1 5.17    
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Appendix 11: Solid and liquid fuel replacement value of the biogas produced from the five 

treatments. 
 Biogas

(ml) Biogas(m3) 

Cattle dung 

cake(Kg) 

Charcoal 

(Kg) 

Firewood 

(Kg) 

Gasoline 

(L) 

Kerosene 

(L) 

Diesel 

oil(L) 

T1 13670 0.01367 0.168141 0.09138 0.0474349 0.010936 0.0084754 0.0071084

T2 6176 0.006176 0.0759648 0.0086464 0.0214307 0.010936 0.0038291 0.0032115

T3 9550 0.00955 0.117465 0.01337 0.0331385 0.00764 0.005921 0.004966

T4 8372 0.008372 0.1029756 0.0117208 0.0290508 0.0066976 0.0051906 0.0043534

T5 14183 0.01418 0.1744509 0.0198562 0.049215 0.0113456 0.0087935 0.0073752
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