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Abstract 

 Evaluation of the effect of chemical and biological additives on the coffee 

pulp silage for biogas production 

MengizamTsegaye 

Addis Ababa University, 2018 

Coffee processing generates huge amount of solid and liquid waste in Ethiopia. These 

cause pollution problems in the receiving water bodies. However, the solid waste mainly 

contains organic matter which can be used for generation of energy. The present study 

was conducted to evaluate the effect of chemical and biological additives on the coffee 

pulp silage for biogas production.  Coffee pulp were collected and mixed with additives 

and pre-conditioned for ensiling periods 10, 20 and 40 days.  Then biogas production was 

carried out in batch systems under mesophilic temperature (38⁰C) for two months. The 

treatments (T1 – T4) were performed for 10 day ensiling period with T1 (control), T2 

(biological additive), T3 (chemical additive) and T4 (both additives). In the treatments 

(T5-T8), the samples were extended for 20 day ensiling period with T5 (control), T6 

(biological additive), T7 (chemical additive), T8 (both), and T9-T12 were at ensiling 

periods of 40 days with T9 control,T10 with biological additive,T11 addition of 

chemicals and T12 by the addition of both. T13 was the raw coffees pulp without ensiling 

.The maximum biogas production was realized at ensiling period of 40 days in T10 

(2980ml).The minimum biogas was recorded at ensiling period of 10 days by the control 

(T1) of treatments, which was 634 ml. The percentage of methane produced were 

T1(57.2%),T2(56.1%),T3(39.1%),T4(60.1%), T5(33.4%), T6(44.3), T7(47.5%), 

T8(63.1%), T9(52.1%), T10(70%),T11(54%),T12(62.8%),T13(55.7%). The general 

biogas quality in ascending order for all treatments including the raw pulp was 

controlT5< T3< T6< T7< T9< T11< T13< T2< T1< T4<T12<T8<T10. In general, the 

biological additives produced a highest quality and quantity of biogas at 40 days.  

 

Key words:   Coffee pulp, Ensiling period, additives, biogas quality and quantity, 

anaerobic digestion 
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1. Introduction 

1.1. Back ground and justification 

Coffee (Coffea Arabica L.) is the world’s favorite hot drink, the most important 

commercial crop-plant, and also the second most valuable international commodity after 

oil. Worldwide there are about 20 million coffee farming families and among these 100 

million people depend on coffee for their livelihoods. It plays an important - role in the 

economies of several tropical countries (Davis, et al., 2011) 

Waste and by-products of coffee expanse in  millions of tons in the world in terms of 

productions(Bouafou et al., 2011). Coffee fruits can be processed by either wet or dry 

processing methods. To obtain the seeds (beans) the exocarp, mesocarp and endocarp of 

the dried cherry coffee have to be removed by hulling to produce husk. During the wet 

processing the coffee fruits are pulped, fermented, washed and -dried results in 

production of husk and pulp. Therefore, husk and pulp are the main by-products of the 

coffee processing (Mazzafera, 2002). 

Coffee pulp is the main solid residue from the wet processing of coffee barriers and it 

constituents approximately 41 % of the wet weight of the coffee berry.  In 1996 the total 

world production of coffee wastes was estimated about 22 million metric tons coffee 

pulp, 2.4 million metric tons mucilage and 8.6 million metric tons hulls. The coffee 

wastes amount varies yearly according to variations in coffee production and processing 

techniques (Rojas et al., 2003) 

 

Coffee pulp represents the most abundant and non-edible agricultural residue produced 

during the wet method of coffee production. Availability of 525,000 tons per year of 

coffee residue has been estimated in Ethiopia(Ayele  Kefale et al., 2012). 

The coffee wastes are extensively used in the removal of heavy metals for waste water 

treatment as adsorbent, for production of fuel, briquette, bio ethanol or bio diesel, animal 

feeding, for mushroom production, for biogas production. However, the present research 

is focused on the biogas production of the pulp and pulp silage with different additives 
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effect as well as different ensiling period. The biogas produced from the  co-digestion of 

coffee pulp and cow dung mixture  accounts the maximum yield of 60% CH4 was 

recorded similarly by (Corroet al. ,2013). 

The production of energy from renewable source is the main strategic tools for the 

sustainable development of the societies all over the world. It ensures the clean energy 

supply and   prevents the Environment from Greenhouse Gas Emission (GHG). 

Biogas production is one of the great economic important process controls the emission 

of methane (CH4) to the atmosphere. Methane influences the Greenhouse Effect 23 times 

than CO2 does and it also remains in the atmosphere for 12 years(Kurmanov, 2014). 

Therefore, capturing of methane is the best way for preventing Global Warming. Because 

the methane produced in the biogas production is neutral and does not affect the 

environment.  

1.2. Statement of the Problem 

The number of coffee processing industries in the country has increased in recent days, 

due to the higher market price of the processed coffee, which in turn has resulted in the 

generation of huge amount of processing wastes which are mainly dumped into water 

bodies and unsatisfactory landfills. This poses threat to the environment because of 

unsafe disposal of the coffee processing residues that leads to pollution of water bodies 

and land around the processing area. 

Jimma zone, Gomma II coffee farm is one of the Ethiopian coffee processing district that 

produces huge amount of coffee processing waste every year. The problem of solid waste 

management in that area is a common one like other districts of the country. Due to the 

absence of the waste management techniques, the solid residue generated from the coffee 

processing where dumped into the surface affects the quality of the living standard of the 

population. 

As a result of large volume of the wastes that goes to landfills and rivers uncontrolled 

biodegradation is taking place at the dumping site and it causes leachate. This affects 

ground and surface water and emission of greenhouse gases. In addition to this, they 

cause an offensive odor and attract flies which are disease causing microorganisms. 
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This initiates the need to find alternative solution to manage these wastes. So, the present 

study seeks to examine an alternative way of preventing these wastes and production of 

biogas from them by the help of additives as preservative to use the wastes for long 

period. 

Therefore, the present research study addresses the following issues: 

1. How much of coffee pulp can be produced from the coffee industries of Ethiopia? 

2. What is the effect of coffee pulp on the population that lives in the production 

area? 

3. How much of biogas produced from coffee pulp and the ensiled Coffee pulp with 

different additives? 

4. Which additive will be good for the best quality and quantity of biogas? 

5. What will be good ensiling period for the quality of biogas? 

1.3. Objectives 

1.3.1. General Objective: 

 To Evaluate the effect of biological and chemical additives on the quality of coffee pulp 

silage for biogas production at different silage preparation periods. 

 

1.3.2. Specific Objectives: 

 To determine the coffee pulp composition in terms of their mineral contents such as  

calcium (Ca), Magnesium (Mg), sodium (Na) , potassium (K) , Iron(Fe), manganese 

(Mn) and heavy metal contents like Lead (Pb), chromium (Cr), cadmium(Cd))  

 To characterize the chemical and physical properties of coffee pulp and its silage  in 

terms of  biogas production parameters like pH, dry matter (Total solid), organic dry 

matter (Volatile solid),C/N ratio 

 To compare the quality and quantity of silage for biogas production at different ensiling 

period 
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2. Literature Review 

2.1. Processing of coffee 

Coffee is the most important agricultural export commodities, and the second most 

valuable international commodities next to oil. Worldwide there are about 20 million 

coffee farming families from them around 100 million people depend on coffee for their 

lively hood (Davis et al., 2011).In Ethiopia itcontributes41%ofthetotalforeignexchange 

earnings andabout10% of the gross domestic product. More than 25% of the populations 

of Ethiopia are dependent on coffee for their livelihoods (Solomon Demeke, 2013). 

There are two ways by which coffee can be processed. These are wet method 

(fermentation and washing) and dry method processing (natural). 

2.1.1. Wet method 

Approximately half of the world’s coffee harvest is processed by wet processing method. 

According to AsratGebremariamet al (2015), in the wet processing the coffee cherry is 

subjected to mechanical and biological operations in order to separate the bean (Seed) 

from mesocarp (mucilaginouspulp) and the endocarp (parchment)). 

In wet method the pulping involves the removal of the outer red skin (Exocarp) and the 

white flesh pulp (mesocarp) and separation of the pulp and bean take place. For every 2 

tons of coffee produced half ton of the coffee pulp that is 1 ton of the coffee pulp  will be 

produced (Murthy and Naidu 2012). The immature cherries are hard, green and very 

difficult for the pulping process. To fit wet processing, correct harvesting is necessary. 
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Figure 1:  conventional wet coffee processing Source:Asrat G/Mariam  , 2014 

Coffee pulp is a very versatile substance, but the presence of caffeine it has seen it as a 

negative factor for making it unusable as animal food stuff. 

Table 1: Chemical composition of coffee pulp(% dry basis) 

 

Source: Bressani, 1979 

2.1.2. Dry processing 

The mechanism of producing coffee beans is by drying the cherries on mat, concrete or 

cements floors immediately after they have been picked. After drying the cherries to 

 
Components 

 
Coffee pulp 

Carbohydrates 44-50 
Protein 8.5-12.1 
Fibers 18-21 

Fat 1.5-2.0 
Caffeine 1.3 
Tannins 1.8-2.4 
Lignin 17.5 

Cellulose 17.7 
Pectin 12.4 

Ripe coffee bean 

Pulping by pulp machine 

Coffee beans washed 

Fermented 36-72 hour in 

fermentation tank Waste water or 

effluent 

Washing 
High volume of waste 

water 

Coffee beans dried using sunlight or dryer 

Dried coffee beans distributed to the user 
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moisture content  of about 11.5%, the outer layer of the cherries is subjected to remove 

by hulling and the green beans are obtained for marketing (Padmapriya et al., 2013). 

This is the most adapted technology of coffee processing for coffee Arabica in Brazil, 

Ethiopia, Haiti, Paraguay, partially in India and Ecuador. Drying can be accomplished by 

natural or artificial methods. The solid residues generated by de-hulling are called coffee 

husks (Echeverria et al.,2017). 

2.2. The production process of coffee and its Environmental Impact 

Coffee production in Ethiopia is well known traditional practices and Ethiopia is the 

world’s largest coffee producer, and Africa’s top producer. The production is 260,000 

metric tons in 2006 (MulugetaTadesse and Mebratu Adamu, 2017).The generation of the 

wastes like coffee husk, coffee pulp, mucilage and waste water from the pulping 

processes are the serious problems. As a result of the lack of pollution management skill 

the wastes are thrown in the e environment, that affects the surface and ground water, and 

atmosphere (by the emission of greenhouse gases like CH4, CO2, NO2, etc). 

2.3. Potentials of coffee residues for biogas production 

In Ethiopia more than 400 wet coffee processing installations locatedneartotheareas of 

rivers(AyeleKefale, 2011).From these coffee installations around 52,000 tons of wet 

processed coffee is produced annually (Alemayehu et al., 2007). The average residue 

production per metric ton of wet red cherry is about 600 kg, i.e. based on green coffee 

bean production, the residue potential would be 1.4 times the mass of green beans 

produced (Mutua, 2000) 
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Table 2:   Regional distribution of coffee residue 

Process Location Green 

coffee(tones/year) 

Coffee 

residue(tones/year) 

No of 

processing 

plant 

Dry process SNNPR 35,060 49,496 113 

 Oromiya 94,145 132,911 273 

Gambela 1,033 1,458 2 

Others 112 158 - 

Wet 

processing 

SNNPR 16,533 20.006 309 

 Oromiya 6,959 8,421 189 

Gambela 1,519 1,838 6 

Others 8 10 - 

Grand total  155,369 214,299 892 

Source: AyeleKefale, 2011 

2.4. History of Anaerobic digestion 

The process of breakdown of organic materials by the help of microorganisms without 

the consumption of oxygen (an aerobically) is commonly named anaerobic digestion 

resulting in biogas (methane and carbon dioxide). This can be used as chemical feed 

stock or as fuel.AD has long been subjugated by human beings for brewing alcoholic 

drinks, bread making, and food preservation. However, the first historical record of using 

biogas for economic purpose was occurred in china 3000 years ago(Igliński et al., 2012). 

In 1630, Van Helmont pointed out the existence of an inflammable gas in putrefying 

waste and animal rumens by examining 15 different gases. For the first time, in 1776 

Volta recognized the present of methane gas in the marsh or swampy place. After that 

Priestley discussed about the gas in 1790 and Dalton tried to find the formula in 1804. In 

1808, Humphrey Davy studied the fermentation of the mixture of dung and water, 

collected one liter volume of gas. This gas contains 60% of methane and mixture of other 

gases, which was rich in methane and nitrogen. Sir Humphrey Davy concluded that 

methane was present in gases produced during the AD of animal manure.  In 1860 Leuis 



8 
 

Pasteur discovered all fermentation processes are as a result of microbial activities. He 

also defined the process of fermentation as life without oxygen .The first AD plant 

occurred in 1859 in Bombay, India. In 1895, it was introduced in England; the biogas 

released from the sewage treatment plant was used to light street lamps in Exeter. 

Buswell (1936) and Boyle (1977) developed a scientific model describing the 

composition of biogas (CH4, CO2, H2S and NH3) following AD and the chemical 

composition of organic substrates: C, H, N, and S the biodegradability and composition 

of methane yields after AD. 

Now a day there is increase recognition, in both developing and industrial countries, for 

the need of technical and economic efficiency in the distribution and utilization of 

resources. Arrangements for the recovery and utilization of house hold and community 

wastes have gained a more prominent place in the world community. During the last 

years, anaerobic fermentation has developed from a comparatively simple technique of 

biomass conversion, with the main purpose of energy generation, into a multi-functional 

system.Such as: 

a) Treatment of organic waste and waste water in abroad range of organic loads and 

substrate concentration; 

b) Energy production and utilization; 

c) Enhancement of sanitation; reduction of odor; 

d) Production of high quality fertilizer 

In Ethiopia, biogas technology was introduced as early as 1979, when the first batch type 

digester was constructed at Ambo agricultural college. In the last two and half decades 

around 1000 biogas plants from the size range of 2.5 m3 to 200 m3 , were constructed in 

households, community and governmental institutions in various part of the country.  In 

present, approximately 40% of the biogas plant that were constructed are not functional 

due to lack of effective management and follow-up, technical problem, loss of interest, 

reduced animal holding, migration of owner ship and water problems, etc.  Due to 

problems on operational issues, feasibility study on domestic biogas was conducted by 

Ethiopia and Ethiopian Alternative Energy Promotion and Development Center   

(EAEPDC). The positive outcomes of a National Biogas Program (NBP) for Ethiopia 
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result in a cooperation between EAEPDC and SNV/ Ethiopia to develop a program 

implementation document for mass distribution of domestic biogas. The expected 

positive impact from domestic biogas is time saving and health improvement especially 

for women and children. Conserved of forests, reduction of greenhouse gas emission, and 

economic return for the public. 

2.4. 1.Anaerobic Digestion 

The anaerobic digestion (AD) technology has been used for decades as a way to treat 

waste water especially sewage. On the other hand, this technology has been refined in 

waste reduction and alternative energy generation.AD technology has been specialized to 

treat agricultural wastes, which has become a solution problem due to strengthening of 

animal and crop production. The principle of this technology depends on the conversion 

of organic wastes to biogas in the absence of oxygen (the process is generally anaerobes). 

As a result, anaerobic Microorganisms play a significant role in the process. These 

microbes use the waste material as a food source, reproducing and colonizing in the 

reactor. In the present study the organic waste is the coffee pulp; the anaerobic bacteria 

convert complex organic compounds in the waste into simpler organic compounds, 

through biological reactions. The end product of the digestion is the conversion of 

organic waste into biogas and effluent rich in ammonium that can be used as fertilizer. 

Table 3: Advantage and Disadvantage of Anaerobic Digestion 

Advantage Disadvantage 

Provision of energy source through 

methanogeneration 

The methanogenic bacteria is 

mostly sensitive for most chemicals 

Consumption of little energy compared to 

aerobic digestion 

It is difficult to start up the digestion due to 

the low growth rate of the bacteria 

Little sludge production It is difficult to manage high sulphurous 

compounds, which causes high odor dueto 

the formation of sulphur compounds 

(hydrogen sulphide) 

Raw waste stabilization  
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Relatively odor free end product  

All most complete retention of the fertilizer 

N,P and K. 

 

The construction cost is relatively lower  

Preservation of anaerobic sludge is possible 

for long time 

 

 

2.5. Biogas as Energy source 

Biogas is a combustible gas generated from biodegradation of organic material under 

anaerobic conditions, mainly methane (CH4), and carbon dioxide (CO2), resulting from 

the anaerobic fermentation of organic matter, that can be used for heating and electrical 

power generation. By this process a source of renewable energy, biogas is generated. 

Biogas generation from agricultural, municipal and industrial wastes through anaerobic 

digestion can contribute to a suitable biogas production.  The composition of biogas 

might vary according to the experimental situation, digester type, and the substrate that 

can be used in the feed stock. If the feed stock material contains carbohydrate such as 

glucose and sugar low amount of methane is produced while if the feed stock has high fat 

content production of Methane is high. 

2.5.1. Percentage of Methane in Biogas 

Biogas is a mixture of gases mainly methane and carbon dioxide, resulted from the 

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

electricity. It usually contains 50% or above methane other gases in relatively low 

proportion namely, Carbon dioxide (CO2), hydrogen gas (H2), nitrogen gas (N2), and 

oxygen gas (O2). The mixture of methane is 50% and more the gas is combustible and 

can replace Kerosene, charcoal and fire wood for cooking and firing. As a result, this 

improves health, saves money; in general it prevents the damage of natural resources. 
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Table 4: Biogas Composition 

 

Source: Marshal, 2010 

2.5.2. Biogas Characteristics 

The biogas is  characterized by the following properties the density is relatively 1.2 

kg/m3
, its Calorific value is 4-7.5Kwh/m3

, ignition temperature of 650- 700°C; ignition 

concentration gas content of 6-12% and it has the smell of rotten eggs(Alemayehu, 2015). 

2.6. Stage of Anaerobic Digestion 

Anaerobic digestion is a key technology for the sustainable use of renewable energy 

sources in Ethiopia. Biogas production from agricultural biomass, particularly from 

energy crops, has gained importance as it offers considerable environmental benefit and 

gives additional income for farmers of the country (Haaget al., 2015). 

Anaerobic microbiological decomposition is processes in which micro-organisms derive 

energy grow by metabolizing organic material in an oxygen-free environment resulting in 

the production of methane (CH4). The anaerobic digestion process can be subdivided into 

the following four phases, each requiring its own characteristic group of micro-

organisms: 

There are four stages in anaerobic digestion. These are: Hydrolysis, Acidogenesis, 

Acetogenesis, and   Metanogenesis(Sagagiet al., 2009). 

Substrate Percentage composition 

Methane 50-75 

Carbon dioxide 25-50 

Steam 0-10 

Nitrogen 0-5 

Oxygen 0-2 

Hydrogen 0-1 

Ammonia 0-1 

Hydrogen sulfide 0-1 
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2.6.1..Hydrolysis 

Hydrolysis is the primary step in the anaerobic digestion (degradation) process. The 

hydrolytic and fermentative microorganisms produce hydrolytic enzymes that convert 

complex compounds to soluble and simple forms. That is the conversion of lipids, 

proteins and polysaccharides to its respective simplest forms from their complex or it is 

the conversion of polymers to its respective monomer. Lipids convert to fatty acid and 

Glycerol, proteins to amino acids and polysaccharides to monosaccharaides that is 

glucose, galactose and fructose. It is an important step enabling fermentation and biogas 

production(Gerardi, 2003). 

 

 

Table 5: Hydrolytic Enzymes and their function 

Enzyme Substrate Break down Products 

Proteinase Protein Amino acid 

Cellulase Cellulose Cellobiose and glucose 

Hemicellulase Hemicellulose Sugars e.g. glucose, xylose, 

Amylase Starch Glucose 

Lipase Fats Fatty acid And glycerol 

Pectinase Pectin sugars e.g. galactose,Arabinose 

Source: Schunurer and Jarvis, 2010 

2.6..2. Acid formation (Acidogenesis) 

In this stage, soluble components that were produced through hydrolysis are degraded by 

facultative anaerobes and anaerobes. During the degradation process Carbon dioxide 

(CO2), Hydrogen gas (H2), alcohols, organic acids, some organic nitrogen compounds are 

formed. This initial acid phase of digestion is the fastest step in the AD process of 

organic matter decomposition(Vavilinet al., 1996). 
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2.6..3. Acetogenesis 

 Most of the acids and alcohols such as butyrate, propionate and ethanol may be degraded 

into acetate that will be used as a substrate for methane forming bacteria and carbon 

dioxide and hydrogen gas can form directly acetate by fermentative bacteria. 

2.6..4. Methane formation (Methanogenesis) 

Methane is the main product mainly produced from acetate, carbon dioxide and hydrogen 

gas,but acids , alcohols and other organic nitrogen compounds cannot be used directly by  

methane forming bacteria , as a result these compounds are accumulated in the digester 

supernatant (Gerardi, 2003). 

 

These processes continued without any problems, if degradation of all the stages occurs 

well. If one of them inhibited, then the methane production decreases or all the process 

may shut down. Biogas digestion process consists of different groups of bacteria that 

work in sequence (Gerardi, 2003). 

Methane forming bacteria are some of the oldest type of bacteria with oxygen sensitive 

and their cells have unique chemical composition that makes the bacteria sensitive to 

toxicity. All types of methane forming bacteria produce methane. However, they have 

different structures, enzymes, substrate utilizations, and temperature range of growth. 

Methane forming bacteria grow well in strictly anaerobic environment. There are three 

types of methane forming bacteria which are different from each other by substrate 

utilization (Gerardi, 2003). 

Group-1 Hydrogen Trophic methanogens:  They use hydrogen to transfer carbon 

dioxide in to methane. As a result they help to reduce hydrogen pressure. 

Reaction: 

CO2 + 4H2  CH4 +2H2O 

Group-2 Acetotrophic methanogens: They convert acetate into methane and carbon 

dioxide. This carbon dioxide can be used by hydrogentrophic methanogens. These 

groups of methanogens are affected more by hydrogen pressure. 

Reaction: 

CH3COOH 4CO2 +2H2 
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Group-3 Methylotrophic methanogens: They produce methane from methyl groups 

for instance,  

Methanol (CH3 COH) and Methyl amines [ (CH3)-N)]. 

Reaction: 

3CH3COOH+ 6H2  3CH4 +3H2O 

 

 

 

 

 

 

    Hydrolysis 

 

 

 Acidogenesis 

.  

 Acetogenesis 

 

 

 Methanogenesis 

 
 

Figure 2: Anaerobic digestion processes 

2.7. Types of anaerobic digestion system 

A wide variety of systems have been developed to treat the agricultural wastes an 

aerobically. These can be divided into different categories. These are: 

1) Continuous versus batch process 

2) Mesophilic versus thermophilic  digestion 

3) Single stage versus two stage digestion 

4) Wet digestion versus co- digestion 

Complex organic compounds 
(carbohydrate, protein, Fat) 

Simple organic compounds (sugar, 
amino acid, fatty acid) 

Organic acid and alcohol 

CO2, H2 

 

 

 

Acetic acid, Acetate 

CH4, CO2 (biogas) 
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2.7.1. Continuous versus batch process 

The process operated either continuous or batch based on the substrate being feed to the 

digester (Sakar et al., 2009). For continuous digestion, the new material is continuously 

pumped into a digestion tank, creating a very smooth in flow of raw material, hence also 

smooth production of gas. It is possible for substrates with liquid form and has total solid 

content less than 5%, such as municipal and industrial waste water. It is also possible 

with slurry and sewage sludge that has a solid content between 5% and 15 %. This 

process is advantageous for the microorganisms because they get a more uniform supply 

of a substrate. This helps the interaction between various groups of microorganisms in the 

break down chain and reduces the risk that microorganisms will become overloaded due 

to the addition of a large quantity of substrate at one time. In this case, the steady addition 

of substrates can make a higher total load possible (Sakaret al., 2009). 

Whereas, in batch  digestion all the substrate is digested at once and remains un disturbed 

in the same place throughout the entire digestion process. No new material is added nor is 

any digestion residue removed during the process. Methane production is higher at the 

beginning and decrease over time. Batch digestion is advantageous from a 

microbiological point of view because the organisms have plenty of time to breakdown 

the organic matter and the organisms do not get washed out of the system. However, 

sometimes it can be difficult to achieve a high and even digestion rate, if the substrate has 

a high content of dry solids. 

 
2.7.2. Mesophilic versus Thermophilic digestion 

Digestion under thermophilic has many advantages such as higher metabolic rates and a 

higher destruction of pathogens.   On the contrary, thermophilic digestion has some 

drawbacks such as less stability compared to mesophilic treatment.  The energy 

requirement of thermophilic system is higher than mesophilic system.  The effect of 

temperature is particularly important on the hydrolysis step. The hydrolysis rate of 

cellulose in thermophilic condition is about 5-6 times higher than that observed in 

mesophilic conditions (Bieyet al., 2003). 
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2.7.3. Single stage versus two stage digestion 

The simplest stage of biogas production is to use a single digestion tank for the entire 

process.  With single stage digestion all the anaerobic digestion process stages i.e. 

hydrolysis, acidogenesis (fermentation), acetogenesis and methanogenesis (methane 

production stage) take place at the same tank. It is common for one-step digestion to take 

place in the total mixed processes. A common type of reactor is continuous stirred tank 

reactor (CSTR). The substrate is mixed by various mixers.  It is often used to treat sludge, 

food waste, manure, etc. This increases the retention time of material and helps more 

microorganisms to remain in the process. 

In two stage process, the first stage is to load raw material into a digestion tank where the 

process is focused on hydrolysis and fermentation. This normally results in acid 

formation but a few amount of gases produced, because it is difficult to divide the 

process. Then, the digestate or the process liquid from this process is separated and added 

to another digestion tank that is adapted for methanogenesis(Mshandeteet al., 2006).This 

process is appropriate for materials with highly biodegradable and hydrolysis is fast. 

2.7.4. Wet digestion versus Co- digestion 

The wet digestion processes are carried out for materials with total solid content not more 

than 15% by weight, most commonly in the range of 7-12%. In this case water is added 

to dilute the waste (Amirhossein et al., 2004). 

Co-digestion is an attractive technique by which the substrates digestion process 

improvement is reported; the anaerobic co- digestion of various agricultural residues, 

municipal solid wastes, and various other organic wastes are important to produce biogas. 

It also produces sludge that is rich in nutrients and which is usable as a fertilizer after 

composting or other treatment. 

Co-digestion improves nutrient balance of total organic carbon, nitrogen and phosphorus, 

and buffer capacity of the substrates which result in a stable and maintainable digestion 

process and good fertilizer quality and has economic advantages in the possibilities of 

utilizing digesters in sewage treatment plants , and other organic waste as co-substrates 

(Babelet al., 2009). 
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2.8. Factors affecting Anaerobic Digestion 

Anaerobic conversion of organic material and pollutants is an established technology for 

environmental protection through the treatment of water and waste water (De Meset al., 

2003).The complete process of anaerobic digestion needs a complex interaction of 

several groups of bacteria that must be in equilibrium to meet the digestion stable. 

Variations in environmental conditions can disturb the system of biogas production 

process. So, it is important to take care of and continually monitor and adjust the 

environment to avoid the inhibition due to the environmental variations.   

There are many factors within the digester that have impact on the physical environment, 

the rate of digestion and biogas production. Good performance of biogas plant can be 

controlled by monitoring the variation in parameters like, temperature, carbon to nitrogen 

ratio and organic loading rate, pH, hydraulic retention time, percentage of solid, toxic 

substance and retention time. Any radical change in these parameters can detrimentally 

affect the biogas production. Therefore, the parameters should be varied within an 

appropriate range for efficient function of the biogas plant. 

2.8.1. Temperature 

Temperature is an important parameter which has a significance influence on Anaerobic 

Digestion (AD) process. The rate of an aerobic digestion process specifically hydrolysis 

and Methanogenesis are based on Temperature. Depending on the reaction medium 

temperature, certain groups of microorganisms are stimulated, while the other groups are 

inhibited. For example, mesophilic bacteria stimulated at 35 degree centigrade while the 

other Microorganisms are inhibited. And thermophilic bacteria stimulated at 55 degree 

centigrade. It is therefore more recommendable to run digestion processes at mesophilic 

temperature conditions since mesophilic microorganisms are more tolerant to slight 

temperature fluctuations (Weiland, 2010). 

According to(Dobre et al., 2014), the microorganisms participating in anaerobic digestion 

process, having a higher influence in the quality and quantity of biogas production. These 

microorganisms are divided into three large categories. These are:- 

A) Cryophiles(Psychrophiles):- are microorganisms operating at temperature of between 

12-24 °c 
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B) Mesophiles:- are microorganisms operating at temperature between 22-40°c 

C) Thermopholes:-are microorganisms operating at temperature of between 50-60°c, 

characteristic area for thermophilic regime digestion. 

The yield of biogas reduces significantly when the temperature drops under 10⁰c. The 

rate of bacterial growth and waste degradation is faster under thermophilic conditions. 

So, an advantage of thermophilic digestion in the methane production is twice than that 

of mesophilic digestion. In addition,thermophilic digestion produces odorous effluents 

compared to that of mesophilic. 

2.8.2. pH 

In the same way to temperature, a pH interval must be obtained that is tolerated by the 

whole groups of microorganisms involved in the digestion process. The optimal pH range 

for hydrolyzing and fermenting bacteria is between 4.5 and 6.3. In contrast, methanogens 

and acetogens need a pH in the range of 6.5-8.5 with an optimal methane production at a 

pH interval of 7.0-8.0 (Schattauer et al.,2006). Fortunately, the hydrolysing and 

fermenting bacteria can also operate at a slightly higher pH value and are thereby only 

slightly inhibited. A typical pH interval at which a fermenter operates is therefore in the 

neutral region of around 6.8-7.5(Schattauer et al.,2006). Generally the pH value in the 

fermenter is regulated by the degradation process itself and held at a neutral interval by a 

buffer system. Nevertheless, it may happen that the buffer capacity is exhausted and that 

the pH drops to a value which inhibits the methanogens. As a result, the pH value drops 

even further due to an accumulation of volatile fatty acids which are no longer broken 

down to methane and carbon dioxide. In this case, the addition of substrate to the 

fermenter must be stopped in order to allow the methanogens to degrade the volatile fatty 

acids while no new acids can be generated due to a lack of substrate(Schattauer et 

al.,2006).  

Two main operational methods are for corrected unbalanced pH mainly when the pH is 

lowered. The first approach is stop the feeding and allow the methanogenic population to 

reduce the fatty acid concentration thus raises the acceptable pH level of at least 6.8. A 

second approach is done by the addition of chemicals to raise the pH and provide 

additional buffer capacity (that is the capacity of the substance to the change in pH). An 



19 
 

advantage of chemical addition is that the pH can be stabilized immediately, and 

unbalanced populations allowed correcting those serves more quickly. 

2.8.3. Carbon to Nitrogen Ratio (C/N) 

Microorganisms participating in anaerobic digestion (AD) need nutrients to multiply and 

growth. The nutrients nitrogen and carbon are the main foods of anaerobic bacteria. C/N 

ratio represents the amount of carbon and nitrogen in organic material. Carbon is 

responsible for energy production whereas nitrogen is responsible for building up of cell 

structure. Therefore, it is necessary to maintain the proper carbon to nitrogen ratio.  

The carbon to nitrogen ratio is an important guide line to estimate the capacity of 

materials to decompose microbes producing biogas need the carbon twenty to thirty 

times more than nitrogen. Therefore, the optimum carbon to nitrogen ratio of feedstock 

is 20/1to30/1(Bardiya etal.,1997).Substrate with a higher C/N ratio is an indication of a 

rapid consumption of nitrogen by methanogens and lead to lower gas production. On the 

other hand substrate with lower C/N ratio causes the accumulation of ammonia and pH 

values exceed 8.5, which is toxic to methanogenic bacteria(Lam et al., 2010). 

2.8.4. Retention Time 

The time required for a complete degradation of organic matter in the anaerobic digestion 

is known as retention time. Retention time varies with substrate composition, digestion 

system configuration, processes as well as temperature sugar and starch rich substrates 

can easily be digested(Schnurer& Jarvis.,2010).Longer retention times are required for 

the fiber and cellulose plant matter with hydrolysis limiting the decomposition process. 

Longer retention times generally provide greater solids destruction and higher 

percentages of methane in the gas.  

2.8.5. Hydraulic Retention Time 

An important parameter for dimensioning the biogas digester is the hydraulic retention 

time (HRT). The HRT is the average time interval when the substrate is kept inside the 

digester tank till gas production ceased. HRT is correlated to the digester volume and the 

volume of substrate fed per time unit, according to the following equation: 
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𝐻𝑅𝑇 =
𝑉𝑅

𝑉
 

 HRT= hydraulic retention time [days]  

VR = digester volume [m³]  

V= volume of substrate fed per time unit [m³/d] 

The retention time has its effect on the digestion process, which is the   time requires a 

large volume of the digester. To avoid washing out from the reactor, HRT must be at 

least 10-15 days with reactor for systems which do not have facilities for retaining 

biomass ( Zemene Worku, 2003). 

2.8.6. Feed Stocks 

The most important initial issues to consider the application of anaerobic digestion are 

the feed stocks to the systems. Digesters can accept any type of biodegradable material; 

however, if the aim is biogas production, the level of putrescible (digestible) of the 

organic matter is the key factor in its successful application. The more digestible the 

materials, the higher the gas yield from the system. 

2.8.7. Toxic substances 

To achieve the best operating biogas plant, it is important to consider the inhibiting 

compounds.Because some compounds inhibit the anaerobic process and can even be 

toxic at higher concentrations. In general the inhibition depends on the concentration of 

inhibitors, the composition of the substrate and the adaptation of the bacteria to the 

inhibitor. Some of the anaerobic digestion inhibitors are: oxygen (O2), hydrogen sulphide 

(H2S), organic acid,free ammonia, heavy metals,tannins and others such as disinfectants 

(from industry and hospitals), herbicides, insecticides (from 

agriculture,market,households) and antibiotics. 

2.8.8. Agitation/ Mixing 

The way in which materials flow through the digester impacts the degree of contact of 

substrate has with resident bacteria and there for how quickly it is digested. In the earliest 

system such as covered lagoons, the feed stock simply puts in a large bath and 

decomposes without mixing. The purpose of mixing in the digester is good distribution of 
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microorganisms and enzymes in the digester, it intimates the contact between 

microorganisms and substrates in the digester, to avoid the building up of surface crust, to 

ensure homogeneous temperature in the digester and to ensure a proper distribution of 

nutrient and trace elements in the digester(Kowalczyk et al., 2013). 

2.8.9. Inoculums /Starter 

(Fan et al., 2006) revealed that in order to start anew  anaerobic digestion  process, it is 

critical to use inoculums /starters for microorganisms to initiate the fermentation process , 

as the growth rates of  anaerobic microorganisms is slow, particularly methanogens . 

2.9. General properties of coffee pulp 

Coffee pulp is a waste residue generated in the time of wet processing process, which 

requires high water content. This residue is acidic in nature and contains around a pH of 

4.75, has high moisture content(Asrat Gebremariam et al., 2014). Coffee pulp is 

essentially rich in carbohydrates, proteins, minerals especially potassium, appreciable 

amounts of tannin, phenol and caffeine content is also there in the pulp of Coffee waste 

(Bressaniet al., 1979) 
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2.10. Biogas production from silage 

Ensiling process prolonged the storage period. That leads to increase the materials life 

time for the usage of different purposes like biogas production and animal feeding in the 

off line season. The biological silage additives showed a positive effect on methane 

production potential(Herrmann et al., 2011). 

2.11.   Biogas production from coffee pulp 

Several attempts have been made in the use of coffee pulp for biogas production by the 

help of anaerobic process or anaerobic digestion(Boopathy, 1988).It has been 

demonstrated AD of one ton coffee pulp could produce 131 m3biogas, which is 

equivalent to 100 liter of petrol fuel(Kidaet al., 1994). In a case study conducted on 

Tanzania the feasibility of different agro industry by products Robusta and Arabica 

coffee pulp produced about 650 m3 and 730 m3 methane per ton respectively. Therefore 

coffee pulp could efficiently be used in the production of biogas(Kidaet al., 1994). 
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3. Materials and Methods 

3.1. Chemicals 

Analytical grade chemicals and solvents were used in the study. The  chemicals used 

were sulfuric acid (H2SO4) , potassium hydroxide (KOH) , boric acid (HBO3), calcium 

carbonate (CaCO3), copper sulfate (CuSO4),hydrochloric acid (HCl), nitric acid (HNO3), 

perchloric acid (HClO4), sodium hydroxide (NaOH),petroleum ether,  1.25% H2SO4, 

1.25% NaOH,  homofermentative lactic acid bacteria, lithium meta borate, lithium tetra 

borate, 

 

3.2. Materials and instruments 

The apparatus and materials used in the study were glass bottle with lids, beaker, 

volumetric flask, Erlenmeyer flask, iron wire, iron ring and standing, clamp, plastic bags, 

stopper, funnel, deep freezer, freezer, pH meter, analytical balance, scissors, stirrer, 

desiccators, crucible, hot plate, gas kit maker, gas value, magnetic stirrer, incubator, 

oven, furnace, rubber hose, glass bottle, and instruments such as flame atomic absorption 

spectrophotometer, gas analyzer, measuring cylinder, beaker, water bath and chopping . 

In the present study different additives were used for silage preparation, such additives 

were biological and chemical. The biological additives were the combined powder form 

of homofermentative with hetrofermentative lactic acid bacteria of lactobacillus 

plantarum, lactobacillus buchneri and lactobacillus rhamnosus. Lactobacillus buchneri 

was added to enhance the aerobic stability after opening the silos. The chemical additive 

was calcium carbonate (CaCO3).  

3.3. Study design 

3.3. 1. Study design for Silage Preparation 

The coffee pulp collected from Gomma-2 coffee farm located at 397km South West of 

Addis Ababa and about 50 km West of Jimma town and stored in a deep freezer till 

required for use. Coffee pulp silage was prepared in 1 liter laboratory scale glass jars. 

Four treatments with three ensiling periods each run in triplicate. Hence, total of 36 

bottles were used for the silage preparation. Biological silage additives were dissolved in 
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sterilized tap water and applied 6.7 ml kg-1fresh pulp with syringe.  13.8gm/kg 

Carbonated lime (CaCO3) was filled directly into the jar and manually mixed with the 

silage. Subsequent to wards, the whole pulps as well as additives were compacted with a 

compacting device to ensure a constant density. After sealing the jars were stored in a 

tempered and dark room at a constant temperature of 20ºc. To preserve the sample with 

this temperature incubator was used. For all treatments the storage duration of 10, 20, and 

40 days were defined to determine the ingredient contents over time. The jars were 

weighed at the beginning and end of the storage periods to determine the quality of the 

silage against parameters mainly on the lactic acid content of the silage materials. All 

treatments and storage durations were performed in triplicate. 

 

Table 6:-different additives at different ensiling period (storage days) 

Treatments storage days 

10 20 40 

HO 0.001gm/kg 0.001gm/kg 0.001gm/kg 

CaCO3 13.8 gm/kg 13.8 gm/kg 13.8 gm/kg 

HO+CaCO3 Combination Combination Combination 

Control without additives without additives without additives 

   Source: Haag et al, 2014 

Where, 

HO= indicates homofermentative lactic acid bacteria (biological additives) 

   CaCO3= indicates addition of calcium carbonate at the ensiling period (chemical 

additives) 

   HO+CaCO3= addition of both chemical and biological additives 

  Control= indicates the raw sample ensiling without any additives 

3.3.2. Study design for biogas production from coffee pulp and pulp silage 

The substrates (pulp and pulp silage) were analyzed in batch anaerobic digestion tests. 

The substrates were chopped with the help of chopping machine. Before starting the 

process 14 digesters starting from T1-T14 were prepared. T14 was the inoculum that was 

taken from digestates of previous batch anaerobic tests taken from the HoAREC project. 
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Tests were performed in 500ml glass vessels using 375ml inoculums and 16.67gm 

substrate.  The vessels were shaken once a day to resolve sediments and scum layers. 

Tests were conducted at 38ºCin a water bath. The biogas produced was collected by using 

glucose bags over a defined period of 60 days and measured weakly by using biogas 

analyzer (VDI, 2006). Methane (CH4), carbon dioxide (CO2), oxygen (O2), and hydrogen 

sulfide (H2S) content were determined at least 8 times during the batch test. The 

inoculums without substrate were run as a control set each case. The methane yields from 

the inoculums were subtracted from the total methane yields of digestion of the mixture 

of substrate to inoculums to determine the actual methane yields of the substrate (i.e. pulp 

and pulp silage with different additives). 

 

Methane yields were calculated as the sum of methane volume produced over a period of 

60 days with reference to  the organic dry matter to the batch test (oDM added) or with 

reference to the original organic dry matter (oDM org), i.e. the amount of oDM before 

ensiling with respect to organic mass losses during storage (Herrmann et al., 2011) 

3.4. Physic-chemical property determination of coffee pulp and coffee pulp silage 

3.4.1. Dry Matter/ Total Solid 

The dry matter content of the coffee pulp and coffee pulp silage with different additives 

were determined by putting samples with known amount of crucible weight and weighed 

sample by using analytical balance. A triplicate of five grams of each samples for 

precision of data were taken and weighed carefully. The weighed samples were placed 

inside the oven, the temperature were maintained at 105ºC for 24 hours. After 24 hours 

the samples were taken out from the oven and put into desiccators to cool at room 

temperature without absorbing moisture. Finally the cooled sample was weighed.  

The procedures are described below: 

The empty porcelain crucible was dried in an oven for overnight at 105°C, and then the 

crucible was cooled in desiccators to room temperature and weighed by sensitive 

electronic balance and recorded as WC. After that, 5 gm sample was weighed and put 

into the crucible (WS), the sample was put into oven and dried for overnight. After 

removal from oven the sample and crucible was cooled in desiccators to room 
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temperature, then oven dry crucible plus sample was weighed and recorded the weight 

(W) 

The percentage of dry matter of the sample was calculated as follows; 

%DM =
W−Wc

Wo−Wc
× 100…………………………………(eqn. 1) 

Where:- 

Wo= weight of sample plus crucible before drying 

W= weight of dried sample + crucible 

Wc= weight of crucible 

%DM= percentage of dry matter (AOAC, 1995) 

3.4.2. Moisture Content 

Five gms of  Pulp and pulp silage with different additives were  taken into pre dried 

crucible. After 24 hours the crucible with 5 gram sample was removed from the oven and 

put desiccators until room temperature and weighed it till constant weight observed and 

the loss in weight of the pulp and pulp silage gave percentage of the moisture content. 

𝑚oisture content (%) =
loss  in weight on drying(gm)

initial sample weight(gm)
× 100 

 

%𝑀𝐶 =
(𝑊1+𝑊2)−𝑊3

𝑊2
× 100…………………………. (eqn.2) 

Where:- 

W1= weight of crucible 

W2 = weight of sample  

W3 =weight of residue after drying at 105 

3.4.3. Crude Ash 

Five gms of the pulp and pulp silage was  placed  in  a  porcelain  crucible  and  

transferred  into muffle  furnace  at  a  temperature  of  550°C for 5hours.  The crucible 

was cooled in desiccators and weighed again.  The heating, cooling and weighing  cycle  

was  repeated  until  constant  weight  was  obtained,  then the weight lost was recorded 

as the ash content of the  sample. The percent ash content (dry basis) was calculated as: 
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𝐴sh(%) =
weight of ash

oven dry weight
× 100 

 

𝐴sh content =
(W3−W1)

W2
× 100……………………………… (eqn. 3) 

 

        Where: - W1 =weight of crucible 

                          W2 = weight of sample  

                          W3 =weight of residue after igniting 

3.4.4. Organic Dry Matter/ Volatile Solid 

The determination of volatile solid for the pulp and pulp silage was done using 105°C 

dried samples. The procedure and working condition was done like crude ash. Then, the 

volatile solid was calculated as follows: 

%𝑉𝑆 = 100 − % ash………………………………….. (eqn.4) 

 

3.4.5. Total nitrogen and Crude Protein 

Nitrogen was estimated using Kjeldhal method. The pulp and pulp silage was dried in an 

oven at 60 °C and grinded with sample grinder, then sieved. After that, 0.5 gm sample 

was weighed and put into tecator tube, placed it into the tecator rack. Then 6ml of 

concentrated sulphuric acid was added and mixed immediately and 3.5 ml of hydrogen 

peroxide (H2O2) was added step wise. The tubes were shaken and put it back into the 

rack. 3 gm of catalyst mixture was added, and kept for 5-15 min before digestion. The 

digestion time was taken 4-5 hours at 370°C.  The digestion was continued till clear 

solution was obtained. The tube was transferred into the fume hood for cooling. Then 50 

ml of distilled water was added, shaking were done to avoid precipitation of sulphate in 

the solution.25 ml of 40% NaOH was added into the digested and diluted solution.  250 

ml conical flask containing 25 ml boric acid (HBO3), 25 ml of distilled water and 

indicator solution under the condenser of the distiller with its tip was immersed into a 

solution. The distillation was continued until total volume become between 200 ml and 

250 ml.  The tip was rinsed with a few ml of water before the receiver was removed. 
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Then the solution was titrated with 0.1N hydrochloric acid till a reddish color was 

observed. 

Finally percentage of nitrogen was calculated using the following appropriate formula 

and the value was converted to percentage protein by multiplying with 6.25(Manzi, 

Aguzzi et al. 2001). 

%N =
volume of HCl in litre×N.HCl(0.1N)×14(mass of nitrogen)

WS
× 100………….(eqn.5) 

Where:- WS= weight of sample in gram 

N.HCl= normality of hydrochloric acid 

 

Therefore,%protein(crude protein) = 6.25 × % Nitrogen 

3.4.6. Determination of pH 

The pH of the raw pulp and the ensiled was determined by preparing 1:10 ratio of sample 

to distilled water. For this 10gm. of sample was measured into beaker, 100mlof distilled 

water was added, homogenized and mixed by the help of magnetic stirrer for 15 minute. 

Mixed sample was subjected to settle down and pH was measured by pH meter. 

3.4.7. Crude Fat 

The soxhlet extraction techniques were used for determination of fat content James 

(1995).  2 gm. of sample was taken and separately covered with a porous filter paper and 

put in a thimble. The thimble was then placed in a soxhlet reflux flask and mounted into a 

weighed extraction flask containing 200 ml of petroleum ether. The upper end of the 

reflex flask was covered by a condenser. The process was continued for 4 hours. The 

solvent was recovered and the flask was dried in the oven at 60 0C for 30 minutes, then 

cooled in desiccators and re- weighed to obtain the final weight of the oil extract (fat), 

which was then expressed as % of fat of the sample. The percentage (%) of fat content 

was calculated using the following formula: 

%crude fat =
W2−W1

Sample mass in gm
× 100………………………… (eqn.6) 
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    Where:-W1 =Mass of flask 

                   W2 = mass of flask plus fat 

3.4.8. Determination of organic carbon content 

The carbon content of the coffee pulp and pulp silage was estimated from the volatile 

solid or organic matter content of the samples. The following formula was applied to 

calculate the percentage composition of the carbon content.  

%C =
%VS

1.724
 ………………………………………………….  (eqn.7) 

3.4.9. C/N ratio determination 

Once the percentage of carbon and nitrogen of the pulp and pulp silage was determined. 

The carbon to nitrogen ratio (C/N) is simply calculated by dividing the percentage of 

carbon to that of percentage of nitrogen. 

 C

N
=

%C

%N
…………………………………………………………… (eqn.8) 

3.4.10. Determination of coffee pulp in terms of minerals and some heavy metal 

contents 

3.4.10.1. Determination of minerals  

The coffee pulp was oven dried at 65°C in the oven, grinded and passed 1mm mesh size. 

After homogenization of the sample 1 gm. lithium Meta borate and 0.5 gm. lithium tetra 

borate was weighted in platinum crucible, 0.2 gm.of finely grinded sample was added to 

the crucible that contains the borate mixture and it was mixed with stirring rod that is also 

made up with platinum crucible. The sample was fused in a muffle furnace for 45 

minutes at 950°C.  The crucible and the melt were taken out from the muffle furnace 

using the crucible protective glove. The crucible and the content was put into a 400 ml 

beaker containing ( 1+19 ) HNO3 of  100 ml solution, then covered with a watch glass, 

heated the content and tilted the crucible to help digestion. It was kept overnight and on 

the next day Teflon coating stirring magnet was added to the crucible and put on a 

magnetic stirrer. It was stirred until a complete dissolution. The solution was transferred 
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into 500 ml volumetric flask by means of funnel. It was washed several times and diluted 

till the mark of the volumetric flask. After that the content of calcium oxide (CaO), 

magnesium oxide (MgO), sodium oxide (Na2O), potassium oxide (K2O), ferrous oxide 

(Fe2O3) and manganese oxide (MnO) was determined by the help of Atomic Absorption 

Spectrophotometer (AAS). 

3.4.10.2. Determination of heavy metals 

0.25 gm.ofsample (1mm mesh size) was taken into 100 ml beaker and the content was 

digested with perchloricacid (HClO4), hydrochloric acid (HCl) and nitric acid (HNO3). 

The final solution was transferred to 50 ml volumetric flask; the flask was filled till the 

mark. Finally the content of heavy metals was determined by AAS. 

3.5. Biogas digester composition 

3.5.1. Feed stock 

The feed stock for the study was coffee pulp and coffee pulp silage. The same amount of 

inoculums was used in order to determine the biogas of each feed stocks. The effect of 

additives for biogas production in this study was evaluated. 

3.6. Experimental set up 

3.6.1. Batch anaerobic digester 

500ml holding capacity bottle was used as a digester. To create the anaerobic condition, 

the bottles were covered by rubber stopper with inlet and out let, sealed with gas kit 

maker. The gas pipe with 8 ml internal diameter of 0.5 and 1 m length was immersed into 

the digester, the 0.5m long hose was stretch up to the bottom of solution to measure pH 

of the slurry while the 1 m long hose not touch the solution and it was used to collect the 

gases. The gases were collected by glucose bags to know the quality and quantity of the 

gas produced. Both hoses were controlled by valve. The pHs of the slurries were 

measured in 14 days interval. The temperature of the digester was fixed to 38ºc ( 

mesophilic condition).  
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Figure3: Batch anaerobic digester set up 

3.6.2. Biogas and its quality determination 

The amounts (quantity) of biogas from the digesters were collected by glucose bags and it 

was taken to a volumetrically calibrated vessel. The total biogas produced for each 

treatment was done by deducting the value of the inoculums to know the value of each 

digester. For that matter, the total amount of biogas produced from each digester was 

presented. 

The quality of biogas (that is percentage of methane) was measured by biogas analyzer 

within 8 days interval until the gas production was ceased. The glucose bags that collect 

the biogas was fitted to the gas analyzer and another glucose bag was used to collect the 

gases from the gas analyzer. After reading the quality of gases the bags which collect the 

gas was properly removed from the gas analyzer and closed by glucose bag cups, after 

that the total amount of gas was measured by graduated measuring syringes to know the 

total amount of gases collected. 
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Figures 4: Biogas quality determination by biogas analyzer 

3.7. Slurry analysis 

3.7.1. Total solid and volatile solid determination 

After the biogas production was ceased the total content and volatile content of the 

slurries for each treatments were measured to determine the solid reduction that is total 

solid (TS) and volatile solid (VS).  The same methods used for determination of feed 

stock (section 3.4.1 and 3.4.4) was used for the determination of % TS and %VS of 

slurry. 

3.7.2. Determination of total nitrogen and Total phosphorus content of the slurry 

The total nitrogen content of the slurry of each treatment was done by per sulfate 

digestion method (Method 10071). To perform this work first the COD reactor was 

turned, heated until reached 105 ºc. Nitrogen persulfate  reagent powder was addedtoeach 

of total hydroxide reagent vial, then 2 ml of sample was added to the vial, capped both 

vial and shake vigorously for at least 30 seconds. Then the vials were placed in the 

reactor and heated for 30 minute. After 30 minutes the vials were removed from the 

reactor, it was waited until cooled. Then the content of one total nitrogen reagent A 

powder was added to each vials. It was shake for 15 seconds, 3 minute reaction period 

was allowed , then Nitrogen reagent B powder was added, capped the vials and shake for 
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15 second. Then 2 ml of the digested sample was transferred to total acid reagent vial, 

mixed, read the content of total nitrogen at the wave length of 395nm. 

Total phosphorus (PhosVer 3 with Acid Persulfate Digestion Method): A pretreated 

diluted slurry samples with acid and persulfate were digested for 30 minute in a HACH 

COD digester at 150 ºC   . A blank prepared from distilled water was treated and 

measured in similar manner with the samples. Upon treated with PhosVer3 reagent 

powder pillow the orthophosphate reacted with molybdate in an acid medium to produce 

a mixed phosphate/molybdate complex with an intense molybdenum blue color and 

measured at 880 nm.  

3.8. Data Analysis 

For the comparison and physic- chemical analysis of the feed stocks, yield and quality of 

biogas, average values of the triplicate data was used.  The collected data was entered 

into Microsoft excel 2013, the data was interpreted by using ANOVA software, the graph 

was drawn by the help of Microsoft office origin 6 and origin 8. 
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4. Results and Discussion 

4.1. Characteristics of coffee pulp and pulp silage 

4.1.1.Minerals and some heavy metal contents of coffee pulp 

Coffee pulp was characterized by the mineral contents like calcium oxide (CaO) 

,potassium oxide (K2O),  sodium oxide(Na2O), magnesium oxide(MgO), iron 

oxide(Fe2O3) ,and manganess oxide(MnO) and the heavy metals lead(Pb), chromium (Cr) 

and cadmium (Cd) were analyzed. The results were indicated in table 7. 

Table 7: Mineral and Heavy metal content of Coffee pulp 
CaO 

(%) 

Na2O 

(%) 

K2O 

(%) 

MgO 

(%) 

Fe2O3 

 (%) 

MnO 

(%) 

Pb 

 (ppm) 

Cr 

 (ppm) 

Cd 

(ppm) 

<0.01 1.02 3.60 0.22 0.52 <0.01 < 0.005 < 0.005 < 0.005 

From table 7 minerals calcium and manganese and all the heavy metals were below the 

instrumental detection limit of 0.01% and 0.005ppm respectively. Whereas, the coffee 

pulp had a value of 1.02%Na2O, 3.60% K2O, 0.22%MgO, and 0.52%Fe2O3. The results 

of the present study were lower than the study conducted by Solomon Demeke(2013) that 

showed the content of calcium, magnesium and potassium 0.5%, 0.13% and 5.3%, 

respectively. 

4.1.2. Protein and fat content analysis of the treatments 

The protein and crude fat content of the feed stock was evaluated in the Table below. The 

crude fat content was in the range of 0.50-3.50.Whereas; the protein content was in the 

range between 11.75-14.56 

Table 8: Percentage of crude fat and crude protein of the feed stock 

Descriptive of feed stocks Treatments Fat (%) Protein 
(%) 

Silage without additives at 10 day 
ensiling period (control) 

T1 0.50 12.50 

Silage with biological additives 
at10 day ensiling period 

T2 3.50 12.69 

Silage with chemical additives 
at10 day ensiling period 

T3 1.00 14.56 

Silage with both additives at 10 
day ensiling period 

T4 2.50 11.81 
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Silage without additives at 20 day 
ensiling period (control) 

T5 0.50 14.44 

Silage with biological additives 
at20 day ensiling period 

T6 2.50 13.81 

Silage with chemical additives 
at20 day ensiling period 

T7 1.50 12.81 

Silage with both additives at 20 
day ensiling period 

T8 1.00 13.00 

Silage without additives at 40 day 
ensiling period (control) 

T9 0.50 13.38 

Silage with biological additives 
at40 day ensiling period 

T10 3.00 14.13 

Silage with chemical additives at 
40 day ensiling period 

T11 1.00 13.63 

Silage with both additives at 40 
day ensiling period 

T12 2.00 11.75 

Raw  coffee pulp T13 3.00 12.69 
 

Table 8 shows the crude protein and crude fat content of all the feed stocks used in the 

study. The silage produced without additive for ensiling period 10, 20 and 40 days were 

used as feed stock for digester T1, T5 and T9 respectively. The feed stock were 

characterized with crude fat content of 0.5 and crude protein content of 12.5,14.44, and 

13.38% respectively. The silage produced with biological additives (homofermentative 

lactic acid bacteria) for ensiling period 10, 20, and 40 days were used as feed stock for 

digester T2, T6, and T10 respectively. The feed stock were characterized with crude fat 

content of 3.5, 2.5, and 3.0 and crude protein content of 12.69, 13.81, and 

14.13respectively.The silage produced with chemical additives(calcium carbonate)for 

ensiling period of 10,20, and 40 days were used as feed stock for digesterT3, T7 and 

T11respectively.These feed stocks were characterized by crude fat content of 1.00,1.50, 

and 1.00and protein content of 14.56,12.81 and 13.63respectively.The silage produced 

with both chemical and biological additives for ensiling period of 10, 20, and 40 days 

were used as feed stock for digester T4, T8 and T12 respectively. The crude fat content of 

2.50, 1.00, and 2.00 and protein content of these feed stocks were 11.81, 13.00 and 

11.75respectively. Treatment T13 was the raw pulp with fat and protein content of 3.00% 

and 12.69%, respectively. According to Asrat G/mariamet al(2015),the coffee pulp was 

characterized with 0.48% crude fat and 10.1%protein.These values were lower than the 
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values of the present study. The crude protein content was evaluated by researchers 

Bressani (1979) its value was 11.5%, HarmosaBonilaet al(2014)alsodetected and the 

result were found 14.79%. 

4.1. 3. Characteristics of coffee pulp and pulp silage 

The Moisture content (%MC), dry matter (DM) or total solid (TS), organic dry matter 

(ODM) or Volatile solid (VS), Ash (fixed solid), and Organic carbon (OC %), total 

nitrogen (TN %) content of the feed stock were shown in Table 9: 

Table 9: Characteristics of the feed stock and inoculum 

C=control withoutadditive,CA=with chemical additive, BA= with biological additive, 
BA&CA=with both chemical and biological additives, In= Inoculum,Cp= raw coffee 

pulp without ensiling, 10, 20&40=ensiling period in days 
As shown in Table 9 , the moisture content of the substrates of the feed stock for T1( 

control at 10 days ensiling) was 83.88±1.35, T2(biological additives with 10 days 

ensiling) was 82.53±0.58, T3(additive of calcium carbonate /chemical additives at 10 

days ensiling)was, 82.75±0.65, T4( both chemical and biological additives at 10 days 

ensiling )was84.45±0.66. Whereas the content of the dry matter (total solid) and volatile 

Treatments MC% TS% VS% Ash% OC% TN% 

T1(C10) 83.88±1.35 16.12±1.35 91.91±1.35 8.09±0.50 53.31±0.79 2.00±0.04 

T2(BA10) 82.53±0.58 17.47±0.58 91.82±0.58 8.18±1.05 53.26±0.34 2.03±0.02 

T3(CA10) 82.75±0.65 17.25±0.65 87.29±0.65 12.71±2.15 50.63±0.38 2.33±0.04 

T4(BA+CA)10 84.45±0.66 15.55±0.66 83.68±0.66 16.09±2.66 48.67±0.38 1.89±0.04 

T5(C20) 83.44±2.16 16.89±2.16 91.61±2.16 8.39±0.19 53.14±1.25 2.31±0.03 

T6(BA20) 81.55±0.45 18.52±0.45 92.55±0.45 7.45±1.10 53.68±0.26 2.21±0.03 

T7(CA20) 80.38±0.88 19.62±0.88 85.05±0.88 14.95±0.47 49.33±0.51 2.05±0.04 

T8(BA+CA)20 86.33±0.44 13.67±0.44 83.64±0.44 16.36±2.58 48.52±0.26 2.08±0.04 

T9(C40) 87.70±0.00 17.30±0.00 90.61±0.00 9.39±0.00 52.56±0.00 2.14±0.04 

T10(BA40) 83.33±0.08 16.67±0.08 90.77±0.08 9.23±0.99 52.65±0.05 2.26±0.03 

T11(CA40) 81.27±0.38 18.73±0.38 85.27±0.38 14.73±0.70 49.46±0.22 2.18±0.03 

T12(BA+CA)40 82.31±0.05 17.69±0.05 80.69±0.05 19.31±1.79 46.80±0.03 1.88±0.03 

T13(Cp) 83.94±0.67 10.42±1.50 89.58±1.50 15.62±0.67 51.96±0.87 2.03±0.02 

T14(In) 98.92±0.04 48.14±1.17 51.87±1.17 1.08±0.04 28.58±0.68 1.40±0.00 
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solids of the treatments at 10 days ensiling were T1 (16.12±1.35, 91.91±1.35), T2 

(17.47±0.58, 91.82±0.58), T3 (17.25±0.65, 87.29±0.65) and T4 (15.55±0.66, 

83.68±0.66).  The percentage of ash (fixed solid) of the treatments (T1, T2, T3 and T4) at 

10 days ensiling were 8.09±0.50, 8.18±1.05,12.71±2.15and 16.09±2.66, respectively. The 

treatments T5(control at 20 days ensiling), T6(biological additive at 20 days 

ensiling),T7(chemical additives at 20 days ensiling), andT8 (both additives at 20 days 

ensiling) had the MC of 83.44±2.16,81.55± 0.45, 80.38± 0.88,86.33± 0.44,TS of them is 

16.89±2.16,18.52±0.45,19.62±0.88,13.67±0.44,VS content were 91.61±2.16, 92.55±0.45, 

85.05±0.88, 83.64±0.44 and the ash contents were 8.39±0.19, 7.45±1.10, 14.95±0.47 and 

16.36±2.58 ,respectively. Treatments T9, T10, T11 and T12 were at the ensiling period of 

40 days had MC of 87.70±0.00, 83.33±0.08, 81.27±0.38, 82.31±0.05, the TS values were 

17.30±0.00,16.67±0.08,18.73±0.38,17.69±0.05, the VS of them were 

90.61±0.00,90.77±0.05,85.27±0.38 , 80.69±0.05, and its ash content were 9.39±0.00, 

9.23±0.99, 14.73±0.70 and 19.31±1.79 ,respectively. T13 and T14 that is raw pulp and 

the inoculum had the MC of 83.94 ±0.67, 98.92 ±0.04,TS was10.42±1.50,48.14±1.17, VS 

was 89.58±1.50,51.87 ±1.17,and the ash content was 15.62±0.67, 1.08±0.04, 

respectively.  The moisture content of the coffee pulp was 82.44 (Bonila, 2014). 

Whereas, regards Mulugeta Tadesse and Mebratu Adamu its value was 88.89%. In the 

present study the moisture content of the raw coffee pulp was 83.94±0.67. This value is 

in agreement with the studies conducted by Bonila(2014).From the table it is possible to 

conclude about the feed stocks had the moisture content in the range between 65 -95% 

which is the best input for biogas production as reported by Demetriade(2008).The ash 

content was below 20%, it indicates the organic content is higher than the inorganic 

content. As a result, the coffee pulp as well as the ensiled one is the best input for biogas 

production.  
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4.1.3. pH of Silage 

The pH value of the feed stock used in the treatment was shown in the Table 10. The 

silage produced without additives and biological additives were shown lower pH in the 

range 3.96-4.17. Similarly, the raw coffee pulp has also shown acidic pH (4.80). On the 

contrary, the silage with chemical and both chemical and biological additives has shown 

a neutral pH. The lower pH observed in the control and biological additives may attribute 

to the acid product. Whereas, the neutral pH may attribute to the neutralization of the acid 

by the chemical additives (calcium carbonate additives). The pH of the raw pulp was 

evaluated by different researchers. The result of the present study was higher than the 

study conducted by Solomon Demeke (2013) his pH value was4.1.On the contrary, the 

present study was in agreement with the study conducted by (Asrat Gebremariamt,et al. 

2014)the pulp had pH of 4.75.As a result the pulp is acidic by nature. 

Table 10: Coffee pulp and pulp silage characteristics before anaerobic digestion  

Parameter T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 

pH 4.12 3.96 7.46 7.33 4.17 4.05 7.26 7.03 4.16 4.05 6.47 7.52 4.80 

4.2. The working conditions of anaerobic digestion process 

The biogas production and its quality were affected by the variables and condition like 

Temperature, pH and C/N ratio. The results of this study were given below: 

4.2.1. pH profile of the digester 

The initial values of the digesters were T1(6.88), T2 (6.63), T3(7.21), 4(7.19), T5(6.92), 

T6(7.02), T7(7.15), T8(7.03), T9(7.02),T10(6.88),T11(6.80),T12(6.89) and 

T13(7.18).These values are above the value of the work of   (Boopathy and Daniels 

,1991). They observed a pH range of 5.5-6.5 is suitable for acidogenic bacteria to survive. 

This pH is in agreement with the range of 6.25-7.5which is conducive for methanogenic 

bacteria to function in a proper way as indicated by(Mahanta et al., 2004). 
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Figure 5: Average pH values of the digesters throughout the retention time 

From the Figure 5, the pH values of the thirteen treatments were determined and their 

values were evaluated between two weeks interval from the initial feeding time till the 

gas production ceased. In all cases the pH was increasing from the feed time till the end 

of the digestion period and the maximum pH was recorded by treatments T9 (8.58) and 

T13 (8.54) at the 8th week. From the Figure it is possible to conclude the fermentation 

phase is already took place in the ensiling period and the microorganisms were 

performing its biogas production in the faster retention time.  The result of ANOVA has 

shown that the pH of the digesters were not significant (p>0.05). It showed that there is 

no relation between pH of digesters. 

4.2.2. Carbon to Nitrogen ratio of the feed stock 

The table below shows the carbon to nitrogen ratio of the feed stocks. 

Table 11:C/N ratio of all the feed stocks 
Descriptive of  the feed stocks Treatments C/N 

Silage without additives at 10 day ensiling 
period (control) 

T1 26.66 
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Silage with biological additives at10 day 
ensiling period 

T2 26.24 

Silage with chemical additives at10 day 
ensiling period 

T3 21.73 

Silage with both additives at 10 day 
ensiling period 

T4 25.75 

Silage without additives at 20 day ensiling 
period (control) 

T5 23.00 

Silage with biological additives at20 day 
ensiling period 

T6 24.29 

Silage with chemical additives at20 day 
ensiling period 

T7 24.06 

Silage with both additives at 20 day 
ensiling period 

T8 23.33 

Silage without additives at 40 day ensiling 
period (control) 

T9 24.56 

Silage with biological additives at 40 day 
ensiling period 

T10 23.30 

Silage with chemical additives at 40 day 
ensiling period 

T11 22.69 

Silage with both additives at 40 day 
ensiling period 

T12 24.89 

Raw  coffee pulp T13 25.60 

Inoculum T14 20.42 

From the Table 11, the carbon to nitrogen ratios (C/N) of the feed stock were between 20 

and 27.Which agrees with the value of 20:1 to 30:1 as recorded by(Bardiya et al.,1997)as 

well as(Kumar et al., 2013). This indicates that the raw coffee pulp as well as the ensiled 

one by different additives could serve as a feed stock for biogas production. 

4.3. Amount and quality of biogas produced by each digester at different additives 

with different ensiling period 

The biogas production potential of the feed stock   was presented in terms of biogas yield 

and biogas quality (% methane). The average weekly biogas production, the cumulative 

biogas and the quality of biogas produced by each digester were shown below: 
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4.3.1. Total biogas production 

The total biogas produced during the reaction period for all treatments digester was 

presented in the Figure 6: 
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Figure 6: Comparison of Total Biogas Production of Digesters 

The study was showed that, digester ten (T10) produced the highest total biogas (2,980mL). While 

digester one (T1) produced the least within 56 days of digestion period. Digesters 

T2,T3,T4,T5,T6,T7,T8,T9,T11,T12,T13 produced1,891, 1,551  ,1,484 ,1,023  ,2,684 ,1,913    

,1,804, 1,164,907,2,359,and 678 ml respectively. Treatment 13 (T13) was produced least biogas 

than other treatments except T1.Treatment 6 (T6) was produced higher biogas next to treatment 10, 

then treatment T12 was produced higher biogas compared to all treatments except these two 

treatments T6 and T10.The controls that have no addition of any additives were ensiled and the 

biogas quantity were presented As follows: Treatment one (T1) was produced the least, treatment 5 

(T5) produced the medium and treatment 9 (T9) Produced the highest. That is represented by T1 < 

T5 <T9. Ensiling period affects the gas production. Here the higher the ensiling period leads the 

higher gas production. The biological additives that have a homofermentative lactic acid bacteria 

were ensiled at different ensiling periods  produced the biogas quantity were observed from the 

figure the least ensiling period produced least biogas than the medium and the higher ensiling 

period. Thus T2<T6<T10.The chemical additives in the treatments have effect on the biogas 
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production and the results treatment three (T3) was produced least biogas than treatment seven (T7) 

and treatment eleven (T11). Treatment eleven was produced least biogas than treatment seven (T7). 

Here T3<T7>T11.Both chemical and biological additives at different ensiling period and their 

biogas production was described from the above figure as follows: Treatment four (T4) was 

produced least biogas than treatment eight (T8) and treatment twelve (T12). That is T4<T8<T12. 

Here more biogas production was observed at ensiling period of 40 days. From the figure it is 

possible to conclude the silage with biological additives that were T2, T6 and T10Produced the best 

biogas. As a result biological additives were the best option to preserve the moist pulp and to 

produce higher biogas. 

4.3.2. Amount of biogas produced 
The biogas production was slow at the beginning of the experiment. The methane percent is also 

low due to the lag phase of microbial growth and low acclimatization of methanogenic bacteria. 

The Figure below shows the weekly biogas quality produced by each digester 
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Figure 7: Weekly biogas quality of each digester throughout retention time 
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As it is shown from the Figure 7, the quality of biogas produced by each digester in the 

first, second and third week of digestion period was below 50%. This shows that the 

biogas quality below 50% is not combustible and the other gases like carbon dioxide 

(CO2) compared with other weeks is higher than in these weeks. Therefore, the gas 

produced during this period needs to be discharged if it is not upgraded by cleaning the 

other gases like carbon dioxide by scrubbing it with lime, sodium hydroxide or potassium 

hydroxide. Treatments T3, T5, T6 and T7 were continued to produce biogas with quality 

of less than 50% until the end of the reaction period. Such treatments produce the biogas 

quality of 34.3%, 33.4%, 44.6%, and 47.5% maximum value, respectively. After fourth 

weeks most of the treatments accept the above four (T3, T5, T6 and T7) were produced 

the total biogas quality more than 50%. Which indicates the gases produced at this 

reaction period was combustible. In addition, depending on the system design and the 

type of feed stock the biogas quality between 50 to 75 % is pure methane. After week six 

the biogas quality was lowered and finally the production is all most ceased. 
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Figure 8: Total Quality of Biogas of Each treatment (digester) 
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As shown from the Figure, the highest and lowest quality was produced by T10 

(biological additives at 40 days ensiling Period) and T5(control at 20 days ensiling 

period) respectively.T1 was produced the lowest 0.2% at the and highest 57.2%,T2 was 

produced the lowest 6.8% and highest 56.1%,T3 was produced the lowest 9.8% and 

highest 39.4%,T4 was produced the lowest 8.2% and highest 60.1%,T5 was produced the 

lowest 1.9% and highest 33.4%, T6 was produced the lowest 9.1% and highest 44.3%,T7 

was produced the lowest 18.7% and lowest 47.5%,T8 was produced the lowest 28.3 % 

and highest 63.1%,T9 was produced the lowest 5.2% and highest 52.9%,T10 was 

produced the lowest 34% and highest 70%,T11 was produced the lowest 14.8% and 

highest 54%,T12 was produced the lowest 26% and highest 62.8% and the raw pulp 

(T13) was produced the lowest 3.1% and highest 55.7% throughout the digestion period. 

From the figure it was concluded that the T1, T5 and T9 are the controls ensiled at 10, 20 

and 40 days the biogas production was highest in the 10 days than the other. Biological 

additives with higher ensiling period had a positive effect in the production of biogas 

recorded. 

One way ANOVA test result of treatments (digesters) between and within groups show 

that the p value is less than 0.05( appendix-11) which indicates that there is statistically  

significance difference between the volume of Biogas, percentage of Methane and 

volume of Methane of all the treatments. 

4.4. Characteristics of the digester after digestion 

4.4.1. Solid reduction after anaerobic digestion 

Total solids and volatile solids of the feed stock for all of the digesters after digestion to 

determine the amount of solid reduced were analyzed. The total solid and the volatile 

solid of each digester before and after digestion period were indicated in the table below. 
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Table 12:TS and VS reading of the treatments in the feeding time and after digestion 

 Digesters %TS 
initial 

%VS 
initial 

%TS 
final 

%VS 
final 

% reduction of 
TS 

% 
reduction 
VS 

T1 1.64 78.95 0.60 33.33 63.27 57.78 
T2 14.22 96.97 0.80 0.00 94.40 100.00 
T3 1.50 50.00 1.40 30.43 6.67 39.13 
T4 1.98 50.85 0.60 0.00 69.85 100.00 
T5 2.11 86.36 1.34 59.09 36.41 31.58 
T6 3.84 97.78 0.84 0.00 78.03 100.00 
T7 7.36 80.00 1.53 50.00 44.77 37.50 
T8 14.81 57.50 1.11 0.00 92.50 100.00 
T9 2.21 70.00 1.72 37.50 21.98 46.43 

T10 12.50 85.00 5.56 0.00 55.53 100.00 
T11 2.08 78.05 1.46 66.67 30.00 14.58 
T12 5.16 86.00 0.68 0.00 86.80 100.00 
T13 4.04 72.97 0.90 33.33 77.76 54.32 
T14 2.87 50.00 0.75 0.00 73.83 100.00 
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Anaerobic treatment converts the organic pollutant into a small amount of sludge and 

large amount of biogas (methane and carbon dioxide). So, there must be a reduction of 

TS and VS in the conversion process. Removal of TS by 63.27%, 94.4%, 6.67%, 69.85%, 

36.41%, 78.03%, 44.77%, 92.5%, 21.98%, 55.53%, 30.00%, 86.80%, 77.76% and 

73.83% were observed for digesters T1 to T14. High and low removal efficiency of TS 

(%) were seen for T2(treatments with biological additives at 10 day ensiling period) and 

T3(treatments with chemical additives at day 10 days ensiling period). 

As seen from the above table, reduction in volatile solids (VS %)  57.78%, 100%,39.13% 

,100% ,31.58%,100%,37.50%,100%, 46.43%,100%, 14.58%, 100% ,54.32%,100% were 

also observed for digesters from T1 to T14. In the same way, low removal efficiency of 

VS was seen for T11(treatment with chemical additives at 40 days ensiling period). The 

high values were observed at T2, T4, T6, T8, T10, T12 and T14 with the same value of 

100% removal of VS. 

The relative higher removal efficiency of VS(%) than TS(%) was a very good indication 

of high uptake rate of the organic fraction of total solid and the effectiveness of the 

anaerobic reactor in digesting the coffee pulp wastes the ensiling wastes of coffee waste 

at different ensiling periods with different additives under anaerobic digestion during 

proper operating condition. 

From the percentage reduction total solids and volatile solids, it can be put forward that 

anaerobic digestion can reduce the amount and volume of the organic waste of coffee 

pulp which is disposed in dumpsites. It can also reduce the cost of transport as well as the 

task of the municipality’s waste management system. 

Comparison of the volatile solid and total solid before and after anaerobic digestion gives 

an indication of the utilization of the organic content in the digester. Before digestion 

VS/TS   ratio of the digesters was relatively higher before digestion than after 

digestion.This is an indication of the utilization of the organic components during the 

anaerobic digestion. 
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4.5. pH and nutrient  values of the  slurry 

One advantage of anaerobic digestion is the use of the slurry as organic fertilizer. As a 

result, the pH and the macro-nutrients for the slurry of treatments, T1 (control at 10 days 

ensiling), T2 (biological additive at 10 days ensiling), T3 (treatment with calcium 

carbonate additive at 10days ensiling),T4 (treatment with both chemical and biological 

additives at 10 days ensiling),T5 (control at 20 days ensiling),T6(biological additive at 20 

days ensiling),T7 (treatment with calcium carbonate additive at 20 days ensiling),T8 

(treatment with both chemical and biological additives at 20 days ensiling),T9(control at 

40 days ensiling),T10(biological additive at 40 days ensiling),T11(treatment with calcium 

carbonate additive at 40 days ensiling),T12 (treatment with both chemical and biological 

additives at 40 days ensiling) and T13 (raw pulp)were determined and its pH value was 

found that  8.12, 7.89, 8.43,8.18,8.5,8.36,8.14,8.08,8.58,7.97, 8.28,7.92, and 8.54 

,respectively.The values in the thirteen treatments were in between the minimum and 

maximum accepted values of 6.0 and 8.5. The values of the macro-nutrients (total 

nitrogen and available phosphorus) were shown in the Figure below: 
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Figure 9: Total nitrogen and total phosphorus content of the slurry 
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As it could be seen from the Figure the total nitrogen and total phosphorus content was 

highest for T13and its value was recorded 400 ppm and 98.5 ppm respectively. The 

minimum value was recorded at treatment (digester) T10 for total nitrogen content of 

0.56 ppm. The minimum value of phosphorus was recorded in treatment (digester) T5 

that was 2.5 ppm. 
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5. Conclusion and Recommendation 

 

5.1. Conclusion 

From the results it can be deduced that coffee pulp could be used as a substrate for biogas 

Production at mesophilic condition. The more gas production with respect to quantity as 

well as quality occurs in the treatment time of 40 days ensiling period with the biological 

additives. That is treatment T10 have both highest quality and quantity of methane 

compared with the other treatments. Thus the coffee producers are beneficial by using the 

pulp waste to produce biogas of higher quantity with respect to treat the wastes with 

biological additives. So they can get economic as well as social and health benefits by 

preventing the waste from direct discharge to the environment.The slurries are also used 

as a natural fertilizer. 

 

 

5.2. Recommendation 

 Awareness and skill development training on the sustainable use of coffee pulp   

as a substrate for biogas production and the slurry as a fertilizer for each potential 

biogas users and companies are essential. 

 Long period ensiling of biological and chemical additives for biogas production 

of the pulp waste from coffee production should be taken for further studied 

 Optimization of biogas production from coffee pulp waste at higher temperature 

of thermophilic range should be carried out to see the effect of temperature on the 

quality and quantity of biogas production. 

 Microbial detection/analysis should be studied 
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7. Appendices 

Appendix 1: Amount of biogas production and percentage of methane for the first week 

of digestion 

Treatment CH4% CO2% Biogas (ml) CH4 (ml) 
T1 0.2 38.6 142 0.28 
T2 6.8 70.6 208 14.14 
T3 9.8 37.6 246 24.11 
T4 8.2 42.2 184 15.09 
T5 1.9 26.2 180 3.42 
T6 9.1 37.1 162 14.74 
T7 18.7 52.8 166 31.04 
T8 28.3 23.5 142 40.19 
T9 5.2 41.6 106 5.51 
T10 34 62 240 81.60 
T11 14.8 34.1 100 14.80 
T12 26 55.2 120 31.20 
T13 3.1 30.2 80 2.48 
T14 0.3 7.9 80 0.24 

Appendix 2: Amount of biogas production and percentage of methane for the second 

week of digestion 

Treatment CH4(%) CO2(%) Biogas (ml) CH4(ml) 
T1 2.6 6.2 146 3.80 
T2 20.3 1 280 56.84 
T3 11.7 22.8 264 30.89 
T4 9.4 0.2 204 19.18 
T5 4.4 14.9 186 8.18 
T6 9.6 18 260 24.96 
T7 24.6 20.4 264 64.94 
T8 36.4 16 204 74.26 
T9 8.9 21.7 192 17.09 



56 
 

T10 37.2 18.7 264 98.21 
T11 17.5 20.7 104 18.20 
T12 27.8 21.3 140 38.92 
T13 13.9 27.4 110 15.29 
T14 0.5 6.8 70 0.35 

Appendix 3: Amount of biogas production and percentage of methane for the third week 

of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 3.5 0.4 150 5.25 
T2 27.1 15.6 450 121.95 
T3 12.2 13.4 265 32.33 
T4 22.1 15 220 48.62 
T5 12.6 9.3 285 35.91 
T6 11.3 11.4 320 36.16 
T7 28.8 14.9 265 76.32 
T8 37 13.1 280 103.60 
T9 9.6 12.1 220 21.12 
T10 39.1 13.1 330 129.03 
T11 22.6 12 145 32.77 
T12 34.5 12.2 385 132.83 
T13 32 18 120 38.40 
T14 0.7 1.7 60 0.42 

Appendix 4: Amount of biogas production and percentage of methane for the fourth 

week of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 46.7 9 164 76.59 
T2 53.4 15.7 500 267.00 
T3 29.9 10.1 384 114.82 
T4 49.3 11.7 420 207.06 
T5 33.1 6.2 290 95.99 
T6 42.3 9.5 582 246.19 
T7 47.5 10 524 248.90 
T8 61 13.2 322 196.42 
T9 29.6 9.3 230 68.08 
T10 56.9 14.8 664 377.82 
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T11 46.6 7.8 344 160.30 
T12 60.3 14.1 824 496.87 
T13 55.6 9.3 328 182.37 
T14 0 0.1 0 0.00 

Appendix 5: Amount of biogas production and percentage of methane for the fifth week 

of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 56.1 5.6 198 111.08 
T2 56 1.4 420 235.20 
T3 39.4 7 390 153.66 
T4 60.1 6.4 290 174.29 
T5 33.4 4.2 300 100.20 
T6 44.3 6.3 660 292.38 
T7 41.7 6.6 342 142.61 
T8 63.1 8.9 460 290.26 
T9 52.1 6.4 238 124.00 
T10 67.5 8.2 700 472.50 
T11 54 5 186 100.44 
T12 62.8 7.9 480 301.44 
T13 55.7 6.1 140 77.98 
T14 0 0.2 20 0.00 

Appendix 6:Amount of biogas production and percentage of methane for the sixth week 

of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 57.2 3.2 100 57.20 
T2 56.1 5.3 220 123.42 
T3 34.3 5.4 160 54.88 
T4 56.1 5.8 240 134.64 
T5 25.1 2.6 100 25.10 
T6 38.9 4.9 440 171.16 
T7 47.5 7.1 242 114.95 
T8 56 10.9 386 216.16 
T9 50.6 4.2 228 115.37 
T10 70 9.8 848 593.60 
T11 44.2 3.8 148 65.42 
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T12 44.8 6.6 380 170.24 
T13 49.1 4.9 120 58.92 
T14 0 0.1 60 0.00 

 

Appendix 7: Amount of biogas production and percentage of methane for the seventh 

week of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 51.3 0.1 74 37.96 
T2 51.3 3.9 126 64.64 
T3 24.5 4.1 100 24.50 
T4 31.4 4.1 196 61.54 
T5 8.9 1.5 52 4.63 
T6 32.1 4.1 350 112.35 
T7 28.2 7.5 280 78.96 
T8 50.1 10.6 250 125.25 
T9 48.6 3.9 180 87.48 
T10 61.1 11.6 164 100.20 
T11 29.1 2.6 148 43.07 
T12 43.3 8.4 260 112.58 
T13 24.1 1.5 120 28.92 
T14 0 0.7 60 0.00 

Appendix 8: Amount of biogas production and percentage of methane for the eighth 

week of digestion 

Treatment CH4 (%) CO2 (%) Biogas (ml) CH4 (ml) 
T1 43.8 0 50 21.90 
T2 50.6 0 80 40.48 
T3 13.8 1.9 80 11.04 
T4 26.1 1.6 120 31.32 
T5 1.2 1.4 20 0.24 
T6 11.9 3.9 300 35.70 
T7 24.9 6.8 220 54.78 
T8 49.4 7.5 150 74.10 
T9 28.4 3 160 45.44 
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T10 53 7.9 160 84.80 
T11 13.5 2.4 122 16.47 
T12 41.5 6.5 160 66.40 
T13 15.9 0 50 7.95 
T14 0 0 0 0.00 

Appendix 9: Total volume of biogas of each treatment 

Treatments 
Volume of biogas 

(ml) 
T1 634 
T2 1894 
T3 1551 
T4 1484 
T5 1023 
T6 2684 
T7 1913 
T8 1804 
T9 1164 

T10 2980 
T11 907 
T12 2359 
T13 678 

 

Appendix 10: The results of percentage of methane, volume of methane and volume of 
biogas by ANOVA analysis and ANOVA of pH 

  Sum of 
Squares df Mean Square F Sig. 

PCH4 Between 
Groups 10132.437 12 844.370 2.941 .002 

Within Groups 26129.799 91 287.141   

Total 36262.235 103    

Volbiogas Between 
Groups 835987.962 12 69665.663 3.525 .000 

Within Groups 1798209.875 91 19760.548   

Total 2634197.837 103    
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VolCH4 Between 
Groups 343782.688 12 28648.557 3.106 .001 

Within Groups 839456.631 91 9224.798   

Total 1183239.320 103    

Note: P CH4, Volbiogas and volCH4are significance 

Note: PCH4 =percentage of methane 

Volbiogas= volume of biogas 

VolCH4 = volume of methane 

ANOVA 

pH      

 Sum of 
Squares df Mean Square F Sig. 

Between 
Groups 1.643 12 .137 .402 .956 

Within Groups 17.691 52 .340   

Total 19.334 64    

 
Note: the pH is not significant 

 

Appendix  11:Multiple comparison 
 
 

       

 

(I) 
Treat
ments 

(J) 
Treat
ments 

Mean 
Difference (I-

J) 
Std. 

Error Sig. 

95% Confidence Interval 

Lower 
Bound 

Upper 
Bound 

PCH4 T1 T2 -7.52500 8.47261 1.000 -36.3528 21.3028 

T3 10.72500 8.47261 .987 -18.1028 39.5528 

T4 -.16250 8.47261 1.000 -28.9903 28.6653 

T5 17.60000 8.47261 .679 -11.2278 46.4278 

T6 7.73750 8.47261 .999 -21.0903 36.5653 
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T7 -.06250 8.47261 1.000 -28.8903 28.7653 

T8 -14.98750 8.47261 .859 -43.8153 13.8403 

T9 3.55000 8.47261 1.000 -25.2778 32.3778 

T10 -19.67500 8.47261 .507 -48.5028 9.1528 

T11 2.38750 8.47261 1.000 -26.4403 31.2153 

T12 -9.95000 8.47261 .993 -38.7778 18.8778 

T13 1.50000 8.47261 1.000 -27.3278 30.3278 

T2 T1 7.52500 8.47261 1.000 -21.3028 36.3528 

T3 18.25000 8.47261 .626 -10.5778 47.0778 

T4 7.36250 8.47261 1.000 -21.4653 36.1903 

T5 25.12500 8.47261 .153 -3.7028 53.9528 

T6 15.26250 8.47261 .844 -13.5653 44.0903 

T7 7.46250 8.47261 1.000 -21.3653 36.2903 

T8 -7.46250 8.47261 1.000 -36.2903 21.3653 

T9 11.07500 8.47261 .984 -17.7528 39.9028 

T10 -12.15000 8.47261 .966 -40.9778 16.6778 

T11 9.91250 8.47261 .994 -18.9153 38.7403 

T12 -2.42500 8.47261 1.000 -31.2528 26.4028 

T13 9.02500 8.47261 .997 -19.8028 37.8528 

T3 T1 -10.72500 8.47261 .987 -39.5528 18.1028 

T2 -18.25000 8.47261 .626 -47.0778 10.5778 

T4 -10.88750 8.47261 .986 -39.7153 17.9403 

T5 6.87500 8.47261 1.000 -21.9528 35.7028 

T6 -2.98750 8.47261 1.000 -31.8153 25.8403 

T7 -10.78750 8.47261 .987 -39.6153 18.0403 

T8 -25.71250 8.47261 .130 -54.5403 3.1153 

T9 -7.17500 8.47261 1.000 -36.0028 21.6528 

T10 -30.40000* 8.47261 .029 -59.2278 -1.5722 

T11 -8.33750 8.47261 .999 -37.1653 20.4903 

T12 -20.67500 8.47261 .426 -49.5028 8.1528 
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T13 -9.22500 8.47261 .997 -38.0528 19.6028 

T4 T1 .16250 8.47261 1.000 -28.6653 28.9903 

T2 -7.36250 8.47261 1.000 -36.1903 21.4653 

T3 10.88750 8.47261 .986 -17.9403 39.7153 

T5 17.76250 8.47261 .666 -11.0653 46.5903 

T6 7.90000 8.47261 .999 -20.9278 36.7278 

T7 .10000 8.47261 1.000 -28.7278 28.9278 

T8 -14.82500 8.47261 .868 -43.6528 14.0028 

T9 3.71250 8.47261 1.000 -25.1153 32.5403 

T10 -19.51250 8.47261 .521 -48.3403 9.3153 

T11 2.55000 8.47261 1.000 -26.2778 31.3778 

T12 -9.78750 8.47261 .994 -38.6153 19.0403 

T13 1.66250 8.47261 1.000 -27.1653 30.4903 

T5 T1 -17.60000 8.47261 .679 -46.4278 11.2278 

T2 -25.12500 8.47261 .153 -53.9528 3.7028 

T3 -6.87500 8.47261 1.000 -35.7028 21.9528 

T4 -17.76250 8.47261 .666 -46.5903 11.0653 

T6 -9.86250 8.47261 .994 -38.6903 18.9653 

T7 -17.66250 8.47261 .674 -46.4903 11.1653 

T8 -32.58750* 8.47261 .013 -61.4153 -3.7597 

T9 -14.05000 8.47261 .906 -42.8778 14.7778 

T10 -37.27500* 8.47261 .002 -66.1028 -8.4472 

T11 -15.21250 8.47261 .847 -44.0403 13.6153 

T12 -27.55000 8.47261 .075 -56.3778 1.2778 

T13 -16.10000 8.47261 .791 -44.9278 12.7278 

T6 T1 -7.73750 8.47261 .999 -36.5653 21.0903 

T2 -15.26250 8.47261 .844 -44.0903 13.5653 

T3 2.98750 8.47261 1.000 -25.8403 31.8153 

T4 -7.90000 8.47261 .999 -36.7278 20.9278 

T5 9.86250 8.47261 .994 -18.9653 38.6903 
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T7 -7.80000 8.47261 .999 -36.6278 21.0278 

T8 -22.72500 8.47261 .279 -51.5528 6.1028 

T9 -4.18750 8.47261 1.000 -33.0153 24.6403 

T10 -27.41250 8.47261 .079 -56.2403 1.4153 

T11 -5.35000 8.47261 1.000 -34.1778 23.4778 

T12 -17.68750 8.47261 .672 -46.5153 11.1403 

T13 -6.23750 8.47261 1.000 -35.0653 22.5903 

T7 T1 .06250 8.47261 1.000 -28.7653 28.8903 

T2 -7.46250 8.47261 1.000 -36.2903 21.3653 

T3 10.78750 8.47261 .987 -18.0403 39.6153 

T4 -.10000 8.47261 1.000 -28.9278 28.7278 

T5 17.66250 8.47261 .674 -11.1653 46.4903 

T6 7.80000 8.47261 .999 -21.0278 36.6278 

T8 -14.92500 8.47261 .863 -43.7528 13.9028 

T9 3.61250 8.47261 1.000 -25.2153 32.4403 

T10 -19.61250 8.47261 .513 -48.4403 9.2153 

T11 2.45000 8.47261 1.000 -26.3778 31.2778 

T12 -9.88750 8.47261 .994 -38.7153 18.9403 

T13 1.56250 8.47261 1.000 -27.2653 30.3903 

T8 T1 14.98750 8.47261 .859 -13.8403 43.8153 

T2 7.46250 8.47261 1.000 -21.3653 36.2903 

T3 25.71250 8.47261 .130 -3.1153 54.5403 

T4 14.82500 8.47261 .868 -14.0028 43.6528 

T5 32.58750* 8.47261 .013 3.7597 61.4153 

T6 22.72500 8.47261 .279 -6.1028 51.5528 

T7 14.92500 8.47261 .863 -13.9028 43.7528 

T9 18.53750 8.47261 .602 -10.2903 47.3653 

T10 -4.68750 8.47261 1.000 -33.5153 24.1403 

T11 17.37500 8.47261 .697 -11.4528 46.2028 

T12 5.03750 8.47261 1.000 -23.7903 33.8653 
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T13 16.48750 8.47261 .764 -12.3403 45.3153 

T9 T1 -3.55000 8.47261 1.000 -32.3778 25.2778 

T2 -11.07500 8.47261 .984 -39.9028 17.7528 

T3 7.17500 8.47261 1.000 -21.6528 36.0028 

T4 -3.71250 8.47261 1.000 -32.5403 25.1153 

T5 14.05000 8.47261 .906 -14.7778 42.8778 

T6 4.18750 8.47261 1.000 -24.6403 33.0153 

T7 -3.61250 8.47261 1.000 -32.4403 25.2153 

T8 -18.53750 8.47261 .602 -47.3653 10.2903 

T10 -23.22500 8.47261 .249 -52.0528 5.6028 

T11 -1.16250 8.47261 1.000 -29.9903 27.6653 

T12 -13.50000 8.47261 .928 -42.3278 15.3278 

T13 -2.05000 8.47261 1.000 -30.8778 26.7778 

T10 T1 19.67500 8.47261 .507 -9.1528 48.5028 

T2 12.15000 8.47261 .966 -16.6778 40.9778 

T3 30.40000* 8.47261 .029 1.5722 59.2278 

T4 19.51250 8.47261 .521 -9.3153 48.3403 

T5 37.27500* 8.47261 .002 8.4472 66.1028 

T6 27.41250 8.47261 .079 -1.4153 56.2403 

T7 19.61250 8.47261 .513 -9.2153 48.4403 

T8 4.68750 8.47261 1.000 -24.1403 33.5153 

T9 23.22500 8.47261 .249 -5.6028 52.0528 

T11 22.06250 8.47261 .323 -6.7653 50.8903 

T12 9.72500 8.47261 .995 -19.1028 38.5528 

T13 21.17500 8.47261 .388 -7.6528 50.0028 

T11 T1 -2.38750 8.47261 1.000 -31.2153 26.4403 

T2 -9.91250 8.47261 .994 -38.7403 18.9153 

T3 8.33750 8.47261 .999 -20.4903 37.1653 

T4 -2.55000 8.47261 1.000 -31.3778 26.2778 

T5 15.21250 8.47261 .847 -13.6153 44.0403 
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T6 5.35000 8.47261 1.000 -23.4778 34.1778 

T7 -2.45000 8.47261 1.000 -31.2778 26.3778 

T8 -17.37500 8.47261 .697 -46.2028 11.4528 

T9 1.16250 8.47261 1.000 -27.6653 29.9903 

T10 -22.06250 8.47261 .323 -50.8903 6.7653 

T12 -12.33750 8.47261 .962 -41.1653 16.4903 

T13 -.88750 8.47261 1.000 -29.7153 27.9403 

T12 T1 9.95000 8.47261 .993 -18.8778 38.7778 

T2 2.42500 8.47261 1.000 -26.4028 31.2528 

T3 20.67500 8.47261 .426 -8.1528 49.5028 

T4 9.78750 8.47261 .994 -19.0403 38.6153 

T5 27.55000 8.47261 .075 -1.2778 56.3778 

T6 17.68750 8.47261 .672 -11.1403 46.5153 

T7 9.88750 8.47261 .994 -18.9403 38.7153 

T8 -5.03750 8.47261 1.000 -33.8653 23.7903 

T9 13.50000 8.47261 .928 -15.3278 42.3278 

T10 -9.72500 8.47261 .995 -38.5528 19.1028 

T11 12.33750 8.47261 .962 -16.4903 41.1653 

T13 11.45000 8.47261 .979 -17.3778 40.2778 

T13 T1 -1.50000 8.47261 1.000 -30.3278 27.3278 

T2 -9.02500 8.47261 .997 -37.8528 19.8028 

T3 9.22500 8.47261 .997 -19.6028 38.0528 

T4 -1.66250 8.47261 1.000 -30.4903 27.1653 

T5 16.10000 8.47261 .791 -12.7278 44.9278 

T6 6.23750 8.47261 1.000 -22.5903 35.0653 

T7 -1.56250 8.47261 1.000 -30.3903 27.2653 

T8 -16.48750 8.47261 .764 -45.3153 12.3403 

T9 2.05000 8.47261 1.000 -26.7778 30.8778 

T10 -21.17500 8.47261 .388 -50.0028 7.6528 

T11 .88750 8.47261 1.000 -27.9403 29.7153 
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T12 -11.45000 8.47261 .979 -40.2778 17.3778 

Volbiogas T1 T2 -157.50000 70.28611 .565 -396.6459 81.6459 

T3 -108.12500 70.28611 .943 -347.2709 131.0209 

T4 -106.25000 70.28611 .950 -345.3959 132.8959 

T5 -48.62500 70.28611 1.000 -287.7709 190.5209 

T6 -256.25000* 70.28611 .025 -495.3959 -17.1041 

T7 -159.87500 70.28611 .541 -399.0209 79.2709 

T8 -146.25000 70.28611 .677 -385.3959 92.8959 

T9 -66.25000 70.28611 .999 -305.3959 172.8959 

T10 -293.25000* 70.28611 .004 -532.3959 -54.1041 

T11 -34.12500 70.28611 1.000 -273.2709 205.0209 

T12 -215.62500 70.28611 .120 -454.7709 23.5209 

T13 -5.50000 70.28611 1.000 -244.6459 233.6459 

T2 T1 157.50000 70.28611 .565 -81.6459 396.6459 

T3 49.37500 70.28611 1.000 -189.7709 288.5209 

T4 51.25000 70.28611 1.000 -187.8959 290.3959 

T5 108.87500 70.28611 .940 -130.2709 348.0209 

T6 -98.75000 70.28611 .971 -337.8959 140.3959 

T7 -2.37500 70.28611 1.000 -241.5209 236.7709 

T8 11.25000 70.28611 1.000 -227.8959 250.3959 

T9 91.25000 70.28611 .985 -147.8959 330.3959 

T10 -135.75000 70.28611 .773 -374.8959 103.3959 

T11 123.37500 70.28611 .866 -115.7709 362.5209 

T12 -58.12500 70.28611 1.000 -297.2709 181.0209 

T13 152.00000 70.28611 .620 -87.1459 391.1459 

T3 T1 108.12500 70.28611 .943 -131.0209 347.2709 

T2 -49.37500 70.28611 1.000 -288.5209 189.7709 

T4 1.87500 70.28611 1.000 -237.2709 241.0209 

T5 59.50000 70.28611 1.000 -179.6459 298.6459 

T6 -148.12500 70.28611 .658 -387.2709 91.0209 

T7 -51.75000 70.28611 1.000 -290.8959 187.3959 

T8 -38.12500 70.28611 1.000 -277.2709 201.0209 
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T9 41.87500 70.28611 1.000 -197.2709 281.0209 

T10 -185.12500 70.28611 .306 -424.2709 54.0209 

T11 74.00000 70.28611 .998 -165.1459 313.1459 

T12 -107.50000 70.28611 .945 -346.6459 131.6459 

T13 102.62500 70.28611 .961 -136.5209 341.7709 

T4 T1 106.25000 70.28611 .950 -132.8959 345.3959 

T2 -51.25000 70.28611 1.000 -290.3959 187.8959 

T3 -1.87500 70.28611 1.000 -241.0209 237.2709 

T5 57.62500 70.28611 1.000 -181.5209 296.7709 

T6 -150.00000 70.28611 .640 -389.1459 89.1459 

T7 -53.62500 70.28611 1.000 -292.7709 185.5209 

T8 -40.00000 70.28611 1.000 -279.1459 199.1459 

T9 40.00000 70.28611 1.000 -199.1459 279.1459 

T10 -187.00000 70.28611 .291 -426.1459 52.1459 

T11 72.12500 70.28611 .998 -167.0209 311.2709 

T12 -109.37500 70.28611 .938 -348.5209 129.7709 

T13 100.75000 70.28611 .966 -138.3959 339.8959 

T5 T1 48.62500 70.28611 1.000 -190.5209 287.7709 

T2 -108.87500 70.28611 .940 -348.0209 130.2709 

T3 -59.50000 70.28611 1.000 -298.6459 179.6459 

T4 -57.62500 70.28611 1.000 -296.7709 181.5209 

T6 -207.62500 70.28611 .157 -446.7709 31.5209 

T7 -111.25000 70.28611 .931 -350.3959 127.8959 

T8 -97.62500 70.28611 .973 -336.7709 141.5209 

T9 -17.62500 70.28611 1.000 -256.7709 221.5209 

T10 -244.62500* 70.28611 .040 -483.7709 -5.4791 

T11 14.50000 70.28611 1.000 -224.6459 253.6459 

T12 -167.00000 70.28611 .470 -406.1459 72.1459 

T13 43.12500 70.28611 1.000 -196.0209 282.2709 

T6 T1 256.25000* 70.28611 .025 17.1041 495.3959 

T2 98.75000 70.28611 .971 -140.3959 337.8959 

T3 148.12500 70.28611 .658 -91.0209 387.2709 
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T4 150.00000 70.28611 .640 -89.1459 389.1459 

T5 207.62500 70.28611 .157 -31.5209 446.7709 

T7 96.37500 70.28611 .976 -142.7709 335.5209 

T8 110.00000 70.28611 .936 -129.1459 349.1459 

T9 190.00000 70.28611 .268 -49.1459 429.1459 

T10 -37.00000 70.28611 1.000 -276.1459 202.1459 

T11 222.12500 70.28611 .096 -17.0209 461.2709 

T12 40.62500 70.28611 1.000 -198.5209 279.7709 

T13 250.75000* 70.28611 .031 11.6041 489.8959 

T7 T1 159.87500 70.28611 .541 -79.2709 399.0209 

T2 2.37500 70.28611 1.000 -236.7709 241.5209 

T3 51.75000 70.28611 1.000 -187.3959 290.8959 

T4 53.62500 70.28611 1.000 -185.5209 292.7709 

T5 111.25000 70.28611 .931 -127.8959 350.3959 

T6 -96.37500 70.28611 .976 -335.5209 142.7709 

T8 13.62500 70.28611 1.000 -225.5209 252.7709 

T9 93.62500 70.28611 .981 -145.5209 332.7709 

T10 -133.37500 70.28611 .792 -372.5209 105.7709 

T11 125.75000 70.28611 .850 -113.3959 364.8959 

T12 -55.75000 70.28611 1.000 -294.8959 183.3959 

T13 154.37500 70.28611 .596 -84.7709 393.5209 

T8 T1 146.25000 70.28611 .677 -92.8959 385.3959 

T2 -11.25000 70.28611 1.000 -250.3959 227.8959 

T3 38.12500 70.28611 1.000 -201.0209 277.2709 

T4 40.00000 70.28611 1.000 -199.1459 279.1459 

T5 97.62500 70.28611 .973 -141.5209 336.7709 

T6 -110.00000 70.28611 .936 -349.1459 129.1459 

T7 -13.62500 70.28611 1.000 -252.7709 225.5209 

T9 80.00000 70.28611 .995 -159.1459 319.1459 

T10 -147.00000 70.28611 .669 -386.1459 92.1459 

T11 112.12500 70.28611 .927 -127.0209 351.2709 

T12 -69.37500 70.28611 .999 -308.5209 169.7709 
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T13 140.75000 70.28611 .728 -98.3959 379.8959 

T9 T1 66.25000 70.28611 .999 -172.8959 305.3959 

T2 -91.25000 70.28611 .985 -330.3959 147.8959 

T3 -41.87500 70.28611 1.000 -281.0209 197.2709 

T4 -40.00000 70.28611 1.000 -279.1459 199.1459 

T5 17.62500 70.28611 1.000 -221.5209 256.7709 

T6 -190.00000 70.28611 .268 -429.1459 49.1459 

T7 -93.62500 70.28611 .981 -332.7709 145.5209 

T8 -80.00000 70.28611 .995 -319.1459 159.1459 

T10 -227.00000 70.28611 .080 -466.1459 12.1459 

T11 32.12500 70.28611 1.000 -207.0209 271.2709 

T12 -149.37500 70.28611 .646 -388.5209 89.7709 

T13 60.75000 70.28611 1.000 -178.3959 299.8959 

T10 T1 293.25000* 70.28611 .004 54.1041 532.3959 

T2 135.75000 70.28611 .773 -103.3959 374.8959 

T3 185.12500 70.28611 .306 -54.0209 424.2709 

T4 187.00000 70.28611 .291 -52.1459 426.1459 

T5 244.62500* 70.28611 .040 5.4791 483.7709 

T6 37.00000 70.28611 1.000 -202.1459 276.1459 

T7 133.37500 70.28611 .792 -105.7709 372.5209 

T8 147.00000 70.28611 .669 -92.1459 386.1459 

T9 227.00000 70.28611 .080 -12.1459 466.1459 

T11 259.12500* 70.28611 .022 19.9791 498.2709 

T12 77.62500 70.28611 .996 -161.5209 316.7709 

T13 287.75000* 70.28611 .006 48.6041 526.8959 

T11 T1 34.12500 70.28611 1.000 -205.0209 273.2709 

T2 -123.37500 70.28611 .866 -362.5209 115.7709 

T3 -74.00000 70.28611 .998 -313.1459 165.1459 

T4 -72.12500 70.28611 .998 -311.2709 167.0209 

T5 -14.50000 70.28611 1.000 -253.6459 224.6459 

T6 -222.12500 70.28611 .096 -461.2709 17.0209 

T7 -125.75000 70.28611 .850 -364.8959 113.3959 
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T8 -112.12500 70.28611 .927 -351.2709 127.0209 

T9 -32.12500 70.28611 1.000 -271.2709 207.0209 

T10 -259.12500* 70.28611 .022 -498.2709 -19.9791 

T12 -181.50000 70.28611 .336 -420.6459 57.6459 

T13 28.62500 70.28611 1.000 -210.5209 267.7709 

T12 T1 215.62500 70.28611 .120 -23.5209 454.7709 

T2 58.12500 70.28611 1.000 -181.0209 297.2709 

T3 107.50000 70.28611 .945 -131.6459 346.6459 

T4 109.37500 70.28611 .938 -129.7709 348.5209 

T5 167.00000 70.28611 .470 -72.1459 406.1459 

T6 -40.62500 70.28611 1.000 -279.7709 198.5209 

T7 55.75000 70.28611 1.000 -183.3959 294.8959 

T8 69.37500 70.28611 .999 -169.7709 308.5209 

T9 149.37500 70.28611 .646 -89.7709 388.5209 

T10 -77.62500 70.28611 .996 -316.7709 161.5209 

T11 181.50000 70.28611 .336 -57.6459 420.6459 

T13 210.12500 70.28611 .145 -29.0209 449.2709 

T13 T1 5.50000 70.28611 1.000 -233.6459 244.6459 

T2 -152.00000 70.28611 .620 -391.1459 87.1459 

T3 -102.62500 70.28611 .961 -341.7709 136.5209 

T4 -100.75000 70.28611 .966 -339.8959 138.3959 

T5 -43.12500 70.28611 1.000 -282.2709 196.0209 

T6 -250.75000* 70.28611 .031 -489.8959 -11.6041 

T7 -154.37500 70.28611 .596 -393.5209 84.7709 

T8 -140.75000 70.28611 .728 -379.8959 98.3959 

T9 -60.75000 70.28611 1.000 -299.8959 178.3959 

T10 -287.75000* 70.28611 .006 -526.8959 -48.6041 

T11 -28.62500 70.28611 1.000 -267.7709 210.5209 

T12 -210.12500 70.28611 .145 -449.2709 29.0209 

VolCH4 T1 T2 -76.20175 48.02291 .930 -239.5979 87.1944 

T3 -16.52050 48.02291 1.000 -179.9167 146.8757 

T4 -47.21000 48.02291 .999 -210.6062 116.1862 
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T5 5.04825 48.02291 1.000 -158.3479 168.4444 

T6 -77.44750 48.02291 .921 -240.8437 85.9487 

T7 -62.30650 48.02291 .985 -225.7027 101.0897 

T8 -100.77175 48.02291 .665 -264.1679 62.6244 

T9 -21.25350 48.02291 1.000 -184.6497 142.1427 

T10 -202.96250* 48.02291 .004 -366.3587 -39.5663 

T11 -17.17625 48.02291 1.000 -180.5724 146.2199 

T12 -129.55238 48.02291 .271 -292.9485 33.8438 

T13 -12.28125 48.02291 1.000 -175.6774 151.1149 

T2 T1 76.20175 48.02291 .930 -87.1944 239.5979 

T3 59.68125 48.02291 .989 -103.7149 223.0774 

T4 28.99175 48.02291 1.000 -134.4044 192.3879 

T5 81.25000 48.02291 .893 -82.1462 244.6462 

T6 -1.24575 48.02291 1.000 -164.6419 162.1504 

T7 13.89525 48.02291 1.000 -149.5009 177.2914 

T8 -24.57000 48.02291 1.000 -187.9662 138.8262 

T9 54.94825 48.02291 .995 -108.4479 218.3444 

T10 -126.76075 48.02291 .303 -290.1569 36.6354 

T11 59.02550 48.02291 .990 -104.3707 222.4217 

T12 -53.35063 48.02291 .996 -216.7468 110.0455 

T13 63.92050 48.02291 .981 -99.4757 227.3167 

T3 T1 16.52050 48.02291 1.000 -146.8757 179.9167 

T2 -59.68125 48.02291 .989 -223.0774 103.7149 

T4 -30.68950 48.02291 1.000 -194.0857 132.7067 

T5 21.56875 48.02291 1.000 -141.8274 184.9649 

T6 -60.92700 48.02291 .987 -224.3232 102.4692 

T7 -45.78600 48.02291 .999 -209.1822 117.6102 

T8 -84.25125 48.02291 .866 -247.6474 79.1449 

T9 -4.73300 48.02291 1.000 -168.1292 158.6632 

T10 -186.44200* 48.02291 .012 -349.8382 -23.0458 

T11 -.65575 48.02291 1.000 -164.0519 162.7404 

T12 -113.03188 48.02291 .485 -276.4280 50.3643 
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T13 4.23925 48.02291 1.000 -159.1569 167.6354 

T4 T1 47.21000 48.02291 .999 -116.1862 210.6062 

T2 -28.99175 48.02291 1.000 -192.3879 134.4044 

T3 30.68950 48.02291 1.000 -132.7067 194.0857 

T5 52.25825 48.02291 .997 -111.1379 215.6544 

T6 -30.23750 48.02291 1.000 -193.6337 133.1587 

T7 -15.09650 48.02291 1.000 -178.4927 148.2997 

T8 -53.56175 48.02291 .996 -216.9579 109.8344 

T9 25.95650 48.02291 1.000 -137.4397 189.3527 

T10 -155.75250 48.02291 .077 -319.1487 7.6437 

T11 30.03375 48.02291 1.000 -133.3624 193.4299 

T12 -82.34238 48.02291 .884 -245.7385 81.0538 

T13 34.92875 48.02291 1.000 -128.4674 198.3249 

T5 T1 -5.04825 48.02291 1.000 -168.4444 158.3479 

T2 -81.25000 48.02291 .893 -244.6462 82.1462 

T3 -21.56875 48.02291 1.000 -184.9649 141.8274 

T4 -52.25825 48.02291 .997 -215.6544 111.1379 

T6 -82.49575 48.02291 .882 -245.8919 80.9004 

T7 -67.35475 48.02291 .971 -230.7509 96.0414 

T8 -105.82000 48.02291 .591 -269.2162 57.5762 

T9 -26.30175 48.02291 1.000 -189.6979 137.0944 

T10 -208.01075* 48.02291 .002 -371.4069 -44.6146 

T11 -22.22450 48.02291 1.000 -185.6207 141.1717 

T12 -134.60062 48.02291 .219 -297.9968 28.7955 

T13 -17.32950 48.02291 1.000 -180.7257 146.0667 

T6 T1 77.44750 48.02291 .921 -85.9487 240.8437 

T2 1.24575 48.02291 1.000 -162.1504 164.6419 

T3 60.92700 48.02291 .987 -102.4692 224.3232 

T4 30.23750 48.02291 1.000 -133.1587 193.6337 

T5 82.49575 48.02291 .882 -80.9004 245.8919 

T7 15.14100 48.02291 1.000 -148.2552 178.5372 

T8 -23.32425 48.02291 1.000 -186.7204 140.0719 
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T9 56.19400 48.02291 .994 -107.2022 219.5902 

T10 -125.51500 48.02291 .318 -288.9112 37.8812 

T11 60.27125 48.02291 .988 -103.1249 223.6674 

T12 -52.10488 48.02291 .997 -215.5010 111.2913 

T13 65.16625 48.02291 .978 -98.2299 228.5624 

T7 T1 62.30650 48.02291 .985 -101.0897 225.7027 

T2 -13.89525 48.02291 1.000 -177.2914 149.5009 

T3 45.78600 48.02291 .999 -117.6102 209.1822 

T4 15.09650 48.02291 1.000 -148.2997 178.4927 

T5 67.35475 48.02291 .971 -96.0414 230.7509 

T6 -15.14100 48.02291 1.000 -178.5372 148.2552 

T8 -38.46525 48.02291 1.000 -201.8614 124.9309 

T9 41.05300 48.02291 1.000 -122.3432 204.4492 

T10 -140.65600 48.02291 .167 -304.0522 22.7402 

T11 45.13025 48.02291 .999 -118.2659 208.5264 

T12 -67.24588 48.02291 .972 -230.6420 96.1503 

T13 50.02525 48.02291 .998 -113.3709 213.4214 

T8 T1 100.77175 48.02291 .665 -62.6244 264.1679 

T2 24.57000 48.02291 1.000 -138.8262 187.9662 

T3 84.25125 48.02291 .866 -79.1449 247.6474 

T4 53.56175 48.02291 .996 -109.8344 216.9579 

T5 105.82000 48.02291 .591 -57.5762 269.2162 

T6 23.32425 48.02291 1.000 -140.0719 186.7204 

T7 38.46525 48.02291 1.000 -124.9309 201.8614 

T9 79.51825 48.02291 .907 -83.8779 242.9144 

T10 -102.19075 48.02291 .644 -265.5869 61.2054 

T11 83.59550 48.02291 .872 -79.8007 246.9917 

T12 -28.78063 48.02291 1.000 -192.1768 134.6155 

T13 88.49050 48.02291 .823 -74.9057 251.8867 

T9 T1 21.25350 48.02291 1.000 -142.1427 184.6497 

T2 -54.94825 48.02291 .995 -218.3444 108.4479 

T3 4.73300 48.02291 1.000 -158.6632 168.1292 
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T4 -25.95650 48.02291 1.000 -189.3527 137.4397 

T5 26.30175 48.02291 1.000 -137.0944 189.6979 

T6 -56.19400 48.02291 .994 -219.5902 107.2022 

T7 -41.05300 48.02291 1.000 -204.4492 122.3432 

T8 -79.51825 48.02291 .907 -242.9144 83.8779 

T10 -181.70900* 48.02291 .016 -345.1052 -18.3128 

T11 4.07725 48.02291 1.000 -159.3189 167.4734 

T12 -108.29888 48.02291 .555 -271.6950 55.0973 

T13 8.97225 48.02291 1.000 -154.4239 172.3684 

T10 T1 202.96250* 48.02291 .004 39.5663 366.3587 

T2 126.76075 48.02291 .303 -36.6354 290.1569 

T3 186.44200* 48.02291 .012 23.0458 349.8382 

T4 155.75250 48.02291 .077 -7.6437 319.1487 

T5 208.01075* 48.02291 .002 44.6146 371.4069 

T6 125.51500 48.02291 .318 -37.8812 288.9112 

T7 140.65600 48.02291 .167 -22.7402 304.0522 

T8 102.19075 48.02291 .644 -61.2054 265.5869 

T9 181.70900* 48.02291 .016 18.3128 345.1052 

T11 185.78625* 48.02291 .012 22.3901 349.1824 

T12 73.41012 48.02291 .946 -89.9860 236.8063 

T13 190.68125* 48.02291 .009 27.2851 354.0774 

T11 T1 17.17625 48.02291 1.000 -146.2199 180.5724 

T2 -59.02550 48.02291 .990 -222.4217 104.3707 

T3 .65575 48.02291 1.000 -162.7404 164.0519 

T4 -30.03375 48.02291 1.000 -193.4299 133.3624 

T5 22.22450 48.02291 1.000 -141.1717 185.6207 

T6 -60.27125 48.02291 .988 -223.6674 103.1249 

T7 -45.13025 48.02291 .999 -208.5264 118.2659 

T8 -83.59550 48.02291 .872 -246.9917 79.8007 

T9 -4.07725 48.02291 1.000 -167.4734 159.3189 

T10 -185.78625* 48.02291 .012 -349.1824 -22.3901 

T12 -112.37613 48.02291 .495 -275.7723 51.0200 
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T13 4.89500 48.02291 1.000 -158.5012 168.2912 

T12 T1 129.55238 48.02291 .271 -33.8438 292.9485 

T2 53.35063 48.02291 .996 -110.0455 216.7468 

T3 113.03188 48.02291 .485 -50.3643 276.4280 

T4 82.34238 48.02291 .884 -81.0538 245.7385 

T5 134.60062 48.02291 .219 -28.7955 297.9968 

T6 52.10488 48.02291 .997 -111.2913 215.5010 

T7 67.24588 48.02291 .972 -96.1503 230.6420 

T8 28.78063 48.02291 1.000 -134.6155 192.1768 

T9 108.29888 48.02291 .555 -55.0973 271.6950 

T10 -73.41012 48.02291 .946 -236.8063 89.9860 

T11 112.37613 48.02291 .495 -51.0200 275.7723 

T13 117.27113 48.02291 .425 -46.1250 280.6673 

T13 T1 12.28125 48.02291 1.000 -151.1149 175.6774 

T2 -63.92050 48.02291 .981 -227.3167 99.4757 

T3 -4.23925 48.02291 1.000 -167.6354 159.1569 

T4 -34.92875 48.02291 1.000 -198.3249 128.4674 

T5 17.32950 48.02291 1.000 -146.0667 180.7257 

T6 -65.16625 48.02291 .978 -228.5624 98.2299 

T7 -50.02525 48.02291 .998 -213.4214 113.3709 

T8 -88.49050 48.02291 .823 -251.8867 74.9057 

T9 -8.97225 48.02291 1.000 -172.3684 154.4239 

T10 -190.68125* 48.02291 .009 -354.0774 -27.2851 

T11 -4.89500 48.02291 1.000 -168.2912 158.5012 

T12 -117.27113 48.02291 .425 -280.6673 46.1250 
*. The mean difference is significant at the 0.05 

level. 
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Appendix 12: Total nitrogen and available phosphorus content of the slurry 

Digesters TN (ppm) TP (ppm) 

T1 146.00 6.80 

T2 7.25 5.60 

T3 96.00 7.30 

T4 150.00 3.80 

T5 96.00 2.50 

T6 0.95 11.00 

T7 148.00 35.00 

T8 138.00 20.00 

T9 86.00 86.00 

T10 0.56 95.00 

T11 6.32 8.10 

T12 5.31 8.90 

T13 400.00 98.50 
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