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ABSTRACT 

 
Food waste is increasingly becoming a major problem in MU imposing serious environmental impact. Conversion of the food 

waste using anaerobic digestion (a series of biological processes in which microorganisms break down biodegradable material in the 

absence of oxygen.) to biogas energy is a best option for the management of food waste and for replacement of traditional fuel used 

(coal) which has been employed for cooking and heating application. In addition, the slurry produced from the process provides 

digestate which is a source of fertilizer. This paper investigates the potential of food waste leftover in MIT to produce biogas. The 

total solid, volatile solids, moisture content and ash content of the  food waste were 40%, 71.87%, 60%, and 28.13% respectively. The 

food waste and water were mixed in a ratio of 1 to 4 to optimize the biogas yield. The mixing ratio of food waste sample and water 

was determined by carrying out a series of experiments. A volume of 18.75m3 fixed dome end anaerobic digester was designed 

underground based on HRT and the daily substrate input in MIT campus. The amount of biogas produced from the experimental set 

up was measured by syringe method and the production rate was predicted by modified Gomprtez mathematical equation. 

Furthermore, process simulation was performed by super pro designer V.9 to estimate the biogas production rate and the amount of 

residue (digestate) produced from a daily input. The biogas produced from an input of 100kg food waste mixed with 400 liter of water 

per day has a composition of 52.24 % methane, 47.75 % carbon dioxide, 0.01 % of hydrogen sulfide and 0.0000071 % of water.  

Keywords:-  Digestate, Biogas, anaerobic digestion, fertilizer, HRT, slurry and process simulate.
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I. INTRODUCTION 

 

A. Background 

In today’s fast-growing world, the rate of accumulation of waste is rising at unexpected rate. As urbanization proceeds to take 

place, management of potential wastes including cafeteria waste, plastic waste, paper waste, and municipal solid waste is becoming a 

main public health and environmental concern. Especially, it is a serious concern in cities, universities and many industry sectors (Dr 

Mary, Ayele, & Abineh, 2015).   

Currently, the world is transferring from petroleum-based to a bio-based national economy due to the increasing prices and 

environmental effect of fossil fuels, in this instance,  biological  wastes,  which  are usually considered   as  low-valued  materials,  are  

now  being converted  from high volume waste dumping  environmental crisis  to constituting sustainable resources  for  the  

production  of  eco-friendly  and  clean  fuels (Jan Ros & Jos, 2012). Biological wastes mainly consist of high level of cellulose, lipids, 

starch, proteins which are good alternative for the technological production of energy without having influence with the fast growing 

need for world’s consumption of food supply (Anna , Annika , Sepehr , & Bo , 2014). An important step towards a sustainable waste 

management system is to augment the waste reduction, reuse and recycle fashion with technologies that actually reduce solid waste 

accumulation (Pinderhughes, 2004).  

Biogas-generating technology is a favorable dual-purpose technology at this time, as the biogas generated can be used to meet 

energy requirements while the organic residue is used as fertilizer (Sari , Argo , & Mats , 2011). 

Currently, in Ethiopianumerousindustries, universities and other discharges a substantial and significant amount of food waste to 

the environment that could result an ill-impact in the surrounding. More emphasis,  a lot of food wastes are discharged from cafeteria 

and lounges of all Ethiopian universities. Mekelle University (MU) is one of these universities which generates large amount of food 

waste accumulated from the five respective campuses and MU invests lots of money and manpower to dispose safely the food waste. 

In this study the possibility of converting food waste accumulated in Mekelle University into biogas was investigated. 

B. Statement of the problem 

Ethiopia is exposed to international price volatility that affects its balance of payment due to dependence on fossil fuel import. 

Furthermore, our country is facing a big problem with the accumulation of food waste released from cafeterias and other sectors. 
Especially, there is a huge accumulation of food waste in the Ethiopian universities. Mekelle University which is one of the Ethiopian 

universities contributes a lot to this phenomenon. There is huge discharge of food waste as the university contains many students that 

consume their food in the provided cafeteria. The food leftover in the cafeteria is causing a major environmental and health problems, 

starting from the bad smell  that influence health of human beings to the serious environmental problem caused by the releasing of  

greenhouse gases. In addition to that, land of the university is filling with food waste and the university is investing more money to 

sanitize the environment. The best option to alleviate this problem could be to find sustainable remedy such that to transform all those 

food waste to energy-biogas. This option not only minimizes the problem associated with food waste accumulation in the university 

but also it is an alternative source of energy that could be used for many applications such as heating, cooking and lighting.  

C. Objective of the study 

 General objective 

The main objective of the project was to simulate and design a biogas plant using food waste as feedstock.   

 Specific objectives 

The specific objectives of the project were:  

 To characterize physicochemical properties of food waste including TS, moisture content, fixed solid and VS.  

 To determine the optimum mixing ratio of water and food waste for biogas production. 

 To develop lab scale biogas production system and determine the amount of biogas produced from sampled food waste.  
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II. LITERATURE REVIEW 

 
Now a day’s transformation of energy system from fossil to renewable sources is occurred for a purpose of decreasing the 

environmental changes and increasing energy security (Anonymous, 2013). Use of biomass (organic matter containing solid and 

biological waste), as a renewable energy source plays a key role in reducing the environmental impact of burning fossil fuels to 

produce energy (McKendry, 2001). Among biomass based energies, biogas is an interesting option with a large potential, offering 

many exciting possibilities to supplant and therefore reduce the dependence on fossil fuels (Anonymous, 2013). Biogas is a renewable 

form of energy which serves us heating, cooking and lighting purposes.  

A. Biogas 

Biogas is a combustible mixture of gases mainly of methane (CH4) and carbon dioxide (CO2) and is formed from the anaerobic 

bacterial decomposition of organic compounds (Peter , 2009). 

  Characteristics of biogas 

Biogas is characterized based on its chemical composition and the physical characteristics which result from it. It is primarily a 

mixture of methane (CH4) and inert carbon dioxide gas (CO2). However the name “biogas” gathers a large variety of gases resulting 

from specific treatment processes, starting from various organic wastes - industries, animal or domestic origin waste etc. Different 

sources of production lead to different specific compositions. The presence of H2S, CO2 and water make biogas very corrosive and 

require the use of adapted materials. The composition of a gas issued from a digester depends on the substrate, of its organic matter, 

and the feeding rate of the digester (Placeholder4). Biogas is a gas appreciably lighter than air; it produces twice as fewer calories by 

combustion with equal volume of natural gas. (Ytayal, May, 2011) 

Characteristics  Value / behavior 

Color when it ignites blue 

Smell  Rotten eggs 

Calorific value kwh/m3 4-7.5 

Table 1. Physical characteristics of biogas 

 
Source: Study on biogas energy production from leaves of Justicia. Addis Ababa (Ytayal, May, 2011) 

 

 
components 

 

Biogas from  
House hold waste 

 

Biogas from Waste water 
treatment plants 

Biogas from 

Agricultural waste 

Biogas from 

Food industry 
waste 

CH4% vol 50-60 6-75 60-75 68 

CO2% vol 34-38 19-33 19-33 26 

H2O% vol 6(at 40oc) 6(at 40oc) 6(at 40oc) 6(at 40oc) 

H2S mg/m3 100-900 100-400 3000-10000 400 

NH3 mg/m3 - - 50-100 - 

Table 2. Biogas composition for various feed stocks 

 
Source: Biogas composition (2009) 

B. Feedstock’s for biogas production 

Biogas  can  be  generated  from  organic  matter  including  manure,  food waste ,municipal solid waste, biodegradable waste or 

any other biodegradable feed stock under an aerobic condition (Zemene, 2010).  

 Biogas from manure 

The basic component contributing to the organic strength of manure is organic solids. The most important parameters for 

characterizing these slurries are total solids content (TS) and volatile solids content (VS). There is an upper limit for TS content above 

which the material is no longer slurry, and mixing and pumping becomes problematic. This upper limit for TS is dependent on the 

properties of the solids making up the slurry. For manure this occurs at TS of 10-15% (Wilkie, 2015). VS content of the material is 

also an important as the TS content for the production of biogas from manure, since it represents the fraction of the solid material that 

may be transformed into biogas. Most manure from municipal wastes has a VS content of 70-90% of the TS content. The fixed solids 

(FS, also termed the ash content) is comprised of inorganic material (grit, minerals and salts), which dilute energy content and can 

impact the treatment process (Wilkie, 2015).  
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Manure is an easy choice for anaerobic digestion because it generally has a neutral pH and a high buffering capacity (the ability 

to resist changes in pH); contains a naturally occurring mix of microbes responsible for anaerobic degradation. However it is a lower-

energy feedstock because it is predigested in the gastrointestinal tracts of the animals (Louis & Dana , 2014).  

 Biogas from Municipal Solid Waste 

Anaerobic digestion of municipal solid waste can lead to biogas generation since this waste contains organic compounds which 

can be converted to methane by action of microorganisms. For MSW, the quantity of methane is significant and typically amounts to 

around 100 to 200 cubic meters of biogas per ton of organic MSW digested (Wilkie, 2015). Generation of biogas from municipal solid 

waste is costly as it contains so many wastes other than the organic compounds which are basic to the biogas production, they have to 

be pretreated. 

 Biogas From food waste 

Food waste is rich in organic matter. Subjecting this waste into anaerobic digestion provides high quality biogas. (F & Doelle K, 

2015). Converting food waste of universities is crucial both environmentally as it decreases carbon emission and bad smiles and 

economically as it needs low construction and operation costs. The TS% and VS% of Ethiopian food (enjera) is 39.43% and 93.78 

respectively (Leta , 2015)currently numerous biogas stations are available in Ethiopia. The feedstock they are using to generate the 

energy is cow dung but in one of the Ethiopian universities, AAU, food waste mixed with human excreta was used to generate the 

biogas. The composition of Ethiopian teffenjera is given in Table 3 (Awash, 2011).   

Component Composition (%w/w) 

Carbohydrates 86.4 

Proteins 11.3 

Lipids 2.3  

Table 3. Composition of teffenjera 

 

C. Biogas production (Anaerobic digestion) process 

Anaerobic digestion is a series of biological process that use a different group of bacteria to break down organic compounds in a 

biomass to produce biogas in the absence of oxygen (Howard & Lide). Anaerobic digestion provides  both  fuel  and  fertilizer,  while  

options  on  biomass  uses  without anaerobic digestion (burning, and  composting) provide either one or the other, but not both.The 
biogas process is often divided into four steps: Hydrolysis, acidogenesis, acetogenesis, and methanogenesis, where different groups of 

bacteria are each responsible for a step. 

 Hydrolysis 

Enzymatic  hydrolysis  is  the  process  where  the  fats, starches  and  proteins  contained  in  biomass are  broken  down  into  

simple  compounds. Polymers are transformed into soluble monomers through enzymatic hydrolysis.These monomers  become 

substrates for the microorganisms  in  the  second  stage  where  they  are converted  in  to  organic  acids  by  a  group  of  bacteria 

(Ytayal , 2015).  

 Acidogenesis 

The resultant product (monomers) obtained in hydrolysis stage serve as input for acid formation stage. Products produced in 

previous stage are fermented under anaerobic conditions to form different acids. The major products produced at the end of this stage 

are acetic acid, propionic acid, butyric acid and ethanol etc. (Trinayan, 2014). 

 Acetogenesis 

In this stage, intermediate products and acids other than acetate that were formed in the acidogenesis stage are further converted 

to acetic acid as well as carbon-dioxide and hydrogen by different anaerobic oxidation reaction involving so called acetogenic 

bacteria. In a stable anaerobic digestion, the acetate and H2-producing bacteria called acetogenic bacteria transform the products of 

acidogenesis into acetate, hydrogen and carbon dioxide which are substrate for the methanogens (Gizachew, 2011).  

 Methanogenesis 

This is the step in which organic acids which are  formed above are  converted  into  methane  (CH4)  and  CO2 by  the  bacteria 
which are strictly anaerobes, called methane fermenters .In  this  step,  methanogenic  bacteria  generate  methane  by  two  routes,  by  

fermenting  acetic acid to methane (CH4) and CO2 and by reducing CO2 via hydrogen gas or by other bacterial species (Ytayal , 2015). 

D.  Operational parameters of anaerobic digestion process 

For a biogas process to be effective and productive, there are a number of parameters that have to be adjusted. 
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 Anaerobic environment 

The methanogens need an oxygen-free environment as they are obligatory anaerobic. A biogas reactor therefore has to be 
airtight. The small amount of oxygen dissolved in the liquid/biomass fed to the plant is quickly used up by, for example, aerobic 

bacteria that must have oxygen, or by facultative anaerobic bacteria that can use oxygen for their respiration, if it is present 

(Jørgensen, 2009).  

  Temperature 

Both  fixed  temperature  at  which  bio-digestion take  place  and  temperature  fluctuation  affect  the quantity  and  quality  of  

biogas  production.   Methane  bacteria  (methanogenes)  work best  at  a  temperature  of  35-38  °C  and  fall  in  gas production starts 

at 20 °C and stops at a temperature of 10-13  °C. In  this  connection,  there  are  two significant  temperature  zones  in  anaerobic  

digestion and  two  types  of  microorganisms  that  should  be considered, mesophilic and thermophilic. The optimum mesophilic 

temperature lies at about 35 °C, while the thermophilic temperature is around 55 °C (Ytayal , 2015).   

 Carbon/Nitrogen (C/N) ratio 

The ratio of carbon to nitrogen present in the feed material is called C: N ratio. It is a crucial factor in maintaining perfect 

environment for digestion. Carbon is used for energy and nitrogen for building the cell structure. Optimum condition for anaerobic 

digestion to take place ranges from 20 to 30. This means the bacteria use up carbon about 20 to 30 times faster than they use up 

nitrogen.  

When there is too much carbon in the raw wastes, nitrogen will be used up first and carbon left over. This will make the 

digestion slow down and eventually stops. On the other hand if there is too much nitrogen, the carbon soon becomes exhausted and 

fermentation stops. The nitrogen left over will combine with hydrogen to form ammonia. This can kill or inhibit the growth of bacteria 

specially the methane producers (Trinayan, 2014). 

 pH 
The substrate’s acidity is measured by pH, which is an important parameter affecting the growth of microbes during anaerobic 

digestion. Anaerobic bacteria, especially the methanogens, are sensitive to the acid concentration within the digester and their growth 

can be inhibited by acidic conditions (Gizachew, 2011). For optimal performance of the microbes, the pH within the digester should 

be kept in the range of 6.5 - 7.5.  The pH value below or above this interval may restrain the process in the reactor since micro-

organisms and their enzymes are sensitive to pH deviation. 

 Hydraulic retention time 

The average time spent by the biomass inside a continuous biogas plant before it comes out from the digester is known as the 
hydraulic retention time, also abbreviated as HRT. The required retention time for completion of the AD reactions varies with  

differing technologies, process temperature, and waste composition. The retention time for wastes treated in mesophilic digester range 

from 10 to 40 days. Lower retention times are required in digesters operated in the thermophilic range (Gizachew, 2011). 
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III. MATERIALS AND METHODS 

 

A. Materials, Equipment and soft wares 

The following materials and equipment were used in the small scale experiment set up.  

 Plastic bottle  

 Water tube   
 Rubber Hose  

 Balloon   

 pH meter  

 Thermometer  

 Oven  

 Bunsen burner  

 Weight balance  

 Blast furnace  

 Heat sucker  

 Boiler  

 Water  
 Sample of food waste   

 Flasks  

 Syringe  

 Agitator  

 Microsoft excel 

 Super pro designer 

B.  Procedure 

The basic steps used for the production of biogas from food waste were:  sample collection, size reduction, slurry preparation, 

characterization of food waste, anaerobic digestion and finally the biogas was measured using syringe method. 

  Sample collection and size reduction 

Sample of food waste was taken from main campus of Mekelle University using plastic bag and was transported to the 

laboratory of microbiology department. The size reduction method of the food waste was proposed to be grinder but was not found 

there instead it was reduced using a gloved hand. 

 Slurry preparation 

In this procedure, different slurries concentrations were prepared as given in table-1and 2 below.  

Slurry number  Food waste in g Water in ml  Ratio  

1 200 500 1:2.5 

2 100 500 1:5 

3 50 500 1:10 

Table 4. Slurry prepared having different amount of food waste at constant water 

 

Slurry number  Food waste  in g  Water in ml  Ratio  

1 200 250 1:1.25 

2 200 800 1:4 

 3 200 1500 1:7.5 

Table 5. Slurry prepared having different amount of water at constant food waste 

 

To know the best slurry concentration (best ratio of food waste and water) that can be used for biogas plant design, six different 

slurry concentrations were prepared. The water was heated and raised its temperature to 40 0C and was mixed properly with an 

agitator.   
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(A)                                         (B)                                  (C) 

Fig 1:- Weight balance (A), Graduated cylinder (B), Boiling using Bunsen burner (C) 

 

 Physiochemical Characterization of food waste 

Food waste Characterizing should be undertake in biogas production system. The parameters that had been characterized in this 

study were: total solid (TS %), volatile solid (VS %), moisture content and fixed solid. 

  Total solid 

100 gram sample of food waste was weighed using a calibrated  weight balance and was placed inside an oven at 105°C using a 

crucible and allowed to stay for 22 hours, then taken out, cooled in a heat sucker and was weighed. Then the percentage of the TS was 

calculated using the following equation:  

TS % = (Final weight/Initial weight) * 100 ………………Equation (1) 

 

Fig 2:- Oven 

 

 Volatile solid 

The weighed total solid was placed in blast furnace at a temperature of 550 0C for 4 hours. Then the sample was taken out, 

cooled in a heat sucker and weighed. The amount of volatile solid of the sample was calculated using the following equation.    

VS % = [(V2-V3/V1)] *100 …………………Equation (2) 

V1= total solid   

V2= Weight of total solid & crucible. 

V3= Weight of ash & crucible   
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(A) (B) 

Fig 3:- Crucible with ash (A) and     Heat sucker (B) 

 Fixed solid (FS) 

The fixed solid was calculated using the following formula.  

FS = TS-VS…………………Equation (3) 

 Moisture content 

The amount of liquid present in a sample was estimated by:   

100- Total solid…………………Equation (4) 

 Anaerobic digestion 

In this procedure, anaerobic digestion with inoculum and without inoculum was performed to know the effect of inoculum in the 

biogas production.      

  Experimentation set up without inoculant  

Laboratory scales anaerobic batch digesters with different amount of food waste and water were used in this experiment. In the 

first set up of the experiment the digesters were set with temperature of 400C and with retention time of 30 days.   

The procedures used for this experiment were:  

1. The prepared slurries were introduced to the different leveled plastic bottles.  

2. Balloons were tied at the top of the bottle attaching with 30 cm tube. The balloons were used to collect the biogas produced. 

3. The plastic bottles were sealed properly in order to avoid any contamination with environment and to be anaerobic condition.  

 

Fig 4:- Different anaerobic digesters 

 

 Experimentation set up with inoculant   

The inoculant source, cow dung, was collected from Aynalem. The weight of the cow dung was 5g. 5ml of water was added to 

the sample cow dung and was mixed nicely.  The 10ml slurry was fed to digester by the inlet bottle. The inlet was closed and care was 

taken to avoid any leakage.   
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Fig 5:- Anaerobic digesters with inoculants 

 

 Syringe method 

 The amount of biogas produced was proposed to be carried out using gas analyzer. However, gas analyzer was not available 

during the experimentation; instead syringe method was used as an alternative method to quantify the amount of biogas produced.    

 

Fig 6:- Syringe 
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IV. RESULTS AND DISCUSSION 

 

A. Result and Discussion on physiochemical characteristics of food waste 
 

During the experimentation the following result of physiochemical characteristics were obtained (for full calculation of the result 

see Appendix D). 

Parameters   Amount in %/100g 

Total solid   40 

Volatile solid  71.87 

Moisture content  60 

Fixed solid  28.13 

Table 6. Result physiochemical characteristics of food waste 

 

From the above table, the total solid, which is the amount of solid part present in the sample food waste, was 40 of 100 gram. This 

means that 60% of the sample food waste is water or moisture. The volatile solid, which is the amount of organic content of the 

FWwas 71.87% and this organic content is useful to generate biogas after anaerobic bacteria utilize it.  

B.  Result and Discussion of Experimental set up 

  Result and Discussion of Experiment without inoculants 

From this experiment the following result was observed.  

Slurry 

number  

Food waste in g Water in 

ml 

Expansion of 

balloon 

1 200 500 Low  

2 100 500 high 

3 50 500 Very Low   

Table 7. Result of anaerobic digesters with varying amount of food waste 

 

 

Fig 7. Expansion of Balloon with different amount of food waste 

 

From table-7, the expansion of the balloons represents the amount of biogas produced. From the result it was observed that there 

should be an optimal mixing ratio of food waste and water to get high amount of biogas production. Observing Slurry number-1, 2 and 

3, there was low, high and very low expansion of balloons (biogas production) when the mixing ratio of food waste with water were 

1:2.5, 1:5 and 1:10 respectively. 

Slurry number Food waste  in g Water in ml Expansion of balloon 

1 200 250 Very Low 

2 200 1500 Low 

3 200 800 Very high 

Table 8. Result of different anaerobic digester with varying amount of water 
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Fig 8:- Expansion of balloon with different amount of water 
 

From the above table, it was observed that the 200 gram of food waste generates more gas when it was mixed with 800 ml of 

water. But for the other set up(200g with 250ml, 200gram with 1000ml), the expansion of the balloon was less compared with the 

aforementioned. Generally, the amount of biogas collected in the balloon was varied with different slurry concentration prepared. By 

running six series experiment, it was then concluded that the optimal mixing ratio of food waste and water to be 1:4.  

 Result and Discussion of Experiment with inoculant 

The result obtained from experiment carried out by adding inoculant to slurry prepared by mixing of food and water in a ratio of 

1:4 was recoded as follow (table-9).   

Days Biogas 

1 0 

3 1.5 

6 2.25 

9 3.5 

12 4 

15 4.5 

18 4 

21 4 

Table 9. The amount of biogas measured using syringe protocol method 
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Graph 1. Times versus biogas produced within 21 days 
 

Graph-1 shows the amount of biogas produced within 21 days. In observation, the size of the balloon expansion of the 

experiment with inoculant was higher than without inoculant. The parameter that made the biogas produced to be higher in  the 

Experiment with inoculant  is due to the availability of inoculant as those are source of microorganism that help to  degrade the  

organic content of the feedstock.  

The amount of biogas produced was increased from day 6 onwards because of better formation of methanogens bacteria inside 

the anaerobic digester. But lower production of biogas was also observed particularly after 21 days. 

Generally, from the experiments (experiment with inoculant and without inoculant ) the biogas  production potential of  food 

waste was investigated.  

 Kinetic Study of biogas production  

Using the modified Gompertz equation (Budiyono, 2013)), the kinetic biogas production was estimated.  

Days  Biogas(ml) Cumulative (ml) 

1 0 0 

3 1.5 1.5 

6 2.25 3.75 

9 3.5 7.25 

12 4 11.25 

15 4.5 15.75 

18 4 19.75 

21 4 23.75 

Table 10. Amount of biogas measured using syringe protocol method 

 
Kinetic of biogas production in batch condition was assumed that had correspondence to specific growth rate of methanogenic 

bacteria in digester. The modified Gompertz equation is given in the following.  
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                                 …………………….Equation (5)   

 

Where; 

 P is cumulative of specific biogas production mL/g  

 A is biogas production potential mL/g  

 U is maximum biogas production rate (mL/g day),  

 λ is lag phase period or minimum time to produce biogas (days), 

 t is cumulative time for biogas production (days) and 

 eis mathematical constant (2.718282).  

Kinetic constant of A, λ and U was determined using non-linear regression using Microsoft Excel and the values of A, λ and U 

were obtained 30.15, 4.09 and 1.445 ml   respectively. This implies that the maximum amount of gas that can be generated from 200g 

of food waste is 30.15 ml. knowing those parameters; the cumulative biogas generated was predicted. It was observed that biogas 

production rate at start and at the end was slow.      

 

Graph 2. Number of days versus biogas production rate 

 
From graph-2, the amount of cumulative biogas produced increases with increasing of the day till the maximum amount of 

biogas produced. After that, the cumulative biogas produced decreases as the number of day’s increases. After 21 days the amount of 

biogas produced was decreased due to formation of inhibitor of methanogenic bacteria in the anaerobic digester.   
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V. BIOGAS PLANT DESIGN AND COST ESTIMATION 

 

A. Design of anaerobic digester 

A plant which will convert food waste in Mekelle Institute of Technology to biogas was designed in a suitable place within the 

campus. The Biogas plant was designed to contain the following major components 

 Mixing pit  
 Digester Vessel 

 Outlet pit  

 Biogas pipe line 

In addition to those mentioned components, there are thermal hydrolyzer and cooler between the mixing pit and digester.  

 

Fig 9:- Design of Biogas plant 

 

Source: Bioreactor design (M.Thenabadu, 2014) 

 
Where:  

Vc= Volume of gas collecting chamber, Vs = volume of sludge layer, Vf= Volume of fermentation chamber, VH= Volume of hydraulic chamber, 

and Vgs= Volume of gas storage chamber.  

Total volume of digester (VT) = Vc+ Vgs +Vf + Vs 
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Fig 10:- Geometric parameters of biogas digester 
Source: Bio-gas Project, LGED 

 

Where: 

V1 = Volume of the upper Dome, V2= Volume of the Bottom, V3= Volume of the fermentation chamber, f1= Vector rise of the 

dome, f2= Vector rise of the bottom,  

R1= Curvature radius of the dome, R2 = Curvature radius of the Bottom, D = Internal diameter of the digester, R = Internal radius 

of the digester, H = Height of the digester wall. 

For volume For geometry  

Vc<5% V, Vgs = VH,  Vs <15% V=V2 

Vgs + Vf= 80% V 

Vgs= 0.5 ( Vgs + Vf+ Vs ) K 

K= 0.4 

Where K = Gas production rate per m3 digester volume 

per day 
 

D=1.3078 V1/3 

R1= 0.725 D 

R2= 1.0625 D 

f1= D/5 

f2= D/8 

H=D/2.5 
h is fixed to a value less than  H  

hi = Di  

Table 11. Assumptionsconsidered indesigning the plant 

 
Source: Bio-gas Project, LGED 

  Calculation of dimensions and volume of the digester 

On average per day a barrel of food waste is discharged from MIT cafeteria. The barrel has 140 liter capacity. The density of 

teffenjera is 1175 Kg/m3 (Awash, 2011) 

 Density= mass/volume, Mass= density x volume. Given that volume= 140 liter =0.14m3, density = 1175 Kg/m3 

Mass =1175kg/m3x 0.14m3=164.5Kg i.e. 164.5 kg of food waste is discharged from the cafeteria of MIT daily.100kg/day of 

food waste was taken as a basis to minimize cost of the construction. TS of 100 gram sample is 40%, the sample and water were 

mixed in 1 ratio 4 to obtain optimum biogas.TS of the 100 kg food waste= 0.4 x 100= 40 kg. To make the mixing ratio 1 to 4, 

4*100kg = 400 kg water was added. So the total influent per day = amount of water + amount of food sample =400+ 100 = 500 kg. 
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The size of the digester, i.e. the digester volume V, was determined on the basis of the chosen retention time RT (30days) and the 

daily substrate input quantity Q. The volume of thermal hydrolyzer was assumed to be equal with the volume the digester. The 

working volume of the digester (Vw) = daily substrate input x hydraulic retention time.  

V
W

= V
gs

 + V
f
 = Q.HRT

,
V

w
= 500 kg/day x 30 days =15000kg=15 cubic meter 

V
W= 0.8V 

V=
V

W/0.8= 15/0.8= 18.75m
3 

 
R

2
=1.0625 D  = 1.0625 X 3.42= 3.63375 m

 

D=1.3078 V
1/3

, D= 1.3078 X 18.75
1/3 

= 3.42 m 

R=D/2   =1.71m  

V
C

=0.05 x V
T

 

V
C= 0.05 x 18.75= 0.94 m

3
 

 

H= D/2.5 = 3.42/2 = 1.368 m 

V
1= Π*f1/6 (3R

2
1+f

2
1) 

V
1= 0.0827 D

3
= 3.31m

3
 

 
f
1= D/5= 3.42/ 5= 0.684m 

V
2 = π *f2/6 (3R

2 
+f

2
2)=0.05011  D

3
 

V
2 = 0.05011 X 3.42

3
= 2.00 m

3 

 
f
2= D/8= 3.42/ 8=0.4275m 

V
3 =ΠR

2
H = 0.3142  D

3
 

V
3 = 0.3142 X 3.42

3
 =12.57m

3
 

 
R

1= 0.725 D= 0.725 x 3.42= 2.4795m 

S
1 = π(R

2
+F

2
1)=0.911D

2
 

S
1 = 0.911 X 3.42 

2
=10.656 m

2
 

V
gs = 0.5 ( Vgs + Vf+ Vs ) *K  

V
gs= 0.5(15+2) *0.4 = 3.4 m

3
 

S
2 = π(R2+F12) = 0.8345 D

2
 

S
2 = 0.8345X 3.42

2
= 9.7618m

2
 

Table 12. Volume and dimensions of anaerobic digester 

 

 Calculation of volume and dimension of hydraulic chamber 
 

V1= Vgs+Vc – π R²H1 

H1= 0.113 m 

h= h3+ f1+H1,provided that h=1m which was fixed by the designer.  

h3 = 0.203 m 

VH= Vgs=π RH²h3,RH = 2.31 m 

 Design of the mixing pit 

Cylindrical shape was selected based on its advantage i.e. it increases efficiency of mixing. The diameter and height of the 

cylindrical mixing pit were assumed to be equal. The volume of the mixing pit was designed to be equal with the daily input of the 

food waste after it gives 10% safety factor (Asmare, 2014). 

V= πDi2hi/4+ 0.1V, where V is the daily input of the food waste, the daily substrate input is 0.5m3 so V= 0.5m3+0.1*0.5m3= 

0.55m3. Since the diameter and height are equal V=πDi3/4 

Di= (0.55*4 m3/π) 1/3= 2.8 m= hi 

B. Process simulation of biogas plant 

The simulation was performed by using SuperPro Designer Software v9.The composition of the food waste was taken from 

(Awash, 2011).From lab activities, it was determined that the optimal mixing ratio of food waste was 1:4.  Hence this ratio was used 

to simulate the biogas plant.  

The rate of food waste generation in Mekelle Institute of Technology is164.6 kg/day.35.389Kg/day of food waste which is 60 % 

of this generated waste is organic fraction. In this project an organic fraction of food waste with a flow rate of 100kg/day was used as 

a basis of calculation. This can be scaled up and scaled down to any flow rate depending on the intended digester size. The feed was 
set at 100 kg/day. This feeding rate can be adjusted to the desired amount at any time, given that the composition of the feed is known. 

The composition of raw materials in feed stream, the product after leaving the digester, and the composition of total digestate 

produced are provided in appendices (E, F, G and H).  
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 Mathematical reactions to simulate anaerobic digester 

The stoichiometric reactions employed for simulation of this thermal hydrolysis process and anaerobic digestion process was 

taken from (Liang Yu, 2013).  

Hydrolysis of carbohydrate  

Carbohydrate + Water  Glucose ( 6 10 6C H O ) ….……………………….…….Equation (6) 

Hydrolysis of lipid  

 Lipid + Water  Glycerol ( 3 8 3C H O ) + Oleate ( 18 34 2C H O ) …………………Equation (7) 

Hydrolysis of protein   

Protein + Water  Amino Acid    ( 2.0 0.6 0.3 0.001CH O N Ss )……………..……….…Equation (8) 

Degradation of Carbohydrate  

 C6H10O6+0.1115NH3         0.1115C5H7NO2+0.744C2H4O2 +0.5C3H6O2 +0.4409 C4H8O2 + 0.06909 CO2+0.0254H2O 

……………………………………………………..Equation (9) 

Degradation of propionate 

C3H6O2+1.764H2O+0.0458NH3               0.0458C5H7NO2+0.9345C2H4O2 

 + 0.902CO2+2.804H2…………………………………………………….…Equation (10) 

Degradation of butyrate  

    C4H8O2+0.0544CO2+0.0544NH3 + 1.7818H2O               0.0544C5H7NO2+1.8909C2H6O2 

    +1.8909H2 ……………………………………………………………………Equation (11) 

Degradation of glycerol 

C3H4O3+0.0291CO2+0.04071NH30.04071C3H7NO2+0.9345C3H4O2+1.09305H2O 

……………………………………………………………………………………Equation (12) 

Decomposition of oleate 

C18H3402 +0.1701 NH3 + 15.2398H2O + 0.2500 CO2 0.1701C3H7NO2 + 8.6998C2H4O2 + 14.500H2 

…………………………………………………..…………Equation (13-A) 

14.5H2 +0.0836 NH3 + 3.8334 CO20.0836C5H7NO2   + 3.4139C3H6O2 + 7.49997H20   

…………………………………………………………………………………………..…Equation (13-B) 

Decomposition of amino acids 

CH2.05O0.6N0.3S0.001+0.3006H2O+0.0458NH30.017013C5H7NO2 

+0.29742C2H4O2+0.02904C3H6O2+0.022826C4H8O2+0.013202C5H10O2 (valerate) +0.07527CO2+0.001H2S 

……………………………………………………………Equation (14) 

Valerate decomposition 

C5H10O2+0.804H2O+0.0653NH3+0.5543CO2+0.8045H2O               0.0653C5H7NO2 

+0.8912C2H4O2+0.02904C3H6O2+0.4454CH4………………………………….…Equation (15) 

Aceticlasticmethanogenesis 
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C2H4O2+0.022NH3  

0.022C5H7NO2+0.945CH4+0.945CO2+0.066H2O…………………………………………………………………………………………

…...…Equation (16) 

Hydrogen-using methanogenesis 

0.01618NH3+0.7413CO2+2.804H2  0.01618C5H7NO2+0.06604CH4+1.45H2O 

………………………………………………………………………………..……Equation (17) 

 Process description of the simulation 

The overall flow sheets of the simulation are divided in to five sections: mixing, hydrolysis, and cooling, mixing and anaerobic 

digestion.  The unit procedure icons of each section are displayed  in  a  unique  color( RED  for mixing, BLUE for  hydrolysis, 

PURPLE  for cooling and GREEN  for anaerobic digestion )  

 

Fig 11:- process flow sheet for biogas production from food waste 

 

C. Cost Estimation 

The table below displays the key results of cost analysis using an MS excels software for construction of biogas plant in MIT 

with 18.75 m3 volume capacity. As far as the costs of a bio digester are concerned, there are two major categories which are 

construction cost and operation and maintenance cost.  

 Construction cost (2016 price) 
The  construction  costs  include  everything  that  is  necessary  for  the  installation  of  the  bio digester   in  the specified  area. 

The construction cost and bill of quantities of 18.75 m3 sizes of the anaerobic digester is given in the following table 17. 

No. Item unit  cost/unit quantity  total cost  

A construction material          

1 stone  m3 150 30 4500 

2 cement -100kg bag bag 300 50 15000 

3 Gravel 1x2 m3  250 20 5000 

4 coarse sand  m3  160 3 480 

5 fine  sand  m3  20 2 40 

6 inlet Gi pipe  30 cm dia,length 6m  piece  60 2 120 

7 iron bars  6mm diameter Kg 50 35 1750 

8 acrylic emulsion paint  lit 60 20 1200 

                                                 Subtotal I 

 

    28090 

B Accessories          

9 G.I gas outlet 0.5'' , 0.6m length pcs 60 2 120 
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10 

Gi nipple 0.5'' dia, for connecting main and main 

gas value + reducing elbow  pcs 150 2 300 

11 main gas valve(ball value 0.5'') pcs 100 2 200 

12 

Male-famale socket dia 0.5'' Gi with 

aluminiumthreads. pcs 20 2 40 

13 GI(galvanized iron)  90 degree  elbow  pcs 20 2 40 

14 T socket  0.5'' dia, for water trap pcs 20 2 40 

15 water drain  pcs 40 2 80 

16 gas tap pcs 40 2 80 

17 teflon tap pcs 5 4 20 

18 GI pipe 0.5''  pcs 60 12 720 

19 gas rubber  hose  pipe 0.5'' dia, and 2 clamps  pcs 8 3 24 

20 stove -5 large burners pcs 1000 5 10000 

21 pressure manometer  pcs 100 1 300 

                                        Subtotal II       6764 

 Labors   Unit  Cost/unit quantity  Total cost  

22 for skilled labor number 400 30 12000 

23 for unskilled labor number 200 60 12000 

                                                Subtotal-III        24000 

C Total cost of installation       58854 

  steam power        22800 

  Maintenance cost  and others        12810.8 

  operation cost  months 2000 2 60000 

  Total   investment        319329.6 

Table 13. Total investment cost of the biogas plant 

 

Fuel 

source  

quantity of coal saved by 

biogas in 100kg/day 

cost per unit  

in ETB 

Total cost saved/day in 

ETB 

Total cost saved 

per year in ETB  

Payback 
period in 

years 

coal  1 500 500 150000 2.13 

    150000   

 Table 14. Total cost of the fuel per year used in MIT 

 

 Annual Operation and Maintenance Cost(2016 price) 

The operation and maintenance costs consist of wage and material costs for the collection and feeding of the substrate, water 

supply, and operation of the plant, supervision, maintenance and repair of the plant, storage of the effluent. The operation cost is 

assumed mainly to salary of the operator i.e a person who controls the biogas plant but the cost of feedstock is negligible as it   doesn’t 

need to purchase. The annual operating period was estimated to be 10 months (excluding the two summer months).  

One  bio digester  with 18.75 m3 capacity which  costs  about  ETB319329.6 to install assume  that the amount of   biogas  

generated can replace the current  system  used for heat and cooking application in MIT. The amount of coal used for heating and 

cooking was approximated ETB 150,000per year and this is the saved cost (profit) if the biogas plant is installed.Then the payback 

period can be easily estimated by the following formula.  

Payback period = Total investment/ fuel cost saved.  
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Time in 

year Cumulative cash flow 
Cash flow( fuel saved ) 

0 -319,330 -319,330 

1 -169,330 150000 

2 -19,330 150000 

3 130,670 150000 

4 280,670 150000 

5 430,670 150000 

6 580,670 150000 

7 730,670 150000 

Table 15. Calculation of payback period 

 

Using the previous data (table-15), the graph of the payback period  was depicted using an MS excel software as follow.   

 

Graph 3. Number of years versus cumulative cash flow 
 

From graph-3 we can infer that the payback period of the biogas plant is 2.13 years. This means that after 2.13 years MIT will 

start a profit from the biogas plant. The current fuel source which is a coal will be replaced 100% by the biogas and hence biogas will 

be used for cooking and heating application in the campus.  
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VI. CONCLUSION AND RECOMMENDATION 

 

A.  Conclusion 

From the result of experiments carried out and from the simulation developed, there is a clear indication that food waste could 

contribute a substantial potential as source of energy-biogas. The anaerobic digester had a hydraulic retention time of 30 days and 

operated at 40oC which was at mesophillic conditions. From the simulation, it was observed that a total of 93.187kg/day biogas is 

produced from a feed rate of 497.882kg/day. The biogas yield was optimized by mixing food waste with water in 1:4ratio and by 

introducing cow dung as inoculant. Carefully controlling of the operation parameters (Temperature, pH, types of substrate, HRT, 

anaerobic environment) of the anaerobic digester optimizes the biogas yield. To conclude as the payback period of the biogas plant is 

low, this project is economically feasible.     

B. Recommendation 

 Mekelle  University shall give an emphasize in this project and  implement it as  it has many advantages  such as source of  energy 

, environmental  safety,  erecting  of the  biogas plant is cheap. 

 The digestate should be further studied. 

 The amount of biogas produced shall be upgraded if one wants to use the biogas for the application of electricity generation. .  

 There should be a serious need for proper collection, and characterization of food waste and investigating their potential as source 

of renewable energy in all Ethiopian Universities.  
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APPENDICES 

 
Appendix A: calculation on food waste composition   

Typical composition of organic fraction of food waste  

The composition of the food waste was assumed to contain Carbohydrate = 73, Protein = 9.6, Fat = 2, Water = 9.6 based on teff 

composition, Total sample of FW = 100g taken from (Awash, 2011). The food waste water content was 60%, to make the 9.6% water 

content to 60% the amount of water to be added was calculated as the following: x is designated for the amount of water to be added. 

 (9.6+x)/ (100+x) =60%, X = 126 

Total = 100g + x = 100g + 126 = 226So;  

carbohydrate% = 73/226 *100 = 32.3% 

    Protein %= 9.6/226 * 100 = 4.25% 

    Fat %= 2/226 * 100 = 0.88 

Total % = (32.3 + 4.25 + 0.88) % = 37.35% 

The amount of carbohydrate, protein and fat from 100% was calculated as follow 

Carbohydrate = 32.3/37.35 * 100 = 86.4 

Protein = 4.25/37.35 * 100 = 11.3 

Fat = 0.88/37.35 * 100 = 2.3 

Appendixes B: Calculation on product of anaerobic digester  

Determination of the methane, carbon dioxide, water and hydrogen sulfide percentage (%v/v) 

Given that the total volumetric flow is 79.2m3 /day from the simulation result  

It is know that the density of CH4, CO2, water and H2S is 0.656, 1.98, 1000kg/m3 and 1.36 kg/m3 respectively and their mass 

flow rate  is 24.65041, 68.007, 0.515 and 0.01373kg/day  respectively.  

Then density=mass/volume, now let’s calculate the volume of each component  

Volume of CH4= mass CH4/density of CH4   = 24.65041/0.656=37.57 m3 

Volume of CO2= mass CO2/density of CO2    = 68.007/1.98    = 34.34 m3 

Volume of water =mass H2o/density of H2O    =0. 0.515/1000    = 0.0000515 m3 

Volume of H2S = mass H2S/density of H2S =0.01373/ 1.36   = 0.01 m3 

Then   %V/V of methane=   37.57/79.2 *100     = 47.43 

 %V/V of carbon dioxide   =   34.34/79.2 *100   =43.35 

 %V/V of water     = 0.00005/79.2    = 0.0000065  

 %V/V of hydrogen sulfide   = 0.01/79.2 *100   = 0.012   

Without consideration of water the sum of the % V/V is 90.792  

Then to make the percentage out of 100 

 %V/V of methane =   47.43/90.792 *100     = 52.24 
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 %V/V of carbon dioxide   =   43.35/90.792 *100   =47.75  

%V/V of hydrogen sulfide   = 0.012/ 90.792 *100   = 0.01  

% V/V of water   =.0000065/90.792 *100 = 0.0000071 

Appendices C: High pressure steam required calculation 

Water flowing at a constant rate of 500kg/day is heated from 25 oC to 170 oC with steam at 1bar. 

Then, the heat flow rate can be expressed as: 

Q= m cpΔT  

q = (4.19 kJ/kg.oC) ((170 oC) - (25 oC)) (500kg/day *day/ 24*3600 se) 

    = 3.52 kW   

NB: Specific evaporation enthalpy (he) for water at standard atmosphere is 2257 (kJ/kg) 

   he = hg - hf   where hgis specific enthalpy of saturated steamFor saturated steam at standard atmosphere the specific enthalpy 

(hg) is 2676 kJ/kg.For saturated water at standard atmosphere the specific enthalpy ( hf)  is 419 kJ/kg 

Then the = hg-hf=2676kj/kg - 419 kj/kg ==== 2257 kj/kg    

The steam flow rate can be expressed as: 

ms= q/he  

ms = (3.52 kW) / (2257 kJ/kg)     

    = 0.0017kg/se 

0.0017kg/s *24*3600sec/day, and 134.75 kg/day of steam is required. .The cost of this steam can be calculated as following 

 In Ethiopia One KWH costs 0.045 dollar, and then based on this     

3.52 kw/day * 24=   84.48 kWh is required times by $0.045 = $3.80 is invested. Changing this amount to ETB 3.80 *20 birr =76 

birr /day is invested. Then For 300 days 22800 birr is invested.  

Appendices D: calculation on physicochemical characteristic  

Total solid 

First 100g of food waste was measured and allowed to be dried at 105 0C. After dried the mass of the sample with the crucible 

became 86g. So, the amount of dry sample became 40g.  

Initial weight= 100g, Mass of crucible= 46g, Mass of crucible and wet sample (initial weight) = 146g, Mass of crucible and dry 

sample= 86g.  

TS%= (mass of dry sample and crucible– mass of crucible)/initial weight 

TS%= 86-46/100= 40%, Hence, 40% of the sample was total solid and the remaining 60% was water.  

Moisture content 

Moisture content= 100 – TS% = 60%  

Volatile solid 
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The amount of total solid gained was allowed to dry at 550 0C in furnace for 4 hours. After dried it was measured and allowed it 

to be cooled at heat sucker. Hence, the organic content left or the volatile solid and the ash were calculated as follows: 

Total solid= 40g=V1, Mass of crucible= 132.7= V0, Mass of ash and crucible = 143.95g= V3, Mass of crucible and total solid= 

172.7g= V2 

Volatile solid= (V2 – V3)/V1*100= 28.75/40*100= 71.87% 

71.87% of the total solid is organic.  

Fixed solid 

The amount of mass obtained after ignition became; 

%fixed solid= 100 – VS%   , %FS= 28.13%   

Appendix E: Material and stream report  
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Appendice F : Stream Details  

 

 

Appendices G: over all component balance (kg/year)  

 

 

Appendice H:  Output Stream of the Simulation  
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