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Abstract: Design of a biogas plant supplying energy for the students’ cafeteria while utilizing the abundant human waste 

has been done with an aim of significantly reducing wood consumption. Major fuels used in the cafeteria to prepare three 

meals per day for 3500 student’s electricity, Naphtha, and fuel wood. Three years data have been examined to study the 

pattern of the energy demand, amounts, and price of the energy sources with emphasis on wood. Feed stock potentials, its 

compositions, nearness to the cafeteria, and various other criteria have been considered in the site selection. It has been 

found that technically possible to produce as much as 30 cu/m/day biogas in the selected site contributing to 44.5% 

reduction in wood consumption. Performance of digesters in the climate and weather condition of the region for similar 

feedstock has been assessed to determine the appropriate digester model. Chinese fixed dome and Deenbandhu models are 

common and have shown good performance. Detail design and dimensioning of the digester have been done. Financial 

feasibility has been evaluated using NPV (net present value), internal rate of return (IRR) and simple payback method. 

Positive NPV, 18.5% IRR and a payback period of 6.27 years have been calculated indicating the financial feasibility. 
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1. Introduction 

Biogas technology is being used both at small scales and 

large scales in Ethiopia. Due emphasis has also been given 

for applications for rural people as means of reducing 

deforestation, improving indoor air pollution and reducing 

woman’s time and effort in fuel collection. Applications in 

Hospitals, prisons and schools are also seen in major parts 

of the country. Plans also exist for wide spread use of the 

technology. For instance the Amhara prison administration 

has allocated significant budget for installation of biogas 

plants throughout the prisons in the region. [4] Application 

of biogas technology in Universities is very limited in the 

country. However research on biogas and production 

technologies are observed in some Universities.  Currently 

there is no University who has applied biogas technology 

for use in reducing its fuel consumptions. The rising 

number of students and fuel cost and scarcity is forcing 

universities spent a lot to cook food three times a day for 

larger population. Additionally, due to commonly used 

traditional waste treatment technologies like septic tank 

permanent environmental solution is a must. The main 

research question emanates from these facts. How can 

biogas plants contribute to reduced energy cost and 

eliminate environmental problems in universities while 

abundant feed stock. 

Anaerobic digestion has been suggested as an alternative 

method of removing the high concentration organic waste. 

Several research groups have developed anaerobic 

digestion processes using different organic substrates [5-7]. 

The advantages of such processes over conventional 

aerobic processes are a low energy requirement for 

operation, a low initial investment cost and a low sludge 

production [8]. In addition, the anaerobic digestion process 

produces biogas, which can be used as a clean renewable 

energy source [9, 10]. In Europe, increasing numbers of 

biogas plants (BGPs) employing anaerobic digestion use 

food waste and manure as energy sources. Anaerobic 

digestions can be developed at different temperature ranges 

including mesophilic temperatures (approximately 35°C) 

and thermophilic temperatures ranging from 55°C to 60°C. 

Conventional anaerobic digestion is carried out at 

mesophilic temperatures, that is, 35–37°C. Several new 

processes have been reported for upgrading sludge 

digestion using thermophilic anaerobic digestion (55°C) 

and these represent an important alternative to mesophilic 

anaerobic digestion (35°C) [11, 12]. The thermophilic 
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temperature range is worth considering because it will lead 

to give faster reaction rates, higher gas production, and 

higher rates of the destruction of pathogens and weed seeds 

than the mesophilic temperature range. However, the 

thermophilic process is more sensitive to environmental 

changes than the mesophilic process. Two main 

technologies have been used for the rapid treatment of 

organic fraction of municipal solid wastes (OFMSW): 

sequential leach-bed anaerobic processes [13] and CSTR 

reactors [14] or Batch systems [15]. Both technologies have 

very simple designs and there are numerous reports on their 

use [16]. However, the CSTR systems are the least 

expensive solid waste digesters for simplest designs. It is 

superior and more economical than other competing 

technologies because it is grown in a similar anaerobic 

environment [17]. The system has high potential for 

application in developing countries [15].  

Also, the large majority of industrial applications use 

one-stage systems and these are evenly split between “dry” 

systems (wastes are digested as received) and “wet” 

systems (wastes are slurred to about 12% total solids). 

However, the “dry” designs or high-solid [8] have proven 

reliable due to their higher biomass concentration, 

controlled feeding and spatial niches [18, 19]. Moreover, 

from a technical viewpoint, the “dry” systems are more 

robust and flexible than “wet” systems. Municipal solid 

waste (MSW) is a serious problem for urban communities. 

Organic solids are present in very large quantities as 

products or waste from agriculture, the food industry and 

market waste. Spain generates approximately 24 million 

tonnes of MSW annually. According to the data published 

by the National Plan of Urban Wastes (NPUR, 2000–2006), 

40–45% of total MSW is the organic fraction of municipal 

solid waste (OFMSW). The composition of OFMSW is 

influenced by several factors, including regional 

differences, climate, collection frequency, season, cultural 

practices, as well as changes in composition [20]. At this 

respect, numerous papers have focused on aspects of 

anaerobic digestion biodegradation of the OFMSW 

according to its origin: e.g., market waste [21], fruit and 

vegetable [22], household waste [23], food waste [24], 

kitchen waste [25], biowaste [6] and organic fraction of 

municipal solid waste (OFMSW) [26]. In this regard an 

effort has been made design the anaerobic biodigester for 

the cafeteria.  

2. Design Parameter 

Following is a discussion of the most important 

parameters which must be considered in the design of an 

anaerobic digestion system: 

i) Temperature - Three ranges exist for anaerobic 

digestion: 

• Psychrophilic range - Between 5° and 25°C; 

characterized by slower methane production and 

longer retention times. 

•  Mesophilic range - Between 30° and 40°C; the most 

widely used of the three [27], this range balances 

heating costs with methane production. 

• Thermophilic range – From 50° to 60°C; produces the 

most methane but is also the most sensitive, due to 

fewer bacterial species in existence. 

Once a stable temperature is reached, fluctuations should 

be kept within 5°C to avoid killing the desired bacteria [28]. 

Thermophilic tolerance is generally less than that of lower 

temperatures [29]. Each temperature range at which the 

digester can be operated has its own advantages.  The 

thermophilic process has been found to be superior to the 

mesophilic process from an energy balance and, thus, 

“profit” point of view [30].  Thermophilic digesters usually 

achieve better degradation of long-chain fatty acids, have a 

shorter retention time, and require less biomass compared 

to the quantity of methane produced. The thermophilic 

process also achieves higher pathogen and weed seed 

destruction than the mesophilic process alone [31]. 

However, the risk of ammonia inhibition is greater and 

more energy is required to operate a thermophilic digester.  

Thermophilic processes are considered to be more prone to 

instability than mesophilic due to fluctuations in input 

quality [32].  However, in a study of major centralized 

biogas plants in Denmark, Ahring [30] found no significant 

difference in volatile fatty acid concentrations between the 

two processes and conceded that the start-up time of 

thermophilic digesters is longer than that of a mesophilic 

reactor due to the low numbers of thermophilic bacteria in 

organic waste. Most of the agricultural digesters in the 

United States are mesophilic [33]. The process is slightly 

more stable and adaptable to fluctuations in feedstock 

quality than thermophilic. The lower heating requirements 

of mesophilic temperatures translate into lower costs. 

Residence time should be at least 15 days for adequate 

digestion [32]. 

Psychrophilic digesters require a solids retention time 

approximately twice as long as mesophilic. These digesters 

require the least amount of energy input. Biogas production 

is slow but gas quality and other parameters indicate 

favorable process stability [29]. These systems are 

commonly found in the form of a covered lagoon and, as 

such, they are usually subject to fluctuations in temperature.  

ii) Loading Rate – This is expressed as the weight of 

volatile solids (VS) per unit of volume of digester capacity 

per unit of time. Loading rates typically range from 1.2 to 

11.0 kg VS/m3/d for various types of digesters and manure 

sources [34]. While high loading rates use the digester 

volume more efficiently, they also increase solids 

concentration, retention time and alkalinity, which must be 

taken into consideration. 

iii) Retention Time - The Hydraulic Retention Time 

(HRT) and Solids Retention Time (SRT) are the average 

lengths of time the liquid or solid portion of manure 

remains in the digester. Generally, the lower the operating 

temperature (e.g. psychrophilic digestion) the higher the 

retention time that is needed.  



 International Journal of Renewable and Sustainable Energy 2013; 2(4):147-152 149 

 

 

iv) Solids Concentration- Normally reported as the 

percentage dry matter and the volatile solid percentage of 

that dry matter, the solids concentration is necessary to 

determine the loading rate. The solids concentration also 

helps to determine the most suitable type of digester. 

v) Alkalinity and pH - Optimum pH conditions for 

methanogenic bacteria range from 6.4 to 7.6 [29]. Other 

bacterial species are more tolerant to pH levels outside of 

this range. 

3. Types of Biodigester 

The reactor dimensions and biogas potential depends on: 

• The type of substrates to be digested 

• The quantity of each in metric tons per year 

• The total solid content in percentage 

• Total solids content (TS) = 100(%) - water content (%) 

• The organic content in percentage: Organic dry matter 

content is determined by incinerating the dried sample 

at 550°C for six hours and weighing the remaining 

ashes. 

• Organic content (ODM)=(mass of TS(g)-mass of 

ashes (g)x100/mass of TS(g)  

• The size of the digester (Vd) is determined by the 

retention time (RT) and the daily substrate input in m
3
 

(Sd).  

• The following formula can be used in order to 

calculate the appropriate volume:  
Vd = Sd x RT  

Several different systems have been designed for 

anaerobic digestion. Following are basic descriptions of the 

more popular systems used on farms. 

3.1. Plug Flow System 

The plug flow system usually takes the form of a long 

concrete tank with a slight grade over the length. Influent is 

either continuously or intermittently added to one end and 

flows by gravity to the opposite end. The contents are not 

mixed mechanically. The retention time is thus a function 

of channel length, channel grade, and the loading rate. The 

plug flow digester is best suited for manure with a higher 

solids content (11 to 13% total solids) such as that of a 

dairy operation [35]. Figure 4 shows the main elements of a 

plug flow digester system. 

3.2. Complete Mixed System 

Also known as a Completely Stirred Tank Reactor 

(CSTR), the complete mixed system is most commonly a 

circular tank with a mechanical agitator. The mixing 

prevents settling and maintains contact between bacteria 

and the manure. It also helps maintain a uniform 

temperature [37]. Electricity input costs are higher due to 

the intermittent mixing of the digester. However, the 

mixing can cause foaming in the tank, which is undesirable 

because it occupies digester volume and can clog gas lines. 

Complete mix systems are able to handle the widest range 

of solids concentrations (3 to 10% total solids) [35]. 

Influent is often added to the digester as effluent is excreted 

in small quantities at regular intervals. Therefore the 

retention period of manure in a complete mix digester is 

not necessarily uniform. 

 

Fig 1. Typical plug flow digester system [36] 

 

Fig 2. Fixed Dome Biogas Digestor [36] 

4. Digester Design 

4.1. Digester Selection 

Common digester types in developing countries are fixed 

dome and floating drum plants. Fixed dome plants are 

made entirely below the ground saving space and being less 

affected by damage and daily temperature fluctuations. 

They are the most commonly built digester in the hot 

climate of the region. In floating drum plants the gas holder 

is made of stainless steel which contributes to the 

expensiveness of the digester but its operation is easy to 

understand than fixed dome plants since the gas holder is 

above the ground. Among fixed dome types Deenbadhu 

and Chinese fixed dome represent the most built and well 

performing digesters in the region. For instance digesters in 

Felegehiwot Hospital (65cu.m digester) and Bahir Dar 

Prison (100cu.m digester) have Deenbadhu type fixed 

dome plants which are serving a lot. [4] Biogas digester is 

Addis Zemen (a small city near Bahir-dar) prison has a 

well operational fixed dome digester. 

4.2. Sizing of Digester 

a) Active slurry volume (Vs) 

For normal retention time of HRT=40 days [1] and waste 

amount of W=400kg/day, 

Vs=2*HRT*W/1000cu.m 

Vs=32cu.m 

b) Gas production G 
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Specific gas yield of human waste Gs=0.03cu.m/kg [1] 

and total amount of waste for 

1000 people with 0.4kg/person/day [1] is,

G=1000*0.4*0.03=30cu.m/day 

c) Water volume 

5lit cans are used during toilet cleaning and 0.75lit cans 

are used for flashing after use. 

Hence the total volume of water is, 

0.75lit/person*1000+5lit/toilet*30 toilet=900lit

For retention time of 40 days water volume is 36cu.m

Total digester volume 32+30+36=98cu.m

Shown in table 1 are the dimensions of 100cu.m biogas 

pant as determined by Selam technical and vocational 

Center (STVC); contractors on biogas plants. The 

dimensions refer to digester design shown on figure 2.

Table 2 shows the bill of quantities as specified by 

STVC [38] and price of quantities as determined by market 

Survey during October 2008 

Components  

Length of outlet  

Breadth of outlet  

Height of outlet 

Radius of pit  

Radius of digester 

Height of digester wall 

Depth of pit (excavation) 

Height of dome  

Height of outlet passage  

Thickness of concrete dome 

Expansion canal 

Cost benefit analysis has been done using net present 

value (NPV) pay back times and internal rate of return.

The benefits are calculated based on replacement ra

biogas and commonly used Eucalyptus wood. It has been 

suggested that 1cu.m biogas replaces 1.3kg fire wood [1].

Amount of fire wood replaced, 

30*1.3=39kg wood/day 

Market survey indicates 20kg wood costs

ratio of 1.5birr/kg wood. 

Monthly saving is then, 

39kg/day*1.5birr/kg*30days=1755birr/month

Description Unit 

Block  Pcs  

Cement  Quintal 

Sand  Cu.m

Stone  Cu.m

Gravel  Cu.m

Rc bar 10 Pcs 

Engine oil  Lit  
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Specific gas yield of human waste Gs=0.03cu.m/kg [1] 

1000 people with 0.4kg/person/day [1] is, 

5lit cans are used during toilet cleaning and 0.75lit cans 

Hence the total volume of water is, 

0.75lit/person*1000+5lit/toilet*30 toilet=900lit 

For retention time of 40 days water volume is 36cu.m 

32+30+36=98cu.m 

Shown in table 1 are the dimensions of 100cu.m biogas 

pant as determined by Selam technical and vocational 

Center (STVC); contractors on biogas plants. The 

dimensions refer to digester design shown on figure 2. 

ntities as specified by 

8] and price of quantities as determined by market  

Fig 3. General biogas plant 

Table 1. Dimensions of 100cu.m fixed dome plant 

Symbol  Dimensions (cm) 

A 1150 

B 200 

D 100 

C 425 

F 365 

H 310 

E 400 

I-H 30 

I 340 

 60 

 Length=22.5m, depth=50cm

Cost benefit analysis has been done using net present 

value (NPV) pay back times and internal rate of return. 

 

benefits are calculated based on replacement ratio of 

Eucalyptus wood. It has been 

suggested that 1cu.m biogas replaces 1.3kg fire wood [1]. 

Market survey indicates 20kg wood costs 30birr giving a 

39kg/day*1.5birr/kg*30days=1755birr/month 

Assuming 30cu.m/day gas is available for 10 months a 

year due to lower gas production 

Annual saving is 17,550birr [2]

In 2008/2009 the faculty spent 39,424.76birr. Hence this 

saving represent a reduction of 

considering electricity irregularity at the time. 

life time of a biogas plant is up to 40 years but the 

economic life time is 20 year

discounted to present time for time after 20 years is 

negligible. The discount rate has been taken to b

interest rate of 4%. Other maintenance costs include 

cleaning of the digester every four years which is typical 

time based on experience on homogenous human waste 

digesters. Based on current lorry costs 1,000birr is required 

for cleaning.  

Table 2. Bill of quantities and cost estimation 

 Quantity 
Unit price 

Birr/unit 
Total cost birr

 1446 5 7,230

Quintal  68 300 20,400

 30 185.71 5950

 72 52 3744

 7 230 1610

 33 152 5016

 8 25 200
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General biogas plant designs [39] 

Length=22.5m, depth=50cm 

Assuming 30cu.m/day gas is available for 10 months a 

year due to lower gas production during rainy season, 

Annual saving is 17,550birr [2]. 

In 2008/2009 the faculty spent 39,424.76birr. Hence this 

saving represent a reduction of 44.5% cost due to wood 

icity irregularity at the time. The useful 

life time of a biogas plant is up to 40 years but the 

economic life time is 20 years since the value of benefit 

discounted to present time for time after 20 years is 

The discount rate has been taken to be the bank 

Other maintenance costs include 

cleaning of the digester every four years which is typical 

ime based on experience on homogenous human waste 

digesters. Based on current lorry costs 1,000birr is required 

Total cost birr 
Transport  cost 

birr 

7,230 2,000 

20,400 1,500 

5950 800 

3744 2,000 

1610 400 

5016 200 

200  
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Wax  Kg 4 40 160  

Gas pipe m 250 30 7,500  

Slurry collector pipe  m 130 30 3,900  

Stoves  no 4 600 2,400  

Various fitting s Pcs 22  889  

Masonry Days 50 450 22,500  

Labor  Days 5 30/person/day 9,000  

Supervision  Days 15 375 5,625  

Excavation  Days 10(10 people) 30/person/day 3,000  

Total                                                                                                  110,000birr 

Payback time N (yrs), N =110,000/17,550, N=6.27years 

NPV calculation shows a value of 129,915 and internal rate 

of return 18.5% 

Larger and positive NPV and the IRR value indicate 

financial viabilities of the proposed project. 

5. Conclusions 

It has been found that installation of biogas plant leads to 

larger savings besides environmental and sanitation 

benefits. The gas thus produced replaced 44.5% of the cost 

due to wood. The economics of the system as evaluated by 

reliable Net present worth method proves a large and 

positive value indicating the attractiveness of the 

investment. This implies successful installation of this plant 

and similar others will prove to be economical in the face 

of rising number of students and fire wood scarcity and 

prices. Environmental values are immense as a waste from 

4 blocks having 1000 people has been treated efficiently as 

compared to septic tanks and direct disposal. This 

contributes a lot in environmental protection and sanitation 

efficiency. Also the gas produced replaces significant 

amount of wood contributing to reduced deforestation. If 

similar projects are installed in all universities, its impact 

on the forest protection will be well vivid. The bio fertilizer 

thus produced can be used for plantations and gardens 

found in the faculty. This has dual benefit in the sludge 

management and bio-fertilizer utilization. It can further 

open a window of opportunity in introducing bio-fertilizer 

for the local famers around Bahirdar. 

Installation of the plant is highly recommended due to its 

financial and environmental benefits. Similar applications 

in other Universities contribute a lot in realizing its 

economical benefits. It leads to forest savings, energy self 

dependency and efficient resource utilization. The 

university can be a model in renewable energy and energy 

self sufficiency if more efforts are made to exploit the 

abundant resources (including cafeteria waste) and the 

warm climate of Bahir-dar which creates favorable 

condition for microbial processes. 
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