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Abstract: 

Nitrogen Inhibition during an anaerobic co-digestion process was studied in this work. 

The substrate and inoculum used were obtained from a thermophilic biogas plant Sobacken, 

situated in Borås, Sweden. The batch experiments have been carried out in triplicate reactors 

with different concentrations of ammonia ranging from 2400mg/l to 3400mg/l. The batch 

experiment was working well for the all the concentrations of ammonia investigated. The 

average methane yield was around 0.65 Nm3 CH4/kgVS for all the reactors. The laboratory 

work has been further proceeded with a continuous process having two reactors working in 

parallel. Reactor 1 containing only substrate and the Reactor 2 contain substrate with surplus 

ammonia added to make final concentration of 3400mg/l. The reactors were operated at 

organic loading rate (OLR) of 3.3gVS/l/day and hydraulic retention time (HRT) of 20 days. 

Both reactors worked well for 29 days.  During a period of an initial stable operation, the 

average methane production of Reactor 1 was 0.59 Nm3CH4/kgVS/day and for Reactor 2 the 

production rate was 0.56 Nm3CH4/kgVS/day. Then Reactor 1 showed a steady decrease in pH 

and methane production, while Reactor 2 showed stable operation for a few days longer with 

decreasing pH and methane production only from day 36. The composition of substrate was 

not optimal; therefore the inhibition level of ammonium could not be determined.  

Keywords: Anaerobic co-digestion, BTS (Buffer tank substrate), Batch and continuous 

operations, Thermophilic, Ammonia 

 



 

 

iv 

 

 

Table of Contents: 
1. Introduction: ......................................................................................................................... 1 

1.1 History: ............................................................................................................................. 1 
1.2 Biogas: .............................................................................................................................. 1 

2. Anaerobic Digestion: ............................................................................................................ 4 
3. Biogas production: ............................................................................................................... 5 

3.1 Microbiology: ................................................................................................................... 6 
3.1.1 Hydrolysis: ................................................................................................................ 7 
3.1.2 Acidogenesis (fermentation): .................................................................................... 7 
3.1.3 Acetogenesis: ............................................................................................................ 8 
3.1.4 Methanogenesis: ........................................................................................................ 8 

4. Co-digestion process: ........................................................................................................... 9 
5. Methane: ............................................................................................................................... 9 
6. The large scale biogas plant, Sobacken, in Borås: .......................................................... 10 
7. Organic Waste: ................................................................................................................... 12 
8. Operational conditions: ..................................................................................................... 13 

8.1 Temperature: .................................................................................................................. 13 
8.2 pH and Alkalinity: .......................................................................................................... 13 
8.3 Nutrients: ........................................................................................................................ 14 
8.4 C/N Ratio: ...................................................................................................................... 14 
8.5 Ammonia Toxicity: ........................................................................................................ 15 
8.6 Hydrogen sulfide toxicity: .............................................................................................. 15 
8.7 Mixing: ........................................................................................................................... 16 
8.8 Loading rate: .................................................................................................................. 16 
8.9 Retention time: ............................................................................................................... 16 
8.10 Volatile Fatty Acids (VFAs): ....................................................................................... 17 

9. Upgrading of Biogas: ......................................................................................................... 17 
9.1 Removal of water vapor: ................................................................................................ 17 
9.2 Removal of hydrogen sulfide: ........................................................................................ 18 

9.2.1 Biological desulphurization: ................................................................................... 18 
9.2.2 Removal of H2S by Iron chloride: ........................................................................... 18 

9.3 Halogenated carbon hydrates: ........................................................................................ 18 
9.4 Removal of NH3: ............................................................................................................ 19 
9.5 Removal of CO2: ............................................................................................................ 19 

9.5.1 Physical and chemical CO2-absorption: ................................................................. 19 
10. Digestate Residue: ............................................................................................................ 20 
11. Benefits of Biogas: ............................................................................................................ 20 
12. Aim: ................................................................................................................................... 21 

12.1 Materials and Methods: ................................................................................................ 21 
12.1.1 Substrate and inoculum: ........................................................................................ 21 

12.2 Measuring Methane potential: ...................................................................................... 22 
12.2.1 Total solids: ........................................................................................................... 22 
12.2.2 Volatile solids:....................................................................................................... 22 



 

 

v 

 

12.2.3 Gas chromatography: ............................................................................................ 23 
13. Batch Experiment: ........................................................................................................... 23 

13.1 Gas analysis: ................................................................................................................. 24 
13.2 Calculations: ................................................................................................................. 26 
13.3 Results: ......................................................................................................................... 27 

14. Continuous process: ......................................................................................................... 29 
14.1 Analysis: ....................................................................................................................... 30 
14.2 Calculations: ................................................................................................................. 31 
14.3 Results: ......................................................................................................................... 31 

15. Discussion: ......................................................................................................................... 37 
16. Conclusion: ....................................................................................................................... 39 
17. Future work: ..................................................................................................................... 39 
References: .............................................................................................................................. 40 
 

 
 

 

 

 

 

 

 

 



 

 

1 

 

1. Introduction:  

The Biogas production gives environmental and social benefits like reducing 

deforestation reduce in CO2 emissions, producing pathogen free compost, nutrient rich 

fertilizer and majorly biogas, which is a renewable source of energy 1. Biogas, a clean and 

renewable energy is an alternative for conventional sources of energy like fossil fuel and oil 

which causing ecological and environmental problems 2. Utilization of biogas involves energy 

production in the form of electricity, heat, and light, as well as upgraded biogas (i.e. the 

methane content) can be used as an alternative fuel for vehicles 3. Biogas technology is 

defined as the production of combustible gas and value added product called fertilizer, 

through anaerobic digestion of organic matter from the waste 4. The organic content from the 

waste can be degraded by controlled microbial activity. The biogas technology is highly 

appropriate to meet the ecological and economic demands of the future. It is an eco-friendly 

and sustainable kind of energy 4.  

1.1 History:  

             3000 years ago, there were evidences that the Sumerians tried to perform the 

anaerobic digestion of animal dung, organic wastes and human sewage 5. A Water bath 

heating process in Assyria in 10th century B.C. and a Persian technology in the 16th century 

A.D. are some of the evidences 3. It was in 1630, when Von Helmont discovered flammable 

gases developing from decaying organic matter and it was Shirley in 1667, noted his findings 

on biogas, which was later known as marsh gas. In 1884, Ulysse Gayon, a student of Louis 

Pasteur, obtained 100 liters of biogas per cubic meter of manure by anaerobic fermentation of 

manure and water at 35°C. In 1945, Germany was the first and only country to use 

agricultural products to produce biogas 5. Since 1960’s, with a primitive incentive to reduce 

the volume of sludge, Sweden has been producing biogas. In 2005, the first biogas powered 

train was started in Sweden. 

1.2 Biogas: 

“Biogas is defined as a liquid or gaseous fuel produced from biomass with an energy 

content mainly originating from methane. It is formed when organic material is decomposed 
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by microorganisms in an oxygen free environment, so called anaerobic digestion.” In a biogas 

process microorganisms decompose complex organic substrates such as carbohydrates, fats 

and proteins leading to production of methane and carbon dioxide. Biogas can be produced 

naturally where there is less scope to oxygen, like marshy lands, rice fields, in the stomach of 

ruminants 6 and there is no need to maintain controlled conditions to produce it.  

             The process of production of biogas is simple. All the sludge and wastes are taken to 

an air tight container or a bioreactor (in scientific terms) and kept aside for a few days. Then 

we can notice the pressure in the container, which is nothing but the raw gas. This gas should 

be purified as it contains different gases other than methane and carbon dioxide which are the 

major components of biogas. Several factors should be discussed for the operation of the 

process when coming to biogas production, among others the temperature and the 

composition of the feedstock 3. After the production of gas, the remaining sludge contains 

high amount of nutrients which can be used as fertilizers. 

 Generally biogas is produced from sewage sludge by anaerobic digestion of organic 

substrates, but there can also be used fractions of organic wastes from household, agriculture 

and industries. Biogas can also be collected from landfills (referred to as landfill gas) 7. Now-

a-days biogas is used mainly as fuel for the vehicles in Europe and western countries. In some 

countries it is used for electricity production and also as a combination with other fuels to 

decrease carbon emissions. The Indian government is thinking to blend biogas with liquefied 

and compressed natural gas to increase the share of alternate fuel in the total energy supply 8.  

Blending biomethane with liquefied and compressed natural gas will not only decrease 

emissions but also increase the efficiency of the vehicles and equipment running on it.  

Biogas would be very interesting if it is combined with fuel cell technology. In some 

developing countries, biogas is often used for cooking (like gobar gas in India), residential 

heating purposes, electricity generation and illumination 7. The gradual increase in the 

utilization of biogas can lead to the decreasing of green house effect.   

The composition of biogas (mainly referred as the ratio of carbon dioxide to methane) 

depends on several factors like substrate composition, process parameters and the time of the 

year. Often people get confused to differentiate between natural gas and biogas. It can be 
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understood by knowing the carbon dioxide content. Natural gas may contain very low levels 

of CO2 whereas biogas can have up to 50% CO2 
7. The energy content in different fuels has 

been shown in Table 1. 

Energy content in different fuels*: 

S. No. Fuel Energy 

content 

1 1 Nm3 biogas (97 % methane) 9.67 kWh 

2 1 Nm3 natural gas 11.00 kWh 

3 1 liter petrol 9.06 kWh 

4 1 liter diesel 9.80 kWh 

5 1 liter E85 (ethanol) 6.60 kWh 
 

Table 1: Energy content in different fuels 

*Source: English summary of the Swedish website Biogasportalen.se - Swedish Gas 

Association, March 2011 6. 

Depending on the composition of substrate, biogas is generally made up of 50-75% 

methane, 50-25% of carbon dioxide, and small traces of hydrogen, nitrogen, hydrogen sulfide 

and oxygen 9. For the transportation purposes upgrading of the biogas is needed (i.e., to get 

the pure methane), then the upgraded  biogas is condensed to a temperature of -162°C and 

called as liquid biogas (LBG – Liquefied Biogas) similarly to liquefied natural gas (LNG). 

The substrates for biogas production include all types of biomass which contains 

carbohydrates, proteins, fats and cellulose, and hemicelluloses as main components 5. The 

emission from biogas combustion is negligible when compared to the other fuels.  It smells 

less from the emission, engine is quieter and vibrated less when compared to diesel engine. 

Biogas has a higher ignition temperature and less risk of fires and explosions 6. 

In Sweden, large scale biogas plants generate about 1.5 terawatt-hours (TWh) of 

biogas per year, while the natural gas production is 9 TWh per year 10.  On the other hand, 

developing countries, millions of Asians have learnt to develop low technology biogas plants, 
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which were constructed in the past few decades. In China approximately 6 to 7 millions of 

biogas plants came into existence, whereas Indians are behind China in a number of biogas 

plants by 1 to 2 millions on operation 11.  

2. Anaerobic Digestion: 

“The anaerobic digestion process is a natural biological process in which a community 

of bacteria cooperates to form a stable, self-regulating fermentation that converts waste 

organic matter into a mixture of carbon dioxide and methane gases” as shown in Figure 1 12. 

Recent increase in number of publications and experiments based on anaerobic digestion 

indicates the importance and interest among the researchers especially in Europe. This is 

because of the benefits with this procedure as not only producing the desired amount of 

biogas in the process but also the digestate can be processed further and used as fertilizer 

within the agricultural sector 13. Various factors like temperature, the proportion and source of 

inoculum, the organic loading rate, retention time, mixing and the composition of substrate, 

influence the stability and efficiency of anaerobic digestion 14. Total solids (TS), volatile 

solids (VS), pH and biogas production are the major parameters for the evaluation of the 

process. Optimal anaerobic digestion occurs at pH 6.5 to 8.0; carbon/nitrogen/phosphorous 

(C/N/P) ratio at 100-128/4/1; temperature of 45-60 °C for thermophilic bacteria 15. Low 

mixing conditions could be preferred for anaerobic digestion as the organic sludge shows 

stable performance under these conditions 16. 

 The monitored or controlled anaerobic digestion requires an airtight chamber called as 

a digester. This process is performed in the absence of oxygen 17. The energy balance in the 

degradation process shows that most of the energy in substrate is retained in the production of 

methane (almost 90%), 5% is lost as low-grade heat and the remaining 5% is utilized for the 

cell growth and its maintenance.  Several microbes are involved in the anaerobic 

decomposition of organic wastes in a very complex and systematic organized way 18. Though 

the low biomass yield is an advantage to anaerobic digestion, it will generate micro organisms 

with low growth rate, which makes them vulnerable and sensitive to changes 11.  Physical 

pretreatment including size reduction and pre-incubation with water increases 

biodegradability for anaerobic digestion 19. 
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 To produce energy rich biogas, reduces the organic strength of the organic wastes. To 

reduce odors controlled anaerobic digestion is primarily used. By collecting methane gas 

(CH4), we can decrease the amount of green house gases in the air, and it can be used as 

marketable carbon credits. This can also maximize the cost recovery and optimize 

performance 20. 

 

Figure 1: Anaerobic Digestion 21 

3. Biogas production: 

  Biogas is defined as “a methane-rich gas that is produced from the anaerobic digestion 

of organic materials in biological-engineering structure called digester” 22.  Naturally biogas is 

produced from the decay of under water or in the guts of animals, whereas artificially biogas 

is produced in airtight digesters 22. The biogas production can be divided into four steps; 

hydrolysis, acidogenesis, acetogenesis and methane formation (Figure 4). In a normal process, 

biogas in a range of 0.3 – 0.45 m3 per kg of organic waste with a retention time of 20 – 30 

days can be obtained 17. In any active reactor volume, the amount of methane produced in 

volumes of methane per reactor volume per day is called as methane production rate 17. 

Depending on the composition of the substrate, the produced biogas contains a mixture of 
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different gases like methane (40-70 vol. %), carbon dioxide (30-60 vol. %) and remaining 

other gases like hydrogen and hydrogen sulfide 3. The energy content of biogas can be 

increased by removing carbon dioxide and other components from the mixture. This process 

is called upgrading. Upgrading of biogas is done in the final step to be able to utilize it as a 

vehicle fuel 6. Recent research demonstrates that biogas yield can be improved by co-

digestion processes in two ways. One of which is through the positive synergisms established 

in the microbial consortium and the other is that co-substrates can supply missing nutrients in 

the medium 23.  Furthermore, to be able to utilize difficult-to-digest substrate fractions, like 

lignocelluloses, an appropriate pretreatment of the substrate is needed prior to anaerobic 

digestion the open up the compact structure and make the substrate more digestible 24. 

3.1 Microbiology:  

Mesophilic strains (grow at 35-45°C) and thermophilic strains (grow at 55-60°C) both 

can be used in the anaerobic digestion processes. Most reactors worldwide operate between 

3°C and 35°C and require 15 to 20 days of mean retention time in the reactor to get desirably 

high methane gas yield and high quality product of digestate 25. The methane fermentation 

process is complex and can be divided into four phases namely hydrolysis, acidogenesis 

(fermentation), acetogenesis, and methanogenesis as it is shown on Figure 4 5.  Some images 

of Methanogenic bacteria are shown in Figure 2 and 3.  

          

          Figure 2: Methanogenic Bacteria                           Figure 3: Columbia River Basalts 

            Image source: Penn. State University 26,                                             Image by NASA 27,                                    
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Figure 4: Biogas Process 28. 

 

3.1.1 Hydrolysis: 

In this process, undissolved compounds like cellulose, proteins, and fats are 

decomposed into simple soluble organic matter by exoenzymes (hydrolases) of facultative 

and obligatory anaerobic bacteria 5. The hydrolysis stage is also called as the polymer 

breakdown stage 3. Here the long complex chains of organic molecules are broken down to 

simpler molecules. The carbohydrates hydrolyze within a few hours whereas for proteins it 

takes few days. Furthermore, it can take more time to degrade lignin and lignocelluloses and 

still they are degraded incompletely only 5. 

3.1.2 Acidogenesis (fermentation): 
 

The facultative and the anaerobic bacteria take up monomers formed in the hydrolytic 

phase and convert them here to alcohols and short chain organic acids. Few examples include 

acetic acid, butyric acid, propionic acid etc.  The concentration of hydrogen ions formed 

immediately in this process affects the products of fermentation 5.  
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3.1.3 Acetogenesis: 

 The major products formed here are acetic acid (CH3COOH), hydrogen (H2) and 

carbon dioxide (CO2) 3. The acetogenic and the methanogenic bacteria must live in symbiotic 

relationship, since acetogenic bacteria provides an anaerobic condition and low molecular 

weight compounds for methanogenic bacteria. This can happen only when there is low 

hydrogen concentration and thus which requires the close relationship and vice-versa 28. In 

this phase, homoacetogenic microorganisms convert H2 and CO2 to acetic acid 5.    

 2CO2 + 4H2   CH3COOH + 2H2O   

Acetogenic bacteria are obligatory H2 producers. The survival and growth of the 

microorganisms depend on very low H2 concentration whereas methanogenic bacteria require 

higher hydrogen partial pressure. So, a symbiotic relation occurs between acetogenic and 

methanogenic bacteria. There is an ‘inter-species hydrogen transfer’ by which hydrogen 

without dissolving moves directly from acetogenic microorganisms to methanogenic 

microorganisms 5.      

3.1.4 Methanogenesis: 

 Methanogenic bacteria convert acetate, hydrogen/carbon dioxide to methane (CH4). 

This stage takes place strictly under anaerobic conditions. If there is any disturbance in the 

whole process of methane formation, then it leads to over acidification, the accumulation of 

the intermediate products from the previous stage.  

 

CH3COOH  CH4 + CO2 

CO2 + 4NADH/H+  CH4 + 2H2O + 4NAD+ 

The generation time can be lowered by using energy rich substrates. In practical, whatever 

theoretical calculations we obtain can vary sometimes or make the conditions for methane 

production longer 5.      
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4. Co-digestion process: 

 “Simultaneous digestion of various substrates, which often produces more methane 

than when each substrate is digested separately, is called co-digestion”. 6 In co-digestion 

process many substrates are digested simultaneously. When compared to the traditional 

production of biogas from waste water sludge, good results, with high methane content can be 

obtained from the co-digestion process 6. The most common example for the co-digestion 

process is to mix the main substrate in a higher amount and a single or additional substrate in 

minor amount 23.  

 Advantages of this technology include improved nutrient balance, maintaining 

equalization of particulate, floating, settling, acidifying, etc. However, there are some 

limitations for this technology which includes increased digester effluent COD, additional 

pretreatment requirements, waste water treatment, increased mixing requirements, 

economically critical, hygienisation requirements, etc. Studies reveal that anaerobic co-

digestion of industrial sludge with municipal solid wastes is a feasible process in the leachate 

treatment and waste stabilization from the simulated anaerobic reactors 23. Recent research 

reveals that biogas yields can be improved by the supply of missing nutrients using co-

substrates 23. 

5. Methane: 

 

Figure 5: Structure of Methane 29 

 Methane was first discovered by Alessandro Volta in the year 1776. The chemical 

structure of methane is shown on Figure 5. Methane is a chemical compound represented by 

molecular formula CH4 with a bond angle of 109.5 degrees 29. Methane is the smallest 

molecule of all hydrocarbons and is one of the most abundantly present organic trace gases in 
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the atmosphere. 30 It is lighter than air with specific gravity of 0.554 and it is only slightly 

soluble in water. Methane is the colorless and odorless hydrocarbon which is a gas at ambient 

temperatures. It is a good carrier of hydrogen. Methane on burning in the presence of oxygen 

produces CO2 and water 29. Methane has very high octane number of 120. Due to its high 

availability and high energy content it is widely used as a fuel for vehicles. It has low health 

and environmental impact, but on the other hand, it is also a powerful greenhouse gas which 

can be produced naturally and also by human activities 31. 

6. The large scale biogas plant, Sobacken, in Borås: 

Figure 6 shows the material flow of biogas production at Sobacken, in Borås. 

Sobacken is licensed to handle 300000 tons of waste per year 32. The waste received at this 

biogas plant is treated in the form of two feed inputs, before going to main reactors.  All 

wastes from households come to Sobacken in the form of black and white plastic bags. In the 

first line, black plastic bags are separated in an optical separation process and their organic 

waste content is directly fed into a buffer tank through another bioseparator. Here both solid 

and liquid wastes are treated. The bioseparator filters and separates solid wastes in the form of 

debris. While the second input line receives a mixture of food wastes, slaughter wastes, 

grocery stores, organic wastes from stores and leftover food from the household kitchens. 

This input of animal waste is processed by an additional heating step at 70 degrees for one 

hour to kill pathogens and reduce toxicity. 

 Filtering is possibly done in bioseparator before proceeding to the buffer tank. 

Methane gas is formed in the digester. The retentate from the digester tank together with the 

debris from both bioseparators are fed to the residue storage tank. The rejected buffer is sent 

to sequencing batch reactor (SBR). The digestion residue is then mixed with manure and 

garden compost and is supplied as nutritional supplements 33 . Depending on the substrate and 

operating conditions the Sobacken plant produces biogas with 55-80% methane. But it cannot 

be used as fuel in automobiles. That’s why further purification up to 97% of methane content 

is carried out in a connected upgrading facility to make it into an utilizable final fuel for 

vehicles. After upgrading the gas is transferred to two filling stations (one for busses and 

private cars, the other for waste collection trucks) within the city of Borås 32 .  
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Figure 6: Biological treatment at Sobacken 33. 



 

 

12 

 

7. Organic Waste: 

Due to the increase in consumption, large amounts of wastes are produced worldwide.  

“Municipal Solid Waste (MSW) and organic wastes—more commonly known as trash or 

garbage—consists of everyday items we use and then throw away, such as product packaging, 

grass clippings, furniture, clothing, bottles, food scraps, newspapers, appliances, paint, and 

batteries. This comes from our homes, schools, hospitals, and businesses” 34. The mixture of 

waste may be categorized based on their nature of existence, like a biodegradable fraction, 

heavy metals, plastics, metals, and combustible fraction. In the economic point of view, 

treating all these wastes requires dumping or incineration. But these methods are very 

expensive; to overcome this problem we can go for anaerobic digestion of the organic waste 

fractions, as these materials have high moisture content. 

The biodegradable fraction is the expected promising field of interest as it is a 

combination of kitchen waste, fruit and vegetable waste, waste papers, garden waste etc. 14. 

Separation of these organic wastes plays a key role as it influences the rate of biogas 

production 14.  

 Degradation efficiencies for different materials approximately range between 60-70%, 

depending on the chemical composition 35. If the major constituents in the reactors are easily 

degradable, then higher amount of gas production can be expected. The rate of gas production 

depends on how the loading is given to the reactors. For the production of maximum gas in 

any plant, an optimum feed rate should be given.  If the optimum feed rate is exceeded, then it 

effects the gas production, due to excess accumulation of intermediate degradation products. 

However, in some cases methane yield can be increased with lowering the feeding rate 2. 

The amount of fermentable material of feed in a unit volume of slurry is defined as a solid 

concentration. Generally, 7 - 9% total solids concentration is optimum for any plant, whereas 

if the process runs below 7% level causes instability and over 10% causes overloading of the 

fermenter 2. 

 The process parameters like organic loading rate (OLR) and sludge retention time 

(SRT) should be monitored properly to avoid the formation of solids in the reactor after a few 
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days of the digestion process 13. Sudden increase in organic load of co-digestion systems can 

produce more amount of biogas without interrupting the pH of the system 16. 

8. Operational conditions: 

Methane forming bacteria are strict anaerobes and these bacteria are very sensitive to 

changes in pH, temperature and alkalinity. So the operating conditions in the digester have to 

be monitored to achieve the optimal conditions satisfying them. In addition to these 

parameters several other operational conditions have to be monitored and it has to be 

maintained within specific ranges for a better methane production. Those parameters are 

retention time and volatile acid concentration. The process control in the anaerobic digesters 

is difficult, because if the problem arises in any one of the operation parameters it would 

affect the other directly or indirectly, since all the parameters are interlinked. 

8.1 Temperature: 

Methane production can occur over a wide range of temperature between 30C and 

700C, and the process have been classified into three types, which are named as psychrophilic 

(<200C), mesophilic (200C to 400C) and thermophilic (>400C) processes. Anaerobic bacteria 

are most active in thermophilic or mesophilic conditions 2. The increase in the temperature 

will increase the methane production but at the same time it will increase the ammonia 

concentration (only when the C/N ratio is not optimal) and it leads to the inhibition. Moreover 

the methane forming bacteria can’t withstand at very low temperatures. Therefore in large 

scale processes mesophilic or thermophilic temperature ranges are preferable 36. 

8.2 pH and Alkalinity: 

The methane forming bacteria require the optimum pH of 7-8 for the better biogas 

production. Some amount of alkalinity is required for proper pH maintenance. The pH can be 

maintained in the optimum range by maintaining the organic loading rate 2.  Alkalinity serves 

as a buffer, which prevents the drastic changes in the pH. For example, the pH of the sludge 

during the inlet into the digester is around 6 and 7. During the initial days due to the 

formation of organic acids the pH will be decreasing to around 5. Then after stabilization the 
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pH in the digester will be end up around 7 and 8, which is considered as an optimal pH range 

for the biogas production. pH less than 5 will be toxic to the methanogenic bacteria resulting 

in a stop in methane production 36. 

The occurrence of low pH in the digesters is mainly due to accumulation of organic 

acids, which makes the failure of the process by inhibiting methanogenic bacteria.  In order to 

maintain the optimum pH several chemicals can be added to the digester. Chemicals like 

sodium bicarbonate, potassium bicarbonate can be added since it releases the bicarbonate 

alkalinity directly in the digester. The pH indicates what happened in the digester but the 

changes in the alkalinity indicate what is going to happen in the digester. The high alkalinity 

level in the digester is not good for the anaerobic digestion process and hence it can be 

neutralized by adding ferric chloride or citrate. Volatile fatty acid-to-alkalinity ratio should be 

in optimal level during an anaerobic digestion process. The optimal volatile fatty acid-to-

alkalinity ratio is 0.1 – 0.2. Possibly good working ratio is 0.07-0.08, but if the ratio is >0.5, 

then it leads to the failure of digester 36.  

8.3 Nutrients: 

Nutrients are required for the bacteria working in the digester degrading the organic 

matter. Apart from carbon, nitrogen and oxygen the digestion process requires several 

macronutrients like sulfur, phosphorous, potassium, magnesium and calcium and 

micronutrients (trace elements) like manganese, zinc, cobalt, molybdenum, selenium and 

nickel. In general municipal waste and agricultural waste have these nutrients. On the other 

hand, if the some nutrients are in high concentration, for example with high nitrogen content 

leading to improper C/N ratio in the substrate then it leads to inhibition 36. 

8.4 C/N Ratio: 

The relationship between the carbon and the nitrogen amount of the organic material 

is called the C/N ratio 37. The performance of the anaerobic digestion process mainly depends 

upon C/N ratio 22. The optimal growth and activity of bacteria require some essential nutrients 

in the correct concentration. The carbon (carbohydrates) supplies energy while the nitrogen 

(proteins, nitrates, etc) is used for building up the cell structure. So these nutrients should be 
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in the substrate in the correct ratio for better biogas production. The C/N ratio ranging from 

25-30 is best for the anaerobic bacteria, but at the same time these optimum ratios will be 

varied for different substrates. The high C/N ratio is an indication for that limitation of 

nitrogen can occur, which results in lower gas production. The low C / N ratio indicates that 

accumulation of ammonia can occur causing the pH values to exceed 8.5, which is toxic to 

methanogenic bacteria 4. 

8.5 Ammonia Toxicity: 

Ammonium-nitrogen (NH4
+-N) or ammonium ions (NH+

4), a reduced form of nitrogen 

may be transferred to the anaerobic digester or it can be produced during the degradation of 

the organic nitrogen compounds like proteins and amino acids. The ammonium ions play a 

positive and negative role during the anaerobic digestion process. Ammonium ions are used in 

the anaerobic digestion process by the bacteria as a nutrient source. 

If the concentration of the ammonia in the digester is around 50 – 200 mg/l then it is 

beneficial for the digestion process. If the concentration is around 200 – 2000 mg/l then it 

won’t affect the process very much and on the other hand, if the concentration is about 2000 -

4000 mg/l it inhibits the methane production 36. High concentration of the ammonia in the 

sludge leads to toxicity. When toxicity occurs in the digester, it leads to serious issues, like 

accumulation of volatile acids, drop in pH, loss of alkalinity and low methane production 36. 

8.6 Hydrogen sulfide toxicity: 

Bacteria requires soluble sulfur as a nutrient for their growth, hence they use the 

soluble sulfide (HS-) during the anaerobic digestion process. Hydrogen sulfide is formed in 

the digesters due to the degradation of organic compounds like sulfur containing amino acids 

and proteins and also due to the reduction of sulfate 36. But high concentration of sulfides or 

dissolved H2S leads to toxicity. Acid forming and methanogenic bacteria can be easily 

affected by hydrogen sulfide when its concentration is very high.  
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8.7 Mixing: 

One of the most and major criteria for operating an anaerobic digestion process is that 

the substrate should be mixed properly. Proper mixing enhances the digestion process. By 

proper mixing the bacteria, substrate and nutrients will be distributed throughout the digester 

and also the temperature can be maintained. The acetate-forming bacteria and methane -

forming bacteria require close spatial contact and thus gentle mixing is preferable. Moreover, 

mixing enables hydrolysis of waste and production of organic acids and alcohols by acid-

forming bacteria. Gentle mixing is required for the process, continuous fast mixing results in 

washout of methane forming bacteria 36. 

8.8 Loading rate: 

The daily feed inlet into the digester has to be maintained properly. The amount of raw 

materials fed per unit volume of the digester capacity per day is known as loading rate. The 

high amount of feeding leads to methane inhibition due to the accumulation of fatty acids and 

because of low feeding, less biogas per volume will be produced and it affects the process 

economy 4. 

8.9 Retention time: 

The retention time is the theoretical time that the substrate added to the digester 

remains in the digester. In other words, it can be expressed as volume of the digester divided 

by volume of the substrate added to the digester per day. There are two significant retention 

times in the anaerobic digestion process, Solid Retention Time (SRT) and Hydraulic 

Retention Time (HRT) 36. The SRT is the average time that the solids (bacteria) are in the 

digester. HRT is the time that the substrate retains in the anaerobic digester. High SRT is 

advantageous to the anaerobic digestion process. High SRT value removes the toxic 

compounds in substrate and it permit biological acclimation to toxic compounds. The 

conversion of volatile solids to biogas in anaerobic digestion process is controlled by HRT. 

The conversion of organic wastes to gaseous products is the most important process in the 

anaerobic digestion, and hence HRT is considered as one vital parameter among all 36. 
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8.10 Volatile Fatty Acids (VFAs): 

  VFA can be used as an indicator for analyzing the process imbalances in anaerobic 

digesters 38. If the hydrolysis of organic waste is a rate limiting step, then it is difficult to 

estimate volatile fatty acids, as their concentrations are lower than the detection limits 14.  

Volatile fatty acids are the intermediates formed due to the overload of organic substances or 

due to the unbalanced digestion conditions in the anaerobic degradation process 16. Due to the 

increased VFA concentrations, there is a large decrease in pH which is observed especially 

with low initial alkalinity. VFA accumulation will differ a lot qualitatively depending on how 

the reactors are operated (with or without support material) 18.  

9. Upgrading of Biogas: 

The Biogas produced through the anaerobic digestion will have different 

compositions. The raw biogas contains methane (40-75%) and carbon-dioxide (15-60%). The 

other trace compounds are water (5-10%), hydrogen sulfide (0.005-2%), siloxanes (0-0.02%), 

halogenated hydrocarbons (<0.6%), ammonia (<1%), oxygen (0-1%), carbon monoxide 

(<0.6%) and nitrogen (0-2%) are need to be removed for obtaining the highly purified biogas 

(Biomethane), which can be used as fuel for vehicles and for injection into the natural gas 

grid 39. 

The process of treating biogas normally includes two steps, the first step is called as 

cleaning process where the trace compounds are removed which are harmful for the natural 

gas grid and engines, while the second step is called as upgrading process where CO2 is 

removed for making the final gas to adjust to its calorific value and relative density 39. 

9.1 Removal of water vapor: 

The biogas produced by the anaerobic digestion process is highly saturated with water 

and hence it need to be removed to be able to use the biogas in various applications. By the 

physical separation method we can overcome this problem. The best suitable way to remove 

water vapor is through refrigeration 39. During physical drying method there will not be any 

contact between the water and equipments like compressors, activated carbon beds and in 

pipes so the corrosion can be prevented. The steps involved in removing water vapor, 

demisters in which the liquid particles of smaller size are varying from 0.5 – 2 nm are 
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separated through wired mesh and a dew point of 2 – 20 0C is reached. In cyclone separators 

the water droplets will be separated using centrifugal forces. Then in water traps condensation 

occurs by expansion which leads to low temperature and the water will be then condensed. 

Finally, condensed water can be removed from the water taps 39. 

9.2 Removal of hydrogen sulfide: 

Hydrogen sulfide is the major contaminant in the biogas. Hydrogen sulfide is the most 

poisonous and corrosive compound, which damages the pipes and the instruments. The biogas 

which is to be used as fuel should have very low trace amount of hydrogen sulfide in it, since 

it will damage the engines in the vehicles. The internal combustion engines works well when 

hydrogen sulfide is less than 100 ppm 40. 

9.2.1 Biological desulphurization:  
 

The sulfur can be removed from the biogas by micro-organisms. The microorganisms 

from the Thiobacillus family will be best for oxidizing sulfide 40. A sufficient amount of 

oxygen is needed to be added to the biogas for oxidation of sulfide. The range of oxygen 

added depends upon the H2S content present in biogas. The most efficient way of 

desulphurization is by adding air or oxygen directly into the tank containing sludge. 

Thiobacillus are present in the sludge and hence it doesn’t require inoculation. The surface of 

the digestate residue is enough for the microorganisms to grow and it gives sufficient 

nutrients. By this method 95% of the H2S can be removed 40.  

9.2.2 Removal of H2S by Iron chloride: 
 

The iron chloride can be added directly to the tank containing the sludge, where the 

iron chloride reacts with the H2S and produces iron sulfide salt. This method is very efficient 

for removing the H2S in large amount, but high purity, which is required for the vehicle fuel 

quality will not be achieved 40. , 

9.3 Halogenated carbon hydrates: 

The halogenated carbon hydrates causes corrosion to engines, and they can be 

removed by activated carbon 39. In this method the biogas are allowed to pass through, where 

the smaller molecules like CH4, CO2, N2, and O2 will pass through the pores while the larger 

compounds will be adsorbed. In this method the equipment is made of two parallel tubes: one 
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is used for treatment and another is for regeneration. The regeneration is carried out by 

heating activated carbon at 2000C, thus evaporating of the adsorbed compounds can be 

achieved, finally these can be removed by inert gas flow 39. 

9.4 Removal of NH3:  

The ammonia can be removed by washing the biogas with diluted nitric acid or by 

sulfuric acid. For applying these acids stainless steel installation is required and hence, the 

process is expensive. Ammonia can also be removed by units filled with activated carbon 39. 

9.5 Removal of CO2: 

The major part of the biogas next to methane is carbon-dioxide which has to be 

removed during the upgrading process for attaining highly purified methane. The pipelines 

require CO2 less than 3% while vehicle fuel requires CO2 not more than 1.5-4.5% 39. The 

most common method to remove carbon-dioxide is water scrubbing and scrubbing with 

polyethylene glycol 41. 

9.5.1 Physical and chemical CO2-absorption:  
 

The process requires an absorbent to remove CO2 
39. In the physical absorption 

method the CO2 is removed from the biogas by washing it with water at very high pressure. 

The instrument contains a tall vertical column; the biogas is introduced from its bottom, 

whereas the water is added at the top of the column to attain gas-liquid counter flow. The 

column is randomly packed hence giving larger specific surface for gas-liquid contact. Thus 

the CO2 is removed during the flow through water and at the same time the surplus H2S 

remaining in the biogas also removed. There is a possibility of methane mixing with the 

pressurized water due to its solubility and thus it has to be removed by a depressurizing 

process. After that maintaining the pressure drop to atmospheric pressure the CO2 can be 

released into the atmosphere or it can be treated with a gas filter to remove odor. The process 

is very cheap and has high efficiency. Methane of 95% can be obtained. The loss of methane 

in this process will be less than 2% due to the large solubility difference between CO2 and 

CH4 
39. 
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In another method polyethylene glycol can be used instead of water for removing CO2 

from biogas. The CO2 and H2S are having high solubility in polyethylene glycol comparing 

with that of CH4.  This process has very low vapor pressure and hence the loss of chemicals 

will be less. The same procedure is carried out for removing the CO2 using polyethylene 

glycol instead of water. Furthermore, CO2 can also be removed by using chemicals like 

alcohol amines 39. 

10. Digestate Residue: 

The indigestible substances and the dead microorganism from the digester produced in 

anaerobic digestion process are called digestate residue. It is a byproduct from the biogas 

plant and it can be used as a fertilizer 42.  The solid substance in the digestate residue is that 

which could not be utilized by the microbes during anaerobic digestion process. It has high 

nitrogen and other nutrient content; hence instead of using the synthetic fertilizer, the 

digestate can be utilized in agriculture leading to additional benefits which helps to reduce the 

usage of fossil fuels for artificial fertilizer production. When performing two stage anaerobic 

digestion processes, digestates of two types are produced, one during acidogenesis and the 

other during methanogenesis. The acidogenic digestate is a fibrous material contains lignin 

and cellulose which could not be used by the microbes. The nutrients compositions in 

digestate are nitrogen- (2.3 to 4.2 kg/tone), phosphorous- (0.2 to 1.5 kg/tone) and potassium- 

(1.3 to 5.2 kg/tone) and hence it is very easy for the plants to take up these nutrients 43. The 

organic content of the digestate and its quality depends upon the operating conditions of the 

anaerobic digestion 44. 

11. Benefits of Biogas: 

The major advantage of using biogas is that it would provide significant reductions of 

toxic compound emissions and ozone forming pollutants 45. The particulate emissions from 

the vehicles will be lowered. Due to reduction of waste in high amount for the biogas 

production the water quality will be improved in the nearer sites of biogas plants. The biogas 

production gives environmental and social benefits like reducing deforestation, reducing CO2 

emission, since biogas is a renewable source of energy. Moreover, it produces pathogen free 

compost and nutrient rich fertilizer. The fertilizers from the organic waste also provide the 
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best development of microorganisms responsible for converting nutrients present in the soil 

into a reasonable form so that it can be easily incorporated by the plants1. 

 

The energy benefits of biogas production are that it can be used as lighting fuel in 

lamps, or as energy source for cooking, used in electricity generation, used as engine fuel and 

used in refrigerators. The economic benefits are the building and the operation of biogas 

plants creates new jobs like builders and technicians 45. The other important advantage is that 

the energy produced from the plant can be used for operating the plant. Biogas has significant 

health benefits, like it produces less smoke compared to that of smoke from firewood and also 

biogas installation reduces less indoor smoke 46. Due to biogas production lots of organic 

waste can be degraded which helps in reducing the pathogens, worm eggs and flies, hence 

biogas provides better hygiene.  

12. Aim: 

The aim of the project is to investigate the inhibiting amount of NH4-N on the 

methane production within a co-digestion process. Experiments have been carried out in both 

batch and continuous operations. 

12.1 Materials and Methods: 

12.1.1 Substrate and inoculum: 
 

The substrate and inoculum used were obtained from Sobacken, a large scale biogas 

plant situated outside Boras, Sweden. The plant operates at thermophilic conditions. Within 

the co-digestion process, which is carried out in the plant, different waste streams like 

household waste, industrial waste and waste from recycling stations are treated. The substrate 

used in this study was a mixture coming from the buffer tank situated in connection to the 

digester at the plant, and the inoculum was the digestate residue also obtained from the plant. 

The substrate was stored in a cold room until the setup of the experiments and the inoculum 

was kept in the incubator at 550C for three days for stabilization before starting up the 

experiments. 
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12.2 Measuring Methane potential: 

12.2.1 Total solids: 
 

Total dry solids (TS) can be defined as the amount of solids remained after drying 

known weight of test material or inoculum at 1050C to constant mass in a porcelain crucible. 

In other words, it can be explained as the solid substance present in the sample which contains 

both organic and inorganic matter. 

 

TS% = (((W dry crucible + dry sample) - (W dry crucible)) / W sample0) * 100 

 

TS = Total dry solids 

W dry crucible = weight of dry crucible 

Dry sample = weight of dried sample at 1050C 

W sample0 = weight of wet sample added. 

12.2.2 Volatile solids: 
 

Volatile solids (VS) are the amount of solids that are lost under ignition of dried 

material at about 5500C. In other words, it explains the organic content of the substrate. 

 

VS% = (((W dry crucible + dry sample) - (W glow sample + crucible)) / W sample0) * 100 

 

VS = Volatile solids 

W dry crucible = weight of dry crucible 

Dry sample = weight of dried sample at 1050C 

W glow sample + crucible = weight of dried sample + crucible at 550oC 

W sample0 = weight of wet sample added. 
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12.2.3 Gas chromatography: 
 

Gas chromatography is also called as gas-liquid chromatography. Gas chromatography 

(GC) is an analytical process used for separating the compounds based on their volatilities. 

Gas chromatography gives both qualitative and quantitative results for all compounds present 

in the sample. The carrier gas can be helium, nitrogen or hydrogen, which provides the mobile 

phase so that the sample moves through the column. The column temperature must be 

maintained at optimum level for the analysis of interest.  The column temperature mainly 

depends on the boiling point of the sample and the selection of carrier gas depends upon the 

type of detector used. The carrier gas system usually contains a molecular sieve which is used 

to remove the water and other impurities 47. For gas analysis in this study a gas 

chromatograph, equipped with a suitable detector and column for measuring methane and 

carbon dioxide concentration of the evolved gas was used. 

13. Batch Experiment: 

 

Figure 7: Reactor for the Batch Experiment 48. 
 

 The reactors used for the batch experiments were 2L glass bottles closed with thick 

rubber septum and aluminum caps 48 as shown in Figure 7. The experiments were carried out 

in triplicates because this test is a biological method, the inoculum used is obtained from the 
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large scale biogas plant and the substrate used has inhomogeneous composition. Each reactor 

was filled with 400 ml inoculum and 45.45 ml of sample then water was added to reach a 

final volume of 500 ml. Blanks were also prepared containing 400 ml inoculum and 100 ml 

water. The VS ratio between the substrate and inoculum was kept to 1:2, so the amount of 

samples added to the reactor was based on the VS content of the substrate of 6.6%. Then to 

each sample different concentrations of ammonia was added making to final concentrations 

varying from 2400 mg/l to 3400 mg/l. The ammonia were added to the reactors in required 

concentrations in the form of (NH4)2CO3.  After the setup 10ml of the samples were taken 

from each reactor for analyzing the ammonia content in it. Finally, the reactors were closed 

and flushed with a gas mixture containing 80% nitrogen and 20% CO2 to maintain anaerobic 

conditions. 

 The headspace of each reactor has been calculated by subtracting the reaction volume 

of 500 ml from the volume of the flasks 48. The reactors were kept in an incubator at 550C 

throughout the experiment as shown in Figure 8. The reactors have been shaken every day for 

maintaining the temperature and for proper mixing of substrate with inoculum without settling 

down. The batch process was carried out for 53days since there was no further increase in gas 

production obtained meaning, that the organic matter was fully degraded during this period of 

time. Finally the pH in each reactor was measured and again 10ml of samples were collected 

in order to measure the amount of ammonia present in the end of the experiment.  

13.1 Gas analysis: 

The methane and carbon-dioxide content in the head space were measured throughout 

the experimental period in regular intervals, i.e. once in every third day during the initial stage 

of the experiment, and once in every five days after two weeks. By this way, 13 

measurements have been taken during the 53 day long batch process. A pressure lock gas 

syringe (VICI, Precision Sampling Inc., USA) was used to take samples from the headspace 

of the reactors. Samples of 0.25ml were directly injected into a gas chromatograph (Auto 

System, Perkin Elmer, USA) equipped with a packed column (Perkin Elmer, 6’ x 1.8” OD, 

80/100, Mesh, USA) and a thermal conductivity detector (Perkin Elmer, USA) with inject 

temperature of 150°C, and the mass of methane was calculated. The carrier gas used in this 

operation was nitrogen with a flow rate of 25ml/min at 600C.  
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It has been mandatory to release the gas during the incubation period, since it leads to 

building up of high pressure inside the reactor, which can cause leakage and can affect the 

microbiological system. The gas achieving over pressure in the reactor was released with the 

help of the hospital needle under the hood and the methane was measured again after the 

release. The amount of gas produced between two measurements can be calculated from the 

differences of methane measured after the release in the first measurement and the amount of 

methane measured before the release in the second measurement. To be able to determine the 

methane produced from the substrate, the methane produced from the blank was subtracted 

from methane produced from the samples.  

 

 

Figure 8: Triplicate batch reactors in the incubator at 550C 
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13.2 Calculations: 

 The amount of methane can be calculated based on the volume of the headspace of 

each reactor and the fixed volume of the sample using the ideal gas law.  

pV = nRT 

Where, 

P= 101.325 KPa  

V= volume of methane in reactor or in the syringe (ml)  

R= 8.314 J K-1 mol-1 

 T= 25 ºC. 

 

To calculate the volume of methane produced at normal conditions, the following formula 

was used, 48 

XSTP = Xm * [(TStandard * Pm) / (Tm * PStandard)] 

Where,  

Tm = actual temperature 

Pm=atmospheric pressure 

Xm=measured methane 

XSTP= methane content at standard temperature and pressure. 
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13.3 Results: 

 
 
Figure 9: Graph showing the accumulated methane production during batch digestion 
of different samples. 
 

 

 The batch experiment has been carried out with different concentrations of ammonia 

added to the samples. Figure 9 shows the average accumulated methane production values for 

the triplicates. From the graph we can conclude that the methane production was almost the 

same for all concentrations of ammonium present in the samples. The final methane 

production for the different samples was between 0.59 Nm3 CH4/kgVS to 0.69 Nm3 

CH4/kgVS. From the beginning of the experiment the methane production was found to be 

increased constantly at the same rate for all of the samples, including the BTS (Buffer tank 

substrate) and the samples containing surplus ammonia added. The highest ammonia 

concentration used was 3400mg/l and the lowest was 2400mg/l, however, for both these 

ammonium concentrations the final methane yield was almost the same. It clearly indicates 

that increasing the ammonia content to 3400mg/l in the substrate will not affect this anaerobic 

digestion process. No further inhibition effects were detected. Table 2 shows the initial 

methane production per day calculated for the initial period of 9 days of incubation and the 
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final methane yield for the different samples along with the standard deviations of the 

triplicates. The standard deviation values show that the range of values was not spread too 

thus there was no significant differences in methane yield and initial methane production rate 

for the different concentrations of ammonia added (Table 2).  

 The NH4-N concentration for different ammonium samples have been measured using 

a Hach apparatus (HACH LANGE DR2800). The cuvette containing hypochlorite ions with 

nitroprusside as a catalyst has been taken, to which 0.2µl of sample was added and the cuvette 

was shaken firmly and then it was kept aside for 15 minutes; finally the absorbance was 

measured using the photometer. The measurements of ammonia concentrations at the start up 

of the experiment and with the final day are summarized in Table 3. The standard deviations 

of ammonium content for initial day shows that the concentration of 2700 mg/l and 2900 mg/l 

has not spread out; they are in almost the same range but for the remaining concentrations of 

ammonia added the standard deviation show higher values, meaning the values were mostly 

spread. The standard deviation for the final day values shows that the concentration of BTS 

was not spread widely while the other concentration has spread, i.e. it was difficult to 

establish the differences (Table 3). 

Sample Methane yield at day 53 

(Nm3/kg VS)  

Methane production rate 
at day 9 

(Nm3/kg VS/day)  

BTS 0.61 ± 0.17 0.050 ± 0.01 

NH3 2400 mg/l 0.68 ± 0.05 0.058 ± 0.004 

NH3 2700 mg/l 0.59  ± 0.08 0.055 ± 0.006 

NH3 2900 mg/l 0.67  ± 0.05 0.062 ± 0.004 

NH3 3100 mg/l 0.64  ± 0.11 0.056 ± 0.006 

NH3 3400 mg/l 0.67  ± 0.12 0.058 ± 0.01 

 
Table 2: Methane yield and initial methane production rate during the batch 
experiment.  
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Sample NH4-N content at day 1 
mg/l 

 NH4-N content at day 53 mg/l 

Blank 1863 ± 168  2006 ± 245 

BTS 820 mg/l 1830 ± 433  2416 ± 92 

2400mg/l 2226 ± 267  2436 ± 111 

2700mg/l 2653 ± 66  2620 ± 287 

2900mg/l 2640 ± 55  2913 ± 110 

3100mg/l 2616 ± 265  3146 ± 112 

3400mg/l 2863 ± 106  3083 ± 100 

 
Table 3:  Initial and final NH4-N concentration in the samples investigated in the Batch 
digestion process. 

14. Continuous process: 

Two three –liters continuously stirred reactors were used for the continuous 

experiment. The two reactors, shown on Figure 10, were operated in parallel at 550C. Reactor 

1 was used as a control and Reactor 2 was used to investigate the level of nitrogen inhibition. 

Reactor 1 was fed with only BTS (buffer tank substrate) collected from the biogas plant at 

Sobacken, whereas Reactor 2 was fed with BTS together with ammonium addition in the 

form of (NH4)2CO3, to a final concentration of 3400mg/l NH4-N. Both reactors were running 

for 43 days until the pH dropped to 5.5 and there was no biogas production observed. 

 

The experiment started by adding 3 l inoculum to both rectors and this was allowed to 

mix well for 2 days. The feeding started from day 3, by adding 150ml BTS substrate to 

Reactor 1 and 150ml of BTS containing an appropriate amount of (NH4)2CO3 to reach the 

final concentration of 3400mg/l ammonia to Reactor 2. The organic loading for both reactors 

was 3.3g VS/l/day and the retention time was 20 days. Samples were taken out and new 

substrate was fed into the reactors at the same sampling point each day. The temperature of 
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the reactor was maintained around 550C in order to ensure thermophilic conditions. The 

samples taken out from the reactors were collected daily and the pH was measured after 

cooling them down to room temperature. The experiment was stopped after 43 days when the 

pH was down to 5.5. 

 

 
Figure 10: Reactors used for the continuous process operating at 550C. 

14.1 Analysis: 

A gas meter was connected to each reactor which displayed the total biogas 

production. In addition gas samples of 0.25ml have been taken using a pressure lock syringe 

and were analyzed directly by GC. The pH was measured daily; using JENWAY 3505 pH 

meter. The temperature was also measured daily; since a drop in temperature would affect the 

activity of thermophilic bacteria producing methane. The samples taken out of the reactor 

with each feeding occasions was used for analysis. The TS and VS content were measured 

once a week. The alkalinity was also measured once in a week. For doing alkalinity 

measurements the samples were centrifuged and diluted with milli Q water in the ratio of 

1:10. Then the samples were titrated with 0.05mM HCL very slowly. The bicarbonate 

alkalinity was determined from the values obtained when the pH dropped down to 5.75. The 

titration was then continued until the pH dropped down to 4.0, to be able to determine the 

total alkalinity. VFA analysis was done for the samples collected once a week. The samples 

were frozen down until performing the VFA analysis. Before the analysis, the samples were 
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defrosted and then centrifuged and filtered through a micro filter with a pore size of 0.20µm. 

Then the samples were centrifuged again at 10000 rpm and were transferred to HPLC tubes 

for the analysis. High Pressure Liquid Chromatography (Waters 2695, Millipore, USA) 

equipped with refractive index (RI) detector (Waters 2414) and UV detector was used for the 

analysis. The separation of different acids were done on an ion exchange column (Aminex 

HPX-87H column, Bio-Rad, USA), at 600C using 5mM H2SO4 as eluent with a flow rate of 

0.6mml/min.  

14.2 Calculations: 

The gas meter which was connected to the reactors displayed the total biogas 

production per day for each reactor, and the methane and CO2 content have been calculated 

by the values obtained by the GC measurements. The methane was expressed as 

Nm3CH4/kgVS/day and biogas was expressed as Nm3Biogas/kg VS/day. The alkalinity 

results were calculated as mg/l and HPLC results were expressed as g/l regarding to the 

concentrations of different fatty acids present in the samples.  

14.3 Results: 

 
 

Figure11: Methane Production in the control reactor and in the other containing excess 
ammonia obtained during the continuous process. 
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Figure 11 explains about the methane production obtained during the continuous 

process in the two reactors, one containing only BTS, while the other containing BTS with 

ammonia added. While the process operated at stable rate, the production of methane for 

Reactor 1 containing BTS was around 0.59 Nm3CH4/kg VS/day and for the Reactor 2 

containing excess ammonia the production rate was around 0.56 Nm3CH4/kg VS/day. This 

methane production was in accordance to the values obtained previously during the batch 

experiment (Figure 9), and remained at this level for both of the reactors during 25 days. After 

that period Reactor 1 showed a sharp decrease in both pH and methane production. On the 

other hand, in Reactor 2 the pH and methane production could be maintained for 33 days. 

However, after this period of time there was a sharp decrease obtained in both parameters 

even in Reactor 2 (Figure 11). Hence, the process in both reactors failed and the feeding was 

stopped at day 43. 

 

Measuring the TS and VS content in the effluent samples is useful for evaluating the 

amount of organic content degraded during the digestion process. Table 4 shows the TS and 

VS content and the methane production for both reactors obtained on different days during the 

experiment. It is clearly seen that an increase in the TS and VS content of the samples, can be 

connected to a decrease in the methane production. In Reactor 1 the TS content was starting 

to increase very sharply from day 29 showing a decrease in the methane production too from 

that day. In contrast, in Reactor 2 the TS content shows a slow increase until day 29 but there 

was not any drastic change in the methane production until day 38, showing that the process 

in this reactor was more stable for a longer time compared to the process in Reactor 1 (Table 

4). 
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Days TS 

content 

for 

Reactor 

1 (BTS) 

VS 

content 

for 

Reactor 

1 (BTS) 

Methane Yield in 

Reactor 1 

(Nm3/kgVS/day) 

TS content 

for Reactor 

2 (Ammonia-

3400mg/l) 

VS content 

for Reactor 

2 

(Ammonia-

3400mg/l) 

Methane Yield in 

Reactor 2 

(Nm3/kgVS/day) 

8 2.24 0.90 0.55 2.62 1.25 0.60 

15 3.04 1.90 0.49 2.93 1.77 0.53 

22 3.14 2.09 0.57 2,21 1.32 0.53 

29 3.12 2.14 0.49 2.99 2.88 0.48 

38 5.94 3.52 0.037 2.92 2.03 0.37 

43 6.02 3.26 0.0003 4.19 3.06 0.016 

 

Table 4: TS and VS content as well as the methane production for Reactor1 and Reactor 

2 obtained at different days during the continuous digestion process. 

 

  
 

Figure 12:  Change in pH for both of the reactors during the continuous process 
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Figure 12 shows the changes in pH for both reactors during the experiment. There was 

a sharp drop in pH obtained for Reactor 1 containing BTS (control) from day 30. However a 

sudden increase can be seen at day 36. This is due to the addition of buffer (NaHCO3) to 

Reactor 1 to maintain the pH. On the other hand in Reactor 2 the pH was maintained well 

until day 40 and thereafter it was a rapid decrease.  

Figure 13 shows the biogas production during the continuous process. The biogas 

production shows the same trend as the methane produced during the process. The methane 

content can be calculated using the biogas and the methane determined during the digestion 

process. The methane content for the Reactor 1 was 68% and for the Reactor 2 the methane 

content was 70%. The production was normal until day 29 for both of the reactors. From that 

day the biogas production was decreased in Reactor 1 and to overcome this problem Buffer 

(NaHCO3) was added to Reactor 1. However, it was not successful in maintaining back the 

normal biogas production again. It is also seen on Figure 13, that from day 36 the biogas 

production showed a steady decrease even in Reactor 2. 

 

 
Figure 13: Biogas Production in the control reactor and in the one containing excess          
ammonia during the continuous process. 
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Figure 14: Alkalinity values measured during the continuous process in the control 
reactor and in the one containing Ammonia. 
 

 

Alkalinity shows the buffer capacity of the system which helps in preventing rapid pH 

changes. Sufficient alkalinity is required to maintain the optimal pH during the digestion 

process.  Decrease in the alkalinity value below the normal operating conditions was an 

indicator, that the process will get failed. The high alkalinity concentrations will help in 

enhancing the digester stability.  As it is shown in Figure 14 the bicarbonate alkalinity 

decreased in Reactor l (control), which indicates that the process is getting failed, therefore 

buffer was added to Reactor 1 at day 36 to maintain the pH. However, despite of an increase 

in pH after addition of NaHCO3 there was no further improvement in the production of 

methane. On the other hand, in Reactor 2 the bicarbonate alkalinity was decreasing slowly 

from day 38 combined with a decrease in pH and in methane production (Figure 11 and 12; 

Table 4). 
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Day  1  8  15  22  29  38  43 

Reactors  R1  R2  R1  R2  R1  R2  R1  R2  R1  R2  R1  R2  R1  R2 

Total VFA g/l  0.4  2.9  9.4  13.6  16.6  18.9  27.3  25.7  36.3  28.4  52.2  27.9  53.3  41.2 

Acetic acid g/l  0.1  0.5  2.1  4.9  5.0  6.1  9.7  8.6  13.2  8.9  23.6  11.6  25.3  14.9 

Propionic acid g/l  0  1.7  4.5  5.2  9.1  9.1  12.6  12.2  15.3  13.5  17  10.8  17.3  14.9 

Isobutyric acid g/l  0.05  0.1  0.2  0.3  0.5  0.6  1  1  1.3  1.1  1.6  1  1.7  1.6 

Butyric acid g/l  0  0  0.5  0.6  0.1  0.6  0.8  0.9  1.9  1.8  2.8  1.9  3.3  3.8 

Isovaleric acid g/l  0.05  0.2  0.7  0.9  1.1  1.5  2.3  2.1  3.3  2.5  3.7  2.1  4.1  4.1 

Valeric acid g/l  0.1  0.2  1.2  1.4  0.6  0.7  0.8  0.6  1  0.3  3.2  0.2  1.3  1.7 

 

Table 5: Changes in VFA content in Reactor 1 and Reactor 2 during the     

continuous process. 

 Table 5 gives the values for the amount of fatty acids present in the Reactor 1 and 2. 

There was an accumulation of fatty acids observed in both of the reactors but in Reactor 1 the 

total volatile fatty acid content was higher from day 29 compared that in Reactor 2. Moreover, 

from this day the total fatty acids seemed to be increasing faster in Reactor 1 than in Reactor 

2. At day 43 the final concentration of Volatile fatty acids in Reactor 1 is 53 g/l while in 

Reactor 2 the concentartion was 41 g/l.  

The ammonia concentration has been measured in the samples collected during the 

continuous process, and the results are shown in (Table 6). The ammonium content in the 

samples increases during the process for Reactor 1. In Reactor 2 the ammonium content was 

not increasing as sharp as that in Reactor 1.  
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Day  Reactor 1 mg/l  Reactor 2 mg/l 

1  2830  2850 

8  2950  3070 

15  3100  3210 

22  3080  3030 

29  3630  3730 

38  4030  2370 

43  4240  4520 

   

Table 6:  NH4-N concentration in the samples investigated in the continuous    

digestion process. 

 

15. Discussion: 

Investigations on nitrogen inhibition during an anaerobic co-digestion process have 

been carried out in the laboratory. The substrate taken from Sobacken was used to carry out 

anaerobic digestion experiments in batch and continuous operations. During the batch process 

different concentrations of ammonia were added to the triplicate reactors containing BTS. The 

final ammonia concentration in the triplicate reactors was ranging from 2400-3400 mg/l. The 

results showed that all rectors were working well and showed a steady increase in 

accumulated methane production for all concentration of ammonia investigated (Figure 9). 

The methane produced from the different samples was obtained between 0.59 Nm3 CH4/kgVS 

and 0.69 Nm3 CH4/kgVS. The reactor with high concentration of ammonia and the reactor 

with low concentration of ammonia showed almost the same amount of methane production. 

The batch process was stopped on day 53 when there was no methane production obtained in 

the reactors.  
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According our results obtained from the batch experiments, any concentrations of 

surplus ammonia added showed no inhibition on the methane production rate. Therefore, to 

be able to investigate the long term effects, a continuous process was also carried out. 

According to data found in the literature, ammonia concentrations between 2000 and 4000 

mg/l could lead to inhibition during the digestion process 36. Hence the ammonia 

concentration of the highest level used in the batch process (3400 mg/l) was selected to run in 

the continuous process in order to investigate the level of inhibition. 

Two reactors were run in the continuous process, one control rector containing BTS, 

and the other with ammonia added to the BTS achieving a final concentration of 3400 mg/l. 

In the initial stages both the reactors were working well and showed an average methane 

production of 0.59 and 0.56 Nm3CH4/kgVS/day respectively (Figure 11). During the initial 

days due to the formation of organic acids the pH was less around 6. Then after stabilization 

the pH in the reactor was maintained around 8, which is considered as an optimal pH range 

for the biogas production. But later on the pH together with the alkalinity values were 

decreased for Reactor 1(Figure 14). pH less than 5 will be toxic to the methanogenic bacteria 

resulting in a stop in methane production 36.  High concentration of fatty acids like acetate, 

butyrate and propionate leads to decrease in alkalinity and drop in pH. Among all these acids 

propionate is most toxic one, and the concentration beyond 5mg/l leads to inhibition of the 

digestion process 36. In Table 5 the concentration of propionate in Reactor 1 and Reactor 2 

was beyond 5mg/l which causes inhibition to the process. The degradation of organic 

compounds produces organic acids, resulted in accumulation of fatty acids. The process was 

inhibited which can be also seen on the increasing TS and VS value in Table 4. This shows 

that the organic content was not degraded since methanogens didn’t convert the substrate into 

methane and carbon-dioxide.  

 Hence to overcome the pH drop, buffer was added to the Reactor 1 at day 36, which 

results in maintaining the pH (Figure 12). Adding buffer to the reactor was applicable in lab 

scale but for large scale biogas plant like Sobacken it would not be feasible. Moreover, 

despite the addition of buffer there was no methane production retained. At the same time the 

Reactor 2 worked well until 36 days. This is due to the buffering effect of the ammonia 

addition in the form (NH4)2CO3 to the Reactor 2. So, this helps the Reactor 2 to work for 

some more days. However, later on from day 38 the pH and alkalinity value was decreased 
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even in Reactor 2 and the process was stopped on day 43 when there was no further methane 

production was observed. Volatile fatty acid-to-alkalinity ratio should be in optimal level 

during an anaerobic digestion process. The optimal volatile fatty acid-to-alkalinity ratio is 0.1 

– 0.2. Possibly good working ratio is 0.07-0.08, but if the ratio is >0.5, then it leads to the 

failure of digester 36. The concentration of fatty acids accumulated for Reactor 1 was high and 

hence it resulted in decrease of pH and methane production from day 30 but for Reactor 2 the 

fatty acid accumulation was not high till 36 days, later on the acids were accumulated which 

resulted in less pH and methane production (Table 5). The volatile fatty acid-to-alkalinity 

ratio for Reactor 1 was around 0.5 till day 23 later it started increasing to 1.6 at day 29, 

whereas in Reactor 2 the ratio was 0.5 till day 26 and later on it started increasing to 1.3 at 

day 33 showing the inhibition. The ammonia is the pH dependent, due to the accumulation of 

fatty acids the pH was decreased in Reactor 1 which resulted in increase in ammonium 

concentration (Table 6). The substrate used for the experiments were not optimal because 

even the control reactor was failed and hence the the nitrogen inhibition level could not be 

determined.  

16. Conclusion: 

 During the batch process all reactors were working well, despite of the different 

concentrations of ammonia added to the BTS. The yield of methane was normally at the same 

level of around 0.64 Nm3CH4/kgVS for all the samples. 

In continuous process during the initial days both the reactors were working well and 

showed an average methane production of 0.59 Nm3CH4/kgVS/day for the control reactor 

(Reactor 1) and 0.56 Nm3CH4/kgVS/day for the Reactor 2 containing high level of ammonia. 

Reactor 1 was failed at day 29, showing low pH and methane production, while Reactor 2 was 

working well for 6 more days. This was due to the buffering effect of added ammonia in the 

form of (NH4)2CO3. The substrate used for the experiments were not optimal, because even 

the control reactor was failed, hence the determination of the ammonia inhibition level was 

not possible to perform. 

17. Future work: 

The investigation of different concentration of ammonia was working well during the 

batch process and only upto 3400 mg/l of ammonia was investigated with control during 
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batch process. Further high concentartion of ammonia can be investigated during the batch 

process, so that the level of inhibition for this Buffer tank substrate can be identified. The 

composition of BTS substrate has to be investigated and if necessary change to optimal 

composition for the anaerobic digestion process. Then different concentration of ammonia 

added can be investigated in the continuous process. , so that the level of inhibition during the 

continuous process can also be identified. The continuous process can be further investigated 

using different operational conditions like changing organic loading rate, retention time. The 

results obtained from the further investigations will be very useful for the large scale biogas 

plant, Sobacken. 
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