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Abstract  

Bioenergy has an important role as alternative energy in socio economic development of a country. 

Bioenergy is green, renewable and sustainable. It is a process of methane production by four steps which 

includes hydrolysis, acidogenesis, acetogenesis and methanogenesis . In batch digestion by following the 

above four steps it is possible to produce both methane and hydrogen. In continuous process of methane 

production, one type of bacteria can resist the activities of other species and delay the overall process. The 

bacteria as well as enzyme are specific to PH and temperature. At low PH, hydrogen gas and volatile fatty 

acid are produced in the step of acetogenesis while at higher pH (alkaline medium), optimum production 

of hydrogen gas is possible  
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1. Introduction  

Economic development of a nation depends on the local availability of energy. In the 19th century, most of 

the energy demands were fulfilled by fossil fuels i.e. coal, petroleum and natural gas but the use of these 

fossil fuels was maximum [1].The most people of developing countries like India live without reliable 

energy source and about 240 million people can not access electricity[2]. Presently 80% of the energy 

demand is fulfilled by the fossil fuels and there is inadequate knowledge of life span of fossil fuel reserves 

[3].Energy crisis and the climate changes are the key issues all over the world. Socio-economic 

development of rapidly growing world depends on the supply of a cleaner, greener, renewable and 

economically feasible source of energy [4-5]. There will be a severe shortage in energy after 50 years. The 

current research and future prediction state that the crude oil will continue for s 40-70 years and natural 

gas will be finished within 50 years [6]. Global average temperature is expected to increase 1.4 to 5.8 

degree Centigrade by year 2100 and gradually increase after that [7]. Energy crisis and the climate change 

are the key issues all over the world . Global warming will lead to change the climate by making flood, 

drought and melting of ice in the cold zone [8-9]. Decomposition of food waste and other waste and the 
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combustion of fossil fuels like coal, oil and natural gas release natural greenhouse gases (mainly carbon di 

oxide ,methane and others) in the atmosphere [10] . Ruminant can produce 250 to 500 litres of methane 

per day [1]. Methane has approximately 21 times greenhouse effect than that of carbon dioxide 

[11].Renewable energy is politically demanded. Biogas is the efficient and effective alternate renewable 

source of energy currently available among other energy sources. It is produced through anaerobic 

digestion processes where the micro-organisms break down the complex organic matter to produce carbon 

di oxide, methane [12]. The anaerobic digestion process is economically feasible in comparison to other 

renewable energy sources like hydro, solar and wind energy [13].Biogas can be converted to Compressed 

Natural Gas after enrichment and bottling. As a renewable source biogas can not only be used as cooking, 

heating, lighting and production of electricity but also used as fuel for vehicles instead of fossil fuel. By 

anaerobic digestion the greenhouse gas emission is reduced which is more environment friendly 

[14].Lignocellulosic organic material are highly accepted for anaerobic digestion because of their 

abundance. .Agro-waste is a specific type of biomass which is produced as a bye-product from agriculture. 

Bio mass containing protein, fat, carbohydrate, cellulose and hemicellulose are used as substrate for 

digestion [15]. The anaerobic digestion occurs in four steps. These are hydrolysis, acidogenesis, 

acitogenesis and methanogenesis. The hydrolysis of lignocellulosic material is the rate limiting step in 

anaerobic digestion. The hydrolytic enzymes inhibit the penetration into cellulose and hemicellulose due 

to presence of lignin [16].Many factors affect the digestion but the presence of high lignin is the most 

problematic factors to affect the digestion of lignocellulosic organic materials [17].The complex physical 

and chemical structure of the lignocellulosic substrates cannot be completely biodegraded in anaerobic 

digestion [18].To get the potential yield of biogas and  solve the problem some pre-treatment processes 

can be applied [19].Bio gas free digestion is sensitive to temperature , digester and pH [20].This indicates 

that the pre-treatment of substrate needs urgently for further investigation. 

Production of hydrogen is globally thought by scientist and engineers. It is not economically feasible to 

produce hydrogen.Hydrogen is the cleanest form of energy with huge calorific value and produces 

pollutant-free products on combustion. Production of  hydrogen from organic waste using batch digestion: 

reduces pollution, as the combustion of hydrogen evolves high energy with water [21].The global 

hydrogen demand is 70 million tonnes annually, in oil refining and production of ammonia [22].The 

second generation cellulose containing biomass like straw, corn cob, molasses, barley straw, sweet potato 

waste and rice straw is used  [23]. During the batch digestion of methane production, low cost hydrogen is 

generated at higher PH. It can also be generated at lower PH in acetogenesis and the hydrogen production 

depends on the amount of volatile fatty acid produced. Production of hydrogen biologically is termed as 

bio hydrogen which is an excellent energy carrier to fulfil the future needs of society [24].Research in 

hydrogen generation is focussed worldwide [25]. It was found that two types of fermentation usually 

occurs like butyric acid fermentation at pH > 6 [26], and ethanol fermentation at pH < 4.5 [27].  

Acetogenic fermentation, the major products of the process were butyric acid [28].The present study is to 

enhance the bio hydrogen generation using heat-treated biogas plant slurry as inoculum with kitchen waste 

by means of pH control. The value of hydrogen as a heating fuel is calculated on the basis of its heat 

content and the cost of other fuels. The heating value of hydrogen and methane are 141,790 kJ / kg and 

55530 kJ / kg respectively [29]. This is comparable biologically generated energy is an alternate to 

increasing source of fossil fuel [30]. Acetogenic and methanogen bacteria are responsible for the 

conversion of organic wastes into methane [31].Fermentative hydrogen generation is achieved by 

anaerobic acid-forming bacteria like Clostridium sp. or facultative anaerobes such as Enterobacter sp.[32-

33].Many studies are used the chemicals like glucose and sucrose, starch as substrate for hydrogen 

generation [34-36].Maintenance of operating conditions for pure cultures of hydrogen generating bacteria 

is problematic to large scale anaerobic digestion [37]. The main constraint in bio hydrogen generation 

using mixed bacteria is the coexistence of methanogens [38].  
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2. Review of Literature  

In the second of 19th century, the more systematic and scientific research was started by France to better 

understand the anaerobic fermentation process. During their investigation, they detected some micro-

organisms which are responsible for the fermentation process. Scientific research into the process of 

digestion was seen in 1930 when the scientists completed numerous studies to better understand the 

influencing factors of digestion. 

2.1  Physico-chemical parameters influencing bio methane production  

Certain operating parameters like PH, operating temperature, pre-treatment, C/N ratio, Volatile fatty acid 

(VFA), retention time, water content, redox potential ete, are needed to be controlled in order to enhance 

the performance of biogas generation process. 

PH 

Micro-organisms are very sensitive to change in PH. Buffering is necessary for the control of pH and it is 

essential step in the overall operating system. Methanogens are very susceptible for variation in pH rather 

than other micro-organisms in the microbial community  Anaerobic digestion is generally performed 

under optimum PH for the combined culture ranges from 6.8-7.4 [39 ] .The observed toxicity under low 

pH is due to un-dissociated Volatile Fatty Acid (VFA) [40 ] .The methanogenic activity will slow at pH 

less than 6.3 and >7.8 and this will inhibit the biogas production process [41 ] .If the pH of the medium 

drops below 6, the balance is disturbed and the acid producing bacteria dominates the acid consuming 

bacteria. In addition, the production of strong ammonia during the degradation of protein may inhibit the 

formation of methane if the pH exceeds 8 . 

Operating temperature 

Several physico-chemical factors are considered for obtaining optimum biogas production. The most 

important physical factor is temperature[42 ] .In the literature, it is reported that the anaerobic digestion 

takes place in three different ranges of temperature. These are psychrophilic (10-20°C), mesophilic (20-

45°C), and thermophilic (45-68°C). For each temperature range different groups of micro-organisms are 

identified [43] .Methane producing bacteria are very sensitive to sudden thermal changes. So, drastic 

change in temperature should be carefully avoided so that abrupt decrease in gas production takes place. 

The anaerobic degradation process is affected by temperature from kinetic and thermodynamic point of 

view; the rate and the yield are enhanced with the increase in temperature [44].Technically the rate is 

extremely slow at the ambient temperature i.e. psychrophilic temperature range. While the mesophilic and 

thermophilic range is interesting. Higher temperature is very effective for eliminating pathogens and virus 

(e.g., E. coli, Salmonella etc.). Too high temperature will decrease the metabolic rate of decline due to 

degradation of enzymes which are created by microbes [45].The methanogens mainly contains with 

maximum production rate in mesophilic (35-40°C) and thermophilic (55°C) temperature[46-47]. 

However, anaerobic digestion can take place over a large range of temperature from 10-65°C[48-49]. 

C/N ratio 

The carbon/nitrogen (C/N) ratio represents the relationship between the amount of carbon and nitrogen 

present in waste materials. Material with different C/N ratios differs widely for the yield of biogas 

production [50]. Nitrogen present in the feedstock has two benefits: (a) It provide essential element for the 

production of the amino acid, proteins and nucleic acids and (b) ammonia is produced which is a strong 

base to neutralise the VFA produced by the fermentative bacteria. If C/N ratio is too high there will not be 

sufficient N for microbial growth, while if C/N ratio is too low there will be excessive production of 

ammonia which may result inhibition of methanogens or toxic effect [51-52].For optimum degradation 

recommended C/N ratio is between 20 and 30 [53-55]. 
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Volatile fatty acids 

.High concentrations of VFA such as acetate, propionate and butyrate may lead to inhibition of the 

methanogens due to its toxicity effects[56-57]. VFA are not only formed through bacterial metabolism 

during degradation, they are already present in considerable amounts in the influent depending on the type 

of feedstock. The initial concentration of VFA varies with the type of slurry. Lipids cause problems in 

anaerobic digestion because of their tendency to promote floating scum and due to possible accumulation 

of inhibiting degradation intermediates like long chain fatty acids [58]. 

Retention time 

Retention time is the average time needed to complete the decomposition of organic materials. The 

retention time depends on the type of feed stocks, environmental conditions and waste composition 

[59].The retention time of waste treated in mesosphilic digester is required15-30 days and 12-14 days for 

thermophilic digester. The longer substrate is kept in a particular reaction condition, the more complete its 

degradation will be. The rate of reaction decreases with longer retention time indicates that in an optimum 

retention will achieve the benefits of digestion in a cost effective way. 

Water content 

Bacteria collect the available substrates in dissolved form. Therefore, biogas production and water content 

are depended on each other. Very trace amount of biogas is produced when the water content is below 

20% by weight. Biogas production is enhanced with the increase of water content and it becomes optimum 

at 91-98% water content by weight. 

Anaerobic digestion 

Anaerobic digestion is a biochemical process in which micro-organisms breakdown biodegradable organic 

material in the absence of oxygen to produce biogas for energy conversion [60-63].Biogas production is 

the possible low cost solution to treat the waste [64] .Biogas can be produced in psychrophilic, mesophilic 

and thermophilic range of temperature [65-67]. Biogas is mixture of methane and carbon dioxide [68] 

with trace amount of other compounds which can be used to generate heat and/or electricity.. The energy 

content of biogas with 60% methane content is about 600Btu /cubic ft. while natural gas is 1000Btu / 

cubic ft .Biogas which produces bioenergy from biomass has advantages over other renewable energies 

[69-70].Key bye products of anaerobic digestion are solid and liquid bio fertilizers [71-73]. The available 

nitrogen remains in the treated sludge [74-75]. About 97% pathogens are destroyed in anaerobic digestion. 

The use of anaerobic digestion during waste management the volume of waste is reduced [76-77] with 

reduction of odour [78-79] as well as reduction of greenhouse gas emission by methane and carbon 

dioxide [80]; with the less leakage of nutrient salt to ground and surface water. There are four basic steps 

involved in anaerobic digestion process which relies on different groups of microbes where complex 

organic material converts into methane and carbon dioxide [81]. They are hydrolysis, acidogenesis, 

acetogenesis and methanogenesis . 

Hydrolysis 

Hydrolysis or depolymerisation is the first step of solubilisation of in soluble organic materials in the 

anaerobic digestion process [82-83]. Polymeric materials such as lipids, proteins, carbohydrates, lignin, 

cellulose are hydrolysed into organic molecules such as fatty acids, glycerol, amino acids, sugars by 

hydrolytic enzyme such as lipase, protease, amylase and cellulase [84] excreted by microbes present in the 

stage. Hydrolysis can be the rate determining step if the substrate is large molecule. However, the rate 

limiting law is acetogenesis and methanogenesis if the substrate is readily degradable[85]. Hydrolytic 

bacteria which hydrolyse the organic materials are facultative anaerobic in nature. The first group of 

bacteria includes facultative as well as strict anaerobes are Cellulomonas, Bacillus, Eubacteria.  
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Acidogenesis 

Hydrolysed products are further broken into variety of obligate and facultative fermentative micro-

organisms during acidogenesis to produce organic acids such as acetic acid, propionic acid, butyric acid, 

lactic acid, alcohols, hydrogen and carbon dioxide. Acidogenic (acid forming) bacteria e.g., Clostridium, 

converts sugars, amino acids and fatty acids to the above organic acids, some alcohols, ketones, H₂ and 

CO₂, The products from acidogenesis step consist of 51% acetate, 19% H2/CO2 and 30% reduced 

products such as higher VFA, alcohols and lactates[86]. Acetate is the main product of carbohydrate 

fermentation. The pH of the product is decreased due to production of organic acids. Acidogenesis is the 

fastest step in the anaerobic digestion of complex organic material.  

Acetogenesis 

It is the biochemical reaction where simple monomers are converted in the volatile fatty acids (VFA). This 

is the anacrobic digestion process in which hydrogen gas is generated as a bye-product along with VFA 

and alcohols. Ethanol, propionic acid and butyric acid are converted to acetic acid by acetogenic bacteria 

by the following three reaction: 

 

CH3CH2OH + H2O CH3COOH+2H2 (1) 

 

CH3CH2COOH + 2H2O CH3COOH + CO₂ + 3H2-(ii) 

 

CH3CH2CH2COOH + 2H₂O 2CH3COOH + 2H₂- (iii) 

 

The activity of microorganisms during acidogenic anaerobic reactors is studied at mesophilic and 

thermophilic temperature ranges[87]. Hydrogen producing acetogenic groups of bacteria metabolizes 

higher organic acids (propionate, butyrate, H₂ etc.), ethanol and certain aromatic compounds (i.e., 

benzoate) into acetate, Hydrogen, and CO₂[88]. Hydrogen producing acetogenic bacteria are capable of 

producing acetate and H₂ from higher fatty acids.. 

Methanogenesis 

Methane is produce by the methanogens in the methanogenesis step. Methanogens are divide into two 

categories: A certain group of acidophilic micro-organisms are called as the acidotrophic bacteria which 

generate about 70% methane from VFA while the rest 30% methane is produced by the hydrotropic micro-

organisms from carbon dioxide and hydrogen[89]. 

 Acetotrophic methanogens are called as the acetoclastic or acetate splitting methanogens which convert 

acetate into methane and carbon dioxide . Hydrogenotrophic methanogens (i.e., Hydrogen using 

chemilithotrops convert H₂ and CO₂) to methane. 

Liquid hot water pre-treatment 

It is one of the hydrothermal pre-treatment methods applied for the pre-treatment of lignocellulose 

materials since several decades ago. Water under high pressure can penetrate in to the biomass, hydrated 

cellulose and remove hemicellulose and part of lignin. No addition of chemical is required here. 

Microwave-chemical pre-treatment 

The microwave-chemical pre-treatment is resulted in a more effective pre-treatment than the conventional 

heating chemical pre-treatment by accelerating reactions during the pre-treatment process [90] 
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 Thermo chemical treatment 

Thermal pre-treatment is a process of heating lignocellulosic materials at certain temperature and pressure 

to destroy the structure of materials in several thermal pre-treatment techniques by using steam, hot water 

etc[91]. The main limitation of this technology is the formation of inhibitors such as furfural and soluble 

phenolic compounds which inhibits the methane formation. In order to minimize the formation of 

inhibitors external alkali may be added to keep the pH (4-7) [92]. During thermal treatment, lignocellulose 

is heated at above 150-180°C, parts of lignicellulose will start to solubilize. First the hemicellulose 

followed by lignin [93]. Thermal pre-treatment is effective for the enhancement of methane production 

due to thermal hydrolysis. Thermal pre-treatment at 100°C temperature 28% increase of biogas and 25% 

methane[94]. 

2.2 Factors Influencing Bio-hydrogen Production 

 The characteristics of substrates and the factors affecting the process have an important role in the 

performance of the anaerobic digestion process and can be checked. Changes in the process parameters 

can lead to termination of the microbial activity and affecting the productivity. The factors affecting the 

bio-hydrogen production are discussed below: 

PH 

 The pH plays an important role in the generation of bio-hydrogen as it affects the microbial growth, ion 

concentration, membrane potential and protein synthesis [95]. Controlling the pH to an optimal level helps 

in suppressing the methanogenic activity which increases the bio-hydrogen production as pH acts as a rate 

determining factor. A pH between5.5 to 6 is an ideal for production of bio-hydrogen by repressing the bio-

hydrogen consumers and promoting bio-hydrogen producers as at higher or lower pH inhibits the 

hydrogenase activity during fermentation. The optimal pH for bio-hydrogen generation from food residue 

is between  4 to 5.5, whereas the pH was between 6 to 7 for straw, rice bran and bark [96]. However, the 

control of pH throughout the fermentation is not economically feasible due to huge necessity of reagents. 

Generally, the acid production rate is monitored by the pH controlling systems before addition of alkali. 

When the rate of acid production is slow, it indicates microbial lowering of feed strength due to 

sporulation and irregular feeding. 

Inoculum  

The biocatalyst type and the pre-treatment play an important part in efficient fermentation of bio-

hydrogen. The main basis in inoculum preparation for starting the acidogenic process is the difference 

between the hydrogen-consuming and hydrogen-producing bacterial activities. Hydrogen-producing 

bacteria form spores to protect themselves against extreme acidity, temperature and alkalinity while 

methanogens lack such capabilities. Pure cultures is used for bio-hydrogen production, they are 

susceptible to contamination which required aseptic conditions. Mixed cultures are well accepted in 

industries as they require minimum processing and are cost-efficient [97]. 

 Retention time  

Retention time greatly effects the production of bio-hydrogen and other by-products during fermentation. 

The most commonly used retention time is 72 h whereas the production of bio-hydrogen increases with a 

decrease in the hydraulic retention time [98]. Bio-hydrogen production is improved after the reduction of 

the retention time from 20 h to 12 h. Batch digestion studies using chemical, dairy and distillery 

wastewater showed maximum production with retention time between 0 to 14 h [99].The continuous 

production of bio-hydrogen was a long retention time of 3 days without any issues related to 

methanogenesis [100]. The major factors contributing to hydraulic retention time are the substrate type, 

inocula activity, pH and organic loading rate. Generally, an optimum retention time between 8 to14 h is an 

efficient bio-hydrogen production [101]. 
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Conclusion  

Methane can be decomposed to grapheme (C) and hydrogen. The success of methanogenesis and 

hydrogen production generate organic manure. The manure can be further treated for vermy compost as 

well as soil management. Being agricultural based economy; India can fulfil the crisis of energy for future.  

Bio hydrogen production technology is a renewable form of energy production with huge benefits such as 

low energy consumption, mild conditions, no pollution and adaptability to a wide range of raw materials. 

In addition, hydrogen can significantly replace the current fuel demand due to its applications in power 

generation, heating and transportation. Although bio-hydrogen has numerous advantages, technological 

barriers such as storage of hydrogen, up gradation and advancement in fuel cell technology with some 

drawbacks. 
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