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Abstract 
 

The anaerobically controlled biological degradation process is an innovative waste-recycling method to treat bio-wastes by 

comprehensive coordinated measures of microbes in order to significantly recover clean energy and organic fertilizer for 

managing versatile waste complexities. Biogas generation drops off drastically at the temperate conditions due to failure of 

mesophilic microorganisms to tolerate psychrophilic temperatures. As anaerobic microbes are very sensitive to temperature, 

decrease in temperature not only influences the composition, structure and activities of the microbial communities, but also 

alters the bio-chemical degradation steps of organic substances. The decrease in the population, growth and activity of 

microbial consortia increases the solids retention time twice to thrice, compared to the mesophilic and thermophilic anaerobic 

digestions and process instability. The low temperature adapted inoculum can enhance the startup and digestion operation as it 

may contain psychrophiles and mesophilic bacteria acclimatized on psychrophilic temperatures. The Instorage Psychrophilic 

Anaerobic Digestion (ISPAD) might be feasible for treating organic wastes due to its simplicity in temperate conditions. The 

aim of this study is to review psychrophilic anaerobic digestion treating organic wastes for biogas yield at the low temperature 

conditions. © 2014 Friends Science Publishers 
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Introduction 
 

The biomethanantion of organic waste is a long-standing 

and well-recognized technique. It is extensively used for 

biogas production and organic matter removal. Besides 

renewable energy recovery, biological degradation of 

organic matter provides many benefits including reclaiming 

nutrient rich fertilizer, reduction of odours and removal of 

pathogens (Chynoweth, 1996; Nohra et al., 2003; Li et al., 

2011). This process has successfully been used since a long 

time for mesophilic (20−45°C) and thermophilic (45−60°C) 

environments (Borja et al., 2002) but the use of 

psychrophilic (<20°C) anaerobic digestion (PAD) is scarce 

(Dhaked et al., 2010). The reason for not broadly using the 

anaerobic digestion process at low temperatures is mainly 

due to the conviction that PAD was economically infeasible 

(Lettinga et al., 2001). Despite this, the most of the parts of 

the world have low-ambient temperatures. As waste 

generation is a natural consequence of human life, many 

wastes are discharged at temperate conditions. Moreover, 

disposal of wastes including animal wastes, farm wastes, 

municipal wastes, kitchen wastes and human waste at the 

hilly and high altitudes is a serious problem as untreated 

wastes are the sources of aesthetic irritation, 

contamination, toxicity, pollution, and diseases (Dhaked et 

al., 2010).  

In winters, the temperature in the hilly and 

mountainous regions falls extremely low, and thus the 

production of biogas decreases drastically while the energy 

requirements in those areas are very high. The failure or low 

production of methane from biogas plants is reported due to 

intolerant capacity of mesophilic bacteria and archea under 

psychrophilic environments (Kashyap et al., 2003). Though 

such wastes contain high amount of biodegradable 

compounds, it is great challenge to stabilize economically 

because a large quantity of energy is needed to operate 

mesophilic or thermophilic bioreactor at optimal operational 

temperature for high biogas production rate (Kashyap et al., 

2003). It does not mean necessarily psychrophilic anaerobic 

digestion cannot significantly degrade organic wastes to 

produce biogas. Low temperature anaerobic digestion would 

be smart substitute for the treatment of organic wastes, 

which are discharged under psychrophilic temperature 

ranges (Lettinga et al., 2001). In this paper, the literatures 

about psychrophilic anaerobic digestion have been 

reviewed. The cold adapted inoculum and ISPAD for biogas 

yield at the low temperature conditions have also been 

discussed. 
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Biomethanation Process 
 

Anaerobic digestion process is complex with a number of 

sequential and parallel steps that are carried out by different 

types of microbes in an oxygen-free environment to produce 

biogas, which mainly consists of 50-70% methane as an 

energy source, and 30-40% carbon dioxide along with other 

gases in small sum (Batstone et al., 2002). This conversion 

includes four biochemical steps, which are hydrolysis, 

acidogenesis, acetogenesis and methanogenesis (Jha et al., 

2011; Veeken et al., 2000). However, different bacterial 

species are responsible for different steps, microbes of each 

step depends on others for nutrient requirements, growth 

and survival. Anaerobic digestion begins with hydrolytic 

bacteria that hydrolyze multifaceted organic matters 

including carbohydrates, proteins, lipids and fats into 

uncomplicated monomeric carbohydrates, amino acids, 

sugars and long chain fatty acids by extra cellular enzymes 

(Jha et al., 2011). Extremely low rate of hydrolysis is one of 

the bottlenecks for biological treatment of organic wastes 

under psychrophilic conditions. The monomeric compounds 

can easily be converted into volatile fatty acids, hydrogen, 

carbon dioxide and other minor products by fermentative 

microorganisms. In comparison to other volatile fatty acids, 

propionate is hard to degrade as well as extremely toxic for 

the anaerobic digestion process if it is accumulated (Dhaked 

et al., 2010). Butyric acid performs as a vital intermediate 

product and is degraded preferentially over propionate 

(Nozhevnikova et al., 2000). The organic acids are further 

converted into acetate, carbon dioxide and hydrogen by 

acetogenic bacteria. These products are considered as the 

direct substrates for methanogens in order to produce 

methane (Gerardi, 2003).  

The superior activities, greater development and better 

growth rate of homoacetogenic bacteria under psychrophilic 

conditions are key benefits of this process. In addition, 

homoacetogens effectively participate with fermenting 

bacteria and hydrogenotrophic methanogenic archaea for 

general substrates (Kotsyurbenko, 2005). Acetotrophic 

methanogens convert acetate into methane as energy 

resource and carbon dioxide. The formation of acetate and 

acetoclastic methanogenesis is regarded as the major 

pathway in an anaerobic digestion process in order to 

produce methane from organic matter (Lokshina and 

Vavilin, 1999; Kotsyurbenko, 2005). Under lower 

temperature ranges and high concentration of acetate, 

acetoclastic methanogenesis is treated as a rate limiting step 

for methane fermentation process (Nozhevnikova et al., 

2007). From fig. 1, it is clear that the temperature affects 

both the rate of bio-methanation and the pathways for 

methane production by shifting the activities and profusion 

of individual anaerobic microbes (Kotsyurbenko et al., 

2007). Under low temperature ranges, H2/CO2 is 

transformed into methane in two steps. First, the acetate is 

produced. Then, methane is produced from acetate. The 

facts of the psychrophilic temperature bio-degradation 

pathways for different substrates and the composition of the 

anaerobic microbial communities under diverse 

methanogenic conditions are still not well-known.  

 

Methane Production  
 

Biogas production is temperature dependent (Nozhevnikova 

et al., 2001). It increases linearly from 0°C to 20°C (Sutter 

and Wellinger, 1985) and attains most favorable under 

mesophilic environments from 32–38°C while the optimum 

temperature range is 50–55°C in case of thermophilic 

anaerobic digestion process. In psychrophilic environments, 

bio-chemical reactions carry on extremely slow compared to 

under the mesophilic and thermophilic temperature ranges 

(Chynoweth et al., 1999) as higher energy is required to be 

proceeded the bio-chemical reactions for degradation of 

organic polymers into methane under psychrophilic 

temperature ranges (Lettinga et al., 2001). The decrease in 

the population, growth and activity of microbial consortia 

increases the solids retention time twice to thrice, compared 

to the mesophilic anaerobic digestion and process 

instability. Low temperature causes deleterious effect on 

anaerobic digestion because of relatively longer generation 

time of bacterial populations and lower biochemical 

activity, resulting in the decrease of biogas yield and 

digester failure (Singh et al., 1999). The researches on low 

temperature anaerobic digestion for methane production are 

mainly concentrated on low temperature acclimatized 

mesophiles, which are psychrotrophs, not exact 

psychrophiles (Kashyap et al., 2003). The activities of 

psychrophiles have not been reported at mesophilic 

conditions. Therefore, the most of the literatures have 

suggested to increase the operational temperature of the 

bioreactors up to mesophilic ranges for enhancing biogas 

production (Zeeman et al., 1988; Lettinga et al., 2001; 

Connaughton et al., 2006a,b; Dhaked et al., 2010). There 

are several proposed methods to increase the digester 

temperature. They are: i. heating of digesters and/or feed 

slurry using solar thermal heater or gas generated partly; 

ii. Insulating the digesters; iii. Integration of a greenhouse; 

iv. Construction of bioreactors below buildings such that 

heat can be transferred from barn to the digesters and so on 

(Lettinga et al., 2001; Sutter and Wellinger, 1985; Zeeman 

et al., 1988). However, the above methods seem smart; they 
are generally suffered from techno-economical barriers 

(Kashyap et al., 2003). The energy required to heat the 

process makes it uneconomical in temperate climates.  
 

Psychrophilic Anaerobic Digesters 
 

The major challenge for biogas technology is its 

acceptability in cold regions in the winter season for 

potential energy recovery and sustainable waste 

management because the population and activity of 

anaerobes decrease substantially at the low temperature. 

With the extension of retention time and diminishing 
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loading rate, psychrophilic anaerobic digesters can 

successfully degrade organic matters for reasonable biogas 

production (Sutter and Wellinger, 1985; Lettinga et al., 

2001). Rieradevall et al. (1983) used psychrophilic 

anaerobic bioreactors to treat swine manure at the hydraulic 

retention time of 100 days and observed that per cubic meter 

of the digesters produced 0.03 to 0.09 m
3
 of biogas. 

Chandler et al. (1983) have observed that 0.66–0.92 

m
3
/m

2
/day of biogas with 70% methane could be collected 

from a lagoon in California while the manure temperature 

was maintained in between 10 and 11°C at the hydraulic 

retention time of 50 days. Yu and Gu (1996) presented that 

anaerobic digestion at low ambient temperature is steady 

and is as competent as the digesters operating under 

mesophilic or thermophilic temperature ranges. A 

diminution in pathogenic microorganisms was also noted 

during anaerobic digestion at low ambient temperature 

(Côté et al., 2006). 

 

Psychrophilic Anaerobic Digesters for Waste 

Water Treatment 
 

Low operating temperature may lead to slow-down of 

bacteria growth that the decrease degradation rate of 

substrates. Two measures could be adopted to improve the 

removal rate of psychrophilic wastewater treatment. 
First, the effect of a reduced temperature on system 

performances could be compensated by the high biomass 

population. Thus, the decrease hydraulic retention time 

could achieve it. Second, under relatively low average 

temperature of wastewater, heating of wastewater would be 

necessary.  

As at low temperature conditions, anaerobic 

digestion of waste water has not been successful, a number 

of crucial enhancements are required to the design of 

traditional bioreactors (Dhaked et al., 2010). Moreover, it is 

well-known that the viscosity of liquids including 

wastewater becomes more at low ambient temperatures. 

As a result, a large amount of energy is needed for blending 

and thus sludge bed reactors happen hard to be mixed, 

especially when the rates of biogas production are low 

(Lettinga et al., 2001). As biomethanation happens in two-

stages (Kashyap et al., 2003), the division of the stages in 

high rate bioreactors provides superior prospects than single 

stage bio-digester and can enhance the overall anaerobic 

digestion process with the adequate biogas production (van 

Lier et al., 1997). Lettinga et al. (2001) reported that the 

expanded granular sludge bed bioreactor are considered to 

be a viable system at psychrophilic temperature ranges in 

order to treat wastewater anaerobically. In their 

investigations using two laboratory-scale psychrophilic 

expanded granular sludge bed bioreactors, which were 

seeded with mesophilic methanogenic granular sludge and 

fed with a mixture of VFAs, in series in order to treat 

wastewater at temperature ranges from 3 to 8°C, 

comparatively a large amount of propionate were observed 

in the effluent of the first stage, but propionate was 

proficiently degraded in the second stage. Actually, a low 

hydrogen partial pressure and a low acetate concentration 

were beneficial for propionate oxidation. Lettinga et al. 

(2001) also found that a two-step system having either an 

anaerobic up flow sludge bed bioreactor combined with an 

expanded granular sludge bed bioreactor or an anaerobic 

filter combined with an anaerobic hybrid reactor was 

successful for biological treatment of sewage at 13°C with a 

total chemical oxygen demand (COD) removal efficiency of 

50% and 70%, respectively. In addition, Connaughton et al. 

(2006b) have observed that considering biogas yields and 

chemical oxygen demand removal efficiencies, 

psychrophilic expanded granular sludge bed bioreactor was 

comparable with mesophilic expanded granular sludge bed 

bioreactor.  

 

Cold Adapted Inoculum 

 
The main factors to be considered during the startup period 

for smooth operation are as follows: i. mass and quality of 

inoculum, ii. adaptation or tolerance of anaerobic 

microorganisms, iii. rate of growth of micro-organisms, iv. 

hydraulic characteristics of bioreactor and so on 

(Chynoweth et al., 1999). The inoculum should have high 

methanogenic activities; otherwise the mass of inoculum is 

required to be enlarged. The psychrophilic anaerobic 

digestion appears to have been carried out by mesophilic 

 
 

Fig. 1: Main steps and pathways of anaerobic 
digestion (Modified from Batstone et al., 2002 and 

Kotsyurbenko et al., 2007) 
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bacteria acclimatized to low ambient temperatures (Kashyap 

et al., 2003). It is beneficial to inoculate a digester by means 

of psychrophilic temperature adapted inoculum to accelerate 

start up and achieve stable biogas production (Sutter and 

Wellinger, 1985; Zeeman et al., 1988). Table 1 shows the 

operation characteristics of psychrophilic anaerobic digestion 

using cold adapted inoculum. Singh et al. (1999) reported 

that anaerobic digestion of night soil could be carried out at 

10°C using a cold adapted inoculum. Singh et al. (1999) has 

also studied the effect of temperature fluctuation of night 
soil using 10°C adapted inoculum. No significant 
deleterious effect was observed during initial shock of one 

week but repeated exposures reduced the counts of 

hydrogenotrophic methanogens. The cold adapted inoculum 

makes the treatment of waste water at 15°C is feasible with 

90- 95% COD removal (Akila and Chandra, 2007).  

The subsistence of psychrophilic anaerobic bacteria 

and consequent methane yield in natural environments was 

reported by many researchers (Nozhevnikova et al., 2001; 

Kotsyurbenko, 2005; Nozhevnikova et al., 2007). Natural 

inocula contain psychrophiles and make the digestion 

feasible at low temperature. Karumanchi (2009) has 

presented that the inocula from natural biota could assist to 

decrease the startup period needed to commence 

psychrophilic anaerobic digestion processes. However, it 

should be beneficial if the initial startup should be 

performed with cold adapted natural inoculation materials, 

such inoculation materials are hardly ever accessible. 

Jha (2012) has presented that the psychrophilic 

anaerobic digestion has the potential to become an 

economical and easy-to-use process to treat cow dung for 

methane production at low-ambient temperatures with the 

use of cold adapted inoculum. The inoculums sampled from 

psychrophilic and mesophilic environments were introduced 

and their effects on psychrophilic anaerobic digestion of 

cow dung for methane production at 15
o
C were investigated 

in single-stage batch reactors for 84 days. The results 

showed that the specific methane yield and volatile solids 

removal in the fermentation system inoculated with 

psychrotroph flora had been enhanced by 28.28% and 

28.60%, respectively, than those in the system inoculated 

with mesophilic flora. Furthermore, the startup and 

performance of the process had been improved. Most of 

detected microbial communities such as Clostridiaceae 

bacterium, Lactobacillus coleohominis and Prevotella were 

mesophilic bacteria, acclimated at psychrophilic 

temperature, indicating that mesophilic bacteria could adapt 

the low temperature and the adaptation rate was increased 

with the digestion time. The specific methane yield was 

greatest when the psychrophilic anaerobic fermentation 

process was inoculated with a weight of 50% of the 

substrate, among the systems with psychrophilic inocula of 

30%, 50% and 70%. An increment in amount of the 

psychrophilic inoculum considerably boosted the digestion 

efficiency and consequently resulted in the enhancement of 

the methane yield and organic materials removal efficiency 

but its larger mass failed to produce higher quantity of 

biogas. Compared to mesophilic and thermophilic anaerobic 

digestion processes, psychrophilic anaerobic digestion 

produced lower biogas and methane yields, and organic 

material removal efficiency but higher methane content was 

detected in the biogas yielded from low temperature 

anaerobic digestion of cow dung (Jha, 2012). 

 

In-storage Psychrophilic Anaerobic Digestion 
 

In Storage Psychrophilic Anaerobic Digestion (ISPAD) has 

originally been initiated in Canadian farmhouses to treat 

manures at low ambient temperature under anaerobically 

controlled environments. In fact, it was developed as a 

resolution for manure management, in which system the 

manure is stored up to long term under psychrophilic 

conditions (Wellinger and Kaufmann, 1982). Manure 

methanization by ISPAD is occurred in covered dung 

storage space or tanks under air-tight conditions; once the 

anaerobic microbial communities in the dung has been 

acclimatized to the low ambient temperature (Nohra et al., 

2003). ISPAD was actually developed based on reports of 

spontaneous methane production from stored manure and 

trials of psychrophilic digestion conceived to reduce the cost 

of technology for agricultural applications. ISPAD is 

comparatively steady having need of some degree of 

technical supervision. It needs feeding through siphons in 

order to make air-tight and preserving 20% of the mass, 

while it is unfilled, to seed the next inward manure. 

Carrying out psychrophilic anaerobic digestion in storage 

entails revealing the microorganisms to psychrophilic 

temperature ranges, which has a vital effect to accelerate the 

rate of biological treatment processes. It can influence the 

microbial inhabitants in two ways: by instantaneous 

alteration in activity rate, and by a variation over longer 

time, in the composition of the inhabitants themselves. 

Microorganisms can adjust to low ambient temperatures 

under anaerobically controlled environments in case of the 

Table 1: Operational characteristics of PAD using cold adapted inoculums 

 
Substrates Inoculum Reactor Temp.(oC) RT (d) Gas yield References 

Night soil Night soil Batch 10-30 25  Singh et al., 1999 

Swine manure Natural biota Batch 10 190 0.334 m3 CH4/kg CODin Karumanchi, 2009 

Wastewater Cattle manure Upflow anaerobic sludge blanket 15  0.25 m3CH4/kgCODr Akila and Chandra, 2007 

Cow dung Cow dung Batch 15 84 0.174 m3CH4/kgVSr Jha, 2012 

RT: Retention Time, d: days 
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hydraulic retention time is double of a mesophilic anaerobic 

treatment and the microorganisms are well adapted during 

the start up processes (van Lier et al., 1997). King et al. 

(2011) treated swine manure using ISPAD and found that 

psychrophilic anaerobic treatment process can convert 24% 

of the manure organic matter in the term of volatile solids 

into methane (0.27 m
3
/kgVS) without accumulation of 

intermediate products. The microbial communities observed 

in the unprocessed wastewaters or manures, are mesophilic 

in origin entailing that shortly once setting up ISPAD, at 

least one year psychrophilic acclimation time is needed 

(Zeeman et al., 1988; King et al., 2011). Unlike mesophilic 

and thermophilic anaerobic digestion processes, low 

temperature anaerobic digestion limit biogas ammonia 

levels, regardless of the crash of proteins (King et al., 2011). 

ISPAD effluent can offer a higher fertilizer value during 

land application, as compared to manure of similar age 

stored in an open tank because anaerobic digestion 

preserves nitrogen (Nohra et al., 2003). This technology is 

very useful for developing countries. The requirements of 

the large space and long retention time are the main 

disadvantages of ISPAD and can limit the applications. 

 

Conclusion 
 

The low temperature adapted inoculum can enhance the 

startup and digestion operation as it may contain 

psychrophilic and mesophilic bacteria acclimatized on 

psychrophilic temperatures. The ISPAD may be feasible to 

treat organic wastes at temperate conditions in developing 

countries due to its low cost and simple in design.  

 

Acknowledgements 
 

The authors would like to thank the Ningbo Natural Science 

Foundation (grant No. 2013A610177), the key project of 

Fujian provincial science and technology program (Grant 

No. 2012Y0069), Science and Technology Planning Project 

of Xiamen(3502Z20120012), the National Natural Science 

Foundation of China (Contract No. 21276248, 50808152), 

the Knowledge Innovation Program of the Chinese Academy 

of Sciences (Grant No. KZCX2-EW-402-02) and National 

Key Technology Support Program (2012BAC25B04) for 

their supports for this study. 

 

References 
 
Akila, G. and T.S. Chandra, 2007. Performance of an UASB reactor treating 

synthetic wastewater at low−temperature using cold−adapted seed 

slurry. Proces Biochem., 42: 466–471 

Batstone, D.J., J. Keller, I. Angelidaki, S.V. Kalyuzhnyi, S.G. Pavlostathis, 

A. Rozzi, W.T.M. Sanders, H. Siegrist and V.A. Vavilin, 2002. The 

anaerobic digestion model no.1 (ADM1). Water Sci. Technol., 45: 

65−73 

Borja, R., E. González, F. Raposo, F. Millán and A. Martín, 2002. Kinetic 

analysis of the psychrophilic anaerobic digestion of wastewater 

derived from the production of proteins from extracted sunflower 

flour. J. Agric. Food Chem., 50: 4628–4633 

Chandler, J.A., S.K. Hermes and K.D. Smith, 1983. A low cost 75 kW 

covered lagoon biogas system. In: Proceeding on Energy from 

Biomass and Wastes. American Society of Agricultural Engineering, 

St. Joseph, Michigan, USA 

Chynoweth, D.P., 1996. Environmental impact of biomethanogenesis, 

Environ. Monit. Assess., 42: 3−18 

Chynoweth, D.P., A.C. Wilkie and J.M. Owens, 1999. Anaerobic treatment 

of piggery sluries– a review. Asian-Aust. J. Anim. Sci., 12: 607–628 

Connaughton, S., G. Collins and V. O'Flaherty, 2006a. Development of 

microbial community structure and activity in a high−rate anaerobic 

bioreactor at 18°C. Wat. Res., 40: 1009–1017  

Connaughton, S., G. Collins and V. O'Flaherty, 2006b. Psychrophilic and 

mesophilic anaerobic digestion of brewery effluent: a comparative 

study. Wat. Res., 40: 2503–2510 

Côté, C., D.I. Massé and S. Quessy, 2006. Reduction of indicator and 

pathogenic microorganisms by psychrophilic anaerobic digestion in 

swine slurries. Bioresour. Technol., 97: 686−691 

Dhaked, R.K., P. Singh and L. Singh, 2010. Biomethanation under 

psychrophilic conditions. Waste Manage., 30: 2490–2496 

Gerardi, M.H., 2003. The Microbiology of Anaerobic Digesters. John, Wiley 

and Sons, New York, USA 

Jha, A.K., J. Li, L. Nies and L. Zhang, 2011. Research advances in dry 

anaerobic digestion process of solid organic wastes. Afr. J. 

Biotechnol. 10: 14242–14253 

Jha, A.K., 2012. Dry fermentation process of cow dung for methane 

production. Ph.D. Thesis, Harbin Institute of Technology, Harbin, 

China 

Karumanchi, L.N.S., 2009. Temperate region river sediments as a source of 

natural psychrophilic anaerobic inoculum. M.Sc. Thesis, McGill 

University, Canada 

Kashyap, D.R., K.S. Dadhich and S.K. Sharma, 2003. Biomethanation 

under psychrophilic conditions: a review. Bioresour. Technol., 87: 

147−153 

King, S.M., S. Barrington and S.R. Guiot, 2011. In−storage psychrophilic 

anaerobic digestion of swine manure: acclimation of the microbial 

community. Biomass Bioenerg., 35: 3719–3726 

Kotsyurbenko, O.R., 2005. Trophic interaction in the methanogenic 

microbial community of low−temperature terrestrial ecosystems. 

FEMS Microbiol. Ecol., 53: 3–13 

Kotsyurbenko, O.R., M.W. Friedrich, M.V. Simankova, A.N. 

Nozhevnikova, P.N. Golyshin, K.N. Timmis and R. Conrad, 2007. 

Shift from acetoclastic to H2−dependent methanogenesis in a West 

Siberian peat bog at low pH values and isolation of an acidophilic 

Methanobacterium strain. Appl. Environ. Microbiol., 73: 2344–2348 

Lettinga, G., G.S. Rebac and G. Zeeman, 2001. Challenge of psychrophilic 

anaerobic wastewater treatment. Trends Biotechnol., 19: 363–370 

Li, J., A.K. Jha, J. He, Q. Ban, S. Chang and P. Wang, 2011. Assessment of 

the effects of dry anaerobic co−digestion of cow dung with waste 

water sludge on biogas yield and biodegradability. Int. J. Phy. Sci., 6: 

3723–3732 

Lokshina, L.Y. and V.A. Vavilin, 1999. Kinetic analysis of the key stages of 

low−temperature methanogenesis. Ecol. Model, 117: 285−303. 

Nohra, J.A., S. Barrington, J.C. Frigon and S.R. Guiot, 2003. In storage 

psychrophilic anaerobic digestion of swine slurry, Resour. Conserv. 

Recycl., 38: 23–37 

Nozhevnikova, A.N., V. Nekrasova, A. Ammann, A.J.B. Zehnder, B. 

Wehrli and C. Holliger, 2007. Influence of temperature and high 

acetate concentrations on methanogenesis in lake sediment slurries. 

FEMS Microbiol. Ecol., 62: 336–344 

Nozhevnikova, A.N., S. Rebac, O.R. Kotsyurbenko, S.N. Parshina, C. 

Holliger and G. Lettinga, 2000. Anaerobic production and 

degradation of volatile fatty acids in low temperature environments. 

Water Sci. Technol., 41: 39–46 

Nozhevnikova, A.N., M.V. Simankova, S.N. Parshina and O.R. 

Kotsyurbenko, 2001. Temperature characteristics of methanogenic 

archaea and acetogenic bacteria isolated from cold environments. 

Water Sci. Technol., 44: 41–48 

Rieradevall, J., A. Ruera, L. Postils and M.Vicente, 1983. Low−cost 

anaerobic digestion of pig manure at psychrophilic temperatures. 

Bioenviron. Systems, 4: 137–154 



 

Zhu et al. / Int. J. Agric. Biol., Vol. 16, No. 5, 2014 

 1030

Singh, L., S.I. Alam and K.V. Ramana, 1999. Effect of fluctuating 

temperature regime on psychrophilic anaerobic digestion of 

nightsoil. Defence Sci. J., 49: 135–140 

Sutter, K. and A. Wellinger, 1985. Methane production from cow manure at 

low temperatures. Experientia 41, Birkhauser Verlag, CH−4010 

Basel/Switzerland, p. 554 

van Lier, J.B., S. Rebac, P. Lens, F. vanBijnen, S.J.W.H. oudeElferink, 

A.J.M. Stams and G. Lettinga, 1997. Anaerobic treatment of partly 

acidified wastewater in two stage expanded granular sludge bed 

(EGSB) system at 8oC. Water Sci. Technol., 36: 317–324 

Veeken, A., S. Kalyuzhnyi, H. Scharff and B. Hamelers, 2000. Effect of pH 

and VFA on hydrolysis of organic solid waste. J. Environ. Eng. 

ASCE. 126: 1076–1081 

Wellinger, A. and R. Kaufmann, 1982. Psychrophilic methane generatin 

from pig manure. Proces Biochem., 17: 26–30 

Yu, H. and G. Gu, 1996. Biomethanation of brewery wastewater using an 

anaerobic upflow blanket filter. J. Cleaner Prod., 4: 219–223 

Zeeman, G., K. Sutter, T. Vens, J.M. Koster and A. Wellinger, 1988. 

Psychrophilic digestion of dairy cattle and pig manure. Start−up 

procedure of batch, fed−batch and CSTR type digesters. Biol. Wastes., 

26: 15−31 
 

(Received 19 November 2013; Accepted 03 February 2014) 


