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Abstract 

The organic waste of the agriculture and food industry can be a potential resource 
for bioenergy and the potential of biomasses from different origins in the Russian 
Federation is significant. Biomass annual growth is comparable with traditional 
organic energy consumption, so the introduction of modern biotechnology is 
important. 
     The performed study of the effect of various factors on the biological treatment 
processes for a certain type of biomass (cattle manure) shows that it is possible to 
reduce processing time and to increase the biomass conversion degree at moderate 
energy consumption. 
     A biogas plant (BGP-100) was developed with a high level of thermal 
protection and heat recovery to make the biological treatment process of organic 
waste effective, even in areas with severe climate conditions. 
     A further development of biogas technology effectiveness may be the use of 
more active bacterial cultures and cogeneration plants combined with some types 
of thermal energy produced to recover technology needs. 
Keywords: biogas, biomass, severe climatic conditions. 

1 Introduction 

Mankind has been widely using the fuels of vegetable origin from the very 
beginning of civilization. Nowadays, a large amount of production and waste of 
agriculture, including animal husbandry and the food industry, is added to natural 
biomass (grass, wood, etc.). Current technologies of acid and fermentative 
hydrolysis, gas production, and pyrolysis allow to produce motor fuels, biogas, 
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and high-energy solid fuels from biomass, as opposed to conventional burning 
which can provide just heat energy. 
     Natural biomass is the wealth of our planet, but plenty of organic waste of 
agriculture and food industry can be not only the potential resource of bioenergy 
but an environmental hazard. Conventional ways of organic waste processing are 
complicated enough in terms of technology and demand high power inputs. It 
gives one more incentive to introduce the technologies of fuel production from 
biomass. 
     The production of methane in biogas reactors can not only solve the problem 
of waste utilization but supply agricultural enterprises with self-made cheap 
energy resource. Biogas can be used as a fuel for household gas devices, gas water 
heaters, air heaters. It also can be used for electric power generation in gas-fired 
plants. 
     The anaerobic methane generation from biomass is provided by the enzymatic 
ferment microorganisms which are present in the animal dung. The same process 
of organic decomposition we can meet in natural conditions of swamp, soil or 
animal bowels. Without oxygen or other energetically preferable electron acceptor 
access the bacteria have to use organic carbon and produce the most restored 
hydrocarbon compound – methane. Bacteria use the same carbon as an electron 
donor oxidizing it up to carbon-dioxide gas. 
     During the sequential process of organic decomposition various groups of 
bacteria destroy the carbon-carbonic bonds in the organic molecules. The process 
of anaerobic decomposition of nearly each organic substance can be divided into 
four stages: 
1. Hydrolysis of complex biopolymer molecules (proteins, lipids, 

polysaccharides etc.) into simpler monomers and oligomers such as amino 
acids, carbohydrates, fatty acids etc. 

2. Fermentation of the produced monomers to simpler acids and alcohols. 
Hydrogen and carbon acid are also produced at this stage. 

3. Acetogenic stage of methane precursors (acetate, hydrogen, carbon acid) 
production. 

4. Methanogenic stage leading to the complex organic substance decomposition 
end product – methane. 

     It should be mentioned that the stages of hydrolysis and fermentation are not 
legibly separated because the hydrolyzing microorganisms use the hydrolysis 
products for their growth. 
     Several hundreds of microorganism species participate in the decomposition 
process. Various groups of microorganisms are linked into complex food chains, 
for example methanogenic bacteria can’t grow without the trophic link with the 
bacteria of previous stages. The methanogenic bacteria in turn determine the 
anaerobic microorganisms growth rate. 
     The methanogenic fermentation of concentrated organic waste such as animal 
dung, sewage sediment and domestic waste can begin in anaerobic conditions 
without microorganism additive because the needed microflora is always available 
from the waste and environment. But when starting an anaerobic bioreactor, some 
active ferment is added to the organic waste to intensify the process. 
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     The methanogenic fermentation can run within the range from 0° to 97°C, but 
the optimum temperature is 35–40 °C for the methophilic process and 50–55°C 
for the thermophilic process. 

2 Methods of increasing the biogas plant efficiency 

The most important problem of the biotechnology feasibility is the biogas plant 
efficiency dependence on climatic factors. First of all: its dependence on the 
ambient temperature, as in modern biogas plants bacterial methanogenesis occurs 
under special conditions (oxygen absence, high temperature, high humidity, the 
need for continuous homogenization, etc.). 
     According to Baader et al. [1] the energy from biogas does not cover the cost 
to maintain the biogas plant working conditions. Therefore, biotechnology organic 
waste purification are widely used only in regions and countries with a warm 
climate. 
     The our work purpose is the technology biogas plants energy efficiency analyze 
depending on climatic factors; the potential effectiveness determine of their use in 
the Russian Federation different regions; possible areas identify of optimization 
technologies biogas plants [2, 3]. 
     Bailey and Ollis [5] and Biryukov [6] define the measure of energy efficiency 
of biogas technology, as the ratio of biogas (Qg) to the overall cost of energy 
required to produce it (Eon): 

௘௙௙ܭ ൌ
ொ೒

Е೚೙
 .   (1) 

Accepted that technology is energy efficient, if Keff > 1, that is, received energy 
amount exceeds the total cost of software technology. 

 The biogas thermal energy: 

ܳ௚ ൌ ௚ܾ
௨ ∙ ௚ܸ  , МДж,  (2) 

where  ௚ܾ
௨

  – biogas calorific value, MJ/m3,	 ௚ܸ – produced biogas volume, m3. 
     In a general view the biogas yield produced from certain type raw can be 
determined as: 

௚ܸ ൌ ሺ1 െ ߮௦ሻ ∙ ௦ܯ ∙ ௨௠௔௫ݒ ∙  ௗ௘௖ሺ߬ሻ,       (3)ߙ

where ݒ௨௠௔௫ – maximum specific biogas output,	ߙௗ௘௖ሺ߬ሻ – decomposition 
coefficient (time function). 
     Table 1 shows the characteristic quantities and yield rate of biogas according 
Pantskhava and Pogarnov [7], Gaab [8] and Kovalev [9]. 
     It is known that from cattle manure in the process inhibitors absence, optimum 
pH 6.5–7, and raw material moisture 90–98%, the yield of biogas reaches 
45–55% of the total biogas yield for the cycle time. Optimal parameters processing 
cycles for the different modes of fermentation are shown in Table 2 according to 
[7–9].  
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Table 1:  The characteristic quantities and output rates of biogas. 

Raw type
The full biogas 
yield m3/t 

Regime*

Yield biogas percentage to the fermentation 
duration, days 

10 15 20 40 60 

Cattle 
manure 

300 
P 
М 
Т 

24 36 48 82 95 

Straw 350 
P 
М 
Т 

29 38 45 88 96 

Grass 490 
P 
М 
Т 

87 99 100   

* P – psychrophilic, M – mesophilic, T – thermophilic regime. 
 

Table 2:  Optimal parameters processing cycles for the different modes of 
fermentation. 

Regime 
Optimum 

temperature, ݐ௝, оС 
Optimum 

humidity, ߮௦. 
Optimum 

cycle, ௝߬, day 

Psychrophilic 20 0.90–0.96 75 
Mesophilic 35 0.90–0.96 25 
Thermophilic 55 0.90–0.96 15 

 
     The technological scheme of the simplest biogas plant is shown in Figure 1. 
Thermal resistance R is assumed equal to 0.2, then there is insulation missing. 
 

 

Figure 1: Technological scheme of the simplest biogas plant: 1 – mixer,  
2 – bioreactor, 3 – heater. 
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     Organic waste with temperature tow, humidity φ0 and mass rate Mow is mixed 
with additional water (temperature taw, mass rate Maw) in the mixer 1. Here the 
mixture (substrate) achieves the regime temperature tj which is 36°C for 
mesophilic, 55°C for thermophilic and 20°C for psychrophilic regime. Than the 
substrate with humidity φs and mass rate Ms enters the bioreactor 2 where it is 
decomposed into biogas with mass rate Mg and residue. To support the regime 
temperature the heater 3 is used. 
     Energy consumption for own needs BGP technology – Eon consists of heat flow 
(Qon) for heating to the optimum temperature of biomass and water which diluting 
the biomass to the optimum humidity, compensation of heat losses from the 
bioreactor and other BGP equipment to the environment; consumption of electrical 
energy (Eon) for preparation (grinding, mixing), substrate transport, substrate 
delete, and periodic mixing of raw materials and the substrate in the BGP, work 
of the control system. 
     For an accurate assessment, energy consumption of all types (chemical, 
thermal, mechanical, electrical) should be reduced to one (for example thermal) 
equivalent: 
 

௢௡ܧ ൌ ௢௡௛ܧ ൅ ௢௡௘௟ܧ                                                   (4) 
 

     Heat consumption for own needs of technology: 
 

௢௡௛ܧ ൌ ܳ௢௡ ൌ ܳ௛௘௔௧ ൅ ܳ௟௢௦௦, J,                                    (5) 
 

where ܳ௛௘௔௧ ൌ ௦ܥ ∙ ௦ܯ ∙ ሺݐ௜ െ  ,௦ሻ, Jݐ

ܳ௟௢௦௦ ൌ
ி

ோ
∙ ൫ݐ௝ െ  ,௘௡௩൯, Jݐ

 ௘௡௩ = substrate temperature in the reactor, substrate temperature atݐ ,௦ݐ ,௝ݐ
the bioreactor inlet, and environment temperature respectively, 
 ,௦ = substrate heat capacity and substrate mass in the bioreactorܯ ,௦ܥ
 surface heat exchange with the environment and the temperature = ܴ ,ܨ
coefficient of resistance of the circuit thermal protection, respectively. 
 

     Electricity consumption for own needs technology: 
 

௢௡ܥ ൌ ௗ௜௦ܥ ൅ ௣௨௠௣ଵܥ ൅ ௣௨௠௣ଶܥ ൅ ௠௜௫ܥ ൅  ௖௢௡௧௥௢௟, |                 (6)ܥ
 

where ܥௗ௜௦ ൌ ܽ ∙ ௦ܯ ∙   ௗ௜௦ – energy consumption for mixing and grinding theߟ
substrate, 
௣௨௠௣ଵܥ ൌ ݃ ∙ ௦ܯ ∙ ௦ܪ ∙  ௣௨௠௣ଵ – energy consumption for filling theߟ
bioreactor, 
௣௨௠௣ଶܥ ൌ ݃ ∙ ௦ܯ ∙ ௦ܪ ∙  ௣௨௠௣ଶ – energy consumption for emptyingߟ
bioreactor, 
௠௜௫ܥ ൌ ௝݊ ∙ ݃ ∙ ௦ܯ ∙ ௦ܪ ∙  ௠௜௫ – energy consumption for mixing in theߟ
bioreactor, 
௝݊  – the number of cycles during the mixing of the bioreactor, 
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 ௦ – height displacement of biomass for filling, emptying and mixing inܪ
the volume of the bioreactor, m, 
 .௠௜௫ – efficiencies of less than 0.8ߟ ,௣௨௠௣ଶߟ ,௣௨௠௣ଵߟ ,ௗ௜௦ߟ
 

     Assessing the need for thermal energy to produce the required amount of 
electricity shall be subject to the modern electric power technology efficiency 
characterized by the efficiency of thermal power plants and nuclear power plants. 
Achieved level – ߟ௘௦ = 0.35 to determine the thermal equivalent of electrical 
energy consumed: 

 

௢௡௘௟ܧ ൌ
஼೚೙
ఎ೐ೞ

 , J.                                                    (7) 

 
     Since biogas technologies are designed to work within a year, it is advisable to 
determine their effectiveness in the annual cycle of work. In this case, the annual 
biogas yield and energy consumption for own needs of technology can be 
determined by integration of the corresponding functions, taking into account the 
temperature dependence of media and the outside air from the corresponding 
period [10]. 
     In a general view: 

 
 

ܳ௚
௬௘௔௥ ൌ ௚ܾ

௨ ׬ ሺ1 െ ߮௦ሻ ∙ ௦ܯ ∙ ௨௠௔௫ݒ
೤்೐ೌೝ

଴ ∙ ௗ௘௖ሺ߬ሻ݀߬ߙ ൌ ௚ܾ
௨ ∙ ௨ݒ ∙ ௦ܯ ∙ ሺ1 െ ߮௦ሻ  (8) 

 
 

снܧ ൌ ׬ ௦ܥ ∙ ௦ܯ ∙ ௝݊ ∙ ቂ
ଵିఝೞ
ଵିఝబ

∙ ൫ݐ௝ െ ௦൯ݐ ൅
ఝೞିఝబ
ଵିఝబ

∙ ൫ݐ௝ െ ௪௔൯ቃݐ ൅
೤்೐ೌೝ

଴
ி∙ ೤்೐ೌೝ

ோ
൫ݐ௝ െ ௘௡௩ሺ߬ሻ൯ݐ ൅ ௘௦ିଵߟ ∙ ௦ܯ ∙ ݃ ∙ ݄ ∙ ൣ2 ∙ ௘௡௩ିଵߟ ∙ ௝݊ ൅ ݊௠௜௫ ∙ ௠௜௫ߟ

ିଵ ൧݀߬ ൌ ௦ܥ ∙

௦ܯ ∙ ௝݊ ∙ ቂ
ଵିఝೞ
ଵିఝబ

∙ ൫ݐ௝ െ ௦൯ݐ ൅
ఝೞିఝబ
ଵିఝబ

∙ ቀݐ௝ െ ݐ
в

Дቁቃ ൅
ி∙்

год

ோ
ቀݐ௝ െ нቁݐ ൅ ௘௦ିଵߟ ∙ ௦ܯ ∙

݃ ∙ ݄ ∙ ൣ2 ∙ ௣௨௠௣ିଵߟ ∙ ௝݊ ൅ ݊௠௜௫ ∙ ௠௜௫ߟ
ିଵ ൧																				 (9)  

 
 

where   ௝݊ ൌ
೤்೐ೌೝ

ఛೕ
, – the annual number of downloads, 

௘௡௩ݐ ൌ
ଵ

೤்ೌ೐ೝ
׬ ሺ߬ሻ೤்೐ೌೝݐ
଴ ݀߬ – average ambient temperature. 

Thus: 
 

௘௙௙ܭ
௬௘௔௥ ൌ

௡ೕሺଵିఝೞሻெೞ௩ೠ௕೒ೠ

Сೞெೞ௡ೕቂ
భషകೞ
భషകబ

൫௧ೕି௧ೞ൯ା
കೞషകబ
భషകబ

൫௧ೕି௧ೢ
ೌ൯ቃା

ಷ೅೤೐ೌೝ
ೃ

൫௧ೕି௧೐೙ೡ൯ାఎ೐ೞ
షభெೞ௚௛ൣ൫ଶఎ೛ೠ೘೛

షభ ൯௡ೕା௡೘೔ೣఎ೘೔ೣ
షభ ൧

          (10) 

 
It should be noted that for biogas digesters efficiency essentially depends on the 
scale factor, which determines the ratio of the volume and the heat transfer surface. 
     The results of calculation of the value of the scale factor for the reactor of 
cylindrical shape shown in Figure 2. 
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Figure 2: Scale factor for a reactor of cylindrical shape. 

     The reactor heat loss optimization according to the method [10], based on the 
solution of the conditions finding variation problem dQpot/dV = min, provides a 
geometrical ratio, as follows: 

݄௢௣௧௜௠௨௠ ൌ 0,86 ∙ ቀ
ெೞ

ఘ
ቁ
ଵ
ଷൗ
 – height of the reactor, m, 

௢௣௧௜௠௨௠ܨ ൌ 5,6 ∙ ቀ
ெೞ

ఘ
ቁ
ଶ
ଷൗ
	– surface heat exchange with the environment, m2, 

݀௢௣௧௜௠௨௠ ൌ 1,22 ∙ ቀ
ெೞ

ఘ
ቁ
ଵ
ଷൗ
	– diameter of the reactor, m. 

     The influence of climatic factors on the bioreactor heat loss is caused due to 
the annual changes in ambient temperature. 
     The simplest type bioreactor efficiency is extremely low. We can link the 
bioreactor efficiency with ambient temperature through a unit which is used to 
indicate the severe climate – heating degree-days (HDD). This parameter is equal 
to the medium difference between the indoor and outdoor temperature throughout 
the heating season multiplied the duration of heating season. 
 

 

Figure 3: The dependence of the mean annual temperature of HDD. 
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     This dependence with an error of less than 2% is approximated by a linear 
equation: tenv = 16.5 - 2.7 · 103 · HDD. 
     Figure 4 shows the results of calculations of the Keff from HDD for 
characteristic modes methanogenesis for flow sheet (Figure 1). The calculation is 
performed for the cattle manure by incipient wetness (φ0) of 70%. The moisture 
content in the bioreactor (φS) adopted by 91.4%. Thermal insulation is absent  
R = 0.2. 
 

 

Figure 4: The dependence of the efficiency coefficient from the HDD for the 
simplest type bioreactor: 1 – psychrophilic methanogenesis regime;  
2 – mesophilic methanogenesis regime; 3 – thermophilic 
methanogenesis regime. 

     The influence of climatic factors on the bioreactor heat loss is caused due to 
the annual changes in ambient temperature. 
     When heating degree-day (HDD) is more than 2000, efficiency coefficient 
becomes less than 1 for a number of regimes. This fact indicates that these regimes 
are inefficient. In the range of HDD more than 6000 some efficiency can be 
achieved only for mesophilic methane generation regime. 
     The analysis of certain factors that affect the organic waste biological treatment 
shows that the highest losses are connected with the heating of biomass and water 
which is added to substrate to achieve demanded humidity. Another source of 
losses is the maintenance of the desired temperature during the whole fermentation 
cycle period. 
     At the same time, to obtain the most favorable conditions for methanogenesis, 
as mentioned earlier, the starting biomass from the livestock farms must be 
converted to the liquid state by increasing its water content to the optimum level 
which is usually above 90%. 
     Process flow diagram of a biogas plant using the effective thermal insulation 
(R is more than 2) is shown in Figure 5. 

1.40 

1.20 

1.00 

0.80 

0.60 

0.40 

0.20 

0

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and The Environment, Vol 206, © 2015 WIT Press

354  Energy and Sustainability V: Special Contributions



 

Figure 5: Process flow diagram of biogas technology with the recuperation of 
thermal energy by the method of separation and return of water to the 
cycle: 1 – mixer; 2 – bioreactor; 3 – heater; 4 – separator. 

     After the bioreactor 3 substrate enters the separator 4, where residue water is 
separated and with temperature tj and mass rate Mrw comes into the mixer 1. 
     Figure 6 shows the dependence of the biogas technology efficiency coefficient 
from the HDD for characteristic methanogenesis regimes for technological 
scheme shown in Figure 2. The temperature coefficient (R) of circuit heat 
insulation thermal resistance in this case is assumed equal to 2. 
 

 

Figure 6: The dependence of the efficiency coefficient from the HDD for 
optimized bioreactor: 1 – psychrophilic methanogenesis regime;  
2 – mesophilic methanogenesis regime; 3 – thermophilic 
methanogenesis regime. 
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     Figure 6 shows that the efficiency increases significantly and for modes 2 and 
3 becomes comparable with the efficiency of production and delivery of traditional 
fossil fuels. The dependence of the biogas technology efficiency from the climatic 
factor for all methanogenesis regimes becomes mild. For the most fast 
(thermophilic and mesophilic) methanogenesis regimes the dependence of the 
biogas technology efficiency from the climatic factor does not exceed 10%.  
     This process facilitates bacteria access to nutrients. As a result, the substrate 
decomposition rate increases. The disintegration methods can be: 
 thermal – brief heating to the temperature below 100°C at normal pressure 

or above 100°C at increased pressure; 
 chemical – addition of enzymes and catalysts, which can positively influence 

the process speed; 
 biochemical; and 
 physical – all mechanical methods including sonication. 

     The purpose of our work was the determination of sonication optimum for the 
biomass with 92% humidity. 
     Figure 7 shows the dependency of biogas components yield from the integral 
sonication dose. The data analysis shows that the maximum increase of biogas 
flammable components is 34–43% at the 5–10 wh sonication dose. 

 
 

 

Figure 7: The biogas yield depending on the integral sonication dose. 

 
     Our investigations show that the sonication result in the biogas flammable 
components increase of 34–43%. Sonication maximum efficiency is achieved at a 
moderate sonication dose. Additional energy costs for an ultrasound field with a 
maximum exposure time (half an hour) for the process total duration more than 20 
days is less than 1%. 
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3 Numerical model of the biogas reactor 

The reaction rate main influential parameters are the heating rate and the 
uniformity of temperature distribution. A computer model of the bioreactor 
preparatory tank was designed in terms of current investigation to estimate these 
parameters. The simulation was made with the help of SolidWorks and 
SolidWorks Flow Simulation software by Dassault Systems. 
     The main objective of the investigation was to create a computer model that 
can be used for the estimation of structural variations of a biogas reactor. The 
simulation results were compared with the performance of the bioreactor described 
in section 2 of this work. 
     The calculation showed that 13 kW of the heating system total power gives 
about 30 hours of heating time. Thus, numerical simulation shows the analogous 
heating time with the estimation formula. This fact can indirectly indicate the 
model validity. Almost the same time is needed to heat the biogas facility. 
     The next step was to examine different configurations of heating system. The 
number of heating elements varied from 10 to 33 for the same power input.  
The heating system of 33 elements showed the best results. This configuration of 
heating system allows to achieve needed temperature during the relatively small 
time period. The thermal gradient in the tank volume did not exceed 0.5°C, so the 
heating uniformity was also achieved. 
     Through research the department of Atomic power plants and renewables, Ural 
Federal University, together with “Avanguard” PLC and “Gildia M” Ltd. have 
designed a biogas plant (the BGP-100) to produce methane from animal waste. 
The facility is intended to operate in the conditions of moderate and frigid climatic 
zones of Russia characterized by low temperatures. The facility flow diagram is 
shown in Figure 8. 
     The organic waste is accumulated in the dung collector. The supply pump sends 
it in the grinder system (1), than grinded dung comes into the suction tank (2) of 
the anaerobic reactor. After the stage of preparation it is transported into the main 
tank of the anaerobic reactor (3) by the substrate pump. The anaerobic reactor has 
a mixing system with electric drive (4) which improves the uniformity of the 
gasification process and heating system (12) which maintains assigned 
temperature regime. Biogas is removed from the reactor with gas compressor (5) 
to the dehumidification system (6), and the used substrate comes into the 
separation system with the help of the pump. Dry biogas is accumulated in the 
gasholder (7), from where it can be sent to the consumer (8). Decontaminated 
organic waste from the anaerobic reactor (3) comes to the separation system (9). 
Separated water is sent back in the bioreactor (3) with the regeneration pump (10). 
The off-balance water is removed from the cycle through the purification and 
sterilization system, and some of waste heat is reused for the tank heating. 
Produced biofertilizers additionally processed (11) for high temperature or 
ultrasonic. 
     The BGP-100 is made on the basis of composite materials. This is the reason 
for its longevity and high efficiency ratio when the BGP-100 used under severe 
climatic conditions. 
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Figure 8: The BGP-100 flow scheme. 

4 Conclusion 

The potential of biomasses of different origin in Russian Federation is significant. 
The biomass annual growth is comparable with the traditional organic energy 
consumption, so the modern biotechnology introduction is important. 
     The performed study of the effect of various factors on the biological treatment 
process for certain type of biomass (cattle manure) shows that it is possible to 
reduce processing time and to increase the biomass conversion degree at moderate 
energy consumption. 
     It was developed a biogas plant (BGP-100) with a high degree of thermal 
protection and heat recovery to make the process of biological treatment of organic 
waste effective even in areas with severe climate conditions. 
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