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Abstract- The main indicator of biogas plant work is the output of gas per unit of biomass volume per day or other specified 
period of time. This indicator is used for energy and economic assessment of biogas plants. However, models for adequate 
determination of this indicator for biogas plants with periodic loading are almost absent. This is due to the fact that there is no 
indicator of the rate of biomass decomposition, especially for reactors with periodic loading, that is, when the reactor contains 
portions with different levels of organic biomass decomposition. They were obtained dependences for analytical determination 
of integral rate and decomposition level of organic biomass depending on fermentation time, reactor loading periodicity and 
fermentation temperature during anaerobic digestion. An algorithm for calculating the specific yield of biogas and biomethane 
during anaerobic fermentation and biogas reactor operation in the periodic loading mode was developed to determine the 
integral rate and level of organic biomass decomposition. The application of the algorithm for calculating the specific yield of 
biogas and biomethane during anaerobic fermentation of manure showed that the density of biogas under normal conditions 
1.2 kgBG/m3BG the output of biogas and biomethane in the biogas plant will be respectively 1.3 m3BG/m3BМ per day and 0.91 
m3СН4/m3BМ per day, that corresponds to the performance of existing plants. 

Keywords Biogas, biogas plant, decomposition rate, organic biomass, fermentation. 

 

1. Introduction 

An important direction in renewable energy is the 
production of biogas [1, 2]. Biogas production is widespread, 
both from plant biomass [3, 4] and from animal waste [5, 6]. 
In modern practice of biogas technologies the most 
widespread are reactors of periodic loading [7, 8]. The design 
of reactors for the production of continuous biogas is 
characterized by the fact that portions of biomass are fed into 
the reactor and removed from it after a certain period of time. 
These studies [7, 8] indicate that the frequency of biomass 
loading is one of the important parameters. However, the 
authors do not investigate the effect of loading frequency on 
biogas yield However, during the operation of biogas plants, 

a number of technical and technological problems arise 
related to compliance with the temperature regime, mixing 
modes and biomass loading, which is shown in the studies 
[9, 10]. The authors point to a change in temperature and 
mixing conditions when loading biomass, but also do not 
investigate the effect of loading period on biogas output. In 
particular, in [11] they were studied the temperature regimes 
of biomass fermentation and was proved that at the 
termophilic mode of operation of the biogas plants it was 
received a greater amount (output) of biogas, and at the 
mesophilic mode – higher calorific value of biogas. Besides, 
the study [12] proves the effectiveness of mixing the 
substrate for biogas production. In particular, without 
mixing, the yield of biogas from decomposed organic mass 
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based on cattle manure under normal conditions amounted to 
1.02 liters per liter of biogas plant volume per day, which is 
10 times higher than without mixing. These studies prove the 
effectiveness of the influence of temperature regime and 
mixing regime on the efficiency of biogas plants. However, 
energy and economic assessment of biogas production 
process are necessary to confirm the effectiveness of the 
conducted research. Energy and economic assessment is 
based on the work of existing biogas plants [13, 14, 15]. The 
main indicator of energy and economic assessment is the 
specific yield of biogas or biomethane in terms of normal 
conditions per day and per one cubic meter of biomass in a 
biogas reactor [16]. This indicator depends on the density 
and humidity of biomass, the content of organic mass in 
biomass, as well as the density of biogas under normal 
conditions [17, 18]. However, the determining indicators of 
the intensity of the anaerobic digestion process is the 
intensity of decomposition of organic biomass per day and 
the yield of biogas or biomethane per unit of decomposed 
organic mass [19, 20]. However, the intensity of 
decomposition of organic biomass is also investigated 
without taking into account the frequency of biomass reactor 
loading. The mass yield of biogas per unit of decomposed 
organic mass is about 1 kg/kg, and biomethane – from 0.27 
to 0.51 kg/kg depending on the type of biomass. In the first 
stage during biomass decomposition, the hydrolysis of the 
substrate with the formation of organic acids, alcohols, and 
simple carbohydrates are occursed. In the second stage, 
acetic acid, hydrogen and carbon dioxide are formed. 
Subsequently, the carbon dioxide is reduced to methane and 
the organic acids and alcohols are decomposed into methane 
and carbon dioxide [21]. It should be noted that easily 
soluble hydrocarbon compounds produce the minimum 
amount of biomethane during decomposition, and biomass 
containing fat compounds – the maximum. 

Approximation of actual research data (fig. 1), which 
concerned the fermentation of manure [22] or household 
waste [23] showed that the intensity (1) of organic biomass 
decomposition during anaerobic digestion with a significant 
level of adequacy is described by exponential dependencies: 

       (1) 

where: a – the level of organic matter decomposition at 
the current time, relative unit; М0 – total organic matter 
content of biomass at the beginning of anaerobic digestion, 
kg; М* – biomass organic matter content that does not 
decompose during anaerobic digestion, kg; k – the speed 
ratio of the biogas fermentation process, days-1; τ – biogas 

fermentation time, days;  the maximum level 

of organic matter decomposition in the process of anaerobic 
digestion, relative unit 

The maximum level of organic matter decomposition in 
the process of anaerobic digestion is different for different 
substrates and depends on the temperature, type of substrate 
and other factors. 

On the basis of experimental data [24] it was also 

obtained the dependence of the rate coefficient of the biogas 
fermentation process on the temperature of anaerobic 
digestion (fig. 2) and found the value of the maximum level 
of organic matter decomposition, which is a0 = 0.53 rel. un. 

 
Fig. 1. Comparison of the actual data of studies that 
concerned anaerobic digestion of manure and their 

approximation with the help of experimental dependences. 

 
Fig. 2. The relationship of the biogas fermentation process 
parameter, which characterizes its rate depending on the 

anaerobic digestion temperature 

Similar exponential correlations approximate the actual 
data of studies that concerned the fermentation of green grass 
mass [25, 26] and silage [25, 27, 28]. It was found the value 
of the rate of green grass mass biogas fermentation, which 
was 0.095 rel. un. and 0.119 rel. un. for the process of silage 
biogas fermentation. The value of the maximum level of 
organic matter decomposition for green grass mass was 0.45 
rel. un., and for silage – 0.59 rel. un. 
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Thus, in many cases of anaerobic digestion of different 
organic biomass, the level of organic biomass decomposition 
over time can be approximated by experimental 
dependences. These dependences include the value of the 
rate coefficient of the biogas fermentation process and the 
value of the maximum level of organic matter 
decomposition, which are determined experimentally. 
However, there are no mathematical models to adequately 
determine the rate of decomposition of biomass for reactors 
with periodic loading, when portions with different levels of 
decomposition of organic biomass are in the reactor. 
Therefore, the aim of the presented studies is to analytically 
determine the integral level of organic biomass 
decomposition and integral rate of decomposition of organic 
biomass, depending on the fermentation time, the reactor 
loading period, and the fermentation temperature during 
anaerobic fermentation. 

2. Materials and Methods 

It is obvious that the number (2) of loaded portions of 
biomass in the biogas reactor will be: 

              (2) 

where: n – the number of downloaded portions of the 
biomass in the biogas reactor, un.; τF – fermentation time 
(total residence time of biomass in the reactor), days; τL – 
frequency of biogas reactor loading, days. 

Obviously, the fermentation time (3) can be determined 
by the following ratio: 

              (3) 

where: VR – the working volume of the biogas reactor, 
m3; VDL – the volume of daily load in the biogas reactor, 
m3/days. 

In the case of an ideal situation where each portion of the 
loaded substrate is not mixed with the previous portions 
(reactor in the form of connected containers containing one 
downloaded portion of the substrate), as shown in Fig. 3, the 
residence time (4) of each loaded portion in the reactor at the 
time before unloading the first loaded portion from the filled 
reactor will be: 

              (4) 

where:  – numbering of the loaded 

biomass portion into the biogas reactor. 

Knowing the residence time of each portion of the 
substrate in the biogas reactor, it is possible to determine the 
level (5) of decomposition of each individual portion of 
organic biomass during anaerobic digestion, using 
exponential dependences (1): 

           (5) 

 
Fig. 3. Idealized scheme of biogas reactor in the form of 

combined tanks containing one loaded portion of substrate 

Then the integral average level (6) of decomposition of 
organic biomass during anaerobic digestion will be: 

 (6) 

The integral average rate (7) of organic biomass 
decomposition during anaerobic digestion will be: 

 (7) 

Thus, expressions are obtained to estimate the integral 
values of the level and rate of organic biomass 
decomposition during anaerobic digestion and biogas reactor 
operation in the periodic loading mode. 

3. Results and Discussions 

The use of integral values of the level and rate of organic 
biomass decomposition during anaerobic digestion for the 
data on anaerobic digestion of silage [25, 28] allowed 
obtaining integral values of the level and rate of 
decomposition of organic biomass of silage while anaerobic 
digestion during τF = 60 days and with the frequency of 
loading of τL = 5 days (Fig. 4 and Fig. 5). 

As shown by calculations, despite the fact that the 
maximum level of decomposition of the organic mass of 
silage during anaerobic digestion is 0.59 rel. un., the integral 
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decomposition level of organic biomass under anaerobic 
digestion at 12 loaded portions of silage biomass into the 
reactor will be 0.49 rel. un. 

 
Fig. 4. The integral level of decomposition of the organic 

biomass of the silage while the anaerobic digestion 

 
Fig. 5. Integral decomposition rate of organic silage biomass 

during anaerobic digestion 

The maximum integral decomposition rate of organic 
biomass during anaerobic digestion of 12 loaded portions of 
silage biomass into the reactor will be 0.012 rel. un. or 1.2%. 

The use of integral values of the level and rate of organic 
biomass decomposition during anaerobic digestion for data 
on anaerobic digestion of manure on the basis of 
experimental data [21] allowed obtaining integral values of 
the level and rate of decomposition of organic biomass silage 
while anaerobic digestion during τF = 21 days and with the 
frequency of loading of τL = 1 day (Fig. 6 and Fig. 7). 

 
Fig. 6. Integral level of decomposition of organic biomass of 

manure during anaerobic digestion 

 
Fig. 7. Integral rate of decomposition of manure organic 

biomass during anaerobic digestion 

It was found that the integral value of the level and rate 
of organic biomass decomposition during anaerobic 
digestion of manure depends on the temperature of anaerobic 
digestion. Thus, at the anaerobic digestion temperature of 
37 ОС the integral value of the decomposition level of 
organic biomass of manure was 0.22 rel. un., and the integral 
value of the decomposition rate of organic biomass was 
0.017 rel. un. or 1.7%. At the same time, at the anaerobic 
digestion temperature of 55 ОС the integral value of the 
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decomposition level of organic biomass of manure was 0.28 
rel. un., and the integral value of the decomposition rate of 
organic biomass was 0.021 rel. un. or 2.1%, which is almost 
by a quarter higher than at 37 ОС. 

It was also established that the integral value of the level 
and rate of organic biomass decomposition during anaerobic 
digestion of manure practically does not depend on the 
frequency of loading (Fig. 8). 

 
Fig. 8. Influence of loading periodicity on the integral 

decomposition level and decomposition rate of manure 
organic biomass during anaerobic digestion 

 

Thus, at the anaerobic digestion temperature of 37 ОС 
the integral value of the decomposition level of manure 
organic biomass was from 0.21 to 0.23 rel. un., and the 
integral value of the decomposition rate of organic biomass 
was from 0.017 to 0.018 rel. un. At the anaerobic digestion 
temperature of 55 ОС the integral value of the decomposition 
level of manure organic biomass was from 0.27 to 0.28 
rel. un., and the integral value of the decomposition rate of 
organic biomass was 0.021 to 0.022 rel. un. 

Thus, the obtained dependences make it possible to 
analytically determine the integral rate of organic biomass 
decomposition depending on the fermentation time, the 
frequency of reactor loading and the fermentation 
temperature during anaerobic digestion. 

Taking into account the above review of studies of the 
anaerobic digestion process and theoretical studies, the 
calculation of the specific yield of biogas during operation of 
the biogas reactor in the mode of periodic loading and in 
terms of normal conditions is advisable to carry out in the 
following sequence. 

1. Determination of properties of biomass coming to 
anaerobic digestion: 

1.1. Determination of biomass density, rBM. 

1.2. Determination of biomass moisture content, WBМ. 

1.3. Determination of organic mass content in biomass 
dry matter, kOМ. 

2. Determination of kinetics of biomass anaerobic 
digestion: 

2.1. Determination of the experimental dependence of 
the level of decomposition of the biomass organic 
component on the time of anaerobic digestion. 

2.2. Determination of the maximum level of 
decomposition of the biomass organic component depending 
on the time of anaerobic digestion, a0. 

2.3. Determination of biomass organic component 
decomposition rate, k. 

2.4. Determination of dependence for approximation of 
experimental data of change in the level of decomposition of 
biomass organic component on the time of anaerobic 
digestion in the form of . 

2.5. Determination of biogas yield per unit of 
decomposed organic mass, mBG. 

2.6. Determination of volume content of biomethane in 
biogas, kСН4. 

3. Determination of the integral value of the level and 
rate of organic biomass decomposition during the biomass 
anaerobic digestion: 

3.1. Determination of the fermentation time τF, as the 
ratio of the working volume of the biogas reactor to the 
volume of the daily load of the biogas reactor, the frequency 
of loading of the biogas reactor tL and the number of loaded 
portions of biomass in the biogas reactor n, as the ratio of the 
fermentation time (total residence time of biomass in the 
reactor) to the frequency of loading of the biogas reactor. 

3.2. Determination of the integral value of the level of 
decomposition of the organic biomass depending on the time 
of digestion, frequency of substrate and temperature of 
fermentation during anaerobic digestion. 

3.3. Determination of the integral value of the 
decomposition rate of organic biomass depending on the 
fermentation time, the frequency of reactor loading and the 
fermentation temperature during anaerobic fermentation. 

4. Determination of specific indicators of anaerobic 
digestion of biomass: 

4.1. Determination of specific biogas yield from the 
reactor during anaerobic digestion under normal conditions, 
VBG. 

4.2. Determination of specific yield of biomethane from 
the reactor during anaerobic digestion under normal 
conditions, VСН4. 

An algorithm for calculating the specific yield of biogas 
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during operation of the biogas reactor in the mode of periodic 
loading and in terms of normal conditions is schematically 
shown in Fig. 9. An example of the calculation is given in 

table 1 at biogas density under normal conditions 
 kgBG/m3BG.

 
 

1.2N
BGr =

Fig. 9. Algorithm of calculation of specific output of biogas during the operation of biogas reactor in the mode of 
periodic loading 
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Table 1. Calculation of specific yield of biogas and biomethane 

Properties of biomass supplied for anaerobic digestion 

Manure density rBМ kgBМ/m3BМ 1050 

Moisture WBМ % 92 

Organic matter content kОМ % 80 

Indices of the kinetics of biomass anaerobic digestion 

Experimental dependence of the level of decomposition of 
the biomass organic component on the time of anaerobic 
digestion of manure according to [19] 

 

The maximum level and rate of organic biomass 
decomposition 

a0 rel. un. 0.53 

k days-1 0.08319 

Dependence for approximation of experimental data of change in level of 
biomass organic component decomposition on time of anaerobic digestion 

 

The yield of biogas from the decomposed dry organic matter 
(DOM) under normal conditions mBG кgBG/кgDОМ 1.1 

The volume content of biomethane in biogas kСН4 % 70 

Integral values of biomass decomposition level and rate under the following conditions of biogas plant operation: 
fermentation time tF = 21 days, frequency of biogas reactor loading tL = 1 day, the number of loaded portions of biomass 
into the biogas reactor n=21 un. 

Integral value of the 
level and rate of 
organic biomass 
decomposition 

 

 

Output of biogas and biomethane from the 
reactor under normal conditions 

VBG m3BG/m3BМ per day 1.3 

VСН4; m3СН4/m3BМ per day 0.91 

 

The calculated value of biogas output from the reactor 
under normal conditions in terms of manure weight is 

1.24 m3BG/t of biomass per day. Actual biogas yield based on 
data analysis of biogas plant studies are shown in table 2.
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Table 2. Actual value of biogas output 

Actual biogas yield, 
m3/t 

Fermentation 
temperature, οС 

Biomass water 
content , % Digestion time, days Reference 

2.50-2.60 54 93.6 5 [11, 30] 

2.00 40 96.2 5 [5] 

1.40-1.50 38-40 95.12 16 [7, 14, 29] 

1.20 40 93.7 9 [7, 14] 

1.10 40 99.5 10 [7, 14] 

1.00-1.05 38 94.1 16 [7, 14] 

 
Herewith, there are unknown such indicators as biomass 

density, organic mass content, the maximum level and rate of 
organic biomass decomposition, biogas yield from organic 
matter decomposed under normal conditions and volume 
content of biomethane in the biogas, as well as an integral 
value of the speed of organic biomass decomposition, which 
does not allow to assess more accurately the adequacy of the 
proposed calculation method the output of biogas and 
biomethane from the reactor under normal conditions. If we 
average the obtained data, we get biogas yield at the level of 
1.575 m3/t of biomass per day. This value differs from that 
obtained estimated biogas yield from the reactor under 
normal conditions by 27%, indicating that in terms of the 
presence of more accurate data on the parameters of biomass, 
availability of the dependence of the level of decomposition 
of the biomass organic component on the time of anaerobic 
digestion, and certain conditions of biomass fermentation, 
the proposed algorithm of calculation of specific biogas yield 
during operation of the biogas reactor in the mode of periodic 
loading can be successfully used in research and to assess the 
process of biogas production with the help of operating units. 

4. Conclusion 

1. In most cases of anaerobic digestion of manure and 
plant biomass, the level of decomposition of organic biomass 
over time can be approximated by an exponential 
relationship, which includes the value of the rate coefficient 
of the biogas fermentation process and the value of the 
maximum level of decomposition of organic matter, which 
are determined experimentally. As a result of the analysis of 
experimental results, it was found that the value of the 
maximum level of decomposition of organic biomass is in 
the range of 0.45 to 0.59 rel. un. and depends on the type of 
biomass. 

2. Based on exponential dependences for determining the 
level of decomposition of organic biomass in time was 
obtained dependences for analytical determination of integral 
rate and organic biomass decomposition level depending on 
fermentation time, reactor loading periodicity and 
fermentation temperature during anaerobic fermentation and 
the specific yield of biogas or biomethane in terms of normal 
conditions per day and per cubic meter of biomass in a 
biogas reactor. 

3. It was found that the integral value of the level and 

rate of decomposition of organic biomass during anaerobic 
fermentation of manure practically does not depend on the 
frequency of loading. 

4. An algorithm for calculating the specific yield of 
biogas and biomethane during anaerobic fermentation and 
biogas reactor operation in the periodic loading mode was 
developed to determine the integral rate and level of organic 
biomass decomposition. The application of the algorithm for 
calculating the specific yield of biogas and biomethane 
during anaerobic fermentation of manure showed that the 
density of biogas under normal conditions 1.2 kgBG/m3BG the 
output of biogas and biomethane in the biogas plant will be 
respectively 1.3 m3BG/m3BМ per day and 0.91 m3СН4/m3BМ 
per day, that corresponds to the performance of existing 
plants. 
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