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Abstract A lot of different chemical reactions take place

in the biochemical process of biogas formation but the

most important of them include the reaction of bonding

carbon dioxide with hydrogen and the decomposition of

acetic acid. Other factors, such as temperature, pH, etc.,

only limit the amount of methane or, in extreme cases, they

even stop the process of methane formation. The paper

presents an analysis of the influence of the amount of

available carbon in the substrate and inoculum on biogas

production, as well as of the validity of the relation

between methane production and carbon/hydrogen ratio

which is often mentioned in the literature. The analyses

were made on the basis of the results of several dozen

laboratory experiments on methane production for five

groups of substrates: cultivated plants, animal faeces, plant

waste, animal waste and municipal waste. This provided

the basis for the formulation of the conclusion that there is

no significant relation between the carbon/hydrogen ratio

and methane production, and an alternative biogas calcu-

lator was suggested to estimate methane production with

the known content of carbon in the substrate and inoculum.

This calculator was also adapted to the conditions of

agricultural biogas plants, and then it was tested in those

conditions. It should also be mentioned that the innovative

aspect of the study presented herein is the model developed

for the estimation of methane production on the basis of

carbon content only, providing estimates with a smaller

error than in the case of the calculators!

Keywords Biogas � Methane � Coal � Mathematical

model

Introduction

A lot of emphasis has been placed over the recent years in

the European Union on the development of renewable

sources of energy which can replace even large coal-

burning power plants (for example, Poland is committed to

increase final gross energy consumption from renewable

sources—by the year 2020 Igliński et al. 2015). One 2-MW

biogas plant is not much compared to some coal-burning

power plants power output of which can be 4 GW, but 1000

such agricultural biogas plants can provide not only a high

economic profit but also utilise farm waste. What is very

often an obstacle in such investments is the uncertainty of

the energy gain from available substrates. In such a situa-

tion, a simple mathematical model, a biogas calculator or

an artificial neural network model (Behera et al. 2015),

could be very helpful in estimating methane production

from a given mixture of substrates—with no big error. The

biochemical process of biogas formation (biogas is com-

posed mainly of methane and carbon dioxide Sattler 2011)

involves a lot of different chemical reactions, the most

important of which include the reaction of bonding carbon

dioxide with hydrogen and the decomposition of acetic

acid caused by the enzymes excreted by microorganisms

participating in the process (Sattler 2011). As a result, the

amount of available carbon in the substrate determines the

maximum amount of methane and carbon dioxide which
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can be formed. The other factors, such as temperature or

pH, will only limit the amount of methane, or in the case

when the conditions for the microorganisms living in the

fermentor are inadequate, they will stop the process of

methane formation. Furthermore, the use of an adequate

inoculum during the production of methane in agricultural

biogas plants has a significant influence, especially in the

initial stages of biogas production (Pandey et al. 2011). A

question arises then how much carbon there is in the sub-

strate which can be used for methane production and

whether it is possible to estimate the amount of biogas with

acceptable accuracy. The first thing to consider when

evaluating the usefulness of farm waste in biogas produc-

tion is the content of dry matter and the total amount of

organic matter (for example, for maize Rath et al. 2015).

This is also how we know how much water and ash a given

substrate has William (2000); however, it is unknown

which part of dry organic mass in a given substrate is not

decomposed in biogas production. One such substance

which does not decompose is, for instance, lignin. Methane

production is evidently lower in substrates with more lignin

(Axaopoulos et al. 2001) Rafique. However, it is possible

to prepare the substrate with the use of proper yeasts or

enzymes in such a way that lignin can be decomposed

during hydrolysis, and carbon compounds from lignin can

be used to produce methane (Chandra et al. 2012). Cur-

rently, the most popular tool for the estimation of biogas

production is a biogas calculator which estimates biogas

production with the use of information about the content of

dry matter, the content of ash (or the content of dry organic

matter) and biogas production from a given substrate (the

result is the product of those values) (Myczko et al. 2011).

Unfortunately, the result is burdened with a large error.

Biogas calculators hugely overestimate biogas production

(they do not take into consideration, e.g. the substances

which do not hydrolyse in biogas production) (Sławiński

et al. 2012). Biogas calculators are based mainly on the

product of dry matter, organic dry matter, biogas yield

(determined in the laboratory) and methane content in

biogas (also determined in the laboratory). In the first

place, the error will result from the diversity of substrates.

Biogas yield and methane content determined in the lab-

oratory will differ considerably in relation to the region

from which the plant material originates. Hence, the final

results obtained during the testing of the calculator will be

positive only where the substrates have been tested.

Another reason for the overestimation of biogas (methane)

production is leaving out from the analysis the content of

non-degradable compounds included in the substrate, such

as, e.g. lignin—hence, the estimated production is higher

than the actual. Besides, biogas calculators do not take into

account the fact that the content of carbon in the fermentor

changes in time (in the case of continuous production), but

calculate only the maximum production. However, in

biogas plants of this type, the production curve is sinu-

soidal rather linear.

In relation to the above, the authors undertook to

develop a simple mathematical model that will permit the

estimation of biogas production for a broad spectrum of

substrates of agricultural origin, not only those that were

used during the testing of the model, but also substrates

from other regions. Besides, the model is characterised by

better accuracy compared to the biogas calculators, while

retaining simplicity of approach to the problem. In this

model, parameters, such as, temperature, pH, and retention

time, are not taken into consideration.

Literature overview

Benjamin Gompertz was the pioneer in modelling this type

of processes. The model developed by him in 1825 was not

developed to estimate biogas production but mainly to

calculate the mortality of a population of living organisms.

This was the basis for the development of the Makeham–

Gompertz law which describes the dynamics of mortality

of a population. That model, which was later further

developed and modified, has been used to date in biology,

medicine, e.g. to describe the growth of neoplastic cells or

to estimate biogas or methane production (Ledakowicz

et al. 2010). In 1962, Buswell and Mueller suggested the

estimation of biogas production from substrate on the basis

of its chemical composition. This method provided for a

more precise evaluation of the substrate or cosubstrate in

biogas production; however, it does not take into account

the influence of other factors, such as temperature or pH

(Gerber and Span 2008). In the literature, there exists also

the equation which was created only by Buswell Hidalgo

et al. (2014). A dozen or so years later, in 1976, Boyle used

the model developed by Buswell and Mueller and sug-

gested adding the content of nitrogen and sulphur to the

equation. The calculation of the amount of ammonia and

hydrogen sulphide became possible with that model.

Unfortunately, also in this case, apart from the chemical

composition, the model does not take into account other

parameters of the process (Menardo et al. 2013). A totally

different approach was applied in 1978 by Jewell who

developed an empirical model to calculate biogas produc-

tion on the basis of the functions of biomass degradation in

continuous production (substrate is provided several times

a day). That equation took into account the flow of

biodegradable dry matter (i.e. without the participation of,

e.g. lignin or other substances which are not degradable in

biogas production), and it was the main basis for the cal-

culations of daily biogas production (Minott 2002). When

estimating methane production on the basis of more factors
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determining that process, Chen and Hashimoto took a more

comprehensive approach. Hashimoto was the first to take

into account, in 1978, the rate of growth of microorganisms

which he related to the temperature of liquid manure in the

digester and empirically established coefficients. This

model is still used to study the influence of individual

factors on the microorganisms living in agricultural biogas

plants. This model was further improved over the next

years, taking into account the rate of growth of bacteria and

the input of organic dry matter (Axaopoulos et al. 2001). In

1994, Tabasaran proposed a model taking into account a

greater number of factors. That model primarily took into

account the influence of carbon content on biogas pro-

duction (Wandrasz and Landrat 2002). In 1995, Toprak

proposed an empirical model to estimate biogas production

only on the basis of the ambient air temperature (Toprak

1995). A similar approach was presented in 1999 by Hobbs

whose model directly estimates the emission of methane

from pig manure in the function of time. The model was

developed only for one substrate, and it does not take into

account any other factors (Wu et al. 2006). In 1999,

Andara and Esteban developed a two-step kinetic model to

estimate methane production from pig manure. That model

takes into account a great number of factors (reaction time,

concentration of microorganisms, constant cellular perfor-

mance) and that is why the equations describe the process

of biogas formation much better. The conducted experi-

ments demonstrated a good fit of the model; however, its

basic disadvantage is that it has been tested only on one

substrate, and consequently, it is highly probable that the

efficiency of that model will be much lower for other

substrates (Andara and Esteban 1999). At the same time,

Masse and Droste proposed a model based on the analysis

of digestion in anaerobic conditions, introducing the so-

called biological activity (Masse and Droste 2000). In

2002, Scott and Mionott developed the most advanced

model in respect of the factors which affect the evaluation

of biogas production. Apart from estimating biogas pro-

duction, that model is also used to calculate the total sub-

strate degradation. To some extent, the above model is

based on the model developed by Hashimoto because it can

also be used to establish the rate of growth of microor-

ganisms. It has already been rather well verified, and the

results achieved provide good grounds to claim its good fit

to the results achieved in experiments (Wu et al. 2006).

Another model published in 2006 is the model presented in

Battone (2006). The author of the model estimates methane

production on the basis of the loss of mass and the con-

centration of degradable components. In the case of the

model published in El Monayeri et al. (2013), the amount

of methane is estimated on the basis of the known chemical

demand for oxygen, efficiency of methane and volatile

suspended solids. The last of the mathematical models

presented in this paper was developed on the basis of the

model by Gompertz and adapted to estimate biogas pro-

duction (Latinwo and Agarry 2015). Obviously, the

review presented above does not comprehensively

describe the models of biogas production, but it can be

claimed that most of them require very detailed infor-

mation about the process or are relatively imprecise. The

authors do not know a model of methane production,

which is actually based only on carbon content in the

substrate and inoculum. Developing such a simple rela-

tion might dramatically simplify the estimation of biogas

production and consequently become a real alternative to

biogas calculators.

Materials and methods

The method of estimation of methane production presented

in this paper was developed on the basis of laboratory tests

conducted in the biogas laboratory at the Institute of

Agricultural Engineering, the University of Environmental

and Life Sciences in Wrocław, Poland. The methodology

of studies of the fermentation process complied with DIN

38414-S8. The inoculum which was used in the analysis

was the post-digestate formed on the basis of manure with

dry matter content of 3.52 % and carbon in dry matter at

42 %. The nitrogen content in dry matter was 1.2 %. The

use of post-digestate as an inoculum and mixing it with the

substrate guaranteed that the resulting mixture contained

the appropriate species of microorganisms. The sum of the

inoculum used and the input material was always 400

grams. The temperature for all samples was 38 �C and it

was constant. Also in the case of the tank volume—for all

samples, it was 1.1 dm3 and it was constant Fugol (2013).

pH was 7 and it was constant (although some differences

were noted depending on substrate). Enzymatic additives

by Baktoma, such as adenosine diphosphate (ADP) and

lysosomal palmitoyl-protein thioesterase (PPT), were used

for some substrates in which the production of both biogas

and methane was the highest. The enzymes were added in

doses of 30 g , dissolved in distilled water, then applied in

that form to the substrate under study. The ratio of the

enzyme prepared in that manner was ca. 1:10 relative to the

charge in the fermentor—10 millilitre of enzyme prepared

(concentration: 0.03 %) was added to the fermenter which

volume was 400 millilitre. In the case of biogas plants,

information from six biogas plants was used for the tests.

The data included primarily the average daily methane

production during the process, daily dose of substrate and

carbon content in the substrate, as well as the temperature

of fermentation, pH, HRT time, and tank size.
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Substrates used in the analysis

The following groups of substrates were used for the

analysis conducted in the laboratory: cultivated plants

(alfalfa, silage, spartina, phalaris, millet), animal faeces

(liquid manure, manure, poultry droppings), plant waste

(grape pulp, pulp and beet roots, molasses), animal waste

(bull blood, content of stomachs and reticulorumens of

calves and bulls), municipal waste (post-flotation waste).

The following substrates were used for the analysis con-

ducted in the agricultural biogas plants: pig manure, cattle

manure, corn silage, grass silage, green mass, triticale, and

beet pulp.

Analysis

With a lot of data from methane production in laboratory

conditions, the first thing to verify was the influence of the

carbon/nitrogen ratio on its production. The literature can

provide the results of studies with conclusions about the

optimal value of that ratio for maximum production

(Kameswari et al. 2014). The analyses conducted demon-

strate that there is no such significant relation (Fig. 1). The

production was equally good for substrates where that ratio

was close to 50 and for those where that ratio was about 18.

As mentioned above, several chemical reactions take

place in the biochemical process of biogas formation, but

the most important of them include the reaction of carbon

dioxide bonding with hydrogen and the decomposition of

acetic acid caused by enzymes excreted by the

microorganisms participating in the process. Carbon

included in the mixture must be then the key component in

this process. As it was necessary to compare various sub-

strates with one another, all the results of methane pro-

duction for laboratories were first converted to millilitre of

methane production per 1 gram of the mixture. Carbon

content in the mixture was established on the basis of the

following simple equation:

C ¼ M � TSp � Cp þMj � TSpj � Cpj

M þMj

; ð1Þ

where M is the mass of substrate [g]; Mj is the mass of

inoculum [g]; TSp 2 ½0; 1� is the fraction of dry matter

included in the substrate; TSpj 2 ½0; 1� is the fraction of dry

matter included in the inoculum; Cp 2 ½0; 1� is the fraction

of carbon content in dry mass of substrate; Cpj 2 ½0; 1�
fraction of carbon content in dry mass of inoculum; and

C is the total carbon content [-].

The relation between total methane production and

carbon content in the mixture calculated on the basis of the

Eq. 2, for a wide range of substrates, is evidently expo-

nential (identical to the traditional growth of microorgan-

isms for batch cultures (Schlegel 2003; Fig. 2).

B ¼ eð45CÞ; ð2Þ

where B is the methane production [ml/g].

The coefficient of determination for the presented cal-

culator slightly exceeded 0.7, which is why it can be

claimed that there is a strong relation between biogas

production and carbon content defined this way in that

group of substrates. The result can be still improved, by

Fig. 1 Influence of the carbon/

nitrogen ratio in the mixture of

substrates on methane

production
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omitting beet pulp in the analysed group. The coefficient of

determination grows then to 0.79 (Fig. 3).

In order to estimate methane production in agricultural

biogas plants, a mathematical model was developed on the

basis of the proposed relation between methane production

and carbon content. First, the initial carbon content in the

digester is calculated on the basis of known percentage of

carbon content in the provided daily mixture of substrates

and HRT time:

C0 ¼ HRT �
Xn

k¼1

ðMk � TSpk � CpkÞ ½tony�; ð3Þ

where Mk is the mass of k-th substrate [tona]; TSpk 2 ½0; 1�
is the fraction of dry mass of k-th substrate; Cpk 2 ½0; 1� is

the carbon content in dry mass of k-th substrate; and C0 is

the total carbon content [-].

Over the subsequent days, the amount of available car-

bon in the digester was calculated in the following way:

Fig. 2 Influence of carbon

content in the mixture of

substrates on methane

production

Fig. 3 Influence of carbon

content in the mixture of

substrates on methane

production without beet pulp

and roots

The influence of carbon content in the mixture of substrates... 811

123



Ciþ1 ¼ ðCi � ðCcoi þ CchiÞÞ � ð1 � 1

HRT
Þ

þ
Xn

k¼1

ðMk � TSpk � CpkÞ½tony�;

ði ¼ 0; . . .; imax � 1Þ

ð4Þ

With the amount of carbon in the digester, on the basis of

Eq. 5, methane production in the successive days of pro-

duction was estimated, additionally introducing a weight

coefficient which takes into account the initial period of

growth of microorganisms:

Bi ¼ Wi � eð45CiÞ½m3 � ton�1� ði ¼ 0; . . .; imax � 1Þ ð5Þ

where

Wi ¼
QiPHRT
k¼1 Qk

; Qi ¼ eð�eðaðb�iÞþ1ÞÞði ¼ 0; . . .; imax � 1Þ

ð6Þ

It was assumed that 60 % of carbon is used in the methane

production during the process, whereas the remaining 40 %

is used in the carbon dioxide formation. With this

assumption, it was possible to calculate the loss of carbon

in the digester at each time stage, caused by methane

production and formation of carbon dioxide.

In the experiments conducted at the laboratory of the

UELS in Wrocław, those values varied within the range

from about 40 to 70 % in the case of methane, and from ca.

25 to 50% in the case of carbon dioxide.

Results

The model was evaluated on the laboratory scale (Eq. 2) on

the basis of the relative root mean square error (RRMSE),

model efficiency (EF) and the coefficient of residual mass

(CRM). The best fit of the calculator is in the case when the

value of RRMSE is close to 0. The model efficiency (EF) is

the measurement of the deviation of the values achieved

with the model from the measured data in reference to the

dispersion of the measured data. When its value is 1, it

indicates the ideal fit of the values achieved with the cal-

culator to the values from direct measurements. When its

value is 0 or negative, it indicates that the average value is

a better predictor than the calculator. The coefficient of

residual mass (CRM) is the measurement of relations

between the forecast and the measured values. When the

value of CRM is 0, it indicates the ideal fit, its positive or

negative values indicate, respectively, over or underesti-

mation (Szulczewski et al. 2010). When the level of trust

a ¼ 0:05 it was verified that there is no reason why the

hypothesis of fit of errors of model with the normal dis-

tribution should be rejected. In addition, two measurements

characterising the approximation error were assumed:

coefficient of correlation r, and average relative error of

deviations Bw which is the measure of the difference in the

biogas productions achieved from the model and direct

measurements. The model developed was verified with the

Cross Validation (CV) test in the LOO version due to the

relatively small number of data (Picard and Cook 1984).

Table 1 shows the results achieved which demonstrate a

good prediction of the calculator. The coefficient of

determination for approximation and validation indicates a

satisfactory fit of the model to the empirical data. None of

the values is smaller than 0.6. Also the other coefficients,

such as the model efficiency, the relative root mean square

error or the measurement of the relation between the

measured and forecast values, indicate a good fit of the

calculator. In the case of evaluation of the model without

taking into account the beet pulp, the absolute error was

smaller (for approximation 28:87% for validation 30:01%.)

The remaining coefficients, except for CRM, also

improved. In the case of agricultural biogas plants, due to

small amount of data, the average relative error was cal-

culated for each of the studied cases. The smallest relative

error for the studied biogas plants was 8.34 %, and the

biggest was 45.14 %. The average relative error for all six

biogas plants was 23.13 %. The following is an example of

a graph with actual average production for a specific

duration of the process and for production calculated from

the model. The initial deviation of the curve from the

model results from the lack of data regarding the operation

start-up of biogas plants. At further stage, the curve cal-

culated from the model converges with the real curve

(Fig. 4).

Discussion

The presented model can be used to estimate methane

production only on the basis of known percentage of car-

bon content in the substrate and the inoculum which was

used. Obviously, this model cannot be applied to simulate

the fermentation process. For instance, it does not include

such an important parameter as the temperature in the

digester which greatly affects methane production—

specific species of Archaea live in different temperatures

(Sowers 2000). It is, however, important that it can be used

to estimate methane production from a given mixture, with

the assumption that the other factors are appropriate for

microorganisms. Unfortunately, it is not a universal rela-

tion. The analyses performed demonstrated that in many

cases, although the conditions and carbon content were

favourable, methane production for some substrates greatly

differed from that which was expected. Several substrates

greatly differed from the other ones, for instance, methane
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production from grass silage (percentage of carbon content

in dry matter was over 7 %, and production was only 0.1

ml / g)—whereas the unit methane production from other

substrates with lower carbon content, such as beet roots,

was much bigger. Although carbon content was very low

(about 2 % carbon content in the mixture), methane pro-

duction was very high. The following four groups were

established on the basis of the analysis, based on the model

developed, of the cases where methane production differed

from the expected (Fig. 5).

1. The reason of poor methane production in the first

group, which included animal faeces and silages, was

the drop in pH which resulted from inadequate

selection of the proportion of substrate and inoculum,

e.g. in the case of liquid manure. Most probably it must

be used with a substrate the pH of which is alkaline

(Fugol and Szlachta 2013).

2. The second group included two substrates: phalaris and

spartina. In both cases, it was impossible to estimate

methane production because of the unknown lignin

content (lignin does not hydrolyse in agricultural

biogas plants Lalak et al. 2014).

3. Substrates with enzymatic additives were also used

during the experiment. Actually, apart from millet with

ADP, carbon content of which was about 4 %, and

methane production was close to 5 ml / g, the other

substrates in this group greatly differed from the

model.

4. The last group included beet roots, methane production

from which is unpredictable due to microorganisms in

the soil, unless they are adequately prepared (roots are

not free from sand and soil). This is so because soil

microorganisms are introduced in the process (Fugol

and Pilarski 2011).

In the case of analysis conducted in agricultural biogas

plants, no production was found to be drastically different

from what was expected. The level of error depended

mainly on coefficients alpha and beta which were ulti-

mately assumed at alpha = 0.03 and beta = 1 for all the

analysed biogas plants.

Conclusion

From among the available mathematical models, most of

which have been developed in the United States, it is very

difficult to find one which would meet the following two

criteria: effectiveness and ease of use. Only the biogas

Table 1 Statistical measures

used for the evaluation of the

model

r2 r EF RRMS CRM Bw ð%Þ

Approximation 0.7 0.84 0.67 0.27 0.03 29.8

Approximation without beet pulp 0.79 0.89 0.77 0.24 -0.07 28.9

Validation 0.61 0.78 0.59 0.3 0.03 34.5

Validation without beet pulp 0.78 0.88 0.68 0.29 -0.07 30.0

Fig. 4 Comparison of actual to

estimated production
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calculators use simple calculations, but unfortunately, their

calculations of production yield are often burdened with

unacceptable error. They estimate biogas production from

the known content of dry matter, organic dry matter, and

empirically established biogas production from substrate.

Unfortunately, the last value established experimentally

will be adequate only for a given substrate. In other cases,

the results will greatly differ. The model presented in the

paper estimates biogas production on the basis of the

product of dry matter and the percentage of carbon content

in dry matter in the mixture. With such an approach to the

problem, it is possible to simplify the calculations (the

same as biogas calculators) and to estimate production

much more precisely in a wide range of cases.

However, it should be emphasised that the model pre-

sented here is not just a simplified version, but it also

provides the foundations for the development of a more

comprehensive model that would take into account other

factors affecting methane production (e.g. temperature, pH)

and permit more complex analysis of methane formation in

agricultural biogas plants.
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