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The relevance of this work is determined by the current active 
implementation of alternative energy sources, one of which is 
the development and operation of bioenergy complexes. These 
systems not only provide energy and heat but also protect the 
environment from methane emissions, which naturally occur 
during the decomposition of biowaste from agriculture and the 
food industry. To ensure the widespread use of these technologies, 
it is necessary to develop an effective system for managing and 
predicting the technological processes occurring in these systems 
[1].

The novelty of the work is related to the creation of a computer 
program and a mathematical model for describing the technological 
parameters of a bioreactor during anaerobic fermentation under 
production, industrial-scale conditions in real time. Currently 
used models, such as the Konto, Mono, Chen-Hashimoto models, 
the international model of anaerobic fermentation ADM1, etc., 
are general and of little usage in production, since they describe 
the biochemical, physicochemical and kinetic processes of 
reproduction of anaerobic bacteria and their inhibition under 
laboratory conditions. Therefore, such mathematical models 
are difficult to use in practice. Furthermore, parameters such as 

bacterial concentration and inhibition coefficient are immeasurable 
in real-world production conditions. An analysis of the work 
of scientists from around the world shows that a scientific 
methodology for calculating bioreactor parameters for anaerobic 
fermentation in industrial settings has not previously been studied 
or applied [2].

Our research to develop a mathematical model for more accurately 
predicting biogas yield during anaerobic digestion used statistical 
data from a biogas plant in Kurma, Karaganda region, and data from 
a biogas plant in Manitoba, Canada. The proposed mathematical 
model included more than 20 different parameters that significantly 
affect the quality of anaerobic fermentation and, accordingly, the 
biogas yield. 

These parameters include indicators of the amount of macro- and 
microelements, as well as the main process factors: K – potassium, 
Na – sodium, Ca – calcium, Mg – magnesium, Fe – iron, Cu – 
copper, Zn – zinc, Ni – nickel, Co – cobalt, Mo – molybdenum, Cr – 
chromium, Cd – cadmium, C – carbon, N – nitrogen, P – phosphorus, 
C/N – carbon to nitrogen ratio, L – nutrient concentration, n – degree 
of grinding, VFA – fatty acid content, τ – fermentation period, m – 
substrate mass, t – temperature, pH – acidity index, φ – humidity, 
S – sulfur, H4N+ – ammonium [3, 4].
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Experimental researches have shown that the influence of various 
parameters on biogas yield is linear. Therefore, the resulting 
mathematical model is a linear equation of empirical relationships 
between parameters, obtained through regression analysis.Based 
on statistical data, a number of mathematical models were created, 
differing in the number of factors taken into account, which were 
included based on the level of correlation with the biogas yield 
indicator [5].

The best result was shown by a model in the form of a linear 
regression equation with twenty factors:

V = 163461,8302 – 0,80279×C – 7,32358×N – 20,8566×P – 
8,28884×K + 27,2225×Na + 5,96855×Ca + 8,56599×Mg + 
1,53868×Fe + 656,319×Cu + 1361,12×Zn + 232,807×Ni + 
299,722×Co + 65658,3×Mo + 448,421×Cr + 31336,1×Cd 
+ 796,462×CN – 43,5321×L + 195,071×n + 142,868×VFA + 
688,208×τ

The calculation results are presented in figure 1. The multiple 
correlation coefficients between V and the factors under 
consideration were 0.84, and the average relative error of the 
constructed model was 5.47% [6,7].

Figure 1: Biogas Output

To create the computer program, the hypertext markup languages 
HTML, CSS, scripting languages PHP, Javascript, and the MySQL 
database were used. This web technology was not chosen by 
chance, as its concept is based on the visualization of statistical 
data using the Internet and mobile devices, which allows experts 
to obtain information remotely in real time. To implement this 
concept, a website was developed that allows online transfer of 
measured values to a database (DB) and obtaining calculation 
results (see figure 2, 3) [8,9].

Figure 2: Computer Program Architecture

Figure 3: Website Home Page

All statistical data obtained during the operation of the bioenergy 
plant are collected and stored in a database. Next, using a computer 
program, we can process all this data and display it on the screen in 
the form of infographics. All data in the database can be displayed 
on the screen as shown in figure 4 [10,11].

Figure 4: Diagram of the Dependence of the Output Parameter 
on the Input Parameters

Thus, this computer program, based on a mathematical model 
proposed during the creation of an analytical database using 
machine learning technologies, enables online forecasting of 
the future operation of a bioenergy plant and calculation of its 
efficiency and productivity, taking into account various parameters 
affecting these processes.

Consequently, it can be confidently stated that this computer 
technology and mathematical model, developed through scientific 
research, are relevant and innovative in the modern world and 
require practical application in production.

In connection with the problems studied, special instructions are 
put forward for engineering and technical specialists:

According to Research
1.	 If the temperature, pressure, or humidity in the bioreactor 

increase or decrease, special sensors are activated, opening 
or closing valves, thereby restoring their functionality.

2.	 If volatile fatty acids (VFA), pH, S-sulfur, H4N+-ammonium, 
and other parameters exceed or fall within the normal range, 
biosensors are activated. For example, biostimulants are 
activated, a mixing device is turned on, water is added, etc.

3.	 If macro- and microelement parameters (K-potassium, Na-
sodium, Ca-calcium, Mg-magnesium, Fe-iron, Cu-copper, Zn-
zinc, Ni-nickel, Co-cobalt, Mo-molybdenum, Cr-chromium, 
Cd-cadmium) exceed the standard values, the following 
measures are recommended. For example, increasing the 
proportion of manure added to the bioreactor.
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4.	 If the temperature t decreases, the heating elements turn on.
5.	 If the pressure p increases, the valves open [12,13].

If the number of observations is small, it is recommended to use 
an empirical approach, which consists of constructing semi-paired 
linear regression models with subsequent averaging.
Each individual model has the following appearance:

Here x is one of the factors, Ymod is the simulated value of biogas 
yield. To construct a classical regression model, the number of 
observations for which the characteristics are correlated and for 
which the model is constructed must be at least 3-4 times (and 
preferably 8-10 times) greater than the number of factors.

In this case, the model will look like this: Ymod = X×a
where a = (XTX)-1×XTY — parameter estimation vector, Y — 
vector of dependent variable, X — extended matrix of factor 
characteristics.

When collecting large amounts of data, it is recommended to use 
an artificial neural network to build a regression model, i.e., the 
values of the factors are entered as input, and the output is the 
volume of biogas emitted (see figure 5).

Figure 5: Internal Structural Form of a Neural Network

The software approach developed in this study for predicting and 
visualizing complex processes in real time can be adapted to other 
subject areas, including digital education. In particular, similar 
data processing and visualization algorithms can be used to create 
a digital short-term lesson plan aimed at improving the planning 
and organization of the educational process [14,15].

As a result of the research conducted, the following results were 
obtained:
•	 A comparative analysis of various mathematical models used 

in anaerobic fermentation research was performed, and their 
advantages and disadvantages were examined;

•	 The universal mathematical model for predicting anaerobic 
fermentation processes at an industrial scale was developed;

•	 The correlation coefficient R, the determination coefficient 
R2, and the average relative error A were determined, which 
suggest that the proposed model is sufficiently accurate and 
universal;

•	 Based on the constructed model, a computer program was 
created for predicting the operating results of bioenergy 
plants using HTML, CSS, PHP, JavaScript, and the MySQL 
database;

•	 The website was developed that allows for online transfer of 
measured values to a database and the necessary calculations.

Thus, the proposed mathematical model allows for more precise 
prediction of biogas yield during anaerobic fermentation on an 
industrial scale. This model can be applied not only to agriculture 
but also to other areas of human activity involving the processing 
of biowaste. 

It is designed taking into account parameters measured in real 
time at the production site using various biosensors. A computer 
program created based on the proposed mathematical model, 
using an analytical database and machine learning technologies, 
will eventually enable forecasting the operation of a bioenergy 
plant and calculating its efficiency and productivity, taking into 
account various influencing factors.
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