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Abstract
The determinants of profitability and environmental friendliness of bioconversion are noted in the paper. As one of the
major factors the reduction of thermal energy costs for the fermentation of organic wastes in their utilization is proposed
to take into consideration. The expediency of using renewable energy sources for thermal stabilization of the fermentation
process, especially in the thermophilic mode of organic fermentation, is emphasized. The energy efficiency biogas installation with structural and technological scheme is given as an example. It receives thermal energy to increase its efficiency
from a solar collector and a heat pump. It is proposed to evaluate the energy efficiency of a biogas plant taking into account
the cost of bioconversion products and the costs of providing this process. A mathematical model was proposed to substantiate the environmental-economic efficiency of a biogas installation with the minimum energy costs for the thermal stabilization of the biomass fermentation process. The model is based on fuzzy set theory which uses linguistic variables.
Linguistic variables take into account the influence of quantitative and qualitative factors on the objective function.
K e y w o r d s : Biogas installation; Biomass; Eco-energy efficiency; Fermentation; Fuzzy logic; Renewable energy sources;
Thermal stabilization.
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1. INTRODUCTION
Sustainable development of society implies the
greening of the industrial process in solving the problem of preserving the natural environment. The
introduction of biogas technologies allows reducing
waste and increasing production intensification by
utilizing organic waste, to maintain ecosystem balance. This is achieved through the production of
gaseous energy and high quality organic fertilizers to
maintain soil fertility. The clean power of solar, wind
and bioelectric power installations in Ukraine allows
producing over 8.4 billion kilowatt-hours of electricity annually [1]. This will reduce over 9 million tons of
greenhouse gas emissions [2]. The profitability and
environmental friendliness of biogas installations is
determined by the energy costs of the fermentation
process under optimal thermal stabilization conditions [3].
The fermentation of biomass, depending on the temperature interval can be carried out in cryophilic, mesophilic and thermophilic modes of digestion [4].
The cryophilic regime of biomass digestion takes
place at a temperature of the medium T = 10–20°C
and does not require additional consumption of thermal energy. It flows slowly, does not provide high
productivity of biogas production, so it is used in the
warm season. The mesophilic fermentation process
takes place at a temperature T = 25–45° and requires
structural and technological measures to maintain a
stable temperature regime in the biogas installation.
The maximum amount of biogas, when reduced
almost twice as long as it is in the biogas reactor, than
in the mesophilic one, is provided by the thermophilic fermentation regime at a temperature
T = 45–55°C [3, 4]. Providing this mode of fermentation requires additional heat supply, including the
compensation for heat losses.
An environmental-energy efficient means of providing thermal stabilization of the fermentation process
in the utilization of organic waste is the use of renewable sources of solar energy and low potential heat
energy in bioconversion systems. The environmentalenergy efficiency of using bioconversion can be
ensured by the use of structural and technological
schemes of combined biogas installations with the
system of heat providing thermal stabilization of the
organic waste fermentation process. The biogas
installation receives heat from the solar collector and
the heat pump. The low-potential energy of the pump
is the thermal emissions of waste biomass [3].
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2. LITERARY ANALISYS AND PROBLEM
STATEMENT
The growing scarcity of energy resources and the
exacerbation of environmental pollution by organic
wastes of the agro-industrial complex are pushing for
the introduction of biogas installations to obtain an
alternative source of energy – biogas and environmental fertilizers [1]. The share of bioenergy in the
total of renewable energy sources in Ukraine does
not exceed 20% [1, 7, 10] and tends to increase gradually.
According to the results of theoretical and experimental studies of ways of increasing, the energy efficiency of biogas installations [10, 11, 13], the expediency of using solar energy and other renewable energy sources for heat supply of the process of fermentation of organic substances has been revealed.
Several authors [1, 11, 14] have proposed energysaving designs of biogas installations with alternative
sources of energy for thermal stabilization of the
methane formation process. Physical and mathematical modeling methods substantiate the feasibility of
improving the design and technological solutions of
biogas installations [15–18].
Environmental-economic evaluation of the bioconversion performance implementation by energy criterion was investigated in [11, 15, 19]. But it was made
without considering the use of alternative energy
sources for the heat supply of the biomass fermentation process, by taking into account the dynamic environment of the project.
Various mathematical methods (statistical, analytical,
analogues, expert evaluations, fuzzy logic and artificial neural networks) have been used to evaluate the
efficiency of biogas plants [3, 4, 6, 12, 14, 20, 21,
24, 25, 26]. According to the results of existing literary sources analysis, no mathematical models were
found for substantiation of environmental-energy
efficiency of the installation with renewable energy
sources of heat supply by means of biomass fermentation technological process with quantitative and
qualitative factors of alternative energy sources.
Over the last 20 years, interest in the modeling
processes using fuzzy logic in the field of renewable
energy has only increased [20, 25, 26]. In the field of
bioenergy, this trend is not as noticeable as in the
field of wind, solar and other renewable energy
sources, as evidenced by the analysis of the data
shown in Fig. 1 [26].
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Figure 1.
Extent of fuzzy based research in renewable energy modeling. “x” axis – denotes year; the origin is [2006,0]. “y” axis – denotes the techniques in increasing complexity. The techniques are 1 – fuzzy regression, 2 – neuro-fuzzy, ANFIS, 3 – fuzzy AHP, ANP, 4 – fuzzy clustering, 5 – fuzzy optimization, 6 – neuro-fuzzy DEA, 7 – fuzzy GA, 8 – neuro-fuzzy GA, 9 – fuzzy expert, 10 – neuro-fuzzy expert,
11 – fuzzy MCDM, 12 – fuzzy TOPSIS, VIKOR, 13 – fuzzy PSO, 14 – fuzzy honey bee optimization, 15 – fuzzy PSO, QPSO, Cuckoo
optimization.
Note: the number inside the bubble indicates the technique and size of the bubble indicates the no. of research publication

Supporting the authors thesis [26], it can be noted
that the use of mathematical modeling based on the
fuzzy logic is mentioned in various fields of bioenergy research papers, in particular related to biogas
plants. Thus, fuzzy logic is successfully used in modeling the yield of biogas [3, 25, 31], for the management decisions support system [27], for prediction of
biogas production [28], for a comprehensive environmental-economic assessment of the process of
anaerobic fermentation food waste [29], etc.
It should be noted that the use of fuzzy logic for the
biogas production process prediction has a high correlation with experimental data. For example, the
authors of the study [31] obtained a high value of the
coefficient of determination R2 = 0.98 in modeling of
the biogas yield kinetics. Turkdogan-Aydınol, F. I.
when have modelled the yield of biogas and methane
in his research [25] obtained R2 = 0.98 for the fuzzy
model, while for another model (regression analysis)
this value was lower in both cases: R2 = 0.87 for biogas and R2 = 0.89 for methane, respectively.
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The
results
of
the
conducted
analysis
[1, 3, 6, 8, 10, 13, 16, 17, 21, 26, 29] indicated the feasibility of mathematical models developing to substantiate the complex criterion of biogas installations
environmental-energy efficiency. In particular, biogas plants with renewable energy sources for heat
supply of the biomass fermentation process is mentioned. Therefore, in this article the authors proposed a mathematical model to substantiate the environmental-energy efficiency of a biogas installation.
This model allows to take into account quantitative
and qualitative factors which affects the thermal stabilization of the biomass fermentation process.
Meanwhile, the environmental-economic efficiency
of the innovative bioconversion project could be
determined as the minimal total cost of implementing the technological process of this project, i.e.

¦ S = ( ¦ S + ¦ S − ¦ S −¦ S ) → min,
c

o

d

s

(1)

where Sc , So – the capital and operating costs
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Figure 2.
Biogas installation with combined system of heat supply for thermal stabilization of the bioconversion process [3]

for the implementation of the bioconversion project;
Sd, Ss – the profit from the reduction of compensation for environmental damage and from the
sale of bioconversion products, respectively.
The most variable parameters of the bioconversion
project are the operating costs to ensure the technological process of biogas production, i.e.

¦ S = ( ¦ S + ¦ S + ¦ S + ¦ S + ¦ S ) → min, (2)
o

m

r

u

i

t

where Sm, Sr, Su, Si, St – the maintenance
costs for service personnel, raw materials, utilization
of raw materials, intensification of biomass fermentation and thermal stabilization of the fermentation
process, respectively.
The cost of thermal stabilization of the fermentation
process could be defined as

¦S

t

= S ⋅ ¦ ST → min,

(3)

where: S – the energy costs;
ST – the total energy consumption for thermal stabilization.
Analysis of formulas (1), (2), (3) shows that increasing the environmental-energy efficiency of bioconversion processes can be achieved by reducing the
cost of thermal stabilization of the biomass fermentation process. One of the ways to reduce these costs is
to use renewable energy sources [11].
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3. PURPOSE AND TASKS OF RESEARCH
One of the reasons for the insignificant implementation of innovative energy-saving biogas plants in
Ukraine climate is the high energy consumption of
bioconversion processes. As well the insufficient study
of intensification means of organic agro-industrial
waste fermentation also could be mentioned [10, 11,
13]. It should also be mentioned that there is lack of
methodology to substantiate the effectiveness of the
renewable energy sources used for thermal stabilization of biomass fermentation processes. The aim of the
present paper is to develop a mathematical model to
substantiate the environmental-energy efficiency of a
biogas installation with renewable energy sources.
Moreover, it is necessary to take into account quantitative and qualitative parameters that are decisive in
assessment of the environmental-energy efficiency of
fermentation processes in the bioreactor.
To achieve this the following tasks should be solved:
1. To substantiate the expediency of using renewable
energy sources for thermal stabilization of the biomass fermentation process.
2. To propose a principal design scheme for thermal
stabilization of biomass in biogas installation using
renewable energy sources.
3. To develop a mathematical model of substantiation
of environmental-energy efficiency of biogas
plants with renewable energy sources using the
fuzzy set theory and linguistic variables. This mathematical apparatus allows to take into account the
influence of quantitative and qualitative factors.
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In Fig. 2 it is shown a principal design scheme of a
combined biogas installation with a system of thermal
stabilization of bioconversion process. The biogas
installation receives heat from the solar collector and
the heat pump [3].
The installation contains a reservoir 2, inside, which a
vertical propeller mixer 4 is mounted on the hollow
shaft 5. In the upper part of the reservoir 2 above the
protective gas distribution grate 6 is placed a biomass-loading shaft 7 with a slide valve 8, as well as a
biogas outlet pipe 9 with shut-off valve 10. At the bottom of the reservoir 2 there is a removal opening for
the substrate 13 with a gate valve 8. The reservoir 2 is
wrapped in a heating jacket 12, which is covered with
insulation 3. The heat extraction circuit 1 and heat
supply circuit 11 is connected to the heating jacket 12.
The heat extraction circuit 1 connects the solar collector 16 with the storage tank 18 and through the
second heat exchanger 23 passes into the heat supply
circuit 11. The heat supply circuit 11 is connected to
the heating jacket 12. The storage tank 18 comprises
a first heat exchanger 22 and a second heat exchanger 23 which are interconnected. The heat extraction
circuit 1 and heat supply circuit 11 are equipped with
a circulating pump 19, shut-off valve 10, water drain
valve 14 and air drain valve 17. The solar collector 16
contains a bypass line 15. The heat pump 20 is connected in parallel with the network of isolated
pipelines through the first heat exchanger 22. The
network of isolated pipelines consists of equipment
for heat extraction circuit 1 and heat supply circuit
11. The temperature control unit 21 is connected to
the solar collector 16, the storage tank 18, the heat
pump 20 and the heating jacket 12.
The installation works like this.
The substrate of biomass is fed to the reservoir 2
through the loading shaft of biomass 7. Inside the
reservoir 2 the substrate is agitated by means of a hollow shaft 5 with a vertical propeller mixer 4. The biogas outlet is being occurred in the upper part of the
reservoir 2 through the protective gas distribution
grate 6. The gas enters the outlet pipe 9 with shut-off
valve 10. The heating jacket 12 maintains the
required temperature inside the reservoir 2. The heat
transfer agent’s circulation and heating of the reservoir 2 are proceeded by the heating jacket 12 with the
heat extraction circuit 1 and the heat supply circuit 11
connected. The heat transfer agent for heating
receives thermal energy from the heat pump 20. The
accumulation of thermal energy from the heat pump
20 is carried out by the storage tank 18.
4/2020
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When utilizing the thermal energy of the solar collector 16 and the heat pump 20 in a biogas plant with a
combined thermal stabilization system of the bioconversion process, the heat transfer equations for the
surface of the reservoir 2 with biomass and the heating jacket 12 have the form [24]
dQ = k ⋅ F ⋅ ∆ Tav dτ = mw ⋅ C w ⋅ ∆ Tw dτ = mm ⋅ C m ⋅ ∆Tm , (4)

where k – the heat transfer coefficient from the water
in the heating jacket 12 through the surface F of the
reservoir 2 to the biomass mixture at time τ (the
value of this coefficient is quite variable and is
W
;
determined by empirical equations),
m⋅ K
ΔTav – the average temperature difference between
the heat transfer agents at time τ, K;
Cw, Cm – the specific heat capacity of water and
J
;
biomass mixture, respectively, at time τ,
kg ⋅ K
mw, mm – the mass of water and biomass mixtures,
respectively, kg;
ΔTw – the water temperature difference between the
inlet and outlet in the heating jacket 12, K;
ΔTm – temperature difference of biomass mixture, K.
It should be mentioned, that thermal stabilization
process of bioconversion systems is characterized by
uncertainty of the input conditions, variable thermophysical properties of equation (4) components and
the influence of a large number of factors. These factors cannot always be reliably taken into account.
Furthermore, in the reference literature there is a
shortage of available data about the thermo-physical
properties of various organic raw materials used in a
biogas installation.
The most rational mathematical method for determining the value of an objective function, which characterizes the efficiency of a biogas installation, taking
into account the input quantitative and qualitative
environmental-energy information, are methods of
fuzzy logic and linguistic variables [3, 20, 25, 26]. The
fuzzy inference is the approximation of the dependence X = f (X1, X2,…, Xn) by means of fuzzy “IF THEN” rules and fuzzy logic operations AND (∧ ),
OR (v). The factors influencing the objective function are considered as linguistic variables, given on
the corresponding universal sets and evaluated by
fuzzy terms. Quantitative expressions “High” (H),
“Average” (A), “Low” (L) or, if necessary, their corresponding modifications are used as fuzzy terms for
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Figure 3.
The simplified model structure of complex assessment of the environmental-energy efficiency of a biogas installation

evaluating linguistic variables.
When modeling the structure of the hierarchy of factors influencing the value of the objective function X,
their classification is performed and a tree of logical
inference is built. The objective function X in this
paper is the environmental-energy efficiency of a biogas installation, with given input variables that characterize the quantitative and qualitative factors of
renewable energy sources used for thermal stabilization of biomass fermentation [3].

5. DEVELOPMENT OF MATHEMATICAL
MODEL FOR SUBSTANTIATION OF
ENVIRONMENTAL-ENERGY EFFICIENCY OF BIOGAS INSTALLATION WITH
USE OF FUZZY LOGIC AND LINGUISTIC VARIABLES
According to the literature analysis results
[3, 6, 12, 14], variable environmental, energy and
technological factors of influence have been identified. These factors of influence are variables of the
objective function X – environmental-energy efficiency of the biogas installation. The model structure of
the complex assessment of environmental-energy
efficiency of biogas plant is proposed in Fig. 3. The
model contains modules for assessing the characteristics of the object before (1) and after (2) project
implementation of renewable energy sources for heat
stabilization of biomass fermentation, module of
120
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Table 1.
Classification of influence factors on the environmentalenergy efficiency and term values as linguistic variables
Influence
factors

Designation and name of the linguistic variable

Terms for
evaluating
linguistic
variables

The effect of reducing carbon
Low (L)
monoxide emissions in exergy Average (A)
units, x11
High (H)
The effect of preventing environLow (L)
mental pollution in exergy units, Average (A)
Environme x
High (H)
12
ntal,
Low (L)
X1
The effect of using biofuels in
Average (A)
exergy units, x13
High (H)
Low (L)
The effect of the use of organic
Average (A)
fertilizers in exergy units, x14
High (H)
Influence
factors

Designation and name
of the linguistic variable

Terms for
evaluating
linguistic
variables

Exergy effect from receiving
Low (L)
additional thermal energy from Average (A)
traditional sources, x21
High (H)
Energy,
X2

Low (L)
Exergy effect of obtaining addiAverage (A)
tional solar energy, x22
High (H)
Exergy effect of receiving addiLow (L)
tional thermal energy from the Average (A)
heat pump, x23
High (H)

Fermentation Exergy Thermophilic mode, x31
temperature effect Mesophilic mode, x32
regimes, X3 at:
Cryophilic mode, x33
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Figure 4.
Inference tree for assessing the environmental-energy efficiency of a biogas installation

environmental and energy indicators of complex project (3) and a library of linguistic variables describing
environmental (4), energy (5) and technological (6)
factors.
The implementation of the model of complex assessment of the environmental-energy efficiency of the
biogas installation (Fig. 3) involves a comprehensive
study of the linguistic variables data (factors of influence) by creating appropriate mathematical models.
In assessing the environmental-energy efficiency, the
exergy criterion was used, which makes it possible to
quantify the efficiency of energy conversion. It allows
to evaluate the benefits of individual elements of the
installation and pre-identify the effectiveness of the
entire installation. The classification of the factors of
influence by the exergy criterion on the environmental-energy efficiency of the biogas installation and a
meaningful interpretation of the relevant terms as
input and output linguistic variables are shown in
Table. 1.
The system of fuzzy equations corresponds to the linguistic statement that characterizes the fuzzy matrix
of knowledge (Table 1), which simulates the influence
of environmental and energy factors on the objective
function Y:
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µL (Y ) = µL ( X1 ) ∧ µL ( X 2 ) ∧ µL ( X 3 ) ∨ µL ( X1 ) ∧ µL ( X 2 ) ∧ µ A ( X 3 ) ∨
µ A ( X1 ) ∧ µL ( X 2 ) ∧ µL ( X 3 ) ∨ µL ( X1 ) ∧ µ A ( X 2 ) ∧ µL ( X 3 ).

(5)
µ A (Y ) = µ A ( X 1 ) ∧ µ A ( X 2 ) ∧ µ A ( X 3 ) ∨ µ L ( X 1 ) ∧ µ A ( X 2 ) ∧ µ A ( X 3 ) ∨
µ A ( X1 ) ∧ µL ( X 2 ) ∧ µ A ( X 3 ) ∨ µ A ( X1 ) ∧ µ A ( X 2 ) ∧ µL ( X 3 ) ∨
µ H ( X 1 ) ∧ µ A ( X 2 ) ∧ µ A ( X 3 ) ∨ µ A ( X 1 ) ∧ µ H ( X 2 ) ∧ µ A ( X 3 ).

(6)
µH (Y ) = µH ( X1 ) ∧ µH ( X 2 ) ∧ µH ( X 3 ) ∨ µH ( X1 ) ∧ µ A ( X 2 ) ∧ µH ( X 3 ) ∨
µ A ( X1 ) ∧ µH ( X 2 ) ∧ µH ( X 3 ) ∨ µH ( X1 ) ∧ µH ( X 2 ) ∧ µ A ( X 3 ).

(7)
where µL(Y), µA(Y), µH(Y) – is a membership grade of
vector Y to fuzzy set “High” (H), “Average” (A),
“Low” (L), of objective function Y according to [20];
∧ – denotes t-norm (multiplication in this paper).
According to the proposed classification of influence
factors (Table 1), the objective function (Y) which is
represented as an inference tree of hierarchical fuzzy
model, is shown in Fig. 4.
The numbers in doubled circles in Fig. 4 are referred
to the equations (8–11), which demonstrates dependencies between the objective function (Y) which is
represented as an inference tree in the form of hierarchical fuzzy model and abovementioned influence
factors (X1, X2, X3) which are estimated by the rele-
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vant linguistic variables and the terms of their evaluation. In accordance with the proposed hierarchical
fuzzy model, the assessment of the environmentalenergy efficiency of the biogas install (Fig. 4) is
described as:

Y = f ( X 1 , X 2 , X 3 ,WY , BY , CY ),

(8)

X 1 = f ( x11 , x12 , x13 , x14 , WX 1 , BX 1 , C X 1 ),

(9)

X 2 = f ( x21 , x22 , x23 , x24 , WX 2 , BX 2 , C X 2 ),

(10)

X 3 = f ( x31 , x32 , x33 ,WX 3 , BX 3 , C X 3 ),

(11)

where –WY , WXi = (WX 1 , WX 2 , WX 3 ) – fuzzy weights vector for linguistic estimation of objective function and
influence factors respectively; BY , BXi = ( BX 1 , BX 2 , BX 3 )
and CY , C Xi = (C X 1 , C X 2 , C X 3 ) – the membership
functions’ parameter vectors for the respective influence factors.

6. DISCUSSION OF THE RESULTS OF
THE STUDY
The use of additional sources of thermal energy to
provide thermal stabilization contributes, as noted by
Baader W. (1978), “…to the metabolic activity and
reproductive capacity of microorganisms, because it
is functionally dependent on temperature”.
The temperature in the biogas reactor affects the volume of biogas produced and the technological time
of biomass fermentation. Use of the renewable energy sources to cover the heat demand in cold period,
particularly to ensure the mesophilic and thermophilic fermentation process as acceptable measure
in the context of sustainable development. Studies
carried out by a number of authors [1, 11, 14, 18]
indicate the feasibility of using renewable energy
sources for heat supply of the biogas production
process. This is especially necessary in the cold season in areas with low temperatures (in Ukraine, etc.).
The presented design of a biogas installation that
receives additional heat energy from a solar collector
and a heat pump ensures an efficient fermentation
process meets this objective.
The results of the analysis of costs for the technological process of biogas production [13] show that the
efficiency of bioconversion can be increased by
reducing energy consumption (up to 42 kWh to heat
biogas before purification in the mesophilic process
[3]) for thermal stabilization of biomass fermentation.
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In the case of thermal stabilization of the biomass
fermentation process using a solar collector and a
heat pump that supply additional heat energy to the
biomass through a heating jacket, it is impossible to
reliably estimate the effect of combined heat supply
sources using heat transfer equations and heat balance. This is due to the uncertainty of the input conditions, the variability of the thermophysical properties of the parameters of these equations, namely biomass.
Revealed analysis of fuzzy logic experience using
[3, 4, 6, 12, 14, 20, 21, 24, 25, 26] strengthens and
substantiates authors feasibility of applying this
mathematical method (apparatus) in energy efficient processes in bioconversion. Therefore, a mathematical model of eenvironmental-energy efficiency
of a biogas installation with renewable heat sources
of the bioconversion process is proposed. The model
performs the classification of environmental, energy
and temperature factors with the appropriate terms
of their qualitative assessment. Linguistic statements that characterize the fuzzy matrix of the influence of environmental and energy factors on the
objective function Y are described by a system of
fuzzy logical equations (5), (6), (7). The structure in
terms of inference tree for assessing the environmental-energy efficiency of a biogas installation is
proposed (Fig. 4).
Further evaluation and verification of environmental-energy efficiency assessment of the proposed
model of biogas installation with alternative energy
sources for thermal stabilization of the biomass fermentation process can be proceeded by fuzzy logic
apparatus as well by artificial neural network (ANN),
genetic algorithms (GA), etc. All of the abovementioned assessment methods require real data about
installation performance to be collected for model
learning, fine tuning and optimization. The relations
(8), (9), (10), (11) will allow to adapt (to make a fine
tuning) the proposed mathematical model for assessing the environmental-energy efficiency of a biogas
installation.
As a consequence, the proposed model allows to take
into account the quantitative and qualitative parameters of renewable heat sources of the biomass fermentation process by appropriate adjustment of the
fuzzy knowledge network that affects the objective
function.
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1. Implementation of structural and technological
schemes for bioconversion of organic waste with
renewable heat sources to provide thermal stabilization of biomass fermentation for the production of alternative energy sources – biogas and
environmentally friendly fertilizers will significantly reduce the use of traditional energy sources and
will contribute to the environmental improvement.
2. The proposed mathematical model using the fuzzy
set theory apparatus and linguistic variables is the
basis for creation of an expert-modeling system of
intellectual decision support in the objective
assessment of biogas installation environmentalenergy efficiency. It is especially important in
alternative evaluation’s procedure of the biogas
installation projects with heat stabilization of the
biomass fermentation.
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