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ABSTRACT

Preliminary preparation of waste for anaerobic digestion at thermophilic temperature conditions is the
most energy-intensive stage of the process of anaerobic bioconversion of production and consumption
waste organic matter; therefore, the search for ways to reduce energy consumption at this stage
remains an urgent task. The article proposes a technological solution to maintain the temperature
regime of the digester operation due to the utilization of existing waste low-grade energy sources
using a compression heat pump. The flow diagram of the experimental biogas plant is shown, and a
description of its operation is given. The dependences of the absolute and specific rates of heating
of the influent and cooling of the effluent on the initial temperature of the effluent are given. The
principal possibility of maintaining the temperature regime in the digester is shown by using the heat
recovery of the effluent using a compression heat pump.
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INTRODUCTION

In recent years, the attention of society has been increasingly drawn to solving two inextricably linked
problems — the prevention of depletion of natural resources and the protection of the environment
from anthropogenic pollution. The rapid use of reserves of natural fuel, the restriction of construction
of hydro and nuclear power plants have aroused interest in the use of renewable energy sources,
including the huge masses of organic waste generated in agriculture, industry, and municipal utilities.
(Nozhevnikova et. al., 2016) The negative impact of agricultural activities on the environment is
associated not only with the increasing consumption of natural resources, but also, to a greater
extent, with the formation of liquid and solid waste from agricultural and processing industries. In
particular, raising animals, processing meat and dairy products, producing beer, sugar, starch, etc. are
accompanied by the formation of a large amount of wastewater. (Izmaylov et. al., 2018; Artamonov
et. al., 2018) In this regard, the use of methods for the biological conversion of organic waste with
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the production of biogas and high-quality organic fertilizers while simultaneously solving a number
of environmental issues from pollution is very promising (Nozhevnikova et. al., 2016).

According to the Strategy for Sustainable Development of Rural Areas of the Russian Federation
for the period up to 2030, in the field of development of engineering infrastructure, it is necessary to
maximize the use of non-traditional energy sources for power supply of rural settlements, including
biogas plants.

The annual volume of agricultural waste is about 152 million tons. Livestock farms are the main
source of organic waste (manure, droppings): cattle farms - 91 million tons; poultry farms - 32 million
tons; pig farms - 26 million tons.

In the register of qualified generating renewable energy sources there is only one biogas power
plant “Luchki” in the Belgorod region with a capacity of 2.4 MW with an annual consumption of 93
thousand tons of waste. At the same time, the total annual consumption of animal waste for biogas
production is only 0.17% from the volume of organic waste generated at Russian agricultural enterprises

Thus, at present, the actual use of organic waste, potentially suitable for biogas production, is
2-3 orders of magnitude lower than the existing potential for organic waste. (Namsaraev et al., 2018a;
Namsaraev et al., 2018b)

A recent trend in sustainable bioenergy solutions is the renewed interest in using anaerobic
digestion (AD) technology to treat agricultural wastes and biomass for biogas production(Edwards
et al., 2015;. Smith et al., 2015)

Unlike other renewable technologies, AD can uniquely capture harmful methane (CH,) and
nitrous oxide (N,O) emissions released from manure, while simultaneously producing renewable
bioenergy (Chadwick et al., 2011; Gerber et al., 2013; Moral et al., 2012).

Table 1 highlights the priority methods for intensifying the process of anaerobic processing of
agro-industrial complex wastes, which make it possible to provide an increased yield of biogas with a
simultaneous reduction in the consumption of external energy sources due to the recovery of existing
waste sources of low-potential energy. (Badmaev, 2018;Kovalev et al., 2020d)

Table 1. Methods for intensifying the process of anaerobic bioconversion

The main directions of intensification of the

process of anaerobic processing of agricultural
waste

Priority methods of intensifying the process of anaerobic
processing of agricultural waste

- study of the process of fermentation of organic
waste with a concentration of solid particles of
30-50%;

- multistage anaerobic digestion of organic waste
based on the vital activity of acidogenic and
methane-forming bacteria;

- creation of highly active strains of
microorganisms grown in special cultivators and
introduced in the form of a starter culture into the
digester;

- study of the process of methane fermentation with
the participation of psychrophilic bacteria.

- the use of various technological solutions, including the use of
heat pumps, to reduce the consumption of thermal energy for the
own needs of anaerobic bioconversion systems;

- the use of the electromagnetic field of the vortex layer apparatus
during the preprocessing of organic waste to maximize the
transfer of organic substances into a dissolved state;

- introduction of conductive materials into the substrate

during pretreatment in vortex layer apparatus in the form of
ferromagnetic microparticles, which are a catalyst for the process
of anaerobic bioconversion;

- the use of direct interspecies electron transfer in anaerobic
bioreactors due to the influence of direct current;

- recycling of the digested sludge and the use of anaerobic
biofilters in the digestion chamber of the digester.

The stabilization of sewage sludge in anaerobic digestion tanks at different temperature ranges,
enrichment of the methane content and purification of the produced biogas, and optimization of the
total biogas production through the use of anaerobic digestion systems were discussed in several
published studies (Sung et al., 2017; Latha et al., 2019; Alqaralleh et al., 2018; Elalami et al., 2020;
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Liu et al., 2018). The main energy costs in a biogas plant are used to heat the daily loading dose, and
only up to 40% of the biogas produced can be used for other purposes (Kovalev, 2014; Chen et al.,
2014; Carrillo-Reyes et al., 2019)

Heat pumps are included in the “List of facilities and technologies that relate to facilities and
technologies of high energy efficiency” (approved by the Government of the Russian Federation of
June 17, 2015 No. 600).

Therefore, the maintenance of the temperature regimes of the elements of the anaerobic
bioconversion system can be carried out through the use of the developed improved heat supply
system of the biogas plant. (Holik et al., 2021; Siddiqui et al., 2020; Ishikawa et al., 2021; Kovalev
et al., 2020b; Kovalev et al., 2021; Weinand et al., 2019)

The technological scheme of the developed improved heat supply system for a biogas plant for
processing bedding cattle manure with heat recovery of the effluent using a compression heat pump
is shown in Figure 1.

Figure 1. Technological diagram of the biogas plant heat supply system
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1 - preheating tank; 2 - loading pump; 3 - block of heat recovery from the internal combustion
engine; 4 - coolant circulation pump; 5 - bioreactor heat exchanger; 6 - anaerobic bioreactor; 7 - effluent
settler; 8 - pump for mixing the substrate; 9 - compression heat pump; 10 - heat exchanger-cooler;
11 - heat exchanger-heater; 12 - internal combustion engine; 13 - electric generator.

A biogas plant includes, among other things:

preheating tank in which the heat exchanger is mounted;
an anaerobic bioreactor with an internal heat exchanger for maintaining the temperature regime
of fermentation and an unloading device that is connected to the effluent settler.

The heat from the heat recovery unit from the internal combustion engine in the winter period
(from December to February inclusive) is used to compensate for heat losses through the enclosing
surfaces of the bioreactor (the compression heat pump works only for preliminary heating of the
substrate), and in the summer period - for the needs of consumers.

A heat exchanger is mounted in the effluent settler to extract heat energy from the effluent. The
heat exchanger is connected via pipelines to the heat pump evaporator. In the heat pump evaporator heat
exchange takes place between the treated water and the low-grade refrigerant, which, after increasing
the energy potential in the compressor of the heat pump, is sent to the heat pump condenser. The
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heat exchanger located in the preheating tank is connected via pipelines to the heat pump condenser.
(Kovalev et al., 2015, Kovalev, 2014; Mikheeva et al., 2021).

In the heat pump condenser heat exchange takes place between the high-grade refrigerant and the
prepared water, which is then sent to the heat exchanger located in the preheating tank, where heat
exchange takes place between the prepared water and the influence, as a result of which the influence
is heated to the operating temperature of the fermentation process and is alternately supplied to the
blocks. modules. The heating system, including heat exchangers and pipelines, is filled with treated
water. Treated water - water chemically softened with the help of complexones, used to prevent scale
and ferrous deposits, as well as the formation of corrosion on the walls of pipelines and equipment.
(Kovalev, 2013; Nikitina et al., 2021)

The aim of the work is to form the technological appearance of the system for preliminary
preparation of the substrate for anaerobic digestion for the subsequent assessment of the possibility
of maintaining the temperature regime in the digester on the basis of experimental data, as well as
to develop the energy balance of the proposed scheme to determine the criteria for evaluating the
proposed scheme.

MATERIALS AND METHODS

To achieve this goal, information research methods were used, including standard analytical methods
of processing and analysis, as well as methods of a modern systematic approach. These methods form
the basis for the study of waste disposal systems and their energy-saving technologies. Analytical
studies were carried out on the basis of the well-known laws of heat engineering and thermodynamics.
Also, the work used methods of processes and devices of chemical technology, methods of system
analysis and mathematical modeling using the theoretical foundations of heat engineering, physical
modeling and mathematical data processing.

Experimental Biogas Plant

The experimental plant was created with system of multiplicity substrate supply to the bioreactor.
(Kovalev et al., 2020a)

The experimental plant is shown in Figure 2.

The experimental plant consists of a preheating tank -1, in which a mechanical paddle mixer -2 is
mounted for hydrolysis of the influent and increasing the rate of heat exchange between the influent
and the heat exchanger -3; bioreactor -4 with an internal heat exchanger -5 to maintain the temperature
regime of fermentation and an unloading device -6, which is connected to the effluent settler -7. A
heat exchanger -8 is mounted in the effluent settler to extract heat energy from the effluent. The heat
exchanger -8 is connected by means of pipelines to the supply pump of the line “settler - heat pump”
-9 and to the evaporator -10 of the heat pump -11. In the evaporator -10 of the heat pump -11, heat
exchange takes place between the prepared water of the “settler - heat pump” line and the low-grade
low-boiling refrigerant, which, after increasing the energy potential in the compressor -12 of the heat
pump -11, is sent to the condenser -13 of the heat pump -11.

Heat exchanger -3 is connected via pipelines to the supply pump of the line “heat pump - preheating
tank” -14 and to the condenser -13 of the heat pump -11.

In the condenser -13 of the heat pump -11, heat exchange takes place between the high-potential
low-boiling refrigerant and the prepared water of the “heat pump - preheating tank” line, which is sent
to the heat exchanger -3 with the help of the pump -14, where heat exchange takes place between the
prepared water and the influence Influent is heated to the operating temperature of the fermentation
process and fed to bioreactor -4.

Experimental biogas plant: reactor working volume - 0.25 m?; reactor gas space - 0.01 m?;
temperature regime - thermophilic - 55 ° C; instrumentation and control devices (flow meter,
thermometer, resistance thermocouple, meter-regulator).
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Figure 2. Technological diagram of an experimental biogas plant
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Figure 3. General view of the experimental setup

Heat pump: R717 refrigerant; compressor KF 130, compressor capacity 1 kW; evaporator,
condenser and superheater - plate heat exchangers M12-50 GL GL.

Energy Balance of a Biogas Plant

Efficient energy production at a biogas plant, according to (Kovalev et al., 2020c) is possible only
when the total energy of the produced biogas will significantly exceed the energy consumption for
its production, ie. the condition must be met

VA
g >>1
[EON/ +QCV ]*3600

where: Ve~ total amount of produced biogas, m*/ day; A — calorific value of biogas, kJ /m* E |
— electricity consumption for own needs of the plant, kWh; 1, — efficiency converting biogas energy
into electricity; O, — heat consumption for own needs of the plant, kWh; 5, — efficiency converting

biogas energy into thermal energy (Kovalev, 2014).

ey
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The amount of commercial (unused for the plant’s own needs) biogas [m?*/ day] can be presented as

E/ N Qm/
"l #3600

g — by A 2
Heat consumption for own needs of the biogas plant is:
Qoy = Qi T Qe — @ 3

where: Q, . — energy consumption for preheating the substrate to the fermentation temperature,
k.Wh'z 0, — daily energy consumption to compensate for heat loss from enclosing structures and
pipelines, kWh; Q, — amount of recovered energy, kWh.

Heat consumption for preheating the substrate [kWh] is defined as

* * * _ *
C'm’t pim‘t ‘/im't (t/lP tim't) n

= 4
o 24*3600 @

where: ¢, —heat capacity of the substrate, kJ/(kg'K); p, . — substrate density, kg/m*; V. —daily
loading dose, m*/day; ¢, , — final temperature of heating the substrate (fermentation temperature), °C;
t, ., —initial substrate temperature, °C; n — the number of operation hours of the heat pump per day, h/day.

Average daily heat consumption [kWh] required to compensate for heat losses through the
enclosing surfaces of the bioreactor at the average annual outside air temperature

Qo = K¥F*(t,, —t,)*107°%24 (5)

where: k — heat transfer coefficient, W/(m?K); F — the area of the enclosing surfaces of the
bioreactor, m?; Ly — bioreactor substrate temperature (fermentation temperature), °C; t,— outdoor
temperature, °C.

Maximum daily amount of low-grade effluent heat [kW]:

-3
C *’Deff* I/:ff>|< (tAP - tC min ) *10

max eff
;= (6)
C 24*3600
where: 7, . — effluent settler temperature required to stop residual gas evolution, °C.
Average daily amount of heat recovered [kWh]:
0 S QR < Q maz € *TL (7)
o e—1

where € — conversion factor of the heat pump taking into account the isentropic and mechanical
efficiency of the heat pump compressor.
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MATHEMATICAL MODEL AND ALGORITHM FOR SELECTION OF
PARAMETERS OF HEAT EXCHANGERS AND HEAT PUMP COMPRESSOR

The purpose of modeling the parameters of heat exchangers and a heat pump compressor of a
heat supply system for biogas plants is to evaluate the parameters and operating conditions of heat
exchangers and a compressor in relation to different temperature modes of operation of a biogas plant,
daily loading rates and physical properties of the processed substrate and refrigerant.

Basic design dependencies:

N, =f(P)
Fys v = I(P,

HE

FHE SET T f(Pk

®)

N

where: Nwmp — compressor power, kW;
P~ parameters for determining the compressor power;

. . ).
F . - — heat exchanger area in the preheating tank, m?;

P — parameters for determining the area of the heat exchanger in the preheating tank;

F o area of the heat exchanger in the effluent settler, m?;
P,— parameters for determining the area of the heat exchanger in the effluent settler.

The first main calculated dependence in this case will look like this:

P>

[c;p;u;(P;t)wl §tAp§an3t'mt;<6;p;”)m7t'V'G $Greri Gy HE ©

i ?" R TLPY T HC1’ T HC2?
ef

where: (c; p; v; (P; t)”’")ref— physical properties of the refrigerant, including heat capacity [kJ/
(kg'K)], density [kg/m?], viscosity [m?s], critical temperature [°C] and pressure [MPa];

L= anaerobic process (fermentation) temperature, °C;

V. . — daily loading dose of bioreactor, m*/day;

to = initial substrate temperature, °C;

(c; p; v),, — physical properties of the substrate, including heat capacity [kJ/(kg'K)], density
[kg/m?], viscosity [m%/s];

V .~ reactor volume, m*;

G, ,—loading pump feed, m*h;

G,c> G~ supply of heating agent circulation pumps, m*h;

HE — types of heat exchangers in the preheating tank and effluent settler.

I/z'mf = f (tz‘m‘t ’ VR ’ TSim‘t ’ TVSim't ) (10)
(C;p; V)mz't - f(TSmN) (1)
G = (Vi) (12)
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Guew = f(dl;an;tAP) (13)

Guey = f(d2;QC;tAP) (14)

atW, - the optimal speed in the pipeline equal to 1 m/ s;

where: 1S, .~ total solids content of initial substrate, g/l;

TVS, - total volatility solids (organic matter) content of initial substrate, g/1;

d — diameter of the pipeline to the preheating tank heat exchanger, m;

Q,,,—energy consumption for preheating the initial substrate to the fermentation temperature, W;
d,— diameter of the pipeline to the heat exchanger of the effluent settler, m;

Q. — energy consumption taken from the effluent, W.

The second main calculated dependence in this case will look like this:

F — Qi,m'l, ( 15)

HE PT *
kHE PT Atl

. 3 2.
where: F,_,— preheating tank heat exchanger area, m?;

k,, ., — heat transfer coefficient of the preheating tank heat exchanger, W/(m*K);
At — average temperature head through the wall of the heat exchanger of the preheating tank, °C.

Qinit = f (‘/Illlt ; tAP ) tmzt ) (16)
where ¢, — initial substrate temperature, °C.

At = f(t,,) (17)

Ky pr = f(GLP;GHCl;HE;(C;p;V) ) (18)

init
The third main calculated dependence in this case will look like:

Q,
Fyp sor = L C*At (19)

HE SET 2

. 2.
where: F' i SET effluent settler heat exchanger area, m?;

k,, o.r — heat transfer coefficient of the effluent settler heat exchanger, W/(m*K);

At, — average temperature head through the wall of the effluent settler heat exchanger, °C.

Q, = f(I/imt;tAP;tC) (20
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where 7~ temperature required to stop residual gas evolution, °C.

At, = f(tAP) 2D

kyg sor = f(Gch;HE;(C; p;V) ) (22)

it
From the heat balance equations:
QC = sz‘t -N comp + QHLI + QHL2 + QHLC (23)

where: 0, , — heat loss from pipelines to the environment, W;

0, heat used to compensate for heat losses to the environment from the enclosing surfaces
of the bioreactor, W.

In the proposed scheme, in order to reduce operating costs for production, the type of heat
exchanger for the preheating tank and settler is selected corresponding to the type of heat exchanger
in a block-modular reactor - a coaxial heat exchanger.

In this case, the functions depending on the type of heat exchangers will take the following form:

Ncomp = f[[c;p; V;(P;t)m‘it]mf ;I/im't;tAP;GLP;GH01;GH02;<C; p;y)mzt]

kup pr = f(GLP;GHCl;(C;p;V)Illlt) .
Kug sor = f(GHCQ;(C; P§V>Wt)

The main calculated dependencies and their arguments are schematically shown in Figure 4.

Figure 4. Block diagram of the main calculated dependencies of the heat supply system with the recovery of waste heat of the
effluent of a block-modular biogas plant
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1 - preheating tank; 2 - heat exchanger in the preheating tank; 3 - heating medium circulation
pump; 4 - condenser of the heat pump; 5 - heat pump compressor; 6 - heat pump evaporator; 7 - pump
for circulation of the cooling coolant; 8 - effluent settler; 9 - heat exchanger in the effluent settler.

ALGORITHM FOR DETERMINING THE OPTIMAL PARAMETERS
OF HEAT EXCHANGERS AND A HEAT PUMP COMPRESSOR

1. Input of initial data, including the following values: Vs Wlpt st t,
2. Selection of V,, and V, according to the following dependencies
‘/PT = 1’ 3 * I/imt * 7 (25)

1,3 — an empirical coefficient taken from the condition of the duration of hydrolysis (12-24 hours)
and the time of preliminary processing of the daily loading dose (operating time of the heat pump
compressor), taken 24 hours / day.

Vo, =1L5%V *n (26)

init

Calculation of Q, ., O.and Q,, . values.
Calculation of G, and G, values.
Selection of d, and d, values at W{W=1 m/s.
Calculation of F, . value provided (d; h)

Calculation of 9, and Q, , values.

Calculation of F value provided (d; h) <(d; h)

K HE SET HE SET SET* .
Calculation of heat loads on the evaporator and condenser from the heat balance equations:

<(d; b,

HE PT

A

Table 2. Rates of heating of the influent and of the cooling of the effluent

1 20 0.403 0.085 9 53 4.03 0.34

2 25 0.4556 0.098 11 50 4.556 0.392
3 30 0.4558 0.122 14 52 4.558 0.488
4 35 0.4541 0.142 14 49 4.541 0.568
5 40 0.4537 0.1648 15 52 4.537 0.659
6 45 0.4529 0.1868 15 54 4.529 0.747
7 50 0.4522 0.2088 16 56 4.522 0.835
8 55 0.4514 0.2308 17 60 4514 0.923

10
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Qpy = +Qy, 27

QEV = QCON - Ncomp (28)

Figure 5. Rate of temperature change in the preheating tank and in the effluent settler

th
th

& la
W o

=
=]

W
i

7}
Q

Effluent initial temperature, °C
[ )
W

b
L=}

o
N
-

0.2 0.3 0.4 0.5
Rate of temperature change. °C/min

m Heating rate ™ Cooling rate

Figure 6. Ratio of specific heating and cooling rates

. 5 14
[:¥]
& a5
g = 12
wn
3 4 &
& 35 1o &
g s .-
a8 2.5 2,
ry wn
53 2 ¢ %
5 2
o 1.5 4 2
e 1 §
=
= 2
2 05
2 .
3 0 0
v
& 15 20 25 30 35 10 a5 50 ss 60

Effluent initial temperature, °C

s Ratio of specific rates Specific cooling rate Specific heating rate

Figure 7. P-h diagram of the experimental plant heat pump operation

s0
45
. 40 // \\
= =
= 3g x=0 x=1
Al /
£ 30
=
i /
3
= 3 S5
= 20 2
£ / /
g 15
2
2 10 a7 11 d
P Fd
s
o - . - - . : - - \
170 220 270 320 370 420 470 520 570 620

Specific enthalpy of refrigerant h, kJ / kg

1



International Journal of Energy Optimization and Engineering
Volume 11 « Issue 1

Quoy = @y T @y T Qe = N, T@ +Qyy, 29

comp

10. Checking d, and d, values.

It should be noted that the formulas of both the mathematical model and the algorithm are
based on the laws of thermodynamics and heat engineering, as well as on the law of conservation of
energy, therefore they can be used in the selection of equipment for both experimental and industrial
biogas plants.

RESULTS AND DISCUSSION

According to the data obtained in the course of the experiment (temperatures of the influent and
effluent), the rates of heating of the influent and of the cooling of the effluent were obtained. The
calculation data are summarized in Table 2.

Figure 5 shows the dependence of the rate of temperature change in the preheating tank and in
the effluent settler on the initial temperature of the effluent.

As can be seen from Figure 5, the highest rate of heating of the influence W, is observed at the
initial temperature of the effluentz, i the beginning of 30 ° C. The highest cooling rate of the effluent,
w, i Was obtained at the initial temperature of the effluent Ly 55 ° C; however, this calculation does
not take into account the heat loss from enclosing structures and pipelines, which will be greatest at
a given initial temperature of the effluent.

Figure 6 shows the dependence of the specific rate of temperature change in the preheating tank
and in the effluent settler as well as the dependence of their ratio on the initial temperature of the
effluent.

Based on the initial data and data obtained in the course of experimental work, a P-h diagram
of the heat pump operation process was built, shown in Figure 7.

Thus, the heat load in the evaporator g, is 225.3 kJ / kg; thermal load in the condenser g, =
325.3 kJ / kg; thermal load in the superheater g, = 81 kJ / kg. Since the refrigerant flow rate is 0.01
kg /s, the power of the evaporator Q,, is 2.253 kW; encoder power Q. = 3.253 kW; superheater
power O, = 0.81 kW. The conversion factor ¢ is 4.063.

The values of the heat load on the heat exchangers of the heat pump, the operating time of the
heat pump, the heat conversion coefficients of the heat pump for each pair of the experiment are
given in Table 3.

CON

Table 3. Results of experiments on heat pump elements

N°1-2 N°3-4 N°5-6 N°7-8 Average values
Heatload onthe |, o 206.74 229.04 21.77 2253
evaporator, kJ/kg
Heatload on the |, o 326.74 329.04 321.77 3253
condenser, kJ/kg
Heat load on
the superheater, 81 81 81 81 81
kJ/kg
Heat pump 4.058 4077 41 4028 4.063
conversion factor

12
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The values of the heat transfer coefficients are practically constant in each experiment, since
the dimensions and materials of the heat exchangers, as well as the flow rates of the heat carriers,
did not change. However, with a change in the temperature of the coolants, their physical properties
change, which affects the criterion dependences, and, as a consequence, the values of the heat transfer

coefficients. The values of the heat transfer coefficients are given in Table 4.

Table 4. Heat transfer coefficients

N°1-2 N°3-4 N°5-6 N°7-8 Average
values
Internal of heater in the
preheating tank, W/(m?K) 887.7111 869.9271 878.1012 856.7088 872.822
External of heater in preheating
tank, W/(m>K) 678.6131 664.7334 671.6393 655.1459 667.2229
Internal of cooler in the settler,
W/(m>K) 284.8 295.62 314.34 326.74 304.93
External of cooler in the settler,
W/(m>K) 177.48 183.14 194.31 202.78 188.46
Table 5. The amount of low-grade effluent heat and recovered heat
N°1-2 N34 | Nes-6 | Nez.g | Average
values
Ma::xmum daily amount of effluent heat, 0293 0224 0336 0.266 0.28
Qeﬂ , kWh
The amount of recovered heat, 0, , kWh 0.372 0.281 0.42 0.33 0.351
Estimated amount of recovered heat, kWh 0.391 0.299 0.448 0.354 0.373

Table 5 shows the amounts of low grade effluent heat, as well as the calculated amounts of
recovered heat for each pair of experiments.
Based on the obtained experimental data and the developed energy balance, it is possible to
determine the specific volumetric amount of energy stored in the commercial (not used for the biogas
plant’s own needs) biogas according to the following formula:

(30)

where: V, - specific volumetric amount of energy stored in commercial biogas, kWh/(m*

reactor - day);

V,, — the amount of energy stored in the produced biogas, kWh/day;
E_ . — the amount of energy consumed for own needs of the biogas plant, kWh/day;

ON

V, — reactor volume, m’.

Based on the obtained experimental data and formula (30), the use of the developed improved
heat supply system of a biogas plant for the processing of bedding cattle manure with recovery of

13
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the effluent heat using a compression heat pump makes it possible to obtain a specific volumetric
amount of energy stored in the commercial (not used for the biogas plant’s own needs) biogas in the
amount of 5.6 KWh/(m? reactor - day).

The resulting value is 40% more than when using a traditional anaerobic bioconversion system,
taking into account all costs for own needs.

The obtained experimental data generally consistent with the data obtained by other authors.
(Abusoglu et al., 2021; Blazquez et al., 2021; Holik et al., 2021; Sung et al., 2017; Weinand et al., 2019)

DIRECTION FOR FURTHER RESEARCH

Areas of further research include the use of various technological solutions to reduce the energy
consumption for the own needs of biogas plants. These technological solutions include:

e division of the total volume of the anaerobic bioreactor to create optimal conditions for the vital
activity of microorganisms of different stages;
the use of energy-efficient methods of preliminary processing of the initial substrate;
the use of various renewable energy sources, including solar energy converters (photovoltaic
modules (Kharchenko et al., 2019; Panchenko, 2020; Panchenko et al., 2020), photovoltaic
thermal modules (Panchenko et al., 2019; Panchenko, 2021), thermal modules), in combination
with the process of anaerobic bioconversion.

CONCLUSION

The article assesses the possibility of using a compression heat pump in the heat supply system of
a biogas plant to maintain the temperature regimes of an anaerobic bioreactor. According to the
experiments carried out, as well as the developed energy balance, the use of a compression heat pump
in the heat supply system of biogas plants for processing organic animal waste allows to:

1. Maintain a thermophilic temperature regime in an anaerobic bioreactor by recuperating the heat
of the effluent using a heat pump.

2. Significantly reduce costs for own needs, which ultimately leads to a significant (40%) increase
in the volume of commercial (not used to compensate for the biogas plant’s own needs) biogas.

3. Ensure the independence of the plant for the processing of organic waste from animal husbandry
from thermal and electrical networks of external sources of energy supply.

4. Increase the production of both heat and electric energy.
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