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Abstract. Today, humanity's need for energy resources increases annually. The
high cost of raw materials (oil, gas, fuel) leads to the need to search for alternative energy
sources. Today, the fermentation of organic agricultural waste in biogas plants is one of
the most environmentally friendly and economically advantageous solutions for obtaining
energy from waste in the form of biogas. Along with this, a side effect of fermentation of
organic waste is the production of valuable environmentally friendly fertilizers. However,
the formation of biogas is a complex technological process, since in the process of
methanogenesis it is necessary to maintain artificially created microclimate parameters.
The influence of external factors such as temperature, acidity level pH, humidity, the
presence of chemicals in the substrate can create negative consequences for the methane
formation process, up to a possible complete loss of the loaded substrate in the biogas
reactor. In order to avoid such negative situations, very strict requirements are
established for the technological processes of biogas formation. Domestic and foreign
scientists theoretically and experimentally establish optimal conditions for the methane
formation process. Among them, the greatest attention is paid to maintaining the acidity
level and maintaining the temperature according to the conditions of the technological
process of biogas formation. According to the conditions of the technological process,
biogas formation occurs in three temperature modes: psychrophilic, mesophilic and
thermophilic, for which certain limits of temperature fluctuations are established. The
greatest temperature differences occur during the loading of a new substrate. In order to
avoid the occurrence of a critical temperature difference during loading and unloading
processes, the condition of thermal equilibrium in the methane tank was considered. Based
on theoretical calculations, the ratio between the mass of the substrate present in the
reactor and the loaded fresh substrate was determined.

Key words: methane tank, substrate temperature, biogas, thermal equilibrium,
ratio, substrate heat capacity

Introduction. Biogas formation is a complex technological process, since in the
process of methanogenesis it is necessary to maintain artificially created microclimate
parameters. External factors can create negative consequences for the process of

methanogenesis, up to its complete stop and loss of material resources. The works of

150


mailto:spmisha@ukr.net

"Enepzemuxa i agmomamuka', Ne2, 2025 p.

domestic and foreign researchers are aimed at establishing the main factors influencing the
process of biogas formation, theoretical and experimental substantiation of optimal
conditions for the process of methane formation [1-7].

The greatest attention is paid to maintaining the required level of acidity
pH =6,5-7,5 and temperature in the installed structure [1, 7]. According to the conditions
of the anaerobic digestion technological process, biogas release occurs in three
temperature regimes [3-7]: psychrophilic — 15-20°C, mesophilic — 33-37 C, thermophilic —
55-577C.

Rashed M. B. [7] As a result of studying the influence of temperature changes on the
productivity of the bioreactor and the vital activity of bacteria, it was found that methane
bacteria manifest their vital activity at temperatures from 0 to 70 ‘C. If the temperature is
higher, lower or changes its values rapidly, the bacteria die. Thus, with increasing
temperature, the requirements for the permissible limits of temperature fluctuations for
optimal gas release increase, which for the mesophilic regime is within =1 C [1, 7-9].

The influence of temperature regime on changes in methane concentration was
investigated [1], as a result of which it was found that increasing temperature accelerates
the course of the methanogenesis process, but at the same time the percentage of methane
in biogas decreases with increasing temperature. This is due to the fact that at high
temperatures the carbon dioxide dissolved in the substrate is intensively converted into the
gas phase, in such a way that the relative methane content in biogas is reduced.

The works of scientists from different countries present the results of the study of
biogas yield at different temperatures in the mesophilic mode, however, there are no
theoretical and practical studies related to the process of establishing temperature
equilibrium during loading and unloading operations in a bioreactor. It is at the moment of
loading of fresh substrate that the largest temperature drops occur, since the temperature of
the loaded substrate is lower than the temperature of the substrate in the biogas reactor. It
IS necessary to maintain a certain ratio between the volume of the loaded substrate and the
volume of the substrate in the biogas reactor, so that the average temperature after loading-
unloading decreases by no more than the permissible deviation from the temperature

regime of anaerobic process. Loading too small a portion of fresh substrate leads to a
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decrease in the amount of nutrients for bacteria and, as a result, a decrease in methane
formation.

Thus, from the energy point of view, the determination of a rational ratio between
the volume available in the biogas reactor and the loaded fresh substrate, in which the
occurrence of a critical temperature drop during loading and unloading processes in the
biogas reactor is excluded, with the aim of increasing the energy efficiency of biogas
production by reducing energy costs for heating the substrate is an actual and promising
task.

Purpose. Determination of the permissible ratio between the amount of fresh
substrate loaded and the amount of substrate remaining in the biogas reactor after
unloading the spent sludge.

Materials and methods. To theoretically determine the permissible ratio between
the amount of fresh substrate loaded and the amount of substrate in the biogas reactor after
unloading the spent sludge, the conditions for establishing thermal equilibrium in the
biogas reactor were considered.

The following initial conditions and assumptions were adopted: the course of the
anaerobic process in the mesophilic temperature regime Tprocess = 35 °C permissible
temperature deviation Taiew = =/ °C per hour; total volume of substrate in the biogas
reactor Viors = 1 m°, substrate temperature in the biogas reactor 7:=35 °C, the temperature
of the loaded fresh substrate is taken in the range from 15 to 25 °C.

At the time of loading and unloading operations, an assumption is made that the
ambient temperature is constant and there are no heat losses. Since the relative humidity of
the substrate does not change during the research and is 90%, the density and specific heat
capacity of the substrate are taken equal, respectively p=1000 kg/m3, ¢q = ¢p = 4200
J/kg-°C [4-6].

The study used a batch method of loading the substrate into the biogas reactor. The
volume of discharged sludge is equal to the volume of fresh substrate loaded V,=Vq. The

scheme of loading and unloading the substrate into the biogas reactor is shown in Fig. 1.
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Fig. 1. Scheme of loading-unloading of substrate into a biogas reactor

Permissible temperature deviations Tprocess CONStitute:
T Taiow < T process < T +T

process ' allow proces process allow (1)

35-1=34%Cc<35%C<35+1=36°C

When two media with different temperatures come into contact, heat transfer occurs

between them, resulting in their temperatures equalizing. Mathematically, this is described
as follows:

_mg-cy-Ty+my-Cy-Th

eq
1.1 2.2

(@)

where Tequil — equilibrium temperature, °C; mi, my — mass of substrate that is in the
biogas reactor and is being loaded, kg; 71, T> — temperature of the substrate in the biogas
reactor and being loaded, °C; c1, c2 — specific heat capacity of the substrate in the biogas
reactor and the freshly loaded, J/kg-°C.

The corresponding substrate masses are determined by the formulas:

mp=Vy-p 3)
my =Vy-p (4)
Vl :Vtotal _VZ (5)

where Vi — volume of substrate in the biogas reactor after unloading the sludge

volume Vg, and taking into account the freshly loaded substrate Vo, m?; p — substrate
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density, kg/m?.
The ratio between the volume of the biogas reactor and the fresh substrate loaded is:
% <9 6)
According to the above methodology, a study was conducted for different initial
temperatures of the fresh substrate loaded into the reactor. The substrate was loaded in a

single volume in the range from V.4 =0,1-V,y, t0 V|0, =0,9-V,,,, - After each loading

of a new portion of fresh substrate and establishing the equilibrium temperature (2), the
substrate in the biogas reactor was brought to the temperature of the anaerobic process
Torocess = 35 °C, after which a new, increased portion of substrate was loaded and the study
was repeated.

Results and discussion. As a result, we obtained data at different loading volumes
and initial temperatures of the fresh substrate, on the basis of which the temperature

change dependences were constructed, which are shown in Fig. 2, Fig. 3.

— Theaoretical

===== Experimental
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Fig. 2. Dependence of the equilibrium temperature in the biogas reactor on the
volume of substrate loading at its initial temperature 25 °C
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Fig. 3. Dependences of the equilibrium temperature in the biogas reactor on the
volume of substrate loading, at its initial temperature: a) 20 °C; b) 15 °C.

Analysis of graphical dependencies (Fig. 2 and Fig. 3) showed that with an increase
in the fraction of the volume of substrate being loaded from the volume of substrate
available in the biogas reactor, the equilibrium temperature in the latter decreases. This is
described by dependency (2). It should be noted that when the volume of the substrate
being loaded changes and regardless of its initial temperature, the change in the
equilibrium temperature Tequil, (2) occurs according to a linear law (Fig. 2 and Fig. 3 a, b).

According to the results presented in [3], the substrate heating system in a biogas
reactor with a volume of 50 liters consumes 178,360-10% J, for heating the substrate with
34 °C to 36 °C. Whereas, on heating the substrate with 9,5 °C to 35,8 °C is spent 4,99-10°
J [4].

When loading fresh substrate with a volume of 01-V,,, but at different initial
temperatures, ranging from 15 °C to 25 °C, the equilibrium temperature may shift into the
zone of unacceptable levels for the fermentation temperature regime (Fig. 3 a, b).

Based on the above, to ensure the establishment of the equilibrium temperature in
the biogas reactor within Taow, during loading and unloading processes, the ratio mi/mo, is
recommended to be selected based on the initial temperature of the fresh substrate being
loaded.

Conclusions. As a result of the study, it was found that the stability of the

permissible temperature level during loading and unloading operations is affected by
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deviations of such parameters as: temperature regime of anaerobic digestion; specific heat
capacity; density; initial temperature of the substrate being loaded, as well as its mass. The
ratio between the volumes of the available in the biogas reactor and the loaded fresh

substrate, with an initial temperature of 7,=25 °C, should be 01-V,, . In the winter

period of operation, it is necessary to create conditions for the initial heating of the

substrate fed into the biogas reactor and to establish its rational initial temperature.
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BIIVIMB KIJIBKOCTI 3ABAHTAKEHOT'O CYBCTPATY HA
EHEPI'OE®EKTUBHICTH BUPOBHHUIITBA BIOT'A3Y
M. O. Cnoooéba, O. O. Cnooooa

AHoraniss. Huni nompeba n1100cmea 6 eHepeemudHux pecypcax 3p0Cmac 3 KO*CHUM
pokom. Bucoxa eapmicme cuposunu (Hagpmu, 2azy, naiea) npu3zeooums 00 HeoOXiOHOCmi
NOWYKY — QlbMepHamueHux  odxcepen  eHepeii. Humi  gpepmenmayis — opeaniunux
CIIbCLKO20CNOOAPCHKUX  8I0X00i8 ) 0i02A308UX YCMAHOBKAX € OOHUM 13 HauOilb
EKON02IYHO YUCMUX MA eKOHOMIYHO 8UCIOHUX pileHb Ol OMPUMAHHSL eHepeii 3 8i10X00i8
suenadi bioeasy. Pazom 3 yum, nobiunum egexmom 36po0xicysans opeanivHux 8ioxooie €
BUPOOHUYMBO YIHHUX eKON02TYHO Yucmux 0oopus. OOHax ymeopenHs 6i02a3y € CKIAOHUM
MEXHONO2IUHUM NPOYECOM, OCKLIbKU 8 Npoyeci MemanozeHe3)y HeobOXiOHO niompumysamu
WmMy4HO CMEOpeHi napamempu MIKpoxiimamy. Bniue 30eniwnix gaxmopis, maxux sax
memnepamypa, pieeHv Kuciomuocmi pH, eonocicms, HasABHICMb XIMIYHUX DEYOBUH 8
cybcmpami modice cmeopumu He2amuHi HacaiOKu Ol Npoyecy YMeOopeHHs Memany, adic
00 MOJHCIUBOI NOBHOI 8mMpamu 3A8aHMAN}CEHO20 CyOcmpamy 8 0i02a3080My Deaxkmopi.
Ll]o6 yHUKHYmMU MAaKux He2amuHux cumyayii, 00 MexXHOJO2IYHUX NPOYecié YMEOPEeHHs
0iocasy 6CMAHOBIIOIOMbCSL OyJice JHCOPCMKI Gumocu. Bimuusznauni ma 3apy06isxcHi @ueni
MmeopemuyHo ma eKCnepuMeHmalbHO 6CMAHOBIIOIMb ONMUMANbHI YMOBU Ol NPOYecy
ymeopennsi memany. Ceped Hux Haubinvuia yeaea NPUOLIAEMbCA NIOMPUMAHHIO DIGHS
KUCIIOMHOCMI  ma memMnepamypu  iOn0GiOoH0 00 YMO8 MEeXHONI02IUH020 Npoyecy
ymeopenHs 0iocazy. 3a ymMo8amu MeXHOIO02IYHO20 Npoyecy YmMeEOpeHHs 0io2a3y
8I00Y8AEMbCS 8 MPLOX MEMNEPAMYPHUX PEHCUMAX. NCUXPOPDITbHOMY, Me30DiNbHOMY ma
mepmoQinbHoMy, Ol AKUX BCMAHOGIEHI NeGHI MedCl KOIUBAHb MeMNnepamypu.
Hartibinvwa pisnuya memnepamyp UHUKAE NIO Yac 3a8aHmadxcenHsi H08oi ocnosu. Ll[o6
VHUKHYMU BUHUKHEHHS KPUMUYHOI PI3HUYI memnepamyp nio yac npoyecie 3a8aHmManiCeHHs
ma po36aHmMAdMICeH s, 6paxo08aHo YMOGY meniosoi pieHogacu ¢ memanmenky. Ha ocHogi
MmeopemudHUX po3pPaxyHKi6 OV10 8USHAYUEHO CNIBBIOHOULEHHS MIdC MACOI0 CYOCmpamy, ujo
3HAX0OUMbCA 8 PEAKMOPI, | 3a8AHMAINCEHO20 CBINHCO20 CYOCMpamy .

KarwuoBi ciaoBa: memanmenk, memnepamypa cybocmpamy, 0iozasz, menyiosa
pisnoeaza, koeghiyicnm, menioeEmuicme cyocmpamy
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