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Abstract. The article is devoted to the study of energy losses of a biogas reactor into
the environment during the fermentation of biomass in the mesophilic temperature regime.
The article considers the influence of the presence of the insulating layer of the biogas
reactor and the ambient temperature on the amount of energy losses and the required
energy to recover these losses depending on the volume of the biogas reactor. The
developed mathematical model allows to estimate the intensity of energy losses to the
environment taking into account the amount of contamination of the inner wall of the
biogas reactor, ambient temperature, average wind speed for the reactor location, surface
area of the biogas reactor and its volume, material from which the biogas reactor is made,
insulating layer and its material, mode of movement and frequency of biomass mixing.

The following assumptions have been made for numerical studies: biomass

fermentation takes place in the mesophilic temperature regime 7z =35o¢, biogas reactors

with a volume of 50 to 200 liters, at ambient temperatures 72 from —30 to +30 oC.

It has been established that the heat loss to the environment for different volumes of
biogas reactors, regardless of the ambient temperature and the presence or absence of an
insulating layer, is not linear.

Numerical research has shown that the use of an insulating layer of mineral wool
with a thickness of 100 mm, depending on the volume of the biogas reactor and ambient
temperature, reduces the amount of energy required to maintain the thermal regime by 55-
63 times. Taking into account the amount of losses at the stage of design and manufacture
of biogas reactors will reduce energy costs to maintain the required temperature, thereby
increasing the profitability of the biogas plant.

Key words: heat loss, biogas plant, mesophilic regime, heat transfer, thermal
resistance, energy efficiency

Introduction. Every year the amount of accumulated plant and animal waste
increases, and the systems for their preservation are environmentally harmful due to the
constant emissions of methane and nitric oxide into the air [1]. Because of this, the world's

population is forced to look for alternative methods of disposing of accumulated organic
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waste. The most widespread for the utilization of organic waste were anaerobic treatment,
which is carried out in special tanks with constant support of microclimate parameters —
biogas plants [2].

Analysis of recent research and publications. The productivity of a biogas plant is
functionally dependent on the temperature regime of anaerobic fermentation. In [3, 4] it
was found that a sharp decrease or sharp increase in temperature creates a disturbing effect
on bacteria, which leads to a decrease in biogas yield. Therefore, temperature plays a
major role in the quantity and quality of biogas produced from one kilogram of dry
organic matter during the fermentation time in the biogas reactor. According to the
conditions of the anaerobic fermentation process, biogas is released in three temperature
modes [3-6]: psychrophilic — 15-20°C, mesophilic — 33-37°C, thermophilic —
55-57 °C.

The mesophilic fermentation regime is characterized by the highest activity of
methanogenic bacteria with the maximum formation of biogas at the fermentation
temperature 35 °C [2, 5, 7].

In [8], the authors analyzed the heat transfer from the substrate and biogas to the
environment using Matlab software. In [9], scientists conducted energy modeling of an
anaerobic reactor sunk into the ground, in order to obtain stable biogas production and
maintain a constant fermentation temperature with lower energy costs.

In [2, 3-5, 7, 10, 11] the issue of maintaining the required temperature in biogas
reactors using different heating methods is considered. In [2, 4, 5, 7] the system of
substrate heating in a biogas reactor by pumping heated water through heat exchangers is
considered. Heated water is heated in boiler units with a part of the produced biogas, in the
literature [2, 5] data on the consumption of biogas for heating water in the boiler room,
approximately 30-40% of the total volume of biogas produced. In the literature [1] heat
losses to the environment at three fermentation temperature regimes are considered:
psychrophilic, mesophilic and thermophilic. Graphical dependences of change of heat
losses at different ambient temperatures are given. However, the study did not take into
account the speed of the mixing device and the magnitude of the increase in resistance due

to the adhesion of the substrate on the inner wall of the biogas reactor.
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During anaerobic fermentation, the biogas reactor is located in the climatic zone of
the environment, according to the law of thermal equilibrium, when two media with
different temperatures come into contact, heat transfer occurs between them, as a result of
which their temperature equalizes. Therefore, the determination of energy loss into
environment in the mesophilic mode of fermentation at different temperatures in the
environment is an actuality question.

Purpose. The aim of the article is to determine the energy loss to the environment
during the mesophilic digestion mode for different volumes of biogas reactors at different
ambient temperatures, taking into account deposits of biomass particles on the inner
surface of the walls of the biogas reactor and speed of the mixing device.

Materials and methods. A biogas reactor is a multidimensional system with variable
technological parameters over time that, require certain electrical, thermal and mechanical
energy. The equation of heat balance is taken as a basis for determining heat consumption
to maintain a constant temperature of anaerobic fermentation. With the known definition
of the components, the heat balance equation takes into account: the heat of the available

substrate in the biogas reactor (Q.,,.), heat of fermentation (Q F heat of the heating device

sub

(Qpeqt) » INto the environment (Qg,), heat loss with biogas (Q,) and waste sludge (Qs)
[12].

Qsub T+ T Qheat =Qen +Qp +Qs (1)

We propose to improve the method of determining heat consumption to maintain a

constant fermentation temperature by introducing into the existing equation of heat

balance (1), the value of thermal energy of fresh substrate (Q. ., ), which is loaded into

the reactor and in the case of using an immersion electric biomass heater, in which excess
thermal energy accumulates, add the value of heat obtained by cooling the heater structure

(Q.;,4) - Then the improved heat balance equation for a biogas reactor will look like:
Qoub T Qf *Cheat *Qehd *Qrsub = en +Q + Qs (2)
As in any technological process, the first goal is to create a well-established system

with the lowest capital costs to minimize energy costs, biogas systems are no exception,
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the main requirement when designing biogas plants is to minimize energy costs to
maintain the temperature of anaerobic fermentation, which should be close to zero:
Qneat = 0 3)
With regard to heat loss to the environment, it is also necessary to provide the
following conditions for anaerobic fermentation, so that heat loss was minimal with
minimal capital investment:
Qen — Min, 4)
According to the above, the heat available in the substrate should be optimal for the
intensive course of the anaerobic process. However, heat is constantly exchanged between
the biogas reactor and the environment, heat is lost into the environment.
The magnitude of heat loss to the environment depends on many conditions:
Qen = T (K, tgpsten Asts8st: Fo T Vavs Ajm Oim Topt) ©)
where k — heat transfer coefficient, takes into account the average heat transfer rate over

the entire heat transfer surface, w/(m?.°C); t,, — fermentation temperature of the
substrate, °C; t.,, —ambient temperature, °C; iy — thermal conductivity of the wall of the
biogas reactor, w/(m-°C); &5 — wall thickness of the biogas reactor, m; F — surface area
of the biogas reactor, m?; « —time, hour; r_,, — reducing the heat transfer coefficient when
dirt sticks to the inner walls of the biogas reactor; vay, — average wind speed, v,, =2 m/s;
A;,, — thermal conductivity of the insulating material, W /(m-°C); §,, — thickness of the

insulating material, m.
Thus, the relationship between heat loss to the environment and the heat transfer
surface is described by Newton-Richman's law [13]:
Qen =K-F-1-(ty, —ten) (6)
In equation (6), the heat transfer coefficient k depends on a large number of factors,

so it is recommended to find it from the following equation [13, 14]:

- (7)
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where o, — heat transfer coefficient from the substrate to the tank wall, w /(m?-°C); o, —
heat transfer coefficient from the tank wall to the environment, W /(m? -°C) .

Contamination on the tank wall creates an additional barrier to heat transfer to the
environment. This is a positive component, because lowering the temperature leads to a
decrease in the intensity of methane formation, and the lost heat must be restored, which

leads to higher energy costs and reduced profitability of the biogas plant. The magnitude
of this resistance r_, ~0...66-1007% (m2 -°C)/w [15, 16], therefore, considering the

pollution, the value of the heat transfer coefficient (7) is recommended to be calculated as

follows:

k=— (8)

o gt im %2
The intensity of heat transfer from the substrate to the reactor wall «,, depends on the
surface area of the reservoir, the speed of biomass, the mixing mode (laminar or turbulent)
and the influence of the physical properties of the environment, which is found by the
criterion of similarity of Prandtl. Therefore, the heat transfer coefficient from the substrate

to the tank wall is determined by the formula [15, 16]:

0,25

Pr .

o 101> Re )02 . (pr)0.36 | _'mid ©)
‘ Plyall

where d — inner diameter of the biogas reactor, m; Re,, — modified Reynolds criterion;

Prog — criterion of Prandtl similarity in the middle of the reactor at fermentation

temperature; P — Prandtl similarity criterion at the temperature near the wall of the

Mwall
biogas reactor; Pr — Prandtl similarity criterion [15, 16]; A — the thermal conductivity of
the substrate, 2. =0,62 W /(m-°C).

The main purpose of hydrodynamics is to determine the mode of fluid motion, which
Is estimated on the basis of a dimensionless modified Reynolds criterion for mixing [3, 5,
15]:
2

Repy = P-M-dm (10)
L

101



"Enepzemuka i asmomamuxa'', Ne4, 2020 p.

where p— substrate density, kg/m®; n — stirrer speed, rpm; d,,— diameter of the mixer, m.
c-u
pr=H 11
=< (11)

where p — dynamic viscosity of the substrate, u=0,048 Pa-s [17]; ¢ — specific heat of
the substrate, ¢ =4200 J /(kg-°C) [17].

The heat transfer coefficient from the tank wall to the environment is determined by
the formula [14, 17]:

oy =116 +7-\vay (12)
The heat transfer area of the biogas reactor surface consists of the side surface area
(F

wai) @nd the area of the upper part of the bioreactor is made in the form of a hemisphere

(F,. ..), Which are determined from the equations:

h.sp
The area of the side surface of the cylinder [14]:

F..=2-n-H-R (13)

wall

The area of the dome is made of a hemisphere [14]:
Frep =2°T R? (14)

The total surface area of the biogas reactor:

F=Fyan+Fhsp

(15)
where H — height of the biogas reactor, m; R — radius of the biogas reactor, m.
Results and discussion. In order to determine the power required to cover heat loss

to the environment for the mesophilic regime of anaerobic fermentation at different

ambient temperatures, theoretical studies were performed according to formula (6).

The following initial conditions were set for the research: fermentation takes place in
the mesophilic mode 7z =350¢: the biogas reactor is made of steel; reactors volume V ,

from 50 to 200 liters; ambient temperature 72 from —30 to +30 °C'; reactors height H,
from 0,6 to 0,88 m; radius of reactors R, from 0,18 to 0,28 m. The research, were

performed for an insulated tank and without insulation. The results are shown in Fig. 1-2.
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Fig. 1. Power consumption to cover heat loss to the environment in the
mesophilic mode of fermentation, at different ambient temperatures and reactor

insulated with mineral wool thickness of 100 mm
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Fig. 2. Power consumption to cover heat loss to the environment in the
mesophilic mode of fermentation, at different ambient temperatures in the absence of

reactor insulation

Analyzing the dependence of power consumption to cover heat loss to the

environment presented in (Fig.1) found that with increasing ambient temperature T 2,

losses are reduced. This is due to the conditions of establishing temperature equilibrium
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between substrate temperatures r

1, in the biogas reactor and the environment. However,
purple and blue indicate areas with increased heat loss from the biogas reactor to the
environment at temperatures below (-20°C). For the considered volumes of biogas
reactors at temperature (—30°C), power is from 22 to 49 watts, and at +10 °C, power
required to cover heat loss is from 8 to 19 watts per hour.

Analysis of the dependence of power consumption to cover heat loss to the

environment without insulation (Fig. 2), showed a significant increase in the required

power with decreasing ambient temperature (TZ). For the considered volumes of biogas
reactors at temperature (=30 °C'), power is from 1232 to 2822 watts, and at +10 °.C power
required to cover heat loss is from 474 to 1085 watts per hour.

As shown in Fig. 1 and 2 with decreasing temperature below —20 °c, 150 and 200
liter biogas reactors have a significant increase in heat loss, which are marked in purple,
blue and orange. This is explained by the following: with a larger volume in the biogas
reactor, more thermal energy accumulates; a larger volume of biomass requires a larger
tank, thus increasing the area of contact with the environment.

In [11, 18], scientists conducted theoretical studies on the possibility of using large-
volume biogas reactors deep into the ground, in order to reduce energy costs to maintain a
stable temperature of anaerobic fermentation.

The results shown in Fig. 1 and 2 confirm the reduction of heat loss depending on the
volume of the biogas reactor and the increase in the ambient temperature.

After analyzing the obtained graphical dependences, we can conclude that, depending
on the climatic zone of the biogas reactor, it is necessary to insulate the latter in order to
reduce energy costs to cover heat loss to environment. Also, in cold and temperate
climates, in order to reduce the contact between the biogas reactor and the environment, it
Is advisable to install large tanks deep into the ground, while increasing the cost of
construction of such a reactor, but heat loss during anaerobic fermentation is relatively
lower than in tanks placed in the open air, as evidenced by the results shown in Fig.1, 2
and in [9, 11, 18].
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Taking into account the above results, the method proposed in the article to determine
heat loss to the environment can be used in theoretical calculations and studies of thermal
processes in biogas reactors.

Conclusions. The obtained graphical dependences of heat losses in the environment
at the mesophilic mode of fermentation at different ambient temperatures indicate that
depending on the volume of the biogas reactor and the absence of an insulating layer, at
temperatures below 0 heat losses can reach values that adversely affect on to heat balance
of the anaerobic process. The significant influence of insulating structures on the amount
of heat loss in biogas reactors at different ambient temperatures is determined.

Taking into account the amount of losses in biogas reactors will reduce energy costs
for maintaining a constant temperature and increase the productivity of the biogas plant.

Analyzing the graphical dependences (Fig. 2.1 and Fig. 2.2), it was found that heat
loss to the environment for different volumes of biogas reactors, regardless of ambient
temperature and the presence or absence of an insulating layer is not linear.

The used mathematical model allowed to obtain the values of heat losses of biogas
reactors depending on the ambient temperature, the amount of contamination of the inner
walls of the tank, reactor volume, the presence of an insulating layer and its absence, based
on, concludes that insulation of biogas reactors reduces energy to restore heat loss to the
environment in 55 — 63 times, thereby increasing the profitability of the biogas plant.
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YUCEJBHE JOCII)KEHHSI EHEPTETUYHUX BTPAT ¥
HABKOJIMIIHE CEPEJOBUIIE AJ51 ME3O®IJIBHOT'O PEXKUMY
3bPOKYBAHHSA

M. M. 3ab6n00cvkuii, M. O. Cnooooa

AHoTamiss. Cmamms npuceésuena NUMAHHIO OOCHIONCEHHS eHepeemUYHUX Smpam
0i02az06020 peakmopa y HABKOIUWHE cepedoguue npu 30p00XCY8aHHI Oiomacu y
Me30¢inbHOMY MeMnepamypHOMY pedxcumi. Po3ensanymo eniue HaseHocmi Yymenionio2o
wapy 0ioeazo6020 peakmopa ma mMemMnepamypu HABKOJIUWHBbO2O Cepedosuyd Ha
BENUYUHY EeHepeemUYHUX empam ma HeoOXIOHOI eHepeii Ha BIOHOGIEHHs YUX e8mpam 8
3anedcHocmi 8i0 00’emy 6iocazosoco peakmopa. Pospobnena mamemamuuna mooenw
003680/19€  OYIHUMU  [HMEHCUBHICb  eHePeeMmUYHUX 8mpam 00  HABKOJUUHBbO2O
cepeoosuyd, Bpaxosyuu  GeUtUHY 3A0pPYOHEeHHS GHYMPIWHbOI CMIHKU 0i02A308020
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peaxmopa, memnepamypy HAGKOJIUWHBLO2O CepedosUd, Cepeonto WEUOKICMb 8impy OJis
Micysi po3mautly8ants peakmopa, niouyy nogepxmi 6i02a306020 peakmopa ma 1o2o 00 'em,
mamepian 3 sKO20 BUKOHAHO 0102a308Ull peakmop, MOGWUHY YMENII00u020 wapy ma
1020 Mamepia, pexdcum pyxy ma 4acmomy nepemiuly8ants OioMacu.

Jna uucenvHux OocniodceHb 0OYI0 NPUUMHAMO MAKI NPUNYUWEHHA: 30P00NCYBAHHS
biomacu 8i0bysacmuvcs y mezohinonomy memnepamyprnomy pedicumi 11=35°C, bioca306i
peakmopu 06’emom 6i0 50 0o 200 nimpie, npu memnepamypi HABKOJUUWHLOZO
cepeoosuwa T, 6i0 -30 0o +30 °C .

Bcmanoeneno, wo empamu menna 6 HABKOIUUIHE cepedosuwye OJisl PI3HUX 00CA2i8
0ioeazo6ux peakmopis, He3aNeHCHO 6I0 MeMnepamypu HABKOIUUWHBLO20 cepeoosuwa ma
HAsABHOCMI AO0 8I0CYMHOCMI 130110104020 WLAPY, € He JIHIUHUMU.

Yucenvni 0ocniodxicenHs nokazanu, o 6UKOPUCMAHHS i307110104020 WApy MIHEPAlIbHOT
samu moswuroro 100 mm, 3anedxncro 6i0 00 ’emy 6i02a306020 peakmopa ma memnepamypu
HABKOJIUUHBb020 CepedoBULYd, 3MEHULYE KIIbKICMb eHepeil, HeOOXIOHOI 01 NiOMPUMAHHS
mennogo2o pexcumy, 6 55-63 paszu. Bpaxysanns eemuuunu empam Ha cmaoii
NPOEeKmMY6aHHs Ma BU2OMOGNIEHHS 0i02a308UX PeaKmopie 3MeHUWUmMsb eHepeemuyti
sumpamu Ha NIOMPUMKY HeoOXIOHOI memnepamypu, 30LIbUWYIOYU MUM — CAMUM
npubymrogicme 0i02a3080i YCMAaHOBKU.

Kuro4oBi ciioBa: mennoei émpamu, 0iozazoea ycmano8Kka, me30QiibHULL pexcum,
menJjionepeoaua, mepmiuHuil onip, eHepzemuina ereKmueHicmy

YUCJIOBBIE UCCJEJOBAHUS DHEPTETUYECKUX TIOTEPH B
OKPYKAIOHIYIO CPELY JJIsI ME3O®UJIBHOI'O PEXKUMA
CBPAKUBAHMUS

H. H. 3abnoockuii, M. A. Cnooooa

AnHOTamus. Cmamss nocésawena 8onpocy UCCIe008aAHUS IHEePeeMUYecKUx nomeps
0U02a306020 peakmopa 8 OKPYICAIOWYIO Cpedy Npu COPANCUBAHUU OUOMACCHL 8
Me30¢huIbHOM memnepamypHom pexcume. Paccmompeno enusnue nanuuus ymenisouie2o
Closi OU02aA308020 peakmopa U memnepamypvl OKpyJcaowel cpeovl HA BeIUHUHY
SHEepeemuYecKux nomepsb U HeoOX0OUMOU dHepeuu HA 80CCMAHOGIEHUE IMUX NOMePL 8
3aeucumocmu om obvema Ouo2az08020 peaxkmopa. Paspabomannas mamemamuueckas
MOOellb N0360JI5em OYEHUMb UHMEHCUBHOCb IHEPLeMUUECKUX NOMePb 8 OKPYICAIOULYIO
cpeody, yuumvleds GelUdUH) 3ACPA3HEeHUs 6HYMPEHHel CMeHKU O0U02a308020 peaxkmopd,
memnepamypy OKpyxcaoujei cpeobvl, CPeOHIOl0 CKOPOCMb 8empa 0l MeCmMONOoL0*CEeHUS
peakmopa, niowjadb NO8ePXHOCMU OU02A308020 PEaKmopa u e20 00veM, Mamepuan u3
KOMOpO20 BbINOJHEH OU02aA308blli PeaKkmop, MOIWUHY YMeNIawe2o0 Ccios U e20
Mamepuai, pexcum 08UNCEHUS U YACMOm) nepemeuusanus OUOMAaccyi.

s wucnoswix ucciedo8anuil ObLIO0 NPUHAMO Clledyioujue OONYUeHUs. coOpadcusanue
ouomaccvl  NPOUCXOOUmM 8 Me30(QUIbHOM — memnepamypHom pexcume T11=35°C,
buozazosvie peakmopvi 0o6vemom om 50 k 200 numpos, npu memnepamype OKpyicaroujeil
cpeowt T, om -30 0o +30 °C.

Yemanoeneno, umo nomepu menia 6 okpyscarouyio cpedy 0iisi pa3iudHbix 00bemos
OU02a308bIX PEAKMOPOB, HE3ABUCUMO 0N MeMNepamypsvl OKpyicarouietl cpeobl U HAAUYUs
UL OMCYMCMBUS UB0IUPYIOWE20 CLOS, SAGAIOMC He TUHEUHbIMU.
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Yucnosvie uccredosanuss nOKA3au, Ymo UCHOIb30BAHUE USOJIUPYIOUIE20 Cll0s
MuHepanvHou eamvl moawunou 100 mm, 6 3asucumocmu om odvema 6U02A308020
peakmopa u memnepamypvl OKpyyicaiowell cpeovl, YMeHbuiaem KOAu4yecmeo 3IHEpeul,
HE0OX00UMOU Ol NOOOEPHCAHUSL MENN08020 pedxcuma 8 55-63 pasa. Yuem eenuyunvl
nomepv Ha CMAOUU NPOEKMUPOBAHUS U U320MOBIEHU OU02A308bIX PeaKmopos
VMEeHbWUmM dHepeemuyecKue 3ampamvl Ha noooepiicanue HeoOXo0UMOoU memnepamypbl,
VBenUYUBas mem camvlmM 00X00OHOCMb OU02A30801U YCMAHOBKU.

KuiroueBrble ciioBa: mennosvie nomepu, 06u02a306aa yCmaHoKa, me30QuibHblil
pesxicum,  menjonepedoaua, mepmuyecKoe  CONPOMUGIEHUe,  IHEPZeMUUecKasn
Ihpexkmuenocmeo
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