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CONSTRUCTION OF MATHEMATICAL MODEL
THE COMBUSTION OF BIOGAS
TO REDUCE GREENHOUSE GAS EMISSIONS

Abstract. This paper shows the environmental and economic efficiency of biogas. An analysis of the prospects
for world energy development shows a marked shift of priority issues in a comprehensive assessment of the possible
side effects of the impact of major sectors of energy on the environment, the life and health of the population. Energy
conservation measures and environmental security are aimed at increasing the use of CHP and renewable energy
sources. The main advantages of CHP are: low cost of energy, low return on investment, the ability to quickly build,
and reducing environmental pollution. The main advantage of renewable energy sources is the use of the inexhaus-
tible source of energy, such as solar, wind and biofuels. The paper discusses the various sources of energy capacity
of 1 MW mini-thermal power station with diesel, gas piston and turbine engines, as well as renewable energy-gene-
ration plant with a gas-piston engines running on biogas, solar and wind power. It was found that all sources parti-
cipate in the emission of greenhouse gases. Gas turbine engines emit more greenhouse gases than other motors. The
most environmentally friendly way to produce electricity is solar panels. This paper shows the environmental and
economic efficiency of biogas in the brewery. The article used the standard method for determination of greenhouse
gas emissions through the levels. Calculations for natural gas and biogas were made. The results of the calculations
showed that the amount of greenhouse gas emissions from the combustion of natural gas and biogas in the boilers
reduced. The efficiency of co-combustion of these fuels was determined. It is shown that co-combustion of natural
gas and biogas will reduce the emission of gases by 10%.

Keywords: bioreactor, biogas, bacteria, adjusting, mathematical model, distributed system, optimal control,
integration, aggregation, computer simulation.

Introduction. Improvement of the efficiency of heat sources is one of the main priorities in the
development of new and modernization of existing heat-generating devices. The deteriorating ecology, as
well as the global crisis leads to a search for new methods of heat supply management that would ensure
ecological and economical heating. In order to develop new, environmentally friendly technologies for the
production and processing of biomass we must develop a basis of these processes. Although biogas as an
energy source is known for many centuries, it remains a matter of concern of engineers and scientists in
both experimental [1-3] and theoretical studies. Therefore, the development of mathematical models and
biogas combustion process is an interesting task carried out by researchers. Numerical simulation is an
intersting, inexpensive and rapid method for analyzing problems and leads to understanding of the
mechanisms in this process. But the numerical simulation should be preceded by the creation of a
mathematical model which describes the phenomena. Depending on the complexity of these problems, the
mathematical model can describe the monitoring process with various degrees of certainty. Thus,
numerical simulation should be combined with experimental studies in order to compare and assess the
validity of the model. The mathematical model of biogas combustion will be presented below. Then, on
the basis of the results of experimental studies in order to validate the developed mathematical model there
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will be conducted numerical simulation of biogas combustion. The process of biogas burning is complex
heterogeneous and homogeneous combustion. Combustible gases — mainly CO, H,, CH, — together with
other non-combustible gases such as CO,, H;0, N, particles are emitted during degasification — are subject
to homogeneous combustion. Combustible components of solid material, mainly carbon in particle, so
called carbonated coal, after degasification are suspectible to the heterogeneous combustion. Due to the
complexity of the processes in homogeneous-heterogeneous combustion, it is assumed that the mathe-
matical model of biogas combustion process will describe the process in a simplified form, in other words,
using Euler-Lagrange method, which is the standard method used for numerical simulation of combustion
of biogas and particles or droplets of combustible material [2-5]. The model assumes that the biomass
particles will be considered as a discrete Lagrangian particle that creates the boundary conditions for the
gaseous medium, viewed as Euler Wednesday. On the basis of analogy with the gaseous medium, the
evolution of the particle is described by the equations of conservation of mass, momentum and energy.
Thus, the aim of this work is the adaptation of a mathematical model of the combustion process, based on
the theory of I. Wiebe to the process of combustion of biogas.

Research methods. Monitoring and control of the efficiency and emissions in industrial combustion of
biogas is one of the greatest challenges faced by the society due to the use of fossil fuels and climate change.

There are different methods of adjusting the combustion of biogas:

- Preliminary determination of the heat capacity of the chemical composition of biogas and air-fuel ratio;

- Monitoring of biogas combustion in situ using optical sensors and timely control of air-fuel ratio;

- Measuring the concentration of gases such as oxygen, carbon monoxide or carbon dioxide in the
exhaust and adjusting.

The measurement of oxygen concentration is most suitable for testing the efficiency of biogas
combustion process because oxygen and excess air are almost independent of the fuel type. The method of
adjusting the biogas combustion by measuring the concentration of gases in the exhaust is appropriate due
to the development of modern sensors. Initially, different types of sensors have been developed for the
control of biogas combustion efficiency and these technologies recently have been adapted for industrial
furnaces, boilers and gas turbines. Organization of biogas combustion process is associated with perma-
nent control. This is because the combustion of fuels with a large excess of air leads to unnecessary losses
of heat consumed for warming the excess air and its emission into the atmosphere. Fuel combustion with
air deficiency also causes high losses of energy due to chemical unburnt fuel, as evidenced by the CO in
the flue gas. Optimal combustion conditions are achieved by some content of unused oxygen and CO in the
flue gases. For one and the same furnace, depending on load, the minimum may be different. According to
the research and calculations, 5-25% of CO and 3.2% of oxygen in the flue gases content is optimal. The
CO content characterizes the quality of fuel combustion and the content of O, — the efficiency of furnace.

Automatic devices that support constant ratio of incoming air and fuel play major role in maintaining
the optimal mode in the furnace. At biogas burning, the control of the combustion process and the main-
tenance of a regime is largely facilitated by using burners that have important property of automatically
adjusting, maintaining a constant composition of the gas air mixture at changing the burner load (Figure 1).

i

A) Pacnipegenense TeMOepaTypal B) Pacnpenenenne MaCCOBBIX
KOHIEHTpPAITHH

B CEUEHHH TOPETRH ¢ JBYMA MOAROIAMH KHCTIOPOJA B CeUeHHN TOPeTRH ¢ JBYMA

pozgvxa opu @ = 1,3 mogeomanut Eozayxa mpu a = 1,3

B) ITome cropocteii B cedeHun ropemnks mpe & = 1,3

Figure 1 — Temperature distribution in the cross section of the burner
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The energy obtained in the process of biogas combustion can be used to heat water, heat generation
for technological needs and heating, to provide autonomous power. Processed biomass can be used as an
environmentally friendly fertilizer (Figure 2, 3).

Dot

" meprem »—I -

Enara
(= B0 % merana) h
HENOAwI00 i ni 8 wiaC] ie
L [ oo mpvpaanor rasa (weTass)

Eacasatan
[amanor mppea-om rasa)

[

. s .
mpowincacTaa 4 CER TPawenopTies cpagctn
[ g e ’m ﬂ

Toepaue

yaptpoHIa
s (R
cytcTpar
e e Conapatop Bzl
e H
'

Figure 2 — System of receiving and combustion of biogas
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Figure 3 — Different ways to transform the energy of the biogas

This complicated problem can be solved by methods of mathematical simulation. The followings
equations are sugessted as the initial equations of the study:
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The proposed mathematical model of the combustion process involves the following assumptions:

— Fuel air mixture is divided into infinitely thin flame front in the zone of the burnt mixture and in the
zone of the unburned mixture;

— The working medium in both zones is an ideal gas;

— The chemical composition of the working medium is different in the zones, so its thermal and phy-
sical characteristics are different;

— The pressure in both zones is the same;
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— There are no gradients of working meduim parameters on the coordinates within each zone, but the
temperature is different between the zones;

— Heat output characteristics are calculated using dependence of 1. I. Wiebe;

— Indicator and efficient engine performance are determined by the method of 1. I. Wiebe taking into
account variables of combustion nature and duration of combustion of the fuel;

— The toxicity indicators are calculated using the methodology V. A. Zvonov [5, 6].

One of the most popular methods which most accurately describe the characteristics of heat output of
mathematical models is the model of the combustion process I.I. Wiebe, which is most prevalent.

The averaging of temperature in the engine cylinder, which reduces the accuracy of the calculation of
toxicity indicators, is the basic assumption which is the basis of mathematical model of the combustion
process of 1. I. Wiebe. The increase of the accuracy and efficiency of the use of this mathematical tool is
possible through the introduction of two-band model of calculation of the combustion process, which
allows us to accurately assess the indicators of exhaust emission [23, 24].

We use two-band model of the combustion process which uses I.I. Wiebe model to define the
characteristics of heat output and combustion duration. Adaptation of models data is also performed in
order to investigate the combustion process in the biogas engine with spark ignition on diesel using
engine.

Design scheme of used two-zone mathematical model of the combustion process is presented in
Figure 4.
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Figure 4 — Driving two-zone mathematical model of the combustion process

The researches of biogas technology aimed at obtaining a high-speed processing technology of
biomass into biogas have been conducting in the past four years. Unexpectedly produced results were
highly appreciated by Polish experts from the scientific community. Despite the seeming simplicity of
installation in the Polish laboratory LPU (Lublin, Poland), which were hand made, they were made hund-
reds of experiments on the study of biogas processes. Factual data on gas concentration, controlling,
logging had been received using advanced equipment, for example, with the use of gas analysis.

Results of the research. In order to study the produced biogas as a fuel for the production of ¢lec-
trical energy, the laboratory stand purchased by our partner university — the Institute of Electronics and
Information Technology, Lublin Technical University, Poland was used (Figure 5).

Figure 5 — The appearance of the installation for the combustion of biogas
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The system is designed to the effect that a high efficiency coefficient is achieved. Combination of
power, heat and cold ensures a high yield of electrical energy while the residual heat is used for the entire
technological process. The thermal energy of the engine exhaust gas is used to produce superheated water,
and the waste heat of the engine is used to produce hot water. The energy of the exhaust gases from the
venting channel of gas removal is selected through the heat exchanger and is used for air pre-heating
which is involved in the combustion process. Besides, waste heat can be used by other users depending on
the installation location. Obtaining of adjusted equations of mvar biogas combustion variables and o,
combustion duration was based on the results of preliminary experimental studies. The studies were con-
ducted in the whole range of speed and load modes of object operation and different combinations of
biogas. Verification of the developed mathematical model of biogas combustion is carried out by com-
parison of calculated and experimental characteristics of heat output and graphs of combustion character
variables depending on the relative duration of the combustion process. Control of the mathematical
model was carried out on twenty modes of object according to the speed and load characteristics in the
range of changes of affecting parameters. Although the indicators of cycle performance and effective
indicators of control object were estimated. The mathematical precision of the model allows using obtai-
ned data to assess the sensitivity of the results taking into account errors of measuring channels: tempe-
rature of combustion products and costs of fuel and oxidant (Figure 6).
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Figure 6 — Simulation of the scheme of control in a program Aspen Plus

The simulation results of the automatic control system of unit operation confirmed the efficiency of
the developed model. The resulting model of extreme adjusting of the combustion process in the furnace
enables to improve the energy performance of the work by maintaining optimal efficiency values (Figu-
re 7). The efficiency of the developed simulation model of extreme adjusting at changing the reference
signal, in other words, the maintenance of the boiler efficiency at the same level with a given accuracy has
been proved. Modern technology for municipal sewage treatment is connected with the consumption of
significant amounts of electric and heat energy. Under the conditions of huge energy crisis, the problem of
reducing the energy costs through the use of alternative energy sources is topical.
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Figure 7 — The calculated curves showing steady state process of gasification.

a — temperature profiles, b — gas composition (% by volume), ¢ — degree of fuel conversion, d — heat sources (in % of the
calorific value of the fuel). Abscissa-distance from tuyeres.

This article considered an installation for co-incineration of biogas and natural gas as an object of
control. Mathematical model and method that allows determining its composition and providing optimal
parameters of the combustion process was proposed. The mathematical models of the process of adsorp-
tion of biogas and natural gas were developed.

The discussion of the results. Heat losses during the fermentation limit the degree of efficiency of
the whole process, which efficiency factor is 50-60%. Two heat settings in which the fermentation process
is usually carried out such as mesophilic and thermophilic found the most practical application. Less
energy intensive mode of mesophilic, thermophilic is mainly used abroad, though looks better in terms of
speed of the process and the hygienic properties of the fermented residue — effluent (absence of conta-
minating and toxic substances), which can be used for phosphorus and nitrogen biofertilizers. Nowadays,
it has now been developed and increasingly used specially designed bioreactors for recycling of waste
process solutions and wastewater by methanogenic bacteria (so-called "bioreactors for anaerobic
biological treatment of waste water").

This paper proposed a new type of high-performance environmentally friendly energy installations of
small capacity, using a combination of renewable energy sources like biogas and natural gas as a fuel.
This approach is based on an efficient method for biogas combustion using "fast reactor" technology and
the new technology of environmentally friendly combustion of low-calorie fuels in bulk matrix burner.

The oxidation in suspension occurs in a combustion wave in the high temperature reactor at pressures
up to 100 atm and temperatures of 2500 - 3000 ° C with separate generation of hydrogen and power steam.
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In the first stage, combustion of stoichiometric suspension with formation of hydrogen is carried out. In
the second stage after selecting the hydrogen, an additional quantity of water, which turns into the high-
potential steam at interaction with gas, is given to the reactor. After removing of gas oxide, the process
can be repeated. This avoids the contact of fine particles in the power plant. As a device for burning a low-
calorie biofuel, there used a bulk matrix burner. The ability of stable combustion in a low-calorie biogas in
such hybrid energy installation is provided by features of the combustion unit on the basis of bulk matrix
and application of the hydrogen generated during the combustion of the suspension. Thus, this combined
energy installation allows combining the combustion processes of two different types of renewable energy
sources in a single energy process, which enables the hydrogen to maintain sustained combustion in the
matrix bumner device of low-calorie biogas, thereby ensuring environmentally friendly production of
energy from renewable energy sources for distributed power.

Conclusions. Modemn technology is connected with the consumption of significant amounts of
electric and heat energy. Under the conditions of huge energy crisis, the problem of reducing the energy
costs through the use of alternative energy sources is topical. This article considered an installation for co-
incineration of biogas and natural gas as an object of control. Mathematical model and method that allows
determining the composition of fuel during combustion and providing optimal parameters of the
combustion process was proposed. The mathematical models of the process of adsorption of biogas and
natural gas were developed.
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MAPHHUKTIK TA3JAP IIBIFAPBIHIBLIAPBIH ASAUTY BHOTA3/IbI JKAFY YIIIH
MATEMATHKAJIBIK MOAEJIT

Annotammsi. Kara3 Onoras 3KONOTHSIIBIK XKOHE SKOHOMMKAIBIK THIMILTITIH KepceTe . OXeMaiK SHEPIeTHKAHBI
JAMBITY TEPCIICKTHBANAPHI TaNady OachIMIBIK OArbITTa AWTApPIBIKTAH AybICHIM XaNBIKTBIH KOPIIAFraH OpTaFa ipi
SHEPTETHUKAIBIK CATACHIHBIH 3CEP, OMIPI MCH JCHCAYJIBIFBIHA BIKTHMAJI CAIAAPBIH KaH-’KAKThI Oarajayapl IIbIFapaIbl
KepceTeni. JHCPTHI YHEMACY KOHC IKOJIOTHAIBIK KAYIMCI3aiK KBI3METI JKBITY 3JICKTP CTAHIUSIAPHI KOHC JKAHAPTHI-
JATBIH SHEPTHS KO3ICPIH MaiJanaHyabl apTTeIpy YIIH OarbiTTanmfaH. KLy 37MEKTp CTAHIMATIAPHI HETI3TI apThIK-
IIBUTBIKTAPBL. OHIIPIATCH SHEPTUS KYHbI TOMCH, TOMCH KaWTapy, T€3 Cally MYMKIHZIT, KOPIIAFAaH OPTAHbI JacTay
JCHTCHIH ToMCHACTY. JKaHAPTHUIATHIH SHEPTHUS KO3ACPIH OACTHI APTHIKIIBLUIBIFEL, MbICATIBI, KYH, YKEJ >KOHE OHOOTHIH
peTiHAC SHEPruA Ke3i capKpIMac makaanany Oomsm Tadbutagsl. Karasz 1 MBT eIy 3/1CKTP CTAHIHAIAPHI TH3CTD,
ra3 MOPIICHA] JKOHE TYPOMHANBIK KO3FANTKBIITAD MEH OMOTA3 HKYMBIC ICTEHTIH Ta3 KO3FAITKBIIIBL, KYH XKOHE KEIl
JNMEKTP KyaThIMCH >KAHAPTBUIATHIH SHEPTHS KBULY SJICKTP CTAHINMIAPHI 3HEPTCTHKANBIK KyaTbl SpTYPIi Ke3AcpiH
Tankputaiiasl. Ox 6apibik kesaepi [TapHUKTIK Ta3aapAbIH IIBFAPBIHABIIAPGIH TAPTHUFAH e TaObIIAsL. [IapHUKTIK
ra3 TYpPOMHAJBIK KO3FAFBIITAP OACKa KOBFANTKBIIITAP aCTaM IIBIFAPATHIH. DJEKTP SHEPTHACHIH OHAIPY YIUNIH €H
SKOJIOTHSJIBIK TA3a MOJIBI KYH Oarapesutapsl 0ap. Karas 3aybiTeiHna Ouoras maiaanaHy SKOJNOTHAIBIK )KOHE SKOHOMHU-
KaJbIK THIMIITITIH Kepcereai. Makana AcHTeHaeri apKbluIbl MAPHHUKTIK Ta34ap NIBIFAPBIHIBLIAPBIHBIH AHBIKTAY YINIH
CTaHIAPTTHI 97iCi madzanansuraael. TaOwru ra3 sxoHe Omoras OoifbiHma ecenrey. HoTmkenepi TaOUFH ra3mbl XKary
JKoHE OMora3 eHZipy OacTanm MAPHUKTIK Ta3Aap MIBFAPBHABLUIAPBIHBIH KeJeMi Ka3aHIBIK TOMCHICHI, ACT KOPCCTTI.
Ocbl OTBIHHBIH TCH aHy THiMALTIrL. O Taburm ra3 >koHe Omoras TeH kaHy 10%-fa razgap ImbFapbHIBUIAPBIHBIH
MIBIFAPBLTY BIH a3aHTyFa OOIAIBI ET KOPCETINTEH.

Tyiiin ce3xep: Omopeakrop, Omoras, OakTepHAIap, PETTCY, KOMIBIOTCPIIK MOJACTBACY, TAPATBLUIFAH JKYHECH,
OHTAIIIBI OaCKApy, HHTETPALHsL, OIPIKTIPY.
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MOCTPOEHHUE MATEMATHYECKOM MOJEJIA MPOIECCA CXKUTAHHUSA BUOT'A3A
A CHU/KEHUA BBIBPOCA TAPHUKOBBIX 'A30B

Annotamus. B paboTe moka3zaHa 3KOJOTHYCCKAS W 3KOHOMHICCKAA 3((CKTHBHOCTD HCIIOIb30BAHHS OMOTa3a.
Anamas TNCPCIICKTHB PA3BUTHA MI/I]Z)OBOfI OHCPTCTUKHA CBHACTCIBCTBYCT O 3aMCTHOM CMCIICHHH NPHOPUTCTHBIX
mpoOJIEM B CTOPOHY BCECTOPOHHCH OIICHKH BO3MOSKHBIX HMOCIICICTBHI BIMSHIS OCHOBHBIX OTPACICH SHEPTECTHKH HA
OKPY>KarfOIIy 10 CPEAy, KU3Hb U 3J0POBbE HACCICHHA. MEpONPUATHS IO JHEProCOEPEKCHIIO M 3KOJIOTHUCCKOM Oe3-
OTMACHOCTH HAMPABICHBI HA YBCIHYCHHC HCHOJIB30BAHHA MHHH-TOL] M BO30OHOBIACMBIX HCTOYHHKOB SHCPTHH.
OCHOBHBIMH JOCTOHHCTBAMH MUHH-T L] ABIAFOTCA: HH3KASA CTOMMOCTD BBIPA0ATHIBACMOI 3HCPTHH, HA3KAS OKyTac-
MOCTb, BO3MOKHOCTh OBICTPOTO CTPOMTEIBCTBA, CHIDKCHHE YPOBHS 3aTPSI3HCHIS OKpYy>Karomer cpeabl. OCHOBHBIM
NPEUMYIICCTBOM BO300HOBILIEMBIX HCTOYHHKOB OHCPTUH ABJACTCA HMCIOJIB30BAHUC HCUCUCPIMACMBIX HCTOYTHHKOM
SHEPTHH, TAKUX KAaK COJIHEYHAS SHEPTHs, BETep M OMOTOIMBO. B paboTe paccMOTPEHBI PA3IMIHBIC HCTOUHHUKH
3Hepruu MOIMHOCTEI0 | MBT: MuHH-TIL] ¢ aM3eIbHBIMH, TA30MOPITHEBBIMA U TA30TYPOHHHBIMH JABHTATCILIMH, a
TaKXe BO3OOHOBIIEMbBIC MCTOUHHUKH SHEPTHH MHHH-13L] ¢ ra3omopmriHeBbIMH JBUraTesIMH, PabOTAIOIIMME HA
Omorase, COTHEUHBIC ¥ BETPOBBIC 3JICKTPOCTAHIMH. YCTAHOBJICHO, YTO BCC HCTOYHHKH IMPUHAMAIOT YYACTHE B IMHUC-
CHH NAPHUKOBBIX TA30B. raSOTyp6I/IHHI>Ie JABHUTaTCIINH BI>I6paCI>IBaIOT TAPHUKOBBIX T'a30B 60.]'[])]].[6, YCM OCTAJIBHBIC
meuraremd. CaMbIM SKOJIOTHYHBIM CITOCOO0M MPOM3BOICTBA MICKTPOIHCPTHH ABISIOTCA COJHCUHBIC Oarapen. B pa-
60Te MOKa3aHa IKOJOTHUYCCKAT U SKOHOMHIYECKASA 3(P(PEKTHBHOCTH UCTIOIB30BAHI OHOTA3a HA MMUBOBAPCHHOM IIPE-
TPUATHH. B crarse mcmonm3oBaHa CTAaHAAPTHAA MCTOAWUKA ONMPCACICHUA SMUCCHH IMAPHUKOBBIX T'd30B IO YPOBHAM.
BrImomHEeHBI pacyeTs! A1 MPUPOJHOTO Ta3a W Oworasza. [lomyueHHBIE pe3yabTaThl MOKA3AIH, YTO KOJIMYECTBO BbI-
OpOCOB MAPHUKOBBIX TA30B OT CKHTAHHA MPHPOTHOTO Ta3a W OHOTAa3a HA KOTIAX YMCHbIAOTCA. JlokazaHa 3((ek-
THBHOCTH COBMECTHOTO C’KUTAHMS TAHHBIX BUIOB TOIUIHBA. [10Ka3aHO, YTO COBMECTHOE CKMTAHHE ITPHPOIHOTO Ta3a
7 OMOTAa3a MO3BOINUT CHU3UTH BHIOPOCH! SMHCCHOHHBIX ra30B Ha 10%.

KmoueBnie ciioBa: Omnopeakrop, Onoras, OaKTepHu, PEryIHPOBAHAS, MATCMATHUCCKAS MOICHb, PACPEaCICH-
Has CHCTEMA, ONTUMAJIBHOE YIIPABJICHNE, HHTETPALHS, aTPETHPOBAHACE, KOMIIBIOTEPHOE MOJCTHPOBAHHUC.
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