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THE USE OF ORGANIC FRACTION OF SOLID HOUSEHOLD WASTE TO GENERATE
ETHANOL AND BIOGAS USING A SIMULATION MODEL

Abstract. The paper shows the efficiency of collecting and disposing of biogas at a landfill of solid
household waste using a biogas plant of a modernized design. Effective solid waste management involves
the use of various approaches, technologies and treatment concepts to ensure the protection of public health
and the environment. The optimal mode of processes occurring in a biogas plant is determined by computer
modeling. The identification of the parameters of a mathematical model for describing the biochemical
processes occurring in a biogas plant has been carried out. Two approaches are used to solve the mathematical
model: a finite-difference method for solving a system of differential equations and simulation modeling
using the Any Logic package. A computer program has been compiled in the algorithmic language C++.
Numerous calculations have been carried out, the results of which are presented in the form of graphs and
their qualitative picture is consistent with the ongoing processes. The created computer program allows
you to make a preliminary forecast of anaerobic fermentation occurring in the bioreactor, depending on the
volume of the substrate, methanogenic microorganisms and temperature conditions. Alternative methods
such as pretreatment of solid household waste, fermentation, ethanol fermentation and anaerobic digestion
attract increased attention. Using these methods, a liquid with alcohol-containing substances was obtained
from 1.6 kg of organic fraction of solid household waste from the landfill, in which the percentage of ethyl
alcohol was 98%, and ethanol (95%) was also obtained from 2.3 kg of the model fraction of waste. Therefore,
solid household waste can be a viable source of energy, not a source of pollution. Thus, the article considers
the possibility of using mathematical simulation of biogas, as well as a qualitative experiment from organic
fraction residues and their further conversion into ethanol.

Key words: simulation modeling, biogas, ethanol, mathematical modeling, organic fraction of solid
household waste, thermal treatment, fermentation, ethanol fermentation.

Introduction. In the modern world, the production of biogas and ethanol from abundant and inexpensive
waste, for example, agricultural waste [1-3], solid household and alkaline waste [4, 5], is of great interest. The
organic fraction of solid household waste in the midst of these inexpensive substrates abound with abundant
cheese with zero resistance. Such a method of solid household disposal as burial has gained worldwide
practical distribution in peaceful practice, there is no outcome from the description of waste management in
various countries of the world, disposal according to this principle is impractical in our time [6].

Annual solid household waste produced in developing countries contains 40-88% of food waste [8, 10],
indicating that the organic fraction of waste mainly consists of starch, lignocellulose, lipids, etc. Starch and
lignocelluloses have a high potential for conversion to ethanol, unlike lipids, which cannot be converted
to ethanol without pretreatment, and these biodegradable components can also be converted to biogas by
anaerobic digestion, mathematical and simulation models are usually used for forecasting. Among the various
methods, hydrothermal pretreatment reduces the formation of fermentation inhibitors that are formed due to
sugar degradation, in addition, this method is environmentally friendly due to the lack of use of chemical
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and toxic substances, through this treatment most of the hemicellulose is removed and the availability of the
enzyme improves, which is the most important factor for obtaining alcohol-containing substances [11].

Taking into account the world practices of various countries, it is possible to offer several options for
collecting and disposing of biogas at the solid waste landfill in Almaty, which is the largest waste disposal
site serving the city and surrounding villages. About 13.5 million tons of waste have been accumulated
within the landfill, from which 1740 m*/h of biogas can be collected. In addition to producing ethanol, biogas
production is also a very attractive project. For implementation, it is enough to install a biogas plant with
overpressure protection and a combined frame-blade design of an anchor-type agitator with an automated
electric drive. In this paper, computer programs have been created on the basis of well-known mathematical
models and simulation modeling of Any Logic to carry out a preliminary forecast of the process of anaerobic
fermentation in biogas plants [12].

Materials and methods. Mathematical model and simulation modeling. According to studies of the
morphological composition of Almaty waste, food waste is about 30% [13].

Mathematical and computer modeling using mathematical models are the most effective ways to conduct
computational experiments, as they are less expensive compared to field experiments. In the works of L.I.
Ruzhinskaya, A.A. Fomenkova, the analysis of known models of anaerobic digestion of organic matter with
the production of biogas was carried out. The models that are often used in the literature are shown, where
the kinetics of methane fermentation and the parameters of the kinetic process are described. Various models
describe the growth and development of a population of microorganisms, the degradation of components and
the production of products in an anaerobic bioreactor [14]. There are works related to simulation exponential
graphs, modified Gompertz graphs of the process of obtaining biogas from solid waste in anaerobic reactors
[15]. Also, models are being created to optimize the process of biogas production, complex models including
the kinetics of microflora growth, which take into account various charging mechanisms and time intervals,
process temperature and inhibitory effects [16].

Consider the following task [17] for modeling the process of biofuel production from organic household
waste:

%z—ki-Wi'fH(S), i=1...,.M, w(0)=Ww,,
oS M S-B
—=y- >k W - S) - . S ———, S(0)=0,
o Ve ; W [ (S) = pu - fu (S) K, +5 (0) (1)
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where

W — is the initial substrate concentration(g//),
S — is the hydrolysis product concentration (g//);
W~ is the vector components of the various types raw material concentrations;
P —is the total biogas yield, (g/]);
k — 1is the hydrolysis kinetic constant;
k— is the hydrolysis kinetic constants specific to W, types;
M — is the number of considered raw material types (in this case 3);
B — is the concentration of the methane microorganisms in biomass;
¥ — is the conversion coefficient of the substrate into fatty acids (stoichiometric coefficient);
Py —1is the methanogenesis maximum specific rate in the terms of the volatile fatty acid biomass utilization;
K — is the half saturation constant in the Monod equation for the methanogenesis intensity; (-@) - is the
substrate fraction used for biogas formation;
Y —is the conversion coefficient of the fatty acids utilization flow to final product yield units (biogas);
K - is the decay factor;
/,(S) and f, (S) — are describe the hydrolysis reactions inhibition and the microbial fermentation process

by fatty acids (acidification).
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Qualitative experiment of fractional modules. In this qualitative experiment, fractional models of organic
components were used, which were collected in accordance with the approximate chemical composition of
solid household waste, as well as a sample with organic components from the landfill of solid household
waste of the Joint-Stock Company «Tartyp» in Almaty. The experiment compares the potential of a real
sample from a landfill and a combined modular fraction with different composition and mass:

-natural cork from the municipal solid waste landfill in Almaty (1500);

-combined fraction (cellulose - 850g, carbohydrates-900g, lipids-500g).

The experiment consists of the following main stages: preliminary hydrothermal treatment, enzymatic
hydrolysis (amylase, glucavamarin, amylosubtilin, cellulase), ethanol fermentation (alcoholic yeast) of the
liquid fraction of waste.

Enzymatic Ethanol
Hydrothermal hydrolysis

fermentation

treatment (enzymes) (veast)

Figure 1. Scheme of the experiment sequence.

Initially, a sample with a different composition is formed, the humidity of each sample is determined, the pH
is measured, after the sample undergoes a thermal pretreatment process at 120°C for 4 hours. After hydration,
qualitative reactions are carried out for the presence of starch and glucose, the next step is the separation of
the sample into liquid and solid fractions and the fermentation process begins. 1.5 g of amylosubtilin is added
to the liquid part of the sample for 1.5 hours at 65°C, then 2 g of glucavamorin for 1.5 hours at 50°C. 2 g of
cellulase is added to the solid part of the sample for 1.5 h at 50°C and 1.5 g. amylase at 65°C for 1.5 h. After
the fermentation process, ethanol fermentation follows, for this purpose alcoholic yeast (15g.) is added to the
liquid part to produce ethanol [12].

Results and discussion. Mathematical and simulation models. The values of the constant coefficients
used in the model (1) are given in the form of a system-dynamic table in [7]. Using model (1), we built a
model in Any Logic. The simulation model and graphs of the main indicators of the process are shown in
Fig.1. In Fig.1, through W1, W2, W3, concentrations of feedstock of various types are indicated in the form
of vector components W.
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Figure 2. Biogas model in AnyLogic

When constructing the model, the time unit «days» was selected, since all coefficients are given in the
format 1/day. A corresponding semi-implicit difference scheme of the following form is constructed for the
system of differential equations (1):
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For the numerical solution of difference equations, a program has been compiled in the algorithmic
language C++. Unknown values of the vector of concentrations of feedstock of various types are set as a one-
dimensional array, the concentration of hydrolysis products — the total output of biogas, the concentration of
biomass of methanogenic microorganisms in the program are considered as variables depending on discrete
time. According to the given values of the initial conditions, the required values are calculated according to
the recurrent formulas (2), depending on time. Then the calculated results are imported into a graphical editor
and graphs are plotted. A computational experiment was used to identify the coefficients included in the
mathematical model. Numerical calculations using the mathematical model (1) can be carried out in a wide
range of time steps and equation coefficients satisfying the stability conditions of the difference scheme (2).

S"-B"
Ky +S8"

J

J

2)

Therefore, it is necessary to determine the value of the time step corresponding to real time.

By using the initial conditions ;=100 g/1, B,= 0.1 g/1, we obtain the 7, S, B dynamic pattern which are
written as the following curves (Figure 2). In this point, at the grid step of T =0,01 and N = 50,000, gives a

result corresponding to 500 days.
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Figure 3. Change P - total biogas yield (g/l), S - concentration of hydrolysis products (g/1)

Set the value y=0.32, and Y = 0.85, and obtain the values of the total biogas yield, the hydrolysis product

B - concentration of methanogenic microorganisms.

concentration, and the methane microorganisms biomass concentration in 500 days.
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Figure 4. Changes in the yield of methane (P), the concentration of hydrolysis products (S)

and (B)-the concentration of methanogenic bacteria.
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The blue lines in the figure show the curves corresponding to the W,=300g /1, B, = 0.3 g/l initial values.
Under these conditions, the reactor is operating normally.

If too few methane microorganisms are introduced (red line, W, =300g /1, B,= 0.005 g /1, the cork effect
is observed in this case. If too much organic raw material is introduced, ¥, = 1000 g /1, B,= 0.2 g /1, then
the curve will be such as shown by the green line

Production of ethanol and its concentration. During a qualitative experiment with natural and combined
samples after preliminary hydrothermal treatment, fermentation and ethanol fermentation, liquids with
different volumes were obtained.

Table 2. Results of ethanol fermentation

Sample name and weight (g) Amount of liquid after ethanol fermentation (ml)
Natural sample from the solid waste landfill of Almaty (1600 g.) 145 ml

Combined fraction (cellulose - 850g. carbohydrates-900g., 162 ml

lipids-500g.)

The obtained samples with liquids were analyzed by gas chromatography with mass spectrometric
detection (Agilen 7890A\5975C) to determine the chemical composition. Passing through the chromatograph,
the samples are divided into components, and the mass spectrometer is responsible for their identification and
analysis. This type of detection has high accuracy, its essence is reduced to recording readings not for the
entire volume of the incoming ion current, but for the maximum ions for the intended molecules, and a graph
of the dependence of the signal on time is built. A chromatogram is a graphical representation of the detector
signal used to measure the concentration of substances in the eluate, from the time of the mobile phase.
Schematically, chromatograms represent a sequence of Gaussian peaks on the baseline.

The areas of chromatographic peaks (peaks) are proportional to the volume percentages of the substance
in the liquid sample, provided that the catarometer is used to analyze liquid mixtures of substances similar in
their chemical structure. Usually, the area of the chromatographic peak is proportional to the concentration
(C) of the corresponding component. The area of the chromatographic peak in this case is proportional to the
amount of substance entering the detector at the outlet of the column. The peak area of the chromatogram
is the basis for quantitative calculations of component concentrations. The sum of the peak areas is taken
as 100%, and the content of the individual component is calculated in relation to the peak areas of the
component to the total peak area, thus the percentage (C1, %) of each component in the sample is obtained.
The concentration of each peak (%) is calculated by the peak area. Each peak corresponds to the component
and the time at which it was registered, as shown in the table and on the chromatogram, also the peak areas
allow you to determine the percentage of each chemical element, this analysis on the chromatograph shows
that the experiment really allows you to obtain ethanol and other alcohol-containing substances.

The analysis of the model combined sample revealed the presence of ethanol in the composition, as well as
alcohol-containing substances such as 1-butanol, 3-methyl, etc. Table 2 presents data on retention time, peak
areas and components, intensity and concentrations of these substances.

Table 3. Component composition of the combined sample

Peak # Ret Time (min) Area (S) Component C, % Cl,%
1 1,681 4237936015 | Ethanol 94 95
2 3,978 151571481 |1-Butanol, 3-methyl- 62 42
3 6,389 3217162 Propanoic acid, 2-methyl- 73 0,1
4 9,499 28243644 | Oxime-, methoxy-phenyl- 77 0,6
5 17,185 2258941 L-a-Terpineol 71 0,1

In accordance with Table 2, a graph of gas chromatography with mass spectrometric detection is presented,
where the result of recording the dependence of the intensity at the outlet of the column on time is presented.
By the peak area, the concentration of each peak is calculated as a percentage.
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Figure 5. Chromatogram of the dependence of the concentration of the components of the combined sample

(abundance) on time (time)

A natural sample from the Almaty landfill after a qualitative experiment with fermentation showed a high
ethanol content of 98%. Table 4 shows the time of peak registration, the area and intensity of each component,
as well as the concentrations of these substances.

Table 4. Concentration of components of a natural sample from the landfill of JSC «Tartyp» Almaty:

Peak # | Ret Time (min) | Area (S) Component C, % |Cl, %
1 1,731 2339904556 | Ethanol 91 98

2 9,559 44417720 | Oxime-, methoxy-phenyl- 80 |24

3 14,317 5705926 Ethyl 2-(5-methyl-5-vinyltetrahydrofuran-2-yl)propan-2-yl carbonate 86 10,24

4 15,18 7123396 Pyrazine, tetramethyl- 81 0,30

5 16,779 2328081 2H-Pyran-3-ol, 6-ethenyltetrahydro-2,2,6-trimethyl- 63 0,10

6 17,185 1557327 a-Terpineol 67 0,06

The chromatogram of the intensity of substances, the peak area and the retention time of the sample with

the organic fraction of solid household waste from the Almaty landfill is shown in Figure 6.
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Figure 6. Graph of the concentration of components of a natural sample from the landfill of JSC

«Tartyp» Almaty.
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When working with waste, heat treatment is a very necessary step, since the raw materials are
decontaminated, which contributes to an environmentally friendly approach. The treatment takes place at a
temperature of 120 °C. Enzymatic hydrolysis of samples is carried out for deep destruction with the formation
of soluble sugars under the action of poly-enzyme systems. Amylosubtilin, glucavamorin and cellulose were
used as such systems.

According to the results of the experiment, two samples that were used in the experiments have a high
percentage of ethanol, which indicates that the combined model composition of the sample is close to the
composition of the waste of the natural sample. These close concentrations show that the organic fraction of
waste is a suitable raw material for the production of ethanol or biogas. With a large discrepancy in the results
of the ethanol concentration, it could be assumed that the stages of the experiment need to be changed, but
since the results of the experiments have a slight difference, this implies that the conditions and temperatures
are optimal and with such a technique it is possible to work on larger volumes of waste. The combined sample
confirmed that in ordinary waste there is approximately the same morphological and chemical composition,
which can be used by hydration and fermentation methods to produce alcohol.

Conclusion. Thus, the developed software product in the algorithmic language C++ and a simulation
model using Any Logic created on the basis of a mathematical model in the form of a system of ordinary
differential equations allow numerous computational experiments to simulate various scenarios of processes
in biogas plants. The software products developed by the authors of the article are tested on previously
known test examples. The correspondences of the step of dimensionless time to real time are established and
computational experiments are carried out to identify other coefficients of the equations. The created complex
of application programs allows for preliminary and predictive computer modeling of the process of obtaining
biogas from various morphological composition of organic waste.

Also, ethyl alcohol is present in larger quantities in the two analyzed samples, butanol is also present in
the composition, which indicates that pretreatment, fermentation and ethanol fermentation had a positive
effect on the production of bioethanol. The concentration of ethanol in the natural sample from the landfill
has a high index of 98%, which indicates that the natural sample of solid household waste from the landfill in
Almaty has a great potential for producing alcohol. The results show that the combination of components and
heterogeneous composition, as in a natural waste sample, can contribute to an increase in the concentration of
alcohol and its other isomers. Probably, the mixed raw materials have more components in their composition
and the effect of enzymes improves their bioavailability and prepares them for ethanol fermentation, and
pretreatment promotes the breakdown of lignin and lignin cellulose, which are present in many components
of solid household waste. It was experimentally proved that a natural waste sample is the best raw material
for conversion into ethanol, to support the result, a model sample with an approximate composition of waste
was formed, which in turn also showed a high concentration of ethanol. The high concentration of ethanol in
the obtained components may indicate competitiveness with other liquid fuels, the country’s energy reserves
require the search for an alternative, therefore ethanol or, in other words, industrial alcohol obtained from
waste can serve as fuel for cars that collect waste. JSC «Tartyp» has 200 units of specialized equipment
stationed at seven production bases in six districts of the city.

The results of the presented experimental work have shown that waste collected in mixed form has the
potential to be used without the need for separation by fractions to produce ethanol. Consequently, the mixed
raw materials contain more components, and the induction of enzymes improves their bioavailability and
prepares them for fermentation with alcoholic yeast, and pretreatment promotes the decomposition of lignin
and lignin cellulose, which are present in various components of solid household waste.

The experiment was conducted in a laboratory with small sample masses, on an industrial scale, after
obtaining ethanol, a large amount of solid waste residues will remain, which can be affected by anaerobic
digestion to produce methane, to predict the volume of biogas, a simulation model can be used. Consequently,
high-concentration ethyl alcohol can be obtained from organic components of solid household waste, as well
as biogas (methane) from solid residues. In addition to the direct economic effect, the production of biogas
and bioethanol from waste allows:

- the optimal solution to reduce the volume of landfills;

- reduction of greenhouse gas emissions, etc.;

- reduction of natural gas consumption;

- development of alternative energy.

Supporting global efforts to reduce greenhouse gas emissions and improve the climate, these methods will
effectively develop alternative energy, combining mathematical and chemical methods, by producing ethanol
and predicting the production of methane from the organic fraction of solid household waste.
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UMHUTALUSIIBIK MOJIEJ APKBLIBI 9TAHOJI JKOHE BUOTA3 AJIY YIIIH KATTHI
KAJIIBIKTAPIBIH OPTAHUKAJIBIK ®PAKLIUSICBIH NAWJIAJIAHY

AnHoTtauus. byn xymbicTa OMOTa3 KOHIBIPFBICBIHBIH >KaHFBIPTBUIFAH KOHCTPYKIMSACHIH TalianaHa
OTBIPBII, KATTBl TYPMBICTBIK KaJABIKTAp MOJIMIOHBIHIA OMOTa3/bl )KWHAY JKOHE KoJlere »Kapary THIMITri
KapacThIpbuiaabl. KaTThl KanpIKTapMEH THIM/I1 dKYMBIC iCTEY XaJbIKTBIH ACHCAYJIBIFBI MEH KOpILAFaH OPTaHbl
KOpFayJibl KAMTaMachI3 Ty YILiH, OHACY/IiH opTYPiIi TOCIIEPiH, TEXHOIOTUSIIAPEI MEH TYKbIPbIMIaMallapblH
KOJIJIAaHYJIbI KO3/ISH 1.

buoraz KoHIBIPFBICHIHAA OONATBIH YAEPICTEPAIH OHTAWIbI PEXHUMi KOMIBIOTEPIIK MOAETBICYMEH
aHbIKTaNaabl. Bruora3 KOHABIPFBICHIH A 00JAaThIH OMOXMMUSUIBIK IPOLECTEP/Ii CUITATTAY YIIiH MaTeMAaTHKAJIBIK
MOJICTIB/IIH TMapaMeTpIICPiH aHbIKTAay JKYPri3iiai. MareMaTukanblK MOJENb/Al INelly YIOIiH €Ki Tocial
KoJJIaHbLIa )bl uddepeHranapK TeHACYAep KYHECIH MISHIyiH albpMAaIIbUIBIK 9JIICI KOHE Ke3-KeJIreH
JIOTUKAJIBIK TAaKETTI KOJIJaHa OTBIPBIN Mozeibaey. C++ ajaropuTMm TUIIHAC KOMIIBIOTEPIK Oarmapiama
KypacTelpbliibl. HoTwxkenepi rpaduk TypiHAe KeNTipidinm, oJapAblH camaibl KepiHici OONbIN >KaTKaH
mpolecTepre ColKec KeNeTiH KONTEereH ecemnTeyiep Kyprizingi. KacanraH KOMIBIOTEpIiK OarmapiaMa
CyOCTpaTThIH KeJIeMiHe, METaHOTeHJI MHKpPOOPTaHU3MJIEPre >KOHE TeMIIepaTypa pexHMiHe OalIaHBICTHI
OunopeakTopaa O6onaThlH aHadPOOTHI ALIBITYABIH aJlbIH-ajla OOJKaMBIH jKacayFa MYMKIHIIK Oepeni. KarTs
TYPMBICTBIK KaJIZIBIKTApAbI aJ/IbIH-2J1a OHJIEY, allIbITY, STAHOJI aIlIBITY )KOHE aHAdPOOTHI AlIBITY CUAKTHI Oaama
oicrepre ken keHuI OemiHesi. OChl 9iCTep/IiH KOMETIMEH MOJIMTOHHAH KATThl TYPMBICTHIK KaJJIBIKTAP/bIH
1,6 xr opraHukanablK (pakUUSCHIHAH KYpaMblHIa COHPT Oap 3aTTap 0ap CYWBIKTHIK ajJbIHJIbI, OHJIA STHI
CHUPTIHIH NaibI3IBIK Kypambl 98% - Abl Kypajibl, COH/Ial-aK KaJABIKTapJIbIH MOJACIbIIK (hPAKIUSICHIHBIH
2,3 kr-HaH 3taHoi (95%) anbiaabl. COHABIKTAH KATThl TYPMBICTBIK KAJIJIBIKTAp JIACTAHY K631 eMeC, OMIpIIcH
sHeprus ke3i Ooma amaapl. Ocbulaiilia, Makajiaja Ouorasjibl MaTeMaTUKAJbIK MOJCIbACYIl KOJJIaHy
MYMKIHJIT1, COHAal-aK OpraHUKajblK (PpaKIMsIHBIH KaJAbIKTapbIHAH Calalibl SKCIICPUMEHT JKOHE OJIap/Ibl
OZIaH 9pi 3TAHOJIFa alHAIABIPY MYMKIHAIT KapacThIPbLIa bl

Tyiiinai ce3nep: UMHTAMSAIBIK MOJEIBACY, OMOTa3, ATAHOJ, MAaTEMAaTUKAJIBIK MOJACIB/LY, TYPMBICTBIK
KATTbI KAJ/IBIKTapIbIH OPraHUKAJIBIK (QPaKLHUSICHI, TEPMUSIIBIK OHJCY, AllIbITY, 3TAHOJ AIlBITY.
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UCMOJIb30BAHUE OPTAHUYECKOI ®PAKIIUU TBEPIBIX BLITOBBIX
OTXO/1OB JI/151 TEHEPALIUM DTAHOJIA U BUOTA3A C UCIOJIb30BAHUEM
UMUTALUOHHOI MOJEJIHA

Aunnotanus. B 5Toit pabote 000ocHOBBIBaeTCs 3PPeKTUBHOCTL cOOpa M yTHIM3aLuK Ouorasa Ha IOJIMTOHE
TBEP/bIX OBITOBBIX OTXOAOB C UCIOIB30BaHUEM OMOTa30BOI yCTaHOBKH MOACPHU3UPOBAHHOM KOHCTPYKLIUH.
D¢ dexTuBHOE OOpalleHHe € TBEPAbIMH OTXOAaMHU MpeArojaracT MPUMEHEHUE Pa3IUYHBIX ITOJIXOOB,
TEXHOJIOTUH U KOHIeTIHY 00pabO0TKHU JIjisl 00€CIICUCHHUSI OXPAHBI 3[I0POBbS HACEIICHUS M OKPYIKAFOIIEH CPEIbl.
OntumanbHbII peXUM TPOLIECCOB MPOUCXOISAIINX B OMOTra30BOM YCTAaHOBKE OMPEACISIETCS] KOMITBIOTEPHBIM
MozenupoBanueM. [lpoBeaeHa wuaeHTUUKALMS TapamMeTpoB MaTeMaTHYECKOM MOICTH Ui ONUCAHMS
OMOXMMUYECKHX MPOLIECCOB, MPOUCXOIAIIMX B OMOra3zoBoil ycTaHoBke. /il pelieHusi MareMaTHuecKOn
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MOJIEJIN MCTIONIB3YETCS JIBa TIOAXO0/1a: KOHEUHO-Pa3HOCTHBIM METOJI pelIeHus] cuCcTeMbl auddepeHnanTbHbIX
YPaBHEHUH W HMUTAIMOHHOE MOJEIUpOBaHKE ¢ TIoMoIibio makera Any Logic. CocTaBneHa KOMIbIOTepHAs
rporpaMmma Ha alnroputTMudeckom sizbike C++. [IpoBeieHpl MHOTOUHCIICHHBIE PAcYeThl Pe3yabTaThl KOTOPBIX
MIpHUBEICHB! B BUJIe TPaUKOB M MX KaYeCTBEHHAs KAPTHHA COTIIACYETCS C MPOUCXOISIIAMU MPOIECCaMH.
Co3maHHasT KOMITBIOTEpHAs IMPOTpaMMa IMO3BOJSET CHEaTh IPEIBAPUTENBHBIN TPOTHO3 aHa’pOOHOTO
OpOXXeHHSI TIPOUCXOMAAIIMX B OHOpEakTope B 3aBUCUMOCTH OT oObeMa cyOcTpara, METaHOTSHHBIX
MHUKPOOPTaHU3MOB M TeMIIeparypHOro peknmMa. [IoBBIIIIEHHOE BHUMaHHE TPUBJICKAIOT allbTEepHATHBHEIC
METOABl KakK IpeBapuTelbHas 00paboTKa TBEPABIX OBITOBBIX OTXOAOB, (EpPMEHTAIHsI, STaHOJIbHAS
(depmeHTansi U aHa’poOHoe cOpakuBaHue. C TIOMOIIBIO JTAHHBIX METONOB W3 1,6 Kr opraHWyYecKou
(dpakiu TBEpABIX OBITOBBIX OTXOAOB W3 TIOJIHWIOHA TIONYYEeHA >KUIKOCTH CO CHHPTOCOIEPKAIIHUMHU
BEILLECTBAMH, B KOTOPOH MPOIEHTHOE COMAEPKaHME ATHIIOBOTO crnupTa coctaBmiio 98%, takxe u3 2,3 Kr
MOJISNBHOM (hpakiuu 0TX0M0B ObLT mosrydeH 3taHon (95%). CrnemoBareinbHO, TBEPIbIE OBITOBBIE OTXOJIBI
MOTYT OBITh KU3HECITOCOOHBIM MCTOYHUKOM DHEPIHH, a HE UCTOUHUKOM 3arps3HeHus. Takum oOpazom, B
CTaThe paccMaTpPUBAETCS BO3MOKHOCTD HCIIOJIb30BAaHUS MaTEMaTHUYECKOTO UMUTAIIMOHHOTO MOJISITHPOBAHUS
Omorasa, a Takke KaueCTBEHHBI DKCIIEPUMEHT W3 OCTATKOB OpraHMYecKoi (hpakiuu W JallbHEHIIee uX
peoOpazoBaHKe B ATAHOIL

KuroueBbie ci10Ba: UMUTAIIMOHHOE MOZCITUPOBAHKE, OMOTa3, TAaHOJI, MAaTEMaTHYECKOE MOJICIIMPOBAHHE,
opranndeckas (pakiusi TBEPIbIX OBITOBBIE OTXOIIOB, TepMalibHasi 00paboTKa, pepMeHTAIHS, STAaHOIBHOE
OpoXKeHHe.
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