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Abstract. A simulation model for the purification process of classified municipal solid waste (MSW) has
been developed, taking into account the consumption of resources to bring the resulting carbon-hydrogen
gases from the classified MSW of the main group to an environmentally acceptable state, which will ensure
that the impurities of groups that form acid gases are taken into account for various conditions of processing
by thermal destruction methods. Decision-making rules for the formation of the structure of technical means
for the purpose of processing solid waste using thermal destruction. A comprehensive technological scheme
of the thermal recycling method is presented, ensuring compliance with environmental conditions for
emissions into the environment when using secondary energy resources obtained from solid waste.
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Introduction

The modern era of the information society is
characterized by rapid technological progress, as a
result of the fourth and fifth industrial revolutions.
The interdisciplinary development of science gives
rise to the emergence and introduction of
technologies in the shortest possible time in any
spheres of industry, energy, and agriculture, which
leads to a sharp increase in consumption. This order
of things in the modern era and in the near future
ensures a significant increase in the volume of
industrial waste (IW) and municipal solid waste
(MSW). So far, the result of such activities is a
significant measure of unpredictable change in the
ecosystem and the entire appearance of planet Earth.

At the moment, the management of the
education of software and solid waste is the main
stage in the stabilization of the ecological
component to ensure indicators in the processes of
organizational and technical systems and complexes,
to increase efficiency, productivity, reliability,
rhythm and competitiveness. The minimization of
MSW volumes using thermal destruction processes
at waste processing facilities has become widely
developed in world practice in industrialized
countries. Countries such as Denmark, Switzerland
and Japan thermally process about 70% of their
MSW; Germany, the Netherlands and France - about
40%.

The processes of thermal destruction make it
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possible to reduce the mass of waste by 3 times, to
eliminate some of its properties: smell, release of

toxic liquids, reproduction of bacteria, and also to
produce additional energy that can be used for
electricity or heating.

Therefore, an important stage of environmental
stabilization is the reduction of gaseous emissions
during the thermal destruction of solid waste.
Technological methods of solid waste preparation
for thermal processing and their subsequent
minimization by thermal methods, developed in the
last decade, make it possible to manage the residual
negative impact on the environment when burning
the resulting hydrocarbon gases with accompanying
acid gases.

1. Analysis of literary sources

The work [1] shows that a morphological
classification is possible according to the
characteristic chemical composition of MSW, which
consists of possible chemical elements. The paper
[2] shows that despite the diversity of combustible
solid waste, the process of formation of combustion
products and determination of their temperature can
be described using a single model. Let's define a
model of the thermal destruction process, which
includes atoms [C], [H], [N], [O]. They are typical
representatives of solid waste, which cover a wide
class of organic waste. Thus, additional
consideration of active elements [F], [CI] and [S]
found in MSW and forming acid gases allows to
simulate almost all organic compounds that can be
isoenthalpically decomposed or burned with a lack
or excess of atmospheric air. The basis of the
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method is a simulation model, which is represented
by a tabular form of gross formulas of possible
compounds from which volumes of solid household
waste are formed. According to accepted data, 15
compounds were formed in the form of gross
formulas.

It is shown in [3] that when burning 1 ton of
solid waste at thermal waste processing plants, 4...8
thousand m3 of flue gases containing nitrogen and
sulfur oxides, hydrogen chloride and polyaromatic
hydrocarbons, chlorobenzenes and heavy metals are
formed.

Light hydrocarbons, polycyclic aromatic
hydrocarbons,  chlorobenzenes,  chlorophenols,
polychlorinated dibenzo-p-dioxins and
dibenzofurans and dioxin-like polychlorinated
biphenyls were studied as solid waste in work [4].
The investigated wastes included: car shredder
residues, solid used fuel, tires, sewage sludge,
polyvinyl  chloride, polychloroprene, various
fractions of electrical and electronic waste, cotton
and polyester fabrics, meat and bone meal, olive oil.
waste and various biomass samples. The study
included 20 different types of waste.

For the model, the composition of the waste
(elemental analysis) and the gas flow rate, which is
used as the atmosphere during decomposition, were
used as an argument. Hydrocarbon emissions were
equated to emissions of one compound (propylene).
The simulation allowed the calculation of the
percentage of oxygen in the emitted gas, after which
the pollutant emissions were converted to standard
conditions. In [4], a rule was obtained for PZ
between the values of the total estimated amount of
gas obtained and the ratio of introduced oxygen.

In [5], pollutant emissions from pyrolysis
and combustion of foam plastic at four different
temperatures (550°C, 650°C, 750°C and 850°C) were
obtained and characterized. Thus, the studies
included hydrogen, carbon oxides (CO and CO2),
nitrous oxide, ammonia, light hydrocarbons,
polycyclic aromatic hydrocarbons, chlorinated
benzenes, chlorinated phenols, polychlorinated
dibenzo-p-dioxins and dioxin-like polychlorinated
biphenyls. The pyrolysis experiment at 850°C gives
the maximum formation of NH3, and the
temperature of 650°C is the best condition for the
production of large amounts of light hydrocarbons
such as methane, ethylene. The authors [5] identified
a problem that must be solved when burning foam
plastic: there must be localization of NO and HCN
emissions. An analysis of gases and semi-volatile
compounds was carried out in [5]. According to the
results, it was concluded that pyrolytic conditions
contribute to the formation of methane, ethylene,
NH3 in the presence of oxygen, which has a high

temperature and heating rate. During the pyrolysis of
polyvinyl chloride, an increase in temperature also
led to an increase in the formation of methane and
ethylene and a decrease in the formation of HCI.

Work [6] reflects the results of pyrolysis and
burning of used polyester fabrics. An analysis of the
influence of both temperature and the reaction
atmosphere on the final products was carried out.
More than 160 compounds were identified and
guantified, including carbon monoxides, light
hydrocarbons, and polycyclic aromatic
hydrocarbons. Benzene is the organic compound
formed with the highest yield. The levels of
polychlorinated dibenzodioxins, polychlorinated
dibenzofurans obtained indicate that these wastes
can be used alone or possibly with other fuels in
energy recovery incinerators.

In literary sources [4,5,6] it is noted that with
incineration, the correct conduct of the process is of
primary importance, which contributed to complete
combustion as much as possible. Maintaining
optimal combustion parameters significantly affects
the reduction of emissions of organic substances into
the atmosphere. A parameter that well characterizes
"optimal  combustion  conditions" is  the
concentration of carbon monoxide in flue gases.
Other parameters that determine “"good combustion
conditions" are, first of all, temperature, turbulence
and residence time of flue gases at the appropriate
temperature. Literature sources [1,2,3] state that the
sorting of raw materials with given characteristics
through identification and classification makes it
possible to sequence the sorting of industrial solid
waste volumes. The first qualitative sorting is
carried out on the basis of identification by the
isoenthalpic method, which makes it possible to
carry out sorting by the quantitative method on the
basis of the express gravimetric method at the
second stage. The qualitative method allows, first of
all, to sort raw materials, which with a high
probability will consist of 80...85% of one type of
initial mixture, which significantly reduces the
sorting volumes. Traces of compounds that can form
acid gases less than 0.1% by mass allow them to be
effectively  neutralized by special cleaning
technologies during direct combustion in industrial
boilers. If, as a result of the quantitative method,
groups of compounds that can form acid gases are
detected, such raw materials can be processed using
pyrolysis. In this technology, acid gases entering the
synthesis gas are bound on alkaline filters. Most of
the compounds in a bound form will remain in the
so-called carbonaceous residue. But [3] does not
state the decision-making rule for the formation of
the structure of technical means for the purpose of
solid waste processing. Therefore, the development
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of such a rule is an actual topic of research. The
relevance is also confirmed by specialized studies
analyzed in [4,5,6].

2. The purpose and objectives of the research

The purpose of the article is to develop a
simulation model of the process of cleaning
classified solid waste and decision-making rules for
the formation of the structure of technical means for
the purpose of processing solid waste by thermal
destruction methods while obtaining carbon-
hydrogen gases in compliance with environmental
indicators.

To achieve the given goal, the following tasks
must be solved:

— To develop a simulation model of the
cleaning process, which takes into account the cost
of resources to bring the obtained carbon-hydrogen
gases from the classified solid waste of the main
group to an environmentally acceptable state, which
will ensure taking into account impurities of groups
that form acid gases for various conditions of
processing by thermal destruction methods.

— To propose a decision-making rule based on
a simulation model of the cleaning process when
using different methods of thermal destruction to
form the structure of technical means for solid waste
processing while complying with environmental
indicators

— To develop a complex technological scheme
of the method of thermal utilization, which ensures
compliance with ecological conditions for emissions
to the surrounding natural environment, when using
secondary energy resources obtained from solid
waste.

3. Models and methods

When processing MSW by methods of thermal
destruction, the calculation of the lower heat of
combustion is calculated according to the model
givenin [ 7] . The first eight equations of the model
are represented by the partial pressures of
combustion products due to the law of active
masses:
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The constants of chemical equilibrium are
presented in tabular form in the relevant reference
books and in the calculations for the corresponding
temperature can be selected or calculated using
approximation polynomials. In addition, they can be
calculated on the basis of enthalpies and entropies of
the formation of substances included in the reactions
under consideration, which, in turn, are also
presented in tabular form, or they can be calculated
on the basis of approximation polynomials [8].

The following 4 equations were compiled on
the basis of the law of conservation of matter in the
form of the equality of the number of atoms of the
corresponding chemical element in fuel and
combustion products. The number of atoms in the
fuel is calculated based on the number of its
molecules considered My

for[C] b¢ - Mg = P¢o + Pco, + P 9)
for[H]

by Mg =2-Pyo+Poy+2- Py, + Py; (10)
for [0] (bp + a - x& - 0.419) - M = Pep + 2 -
Pco, + Pu,0 + Pou + 2+ Pp, + Pyo + Po; (11)

for [N] (by + a - x§’ - 1.581) - Mp = 2- Py, +
Pyno + Py_ (12)

To close the system, we will use Dalton's law as
the basis of the last equation, which expresses the
equality of the sum of the partial pressures of the
combustion products of the pressure in the furnace
of a steam boiler Py:

Py = Pco + Pco, + Pu,0 + Poy + Py, + Po, +
Py, + Pyo + Pc + Py + Pp + Py. (13)

The written model is a system of nonlinear
algebraic equations that allows you to calculate the
properties during the thermal destruction reaction of
solid waste.

Next, consider the calorific value calculation
model according to the above model. To do this, we
will calculate the molar enthalpies of combustion
products I.p at the reaction temperature and their
molar enthalpies of formation under normal
conditions I,qg. The difference between these two
values ( Iop — I,9g) determines the amount of energy
in the form of heat released during the formation of
one mole of the combustion product, which is
considered in the process of burning the original gas
mixture. The product P;- (Icp — I,9g);determines
the amount of energy released during the formation
of the corresponding combustion product in the
combustion process. The sum of these values
Qy = XI[Pi- (cp — Ir9g)ilgives the total amount
of energy released during combustion. The condition
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of numerical equality of partial pressures P;of
combustion products and their molar concentrations
is fulfilled for a certain number of moles of fuel M,
also determined in the calculation process. Knowing
the values Y[P; - (Icp — I29g);] and Mgallows you to
determine the amount of energy Q,released during
the combustion of 1 mole of fuel.

Below is a method of calculating the molar
enthalpies of combustion products I-pat the reaction
temperature and their molar enthalpies of formation
under normal conditions I,9gwhen using the MSW
combustion model. The sequence of actions of the
method is based on the assumption that the process
of thermal destruction is isoenthalpic. The fuel
enthalpy is calculated for the selected MSW-
oxidizer pair with known enthalpies 1™SWand
1®a given value y"of the molar ratio of the
components

[F) = JMSW) 4 W 1(O), (14)

Further, the search for the connection by the
model is carried out as follows:

Step 1. The initial temperature approximation is
selected TO, it is considered to be reached at the
current moment during combustion T; = TP,

Step 2. Using the iterative process, the model
(5-17) is linearized, the composition (partial
pressures P;and, as a result, the molar fraction) of
the combustion products corresponding to the
current considered temperature is determined T;.

Step 3. The enthalpies of combustion products
I;corresponding to the currently considered
temperature are determined T;. These quantities can
be calculated using approximation polynomials.

Step 4. Using the values of the partial pressures
as the values of the mole fractions of the
corresponding gases included in the composition of
the combustion products, their enthalpy is calculated
Icp

Iep = Xou(P; - 1) (15)

Step 5. The enthalpies of fuel and combustion
products at the current temperature under
consideration are compared. It should be taken into
account that I-pthe values of partial pressures used
for calculation are numerically equal to molar
concentrations only in the case when Mymoles of
fuel are considered. Enthalpies should be compared
in the form of a ratio M - I) & I p.

Step 6. In the case of equality of these values or
the permissible value of deviation, the temperature
and composition of combustion products are
considered determined. The calculation stops.
Otherwise, proceed to the next item.

Step 7. Depending on the excess of the left or
right part of the expression, the value of the current
temperature My - I) < I punder consideration is

adjusted in the direction of its increase or decrease.
T;With the new value of the quantity, T;we go to
step 2 and repeat all the calculations.

4. The main part of the study

4.1. Simulation model of the MSW cleaning
process during thermal destruction processing

In work [2], for various groups of solid waste,
which are formed for the purpose of simulation
modeling, the possibility of using the representation
of the mixture of formed compounds by a
conventional formula is proposed. In addition, it is
proposed to classify MSW from various compounds
included in each group. The averaged compounds in
each group in the form of a conventional formula are
presented in Table 1.

Table 1. Classified morphological composition
of MSW by conventional formula.

Group Thg average
Group name name composition of MSW
according to ; for processing by
according ;
[1] 0 [2] thermal destruction
methods
IS-|ydrocarb0n A CHyg
Hydrocarbon
s that contain B CH1700,76
oxygen
Hydrocarbon
z)t(:;géilr;lnndg C CH1,700,76No 2
nitrogen
Hydrocarbon
s are those
that contain
active D CH1,6C10,76F0,ZSO,4-4-
elements that
form acid
gases

Data processing [2] made it possible to obtain
the following results on the morphological
composition of MSW for Ukraine in 2018, namely:
group A - 12%, B - 19%, C - 58%, D - 11%. Works
[9,10,11,12] show the use of the simulation model
(1-15) for simulating the processing of substances
containing hydrocarbon compounds, including
oxygen and nitrogen, by methods of thermal
destruction. In [2], it is proposed to process solid
waste of classes A, B, and C through combustion in
an air atmosphere, and with class D, to carry out
pyrolysis or gasification. In the same place, it is
proposed to use chemical additives in class D solid
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waste to minimize the formation of acid gases for
linking active elements.

In [2] proposed a method of sorting MSW
based on the definition of a simulation model in the
form of a gross formula for the composition of
MSW using the example of the morphological
composition of MSW for the conditions of Ukraine.
The result was obtained based on the method that
identified the composition of solid waste by express
gravimetric method. A capital letter indicates the
result obtained in the form of a correct identification,
a small letter indicates the number of compounds,
received together, but under the condition of
incorrect identification. The simulation results are
presented in Table 2.

Table 2. Results of modeling the composition

of solid waste when sorting by express gravimetric

method according to the morphological feature of
one species [2].

Starting | The result of | Conditional gross
mixture of | sorting the formula of each
averaged starting group of
solid waste | mixture by morphological
compounds | the express composition after
gravimetric | sorting the mixture
method
A=108;
A=120 b=2,6; CH1,79900,034No,005
CHyg c=7.9; Clo,009F0,03550,008
d=1,5
B=169;
B =190 a=0,3; CHy1,71200,687No0,003
CH1,700,76 C=1515; Cl0,0061:0,02350,005
d=2,9
- C=501;
C(::H1578(§)0 v a=4,7; CH1,97400,453N0,177
1\']0 , ' b=7,7; Clo,006F0,02550,005
, d=43,2
- D=56,1;
([:)Hl it(l)o 76 a=0,6; CHy,63600,004No0,001
F, '230 4’4 b=0,9; Clo,041F1,64150,364
»a= 0, c=4,7
a=6,3;
b=10,1, CH1,79900,024No,004
¢=50,9; Clo,006F0,02550,006
d=6,2

Analysis of the results of Table 2 in the form of
conditional gross formulas of each group of
morphological composition after sorting the mixture
shows that as a result of sorting it is not possible to
obtain purified separated mixtures. In any mixtures
there are impurities of solid waste compounds of
class D, which means the presence of elements that

form acid gases. This state of affairs makes it
impossible to directly burn separated compounds of
classes A, B, C, since acid gases will be formed in
the combustion products, and their excess is
possible, which is regulated by environmental
standards, which is unacceptable. Therefore, there
are additional costs for cleaning combustion
products from acid gases.

In [13], a formula was proposed for evaluating
the efficiency of Einstallations in which the process
of solid waste combustion takes place in order to
generate thermal or electrical energy for the
consumer.

E = (E, — (Er + E))/(0,97 - (Ew + E)), (16)
where Eyis the energy released to the consumer
in the form of heat or electricity, GJ/year. This value
is divided by the conversion efficiency of 0.91 when
producing heat or by 0.38 when producing
electricity; Er- heat of additional fuel spent on
energy production, Gl/year; E,, - heat of combustion
of processed waste, GJ/year; E;- energy obtained
from an external source, Gl/year, 0.97 - an indicator
for calculating heat losses for ash and flue gases.

In [13] it is noted that it Edoes not characterize
the thermodynamic efficiency, therefore, due to the
efficiency of the conversion during the release of
electricity and heat, this value can in some cases be
greater than 1. Expression (15) makes it possible to
determine the direction of the enterprise’s activity or
thermal processing of solid waste for the purpose of
producing energy products, or simply for the thermal
disposal of waste (reducing the volume of solid
waste). The process of thermal processing of solid
waste is considered utilization when the process
index is 0.55 or less.

Expression (16) was slightly modernized to
determine the efficiency of incineration of different
groups of sorted solid waste as follows.

E = Ep/(0,97 . (Ef + Eii + EW + Ech))!

where E),is the energy released to the consumer
in the form of heat or electricity. The analysis was
carried out with reference to the time of 1 hour for
the production of 1 GJ of thermal energy. To comply
with the dimensions, the consumption of solid waste
of different groups was taken into account in the
mass flow m, kg/h. E,, - heat of combustion of waste
that is processed was calculated using the
E, = YI[P;- (Icp — I598);] €xpression Energy costs
for dust removal and ash removal in evaluation units
Es. Electricity costs for the operation of cleaning
systems, E;;. E.,- additional energy spent on the
production of all chemical reagents required for
cleaning flue gases to a state that corresponds to the
maximum permissible concentrations, GJ/ hour.
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The technological norm of permissible
emissions in the case of burning in furnaces of
untreated solid waste is established through the
permissible emission (in accordance with Annex V
of Directive EC/2000/76), which is measured in
mass concentrations for: hydrogen chloride (HCI) 30
mg/m 2 and hydrogen fluoride ( HF ) 5 mg/m 2, and
for sulfur dioxide ( SO ;) at the level of 1800 mg/m
3 as flue gases are normalized to a temperature of 0
°C (273.15 K) and a pressure of 101.32 kPa (without
corrections for the content moisture or oxygen) [13].

After processing additional literary sources and
conducting preliminary calculations, the results
shown in Table 3 were obtained for evaluation

eduring incineration in non-moist solid waste
installations in compliance with environmental
indicators .

Table 3. Combustion efficiency indicators of
different groups of solid waste obtained during

sorting.
Hydrocarbon solid waste containing :
CH,, | oxygen, | oxygen active
CH,0,, |and elements:
nitrogen, | CH,Fp,2,
CH,0,,Ni | CH,,CL,,4,
CH, S35
E,,
MJ 45 18 30 35
kg
m,
kg 22 56 33 26
/hour
Ei,
GJ/ 0,099 0,11 0,13 0,22
hour
E,
GJ/ - 0,053 0,078 0,109
hour
Ech’
GJ/ - - 0,098 0,31
hour
€ 0,91 0,86 0,77 0,61

The efficiency indicator (¢) for the combustion
of sorted solid waste through thermal destruction
methods, specifically complete combustion in an air
atmosphere, serves as a crucial factor in determining
a decision-making rule for selecting the appropriate
technical means for processing. Table 2 illustrates
the outcomes after the initial sorting cycle of solid
waste, revealing unnatural combinations.

Utilizing the ¢ criterion helps establish the
boundary between two thermal destruction methods:
incineration in the air atmosphere and pyrolysis for
gas synthesis. Ideal conditions allow burning
classified waste groups (A, B, C) in the air, with
excess air coefficients for each group, adhering to
emission regulations. However, classified waste
group (D), containing substances generating acid
gases, requires pyrolysis with a specific cleaning
technology [1].

Analysis of Table 2 reveals the presence of acid
gas-forming elements in any sorted waste group (A,
B, C), typical of real waste sorting technologies [2].
Burning sorted waste in this case results in acid gas
presence, necessitating a decision-making rule for
the technical means in waste processing.

To determine acid gas amounts, the system of
equations (1-13) must include components with acid
gas-forming elements. However, solving this system
led to instability and significant errors. Newton's
method was considered but resulted in an ill-
conditioned linearized system. As an alternative,
estimating partial pressures based on the molar mass
ratio of elements forming acidic compounds
provided a more stable approach:

Pycy = PZ{M(Clml)/M(CHnOmeClmlFmZSmS)}:
PHF = PZ{M(FmZ)/M(CHnOmeClmlFmZSm3)}'
PSOZ = PZ{M(Sm3)/M(CHn0meClm1Fm25m3)}v

where: n, m,k, m1 m2 m3 - the
corresponding number of atoms of the substance in
solid waste when sorting according to the

morphological feature of one species, see table 2.

The number of atoms in MSW, which form acid
gases, is calculated based on the number of
considered molecules My and partial pressure,

for[Cl] b¢y - Mg = Pyci;

for[F] bp - Mg = Pyp;

for[S] bs - Mg = Pgg,.

To determine the efficiency of burning different
groups of sorted solid waste, in addition to &, it is
possible to use the expression for estimating the
specific costs for processing 1 kg of solid waste,
which contains elements that form acid gases,
depending on the concentration of the i-th current
sorted type Pr(MSW)!, with a correlation to the
current specific price of natural of gas Pr( CH,), but
for 1 kg.

Pr(MSW)! = (1 — &) - Pr(CH,) * Cirart
e ((Cllim ~Coat )/ Clim ~Citart ))
where: g; —coefficient of combustion efficiency
of the i-th group of solid waste; C!,,+ —the mass
concentration of the i-th solid waste enters the first
recycling cycle; C};,,, —the maximum possible mass
concentration of the i-th MSW provided by the
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sorting  result;  C ;7 —intermediate  mass

concentration of the i-th MSW for the j-th cycle of
increasing the mass concentration of the group after
sorting the group under consideration.

4.2. The decision-making rule for the
formation of the structure of technical means in
solid waste processing

The decision-making rule for forming the
structure of technical means for choosing a method
of processing solid waste by various methods of
thermal  destruction while complying  with
environmental indicators, the basis of which is the
method of calculating costs for ensuring
environmentally regulated indicators that use a
simulation model of the cleaning process.

The main idea of the method is to model the
costs of disposing of a given composition of solid
waste, which contains a known number of elements
that produce acid gases, weighing 1 kg, by the
pyrolysis method and the direct burning method. For
the correct compatibility of the results, the energy
effect is reduced to the same value, taking into
account the increase or decrease in costs for the
disposal of acid gases. Then the specific indicator of
the cost of a wunit of energy production is
recalculated for the same marginal provision of
environmental emissions. The smallest indicator of
the considered methods of thermal destruction,
taking into account model errors, will be the
criterion for choosing a decision rule. The
equivalence of indicators within the considered error
band indicates the equivalence of both methods.

Let's consider the costs of minimizing the
impact of substances that generate acid gases in the
components (by the pyrolysis method to obtain
synthesis gas and by the combustion method in the
boiler to generate thermal energy). Cleaning costs
are calculated per 1 kg of treated solid waste
component.

Mass concentration of substances that produce
acid gases (kg/kg):

Cacia = macid/mcomp )

where m¢q,mp— 1 kg of the current component
after sorting, ,

m,.ig— the mass of substances in the current
component that form acid gases (kg).

The limit weight does not exceed 0.24 kg of
substances that form acid gases, 1 kg of any
component. Data obtained from the processing of
the table. 2.

cim __  the  maximum  permissible
concentration of substances in the current
component that generate acid gases during its

thermal processing, in accordance with the marginal
regulatory environmental requirements.

AC oy = change in
concentration, which must be carried out by
introducing an additional mass of neutralizing
substance in the process of thermal processing

The mass of the neutralizing substance
Mpeutr = 2 - Maciqg IS determined  taking into
account the molar masses and kinetic coefficients,
which take into account the incompleteness of the
neutralization reactions taking place.

Let's determine the maximum costs for
neutralization of the acidic component in the range
of concentration changes from C,q t0 C;"c’?d. Ca0O
(quick lime) is used to neutralize acidic components
in thermal disposal technologies. Let's define
compatible conventional monetary units
(ConvMonUn) for 1 kg of CaO and 1 kg of methane
gas.

The calorific value of methane gas is 55.3
(MJ/kg) and its cost per kg is 0.6 ConvMonUn /kg.
The cost of 1 kg of CaO is
Cost™**= (.25 ConvMonUn/kg. This ratio
between the consumption of gas and CaO should be
approximately observed, since the production of
CaO requires a proportional consumption of
methane gas. The output from the presented data,
taking into account the manufacturability of the
application, provides the maximum costs for various
components: Costie®, = vardmp - Cost™**. The
indicators are empirical in nature and were obtained
by data processing:

The indicators are empirical in nature and were
obtained by data processing :

Varfmpy = 0,29; varg,, = 0,35;
Var&mp = 0,67; vardm,, = 1.

Suppose, as a result of thermal processing, for
certain reasons, it cannot be achieved CL™
permissible concentration of substances. In this case,
the costs for obtaining an intermediate concentration
value C.;q(for example, CZ.4=0.025 (kg/kg) when
processing 1 kg of component A) are determined as
follows:

lim
Cacid_cacid —

COSt(lzomp (Cacias C;cid) = COSt(r:r(l)?rfp :
i ACmax—Cheiq
acid/ -e  ACmax
max

As a result of all the limitations and
assumptions that have been adopted, the expression
can be used for substances that form acid gases, with
a value of the concentration value from the
maximum permissible to the minimum value, which

is 0.5% by weight of the component under
consideration.
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Let's consider the following provisions that
determine the costs of removing acid gases from
synthesis gas to bring their concentration to an
environmentally safe norm. Also costs for cleaning
flue gases coming from the boiler into the natural
environment.

The task is solved for the purification of 1 kg of
synthesis gas or flue gas. As a result of the analysis
of literature data, it is customary to carry out
cleaning through a dry bag filter. The filter material
is nitron. The cost of the sleeve is 1900 ConvMonUn
/t, and the adsorbent, as before, is CaO. The task is
solved in mass concentrations. Now the calculation
of the cost of cleaning one kilogram of synthesis gas
or flue gas is carried out from the residual
concentration of substances that form acid gases, the
residual amount of which is 75% of the initial value
(this value is determined based on the analysis of the
literature on the purification of pyrolysis gases),
because 25% of substances that form acid gases
remain in the sludge.

The marginal maximum value Céasmay exceed
the value of 0.18 kg/kg.

ACpax = Chas—Chin— change in
concentration, which must be carried out by
introducing an additional mass of neutralizing
substance into the bag filter. The concentration of
gases is brought to the limit, which ensures
environmental safety C’gi;';.

In a bag filter for the purification of one
kilogram of pyrolysis synthesis gas or one kilogram
of flue gases for the calculated change in
concentration to the norm that ensures
environmental safety, in addition to the already
known costs for 1 kg of CaO Cost®@°= 0.25
ConvMonUn/kg, additional costs for the material are
required ( for example, nitron). The service life of
the bag filter is also taken into account, calculated
for 1 kg of gas being cleaned
CostBF= 0.1 ConvMonUn /kg.

Based on the processed data, taking into
account the manufacturability of cleaning, the
maximum costs for cleaning acid gases are
determined:

Cost™* = yar} 4 - (Cost®@ + CostBF)).

Indicators are empirical in nature and were
obtained as a result of data processing:

varff, = 1; varf$l = 0,05; varS9, =
0,065.

) . ct
Costlig(Clys) = Costlax . 7838 -
ac1d( gas) a'c1d AChiax
ACmax—Cgas
e ACmax

4.3. Complex technological scheme of
thermal destruction methods in solid waste
processing

A complex technological scheme of thermal
destruction methods during MSW processing is
presented in Fig. 1.

A vibratory separator or shaker (1) is employed
for filtering fine fractions of PVC: soil, dust, etc.
Following this, a magnetic separator (2)
automatically extracts magnetic steel materials,
directing them to a bunker (3). Eddy current
separator (color metal separator) (4) is used for
automatic selection of non-magnetic metals such as
copper, aluminum, etc., directing them to a bunker
(5). Cyclone separator (6) separates silicate
fragments of PVC, directing them to a silicate
materials bunker (7).

In the next stage, MSW proceeds to the
crushing plant (8). Prepared MSW then enters a
receiving dosing bunker (9), from which a portion of
the mixture is sent to a sorting unit based on
gualitative analysis (10). Here, the mixture is
separated based on morphological composition and
distributed into four bunkers, depending on the
prevalence of components A (11), B(12), C(13), or
D(14).

During isothermal decomposition, four specific
groups (A, B, C, D) that make up the total volume of
solid waste can form 11 variants of different
mixtures, which are identified in the sorting block,
based on quantitative analysis (15), and are
distributed depending on the results of the analysis
one of the bunkers: bunker of solid waste of mixture
group A (16.1), bunker of solid waste of mixture
group B (16.2), bunker of solid waste of mixture
group C (16.3), bunker of solid waste of mixture
group A+B (16.4), bunker of solid waste of mixture
group A+C (16.5), bunker MSW of mixture group
B+C (16.6), bunker of MSW of mixture group
A+B+C (16.7), bunker of MSW of mixture group D
(16.8), bunker of MSW of mixture group A+D
(16.9), bunker of MSW of mixture group B+D
(16.10), solid waste bunker of mixture group C+D
(16.11), solid waste bunker of mixture group
A+B+D (16.12), solid waste bunker of mixture
group A+C+D (16.13), solid waste bunker of
mixture group B+C+D (16.14), solid waste bunker
of group A+B+C+D mixture (16.15).

This method of identification makes it possible
to distinguish two groups: those that produce and do
not produce acid gases during combustion.

Let's consider the stages of thermal utilization
of MSW of the first group, which do not produce
acid gases during combustion. Mixtures from
bunkers (16.1-16.7) forming this group are sent to
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Fig. 1. Complex technological scheme of thermal destruction methods during MSW processing.

the dosing bunker (17) of solid waste components.
Then - to the incinerator (18). After thermal
destruction, a carbon residue (B) is formed, which is
sent to the bunker (19), and flue gases, which are
used to heat water (20), and then undergo
purification. We will use flue gas purification, which
includes mechanical filtration in a cyclone (21).

Dust settles in the lower part of the housing and then
enters the storage hopper (22). This is followed by
an exhaust fan (23), which directs the deoxidized
product gas into the atmosphere (H).

Let's consider the stages of thermal utilization
of solid waste of the second group, which generate
acid gases during combustion. Mixtures from
bunkers (16.8-16.15) forming this group are sent to
the dosing bunker (24) of the solid waste
component. Next - an intermediate bunker (25), the
bottom of which is a plate feeder designed for
loading MSW into the pyrolysis furnace (26). In
addition, an alkaline compound CaO or Na20 (K) is
supplied to the pyrolysis furnace from the bunker of
soluble materials (28). Regenerative heated air (Z) is
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supplied from the air heater (29) to the pyrolysis
furnace. At the same time, the pyrolysis gas formed
is divided into 2 streams: which is supplied to the
consumer (Y); and which enters the recirculation
line at the entrance to the reactor for drying and
preheating MSW (R). Solid carbon product - carbon
residue (J) is sent to the bunker (27).Pyrolysis gas
(YY) is used to heat water (30), and then it is purified.

At the initial concentrations of acidic gases
(SO3, HC1, HF ) in the product gas, it is purified by
the sorption method, by controlled introduction of
dry powder Ca(OH) 2 o+Na 2, CO 3( N) directly into
the gas pipeline into the device from the bunker (32)
narrowing (31 ). This is followed by treatment in a
cyclone with a bag filter (33) and filtration of
sorption products and dust removed from the
pyrolysis furnace (P) of solid particles into a bunker
(34).

The exhaust fan (35) prevents the leakage of
untreated flue gases into the environment and its
diffuse distribution. The gas is supplied to the diesel
generator (36) and the electricity (V) produced is
supplied to the consumer. At the exit from the
generator, additional purification of gases takes
place by the sorption method by controlled
introduction of dry powder Ca(OH) ;or Na,CO 3( S
) from the bunker (38) directly into the gas pipeline
in the narrowing device (37). This is followed by
treatment in a cyclone with a bag filter (39). The
sorption products (W) follow into the bunker (40),
the purified gas (X) — into the atmosphere.

5. Research results

On the basis of a modified model of the
cleaning process, which takes into account the costs
of sorbents to bring the obtained carbon-hydrogen
gases from the classified MSW of the main group to
an environmentally acceptable state, the following
results were obtained for the cleaning of sorted
groups of MSW (see Table 2).

These are the results of simulations of acid gas
purification by various methods based on (HF),
(HCI) and (SO ;). They are obtained by pyrolysis
due to the minimum permissible rationing in the
emission (see 5.1).

Figure 2 shows the dependence of Cost on
sorbents for purification of processing sludge during
pyrolysis on the initial specific concentration of acid
gas (HF) Cyucn- The solid waste was pre-sorted.
Calculations are presented for 1 kg of gas obtained.
The depth of its cleaning corresponds to
environmental regulations.

Cost, 0,09
conventional
monetary units
/vg
0,06

0,05
0,04
0,03
0,02
0,01
0
0 0,05 0,1 0,15
C_acid, rg/xg
Fig.2 Results of modeling of acid gas
purification based on (HF) using a sorbent in the

process of thermal processing in the process of
pyrolysis.

According to the simulation results, we can see
that if the solid waste sludge contains 0.13 kg of
substances that form acid gases, which must be
sorbed so that their concentration at the outlet is
close to zero, then for this it is necessary to spend
about 0.08 conventional value units purchase of
absorbent.

If solid waste sludge containing 0.13 kg of
substances that form acid gases needs to be sorbed
so that only 0.07 kg of them are contained in 1 kg of
the obtained gas, then for this it is necessary to
spend about 0.08-0.03 = 0.05 conditional value units
for the purchase of absorbent.

Figure 3 shows the dependence of Cost on
sorbents and a bag filter for cleaning 1 kg of gas
obtained during the pyrolysis of MSW on the initial
specific concentration of acid gas (HF) Cyyc,. The
depth of cleaning corresponds to environmental
regulations.

0,3
Cost,

conventional
. 0,25
monetary units

frg
0,2

0,15

01

0 0,05 01 0,15 0,2 0,25

C_acid, xg/vg

Fig . 3 Results of simulation of cleaning from
acid gas, which is based on ( HF ) using a bag filter
and a sorbent.

Based on the simulation results, it is possible to
determine if 1 kg of the obtained gas contains 0.19
kg of substances that form acid gases, which must be
sorbed in a bag filter so that their concentration at
the outlet is close to zero or does not exceed the
environmental regulation in this regard species For
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this, it is necessary to spend about 0.25 conventional
value units to ensure the operation of the sleeve
filter.

If 1 kg of the obtained gas, containing 0.19 kg
of substances that form acid gases, must be partially
sorbed in a bag filter so that at the outlet there is a
concentration of 0.05 kg of acid gas, for this it is
necessary to spend about 0.25-0, 12 = 0.13
conventional value units for ensuring the operation
of the bag filter.

In fig. 4 shows the results of a model
purification experiment obtained during the
pyrolysis of solid waste 1 kg of acid gas (HF), using
two methods simultaneously.

0,3
Cost,

conventional
monetary units %25
/xg
0,2

0,15
0,1
0,05

0
0 0,05 0,1 0,15 0,2 0,25

C_acid, kg/rg

Fig. 4. Results of modeling of acid gas
purification based on (HF) using a sorbent in the
process of thermal processing using two methods at
the same time.

The experiment consists of several stages. At
the first stage, Cost is determined for sorbents for
processing sludge cleaning. The condition for
reducing the amount of acid gases is found in the
mass concentration by the value of ACy,.,, in this
case by 0.01. In the second step , the cost of sorbents
and a bag filter is determined to further purify the
obtained 1 kg of gas from the residual acid gas
concentration to zero or a value close to the
environmental regulations. Then the costs are
summed up.

The same model calculation is performed at all
subsequent steps. At each step, the concentration of
acid gases decreased during pyrolysis. The costs due
to the addition of sorbents to the sludge increased,
and the costs of gas purification with sorbents in the
bag filter led to the required concentration.

Thus , all options between the two limit models
of cleaning were investigated, the results of which
are presented in Fig. 2 and 3. Such a computational
experiment showed that for the mixed technology
there is a best point from the point of view of acid
gas purification in , when it is possible to use
different methods of purification.

A similar computational experiment was
conducted for the purification of acid gases (HCI)
and (SO 2). The results are presented in fig. 5.

Cost, 0,08
conventional
monetary
units /kg 0,06
0,05

0,04
0,03
0,02

0,01

0 0,02 004 006 0,08 0,1 0,12 0,14

C acid, kg/vg
a.
Cost, 0,25
conventiona
monetary 0.2
units /xg
0,15
01
0,05
o
0 5 01 0
005
C_acid, kg/ng
0,23
Cost,
conventional
monetary units 0,2
/v
0,15
0,1
0,05
0
0 0,05 0,1 0,15 0,2
C_acid, Kg/Kg
C.

Fig. 5. Modeling results for cleaning acid gas
based on (HCI) and (SO) using a sorbent in the
process of thermal processing in the process of

pyrolysis (a) using a bag filter and sorbent (b) using
two methods at the same time (c).

Conclusions

In order to carry out processing of solid waste
by thermal destruction methods with the production
of carbon-hydrogen gases in compliance with
ecological indicators, a simulation model of the
cleaning process is proposed, which consists of
calculations:

ABTOMAaTH3aLlisl IPOLIECIB YIPaBIiHHS 52



ISSN 2221-3805. EnekrpoTexHiuni Ta KoMIir 1otepHi cuctemu. 2024, Ne 39 (115)

1. the indicator of the efficiency of combustion
of various groups of sorted solid waste, which is one
of the criteria for choosing between two possible
methods of processing when using thermal
destruction technology: combustion of solid waste in
an air atmosphere or pyrolysis with obtaining gas
synthesis and its further use.

2. additional costs for cleaning combustion
products from acid gases, because the results of
modeling the composition of solid waste when
sorting by the express gravimetric method according
to the morphological feature of one species showed
that in any mixtures there are impurities of elements
that form acid gases. When modeling costs, the
energy effect was reduced to the same value and the
same marginal value of environmental emissions
was ensured.

Based on the developed simulation model, a
decision-making rule for forming the structure of
technical means for solid waste processing is
proposed. A comprehensive technological scheme of
the thermal utilization method has also been
developed

This approach makes it possible to optimize
solid household waste processing processes taking
into account efficiency, resource intensity and
compliance with environmental standards.
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MOJIEJIb I METO/I, ITIPABUJIA TPUAHATTSA PIIIEHHS AJI51 ©°OPMYBAHHSI
CTPYKTYPHU TEXHIYHUX 3ACOBIB B ITPOIECAX TEPMIYHOI AECTPYKNII TIIB ITPU
HOPMYBAHHI BUKHU/IB KNCJIUX I'A3IB.

0.B. Makcumosal, I'.IL. JInciok?, K.O. Kanbko?, B.I1. Beccapa6’
'Hayionanvnuii yrigepcumem « O0ecbKa MOPCbKA aKademisny
Hayionansnuii ynieepcumem « Q0ecbka noiimexixay

Anomauia. Pospobneno imimayitiny mooens npoyecy ouuwjenns knacugixkosanux TIIB, wjo épaxogye
sUmMpamu pecypcie Ha npugeoeHHs OMmpUMaHux gyeneyeso-600Hesux 2asie iz knacugixosanux TIIB ocnoenoi
2PYNU 8 CMAH eKONO2IYHO OONYCIMUMUN, AKUU 3a0e3nedumy 001K OOMIWOK ePYH, WO YMEOPIOMb KUC 2a3U
01 PI3HUX YMO8 NpO6eOeHHs NepepoOKU Memooamu mepMiuHoi Oecmpykyii. 3anponoHoeano npasuia
NPULHAMMS PilleHHs HA QOPMYBAHH CIMPYKMYPU MexXHiyHux 3acobieé 3 memoto nepepooxu TIIB memooamu
mepmiynoi oecmpykyii. Ilpedcmagneno KOMNIEKCHY MEXHON02IUHY CXeMy Memoody mepMIiyHOl ymuuizayii,
wo 3abe3neuye OOMPUMAHHS eKONOSTUHUX YMO8 HA GUKUOU Y HABKOIUWMHE cepedosuule, npu UKOPUCTHAHHI
6MOPUHHUX eHepeemUuuHUx pecypcie, ompumanux 3 TIIB.

Knrouoei cnosa: meepoi nobymosi ioxoou, mepmiyHa 0ecmpyKyis, nipoiis, CRAI08aKHA, KUCTI 2a3U.
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