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Plasma steam-air conversion of solid biomass
and the problem of equilibrium assumption
in the gasification process

Abstract. The acceptability of the approximation of the equilibrium state of plasma if it is
used in gasification processes is discussed. The development of technologies for converting
solid biomass as an available raw material for distributed electricity generation in Ukraine is
carried out to obtain both energy and chemical products. The use of biomass gasification
technologies and direct conversion of fuel gas energy into electricity in solid oxide fuel cells
allows achieving electrical efficiency of power plants of 42 % or more. Plasma torches are used
to produce hydrogen-rich gas with low content of high-molecular compounds, as well as to
achieve operating gas temperatures before cells mentioned. The conversion of wood coal, wood
waste, and walnut shells was studied at the plasma steam-air gasification unit. The use of a
steam plasma torch for steam reforming of volatiles in the pyrolysis zone of an air-gas generator
leads to the H,/CO molar ratio and H, yield increase, as well as to the equivalence ratio and
N, concentration decrease in all cases of the selected biomass types. It was found that the yield
of pure hydrogen could be increased by adding water shift reactors and membrane hydrogen
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separation to the existing plant. The production of pure H; is 0.6 Nm3/h, the cold gas effi-
ciency of H, production is 47.7 %, and the electricity consumption is 27.75 kWh /kg of Ho.
Due to plasma steam-air gasification of solid biomass and CO conversion, the electricity con-
sumption for H, production will be 50.8 % less than the electricity consumption for water
electrolysis. It is shown that compared to the latter case, the cost of H, production by con-
verting solid biomass, taking into account the costs of electricity, biomass, and water in
Ukraine, is 39—-44 % lower than the cost of hydrogen obtained by water electrolysis. Bibl. 52,

Fig. 1, Tab. 9.

Keywords: hydrogen production, waste, wood, walnut shell, wood coal, plasma technologies,

equilibrium state assumption.
Introduction

The purpose of this paper is to analyze the state
and development of modern technologies for gasifi-
cation of organic raw materials using plasma tech-
nologies in Ukraine. It is based on a brief selective
review of developments by foreign authors and ex-
perimental studies of gasification processes. Back
in the first half of the last century, during World
War II, such technologies were actively used, for
example, for the production of gas fuels directly
on board the so-called gas generator vehicles. Their
biggest drawback was the problem of significant
soot and tar formation, which significantly reduced
their operation cycle [1]. Hydrogen production in
the low-temperature processes characteristic of
them had only a secondary importance. These tech-
nologies lost their role in the second half of the
last century due to the advent of the era of cheap
natural gas and oil resources. Modern technologies
set exactly the opposite tasks. An important factor
for their achievement can be additional injection
of steam plasma into the reactor. This causes the
rise of temperature in the reactor, that is a deter-
mining factor to increase the hydrogen concentra-
tion during gasification of hydrocarbon-containing
raw materials as well as the role of tar and soot
formation becomes insignificant. In addition, from
the point of the chemistry of the process gasifica-
tion view, additional hydrogen is introduced into
reactor with steam.

1. The problem of equilibrium state
assumption in the gasification processes
using plasma technologies

The role of plasma processes in these technolo-
gies has been studied by us for a long time, starting
with the works [2, 3]. The initial understanding of
such processes was based on a symbiosis of assump-
tions of two equilibrium processes: (1) the actual

gasification of hydrocarbon feedstock at a given
temperature in the reactor, to which (2) plasma
was introduced also in equilibrium to a given tem-
perature in the reactor. Thus, the process of
plasma-steam gasification on the example of hydro-
carbon-containing raw materials can be described
by a thermochemical equation in a fairly general
form [1, 3-6]:

C.H,0, + h; H,O + m O, =
= h1H2 + C;CO + CQCOZ + thzO +
+ ¢, CHs + ¢ C — Qrp, (1)

where

Orr = Or + Ops 2)
— total thermal energy released as a result of both
chemical reactions Qg and due to the plasma jet
QOpr. in such a way that the reaction mixture reaches
the required temperature Tk of the gasification
products; #; and m — the amount of water and
oxygen per 1 kmol of waste; co, ¢1, ¢, ¢4 Ry, and
h>; — coefficients for the corresponding reaction
products.

The energy component in the presented form
(2) allows us to highlight the role of plasma as an
additional energy source of value Qp; determined
by the energy input into the plasma jet. It is the
introduction of this energy that allows achieving
the optimal temperature level Tk of the gasification
process, if it cannot be realized at the expense of
Or. This approach allows us to significantly sim-
plify the assessment of the role of plasma in spe-
cific processes related to the gasification of any raw
material. Indeed, in this case there is no need to
determine the contribution to the enthalpy of its
individual components and radiation, which is a
rather complex problem for plasma. However, this
is the main reason for the discrepancies. After all,
the plasma is considered as some kind of ephemeral
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substance at the temperature of the gasification
process, which is usually Tp= Tr ~ 1100—-1500 °C
in the case of using plasma technologies. However,
none of the plasma-forming components presented
in equation (1) will exist in the plasma state at
such temperatures. If the plasma is formed by par-
ticles with ionization energy E;, then the charac-
teristic temperature Tp.*, at which the maximum
degree of ionization of these particles is achieved,
consist of

Tp*~0.1 E.. 3
At least, noticeable ionization of the gas ap-
pears at temperatures half as low:

Tp"" ~0.05 E;. (4)

For relatively easily ionized gases, represented
in formula (1), the ionization energies are E; = 12.2
— 14 eV. Even if we take into account that in the
presence of N, the ionization process of the mixture
proceeds through the formation of intermediate
compounds NO, for which E;= 9.3 eV, the plasma
temperatures for these cases are still Tp * ~ (1.07—
1.6)-10" K (1 eV corresponds to T = 1.16-10* K).
One way or another, plasma processes in these
cases correspond to temperatures above 5,000 K.

If we draw a formal analogy with classical ther-
mal power engineering, the situation looks as if we
first obtain a high-potential energy carrier — su-
perheated steam in a supercritical mode, but use it
at a temperature of 100 °C, which is complete ther-
mophysical nonsense. This inappropriateness is re-
inforced by the fact that in the case of plasma, the
special chemistry of gasification processes should
be taken into account, since the rates of many
chemical reactions depend exponentially on the
temperature. Namely, the nonlinearity of processes
underlies synergistic effects.

Despite the fact that the kinetics of biomass
gasification kinetics processes have been studied in
quite detail, starting at least with quite old works
[7-8], and in general their detailed analysis and
list are given in a very recent publication [9],
among them there are practically no publications
on plasma gasification technologies.

In one of the few works that deals with the
temperature range close to plasma [10], the chemi-
cal kinetics of coal thermal transformation pro-
cesses under conditions of vapor-plasma flow tem-
perature 2000 K < T < 5000 K was studied. It is
noted that the reaction rate increases very strongly

with temperature, despite the fact that the role of
plasma effects themselves is not analyzed. Accor-
ding to the conclusions of the authors of this pub-
lication, when the temperature of the medium
changes from 3000 K to 5000 K, the rate constant
of the basic reaction C + H,O = CO + H increases
by 35 times.

Strictly based on kinetic approaches, we inves-
tigated the effect of non-equilibrium growth of
NOy concentration in gasification products of car-
bonaceous raw materials in technological processes
using air plasma torch [11] and showed that in ad-
dition to environmental problems, this causes ad-
ditional energy consumption in the system by al-
most 5 %. In general, retrospectively assessing the
last decades of our research, it should be recog-
nized that the results of studies of kinetic processes
in a clearly non-equilibrium plasma of glow dis-
charges turned out to be deeper [11—13]. Even in
conditions of such complex effects as radiation
transfer, understanding of the features of plasma
deviation from the equilibrium state has found a
more concrete representation than in gasification
processes [14—16].

2. Studies of solid biomass conversion
in decentralized energetic systems

The number of power plants designed to imple-
ment the principle of Waste-to-Energy (WtE) —
the use of waste to produce heat, electricity and
other products — has increased worldwide [17].
The use of solid biomass and plastic waste conver-
sion processes (carbonization, pyrolysis, gasifica-
tion, partial oxidation, and combustion) plays a sig-
nificant role, especially in the decentralized conver-
sion of waste energy into value-added products [18].

Among non-fossil fuels, biomass is a renewable
energy source available in many forms such as ag-
ricultural, forestry, algae, wood product manufac-
turing waste, food production waste, etc. Biomass
has been used in many ways to produce energy for
centuries and it still accounts for about 10—-14 %
of the world's total energy supply, while for deve-
loped countries this share is significantly higher,
i.e. 40—45 % [19, 20]. A review of biomass pro-
cessing and conversion technologies for hydrogen
production and its separation using membranes is
given in [21]. Biomass can be processed in many
ways depending on the end use and the required
products obtained using chemical, thermal, thermo-
chemical, and biochemical technologies [21].
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The works [22] and [23] consider the design
features of the experimental plant and numerical
studies of the two-stage process of thermo-chemical
processing of biomass (bagasse and birch) in a
moving bed with the production of gas with hea-
ting value of 19.2 MJ/nm?® during the pyrolysis.
The effect of recirculation of high-temperature py-
rolysis gases on the gasification process of solid bio-
mass is determined.

The work [24] presents a method for two-stage
thermal processing of solid fuel (pyrolysis-combus-
tion and pyrolysis-gasification) in pressurized cir-
culating fluidized bed for combined-cycle power
plants. The developed demonstration plant
(PCFB-1.0) for this process with thermal power of
10 MW and a laboratory plant (RSK-2-D) for
studying the features of solid fuel conversion in
pressurized fluidized bed (PFB) are described. The
results of burnout time of solid fuels and their
cokes in PFB are presented.

Recently, there has been a significant increase
in attention to the processes of water and organic
waste conversion with the additional use of elec-
trical energy to produce fuel and other value-added
products. Electrical energy is produced using re-
newable energy sources to produce hydrogen. The
produced hydrogen and carbon dioxide obtained
from the combustion of organic fuels or fermenta-
tion processes are used to produce fuels and other
products. A new term has appeared — e-products
(e-methane, e-methanol, e-diesel fuel, e-ammonia).
Thus, e-products are obtained through the use of
renewable electrical energy, water, and carbon di-
oxide. The basic principles for creating new circu-
lar economy with natural circulation of water
(which is obtained from combustion or fermenta-
tion products and then used to produce hydrogen)
and carbon dioxide (obtained from combustion or
fermentation products and used to produce e-pro-
ducts) are provided. Renewable power-to-fuel (PtF)
is a key technology for the transition towards fos-
sil-free energy systems. As a consequence, it helps
to potentially decarbonize the energy sector by re-
ducing the carbon footprint and GHG emissions.
In addition, the PtF concept is an energy transfor-
mation that is capable of providing services for the
balancing of the electricity grid thanks to its
adaptable operation and long-term storage capaci-
ties for renewable energy surplus [25, 26].

Research and implementation of combined pro-
cesses for the highly efficient use of hydrogen and
organic fuel using fuel cell electrochemical gene-

rators are ongoing worldwide [27]. The electrical
efficiency of combined power plants using electro-
chemical generators on solid oxide fuel cells and
natural gas is 60 % for the electric capacity of
power plants of 1 kW to 2000 kW. The type of
selected fuel significantly affects the electrical ef-
ficiency of these plants.

The work [28] shows the results of combining a
solid biomass steam gasifier with an electrochemi-
cal generator on solid oxide fuel cells (SOFC).
Four experiments were carried out with industrial-
ly suitable cell designs, which demonstrated stable
operation for 30 hours without structural degrada-
tion of the fuel cell anodes based on nickel /cerium
and nickel /zirconium at 800 °C and 850 °C if
heavy tars were partially removed.

The work [29] shows the results of continuous
and dynamic operation of the SOFC system using
gas after gasification of biomass pellets for more
than 200 hours. The SOFC system was operated
under different load conditions, 50 % and 100 %
load, and achieved an overall electrical efficiency
of 42 %.

Multi-generation configuration of the biomass-
based system for the production of electricity,
heating, hydrogen, and fresh water was proposed
in work [30]. The configuration of the SOFC sys-
tem using gas after gasification was evaluated from
the thermodynamic and economic points of view
using an artificial neural network to predict the
key results.

For the efficient operation of SOFC solid bio-
mass power plants, it is necessary not only to ob-
tain hydrogen-rich gas, but also to obtain high
temperature of this gas (above 500 °C). This can
be achieved by using plasma torches in the process
of solid biomass gasification or steam reforming of
the produced gas.

The authors of article [31] analyzed the use of
plasma technology for processing biomass in the
form of dried mixed animal manure (manure con-
taining 30 % moisture). Irrational use of manure,
as well as its huge amount, can negatively affect
the environment. Compared with biomass fermen-
tation, plasma treatment of manure can signifi-
cantly increase the production of fuel gas, primary-
ly synthesis gas (CO + H,). 70 kW DC plasma
torch and a plasma reactor with a manure processing
capacity of 50 kg,/h were used for the experiments.
During pyrolysis and gasification of manure, the
plasma reactor consumed electrical energy of 1.5
and 1.4 kWh per kg of manure, respectively.
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The article [32] shows the circuit of the pilot
plant for plasma steam-air downdraft gasification
of solid biomass with thermal capacity of 500 kW
(the thermal capacity of the plant in relation to
the wet biomass consumption is 450 kW and the
plasma torch capacity is 50 kW). The plant uses
an air plasma torch Gas Plasma Arc Torch AK-1-50
DC of the Canadian corporation High Temperature
Technologies Corp., Chateauguay, QC, Canada
[33]. This corporation manufactures plasma
torches that operate up to 300 hours before chan-
ging electrodes with an electrical efficiency of 90 %.
The gasifier is based on a fixed bed downdraft gasi-
fier which was collaboratively designed and deve-
loped by the Suranaree University of Technology,
Thailand, and Satake Corporation Co., Ltd., Ja-
pan. The source for obtaining steam and hydrogen
is the increased moisture content in solid biomass.
The temperature in the partial oxidation zone of
the gasifier did not exceed 900 °C. In the pyrolysis
zone, the temperature was 200 °C to 700 °C. There
were no high temperatures in the gasifier. Nitrogen
oxides were also not detected at the outlet of the
gasifier. The hydrogen content in the dry produced
fuel gas was 20.3-23.8 vol. %, nitrogen content
was 43.4—44.8 vol. %. The H,/CO ratio in the
produced fuel gas was 1.1-1.7 mol/mol. The
lower heating value of the produced fuel gas was
5.05-5.80 MJ/Nm?. The plasma steam-air plant
can operate in stationary mode for up to 200 hours
(8.3 days), and then the electrodes in the plasma
torch need to be changed. During this time, 26 tons
of biomass can be processed and 43 thousand Nm?

of fuel gas can be produced with cold gas efficiency
of more than 60 %, taking into account the electric
capacity of the plasma torch. The advantage of this
technology is a very low tar content in the gas after
cooling at the level of 3 mg,/Nm?® and an increased
hydrogen yield. The yield of hydrogen with the
produced fuel gas in recalculation on dry ash-free
biomass consumption was 0.5-0.6 Nm?/kg.

A review of the current technologies of rene-
wable hydrogen production from biomass [34] was
done in frame of the European Union’s Horizon
2020 Research and Innovation Programme. This
work presents a literature review of technologies
for hydrogen production from sustainably har-
vested forest biomass. An overview of available
technologies is included, but thermochemical pro-
duction methods are emphasized. Results show that
biomass gasification coupled with steam methane
reforming and water gas shift reactors reaches the
highest biomass to hydrogen conversion yields.

The Table 1 shows results of conceptual and
techno-economic studies on biomass gasification-
based hydrogen production in cases of the use of
following technologies: electrolysis of water; dual
fluidized bed (DFB — steam gasification of bio-
mass in a first bubbling fluidized bed using heat of
circulating solid material and combustion of ob-
tained char in the second circulating fluidized bed
for heating circulating solid material), water gas
shift catalytic conversion (WGS) and pressure
swing adsorption (PSA); torrefaction, DFB,
steam methane reforming (SMR) and WGS; an-
aerobic digestion and SMR; DFB, WGS, and PSA;

Table 1. Results of conceptual and techno-economic studies on biomass gasification-based hydrogen

production
Feed Yield of hydrogen Cost of hydrogen
Reference Technology Feed stock | stoke-to-H» | kg kg of dry | Nm®/kg of
efficiency, % biomass dry biomass EUR/kWh| EUR /kg
[35]  Electrolysis Water 66.4 - - 0.19 7.52
DFB + WGS (3-step) + .
[36] PSA (tar removed) Pine 19.0 0.03 0.336 0.20 6.67
Torrefaction + DFB + .
[37] SMR + WGS (2-step) Pine 69.6 0.107 1.198 0.05-0.176 1.67-5.87
[35] Anaerobig digestion + Maize 47.0 _ _ 0.152 507
Steam reforming silage
(357 DFB * WGS + PSA— Wood 40.0 0.058 0.650 0.148 4.93
(tar removed) chips
[38] EF + WGS Pine wood 50.0 0.078 0.874 0.086 2.87
[38] DFB Pine wood 38.0 0.061 0.683 0.078 2.60
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entrained flow gasification (EF) of the dust pine
wood; DFB. Clean hydrogen was obtained in cases
of electrolysis of water and conversion of solid bio-
mass using WGS and PSA processes. Enriched by
hydrogen synthesis gas is the result of wood con-
version without the use of PSA process.

The cost of clean hydrogen obtained by solid
biomass conversion (1.67-6.67 EUR /kg) was in
all cases less than the cost of hydrogen obtained by
water electrolysis (7.52 EUR /kg). Further reduc-
tion in the cost of hydrogen in case of solid biomass
use can be achieved using new membrane techno-
logies for hydrogen separation instead of tradi-
tional PSA technology.

A review of the current membrane technologies
for hydrogen production was presented in [39].
Membrane-based gas separation technologies have
been proven to be more efficient than conventional
technologies. This review explores the transition
from conventional separation methods such as pres-
sure swing adsorption (PSA) and cryogenic distil-
lation (CD) to advanced membrane technologies
with high selectivity and efficiency of hydrogen
purification. The focus is on a variety of membrane
materials and their respective membrane characte-
ristics: various metallic membranes including dense,
doped, and amorphous metal membranes; various
inorganic membranes such as zeolites, silica, and
CMSM; and polymeric membranes for the selective
separation of hydrogen from CH;, CO,, and N..
Mixed matrix membranes are also outlined, invol-
ving the incorporation of inorganic fillers to im-
prove the performance. By analyzing various con-
ventional and advanced technologies, authors of
this review provides a comprehensive material per-
spective of membranes for hydrogen separation,
thereby endorsing the development of hydrogen ener-
gy for a sustainable future.

The work [40] provides information on the Air
Liquide Corporation’s hydrogen separation plant
using modules with the ALaS H, polymer mem-
brane. The ALaS membrane can process raw gas
flows with a hydrogen content of up to 20 vol. %
to produce hydrogen with a purity of 99.0 %. More
than 175 Air Liquide Corporation’s hydrogen sepa-
ration plants using the ALaS polymer membrane
have been installed worldwide, and 2900 modules
with this membrane are in operation.

We have previously created experimental plants
for studying the processes of plasma steam gasifi-
cation of steam coal and solid organic waste and
steam-air plasma gasification of solid organic

waste. These processes have been studied using var-
ious types of these organic raw materials.

The work [41] presents a description of an ex-
perimental plasma steam plant for producing gas
with a high hydrogen content using solid fuel and
the results of the research of plasma steam gasifi-
cation of Ukrainian power coal. High-ash anthra-
cite of Donetsk coal basin and brown coals of the
Kirovograd region were used for the studies. In the
study of plasma steam gasification of anthracite,
the dry gas composition was, vol. %: H, — 61.6—
62.3; CO — 11.53-13.5; CO, — 24.5-24.8; CHy4
— 0.3-0.4. In the study of plasma steam gasifica-
tion of brown coals, the dry gas composition was,
vol. %: H, — 61.4-66.1; CO — 1.8-10.6; CO, —
26.7-32.11; CH, — 0.01-1.33.

The work [18] presents a description of experi-
mental plasma steam-air plant for producing hy-
drogen-rich fuel gas using solid organic waste (pel-
lets from sewage sludge of an aeration station, rub-
ber crumb of worn automobile tires and mixture of
these wastes) and the research results. During the
research of sewage sludge conversion, the dry fuel
gas composition was, vol. %: H, — 14.0-17.4; CO
— 8.3-12.2; CO, — 15.5-20.0; CH; — 0.3—1.0;
N, — 2.2-60.3. The cold gas efficiency of gasifica-
tion was 27.7-39.1 %. During the research of rub-
ber crumb conversion, the dry fuel gas composition
was, vol. %: H, — 16.3-20.5; CO — 12.9-19.0;
CO, — 8.0—-11.4; CH; — 2.1-3.5; N, — 51.1-56.5.
The cold gas efficiency of gasification was 44.1—
35.4 %. During the research of the conversion of
the mixture of these wastes, the dry fuel gas com-
position was, vol. %: Hy — 12.2-14.1; CO — 8.9—
9.7, CO, — 13.3-13.6; CH;y — 0.6-0.8; N, —
62.3-64.5. The cold gas efficiency of gasification
was 29.6-31.5 %.

The work [42] shows the results of the research
of plasma steam catalytic reforming of gas obtained
after air gasifier. Pine and oak were used for air
gasifier operation. The research was conducted to
reduce the tar in the produced fuel gas. The com-
position of the produced fuel gas was affected by
the electric capacity of the steam plasma torch at
the same thermal capacity of the gasifier. With an
increase in the electric capacity of the steam
plasma torch from 0.95 to 1.45 kW, the hydrogen
content in the produced dry fuel gas increased from
21.4 to 30.3 vol. %. During the research of plasma
steam catalytic reforming of the gas obtained after
an air gasifier, the composition of the dry fuel gas
was vol. %: H, — 21.4-30.3; CO — 12.2-16.2;



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 1

CO, — 12.5-13.2; CH; — 0.8—-1.5; N, — 39.8-48.3.

In the work shown below, solid biofuels were
used for plasma steam-air gasification research:
wood coal, wood waste, and walnut shells. Two
additional parameters were used to analyze the re-
sults: the equivalence ratio (ER) and the elect-
ricity consumption per 1 kg of produced hydrogen
(kWh /kg).

It was made a comparison of the circuits in cases
of steam plasma use in the pyrolysis zone of the air
gasifier and in the steam catalytic reforming reac-
tor after the air gasifier at the same electric capa-
city of the steam plasma torch.

The circuit for producing pure hydrogen with
the addition of water-shift reactors and membrane
separation of hydrogen to a plasma steam-air gasi-
fication plant is proposed. The circuit was deve-
loped taking into account the existing experience
in producing hydrogen through steam gasification
of coal and biomass, catalytic conversion of CO
and linkage of CO, in a gasifier by lime or calcined
dolomite and an aqueous solution of monoethano-
lamine after water-shift reactor, as well as in pro-
ducing hydrogen in the processes of catalytic steam
conversion of volatile matter of coal and solid or-
ganic waste [43, 44]. The consumptions of electric
energy per kg of produced hydrogen and per kg of
“green” hydrogen after the electrolyzer are deter-
mined. These electric energy consumptions for pro-
ducing hydrogen are compared. The costs of the
produced hydrogen and “green” hydrogen are de-
termined taking into account the cost of electri-
city, water, and wood waste in Ukraine for house-
hold consumers and enterprises. The costs of hy-
drogen (after installing a plasma steam-air gasifi-
cation unit and water-shift reactors and membrane
separation of hydrogen) and “green” hydrogen af-
ter electrolysis are compared.

3. Methods and feedstocks

The experimental plant for plasma steam-air
gasification of solid organic waste with downdraft
plasma steam-air gasifier was created to increase
the productivity of the plasma-steam equipment
using atmospheric oxygen (Fig. 1). This plant was
used for research of gasification of wood coal,
wood waste, and walnut shell.

The following equipment was used for the re-
search: steam plasma torch Multiplaz 3500 [45] for
obtaining steam plasma flow I, air compressor VK-50
for obtaining air flow II, gasifier, hot cyclone 6,

m  1v

Figure 1. The experimental plant for plasma steam-air
gasification of solid organic waste: 1 — fuel sections;
2 — pyrolysis and steam reforming of volatile matter
section; 3 — portion oxidizing section; 4 — gasification
sections; 5 — bottom ash section; 6 — cyclone; 7 —
cooler; 8 — burner; 9 — thermal insulation; I — steam
plasma flow; I — air; III — bottom ash; IV — fly ash;
V — gas for analysis; VI — flue gas.

cooler 7 and ejection burner 8. The gasifier consists
on sections of fuel 1, pyrolysis and steam reforming
of volatile matter 2, portion oxidizing (with noz-
zle) 3, gasification 4, and collection of bottom ash
5. Thermal insulation 9 of gasifier and hot cyclone
was used for a decrease in heat losses and improve
in efficiency of waste conversion. The gasifier con-
sists of seven steel sections with a height of 130 mm,
an internal diameter of 79 mm, and a thickness of
5 mm each. The thickness of the thermal insulation
of the sections is 80 mm. The thermal insulation is
made of densely packed kaolin wool.

The test procedures are as follows. The gasifier
was started using a plasma torch and wood coal.
Wood coal with a particle size of 10-20 mm was
loaded into the gasifier. The top part of gasifier
was closed. The plasma torch turned on. After 1 min,
the plasma torch was turned off, and air was sup-
plied to the gasifier by the compressor. After
warming up the gasifier for 100 min, the air supply
was stopped; the top part of gasifier was opened
and loaded with solid waste. The particle size of
wood waste was up to 10 mm and walnut shell up
to 20 mm. The top part of gasifier was closing;
plasma torch and compressor were turned on.

Gas sampling was carried after the cooler (V).
The composition of the produced dry fuel gas was
determined using the chromatograph. Air flow rate
is determined using the flow meter. The water con-
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sumption in the plasma torch was determined de-
pending on the electric capacity of the plasma
torch [46]. As a result of the calculation of the
mass and heat balance of the experimental plant,
the solid waste consumption, efficiency, and yield
of hydrogen were determined.

The results of proximate and ultimate analysis
of bio-fuels are presented in Table 2 and Table 3.

The following relationships and parameters
were used for estimation of plasma steam-air gasi-
fication of solid bio-fuel.

The equation of interaction of dry ash free
(DAF) bio-fuel with oxygen of the air and steam
is following:

CXHyOZNf + h3 Hzo + (21/79)3. Oz + a N2 =
= C1CO +C2C02 + C3CH4 +

+ hy Hy + ha HoO + ny Ny, ()
where ¢y, ¢, c3, hy, hy, ny are contents of CO, CO,,
CHi, H,, H,O, and N, in produced fuel gas respec-
tively, mol.; f is relative nitrogen content in DAF
bio-fuel; hs is steam content in the blast, mol.; a is
nitrogen content in the blast, mol.

Following coefficients on the base material balan-
ce are:

X =CtT C2t C3;

y= 2h1 + 4C3+ 2hg - 2h3

z=ci+ 2co+ hy — 2(21,/79)a;

a=n — ({/2).

Table 2. The results of proximate analysis of
bio-fuels

Mois- Volatile | Fixed

. Ash,
Bio-fuel ture, wt. % matter, | carbon,

wt. % o wt. % wt. %
Wood coal 8.2 1.1 16.0 74.7
Wood waste 9.8 0.7 73.2 16.3
Walnut shell 9.4 0.3 70.1 20.2

The steam use degree is, %:

X0 = [(hs — hy) /hs] - 100, (6)
The equivalence ratio (ER):
ER — Rai‘_gas/ Rairmmb, (7)

where Rui®, Ru®™ are air /fuel ratio for gasific-
tion and stoichiometric air /fuel ratio for combus-
tion of selected solid organic fuel.

Lower heating value of the produced dry fuel
gas is, MJ /Nm?:

Qid = {[CO] - Qco? + [H>] - Qi +

+ [CH4] - Qcus®},/ 100, (8)
where [CO], [H:], [CH4] are concentrations of
CO, H,, and CHy in the dry fuel gas, respectively,
vol. %; Qco?, Qm?, Qcms! are lower heating values
of CO, H,, and CHy, respectively, MJ /Nm?.
Thermal capacity of the gasifier on the base of
consumption of solid bio-fuel is, kW
Wu' = G (QrF/3.6), 9)
where G is consumption of solid bio-fuel, kg /h;
Qr is lower heating value of solid bio-fuel,
MJ/kg.
Thermal capacity of gasifier on the base of yield
of the produced dry fuel gas is, kW:
Was™ =V, (Q1Y/3.6), (10)
where V, is yield of the produced dry fuel gas,
Nm? /h.
Cold gas efficiency is, %:
Neg = [Wthgas/(wths + Wpt)] - 100, (11)

where Wy, is electric capacity of plasma torch, kW.
Hydrogen yield in recalculation on consumption

Table 3. The results of ultimate analysis of bio-fuels

Bio-fuel C,wt. % | Hywt. % | O, wt. % | N, wt. % V?tSh% M\?vls_tl(l,/ore’ i‘gﬁg ;l/f;t/lﬂg
Wood coal 81.1 1.2 8.3 0.2 1.1 8.2 27.84
Wood waste 44.8 5.4 38.4 0.9 0.7 9.8 16.32
Walnut shell 451 5.3 38.8 11 0.3 9.4 16.28
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of dry ash free solid bio-fuel is, Nm?/kg:

Yz = Vi / G, (12)
where V3 is hydrogen yield in content of the pro-
duced fuel gas, Nm® /h; G% is consumption of dry
ash free solid bio-fuel, kg /h.

Electricity consumption in recalculation on 1 kg
of the produced hydrogen is, kWh /kg:

EC = W,/ (Vi - pm2), (13)

where pup is density of hydrogen, kg /Nm?.
4. Results and discussion
4.1. Wood coal conversion

Table 4 shows the results of research of wood
coal air gasification without the use of a steam
plasma torch.

During wood coal air gasification at wood coal
consumption of 0.35-0.38 kg,/h, the hydrogen
content was 1.5-2.0 vol. % in the produced dry
fuel gas, vol. %: CO — 15.8-17.3, CO, — 10.9-
11.8, CH; — 0.2-0.5, and N> — 69.6-70.3. The
ratio H,/CO in the produced fuel gas was 0.09—
0.12 mol /mol. Cold gas efficiency was 44.5—47.2 %.

The hydrogen yield was 0.11-0.12 Nm3 /kg of
dry ash-free wood coal.

Table 5 shows the results of research of wood
coal air gasification using a steam plasma torch.
Molar ratio of steam/oxygen in the blast was
0.87-0.94 mol /mol. Electric capacity of the steam
plasma torch was 0.73—0.75 kW.

During plasma steam-air gasification of wood
coal at the steam /oxygen ratio in the blast of
0.87-0.94 mol /mol and wood coal consumption of
0.16-0.17 kg /h, the composition of the produced
dry fuel gas was, vol. %: H, — 7.8-9.1, CO —
11.6-15.0, CO, — 13.6-15.5, CH; — 0.3, and N,
— 62.0—64.8. The degree of steam use was 39.5—
43.5 %.

Due to the use of a steam plasma torch, at the
steam /oxygen molar ratio of 0.87-0.94 mol /mol
in the initial blast, the hydrogen yield was in-
creased from 0.11-0.12 to 0.47-0.53 Nm? /kg of
dry ash-free wood coal with an increase in the
H,/CO molar ratio from 0.2-0.3 to 0.6-0.7.

4.2. Wood waste conversion

The research of wood waste plasma steam-air
gasification was carried out in three ranges of the
ratio of steam/oxygen in the blast, mol /mol:
0.79, 1.21-1.22, and 1.53 (Table 6). Electric capa-

Table 4. The results of experimental research of wood coal air gasification

Wood Thermal capacity of . Yield of | Composition of the produced dry fuel gas,
. . Air con- o
coal con- | the plant in relation . dry fuel vol. %
. sumption, ER
sumption,| to wood coal con- Nm®/h gas,
kg/h sumption, kW Nm? /h Ho CcO CO» CHy N;
0.348 2.69 1.63 0.65 1.85 2.0 17.3 10.9 0.2 69.6
0.375 2.90 1.81 0.66 2.04 1.5 16.2 11.7 0.5 70.1
0.383 2.96 1.85 0.67 2.08 1.9 15.8 11.8 0.2 70.3
Continuation of Table 4
The ratio of Lower heating value Thermal capacity of the riiirl?i?iloiizlf (irrl
H>/CO in the 8 plant in relation to the Cold gas Y

produced fuel gas of the produced dry

yield of the produced

efficiency, % ash-free wood coal

mol /mol fuel gas, MJ/Nm? fuel gas, kW COIIl\Islllllgl/pltiigony
0.12 2.48 1.27 47.2 0.120
0.09 2.28 1.29 44.5 0.115
0.12 2.28 1.32 44.6 0.115
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Table 5. The results of research of wood coal plasma steam-air gasification of wood coal

. Electric Water con- . Molar ratio Yield
Wood Thermal capacity . L Air con-
. capacity of | sumption in of steam / of dry
coal con- of the plant in re- sump-
. . the steam the plasma . ER oxygen fuel
sumption, | lation to wood coal lasms h tion, in the bl -
kg,/h consumption, kW plasma toreh, Nm?®/h in the blast, 84s,
’ torch, kW g/ min mol /mol Nm?,/h
0.161 1.24 0.75 1.83 0.73 0.63 0.89 0.890
0.166 1.29 0.73 1.80 0.73 0.61 0.87 0.910
0.169 1.30 0.74 1.82 0.69 0.57 0.94 0.885
Continuation of Table 5
Comgosition of the prooduced H,/CO | Lower heat- | Thermal capacity Hydrogen yifeld
ry fuel gas, vol. % . . ) o _ | Steam | in recalculation
in the | ing value of |of the plant in re-| Cold gas we | on drv ash-free
produced |the produced |lation to the yield| effi- deoree oodycoal con-
H, CO | COy | CHs | N, |fuel gas, |dry fuel gas,| of the produced |ciency, % go/ W motion
mol /mol| MJ,/Nm? fuel gas, kW ? sumption,
Nm°’ kg
78 116 155 0.3 64.8 0.67 2.42 0.60 30.1 39.5 0.474
87 119 155 03 636 0.73 2.55 0.64 31.7 43.5 0.525
9.1 150 136 0.3 62.0 0.61 2.98 0.73 35.8 46.4 0.527
Table 6. The results of research of wood waste plasma steam-air gasification
Wood Thermal capacity of Electric Watetr. con- Aj ) Molar ratio Yield of
waste the plant in rela- |capacity of the SUMmpLIon 1 Alr con of steam /oxygen | dry fuel
. the plasma |[sumption,| ER . )
consump- | tion to wood waste | steam plasma torch Nm®,/h in the blast, gas,
tion, kg /h | consumption, kW torch, kW g/miryl mol /mol Nm?®/h
0.35 1.58 0.57 1.54 0.70 0.47 0.78 0.97
0.42 1.89 0.57 1.54 0.70 0.44 0.78 1.08
0.35 1.58 0.92 211 0.66 0.45 1.14 0.95
0.40 1.82 0.94 2.13 0.62 0.34 1.22 1.09
0.52 2.33 1.46 2.99 0.70 0.29 1.52 1.35
0.51 2.29 1.46 2.99 0.70 0.30 1.52 1.34
Continuation of Table 6
Composition of the produced Thermal Hydrogen | Electricity
dry fuel gas, vol. %o H>,/CO |Lower heating|capacity of the yvltildll‘r;re— (.:onsur’nlptllc? I_l
in the | value of the | plant in rela- | Cold gas ca Cél 4 IOE ;n reca C1ulj
produced| produced dry| tion to the [efficiency, (;?ee rv};oez)sd Olforﬁ Odnro eE
H, | CO | CO,| CHs | N, [fuel gas,| fuel gas, yield of the % waste con- | in i,odufed
mol /mol| MJ,/Nm?® | produced fuel . fp 1
KW sumptlon, uel gas,
835, Nm’ kg | kWh, kg
12.3 201 104 04 56.8 0.61 4.01 1.08 50.2 0.38 33.5
16.1 234 92 04 509 0.69 4.84 1.46 59.4 0.46 36.7
14.3 19.6 11.2 04 546 0.73 417 1.10 44.0 0.44 75.8
21.7 216 11.5 0.9 44.3 1.00 5.40 1.65 56.3 0.61 44.9
24.5 20.1 13.3 1.9 40.2 1.22 5.87 2.23 35.8 0.67 50.5
242 16.8 159 2.9 40.2 1.44 5.78 2.33 56.0 0.65 50.4
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city of the steam plasma torch was, kW: 0.57,
0.92—-0.94, and 1.46.

The hydrogen content in the produced dry fuel
gas was, respectively, vol. %: 12.3—16.1, 14.3—
21.7, and 24.2-24.5. In the first range of studies,
the molar ratio of H,/CO was 0.61-0.69, in the
second — 0.73-1.00, in the third — 1.22—1.44.

The electricity consumption in recalculation on
1 kg of hydrogen in produced fuel gas was,
kWh kg: in the first range of studies — 36.7—
53.5, in the second — 44.9-75.8 and in the third
— 50.4-50.5. The cold gas efficiency of wood
waste gasification was from 44.0 to 59.4 %. With
an increase in the steam /oxygen ratio, the hydro-
gen yield increased from 0.38 to 0.67 Nm®/kg of
dry ash-free wood waste.

The use of a steam plasma torch in the process
of air gasification of wood waste enabled an in-
crease in the molar ratio of H,/CO in the pro-
duced fuel gas and an increase in the of hydrogen
yield with the produced fuel gas.

4.3. Conversion of walnut shell

The research of walnut shell steam-air gasifica-
tion was carried out in two ranges of the ratio of
steam /oxygen in the blast, mol /mol: 0.8-0.9 and
1.3—-1.4 (Table 7). Electric capacity of the steam
plasma torch was, kW: 0.45—0.48 and 0.95—1.03.

The hydrogen content in the produced dry fuel
gas was, respectively, vol. %: 12.9-14.7 and 21.8—
24.3. In the first range of studies, the molar ratio
of Hy/CO was 0.46—0.49, in the second — 0.80—
0.98. The electricity consumption in recalculation
on 1 kg of hydrogen in the produced fuel gas was,
kWh /kg: in the first range of studies — 41.1-44.4
and in the second — 35.9-48.5. With an increase
in the ratio of steam /oxygen in the blast, the hy-
drogen yield increased from 0.36 to 0.59 Nm?/kg
of dry ash free walnut shell. The cold gas efficiency
of walnut shell gasification was from 57.6 to 62.5 %.
The use of a steam plasma torch in the process of
walnut shell gasification enabled an increase in the
molar ratio of Hy /CO in the produced fuel gas and
an increase in the hydrogen yield with the pro-
duced fuel gas.

4.4. Comparison of solid biomass
gasification results

Table 8 shows the results of solid biomass gasi-
fication using a steam plasma torch in the pyrolysis

zone of the gasifier and in the reactor after the gasi-
fier [42, 46] at an electric capacity of the plasma
torch of 0.9 kW.

Comparison of circuits for connecting a steam
plasma torch to the pyrolysis zone of an air gasifier
and to catalytic reforming reactor (for conversion
of the obtained fuel gas after air gasifier) at an
electric capacity of the plasma torch of 0.9 kW
showed the following. The circuit with the steam
plasma torch connection in the pyrolysis zone had
better indices in relation to hydrogen content in
the produced fuel gas (21.7-24.3 vol. %), lower
heating value of the produced dry fuel gas (5.4—
6.4 MJ /Nm?®) and thermal capacity of the plant in
relation to gas yield (1.7-2.2 kW). Air consump-
tion was reduced by 29.5-34.1 % and lower hea-
ting value of the produced dry fuel gas was in-
creased up to 5.4-6.3 MJ /Nm? due to the increase
in the steam /oxygen ratio in the blast from 0.9 to
1.2-1.3 mol /mol.

Table 9 shows the results of solid biomass gasi-
fication using a steam plasma torch in the pyrolysis
zone of the gasifier and in the reactor after the gasi-
fier at an electric capacity of the plasma torch of
1.5 kW.

In the case if the electric capacity of the steam
plasma torch is 1.5 kW and the steam plasma torch
is connected to the pyrolysis zone of the air gasi-
fier, due to the increase in the steam /oxygen ratio
in the blast to 1.5 mol/mol compared to the
plasma torch connected to the catalytic reforming
reactor, the air consumption was reduced by 43.6 %
and gases with practically the same lower heating
value (5.6-5.9 MJ/Nm?®) were obtained. In the
case of the connection of the plasma torch to the
catalytic reforming reactor, the following were
obtained: dry fuel gas with hydrogen content of
30.3 vol. % and increased thermal capacity of the
plant in relation to the fuel gas yield (3.4 kW).

An increase in the hydrogen content in the pro-
duced fuel gases achieved with the additional use
of a CO catalytic conversion reactor [43]. In the
case of the plant operation in the volatile steam
conversion mode using a CO catalytic conversion
reactor, the hydrogen content in the produced dry
fuel gas will be 37.1 vol. %. And in the case of the
plant operation in mode of the steam reforming of
the produced fuel gas, it will be 39.8 vol. %. As a
result of the exothermic water shift reaction in
the CO conversion reactor, the lower heating
value of the produced dry fuel gas will be 4.6 and
4.5 MJ /Nm?, respectively.
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Table 7. The results of studies of walnut shell plasma steam-air gasification

Thermal capacity Electric . Molar ratio of | Yield

Walnut of the plant in rela- | capacity of Water. Air con- steam / of dry
shell con- tion to wood the steam consumption sump- ER | oxygen in the fuel
suan;i}(l)n, walnut shell con- | plasma torch, inrtlﬁe pl/a?:.li Ntril(?‘?h blast, gas,

8 sumption, kW kW orch, g/ mi mol /mol Nm? /h
0.36 1.61 0.45 1.35 0.58 0.40 0.83 0.88
0.41 1.83 0.48 1.39 0.55 0.35 0.90 0.89
0.55 2.49 0.95 2.15 0.58 0.27 1.32 1.22
0.57 2.56 0.98 2.20 0.58 0.28 1.35 1.22
0.46 2.10 1.03 2.28 0.58 0.30 1.40 1.09

Continuation of Table 7

Composition of the produced Hydrogen | Electricity
Lower
dry fuel gas, vol.% Hs/CO| heati Thermal capacity yield in | consumption
2 Cating |- of the plant in recalculation | in recalcula-
in the | value of . Cold gas ) .
relation to the - on dry ash |tion on 1 kg
produced| the pro- ield of th efficiency, . ol f hvd
H co | cm | co N, |fuel gas,| duced dry yield of the o ree walnut | of hydrogen
2 4 2 2 mol/rnoyl fuel gas produced fuel shell con- | in produced
M) /img gas, kW sumption, fuel gas,
Nm?® /kg kWh /kg
129 283 03 63 522 0.46 5.06 1.24 60.2 0.355 44.4
14.7 298 05 7.0 48.0 0.49 5.52 1.36 38.9 0.361 411
243 257 13 11.0 37.7 0.95 6.33 215 62.5 0.594 35.9
24.0 246 09 126 379 0.98 6.02 2.04 57.6 0.572 37.5
21.8 27.3 0.7 82 420 0.80 6.03 1.83 58.5 0.568 48.5

Table 8. The results of solid biomass gasification using the steam plasma torch in the pyrolysis zone
of the gasifier and in the reactor after the gasifier at an electric capacity of the plasma torch of 0.9 kW

Electric Air Water

capacity of the consumption | consumption in Molar ratio of

Operating mode Fuel steam plasma |in the gasifier,| the plasma steiﬁs/tog?le;llg(lﬂthe
torch, kW Nm®/h torch, g /min ’
Steam reforming of Wood waste 0.94 0.62 2.13 1.22
volatiles Walnut shell 0.95 0.58 2.15 1.32
Steam reforming of Wood 0.95 0.88 2.15 0.87

the produced fuel gas

Continuation of Table 8

Thermal capacity of
the plant in relation to
the yield of the produced fuel

Yield of Composition of the produced Molar ratio |Lower heating value

the produced o
dry ];uel gas, dry fuel gas, vol. % of H2,/CO, |of the produced dry

\m®/h | He | €O | cHi| co,| N, | mol/mol | fuel gas, MJ/Nm’ cas, W
111 217 216 09 115 443 1.0 54 1.65
122 243 257 13 11.0 377 09 6.3 215
072 214 162 1.5 125 484 1.3 4.9 0.98

Note. 50 % of the fuel gas obtained after wood gasification was fed to steam catalytic reforming.
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Table 9. The results of solid biomass gasification using the steam plasma torch in the pyrolysis zone
of the gasifier and in the reactor after the gasifier at an electric capacity of the plasma torch of 1.5 kW

Electric
capacity of the

Molar ratio of

Air consumption .
steam /oxygen in

Water consump-

Operating mode Fuel steam plasma in t};ﬁn %Z;S;lfier ) tiOtH rinhthe/prlna’ilma the blast,
torch, kW orch, §/mi mol /mol
Steam reforming of g 4 \ate 1.46 0.70 3.0 1.52
volatiles
Steam reforming of Wood 1.45 1.10 3.0 0.97

the produced fuel gas

Continuation of Table 9

| Compstion o b ot | M0 e g e | T ey
dr I1zuel as dry fuel gas, vol. % H,/CO of the produced dry thcp ield of the produced
};\IH}S/E , H> CO | CHs | CO2 | N2 m;l/mo,l fuel gas, MJ/Nm’ . fuel gas, k%v
1.35 24.5 20.1 1.9 13.3 40.2 1.21 5.87 2.20
2.18 30.3 158 0.8 13.2 399 1.92 5.56 3.37

5. Technical and economic comparison
of hydrogen production processes
using plasma steam-air conversion

of wood waste and ‘“green” hydrogen
production using water electrolysis

In case of installing a membrane hydrogen sepa-
ration reactor at the plant, it will be possible to
obtain pure hydrogen.

In the volatile steam conversion mode, taking
into account the production of additional hydrogen
in the CO catalytic conversion reactor, the yield
of pure hydrogen will be 0.6 Nm3/h, and the ther-
mal capacity of the plant for hydrogen production
will be 1.8 kW.

In the mode using the CO catalytic conversion
reactor and the hydrogen membrane separation re-
actor, the cold gas efficiency of the process of pro-
ducing pure hydrogen, taking into account the
electricity consumption in the plasma torch, will
be 47.7 %.

The stoichiometric electricity consumption
for producing “green” hydrogen from water is
142.18 MJ /kg (39.49 kWh /kg), and from steam
is 120.21 MJ /kg (33.39 kWh /kg) [47].

In the case of an electrolyzer efficiency of 70 %,
it is necessary to consume 56.42 kWh of electricity
to produce 1 kg of “green” hydrogen from water.

Consumption of electricity 50.5 kWh /kg of the
produced hydrogen was in mode of steam refor-
ming of volatiles with maximal hydrogen yield

0.67 Nm®/kg dry free ash wood waste (Table. 6).
After shift reactor, it is increased hydrogen yield
in 1.82 times and it is decreased consumption of
electricity up to 27.75 kWh kg of the produced
hydrogen.

Decreasing consumption of electricity on 50.8 %
in comparison with electrolysis of water is result
of the use of plasma steam-air conversion of solid
biomass waste and catalytic conversion CO by
steam.

5.1. Hydrogen production
by household consumers

With the consumption of wood waste of
0.52 kg,/h, water in the plasma torch and water
shift reactor of 0.36 kg,/h, electricity cost for
household consumers of 4.32 UAH,/kWh [48],
wood waste cost of 3200 UAH /t (3.2 UAH /kg)
[49], the water cost of 70.84 UAH /m? [50], the
cost of hydrogen production is 153.02 UAH /kg
(3.68 USD kg at the NBU exchange rate of
41.5644 UAH /USD). The shares of electricity,
wood waste, and water costs in the cost of hydrogen
production are respectively, %: 76.7, 20.2, and 3.1.

With the costs of electricity of 4.32 UAH /kWh
and water of 70.84 UAH /m?®, the cost of “green”
hydrogen produced with water electrolysis is
250 UAH /kg (6 USD /kg). The shares of electrici-
ty and water costs in the cost of hydrogen produc-
tion are, respectively, %: 97.5 and 2.5.
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The cost of hydrogen produced using the proces-
ses of plasma steam-air conversion of wood waste
is 38.8 % less than the cost of “green” hydrogen.

5.2. Hydrogen production by enterprises

With the consumption of wood waste of
0.52 kg/h, water in the plasma torch and water
shift reactor of 0.36 kg /h, the electricity cost for
enterprises of 6.9 UAH/kWh [51], the wood
waste cost of 3200 UAH /t (3.2 UAH /kg), the
water cost of 70.84 UAH /m?3, the cost of hydrogen
production is 223 UAH /kg (5.37 USD /kg). The
shares of electricity, wood waste, and water costs
in the cost of hydrogen production are respectively,
%: 84.0, 13.9, and 2.1.

With the costs of electricity of 6.9 UAH /kWh
and water of 70.84 UAH /m?, the cost of “green”
hydrogen produced with water electrolysis is
396 UAH /kg (9.52 USD /kg). The shares of elec-
tricity and water costs in the cost of hydrogen pro-
duction are, respectively, %: 98.4 and 1.6.

The cost of hydrogen produced using plasma
steam-air conversion of wood waste is 43.6 % less
than the cost of “green” hydrogen. With an in-
crease in the electricity cost, the difference be-
tween the costs of “green” hydrogen and hydrogen
produced in the process of plasma steam-air con-
version of wood waste increases.

Conclusions

Solid biomass is an available raw material for
the development of distributed power generation
in Ukraine. Its effective use is ensured by the ap-
plication of the new technologies for the produc-
tion of energy and chemical products, based on the
principles of converting biomass waste energy into
useful energy (Waste-to-Energy, WtE) and the use
of renewable energy for the production of fuels
(Renewable power-to-fuel, PtF) and other organic
products (ammonia, plastic, etc.).

The use of hybrid power plant technologies (a
solid biomass gasifier — an electrochemical gene-
rator on gaseous gasification products using solid
oxide fuel cells) enables obtaining electrical effi-
ciency of power plants of 42 % or more. An increase
in energy efficiency is also achieved through the
use of plasma torches to produce hydrogen-rich
synthesis gas with a low content of high-molecular
compounds from biomass, support the operation of
gasifiers in maneuverable operating modes, and

ensure the necessary operating temperatures of the
produced fuel gas for the operation of SOFC elec-
trochemical generators.

As studies conducted in the European Union
have shown, the cost of hydrogen obtained as a
result of using technologies for gasification of solid
biomass in circulating fluidized bed with subse-
quent conversion of the obtained gas in water shift
and pressure swing adsorption units is 10.9-34.4 %
less than the cost of hydrogen obtained as a result
of water electrolysis (7.52 euro,/kg). The cold gas
efficiency of pure hydrogen production using solid
biomass was from 19 % to 40 %, and the cost of
pure hydrogen was 4.93-6.67 euro /kg.

Further reduction in the cost of hydrogen pro-
duced using solid biomass conversion can be
achieved by using the modern membrane hydrogen
separation technologies instead of the traditional
pressure swing adsorption technology.

The plasma steam-air gasification plant was
used to study the conversion processes of solid bio-
mass — wood coal, wood waste, and walnut shells.

The use of a steam plasma torch for steam re-
forming of volatiles in the pyrolysis zone of air gasi-
fier using wood coal, wood waste, and walnut
shells at an air flow rate of 0.6—0.7 Nm?/h led to
an increase in the molar ratio of Hy/CO in the
produced fuel gas, the yield of hydrogen with the
produced fuel gas, and a decrease in the equiva-
lence ratio and nitrogen concentration in the pro-
duced fuel gas.

An increase in the electric capacity of the steam
plasma torch from 0.6 to 1.5 kW in the case of
using wood waste at an air flow rate of 0.6—
0.7 Nm?/h enabled to increase the H,/CO ratio
in the produced fuel gas from 0.6 to 1.4 mol /mol,
the dry fuel gas yield from 1.0 to 1.3 Nm?/h, the
lower heating value of dry fuel gas from 4.0 to
5.9 MJ/Nm? the hydrogen yield from 0.4 to
0.7 Nm?® /kg of dry ash-free wood waste, and to
reduce the equivalence ratio from 0.5 to 0.3 and
the nitrogen concentration in the dry produced fuel
gas from 57 to 40 vol. %. At the ratio of steam /oxy-
gen in the blast of 1.52 mol /mol, the electricity
consumption in recalculation on 1 kg of hydrogen
in the produced fuel gas was 50.5 kWh /kg. The
cold gas efficiency of wood waste gasification was
56.0 %.

An increase in the electric capacity of the steam
plasma torch from 0.5 to 1.0 kW in the case of
using walnut shells at an air flow rate of 0.6 Nm® /h
enabled to increase the H,/CO ratio from 0.5 to
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1.0 mol /mol, the dry fuel gas yield from 0.9 to
1.2 Nm?®/h, the lower heating value from 5.1 to
6.3 MJ/Nm? the hydrogen yield from 0.4 to
0.6 Nm? kg of dry ash-free walnut shells, and to
reduce the equivalence ratio from 0.40 to 0.27 and
the nitrogen concentration in the dry produced fuel
gas from 52 to 38 vol. %. At the ratio of steam /oxy-
gen in the blast of 1.32 mol /mol, electricity con-
sumption in recalculation on 1 kg of hydrogen in
the produced fuel gas was 35.9 kWh /kg. The cold
gas efficiency of wood waste gasification was 62.5 %.

Comparison of circuits for connecting a steam
plasma torch to the pyrolysis zone of an air gasifier
and to catalytic reforming reactor (for conversion
of the obtained fuel gas after air gasifier) at an
electric capacity of the plasma torch of 0.9 kW
showed the following. The circuit with the steam
plasma torch connection in the pyrolysis zone had
better indices in relation to hydrogen content in
the produced fuel gas, lower heating value of the
produced dry fuel gas and thermal capacity of the
plant in relation to gas yield. Air consumption was
reduced by 29.5-34.1 % and lower heating value
of the produced dry fuel gas was increased up to
5.4—6.3 MJ/Nm® due to the increase in the
steam /oxygen ratio in the blast from 0.9 to 1.2—
1.3 mol /mol.

It is proposed to add water shift and membrane
hydrogen separation reactors to the plant of wood
waste plasma steam-air gasification to produce
pure hydrogen. The plant’s productivity relative to
pure hydrogen will be 0.6 Nm?/h and the thermal
capacity of the plant for hydrogen production will
be 1.8 kW. The cold gas efficiency of the process
of producing pure hydrogen, taking into account
the electricity consumption in the plasma torch,
will be 47.7 %. Consumption of electricity, taking
into account the additional production of hydrogen
in the water shift reactor, will be 27.75 kWh /kg
of the produced hydrogen. A decrease in electricity
consumption of 50.8 % in comparison with water
electrolysis is result of the use of plasma steam-air
conversion of solid biomass waste and catalytic
conversion CO by steam.

It was found that in case of hydrogen produc-
tion by household consumers using the processes of
plasma steam-air conversion of wood waste, taking
into account the prices for electricity, wood waste,
and water in Ukraine, the cost of hydrogen pro-
duction will be 153.02 UAH /kg (3.68 USD /kg),
and in case of hydrogen production by enterprises
— 223.09 UAH /kg (5.37 USD /kg). In case of

hydrogen production using water electrolysis by
household consumers taking into account the prices
for electricity and water in Ukraine, the cost of
hydrogen production will be 250.11 UAH /kg
(6.02 USD /kg), and in case of hydrogen pro-
duction by enterprises — 395.68 UAH kg
(9.52 USD /kg). In case of hydrogen production
by household consumers the cost of hydrogen pro-
duced using the processes of plasma steam-air con-
version of wood waste is 38.8 % less than the cost
of hydrogen, obtained by water electrolysis. In
case of hydrogen production by enterprises, the
cost of hydrogen produced using the processes of
plasma steam-air conversion of wood waste is
43.6 % less than the cost of hydrogen, obtained by
water electrolysis.

From the point of plasma physics and chemistry
view, the current “bottleneck” in the research of
hydrogen production processes using plasma tech-
nologies is, in fact, adequate consideration of
plasma-chemical effects in gasification processes at
high temperatures of ~ 10* K, taking into account
also the important role of radiation. They, in par-
ticular, can become the basis for understanding
synergistic effects in such processes, given their
sharply nonlinear, exponential dependence on tem-
perature [52]. Unfortunately, we could not study
these effects under the conditions of our small-
scale laboratory model. Another consequence of
this circumstance was the relatively low level of
hydrogen content in gasification products, when
the ratio of components H, /CO is ~ 1.5 mol /mol.
We have already discussed this issue in more detail
in our work [18]. A possible reason for this was
the low temperature of the process. Judging by the
temperature of the reactor wall, it was at the level
of 500 °C. The main problem lies in the small size
of the laboratory installation, the internal diameter
of the reactor of which is 79 mm. The thickness of
the thermal insulation made of densely packed kao-
lin wool is 80 mm. For comparison: in our experi-
mental and industrial installation for the pro-
cessing of hazardous waste [1, section 1.13] only
the thickness of the high-temperature thermal in-
sulation layer is about 400 mm with an internal
diameter of the reactor working chamber of 400 mm.
The lining of the working space of the plasma-
chemical reactor is made of refractory plates up to
100 mm thick. Thus, in the absence, in fact, of
thermal insulation in a small-diameter reactor with
metal walls, it is impossible to avoid significant
heat losses, and therefore the process temperature
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cannot be high either. The heat consumption for
heat accumulation by the steel walls of the gasifier
in the installation of plasma steam-air conversion
of solid biomass was 16—23 % with cold gas effi-
ciency of gasification of 44 % to 62.5 %, taking
into account the electric power of the steam plasma
torch. So we return again to the results of the ana-
lysis of the negative impact of low process tempera-
ture, which was already performed earlier [1, sec-
tion 1.8]. Under low temperature conditions, as it
turned out as a result of this work, it is not possi-
ble to expect, in particular, the achievement of a
synergistic effect from the gasification of mixed
fuel. At the same time, it is not possible to conduct
research on a full-scale installation in conditions of
intensive military operations on the territory of
modern Ukraine.

The main objective of further research will be
to determine the scientific basis for developing a
new energy technology that combines the processes
of solid biomass gasification and direct conversion
of chemical and thermal energy of the resulting gas
into electrical energy in solid oxide fuel cells. Tt is
planned to replace the steel sections of the gasifier
with cylindrical sections of an electrochemical gene-
rator on solid oxide fuel cells with an operating
temperature of the inner walls of the ceramic sur-
face (SOFC anodes) at 500—700 °C and to feed hot
oxygen-depleted air from the SOFC cathodes to
the partial oxidation zone of the gasifier to further
increasing the cold gas efficiency of gasification.
Achieving a high temperature of the steel sections
at 1500 °C and above was not the purpose of this
study with regard to the safety of the gasifier,
achieving a long service life of its operation and
further development of the proposed energy tech-
nology with the transition to the use of processes
of direct conversion of chemical and thermal ener-
gy into electrical energy.
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Il1azmMoBe MaponoBiTpsiHE NEPETBOPEHHS
TBepAoi OioMacu Ta MpoO.JeMa IPUIYI[EHHS
piBHOBaru B mpoiieci rasudikamii

Awnoranisi. Po3risinyTo npuitHATHICTD HAGIUKEHHST PIBHOBAXKHOIO CTAHy IJIa3MU IPU i1 BUKO-
puctanHi B mporecax Tasudikarii. Po3poOka TexHOIOTIH TIepeTBOpeHHST TBepaoi 6GioMacu K
JIOCTYITHOT CUPOBHMHH JIJIST PO3IIO/IiIEHOTO BUPOOHUIITBA eJIEKTpOeHeprii B YKpaiHi 3/1iliCHIOEThCS
JUISI OTPUMAaHHS SIK eHepreTUYHMUX, Tak i XiMiYHUX NPOAYKTiB. BUKOpHCTaHHS TeXHOJIOTiH rasu-
(ikarnii 6iomacu Ta MPSAMOTO MEPETBOPEHHS €HEPTil MAJUBHOTO ra3y Ha €JEKTPOEHEPTilo B TBEp-
JIOOKCUHUX TTAJUBHUX €JIEMEHTAX Ja€ MOXKJIUBICTb focArtu esnekrpuunoro KK/ erektpocran-
1iit 42 % Ta Ginbine. [11a3MOTPOHN BUKOPUCTOBYIOTHCS JIJIST OTPUMAHHS GaraToro Ha BOJAEHD rasy
3 HU3bKIM BMiCTOM BHCOKOMOJIEKYJIIPHUX CIIOJIYK, & TaKOXK [JJIS JOCATHEHHS poOOYMX TeMIlepa-
Typ rasy Iepe/l TBep/lOOKCUJAHUMY NaJUBHUMM ejeMeHTamMu. Ha ycTaHOBIIi 1171a3MOBOI 1aporo-
BiTpsiHOI rasudikaiii J0CTiPKEHO MEPEeTBOPEHHS IE€PEBHOTO BYTIiJISA, JEPEBHUX BiJIXO/iB Ta
HIKAPAJIYIH BOJIOCBKUX TOPiXiB. BHKOpHCTAHHSA NapoBOTO IJIa3MOTPOHA /Jd 1apoBOro pudop-
MiHTY JIETKUX DEUYOBHH Y 30HI MipoJIi3y ra30MOBiTPSIHOTO TeHEpaTOpa MPU3BOANTD /10 361/IbITCHHS
MoJisipHoro crmiBBigHOmenHs H,/CO Ta Buxomy H,, a Takok [0 3HMKEHHS €KBiBaJE€HTHOTO
CHiBBiIHOIEHHS Ta KoHIleHTpalii N> B ycix Bunajgkax BuOpanux tumiB 6iomacu. Busgsieno, 1o
BHXi/[ YUCTOTO BOIHIO MOKHA 30iJbIIATH, JOJABIIN 0 iCHYI0UOI YCTAHOBKM PEAKTOPH BOJSTHOTO
3cyBY Ta MeMOpaHHe pO3JiJeHHs BoAHIO. Bupo6uuirrBo uncroro H, cranosumao 0,6 um®/Tof,
ximiunuit KK/l omepskanust Hy — 47,7 %, Burpata ejnexkrpoeHeprii — 27,75 kBr-rox,/xr Ho.
3aBASKHU TJIa3MOBill naponoBiTpsHiil razudikaiii TBepaoi 6iomacu Ta kouBepcii CO BuTpara
eJiekTpoeHeprii Ha BupoGHuITBO Hy Ha 50,8 % MeHIe, Hi’K BUTpara eJeKTPOEHEprii Ha eJIeKT-
pouii3 Boau. IlokasaHo, 110 MOPiBHIHO 3 OCTAHHIM BUMAJKOM BapTicTb BHpoOGHMIITBA H) miisxom
KoHBepcii TBepaoi 6ioMacu, BPaXOBYIOUH BUTPATH HA eJleKTPOoeHepriio, 6iomacy Ta Boay, B YK-
paini Ha 39—44 % HWK4YA, Hi’K BapTiCTb BOIHIO, OJEP;KAHOIO €JEeKTPOJi3oM Boau. Biba. 52,
puc. 1, maba. 9.

KimoyoBi cioBa: BUPOOGHUIITBO BOJHIO, BiIXO/JM, [€PEBUHA, MIKAPATyla BOJOCHKOTO ropixa,
JlepeBHE BYTiJJIA, TJIa3MOBi TEXHOJOTIT, MIPUIYIIeHHA PiBHOBAYXHOTO CTAaHY.
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P03BUTOK METO/[iB Ta TEXHOJIOTili MOKPUTTS
NiKOBUX HaBaHTa’KeHb B eHepreTuili YKpaiHnu

Awnoranisi. HaBeneno pesyJbratu anamiisy psay MUTaHb B KOHTEKCTI Mpo6JeMU MOKPUTTS IMiKO-
BHUX HAaBAaHTAKEHDb B eHepreTwyHiil cucremi Ykpaiau. [lomano indopmariiio momo oco6amBoCTER
(opMyBaHHS maHWX HaBaHTAKEHb Ta X 3MiHM BHACJI/IOK TIOBHOMACIITaGHOTO BTOPTHEHHS Pocii
B Ykpainy. PosrnsnyTo BiAmnoBifAHI BUKIMKH, TIOB gd3aHi 3 iHTErpalli€to Bi/IHOBIIOBAHUX JIZKe e
eHeprii B eHepreTuyny cucremy Ykpainu. [IpoanasnizoBano cnernudiky 3anpoBapKeHHS K Tpa-
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JIMIIHNX, TaK i iIHHOBAIIMHUX TiIXO/iB 10 TIOKPUTTS MiKOBUX HABAHTAKEHb, 30KPEMa, 3aCTOCY-
BaHHS MIKOBUX IeHEPYIOUUX TOTYKHOCTE, cucteM 36epiranisi eHeprii, iHTeJeKTyaJIbHIX MEPEeXK
Ta yIPaBJiHHA IOIWUTOM Ta iHTerpalnii B eHeprocucTeMy BiJIHOBJIIOBAHUX JUKepeJl y IMO€JIHaHHi 3
HaKOMMIyBadaMu eHeprii a6o BipTyaJbHUMH eJleKTpocTaHIlissMu. HaBeseHo paHi 3icTaBieHHS Xa-
PaKTEPUCTHK Pi3HUX TUMIB MiKOBUX MOTYKHOCTEN 1010 €(PEKTUBHOCTI MIOKPUTTS MiKOBUX HABaH-
TaxxeHb. Oco6JUBY yBary NpHIiJEeHO PO3TJISLY MEPCHeKTHB PO3BUTKY TEXHOJIOTiHl MOKPUTTS Ii-
KOBHMX HaBaHTaXeHb B YKpaini. Bkaszano, 1o y KOPOTKOCTPOKOBil IepCHEeKTUBI TpaauiliiHi
[iIX0/IM MATUMYTh [eBHY nepesary naj inxosariinnMu. oo ocrannix, TO OMHUM 3 HANGIJIbIN
MEPCIEKTUBHUX Oy/ie 3aCTOCYBAHHS aKyMYJISATOPHUX CUCTEM. BaXKJMBUMU 3aMUIATUMYTBCS TTi/I-
XO/M, TIOB’sI3aHi 3 KepyBaHHSM TIONUTOM Ta 3aCTOCYBAHHSIM Bi/IHOBJIIOBAHUX JIXKepeJl eHeprii y
KoMOiHaIlii 3 aKyMyJIIOBAaHHSIM €Heprii Ta BipTyaJbHUMHU €JIEKTPOCTAHIisIMH. 3a pe3yJibTaTaMu
BUKOHAHOTO aHaJi3y 3p06JeHO BUCHOBOK MPO 3POCTAHHS aKTYaJbHOCTi MPOGJIEMH MOKPUTTS ITi-
KOBHMX HaBaHTa)KeHb B €HEPTeTHYHIl cucTeMi YKpaiHuW, 3Baskaioud Ha 30iJbIIEeHHS UX HaBaH-
TaKeHb Yepe3 HU3KY TPWYNH, Y TOMY 4YuCi it HenepeGopuux. biba. 44, puc. 2, ma6a. 3.

KiouoBi ciioBa: enepretuyHa cucrema, iKOBi HaBaHTAXKEHHS, IOKPUTTS MIKOBUX HABAHTAXKEHbD,

36epiraHfs eHeprii, yrmpaBJiHHS MOMHUTOM, BiJHOBJIOBaHI /Kepesa eHeprii.

Beryn

EcdextuBHe (DyHKI[IOHYBAaHHS €HEPTETUYHOI CHC-
TEMHU 3HAYHOIO MipOI0 BU3HAYa€ PO3BUTOK CKOHOMi-
KU Kpainu Ta 3a6e3nedeHHsS KOMMOPTHOTO >KUTTS
HaceseHHd. OQHUM 3 KPUTUYHMX BUKJIUKIB JIIS CTa-
HY €HepreTU4HOi CUCTeMM € IIIKOBi HaBaHTAKEHHI,
1[0 MAIOTh PO3TJISIAATHCS He JIUIIe SIK TeXHiuHe SBU-
e, aje i K colliaJbHO-eKOHOMiuHM Mapkep [1].

MdopMyBaHHSI Ta TOKPUTTS MKOBUX HaBaHTa-
JKeHb B YKpaiHi Mae meBHY creriudiky, sika CyTTEBO
3MiHIOBaJIacd y 4aci, 30KpeMa, ITicJIs TOBHOMACIITA6-
Horo BroprueHHss P® B Ykpainy. Cucremui atakm
Ha BeJIMKi 00’eKTu reHepallii Ta mepejavi erekTpo-
eneprii HaBecHi 2024 poky pU3BeJsN 0 BTPATH 3HAY-
HO! YaCTMHU MaHEBPOBOI IMOTYKHOCTi, TOMY TIPOG-
JieMa TiKOBUX HABAHTa)KEeHDb Ha6yJia 0cO6JIUBOI TOCT-
poru. Ti Bupimennus norpe6ye BBeJEHHS [10JIaTKO-
BUX THYYKUX IIIKOBUX IOTY)XHOCTeil Ta B LiJoMy
pyHIaMeHTATLHOTO TIEPErysiy MAXOMiB 0 edek-
TUBHOTO ITPOTHO3YBaHHs, TIOKPUTTSA Ta 3TJIa/KyBaH-
HS TiKOBUX HaBAaHTAKEHD.

Pisnum acniekram mpo6JieMu yIpaBJliHHS TiKOBU-
MU HaBaHTKEHHAMU IIPUCBAUYCHO BEJUKY KiJbKiCTb
pobGit, manpukian, [2—16]. [auwmii orssg mae Ha
MeTi PO3IJIAHYTH HU3KY IIUTaHb Y KOHTEKCTi aHaJIi3y
nmanoi mpobsemu. Tak, akTyaabHUM € PO3TJIS[ €BO-
monii popMyBaHHS MIKOBUX HaBaHTaXXeHb B €HEp-
rocucteMi YKpaiHu, 30KpeMa, BILJINUB Bi/JIHOBJIOBA-
naux Jokepen eneprii (BJIE) na ne ¢opmyBaHHS.
3HauHWI iHTEpec CTAHOBUTDH TOPiBHSAJIbHUI aHAJIi3
pi3HMX NiAXOAIB JO IIOKPUTTS IIiKOBUX HaBaHTa-
JKeHb. BaKJIMBUM € TakoK aHaJli3 MEePCHEKTHB PO3-
BUTKY TPaJUIiIHNX Ta iHHOBAIiMHUX TEXHOJOTiil
TIOKPUTTA IIUX HABAHTAXKCHbD.

Oco00JHMBOCTI MKOBUX HaBaHTa’KeHb
B eHeprocucreMi YKpainu

YmupaBiiHHS TKOBUMM HaBaHTAKEHHSIMHU HaJe-
SKHUTH /IO BAYKJIMBUX 3aB/IaHb 3a0e3eueHHs e(DeKTHB-
HOTO (DYHKI[IOHYBAHHS CyYaCHUX €HEPTeTUYHHIX CHC-
teM. Ili HaBaHTa)KEeHHS PO3TJIAAAIOTHCSA K JUHAMIiU-
HUAW IIpollec, BUHUKHEHHS SKOTO CIPUYMHSETHCS
€KOHOMIYHUMU Ta ColliaJbHUMU (paKkTopamMu, KiiMa-
TUYHUMY, TTOTOJIHIMHA YMOBAMH TOIIIO.

Enepretnuna cucrema YKpaiHM XapaKTepusy-
€THCS TIEBHUMH OCOGJUBOCTSAMU (POPMYBaHHS MiKO-
BUX HaBaHTaXeHb. [l0 MoBHOMACHITAGHOTO BTOPT-
Henusa Pocii B Ykpainy masa Micle cyTTeBa AUCIPO-
TOPIIist MiXK cepeHhOJOO0OBUM Ta MiKOBUM CIHOXKHU-
BanaaM B OEC Yxkpaian. Tak, MakcumaibHe HaBaH-
taxxeuuss B OEC y 2021 pomi 6yJso 3adikcoBano
Ha piBHi 24,249 tuc. MBr (28 ciuna o 18.00), a
cepeJHe II0 POKY HaBaHTa)KeHHA cTaHoBuao 14—
16 Tic. MBT [17]. Illomgo 1060BUX TiKiB, TO GiJIBII
YiTKO BUPa’KEHNMH 6yJM PAaHKOBi MKW, 3YMOBJEHI,
30KpeMa, TI0YaTKOM BUPOOHMYMX IIMKJIB, X04a BEUip-
Hi miku 6yJu Tesk 3nauHuMuU. Takuil Xapakrep Momm-
Ty TIOB’SI3aHUH 3 BEJIMKOIO YaCTKOIO TIPOMUCJIOBOCTI B
CTpYKTypi croxknBaHHs. CTOCOBHO CE30HHUX TIiKiB,
TO HAGiJIBITNM HAaBAaHTAKEHHSM Bi/IIOBiIaI0Th 3MMO-
Bi Mmicaui (civenb, mOTHI) 3 OISy Ha 3POCTAHHS
€JIEKTPOCIIOKMBAHHS JIOMOTOCIIO/IAPCT-BaMU Ta MiJI-
MPUEMCTBAMHU 3 eHeproeMHUM o6aaaHanusaM [18].

[Micis moBHOMacTabHOTO BTOpPTHEHHS Pocii B
Ykpainy B 2022 porii cTpyKTypa TONUTY 3a3HaJja
cyTreBux 3MiH. Hacammepen, 3HaUHO 3MEHIINJIOCA
IIPOMHUCJIOBE CIIOKUBAHHS Yepe3 3HUIIEHHS YU OKY-
naiio pgjy TPOMUCIOBUX MiATpueMcTB Ha Cxoi
ta IliBgni Ykpainu. Ha ¢opmyBanns mikoBux Ha-
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Ta6mas 1. IIpOTSIKHICTh PAHKOBOTO Ta BEYipHbOIO

MiKy HaBaHTa’XeHb y Pi3HHX KpaiHax cBiTy

Table 1. Duration of morning and evening peak

loads in different countries of the world

Tumnosuit yac

Tumnosuit yac

Perion Kpaina PaHKOBOTO BEYipHHOTO
iKYy MKy
€sporra  Himeuunna 8:00—-10:00  18:00—-21:00
Dparis 7:00-9:00  19:00-22:00
g;ﬁﬁim 8:00-10:00  17:00—20:00
Asis ronist 7:00-9:00  18:00-21:00
Tnpis 9:00-12:00  18:00-22:00
Ameprixa (Cfgﬁ dopuiny  S00710:00  17:00-21:00
Kanaza 7:00-9:00  17:00-20:00
Ykpaina VYxkpaina 8:00—11:00  18:00—22:00

BaHTa)XKEHb BILJIMHYJa TAKOXX BHYTPIIlIHS Ta 30BHIlI-
HA Mirpanisg HaceJIeHHd, dKa IIOMITHO 3MiHMJIa Teo-
rpadito cnoxuBanud. Ilopsaa 3 uum BoeHHi aif 3y-
MOBUJIM HAasIBHICTD BILTUBY Hemepen6auyyBaHuX (hak-
TOpiB Ha (POPMYBaHHS MIKOBUX HAaBAaHTAXKEHb.

3 2023, 2024 poxiB mouasocs BiJIHOBJIEHHS eHEP-
TeTUYHOT CUCTEMU YKpaiHu, mpobsieMa MOKPUTTS ITi-
KOBUX HAaBaHTa)KeHb 3HOB Ha6yJa aKTyaJbHOCTI.

Y Ttabn. 1 HaBeseHO iH(OPMAILIO PO MPOTSK-
HICThb PAHKOBOTO Ta BEUipHDOIO IiKy HaBaHTa’KEHb
Yy Pi3HUX KpaiHax CBIiTY, 3a JaHUMHU BiJIIOBIHUX pe-
rioHaJBHUX olepaTopiB. SIK BUAHO, TUIOBMI yac
PAHKOBOTO TKY B YKpaiHi CTaHOBUTD 3 IO/, 10 6iJib-
IIe Hi’K B yCiX HaBeJeHUX y TaOJuIli KpaiHax, OKpiM
Inpgii. IIpoTsskHicTb BeUipHBOTO MKy B YKpaiHi Tex
€ HallJOBIIOIO Ta jgocsira€ 4 rox, gk i B IHpmii.

BB BigHOB/IIOBaHUX
JKepeJt eneprii Ha (opMyBaHHS
MKOBUX HaBaHTaKeHb

IuTerparisas BigHOBJIIOBAaHUX J[Kepesa eHeprii B
E€HEPreTNYHy CHUCTeMy YKpaiHW CYTTEBO 3MiHIOE
CTPYKTYPY CIOKMBAHHS Ta TeHeparlii, BIJIMBae Ha
(popMyBaHHS MKOBUX HaBaHTaKeHb. Y Ta6s. 2 Ha-
Be/IEHO 3HAYeHHS BCTAHOBJEHWX TOTY>KHOCTEN BiJl-
HOBJIOBaHUX Kepena eneprii y 2014 ta 2024 po-
Kax, 3rigHo 3 manmmMu MiHnenepro. AKX BUIHO, HO-
MiHYIOUOIO € COHAYHA TeHepallisd, MOTYyKHiCTh AKOI
cranoBusa 1006 MBT y 2014 poui Ta 3MeHuuaacs
cranoM Ha 2024 pik po 782 MBr. IloryxkHicTb

BEC 3anummiacs He3MiHHOIO IPOTSITOM OCTaHHIX
10 pokis (299 MBT) Ta € 3HaUHO HUKYOIO y MOPiB-
Hauui 3 CEC.

Ha puc. 1 HaBeseHo maHi 10/10 3MiH y CTPYKTYpi
reHepailii B eHeprocucreMmi YKpaiHu, CIpUUYMHEHUX
3actocyBanHaM BJIE, ta BignoBigni pesysbryioui
edexrn.

3pocTaHHd BcTaHOBJEHOI noryskHocTti B/IE npu-
3BEJIO JI0 3MiHU TPAAMIIITHOT 1060BOi KPUBOT HABaH-
TaKEHHS, 10 BUSBJSAETHCS Y 30iJbIIEHH] TeHepailil
aMILTiTy1a T060BUX KOJIMBaHb HaBaHTaKeHHS [19].

Inrerpanis B/IE B enepretnuny cucremy Ykpai-
HU cIpuIvHWIA (GOPMYBaHHS TOPS/] 3 KJIACUIHUMU
MiKaMU TaK 3BaHUX «IITYYHUX» a0 <«ICEBAOMIKiB»,
a caMe: TiK BBIMKHEHHS TPa/IMITiiHOI TeHeparlii Ha
3axo/i conud A komnencauii Bigcytuboi CEC Ta
mik obmeskenHs BJ/IE 3a ymoB, kKoam Mepexa He
MO’Ke TIPUWHSTH HAJJUIIKOBY T€HEePaIlio.

o BaxxsmBux xapaxtepuctuk B/IE Hane:xutp ix
CE30HHA Ta MOTO/[HA HeCTAGibHICTD, MO CIIPUYNHSIE
BUIIQ/IKOBI Ta HEIPOTHO30BaHi KOJIMBAHHSA TeHepa-
mii. Ile 3a yMoB BimcyTHOCTI HeOOXigHOI aKyMyJisi-
IiHOI CITPOMOKHOCTi TTOB’S3aHO 3 YaCTUMHU 3MiHa-
MU HallPAMKY IEPETOKIB y MaricTpaJbHUX MepesKax
Ta PI3KUMU IepelnajaMu IOTYKHOCTI BHACJIJJOK
XMapHOCTi, 3MiHu mBUAKOCTI BiTpy Tomio [20]. Ille
onuieo ocobmmBictio B/IE € acumerpis remepartii
Yyepe3 iX TepUTOpPiadbHy KOHIIEHTPAIio 3/1e6iIbIno-
TO y MiBJAEHHUX perioHax YKpaiHu, 10 CTBOPIOE JIO-
KaJIbHi TIEPEHABAHTAXKEHHA MEPEK.

Braszani Bukauku, mos’s3ani 3 inTerpaiieio B/IE
B €HEPreTHYHY CUCTeMy YKpaiHu, MoTpe6yIoTh aK-
THBHOTO pearyBaHHA Ta CKOOPJAUHOBAHOTO PO3BUTKY
BiIMOBiTHUX MeXaHi3MiB.

Ta6imus 2. Bcranosaena moryskuicte B/IE B
Ykpaini y 2014 ta 2024 pp., 3a aanumu Minenepro
Table 2. Installed capacity of renewable energy
sources (MW) in Ukraine in 2014 and 2024
according to the Ministry of Energy

. . 2014 2024
Binnos/oBani gxepena eneprii . .
piK pik
Consiuna eneprocucrema (CEC), 1006 789
MBr
BirpoBa eneprocucrema (BEC), 299 299
MBr
bBioras, MBr 6 9
Ycporo, MBT 1311 1090
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Iigxoau 10 MOKPUTTS
MiKOBUX HaBaHTaKeHb
B eHeprocucreMi YKpaiHu

[Tpo6seMa MOKPUTTS MIKOBUX HABAHTAXKEHb MA€
TEXHOJIOT14YHi, €eKOHOMIYHi, PeryJadaTOpHi Ta iHIi ac-
neKkTH. [lo OCHOBHUX HaIpPsIMiB MOKPUTTS IIUX HaBaH-
Ta’KeHb MOKHA BiJ{THECTH:

— 3aCTOCYBaHHSI IKOBUX T€HEPYIOUHX IOTYK-
Hocreit (peaking units);

— BUKOPHCTaHHSI cHUcTeM 30epiraHHs eHeprii
(ESS — Energy Storage Systems);

— iHTerpauiga B eHeprocUcTeMy Bi/HOBIIOBAHUX
JUKepes1 y TIOEHAHHI 3 HAKOIMYyBavaMu eHeprii abo
BipryaspaumMu esexrpocraniismu (VPP);

— 3aCTOCYBaHH iHTeJeKTyanbHnx Mepex (Smart
Grids) rta ympasninna monutom DSM  (Demand
Side Management).

CTOCOBHO 3aCTOCYBaHHSI IKOBUX TE€HEPYIOUNX
HOTYXHOCTeH, TO 0 OCHOBHUX B YKpaiHi HaJexaTb
TEC, TEL, TEC ta TAEC. Ha puc. 2 maBemeHO
indopmMarllio Moa0 AUHAMIKY 3MiHU BCTAaHOBJIEHOI
MOTY>KHOCTI ITX €HepreTHYHUX 06’ €KTiB. SIK BUIHO,
HalimomupeHimuM B YKpaiHi € BUKOPUCTAHHS Terl-
JIOBUX €JIeKTPOCTaHIIiH. Ix repeBaru y IMOKpUTTI IIi-
KiB IIOJIATAIOTH Y BilTHOCHO KOPOTKOMY 4Yaci 3aryc-
Ky, THYYKOCTi IIOJI0 HaBaHTaXEHHS Ta MO>KJUBOCTI
IIEHTPaJIi30BaHOTO ympasJiHHs. [Ipore muM TexHiu-
HUM PillICHHSAM IIPUTAMAHHI II€BHI HE/IOJIIKU: BUCOKI
nuToMi BUTpaTH nayiusa, 3Hauni Bukuau CO, 3amex-
HicTb BiJl iMmopToBaHoro razy [21].

[l MOKpUTTS MiKOBOI reHepartii MMPOKO 3aCTO-
coBytoTbest Takoxk ['TY Ta J[B3. Ix ocHoBHI nepeBa-
IU: MBUJIKUN CTapT — 3allyCK i3 XOJIOJHOTO CTaHy
npotsarom 5—10 xB amga I'TY ta 1-5 xB nusa /IB3;
KOMITAKTHICTh Ta MOOIJbHICTh; HU3bKI KalliTaJbHi
BUTpaTu y TopiBHAHHI 3 Besmkumu y TEC a6o
IF'AEC — 600—1200 eBpo/kBt mms I'TY Ta 400—
800 eBpo,/kBt ana [IB3; MoxauBicTh poboTH Ha
pisHUX BUJaX nanawBa Tomo. /o oOMexeHDb 3acTOCy-
Bauug I'TY ta /IB3 manexxarb, Hacammepen, HU3b-
kuit KK/[ mpn 9acTKOBMX HaBaHTa)KEHHSX Ta BUCO-
Ka cobiBapricTb TeHeparii. Tak, cepemnsi cobiBap-
tictb 1 kBT-ros1, Bupobsenoi /IB3, nocarana B Yk-
paini y 2023 poui 6—9 rpu/kBr-rozx 3a yMOB KOpOT-
KoTepMinoBoi pobotu. Kpim Toro, Bukopucrauust [TY
ta /IB3 y rycroHaceseHux perioHax uepe3 IIyM Ta
MKIiZAIMBI BUKUAM MOXKJMBE JIUIIE TIPH HaJEXHil
LIYMOi30JIALiT Ta OYMINEeHH] [IUX BUKU/IIB.

IIpukmagamn Bukopucranna ITY y mpomuc-
JIOBOCTi MOXYTb OyTH Taki IIANDPUEMCTBA, SIK
ArcelorMittal Kpusuit Pir, 3amopixcranp ta iH.,

Ha AKHUX /IS HOKPUTTS BJIACHUX IiKOBUX HaBaHTa-
JKeHb 3acrocoByBasucst pedepsHi ['TY moryxHicTio
Big 1 1o 15 MBr.

[MMupoxke 3acrocysaunna [IB3 mae micue, 30kpe-
Ma, Ha TiAMPUEMCTBAX KPUTUIHOT iH(PPACTPYKTYPH.
Tak, y 2023—2024 pokax /[B3 6yau MacoBo 3akyri-
JIeHi 11 JlikapeHb, HACOCHUX CTAHIi il BOJOKAHAJIB,
cucreM aucrerdepusaiiii O6ieHepro toio. 3a AaHu-
Mu MiHicTepcTBa OXOPOHM 3/10pPOB’ST YKpaiHu, To-
Ha/ 300 onoOpHUX MEIMIHUX 3aKJIa/liB OyJM ocHaIle-
Hi pesepBaumu /IB3 norysxuictio Big S0 1o 500 kBT
s 3a6esneueHHss Ge3nepepBHOi po6OTH Y Tepioan
BistsloBUX Bijk/o4enp [22].

[Mlono xoreHepaniiiHuX yCTaHOBOK, TO BOHU MO-
KYTh OyTH MOJICPHI30BaHi /0 PEXUMY YaCTKOBOT
HYYKOCTi. 30KpeMa, Iie ToTpeGy€ IiIBUIIEHHS PiB-
HS aBTOMATH3allii, BIPOBAKEHHs GailllacHOTO pe-
TYJIIOBAHHS T4 BUKOPUCTAHHSI Oy(epHUX €MHOCTel
temna [23].

BaxkamBy poJib y TOKPUTTI TTIKOBUX HaBaHTAKEHb
BiiTPaIOTh TiPOEJEKTPOCTaHIiT, 0COOIMBO TiIpoO-
akyMyJoBasbHi. OcTanHi XapaKTepu3yoTbCs BUCO-
Koto mBuakosiero (Buxin Ha IIOBHY IOTY)KHICTb 3a
2-5 XB), €KOJIOTIYHOIO YHCTOTOI0 BUPOGIEHOT eHeprii,
HaWINMIPIINM [[ialla30HOM HaBaHTa)XeHb, 3/IaTHICTIO
J10 iHepIiitHOT miaTpuMKN YacToTu Tomo. Makropa-
mu, crpumytounmu 3actocyBanHsg [AEC, e Bucoka
BapTiCTh iX GyAiBHUIITBA (o 2-2,5 muH pout. / MBr)
Ta OOMe)XeHHS 3a reorpadivHUMHI yMOBaMH, 3TiJTHO
3 SKUMH Ma€ 3a6e3TMeuyBaTHCS MOKJIUBICTD CTBO-
PEHHS BOJIOCXOBHII] 3 IOTPiOHUMHY TIEPETIA[aAMU BUCOT.

InHOBalifIHMM CeIrMEHTOM MOKPUTTS IIKOBUX Ha-
BaHTAXXEHb € aKyMyJISATOPHI CUCTEMH HAKOIIWYEHHS
eneprii ESS i3 3acrocyBanusam Li-ionnux 6arapeit,
ri6pUAHAX HAKONMYYBAYIB Ta BOAHEBUX TEXHOJOTII.
Baxxsusi nepesarn ESS mosgraiots y 3matHoCTi 10
peryJnoBanHst yacroru (primary /secondary frequen-
cy response), craliJisailii HAPyTH, 3rIA/KYBaHHSA
kosmBanb B/IE, HajaHHA TOCJHYT <«BUPiBHIOBaHHS
nikis> (peak shaving) ra in.

BrpoBamkenns ESS B Ykpaini mepeGyBae Ha
nmouatkoBiit crazii. ¥ 2023 pomni kommanis [ITEK
BBeJIa B [Iif0 NIepInii B YKpaini mpoMucIoBHii HAKO-
mnayBad eHeprii motyxaictio 1 MBT /2,25 MBtTOR
B Eneprogapi 3 interparieio 1o B/IE [24]. ¥ nbomy
poui Amnonig B pamkax ponomMoru TemsokoMyH-
etepro M. Ozeca Hafiama 4 HaKOMYyBaya MOTY KHic-
Tio 1o 4 MBr koxuuit. Ognak Ykpaina mae 3Hau-
Hui moreHmian po3Butky ESS. Taxk, srigno 3 mia-
HamMu MiHeHepro, 3arajgbHa TOTYXHicTh ESS mae
nocsrtu noHaiiMentre 500 MBt 1o 2030 poky [25].

Inresekryanbui Mepexxi (Smart Grids) Ta kepo-
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3MmiHa TpamgumiiiHoi goboBoi
KpHBOI  HABaHTAXKEHHdA, IO
MpOABIAETECA Y  30inbmmeHHi
TeHeparlii BIeHE 1 3MeHIIEHH]
BReTEpI

DopmyBaHHI nopsag 3
KIACHYHIMI IKAMI TaK 3BAHIX
WIOTYIHHIX» 200 «IICEeBIOMIKIBY

BumankoBi Ta HempoTHO30BaHi

KOMNBAHHS TeHepamii wepes
CEe30HHY i IIOTOIHY
HecTaOLIBHICTE

AcHMeTpis reHepaIii gepez
TepUTOpiaJbHY KOHIIEHTPAIIIo
BJIE (31e6i1emoro B miBIeHHIX
perionax Ykpaium)

o

3pocTaHHA  aAMIUTTYIH  J0OOBHX

KOIINBAHE HABAHTAXKECHHA

BBiMKHeHHA TpaiHmiilHol TeHepamil
Ha 3axoll COHIIA I KOMIIeHcarll
eigcyraocti CEC ta oomexenns BIIE
3a YMOB, KON Mepeka HE MOXKe
TPHITHATH HaUTHIIKOBY TEHEPAIIII0

UacTi 3MIHH HANPSIMKY MEPeTOKIB y
MATicTpalbHHX Mepekax Ta pi3Ki
mepemagH IOTY:KHOCTI BHACIIIOK
XMapHOCTI, 3MIH IIBIJIKOCTI BITpY
TOImIO

JlokansHi MepeHaBaHTAKEHHI MEPEK,
ocoOmmMBO 3a yMOB 0OOMEXKeHB Ha
HemepenbaTyBaHi OoffoBi mii abo
IOMIKOGKEHY IHQPacTpyKTYpy

PesyasTyrodi edexTn

Puc. 1. Buus B/IE Ha ¢opMyBaHHS MIKOBUX HaBAHTa)KEHb B €HEPrOCUCTEMi YKpaiHHU.

Figure 1. The influence of renewable energy sources on the formation of peak loads in the energy system of Ukraine.
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Puc. 2. Beranosnena motyskuicte AEC (1), TEC (2), TEIL (3), TEC (4), TAEC (5) B Ykpaini y 1991, 2014 ta
2024 poxax, 3a ganuMu MiHeHepro.

Figure 2. Installed capacity of nuclear power plants (1), thermal power plants (2), combined heat and power plants
(3), hydroelectric power plants (4), pumped storage power plants (5) in Ukraine in 1991, 2014, and 2024 according
to the Ministry of Energy.
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BaHe HaBaHTakeHHss (DSM) 1OKJIa/eHi B OCHOBY
Mi/IXO/Ly /10 NMOKPUTTS MiKOBUX HaBaHTaXKeHb, SIKUI
MOJISITAE Y 3MEHIIEHHI ab0 IepeHeceHHi HaBaHTa-
JKEHHSI Ta He TIOB’si3aHuil 3i 361JIbIIIEHHSAM reHeparii.
Taxuit migxin peasisyeTbcs 3aBASKN 3aIIPOBAKEH-
o cucteM ACKOE ta AMI puig BuMipioBanHs Ta
tapudikarii, raHyukoro Tapudy 3 yacoBoio audepen-
miamieio (zenb /HiY, TMOTOAWHHI I[iHM) Ta JUCTaH-
1iiiHoMy KepyBaHHIO criosknBadamu (DSM).

[Torenuian BuieBkazaHoro miaxoay B Ykpaini
peasidyetbcs BesbMu o6MeskeHo. IIpore € moomm-
HOKIi IPUKJIAAM MMiJOTHUX IIPOrpaM i3 BIPOBAIXKEH-
uga AMI B Kuesi, /{uinpi Ta JIbBOBi, gKi cBifuarb
IIPO TEeXHIYHY MOXKJIUBICTb MacIITaGyBaHHA IIUX Pi-
menb [26].

Ak Bxxe 3a3HayanOCH, IS IIOKPUTTS [1IKOBUX Ha-
BaHTa)XEHb MOXKYTb 3aCTOCOBYBATHCS TaKOXX BiJHO-
BJIIOBaHi JpKepeJia eHeprii B MOeHaHHI 3 HAKOIIU4YYy-
Bayamu a6o BipTyaabHuMu esiekrpoctatitisimu (VPP).
Konmnemis VPP nosisrae B 06’€/iHaHi B eHEpreTHy-
Hull kJjactep Hu3knm mMamnx BJIE, nHakommuyBauis
eHeprii Ta CIOXUBaviB, TOTOBUX JI0 OOMEKEHHST Ha-
BaHTa)XeHHsI. BIpoBa/KeHHS 1bOTO THYUYKOrO Ta
aJIalITUBHOTO Pecypcy IMOKPUTTS IMiKOBUX HaBaHTa-
JKeHb B YKpaiHi Jniie mouymHaeTbes. SIK mpuJan,
MO>KHA HaBEeCTH TepuInii mijaoTHuil mpoekt VPP Ha
OCHOBi 06’eTHAHHS 45 IOMOTOCIIOIAPCTB 3 HAKOIIH-
yyBayaMu eHeprii, skuii 6yB pearnizoBanuii y 2024
pomi y KuiBcobkiit o6macTi.

PosrystHyTi miixo/m 10 TOKPUTTS MiKOBUX HABaH-
Ta)KeHb TOTPEOYIOTh MOJIAJIBIIIOTO PO3BUTKY, 30Kpe-
Ma, 3 OTJIAAY Ha Te, 1[0 3HAUYCHHA IIUX HaBaHTa’KEHb
MalOTh TEHJEHIIIO 10 3POCTAHHSA Yepe3 3MiHy KJiMa-
Ty, ejekTpudikaiiio pi3HUX CEKTOPiB €KOHOMiKH,
36iapmends yactku B/IE Tomo.

IlopiBHSIHHSA XapaKTepHCTUK
Pi3HHUX THIIIB MKOBUX MOTY>KHOCTEIH

Huxue posrasaaioTbesi OCHOBHI MOPiBHAJIbHI ac-
MeKTH TaKWX THUIMIB MiKOBUX ToTy:KHOcTei: /B3,
ITY, akymymoBaabHi 6atapei ESS, rizpoakymy.io-
BasbHi cranmii TAEC ta mani rigpoenexrpocraniii
MiHi-TEC. 3icTaBiasioTbcst XapaKTepUCTUKH 1IUX T10-
TY’KHOCTEi 10/I0 TeXHIYHOI THYYKOCTi Ta 4acy peak-
11ii, TpUBasOCTi POOOTH Ta HAMINHOCTI, CHCTEMHOI iH-
Terpailii Ta MacimTaGoBaHOCTi, BapTiCHUX MapaMeTpiB.

Texniuna enyuxicmo ma uac peaxuii

3/aTHiCTb [0 WIBUAKOIO pearyBaHHd Ha 3MiHU
HaBaHTaXXEHH € OJHIEI0 3 KJIIOYOBUX BUMOI [0 IIi-

KOBUX IIOTY>KHOCTEH.

[Mono AB3, To BoHU 3/1aTHI JI0 3aIIyCKY B MeKaX
30—120 ¢, a 3a HagBHOCTI TOMEPEHBOTO MiirPiBY
— 1o 10-20c [27]. /IB3 nemMoOHCTPYIOTH OCOGJIMBO
BHCOKY €EKTUBHICTb 32 YMOB YaCTUX Ta KOPOTKOT-
pUBAINX HABAHTAXKEHbD.

I'TY maioTp kpanly MBHUAKOLIIO Y HHUKJIIYHOMY
pekuMi i3 3amycKoM 3a 2—5 XB, OJHAK TOTPEGYIOTDH
MOTIEPEHBOTO MPOTPIiBY, IO OCOOJIMBO BAYKJIUBO Y
XOJIOIHY TIOpy poky [28].

Axymyaiaropai cucremu ESS xapaxkrepusyiorbes
IIPAKTUYHO MUTTEBOIO Peaklli€lo Ha 3MiHy HaBaHTa-
skernst (10 1 ¢) Ta 3a6e31€4yIOTh BUCOKOTOUHY CTa-
6inisariio vacroru Hanpyru. [Ipore Bonu MaioTh 06-
MeXKeHy TpuBaJicTb pobotu — Big 0,5 mo 4 ron y
3aJIEKHOCTI BiJi éeMHOCTI akymymoBaHHs [29].

TF'AEC nemoncTpyIOTh 3amyck y Mexkax 1—3 xB Ta
3maTHi 3a6e31euyBaTH JOBTOTPUBAY IiITPUMKY IIi-
KOBUX PEeXUMIB, OJHAK MOTPeOYIOTb BiIIOBIIHUX
reorpa¢iyHIX YMOB Ta BEIUKUX KalliTaJIOBKIA/ICHb.

Tpusanicmv pobomu
ma nadiiinicmo

[IB3 nob6pe BUSBIAIOTL cebe y KOPOTKOTPUBA-
JINX, ajle YaCTHUX TiKOBUX PEXUMaX.

I'TY edekTuBHi y JOBruX MiKOBUX Mepioiax, aje
6€e3 4acTUX MYyCKiB Ta 3yIHHOK.

ESS maioth o6MexeHy TpUBAJiCTb ABTOHOMHOI
po6otu, 110 1moTpebye O6rpyHTOBAHUX CI[EHAPIiB X
3aCTOCYBAHHS.

F'EC spatai no mosrorpuBasioi po6otu, aje 3a-
JIEKATD BiJl HASIBHOCTi BOJHOTO PeCypcey.

Cucmemna inmezpauisn
ma macuimaoboeanicmoy

[AB3 ta I'TY no6pe iHTeTpyoThHCS B icHYIOUI Me-
peski, MaloTh MOJYJIbHY CTPYKTYDPY Ta MOXYTb edek-
TUBHO MacuTabyBaTUCS.

ESS norpe6yiorh po3BuHeHNX HUGPOBUX CUCTEM
yrpasainag (EMS) ta yacto o6MeskeHi HOPMATHBHO.

FAEC ta wMmini-TEC xapakrepusyioTbcd BHCO-
KUMHU BUMOTaMH /I0 MiCIl PO3TalllyBaHHS, BTiM 3a-
6€e3TeUyIOTh TIOTYKHUI ePeKT y BEIUKIX CUCTEMAX.

Bapmicmv 6yodienuumea
ma excnayamauii

Y T1abn. 3 HaBesleHi /aHi MO0 BapTOCTi 6y/1iBHU-
ITBA Ta eKCILTyaranii yCTaHOBOK JIJI TIOKPUTTS TiKO-
BUX HaBaHTa)XeHb. SIK BUIHO, KalliTaJbHi BUTPATH
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Ta6muus 3. YmoBHa BapricTh OyAiBHMUTBA Ta
eKCILTyaTalii YCTaTKyBaHHS /ISl OKPHUTTSI MiKOBHX
HaBaHTa’>keHb B po3paxyHKy Ha 1 MBrt nory:kHocTi

Table 3. Conditional cost of construction and
operation of equipment to cover peak loads per
1 MW of capacity

Kamitasbhi Excrnyara-
o . oxe-

Twum ycTaHOBKM | BWTpaTH, | LiiiHi BUTpaTH, o

eBpo,/kBT | eBpo,/MBr-T0O] p
AB3 400-800 70—120 [30]
(rasomnopiuenn)
ITY 600—1200 60—100 [31]
ESS (Li-ion, B B
9—4ron) 900—-1500 10-30 [32]
TAEC 1000—-3000 20—-40 [33]
Miui-TEC 2000—4000 20-60 [34]

JULA Pi3HOTO TUILY YCTAHOBOK MOXKYTb CYTTEBO BiJpis-
uarucs. Tak, Bouu cranosssatb 400—800 eBpo / kBt
g JIB3 ta y 5 pasis Bumi s Mini-TEC (2000—
4000 eBpo,/xBr).

Moo exkcrryaraniiiuux BUTPAT, TO BOHU Hail-
6impmi gag B3 (70—-120 espo,/MBrrox) ta go-
cutb Bucoki ams I'TY (60-100 espo,/MBrron).
Haitnmxui excrtyaraitiiiHi BUTpaTH BiJIIOBi1al0Th
sacrocyBannio ESS (10-30 espo,/MBr-ron). Bin-
HOCcHO HU3bKUMHU 11i Butpatu € Ans1 FAEC Tta mini-
T'EC (Bigmosigno 20—40 espo,/MBrrog ta 20—
60 espo,/MBrT-TOR).

3a pesyJbTaTaMy HOPiBHAJBHOIO aHAJi3y Xapak-
TEPUCTUK Pi3HUX TUIIIB MiKOBUX MOTYKHOCTEH MOK-
Ha 3pobutu Taki BucHoBKu. /[B3 maiorh mepeBaru
1[0/I0 THYYKOCTI, 4aCTOTU IIyCKiB Ta KalliTaJbHOI Bap-
tocti. I'TY neMoHCTPYIOTb BHUCOKY edeKTHBHICTb
npu crtabiJibHUX MiKOBUX HABAHTAYKEHHSIX BEJUKOT
TPUBAJIOCTi. AKyMyJsiTopHi 6aTapei MalOThb HaWBU-
Iy IIBHU/KO/iI0, XapaKTePU3yITbCSI BUCOKOK €KO-
JIOTiYHOI0 e(PEeKTUBHICTIO Ta TOYHICTIO PEryJIOBaHHS
YaCcTOTH / HAIIPYTH, OJHAK JOPOTOBApPTiCHI Ta 06Me-
JKeHi Mmoo TpuBaJjocTi aBToHOMHOI po6otn. EC €
CTpaTerivHo BKJIMBUMU, ajle IX peatisalis MOXKJIN-
Ba JIMIIE 3a MEeBHUX YMOB.

EdextnBHa pakTUKa MOKPUTTS MiKOBUX HaBaH-
Ta)XeHb YacCTO TOJIATAaE B KOMOiHYBaHHI Pi3HUX TeX-
Hiynux pimenb. [lo npuxiany, 3acrocyBaHHs ESS
— 711 Ha[uIBUAKOro pearysanus, I'TY — nua no-
KPUTTSI [IOBTOTPUBAJIMX TIKOBUX HABAHTAKEHb,
[IB3 — pug yMOB 4acTuxX Ta KOPOTKOTPUBAIUX Ha-
BaHTaKEHD.

IlepcriekTuBY PO3BHUTKY TEXHOJIOTiil
MOKPHUTTS MiKOBUX HaBaHTa’keHb B Y KpaiHi

Y Crparerii pozsutky OEC Yxkpaian 1o 2035 po-
Ky BKa3yeTbCs Ha HEOOXi/IHICTb JOCATTH SIK MiHIMyM
10 % MaHEBPEHUX MOTYKHOCTEH Bi/| IKOBOTO HABAH-
TaXXEHHSI CUCTEMH, IO nepe6adae BBeleHHS 10/1aT-
KOBO mmIoHaiiMermie 1,5—2,0 I'BT rHyYKHUX MiKOBHX
noTy>KHOCTel [35].

3abe3reyeHHsl MOKPUTTSI MiKOBUX HAaBaHTaKEHb
B YKkpaiHi morpebye TOeTHAHHS TPAIUIIHHUX Ta
iHHOBAIiTHUX TeXHOJIOTiH. /[0 TpaauIitHUX TeXHO-
Jioriil, HacamIepes, HaJeKaTh TEIJIOBi eJIeKTPOCTaH-
11i1 K OCHOBA IMiKOBOTO pe3epBY, ra3oTypOiHHi, Tij-
POEJIEKTPOCTAHILiI Ta TipoaKyMyJIIOBAJIbHI CTaHIi.
InHOBaIi#HI TEeXHOJIOTIT BKJIIOYAIOTh aKyMYJISITOPHI
cucremu (ESS), keposane nasantaxkenns (DSM),
BipryasbHi esekrpocraniii (VPP) ra in. IIposiany
pPOJb Y KOPOTKOCTPOKOBiHl TepcreKTHBi Bigirpasa-
tumyTh THyuki TEC, rigpoakymyJoBasibHi MOTYK-
"octi, /IB3 ta I'TY. 3 uacom iHHOBaliiiHi TEXHOJIO-
rii cTaHyTh OCHOBOIO CTBOPEHHS MallGyTHHOTO THYY-
KOT'O Ta aJIallTUBHOIO peCypcy.

[llono TEC, To mompu ix o6MeskeHy MaHeBpe-
HiCTh 4epe3 iHEPTHICTh O6JAMHAHHS BOHU OYIyTb
TIEBHUH Yac 3aJUMIATHCS BAKJIMBUM [IPKEPEJIOM Ma-
HeBpeHux mnotyskHocteil. [IB3 ta I'TY 3 ormaay ma
HUBKY IX JIOCTOTHCTB TeXK 36epeKyTb 3HAUYIIICTD K
KJIIOYOBi eJsieMeHTH TikoBoi resepaiii. Ilpu mpomy
[IB3 6y1yTh BUKOPHUCTOBYBATHUCS JIJII CHCTEM 3 BU-
COKMMH BUMOTaMH [0 MaHEBPEHOCTI Ta JIJIsI MiCbKHUX
MiKpOMepeXX 4epe3 BUllli MOKA3HUKU IIPU JMHAMIiY-
HOMY HAaBaHTQKEHHI Ta WIBUJKE pearyBaHHS Ha
3MiHn noryskHocti. I'TY 3acrocoByBaTuMeTbcs, Ha-
camriepesi, y cTabiibHUX pekuMax a6o B KOMOiHO-
BaHUX yCTAHOBKaX BEJIUNKOI IOTYKHOCTI 3 TEIJIOBOIO
yrurizamieio. OgHak, y MaiilOyTHbOMY akIieHT Oye
pobutucs Ha 6iJbII €KoJorivHi ajbrepHaTUBU. [0
npukaany, va I'TY, mo npaiorors Ha 6iomerani a6o
BO/HI, Ha ri6puaHi cuctemu I'TY Tta GarapeiiHi Ha-
KonuuyBaui Tomio. [1ojaabIioro po3BUTKY HaOy Ay Th
TaKOXK MOOGIJIbHI eJeKTPOMOIYJIi, 10 6a3yIoThCS Ha
AB3 ta I'TY.

[Mlomo maifiGyTHBOTO BIpPOBaKeHHS [IB3 Ta
I'TY, To Hait6iabIImil TOTEHIiaa MalOTh MiBAEHHI Ta
cximHi mpomMucJioBi perionu, 3amnopisdbka, [lHimpo-
METPOBCbKa, XapKiBcbKa 006JIACTi, a TAKOX BEJUKi
micra llenrpanpaoi Ykpainu [36, 37]. Ilopsza 3 ium
BIIPOBA/KEHHST MOJYJbHUX Tra3oTypOiHHUX abo ra-
30IIOPIIHEBUX YCTAHOBOK € JIOLiJIbHUM JIIA Bij1ase-
HUX TEPUTOPiii 3 HU3BKOIO HIiJBHICTIO HaceJeHHs,
30kpeMa, Kapmarchbkuil perioH Ta AesKi perioHuU
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Iomices [38].

Y Meskax BIIPOBA/KEHHS HOBUX IIPOTPaAM eHep-
FeTUYHOI MOJIepHi3alii 4yepe3 MixKHApPOJHI JOHOP-
CbKI MeXaHi3MHU IIDOTrHO3YETbCA AKTUBHE PO3IIU-
PEeHHS TIPOEKTIB KoTreHepartlii 3 Bukopuctanuam /B3
ta I'TY 6inpm Hix y 15 perionax Yxpainu go 2030
poky [39].

IT'EC ta TAEC, gk BXXe 3a3HA4aJiocsd, BEJbMU
eexTUBHI JJIs1 IOKPUTTS MiKiB 3aBJSAKN X BUCOKill
MaHeBpeHocTi, a HagBHicTb noTyxHux F'AEC € xpu-
TUYHO BAJKJIMBOIO [T 6aslaHCyBaHHS cucteMu. Bif-
Tak OyAiBHUITBO HOBHUX TiJPOAKyMYyJIIOBAJIbHUX
CTaHIifl Ta MojepHi3allisg iCHYIOUNX HaJIeXKUTb 10
JIOBTOCTPOKOBUX Ta CTPATETiUHWX 3aBAaHb. Y KOH-
TEKCTi PO3BUTKY MiKOBUX IOTY>KHOCTEH Ha OCHOBI
F'EC 3aciyroBye Tako>k Ha yBary CTBOPEHHSI MiHi-
I'EC y noennanni 3 HaKONMUYyBauaMu €HEPTii.

[lloro inHOBALIHHUX TEXHOJOTi TOKPUTTS TiKO-
BHUX HABaHTAXEHD, TO TYT OJHWUM 3 HaWOGiJIbIN Tiepc-
MIEKTUBHUX HAMPSIMiB € 3aCTOCYBaHHSI aKyMyJISITOP-
Hux cucrem ESS. Bonu, gk BiKe 3asHaudaJiocs, Xa-
PaKTepU3yIOThCsl IBHU/KICTIO pearyBaHHs, IO CTa-
HOBUTH MiJTiCEKYH/IU, /IO TOTO X MOXXYTb OyTH PO3-
Miteni B 6yab-sKiil ToUIl Mepexki. 3 OTJsAy Ha 1e
AKyMYJISSTOPHI CUCTEMU € BEJbMU e(DEKTUBHUMHU [IJIsT
JIOKQJILHOTO 3IJIaJP)KYBaHHS THKiB Ta 3a6e31eYeHHs
crifikocti cucremu. Jlo IpUKJIaay, MOKYTb HIMPOKO
3acTtocoByBaTucs Moy moryskuictio 50—100 MBr
Ha 00’ekTax, e po3mimeni CEC ta BEC.

[Ipo BaxkamMBiCTH PO3BUTKY HAIIPSIMY, TIOB sI3a-
HOTO i3 CHCTEMaMU HAKONWYEHHHA €Heprii, CBiIYNTb
TaKOX po3pobienus creriaabuoi nmporpamn HEK
«Yxpenepros» [40].

BaskimBuM 3anuiiaTuMeTbCsl iIHHOBAI[IMHUAN IIi/1-
Xi/, TOB’S3aHUN 3 KEePYBAHHSIM HABAHTAKEHHAM
DSM, gaxunit 1a€ MOYKJIMBICTDh BIJIMBATHA HA IOBEIiH-
Ky CIIO>KUBAYiB /I8 3IJIQJUKyBaHHS MiKiB. [Ipu 1po-
My HaGyIyTh MOJAJBIIOTO PO3BUTKY TaKi iHCTpYyMeH-
TH KepyBaHHS MOTMTOM, K JudepeHIliioBani 3a 4a-
coM Tapudu, TporpaMu 3HMKEHHS HABAHTAKEHHS Y
TO/IMHU MAaKCUMyMy Ta aKyMyJIIOBaHHSI HiYHOTO CIIO-
skuBaHHA Toulo. IIpo moTenmian BIOpPOBaJKeHHA
DSM cBiguare pesybraru gocaipxenb GIZ, srigno
3 gxumu Jsmnie 100 HalGiJbIIKX CIIOKUBAYiB MO-
XKyTb 3a6esneuntu 300—400 MBT rHyukorO 3MeH-
[IIeHHsT HaBaHTa)KeHHS.

[lepcrieKTUBHUM € TaKO>K NMOKPUTTS IIKOBUX Ha-
BaHTaXeHb i3 3acrocyBaHHsIM B/IE y moennanni 3
HAKOIIMYyBavaMu a60 BipTyaJIbHUMHU €JeKTPOCTAH-
tisimu (VPP). ¥ koHrekcTi popMyBaHHS HOBUX TH-
MMB MMKOBUX HaBaHTa)KeHb, 3yYMOBJIEHHUX iHTerpa-
niero B/IE B eHepretuuny cucremy, HaOyBa€ aKTy-

QJIbHOCTI MOJZEpHi3allid CUCTeMM IX IIPOrHO3yBaHH:A
3 BUKOPUCTAHHSM IITYYHOTO iHTEJEKTYy Ta CYILyTHU-
KOBHX JgaHux [41].

3HauHUll iHTEepec CTAaHOBUTH PO3BUTOK TiGpHI-
Hux cucteM Ha 6asi [IB3/I'TY ta B/E, mo Bifgmo-
Bi/lae O/IHI i3 KJIIOYOBUX TEHJEHIIiN y CBiTOBill eHep-
retuili. Tak 3BaHa ri6puan3saiiisi Ma€ HU3KY BiIOMUX
repesar, TakWX SK ONTHMi3allisl eKcIiyaTaiiifHux
BUTPAT 3a PaXyHOK PO3MOJiJdy HaBaHTAKCHb, 3HU-
JKeHHs1 3arajibHoro piBHst BuKuaiB CO, Tomo [42].

[IokpuTTa MiKOBUX HaBaHTAXXEHb i3 3aCTOCYBaH-
HAM BUIIEBKa3aHUX IIAX0AiB Mae Ha MeTi 3abesiie-
yeHHsT HeoOXiZHOro 06CAry aKTUBAIil MOTY>KHOCTI
JUIA 33JI0BOJICHHA IIOIATY 3a YMOBU MiHiMi3alii BU-
TpaT, 3MEHIIEHHA BUKU/IB Ta IMiATPUMAHHA CUCTEM-
Hoi Hajgilftnocti [43, 44].

Y craTTi po3rJIAHYTO MEePCIeKTUBN 3aCTOCYBAHHS
JIIIe OCHOBHMX IiJIXO/iB /IO MOKPUTTS IIKOBUX Ha-
BaHTQKCHb, AKUMU HE BUYEPILYETHCA CIEKTD MOXK-
JIMBUX TE€XHOJIOTIYHUX PillleHb.

BucuoBku

Bukonano anasis psiy acnekriB mnpo6JeMu 1o-
KPHUTTS MiKOBUX HaBaHTa)XeHb B €HEProcucreMi YK-
paian. PosrisHyTo oco6smBocTi eBosolii dopmy-
BaHHS IIMX HaBaHTaXXeHb. 30KpeMa, IpoaHasi3o-
BaHo creludiky 3MiH JaHOro (POPMyBaHHS IicJs
noBHoMaciTabHoro sropruents PM B Ykpainy, saki
MoB’si3aHi 3i 3MEHIEHHSM ITPOMHUCJIOBOTO CIOXKU-
BaHH:A, BHYTPIiIIHBOIO Ta 30BHIIIHHOIO Mirpaitiio Ha-
CeJIeHHs, 3 Herepef6auyyBaHNMHU (PaKTOPaMH, 3yMOB-
JIEHUMH BOEHHUMU AigMHu, Touo. PosrasnyTo edex-
TH BIUIMBY Ha BKasaHe (hOpMyBaHHS BiJHOBJIIOBA-
HUX JUKepeJl eHeprii, iHTerpoBaHUX B CHEPreTHYHY
cucteMy Ykpainu. Binmiuaetbcs, 1o 3pocTaHHS
BcTaHOBJIeHOI ToTy>kHOCTI B/IE mpuaseso 1o 36i1b-
MIEHHS aMIUTTyAn [JO60BUX KOJMBAHb HaBaHTa-
skeHHs, (DOPMYyBaHHS NOPSA 3 KJIACUYHUMU ITiKaMu
«IITyYHUX» a00 <IICEBOMIKiB», acuMeTpii renepa-
11ii yepes TepuTopianbHy KoHieHnTpaiiio B/IE Tomro.

Hageneno nani anasizy oco6JauBoCTel Tpauiliii-
HUX Ta iHHOBAI[iMHUX MiXO/iB 10 TOKPUTTS KO-
BUX HaBaHTaxeHb. llogaeTbesa indopmaris mpo Jo-
CTOTHCTBA Ta MEBHI OOMEXXEHHSI TAKUX OCHOBHUX Ha-
IPAMIB IOKPUTTS IIKOBUX HaBaHTAXXEHb: 3aCTOCY-
BaHHS MIKOBUX TeHepylounx notyskHocted (peaking
units); BUKOpHCTaHHS cucTeM 30epiraHHs eHeprii
(ESS — Energy Storage Systems); inTerpaiis B
€HeprocucTeMy Bi/IHOBJIIOBAaHUX JIKepesa y IIO€[l-
HaHHI 3 HAKOIMYyBaYaMu eHeprii abo BipTyaJbHUMK
enekrpocrannismu (VPP); sacTocyBaHHST iHTEJIEK-
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tyanbanx Mepesx (Smart Grids) Ta ynpasiinus mo-
nutoM DSM (Demand Side Management). Bigmi-
YeHo, M0 Hapa3i TMOoTeHIlia iHHOBAIiHHUX TEXHOJIO-
riii (ESS, VPP, DSM ra iH.) peaniszyerbcst BesbMU
06MEKEHO.

BukonaHo MOpiBHAJIbHUN aHami3 Pi3HUX THIIB
MiKOBUX MOTYKHOCTEH 1010 X TeXHIYHOI THYYKOCTi
Ta Yacy peJiakcarlii, TpuBaJocTi po6oTu Ta HAIiHOC-
Ti, cucTeMHol iHTerparii, MacimTaGyBaHHS Ta BapTic-
HUX MmapameTpiB. Brasyerbcs Ha e(eKTUBHICTD MTpakK-
TUKH TTOKPUTTS MiKiB HABAHTAKEHD MIIIXOM KOMGi-
HYBaHHS Pi3HUX THUMIB MiKOBUX HOTY>KHOCTEH.

Hageseno pesyJsibratu aHasisy IepcleKTUB PO3-
BUTKY TEXHOJIOIill INOKPUTTA NiKOBUX HaBaHTa)KeHb
B EHEpPreTWYHiN cucTeMi YKpainu. 3azHaueHo, IO
BignosigHo gm0 Crparerii po3sutky OEC ¥Yxkpaian
10 2035 poxy Heo6xigHO mocsrTu sk MiHiMyM 10 %
MaHEeBPEHUX IIOTYKHOCTEH BiJl MiKOBOrO HaBaHTa-
SKeHHSI CHCTEMH, a BiJITaKk BBeJEHHS IIOHaiiMeHIIe
1,5-2,0 I'Bt rayukux norysknocreii. [Ipu nbomy 3a-
6e3TedeHHsT TIOKPUTTS MiKOBUX HABAHTAKEHDH MAE
BifI0yBaTHCS HA OCHOBI TIOEAHAHHS TPAAUIIHHUX Ta
iHHOBAIIITHMX TEXHOJIOTiH, X04a y KOPOTKOCTPOKO-
Biil mepcrexkTuBi 6a30BUM TpeHIOM Oy/e 3ajuiiia-
THUCS 3aCTOCYBAHHS TPAAMIIIHHUX TEXHOJOTiH (TEC,
I'TY, TEC ta TAEC). BrasyeTbcsi Ha BaskKJWBiCTD
PO3BUTKY TiOpuaHUX cucreM Ha ocHoBi /[IB3,/TTY
ta B/IE, 3Baxatoun Ha 6e33anepevHi mepeBaru Ti6-
puaun3sariii.

Bukonanuii ananiz cBiUUTH TPO IIiABUIIECHHS
AKTYaJbHOCTI TPo6JIeMy YTIPaBIiHHS T KOBUMHU Ha-
BaHTQXXKEHHSIMW B €HEPTeTWYHiNl cucreMi YKpainu 3
OTJIAZy Ha TEH/JEHIiI0 [0 iX 3pPOCTaHHs, 30KpeMa,
yepe3 3MiHy Kiimary, 36inabimennHs dactku BJIE,
esekTpudikalliio HU3KM CEKTOPiB €eKOHOMIKH TOIIO.

Pobomy eukxonano 3a nayxoeum npockmom «Pos-
B8UMOK PO3NOJILEHOT eHepzemuKu HA OCHOBT SUKO-
pucmanms 2a3omypOinHux i 2a30NOPUHESUX Tex-
HOJI0ZEU A MICUEBUX ANbMEPHAMUSHUX 6U0LE Nd-
AUBA 6 nepiod BOEHH020 CMAHY i 610HOBIeHH Y K-
painuy 6 mexax yinwoeoi npoepamu HAH Yxkpainu
«Hayxoei i nayxoso-mexuiuni (excnepumenmany-
ni) pobomu 3a npiopumemnum nanpsimom <Enepeze-
MUUHI MeXHOA02iT 1 cucmemu, po3nodiiend enepeze-
muxa ma eodonocmauannuss na 2025—2026 pp. ».
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Development of methods
and technologies for covering peak loads
in the energy sector of Ukraine

Abstract. The article presents the results of the analysis of a number of issues in the context
of the problem of covering peak loads in the energy system of Ukraine. Information is provided
on the features of the formation of these loads and their changes due to the full-scale invasion
of Russia into Ukraine. The corresponding challenges associated with the integration of re-
newable energy sources into the energy system of Ukraine are considered. The specifics of the
implementation of both traditional and innovative approaches to covering peak loads are ana-
lyzed, in particular the use of peak generating capacities, energy storage systems, smart grids
and demand management, as well as the integration of renewable sources into the energy
system in combination with energy storage devices or virtual power plants. The data on the
comparison of the characteristics of different types of peak capacities in terms of peak load
coverage efficiency are provided. Particular attention is paid to the consideration of the pro-
spects for the development of peak load coverage technologies in Ukraine. It is indicated that
in the short term, traditional approaches will have a certain advantage over innovative ones.
As for innovative approaches, one of the most promising will be the use of battery systems.
Approaches related to demand management and the use of renewable energy sources in com-
bination with energy storage and virtual power plants will remain important. Based on the
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results of the analysis, a conclusion was made about the growing relevance of the problem of
covering peak loads in the energy system of Ukraine, given the increase in these loads due to
a number of reasons, including unavoidable ones. Bibl. 44, Fig. 3, Tab. 3.

Keywords: energy system, peak loads, peak load coverage, energy storage, demand

management, renewable energy sources.
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Research on the efficiency
of hydrogen combustion, alternative
and natural non-interchangeable gases

Abstract. The results of determining the gas interchangeability criterion are presented. An
analysis of the possibility of adapting existing gas combustion plants for the effective and
stable use of a wide range of combustible gases is performed. It is shown that even natural
gases from different deposits are not always interchangeable. Recommendations are developed
that allow the use of even non-interchangeable gases on the same gas combustion equipment
by changing the operating settings or slightly changing the design characteristics of the
equipment. The results of the study of heat transfer in the combustion space when the
composition of combustible gases changes and the associated changes in the emissivity of
combustion products are presented. Recommendations are given on the organization of the
combustion process of non-interchangeable gases, including by creating mixtures of
combustible gases with the provision of the necessary interchangeability criteria. The purpose
of the work is to study the possibility of effective combustion of alternative types of artificial
and synthetic combustible gases, including hydrogen, as well as non-interchangeable natural
gases in existing gas combustion equipment. Study of the properties of combustible gases
characteristic of gas distribution systems of Ukraine, and their compliance with the inter-
changeability criteria and gas combustion equipment manufactured and supplied for industrial
and municipal purposes. The relevance of the issues of ensuring the interchangeability of gases
is confirmed by the implementation of regulatory legal acts on the quality indicators of
combustible gases and the efficiency of their use in the national legislation of Ukraine. The
results of the study provide the possibility of a barrier-free gradual introduction of alternative
types of gases and a gradual transition to the combustion of gases with hydrogen content
without cardinal changes in the design of existing burners and their operating modes. Bibl. 26,
Fig. 2, Tab. 5.

Keywords: combustible natural and alternative gases, interchangeability criteria, physico-
chemical and combustible properties of gases, efficiency and stability of the use of combustible
gases.
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Introduction

Today is characterized by an increase in the
range and volume of use of alternative artificial
and synthetic types of combustible gases.

Changing the composition and physicochemical
properties of combustible gases invariably leads to
changes in the operating parameters of gas burners
and furnaces, as well as their design. If these con-
cepts are neglected and appropriate changes are not
made to the operating parameters of the equip-
ment, all important characteristics of fuel effi-
ciency will inevitably change [1—3]. These include:

— fuel efficiency and efficiency coefficient of
gas-using equipment;

— excess air coefficient for the burner;

— thermal power of the fuel combustion plant;

— stability of the burner operation in relation
to such dangerous phenomena of the combustion
process as flame separation and flashover;

— completeness of fuel combustion and the for-
mation of chemical unburned products, soot and
other harmful components of combustion products;

— heat transfer from the flare to the heat ex-
change surfaces of the equipment and the value of
the heat output of the installation.

The question of interchangeability is also rele-
vant for natural gases. They are obtained in de-
posits of different origin. The composition of such
gases, their heat of combustion and other charac-
teristics differ significantly. In addition, there is
liquefied natural gas (LNG) [4]. The introduction
of alternative and unconventional types of gases is
relevant, such as shale gas, biogas, generator gases,
oil refinery combustible gases, combustible gases
obtained from landfills [5—7]. Of particular im-
portance from the point of view of decarbonization
are artificial gases using hydrogen [8—11]. And
each of them has individual and often sharply dif-
ferent physicochemical characteristics.

Manufacturers of all types of artificial and al-
ternative types of combustible gases set themselves
the main goal of producing such gas and obtaining
permission to supply it to the gas transportation
system. At the same time, as a rule, the issue of
the quality of such combustible gas and the accept-
ability of its composition for existing gas-burning
equipment and gas burners produced by the indust-
ry remains unconsidered.

Under such conditions, the main thing is ne-
glectted — the requirements for the need to ensure
high efficiency and environmental safety at the

stage of heat generation. Because sooner or later
all these alternative gases will enter the gas distri-
bution network and the burners of gas-burning
equipment. Such equipment is designed for a cer-
tain, strictly limited composition of the fuel and is
configured for certain operating conditions. An ar-
bitrary change in the composition and combustible
properties of the gas threatens to change the ther-
mal power of the equipment that uses heat, loss of
combustion stability in the form of flame separa-
tion or flashover, the appearance of chemical un-
derburning and a decrease in efficiency. Thus, the
transition of gas-burning devices to new types of
combustible gases requires adaptation of the trans-
portation system, preparation of gases for combus-
tion and the gas-burning devices themselves. The
costs of such reconstruction can be significant, and
the issue of using alternative types of gases be-
comes an optimization issue. On the one hand,
there are advantages to diversifying combustible
gases, and on the other, there are additional costs
for adapting the supply system, efficient and stable
combustion of such gases.

This raises the question of the practical possi-
bility of interchangeability of different gases and
the possibility of their use in the same gas-burning
equipment supplied to the market.

Consideration of gas interchangeability issues
makes it possible to implement low-cost partial and
gradual decarbonization in the area of using gas
fuel as an intermediate stage in the transition to
more widespread hydrogen combustion.

Methodology

Under interchangeability according to the re-
quirements of the standards [12—15] is understood
the possibility of stable, efficient and safe opera-
tion of gas-burning equipment when replacing one
combustible gas with another without making any
changes to the design of the burner and other
equipment of the installation that uses the fuel, as
well as without changing the operating mode and
settings of such equipment.

Therefore, only for interchangeable gases is
there a possibility of a smooth and multiple tran-
sition in time from one combustible gas, or a mix-
ture of gases, to another combustible gas with the
preservation (or minor permissible changes) of the
main characteristics of the combustion process. The
subject of the study is the problem of stable and
efficient use of a wide range of combustible gases
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in equipment that is manufactured or supplied for
the use of one type of combustible gas. As survey
methods, the authors chose an analysis of current
regulatory sources implemented in Ukraine, ana-
lytical studies in the field of determining the physi-
cochemical properties and interchangeability crite-
ria of combustible gases, experimental and theore-
tical own research aimed at developing recom-
menddations for the effective and sustainable use
of a wide class of available combustible gases.

Results and their discussion

Each country is characterized by a certain per-
mitted range of combustible gases. However, given
the global nature of the modern economy and the
possibility of using gas equipment from popular
and recognized international manufacturers, the is-
sue of interchangeability of combustible gases be-
comes universal. Significant challenges also arise
for manufacturers of gas equipment in terms of the
possibility of its effective use for different gases.

According to the requirements of modern stan-
dards that have come into force in most European
countries [12, 13], all types of combustible gases
are divided into categories (families) and groups.
The most common second family of gases is divided
into three groups according to the interchangeabili-
ty criterion responsible for maintaining the thermal
capacity of the installation when switching from
one gas to another.

Table 1 presents the classification of combus-
tible gases of the second family of groups H, L,
and E by the value of the simple Wobbe index and
provides the limit values of the Wobbe number ac-
cording to the requirements of DSTU GOST EN
437:2018.

The identity of the Wobbe index W; = W, for
two gases means that gas appliances that use dif-
ferent combustible gases will operate with the same
thermal power when burning these gases without

Table 1. Classification of flammable gases ac-
cording to the Wobbe index

Groups of Prime Wobbe number at t = 15 °C,
gases of the p = 1013.25 mbar, MJ /m?
second family minimum | maximum
Group H 45.7 54.7
Group L 39.1 44.8
Group E 40.9 54.7

any changes in the design of gas burners and fur-
naces (at the same gas pressure).

The Wobbe index is determined according to
the dependence [14]:

Hi

W, ==

Hi
Ja  Jp,/p,

where H; — higher heat of combustion of combus-
tible gas, MJ /m?; d — relative density of combus-
tible gas; py, p«r — density of combustible gas and
air for combustion under the same conditions,
kg /m?.

At the regulatory level in Ukraine, it is impor-
tant to determine the permissible values of the
ranges of changes in the interchangeability criteria
that allow a particular combustible gas to enter the
gas transportation and gas distribution system.

The expansion of such ranges opens up the pos-
sibility for a larger number of combustible gases
with various characteristics to acquire the status of
permitted for use and obtain the right to enter the
gas supply system. And suppliers of combustible
gases are interested in this.

But it is necessary to remember that an impor-
tant task today is to achieve high indicators of
safety of use, energy efficiency and environmental
safety at the stage of heat generation using com-
bustible gases. And the expansion of the range of
gas interchangeability indices does not contribute
to solving this problem.

And vice versa, narrowing the regulatory range
of interchangeability criteria reduces the list of
combustible gases that can enter the country's gas
transportation system, reduces the diversification
of combustible gases. But at the same time, the
issue of the possibility of ensuring high stability,
efficiency and environmental safety of gas combus-
tion equipment is resolved. At the same time, the
possibility of burning those gases that do not fall
within the permissible interval still remains —
they can be burned in the form of mixtures with
other gases to achieve normalized interchangeabili-
ty indicators.

This approach to solving the ultimate task of
ensuring the efficient use of energy sources is more
balanced and correct.

It is important to realize that for each group of
gases, according to the requirements of modern
standards [15], the industry must produce its own
type of gas-burning and gas-burning equipment,

(1)
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which must correspond to a specific group of gases.
This is explained by the fact that gas equipment
and burners manufactured for group H cannot be
used to burn gases of another group without changes
in the design of the burners, or changes in the ope-
rating settings of the burners and equipment.

For each group, the standards define, respec-
tively, the test gases used in the production of gas
equipment:

— reference — with the best performance indi-
cators of the equipment (for gases E and H, gas
G20 is taken as the reference gas; and for gas group
L — gas G25). The interchangeability indicators
of other gases-substitutes are compared with the
refe-rence gases;

— limit — with the largest permissible devia-
tions from the best performance indicators of the
equipment.

To determine the permissible deviations of the
Wobbe index from the average values according to
the current and effective standards in Ukraine
[15], the data in Table 1 was converted from abso-
lute values to relative values (in %) from the aver-
age values for each group of index values for the
most common groups of gases. The results of the
calculations are given in Table 2.

Therefore, according to the requirements of
[15], the deviation of the Wobbe index for com-
bustible gases of different groups in the range from
7 % to 14 % means their non-interchangeability in
terms of thermal power according to the Wobbe
index.

In addition, another index of interchangeability
of gases in terms of thermal power is the Know
index, included in the standards [15].

The Know index (J(K)) is one of the early in-

Table 2. Permissible values of deviations of the
Wobbe index according to the requirements of
DSTU, GOST, EN 437:2018, % of the average
values

Permissible deviation
Groups of the index from the
of gases | Average value | average value according
of the of the Wobbe to [15], %
second index in the in the
family lower higher
direction direction
Group H 50.2 9
Group L 41.95 7 7
Group E 47.8 14 14

dices of interchangeability in terms of thermal
power and a variation of the Wobbe index:

H.-0.65-107
Joy="— —~ -

NZj

For proper interchangeability, it is necessary
that the Know index for the main gas and the sub-
stitute gas differ by no more than 5 % [16]. A value
of more than 5 % indicates that the equipment is
not working properly.

The authors performed the definition and analy-
sis of the combustible characteristics and the
Wobbe index, as one of the interchangeability cri-
teria, for a wide class of natural and alternative
types of combustible gases produced and used in
Ukraine. The purpose of such calculations was to
determine the physicochemical properties of gases
and the possibility of interchangeability in compa-
rison with the reference gas of each of the classify-
cation groups.

The study of the physicochemical properties of
combustible gases was carried out on experimental
stands. For example, the determination of the
flame propagation speed was carried out by the Mi-
chelson method using a Bunsen burner [17].

The experimental setup for determining the
flame propagation velocity (Fig. 1) consists of a
gas injection burner 7 equipped with a nozzle for

(2)

Pt

For chemical
analysis

Primary
air oy

Figure 1. Schematic of the experimental setup for deter-
mining the flame propagation velocity by the Michelson
method [17].
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sampling the gas-air mixture 2, combustion pro-
ducts 3, an adjusting washer 4 for changing the
composition of the mixture, a gas pipeline 5 that
transports gas from the gas meter 6 to the burner
1. The gas meter is equipped with a water
U-shaped manometer 7 and a thermometer 8 that
measure the pressure and temperature of the gas in
the meter 6, a container for sampling 9 and a stop-
watch. The analysis of the gas mixture and com-
bustion products for the presence of oxygen in it
was performed using a Testo gas analyzer.

The results of the study are given in Table 3.

The upper limit of combustion for pure hydro-
gen is significantly higher compared to the above
gases and is 75 % vol., and the lower limit is 4 %
vol. The flame propagation speed significantly ex-
ceeds the data indicated in the Table 2 and is
2.67 m /s, and the highest simple Wobbe index is
48.47 MJ/m3. Analysis of the data in the table
and the combustible characteristics of hydrogen as
a gas that can replace hydrocarbon energy carriers
shows that a change in the composition of the gas
is accompanied by significant changes in its physi-
cal and chemical properties and combustible cha-
racteristics. So significant that the simple Wobbe
index, which is taken as the main index of inter-
changeability, differs by type of combustible gases.

Significant differences in the value of the Wobbe
index are even for some natural gases from differ-
rent deposits. All this indicates their non-inter-
changeability, that is, the impossibility of effective
use of gas equipment if the properties of the com-
bustible gas change.

The analysis showed that most of the natural
gases from various fields in Ukraine belong to
group H. Hydrogen itself, as a gas that should turn
Europe into the first climate-neutral continent,
where greenhouse gas emissions into the atmo-
sphere will not exceed the volume absorbed by the
ecosystem, belongs to group E. It seems that this
group was created for gases containing hydrogen.

A significant amount of gas equipment conti-
nues to be supplied under group L or E. This is a
consequence of the recent preferential receipt of
natural gas from purely gas fields from the aggres-
sor country in the war in Ukraine. Manufacturers
should now focus on producing equipment in-
tended for the exploitation of the most widespread
group of combustible natural gases in the country
from their own fields. And the classification of
these gases should comply not with outdated but
with current regulatory requirements implemented

in Ukraine [15].

Regarding the use of hydrogen in a mixture
with natural gas, which is relevant today, the re-
quirement to achieve permissible changes in the
Wobbe index for the natural gas being replaced
and the substitute gas (a mixture of natural gas
and hydrogen) is no longer met for a mixture with
a hydrogen content of 20—-25 %. This is confirmed
by studies [18]. Thus, it is impossible to ensure the
transition of the burner operation from natural gas
to a combustible mixture with a hydrogen content
of more than 20-25 % without making changes to
the design of the burners and their operating
modes, as well as the design and operating modes
of the draft-blow devices of the installation. Such
gases are not interchangeable. Analysis of other
criteria and indices of interchangeability [19, 20]
— the Know, Dutton, Weaver indices, AGA and
Delburg methods — also indicates the fact of the
lack of interchangeability of natural gas and its
mixture with hydrogen under the condition of an
even lower hydrogen content — about 15-20 %
by volume.

But the creation and combustion of combustible
gases with a lower hydrogen content (10-13 %) is
possible, giving a broad perspective on the use of
hydrogen as the main gas, which ensures the solu-
tion of decarbonization problems.

Studies conducted by the authors on the com-
bustion of refinery gas with a variable hydrogen
content from 20 to 54 % vol. confirm that the com-
bustion of gases with a significant amount of hy-
drogen (more than 20 %) leads to cardinal changes
in the operation of gas burner devices and the mass
transition of their operation to the flame jump
mode. The emission heat transfer of torches and
convective heat exchange on heating surfaces also
change. Other authors note changes that occur in
the processes of nitrogen oxide formation when
changing the combustion process of fuels of differ-
rent composition [20—22].

One of the possible ways of burning different
gases in the same gas burner devices without sig-
nificant changes in their design is to change the
gas pressure in front of the burner. To implement
the transition from one combustible gas to another,
it is also necessary to change the set operating pa-
rameters of its operation. After that, it is necessary
to check the value of the modernized interchange-
ability criterion — the extended Wobbe index.

The extended Wobbe index includes the gas
pressure in front of the burner and is determined
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Table 3. The results of the study of combustible gases

Name of gas, characteristics
Natural gases from various fields

Reference gases

Producer gas Biogas Biomethane
Gas 1 Gas 2 Gas 3 G25 G20
Gas composition, % vol.
CH4— 93.26 CHs— 91.26 CH;—-86.3 CHs—-86 CH4—100 CH; — 2 CHs—-57.5 CHs—98
C>Hs— 3.36 C>Hs-—3.02 C>Hs — 0.2 Ny — 14 Hy - 17.5 Hy— 1.5 N> - 0.5
CsHs— 0.77 CsHs— 0.87 CsHs - 0.15 CO -22.5 N> -3 COx- 1.5
CsH10—0.43 CsH10—0.32 CsH10—0.05 N> — 43.5 CO; — 38
CsH1x—0.42 CsH1>—0.36 N, — 13.13 COz — 14.5
N2 — 1.58 N2 — 0.53 CO2 — 0.17
CO2 - 0.18 COy — 3.61
The content of CP in the gas composition, %
73.6 74.9 39 58.3 74.8 15 58 74
The content of H" in the gas composition, %
23.8 23.9 19 19.6 25.1 2 23 24
The ratio of C?/HP in the elemental composition of the gas
3.09 3.13 3.1 2.97 2.9 7.5 2.5 3.1
Upper limit of combustion, %
14.75 14.65 14.97 17.0 15.0 79.95 28.46 15.3
Lower combustion limit, %
4.75 4.69 4.9 5.7 5.0 13.98 8.14 5.1
Laminar flame propagation velocity S. (at p = 0.1 MPa, t =~ 25°C), m/s
0.37 0.354 0.37 0.37 0.48 0.48 0.13 0.37
Combustion air consumption (at ¢ = 0 °C, p = 1013.25 mbar), m® /nm?
9.93 9.84 9.34 8.19 9.5 1.14 3.51 9.34
Wobbe index (¢ = 15 °C, p = 1013.25 mbar), MJ /m?
50,79 48,35 42,01 41,49 50,69 5,92 22,70 48,95
Extended Wobbe index (¢ = 15 °C, p = 1013.25 mbar), MJ /m’
54,52 51,9 45,01 44,44 54,3 6,53 24,3 52,43
Required gas pressure before the burne, kPa
0.89 0.955 1,266 1.27 - 63,57 4,34 1,05
Flame separation speed, m /s
3.02 2.95 1.88 2.96 1.88 2.52 1.88 2.24
Flame jump speed, m /s
0.26 0.24 0.38 0.23 0.38 0.46 0.08 0.17
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according to the dependence (3) [23]:

Wr=H,- E/dia (3)

where P; is the gas pressure before the burner, kPa.

The gas pressure that must be maintained to en-
sure a constant thermal power of the unit when
replacing one combustible gas with characteristics
Py, p1, Hy with another — with characteristics P,
p2, H», is proposed to be calculated according to
de-pendence (3):

2
H
p\H,

For municipal and household devices, the nomi-
nal passport pressure of natural gas in front of the
burners is 1270 Pa [24]. According to clause 2.5 of
the DBN Gas Supply [24]: “The gas pressure in
front of household gas appliances should be taken
in accordance with the passport data of the de-
vices...” Maintaining a constant thermal power
and a constant Wobbe index when switching to
burning a gas mixture with a hydrogen content of,
for example, 30 % vol. requires, according to the
given dependence, an increase in the pressure in
front of household gas appliances to 1500 Pa. This
will require changes in the operation of gas distri-
bution networks and gas control points that supply
gas to consumers.

For forced-air burners, a change in pressure is
accompanied by a change in the diameter of the
fire holes. This can be done using the adjusting
disk on the fire nozzle (“combustion head”) of the
burner, depending on the heat of combustion and
the density of the combustible gas.

For injection burners, it is important not only
to ensure a constant burner power when switching

(4)

from one gas to another, but also to withstand the

conditions under which the required amount of pri-
mary air will be injected into the burner. The au-
thors have highlighted the dependencies for deter-
mining the necessary changes in the operation of
such burner devices in [25]. Making such changes
to the operation of the equipment will provide the
necessary values and other criteria for interchange-
ability — breakthrough, separation and yellow
tongues of flame.

The analysis of the interchangeability of gases
in relation to the above-mentioned parameters of
the burner devices was performed for various com-
bustible gases by determining the following criteria:

— AGA index of incomplete combustion of fuel
— C(A);

— Weaver criterion of incomplete combustion
of fuel — A(W);

— AGA index of soot formation — IY(A);

— Weaver criterion of soot formation — JY(W);

— AGA index of flame separation — IL(A);

— Weaver criterion of flame separation —
JL(W);

— AGA index of flame jump — IF(A);

— Weaver criterion of flame jump — JF(W).

When determining such criteria, natural com-
bustible gases from Ukrainian deposits and alter-
native types of gases were taken as substitute
gases. Test limit gases of group N were taken as
limit gases. The composition of such gases is given
in Table 4.

The results of the interchangeability criteria
calculations are given in Table 5.

The limit values of the criteria are specified in
the section “name of gas” of Table 4. For example,
the incomplete combustion index of AGA when
comparing the substitute gas with the limit gas of
the device must be within 0.85 < C(A) < 1.15. If
the value of the index C(A) > 1.15, then there is

Table 4. Type, composition and characteristics of test gases [12, 26]

The test characteristics of the gas combustion equipment operation

Combustible gas

group Flame jump

Completeness of fuel com-
bustion and soot formation
(yellow flashes of flame)

Flame break

G22
CHs — 77 % vol.
H, — 23 % vol.
W, = 47.87 MJ /m?
Hi=31.86 MJ,/m?

Second category,
group H

G23
CHs — 92.5 % vol.
Na— 7.5 % vol.
Wi = 45.66 MJ/m?
Hi= 34.96 MJ /m?

G21
CH4 — 87 % vol.
CsHs — 13 % vol.
Wi =45.28 MJ/m?
Hi= 54.76 MJ /m?
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Table 5. Determination of interchangeability criteria for chemical under-combustion. flame spread

and flame separation

Name of gas, | Natural gases from different deposits Reference gases Producer ) Bio-
characteristics Gas 1 ‘ Gas 2 ‘ Gas 3 G25 ‘ G20 gas Biogas | thane
Gas composi- CH;s—93.26 CH;s—91.29 CH4s - 86.3 CH;—-86 CH;— 100 CHs—2 CH;—-57.5 CH;—98
tion, % vol.  C,Hg—3.36 CoHs—3.02 C:Hs—0.2 Np— 14 H,- 175 Ho—15 N2—0.5
CsHs— 0.77 CsHs— 0.87 C3Hs — 0.15 CO —22.5 N> -3 COx—- 1.5
CsHio— 0.43 C4Hio— 0.32 C4Hio— 0.05 No — 43.5 CO, — 38
CsHi2—0.42 CsHi2— 0.36 N2 — 13.13 CO2 — 14.5
N>—1.58 N»—0.53 CO>—0.17
CO; —0.18 CO; — 3.61
C(A) <1.15 0.88 0.81 0.63 1.00 1.00 0.11 0.25 0.83
JIW) <0 -0.10 -0.13 -0.27 0.00 0.00 —0.64 —0.47 -0.14
IY(A) > 1 1.27 1.36 1.74 1.00 1.00 1.21 4.48 1.38
JY(W) <0 —0.24 -0.30 -0.47 0.00 0.00 -1.18 -0.83 -0.35
IL(A) <1 0.91 0.96 1.09 1.00 1.00 8.22 1.94 0.93
JLOW) > 1 1.15 0.97 0.89 1.00 1.00 0.05 0.39 1.1
IF(A) <1 0.759 0.776 0.857 0.93 1.000 7.39 1.27 0.789
JF(W) <0 -0.47 —0.40 -0.25 1.00 0.00 0.72 0.21 —0.42

a tendency for chemical underburning. The Weaver
incomplete combustion index when comparing the
substitute gas with the limit gas of the device must
be JI(W) < 0. If the value of the Weaver index
becomes JI(W) > 0, then there is a tendency for
chemical underburning. Provided that the soot for-
mation index of AGA becomes IY(A) < 1, then
there is a tendency for soot formation during the
combustion process. And according to the Weaver
criterion, the danger of soot formation occurs if the
index JY(W) > 0.

The danger of separation occurs if the AGA in-
dex TL(A) acquires values greater than 1.0, and
the Weaver criterion JL(W) acquires values less
than one compared to the limiting gas.

The danger of flame jump occurs if the AGA
index IF(A) acquires values greater than 1.0, and
the Weaver criterion JF(W) becomes greater than 0.

Analysis of the obtained data shows that in re-
lation to the formation of chemical unburned pro-
ducts, flashover and flame separation, a significant
number of gases are not interchangeable. This leads
to complications in ensuring the processes of stable
and efficient combustion of such combustible
gases.

Thus, the interchangeability criteria allow for a
universal assessment of the interchangeability of
combustible gases by the criterion of thermal

power, torch stability and the formation of chemi-
cal unburned products. In addition, the extended
Wobbe index makes it possible to obtain depen-
dencies for recalculating the operating and design
parameters of burners for the possibility of their
use for non-interchangeable gases. This signifi-
cantly expands the capabilities of gas equipment
manufactured for the use of combustible gases of a
certain group.

Analysis of the properties of various combus-
tible gases presented in Table 1 and Table 2, as
well as experimental studies that were performed
on oil refinery gases of variable composition of an
oil refinery showed that a change in the gas com-
position is accompanied by a change in the C? /HP
ratio in the elemental composition of gases. And a
change in the ratio of carbon and hydrogen in the
gas composition leads not only to changes in the
combustible properties of the gas, but also changes
the heat transfer in the combustion devices of
gas-burning equipment.

If the composition of the combustible gas and
its properties do not correspond to the group of
gases for which the gas equipment is manufactured
and the gases differ significantly in combustible
characteristics, the preparation and combustion of
mixtures of different combustible gases is propo-
sed. In this case, the operation of devices for prepa-



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 47

40,0
380
36,0
34,0
32,0
30,0
28,0
26,0
24,0
22,0

x=0.18
01
0,15
0,1
0,13
0,12

o1

A

Wobbe index of alternative gas, M/

790 410 430 45,0 470 490 510 530
Wobbe index of natural gas, M/

Figure 2. Nomogram for determining the composition of
a gas mixture to achieve the required criterion for the
interchangeability of a gas mixture. (x is the proportion
of alternative gas (part. units) by volume that must be
mixed into the mixture with natural gas to obtain the
required value of the Wobbe index).

ring gas mixtures should be based on the prepara-
tion of such a gas composition that will meet the
required interchangeability criterion. In the case of
using alternative types of gases, biogas, or genera-
tor gas, the main component of such a mixture
should be natural gas.

In Fig. 2. a nomogram is presented for determi-
ning the composition of such a gas mixture, depen-
ding on the values of the Wobbe criterion for each
type of gas.

Conclusions

An analysis of the physical and chemical charac-
teristics of natural and alternative types of com-
bustible gases was performed. Experimental studies
of the combustion of refinery gases with a variable
composition of combustible gas in the furnaces of
an oil refinery were conducted. The results of the
work indicate that neglecting the change in the
physical and chemical characteristics and composi-
tion of combustible gases supplied to consumers,
the use of gas equipment manufactured for one
group of gases for the combustion of other non-
interchangeable gases leads to negative conse-
quences. This is a change in the thermal power of
the units, a change in the operating conditions of
the gas-air tract and thrusters, the size of the torch
and the conditions of heat transfer in the furnace
space. An uncontrolled change in the composition
of the fuel leads to a decrease in the completeness
of fuel combustion, a change in the coefficient of
excess air in the combustion products and a deteri-
oration in the efficiency of fuel combustion units.

Burning non-interchangeable combustible gases
without proper changes in the burner design and
adjustment of the unit's operating parameters can
lead to a reduction in the adjustment range and
disruption of the stability of the burner flame; a
decrease in the efficiency of gas use. A comprehen-
sive indicator of gas interchangeability is the
Wobbe criterion, which is the basis for the classi-
fication of combustible gases by groups.

The stability of the physical and chemical pa-
rameters of the gas and the value of the Wobbe
criterion must be constantly monitored according
to fuel quality certificates. Particular attention
must be paid to the deviation of the Wobbe crite-
rion for various combustible gases from the nomi-
nal value established by the contractual conditions
of gas supply. This index should not change by
more than 5 % of the nominal value. The obtained
dependencies make it possible to use gas-burning
equipment for non-interchangeable gases subject to
changes in the operating parameters of the equip-
ment and its design characteristics. It is recom-
mended to urgently transition from the current
outdated to the current regulatory documents that
regulate the current level of requirements for the
quality of combustible gases and the efficiency of
their use. Reference to the “Code of Gas Transpor-
tation Systems” adopted in 2015 by the NERC Reso-
lution must be considered unacceptable in the pre-
sence of current regulatory documents (state stan-
dards) that implemented European requirements
for combustible gases. As an argument, it is enough
to mention only that the document currently used
in the field of using gas as a fuel does not contain
a single quantitative indicator at all that would
characterize the possibility of interchangeability
and energy efficiency of using combustible gases.
What is the point in such a case of a permit to
supply an alternative type of combustible gas to
the country's gas transportation system if, accor-
ding to its physical and chemical characteristics,
this gas meets the requirements of regulatory legal
acts for natural gas. And the problem then lies in
which regulatory legal acts should be taken into
account.

It has been found that a change in the ratio be-
tween the carbon and hydrogen content in the ele-
mental composition of combustible gases of differ-
rent origins leads to a change in heat transfer on
the heating surfaces of heat-generating equipment,
which needs to be taken into account when desig-
ning it.
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Analysis of the physicochemical properties of
combustible gases available for use makes it possib-
le to develop recommendations for the production
and distribution of gas equipment for such a group
of combustible gases that is typical for supply in the
gas distribution system of each country or region.

The performed analysis and research allow us to
state that the use of a mixture of natural gases with
10—12 % hydrogen is permissible for injection
burners of household gas stoves and other equip-
ment for municipal and household purposes. It is
important that changes in the design of gas equip-
ment and its operating mode are not required. For
industrial gas blow burners, it is possible to re-
commend the possibility of safe operation of de-
vices on a mixture with a hydrogen content of up
to 20—-22 % vol. This is explained by the presence
of flame stabilizers in such burners.
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Hocaigxenns epeKTUBHOCTI
CIIAJIIOBaHHS BO/IHIO, aJibTePHAaTUBHUX
Ta MPUPOJAHUX HEB3a€EMO3aMiHHUX ra3iB

Anoranusi. HaBesmeHo pesysbTaTé BH3HAUEHHS KPHUTEPilo B3a€MO3aMiHHOCTI rasiB. BukoHaHO
aHaJIi3 MOKJIMBOCTI ajanTtaiii iCHyIlOYMX ra3ocnaiioBaIbHUX YCTAHOBOK JJs1 €(eKTHBHOTO Ta
cTabiJbHOr0 BUKOPUCTAHHS MIMPOKOTO CIIEKTpa Topiounx rasdis. [lokasamo, 1o HaBiTh IPUPOIHI
ras3u 3 Pi3HUX POJIOBUIL HE 3aBXKAM € B3aEMO3aMiHHWMHU. P03po6JieHO peKkoMeHIarii, SKi AaoTh
MO>KJIMBICTh BUKOPHCTOBYBATH HAaBiTh HEB3a€MO3aMiHHI Ta3W HA OJHOMY ¥ TOMY K Ta30CIMasio-
BaJIbHOMY 06JIaJIHAHHI 32 PAXyHOK 3MiHU PEKMMHUX HAJTAITyBaHb a60 HE3HAUHOI 3MiHU KOHCT-
PYKTHBHUX XapaKTepuUCTUK obyagHanHs. HaBegeHo pe3ysbTaT JOCTIIKEHHS TeMJOOOMiHY B
KaMepi 3TOPSIHHSA NPU 3MiHi CKJIa/{y TOPIOUMX Ta3iB Ta IOB’S3aHUX 3 IIUM 3MiH BUIIPOMiHIOBAJIb-
HOI 3/IaTHOCTI TTPOAYKTiB 3ropssHHs. [[aHo pekomeHzallii moao opranisaitii mpoiiecy craJoBaHHS
HEB32EMO3aMiHHUX ra3iB, y TOMY YHUCJi 32 PAXYHOK CTBOPEHHS CyMillleli TOPIOUnX Ta3iB i3 3a6e3-
MeYEeHHSIM HeOOX1IHUX KPUTEPiiB B3aEMO3aMiHHOCTI. MeToto po6OTH € JOCJIiIPKEHHST MOKTMBOCTI
e(eKTUBHOrO CITAJIIOBAHHS AJbTEPHATUBHUX BU/IB INITYYHUX Ta CUHTETHMYHMX TOPIOYMX rasiB, y
TOMY YUCJIi BOJHIO, a TAKOX HEB3a€MO3aMiHHUX IIPUPOJHUX ra3iB B iCHyIOUOMY Ia30CIIall0BaJlb-
HOMY 006saiHanHi. [locJIi/[ZKeHO BJACTUBOCTI TOPIOYNX Ta3iB, XapaKTePHUX /I Ta30PO3I0/1ib-
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HHUX CHCTeM YKpaiHu, Ta iX BiANOBiAHICTb KPUTEPiAM B3aEMO3aMiHHOCTI Ta Ia30CIATIOBAJbHOMY
006J1aTHAHHIO, 10 BUPOGJISETHCSA TA MOCTAYAETHCS [T IPOMUCJIOBUX Ta KOMYHAJIbHUX IOTPEG.
AXTyaJbHICTh MUTaHb 3a0e3MeUeHHs B3aEMO3aMiHHOCTI Ta3iB MiJITBEP/XKYETHCS BIPOBA/KECHHSIM
y HallioOHAJIbHe 3aKOHO/ABCTBO Y KPaiHM HOPMATMBHO-TIPABOBUX aKTiB IO/0 MOKA3HUKIB SKOCTi
TOPIOYNX Ta3iB Ta eDEKTUBHOCTI X BUKOPUCTAHHS. Pe3ybraTtu J0CTiPKeHHS 3a6€3TeUyI0Th MOK-
JUBicTh 6e36ap’€pHOTO OCTYIIOBOTO BIIPOBA/’KEHHS aIbTEPHATHBHUX BU/IiB ra3iB Ta MOCTYIOBO-
TO TIepexo/y /IO CIIAJIOBAHHS Ta3iB i3 BMiCTOM BOJHIO 6e3 KapAWHAJbHUX 3MiH KOHCTPYKIII ic-
HYIOUMX TMAJbHUKIB Ta PEXXuMiB iX pobotu. biba. 26, puc. 2, maba. 5.

Kuro4oBi cjoBa: ropioui npupo/iHi Ta aJbTepHATUBHI Ta3u, KpuTepii B3aeMo3aMiHHOCTi, (i3uko-
XiMiuHi Ta TOPIOYi BJACTUBOCTI ra3iB, e(eKTUBHICTb Ta CTAGIIbHICTD BUKOPUCTAHHS TOPIOYMX

rasis.
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Jlocaia:keHHs moTped eHeprocucreM
y HaKoIU4YyBayax eJIeKTPOeHeprii
P MacOBOMY BIPOBA/’)Ke€HH1 eJIeKTPOCTaHILiil
HerapaHTOBAaHOI MOTYKHOCTI

AHoTanisi. AKyMyJISTOPHi cucteMu 36epiraHHs eHeprii 3aBASKH JOCTYITHOCTI, BUCOKIH NMIBUIKO-
i1, 3HAYHIll eHepreTHYHill NIIJIBHOCTI Ta AOCTaTHIN MOTYKHOCTI HAGYJIM MIUPOKOTO 3aCTOCYBAHHS.
Opnax iX BapTiCTh 3aJMIIAETHCS J0BOJI BHCOKOIO. Y CTATTI PO3IJISTHYTO MUTAHHS PO3POOGJICHHS
METO/ITYHOTO Mi X0y TI0J0 BUBHAYEHHS JOIiJbHIX NOTPe6 B EMHOCTI Ta TOTYKHOCTI HAKOITHYY-
BayiB eJIeKTPOEHePrii A4 eHeprocucTeM IIPU HAaABHOCTI B IX CTPYKTYPi 3HAYHOI KiJIBKOCTI BiT-
POBUX €JIEKTPOCTAHITIN /I 320e3MeYeHHsT PEKUMY POOOTH IUX €JEeKTPOCTAHIIiN 3 MPOrHO30Ba-
HOIO TIOTY>KHICTIO, 110 i € MeTOr0 JOCJi/KeHHsT. {151 TOCATHEHHST TOCTaB/JIeHOi MeTH MPoaHaJi3o-
BaHO J060Bi rpadiky eJeKTPUIHUX MOTYKHOCTEH BiTPOBUX eseKkTpocTaHiiit O6’erHaHOI eHepro-
cucremu Ykpainu 3a nepiox 2017—2019 pp., BusHaueHo ix xoedilieHTH BUKOPUCTAHHS BCTAHOB-
JIEHOT TIOTY KHOCTi, OOIPYHTOBAHO BUOIP iHTEPBaly IPOrHO3YBAHHS MOTYKHOCTi, CTBOPEHO PO3-
PaxyHKOBY MO/JIEJIb [IJII BUKOHAHHS CTATUCTUYHOTO aHAJi3y. 3a IO0TIOMOTOI0 PO3PaXyHKOBOI MO-
neri mo6yoBano Tpadikm po3noiay iWMoBipHOCTI TOTped B akyMy. Il Ta rpadiku MpuBeIeHNX
nmotTpe6 B aKyMYyJISAIIil y 3aJIeKHOCTI BiJi HMOBIpHOCTI 1X MOKPUTTS. AHaJIi3 TTOKa3aB BUCOKE CITiB-
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MaJIiHHS IPUBEJIEHUX TIOTPe6 B aKyMYJISIlii eJeKTpoeHeprii BITPOBUX €JIEKTPOCTAHITii 10 POKax
3a BUIIEBKA3aHUN T1€pio/]. 3arpoIOHOBAHMI METOIMYHMIA Ti/IXi/l Ta aJITOPUTM PO3PAXyHKY JAI0Th
MOXKJIIBiCTb BCTAHOBUTH, II[0 MAaKCUMAaJbHI HOTPeOH B aKyMyJsIii 1/ 3a6e3IedeHHs IIPOTHO30-
BaHOT 060BOI MOTYKHOCTI BiTPOBUX €JEKTPOCTAHIIIH 3yCTPIiYalOThCS YChOTO OJUH a60 JEeKiTbKa
pasiB Ha pik. [Ipu 3a6e3neveni po6OTH BiTPOBUX €JEKTPOCTAHININ Y PEKUMi MPOTHO30BAHOI 1T0-
TYKHOCTI 3 HMOBipHicTIO 95 % €MHICTb Ta TOTYKHICTb CHCTEMH HAKOIUYEHHS €JIEKTPOEHepTii
MOJKHa 3MeHIuTH Ha 33—35 %, BIATOBIAHO [0 IIPOTO 3MEHINATHCS iHBECTHUIIiHI BUTpaTH Ha Hei.
Brpatu esiekrpoeneprii npu 1ipomy He OyiayTh mepeBuinryBatu 1,3—1,8 %. Hespaxkaiouu Ha te,
10 T1€ IOCJIi/PKEHHS 3/[iCHEHO /IJIsT €eHeproCcuCTeMU KOHKPETHOI KpaiHu, caM MeTOJUYHUH ITi/1Xi/a
Moske OyTH BUKOPHCTAHUM JIJISI aHAJII3y €HEPTOCUCTEM Pi3HOTO MacHITaly iHIUX KpaiH 3 BiaMiH-
HUMW KJIMATHYHUMA yMoBaMu. Biba. 45, puc. 7, maba. 4.

Kuo4oBi cJjoBa: akyMyJIITOpHI HaKONMMYYyBadi eHeprii, morpebu B aKyMyJsIlii, po3no/ija iMo-

BipHOCTi, nepioJi IPOTHO3yBaHHS, PO3PAXyHKOBA MO/e]b, METOAMYHUH ITiAXiI.

Beryn

306i7IbIIIeHHs] AHOMAJIBHUX METEOPOJIOTIYHUX STBHII]
(noBroTpuBai TEMIOBI XBWJ, BHCHXaHHS PidOK,
361/IbIIIeHH KiJIbKOCTI Ta MaciuTabiB IOXKEXK, BUIla-
JIiHHST HETUIIOBOI KiJbKOCTI OIa/liB TOINO) CBiTYNTH
PO HaraJbHy HEOOXiHICTh BUPIINIEHHS TPO6IEMU
3MiHU KJiMaTy i, mepIn 3a Bce, 3MEHIIEHHST 00CSTiB
BUKU/IiB TapHUKOBUX Ta3iB. ToMy AigyibHiCTH 1010
3amo6iraHHsg 3MiHi KJIiMary cTaja TOJOBHUM Ipio-
PUTETOM BHYTPIITHBOI Ta 30BHINTHBOI TOJITUKKA Ga-
raTboX KpaiH CBiTy, B TOMy 4mcJi Ykpainu [1—12].

AHaJi3 OCTaHHIX [IOCTIXKEHD MTiATBePKYE KJT0-
YOBY POJIb BiTHOBJIIOBAHOI €HEPreTUKY Ta KJIiMaTH4d-
HOI TOJIITUKU Y JOCSTHEHHI IIijiell mexkap6oHisairii.
[ep-xaBHi iHBecTHIlil y Bi/IHOBJIIOBaHI /iKepeJsia eHep-
rii (B/IE), nosmitnyna cTabiJbHICTh Ta €KOHOMiuHi
CTUMYJIA € BaXXJIMBUMH YWMHHUKAMU IIiIBUIEHHS
KJIMaTHIHOI e(EKTUBHOCTI E€HEPreTUYHUX CUCTEM
[1-3]. ¥Y3arasbHeHHS pe3yJbTaTiB MOCTiKEHDb CBifl-
yiTh PO 3HIKeHHd BUKUAIB CO, y pasi akTUBHOTO
BIIPOBA/’KEHHS aJbTePHATUBHOI €HEPreTUKU Ta KOMII-
JekcHoi marpumMkn 3 60Ky AepskaBu [4—6]. Hario-
HaJbHI Ta Mi>KHApOJHi IPUKJAIH, 30KpeMa, DpaH-
1ii, Kurtaio ta YKpaiHu AeMOHCTPYIOTb NMPaKTHYHI
edexTu Takux pimens [6—8].

OxpeMy yBary NpUAiTIEHO ajanTainii yKpaiHChb-
Koi KJiMaTn4HOI Motk n0 BuMor €C Ta TpaHc-
opmariii cucteM TemIOTIOCTaYaHHS B KOHTEKCTI CKO-
pouenHs napHukoBux BukuaiB [8—10]. /lani Harrio-
HAJTbHO BU3HAUEHOTO BHECKY YKpaiuu [11], a Takox
OIliHKa BILIMBY CTPYKTYPHUX 3MiH y LEHTpaJi30Ba-
HOMY TeTioriocTadanHi [8] miaTBep/LKYyIOTh aKTyab-
HICTb TO€JHAHHA HOPMATUBHUX, €KOHOMiUYHMX Ta
TeXHOJIOTTYHUX ITIAXO0AIB 10 3a0e3IeueHHsI eKOJIoTiu-
HOT CTAJOCTi €HePreTUIHOTO cekTopa. Y poborti [12]
3BEpPTAETHCS yBara Ha Te, L0 Yyepe3 3POCTAaHHS YU-
CEJIbHOCTi HACeJIEHHSI Ta PO3BUTOK €KOHOMiKH HAIIIO1

MJIaHeTH 36iJbITY€ETbCS MOTUT HA TMPUPOIHI pecyp-
CW, B TOMY YHCJi HA BUKOITHE MAJUBO, MO CIPUYH-
Hsie 301JIbIIEHHST BUKU/IB TAPHUKOBUX Ta3iB, i 1€ €
KPUTHYHOIO TPO6JIEMOI0, sIKa MOTPe6y€e HETaitHOTO
BUPIillIEHHS .

[lexapOoHizarlisi TJ00ATbHOI €KOHOMIKM CcTaja
BAaroMUM CTHUMYJIOM aKTHBHOTO PO3BUTKY 0e3IaJnB-
HUX TEXHOJIOTil TeHepallii eJeKTPOeHepTii, 30KpeMa
consgunux (CEC) ra sitposux (BEC) enexrpocran-
uiit. Biamosiano no 3Bity International Renewable
Energy Agency (IRENA), cranom Ha kinerp 2023
pPOKy ryio6ajbHa BCTAHOBJIEHA TOTY)KHICTh Bi/HOB-
sroBaHoi eHeprii gocsraa 3870 I'Bt, 3 HuX BcTaHOB-
seHa notyskuictb BEC cranosuma 1017 I'Br [13].
Y 2024 pori 1ie#t moka3Huk 3pic g0 4448 I'Bt, npu
LIbOMY BCTaHOBJIEHA IIOTY KHiCTb BiTPOBUX €JIEKTPO-
cranmiin gocsraa 1133 I'Bt [14].

B VYkpaini 3a HamionajbaNM TJ1aHOM [Iill 3 Bif-
HOBJIIOBATbHOI eHepreTwku Ha tepiog o 2030 p.
(Posnopsamxenns KMY Ne 761-p Big 13.08.2024 p.)
IJIaHyeTbCs, nounHaoun 3 2025 p., 36ijbauTn
BcTraHoBJeHy mnotyxHictb BEC Bim 512 MBT 10
6314 MBr [15].

Y Gararbox KpaiHax CBiTY €HEpProCHCTEMU 3iTK-
HYJUCS 3 TIPOGJIeMaMu, CIIPUYMHEHUMHU HecTabiJb-
nictio renepanii noryxuocti 3 BEC ta CEC, mo
CTAJI0 MPEeIMETOM JOCTi/PKeHb 6araTboX HAayKOBHUX
npaiib, 30kpema [16—23].

Y nmocrimkeni [16] mpomnonyioTh mpo6JjemMu 3
HaJMNIKoBoIo esnekTpoeneprieo Big BEC ta CEC
BUPILIUTH HIJSIXOM 3aCTOCYBaHHs TexHoJorii Power-
to-Heat.

B my6nixamiax [17—19] posrasaaoTbess MOKIIN-
BOCTi 3aJIy4eHHS CIOXKHBauiB-peTyJSATOPIB Ha 6asi
eJIEKTPUYHUX TETIOTeHEePATOPiB /ST BUPINIEHHS 3a-
Jla4 PeryJIoBaHHS 4acTOTU Ta MOTy:KHOCTi B O6’€/-
Haniii eneprocucremi (OEC) Ykpainu.

Boanouac nocuipxenns [20] 3ocepemkeno Ha 1mo-
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6yZ0Bi ePEeKTHBHOTO DPEryJIIOBaHHS YacTOTH i3 3a-
CTOCYBAaHHAM CUCTEM HAKOIWYEHHA eHeprii Ta pis-
HOMAaHITHUX TUIIB PEryJIATOPiB, e()eKTUBHICTD SKUX
OLIHIOETHCA 3a AMHAMIYHUMU IIOKa3HUKaMU — MakK-
CHMaJIbHUM BiJIXWJIEHHAM 4YaCTOTU Ta TPUBAJIICTIO
TIePexiTHOrO MPOIIEeCy.

Oxpemy yBary B [21] mpupaineno komrmeHcarrii
croxactTuuHux KoJsmBaub rerepaitii Bigg CEC Ta BEC
IIJIAXOM BIIPOBA/PKCHHA HAKOIINYYBAadiB €JICKTPO-
eHeprii. ABTOpHU MPOMOHYIOTh MaTeMAaTUYHY MO/IEJb,
110 /1a€ MOKJIUBICTD OIiHUTH YMOBU JIOCATHEHHS €HEP-
FeTUYHOI CaMOJOCTATHOCTI PO3IOAIJIEHOI TeHeparlii.

Y crarri [22] akieHT 3po6JieHO HAa CHCTEMHUX
3arposax miast OEC, saxi BUHMKAOTD 4epe3 CTPiMKe
Ta HEKOOPJAMHOBAaHE 3POCTAHHS YaCTKM Bi/HOBJIIOBA-
Hux mkepen: CEC ta BEC. 3asnauaioTbcs eKoHO-
Mi4Hi BTpaTu €HEPrOpUHKY, 110 BUHUKAIOTb BHACJIi-
JIOK 1IbOTO TIpollecy. K ajbTepHATHBA IPOIOHY-
€TBCS CTBOPEHHS €JIEKTPOTEIIOBOT  iH(MPaCcTpyK-
TypH, B sIKill erexTpoenepris 3 B/IE BuxopucToBy-
€TbCS  6GE3MOCEPEIHBO  €JEKTPOKOTIAMU  CUCTEM
LEHTPATi30BaHOTO TeIonocTadyanusa. Takuit 1miz-
XiJl, 3a OUiHKaMu aBTOPiB, /Jla€ MOXKJUBICTb 3MEH-
AT TTAPHUKOBI BUKUAM Ta 320€3ME€YUTH BUCOKUI
piBeHDb TEXHOJIOTIYHOT i €eKOHOMiUHOT e(PEeKTUBHOCTI.

Y [23] narosomyeTbes, MO CTOXAaCTUYHICTh PO-
6otn yactuau B/IE BuMarae ygockoHaseHHS He JIH-
11e TeXHiYHUX pillleHb, a i MiAX0/iB /10 yIpaBJIiHHA.
Sk ofIH 3 TIEepPCIEeKTUBHUX HANIPSIMiB PO3BUTKY ITPO-
MIOHYETHCS MOJIEJIb CHEPreTUYHOTO PUHKY 3 IIpiopu-
TETOM CEPBiCHOI B3aeMoii, ska nepeadavae TicHinm
3B’3KM Mixk HIOTO yYacHUKaM# Ha OCHOBI JIOTiKM J10-
MiHyBaHHS MOCJYT.

Y 6impiiocti my6aiKaliiil BiA3HAYAETHCS, IO O[I-
HUM i3 camuX edeKTUBHUX BapiaHTiB BUPIilIeHHS
IUX CUCTEMHUX TIPOGJIEM € 3aCTOCYBAHHS HAKOMUIY-
BauiB esiektpuunoi eneprii (Electric Energy Stora-
ge Systems, EESS). I3 Bimomux TexnoJoriit EESS
[24—33] nns BEC Haii6iabin mpuaaTHUM BapiaHTOM
€ aKyMYJIITOPHI CHCTEMHU HAKOIIMYEHHS Ta 36epiraH-
us eneprii (Battery Energy Storage Systems, BESS),
0CO6JTMBO [T PO3TIO/IiJICHUX €HEePrOCUCTEM.

BESS na6ynu mumpoKOTo MONIMPEHHS 3aBASKU
1I0€/IHAHHIO KiJIbKOX KJIIOYOBHX IlepeBar: JI0CTYITHOC-
Ti, 3HMKEHHSI BapTOCTi, BUCOKOI HIBU/IKOJii, 3HAY-
HOI e€HepreTUYHOi MIiJbHOCTI Ta JOCTATHBOI MOTYXK-
HOCTi. 3aBASKHU UM XapaKTePUCTUKAM BOHU edek-
TUBHO BMKOPHUCTOBYIOTBCSI [IJIA PETyJIIOBAHHS Yac-
TOTH Ta TOTY>KHOCTi B eHeprocucremax [24, 34].

Ogpniero 3 BaxauBux ¢yukiiit BESS e moxm-
BiCTb aKyMyJIIOBAaTH HAQUINIIKHU €JICKTPOCHEPrii, BU-
po6aenoi BEC y rogmam MakcuMaJbHOI TeHeparii,

3 IOJAJIbIIUM BUKOPUCTAHHSAM Yy Iepiojgu 3HUXKe-
HOrO BHPOGITKY ab60 3pOCTaHHS CHOXKUBAHHS [35,
36]. Takuit miaxij crpusie miJBUIEHHIO HAAiHHOCTI
Ta CTabiJTbHOCTI eJeKTPONOCTAYaHHs, MO POGUTDH
BESS nesaminnum eseMeHTOM cydyacHOI eHepreTuu-
HOT iH(pacTpyKTypH.

I'mu6una pospsxy BESS i3 mitieBumu akymyis-
topamu cranoutbh 80—100 %, kpyroBuii koeditieHT
neperBopeHHss — 92-96 %, JKUTTEBUH IUKJI — 0
20 pokiB [37]. Indopmariis mpo mUTOMy TPOEKTHY
Baprictb BESS naBenena y [25].

3rigro 3 omiakamu NREL (National Renewable
Energy Laboratory), BESS aemoncTpytors crabinb-
He 3HIKEHHS BapTOCTi BIPOBAIKEHHSI, 0COOJIUBO B
MOEHAHHI 3 COHSIYHUMU eJieKTpocTaniisimu |38,
39]. 3a nporHozamu, 3pobiaenumu y [40], muroma
Baprictb Li-ion BESS y 2030 p. 3menmmuTbcs Ha
23-25 %.

Y 11boMy KOHTEKCTi 0COOIMBOT BaXKJIMBOCTI HAOY-
Bae OOTPYHTOBaHE BU3HAUEHHS MapaMeTpiB €éMHOCTI
Ta MOTYKHOCTi HAKOIIUYYBAYiB [T 320€3MMeUeHHsT X
edextuBHOi poboru. Huska amamituynmx myG6.ika-
il MicTUTH 3araJbHi peKoMeH/allil 00 TPOEKTY-
BanHs Ta BuGopy emuocti BESS [41—-43], npore 11i
miaxou 3/1e6iIbIIor0 OPiEHTOBaHI Ha COHSYHY Te-
Hepaliio a6o TOOYTOBUX CIIOKUBAYIB i HE BPaXOBY-
10Th crierudiku 3mMinHoI TeHepanii BEC ta morpe6
BeJMKUX eHeprocucreM. lle o6ymoBiioe Heo6Xin-
HiCTh y moAaJblIiii po3poOIli creliani3oBaHuX Me-
TOAMYHUX IiAXOAIB JO OLIHKY JOIiJIbHOI IOTY>KHOC-
ti Ta emHocTi BESS 3 ypaxyBanusaM oco6JmBocTei
rerepartii BEC.

Merta

Mertoto JOCTIKEHHS € PO3POOJICHHS METOAMT-
HOTO TiIXO/ly NMIOZ0 BU3HAYEHHS JOIIJIbHUX TOTPE6
B €MHOCTI Ta IIOTY>KHOCTi HAKOIIMYyBayiB €JICKTPO-
eHeprii A1 eHeprocucreMu. /lJIs1 JOCATHEHHS TIO-
CTaBJIEHOT MeTH HeOOXi/HO, TTEPIIT 32 BCE, MpOaHaJIi-
syBaru rpadiku erexTpuunnx noryskuocreii (FEIT)
BEC.

Metoau Ta marepiajm

Y po6otTi BUKOPHCTOBYBAJIMCS AHAJITHYHI Ta
CTATUCTUYHI MeToAn JocTiKeHHsI. CTaTUCTHIHOMY
aHasi3y migsnsaras macus ganux 'EIl BiTpoBux ese-
krpoctaniiiit OEC Ykpainu 3a 2017-2019 pp. Li
poKM BMOpaHi /i aHamisy 4epe3 Asi npuumnu: 1)
JOCTYIHICTh JaHuX; 2) y el mepiox crocrepira-
JIUCS MiHIMaJIbHI OOCATH TPUMYCOBUX OOMEKEHD
BEC. Iudopmarttig nogana y BUTJISAI eJTeKTPOHHUX
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TabJIb 3 JAaHUMU IOA0 AOGOBUX MOTYKHOCTEH 3
KPOKOM Juckperusaiii 1 rozu.

BceranoBsieHa MOTYXHiCTb BiTPOBUX €JIEKTPOCTA-
vt OEC Yxkpainm nva kinennb 2017 p. cranosmia
328,4 MBr [44]. IunaMika 1momicsiuHol 3MiHM BCTa-
HoBJsleHOI ToTyxHOCcTi BEC y 2018 ta 2019 poxax
HaBeZieHa y Taba. 1.

Buxoagun 3 Ta6n.1, MOKHA BU3HAUUTH TPUPICT
BcraHoBseHoi noryxkHocti BEC nporgrom BrkazaHux
BHUIlle POKiB, sikuil y 2018 p. craHoBUB 5,5 %, a y
2019 p. Bin Bxe GyB 176 %.

OnnuM i3 MOKa3HUKIB  edeKTUBHOCTI Po6OTH
JUKepes TeHepallii eHeprii € koedillieHT BUKOPHC-
TaHHa BeranosjeHoi noryskHocti (KBBII, Capacity
factor). Bin 10kasye, HaCKiJbKU BAAIO BUGPAHO Pi-
BEHb TIOTY>KHOCTI Ta Micile oro po3ramryBaHHsa. 3a-
3puvaii KBBII BusHavaeTbest sk BinnHouieHHS dax-
TUYHO BUPOOGJIEHOT eHeprii 0 MAaKCUMaIbHO MOKJIU-
BOro ii BUpDOOGHWIITBA 32 JNaHUI TIPOMIXKOK, ab0 K
cepesiHboi MOTYKHOCTI B 3a/laHUil NPOMiXKOK vacy
10 MaKCUMaJIbHOI BCTaHOBJIEHOI. SIK BuHO 3 TaOI. 1,
BcraHosJieHa noryxkHicts BEC 3minioBasacsa npors-
roM poky, i tomy KBBII BusnauaBcs A7151 KOKHOTO
MicAlsT OKPEMO:

CiF — Piavr/Pin’ (1)
ne Cf — xoedillieHT BUKOPHUCTAHHS BCTaHOBJIEHOT
MOTY>KHOCTi; Pi*" — cepenHsl TOTYyXHicTh; P/ —

BcraHoBJseHa noTyskHictb BEC B i-tuil Micsaib.
Pospaxynkosi cepeaubomicssuni norysxHocti BEC
3a 2017-2019 poxu HaBefeHi y Tabu. 2.

Pesyabratu pospaxynky KBBII 3a dopmysioio
(1) mokasani Ha puc. 1.

3 puc. 1 Bugno, mo Haii6igpmuit KBBII criocre-
piTaeTbcst B OCiHHbO-3MMOBUH TTE€Piofl, KOJU BiH csI-
rae 46,7 % y ciuni, a HalilMeHIIWII — y BECHSHO-
githii — 14,1 % y Junsi Micami. CepeaHbopidi
KBBII 3a 2017-2019 poku cranosuiu 28,2, 30,3 Ta
34 % BiAmoBigHO, 1O GJU3BKO [I0 CEPEHBO3BANKE-
HUX CBITOBUX TOKa3HMKIiB, siki y 2016—2017 p. cra-
nosusm 30 % [45]. TloGiuHo 1€ TiATBEPIKYE pa-
Hilre 3po6JieHe TPUITYINEHHST TIPO BiJCYTHICTH a60
HEe3HAYHY KiJbKiCTh MPUMYCOBUX OOMEKEHD MOTYK-
vocti BEC cucteMHUM omepaTopoM TIPOTSITOM BU-
6paHoro Tepiofy.

Jlnst omiHKY TOTPe6u B aKyMyJISIii eJeKTPUIHOT
ereprii BEC 6yJio Takosxk 3po6JieHO MPUITYIIEeHH:,
mo y Hanpsamy 1o mMepexxi BEC mogaioTh esiekrpo-
€HePTiio /0 CepeIHbOTO 3a TIeBHUH Tepiof] yacy pis-
HS TIOTY>KHOCTi. Y CS eJIEKTPOEHEPTis, 1110 BHIIE Ce-
PEAHbOTO PiBHA MOTYKHOCTI, aKyMyTIOeTbCA. Bubip
iHTepBay mporuodyBanHs notyskHocTi BEC 3aiiic-
HIOETbCS Ha OCHOBi aHamidy rpadikiB, HaBeaeHUX
HIDKYE.

Ha puc. 2 nokasano rpadik eJeKTpudHOi MoTy:X-
vocti BEC OEC VYxpainu 3a rpyaesp 2018 p. 3
HaBe/leHOro rpadika BU/HO, 110 I HiATPUMKH Ce-
peanboMicsiyHoro 3HaueHHs1 noryxxkHocTi BEC 10-
Tpe6u B aKyMyJIAIlii €TeKTPUIHOI eHeprii MOXYTb CsI-
ratu Jry>xe Besukoro 3nadennss — 13000 MBt-rog.

Ha puc. 3 ta 4 HaBemeHi THKHEBHUIT Ta K0GOBHIT
rpadiku enexrpuunoi norysxkaocti BEC OEC Yk-
painu.

Ta6muus 1. Beranosiena moryskuictre BEC OEC Vkpainu y 2018 ta 2019 pokax, MBr
Table 1. Installed capacity of WPPs in the IPS of Ukraine in 2018 and 2019, MW

Micamp
Pik
1 11 111 v A\ VI VII VIII IX X XI XII
2018 368,6 368,6 372,8 374,9 374,9 374,9 378,14 379,5 379,5 386,5 386,5 389
2019 389,0 441,3 510,6 579,5 611,9 611,9 628,6 636,6 697,9 831,7 1013,5 1025

Ta6mus 2. Cepeaubomicsauni po3paxynkori noryskuocti BEC OEC Vkpainu 3a 2017—2019, MBr
Table 2. Average monthly calculated power output of WPPs in IPS of Ukraine for 2017—2019, MW

Micsamn
Pik
I 1I I11 1A \Y VI VII VIII IX X XI XII
2017 86,9 98,2 114,6 88,3 64,6 57,5 63,6 92,0 101,4 106,5 108,2 128,4
2018  129,6 103,99 118,6 99,2 71,9 57,7 53,0 17,1 132,4 160,5 163,0 172,5
2019 181,6 180,2 193,4 199,8 176,8 203,3 129,0 191,9 254,6 151,4 455,7 364,7
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Puc. 1. Cepegavomicsauni KBBII BEC OEC VYkpainn 3a 2017-2019 poxu.
Figure 1. Average monthly capacity factors of WPPs in IPS of Ukraine for 2017—-2019.
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Puc. 2. Tpadix noroguunoi dpaxtuynoi esexkrpuyHoi noryxkuocti BEC 3a rpyaenn 2018 p.
Figure 2. Hourly actual power output of WPPs in December 2018.
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Puc. 3. I'padix noroaununoi dakruynoi enexkrpuynoi nory:kuocti BEC OEC Ykpainu 3a nepumii Tixkzaenn ciuyas 2018 p.

Figure 3. Hourly actual power output of WPPs in IPS of Ukraine during the first week of January 2018



56 ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. No 3

702MBT ro,

MBr
230
210
190

170
150
130
110
90
70

1 2 3 4 5 6 7

= MHITEBA [IOTYHHICTE

8§ O 10 11 12 13 14 15 16 17 18 19 20 21 22 I'ogmHH

~ CepeJHANoTYHicTb 172 8 MBT

Puc. 4. T'padik norogunnoi dpaxtuynoi esexkrpuyHoi noty:kuocti BEC OEC Ykpainu 3a 04.01.2018 p.

Figure 4. Hourly actual power output of WPPs in IPS of Ukraine on January 4, 2018.

I3 rpacdika, mokaszanoro Ha puc. 4, BUJIHO, IO
[IPU MiATPUMIL CePeHbOTUKHEBOTO 3HAUEHHA ITOTY K-
Hocti BEC norpe6u B akyMyJIAIiil eeKTpUYHOI eHep-
rii Texx 3HayHi — O6uusbko 5000 MBr-rox. Haii-
6i7IbIII peaJbHUMU 3HAYEHHSIMU TOJO0 AKYMYJISIIii
enextpuunoi eneprii BEC OEC Ykpainu € migrpum-
Ka CepelHbOZ060BOTO PiBHS TOTYKHOCTI, SK IIe T0-
KazaHo Ha puc. 4. ToMmy B mpolieci TOZAIbITNX J0-
cJiprenb GyneMo BBajKaTH, IO MPOTHO30BaHEe BU-
po6uuireo enexkrpoeneprii BEC pasom i3 BESS 3a-
Gesrieayerbest ipoTsrom ao6u (24 rojn).

MeroaunyHuii miaxiz

AJTOpUTM BU3HAYEHHS TOTpe6 B aKyMYJIAIii
esiekTpoeneprii Big BEC:

— BuUOUPAETHCS iHTEPBAJI TIPOTHO3YBAHHS TIOTY K-
HocTi L Ta ¥oro auckpernicts T (y HamoMy Bumaj-
Ky npuitEsaTHR 24 Tom Ta 1 TOA BizmoBigHO);

— 3HAXO/JUTHCI Cepe/IHE 3HAYEHHS MOTY>KHOCTI
P na intepsasi L xoxknoi j-1 mo6u;

— BiJl KOXXHOTO 3HAYEHHSI NOTYXKHOCTi P; MHO-
skunu paay L j-1 no6u BigHiMaeTbest Pj*" Ta BU3Ha-
yaeThbes ii mpupict APj. Axmo AP;; 6isbliine HyJIs,
TO €Hepris aKyMyJIIOETbCS, SIKIO MEHIIe HyJis, TO
AKyMYJIATOD PO3PSIKAETDCA, TUM CaMHUM Ii/ITPUMY-
€TbCS MTPOrHO30BAaHA MOTYKHICTD;

— KIJIbKiCTh eHeprii, aKy HeOOXiJHO aKyMy.JIio-
Baru, Ej; BU3HauaeThbcd MHOXKEHHSAM T Ha APjy;

— JUIST KOSKHOT /-1 06U 3HAXOANTHCS MAKCUMAJIb-
He 3HaueHHd Ej; na intepsani L;

— JIJIs1 POKY 3HAXOJMMO MaKCHMaJibHe 3HAUEeHHS
E;; 3 vuoxunau M ni6 poxy (365 amiB).

[Morpe6bu B akymysanii pus i-i roquau j-i 1061

BU3HAYAIOTbCA 34 BHUPA30OM:

Eij = Ei;+ 1 (Py— Py, (2)
ne Ej — 1oTrpebu B akyMyJIsIii nonepeaboi roiu-
HU 100U.

Piuni MmakcumasnbHi MOTpe6H B akyMyJIsIil eIeKT-
pOcHeprii BU3HAYAIOTHCS 332 BUPA3OM:

Enax = max (Eij), ie {1, ey 24},

jefl, ..., 365} (3)

Piuni MakcuManbHi MOTpe6W B MOTYKHOCTI aKy-
MyJIALIT BU3HAYAIOThCA 32 BUPA3OM:

Pmax = max (P1] - pijuvr)y ie {1, ey 24},
7 e{l, ..., 365} 3a ymoBu P; > P;*". (4)

Pesyibrati Ta iX 06rOBOPEHHS

Hocaipxenas n1o6oBux TpadikiB esekTpuyHOl
nory:xkHocTi BEC 3 BuUKOpHUcTaHHSIM BUIleHaBe/le-
HUX (HOPMYJT JaTW MOKJIUBICTD BU3HAYUTH MAKCH-
MaJibHi TTOTpe6U B aKyMyJIsIlii eJeKTpudHoi eHeprii
st KoskHOT 106u 2017-2019 pp. Pesyabratu pos-
PaxyHKiB MaKCHMaJbHUX 3HAYeHb MOTPe6 B aKyMy-
Jnii s BiTpoBux esnekrpoctaniiiit OEC Ykpainu
o MicATISAX Ta 3a pPik HaBeZeHi y Tabu. 3.

Jlg OIiHKM MOXKJIMBOCTI 3MEHIIEHHS iHBECTU-
niitHx Burpar Ha BESS 6yB BUKOHAHUIT aHai3 po3-
NOJiTy IMOBipHOCTI TTOTpe6 BiTPOBUX €JEKTPOCTAH-
it OEC Ykpainu B akymyJisanii y 2018 p., gk 1e
moKa3aHo Ha puc. 5. Ilepiom ocepemHeHHS CTaHO-
Butrb 61 MBT-ro/.
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Ta6muus 3 Makcumasbhi 3nadenns: norpe6 B akymyJsuii giass BEC OEC Vkpainu 3a Micsusmu Ta 3a

pik, MBT1-rox

Table 3. Maximum storage requirements for WPPs in IPS of Ukraine by month and by year, MWh

Micsib
Pik Maxcumym
I II 11 v \% VI VII VIII IX X XI XII 3a piK
2017 1083,4 963,8 982,1 7911 698,3 767,8 587,7 562,0 780,3  759,7 939,7 845,6 1083,4
2018 1139,4 1110,1  1084,1 854 755,6 638 516,3 782,3 908,9 1037,3 1006,7 1296,8 1296,8
2019 988,7 1657 1438,1 1529 1182,5 1431,6 1533,9 1409,3 1944,8 2120,3 2596,6 2649,8 2649,8
14
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Puc. 5. Posnogin itmosipHocti morpe6 BEC B akymy.aiii y 2018 p.
Figure 5. Probability distribution of wind power storage needs in 2018

AHamizyoun posmnofia qo6oBuX motpe6 B aky-
MYJIALIT eJeKTPUYHOI eHeprii, AKYy reHepyBaJju BiT-
poBi enekrpocrannii OEC ¥Ykpainm y 2018 p.
(muB. puc. 5), 6yJ0 BCTAaHOBJIEHO, IO MAKCHMaJlb-
Hi morpe6u B akymyJsnii 1296,8 MBr-rog Gyqu
3aTpebyBaHi ycboro 1 pas 3a pik. AKyMyJTIOBaHHS
856 MBr-ron 3a6esneuye craay po6ory BEC 3
imMoBipHicTio 95 %, a 1050 MBt-rox — 98 %.

Anayoriyauii ananiz 6yB BukoHauwii st 2017
ta 2019 poxiB. [l MOpiBHAHHA pe3yJIbTaTiB aHaJIi-
3iB 3a 2017-2019 pp. 6y/i0 BBeJ€HO TaKUUl MOKA3-
HUK, SK TpPUBe/IeHi MOTpebr B aKyMyJIsIii — BiJHO-
IIeHHST TT0Tpe6 B aKyMYJIAI] 0 BCTAHOBJIEHOI TTOTY:K-
nocri BEC:

ejll\ax — Ejn)ax/Pjic’ (5)

e e — MakKcuMaJ/bHa IIPUBE/EHA €MHICTb B aKy-
MyJsdiii B j-ty po6y; E;/™* — MaKcuMaJbHA KiJb-
KiCTb aKyMyJIbOBaHOI eJIeKTpoeHeprii B j-Ty H00y;
Pj© — Bcranossena motyskuicte BEC B j-1y mo6y.

DakTuyHO 1€l IOKA3HUK BHU3HAYa€, SKY KiJb-
Kicth esexkrpuunoi eneprii (MBr-rox) Heo6xXigHO
6yJie aKyMyJTIOBaTH Ha OJMHUINI0 BCTAHOBJIEHOI TIO-
tyxuocti (MBr) BEC B j-1y no6y. Byma mocmia-
JKeHa 3aJIeKHICTh MPUBEAECHUX aKyMyJISAIiHHIX TO-
Tpe6 (e) Bia itMoBipHOCTi iX nokputTs (P). Pesyb-
TaTW HaBeJleHi Ha puc. 6.

3 rpadikiB, HaBeJeHNX Ha puc. 6, BUTHO BUCOKY
IIOBTOPIOBAHICTb IPUBEAECHUX aKyMyJALIHHUX IIO-
Tpeb y pi3Hi POKM Ta MPH Pi3HUX BCTAHOBJEHUX II0-
tykHocTsAX BEC, 110 ¢BifuuTD 1IPO MOBTOPIOBAHICTD
XapakTepy BUPOOHUIITBA HUMH eJeKTPOeHeprii.
[Ipu 36i7bIIEeHH] WMOBIPpHOCTI TOKPUTTS TOTPeO B
akymyssiiii Big 90 mo 100 % pisko 3pocTanTb €M-
nocri (a orxe i imBectumiiini Burpatn) BESS. daa
3a6e3TeUeHHs TMOKPUTTS MOTped B aKyMyJsiii 3
iimoBipHicTio 95 % mnorpi6no Ha koxHuii 1 MBr
BcTaHoBjieHoi moryskHocti BEC  6auspko  2,2-—
2,3 MBt-rox akymy.atiitHoi emHocTi. Ile mpn6ums-
HO Ha 33—37 % MeHIlle, HiX /I HOKPUTTS MaKCH-
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Puc. 6. 3anexHicTb TPUBEACHUX aKyMYJSIIHHUX 110TPe6 Biji HMOBIPHOCTI TX MOKPUTTS.

Figure 6. Dependence of normalized storage requirements on the probability of their coverage.

MaJbHUX TOTPel, SIKi 3yCTPivaloTbhCcs yChOTO OJUH
abo Jekisibka pasiB Ha pik. BigmowigHo a0 11b0TO
MOKYyTb GyTH 3MeHIIeHi Ha GJu3bKO 35 % iHBeCTH-
1iitHi BUTpaTH HA aKyMyJSTOPHI CHCTEMH HAKOIIN-
yeHHs1 eHeprii. Brparu esnexkrpoeneprii npu nbomy
He Gynyth mepesuntyBatu 1,3—1,8 %, K 1e TOKa-
3aHO y TalOI. 4.
Buxonsun 3 anasisy ta BpaxoByioun [37], Heo6-
xigHy emHictb BESS MoxxHa BU3HaunTH 32 BUpaszoM:
CBESS = ¢ (P) . piC/kd, (6)
ne CPESS  —  emHicth akyMyJsIiiiHOi cucTemu,
MBrrox; e (P) — mpuseieni akyMmyasuiiini mo-
TpeGu TIpM 3agaHiil WMoBipHOCTI iX TMOKpUTT (32
rpadikom Ha puc. 6); P — BCTaHOBJEHA TOTYK-
nicrb BEC, MBrT; k% — koediuient riméunu pos-
pany BESS.
3a dopmymoio (3) 6y/10 TaKOK BU3HAYEHO MaK-
CHUMaJIbHI TOTpe6H B MOTYKHOCTSAX aKyMYyJIAIii 3a
KoxkHY 106y 2017—-2019 pp. Ta no6y/0BaHO PO3IIO-
Aimm iX WMoBipHOCTi. AHasi3 WMOBIpPHOCTI po3Iio-
[y oTpe6 y MOTYKHOCTIX akyMmyJsiii 3a 2019 p.

[I0Ka3aB, 1110 MakcuMaJ/bHa IX BeJMYuHa CTAaHOBUJA
465 MBT Ta 6ysa 3apeectpoBana ychoro 1 pas 3a
piK, a moTpe6u B MOTYKHOCTI 252 MBT BuHuKaM 3
imoBipHicTio 0,96. AHajoriunuii anasiz 6yB BUKO-
nauwit it 2017 ta 2018 pokis.

[lng nopiBHAHHA pe3yJ/bTaTiB BUKOHAHUX CTa-
TUCTUYHWX aHasi3iB 3a 2017-2019 pp. 6yno BBe-
JIEHO TaKWii TOKA3HWK, SIK MpUBEJEHi moTpebu B
aKyMyJIsiiiHii moryskuocri (n) — BigHOIIEHHS
akyMyJisIiitHoi moryskHocTi P“ 0 BCTaHOBJEHOL
notysxHocti BEC:

n= pac/Pic_ (7)

DakTU4HO 11eil TOKa3HUK BU3HAYAE, SIKY YaCTKY
CTAaHOBUTb aKyMYJISAliiHA TTOTY>KHICTb BiJl BCTAHOB-
Jenoi. ByJja Takoxx focJijpkeHa 3a/esKHiCTh IpuBe-
JEeHUX aKyMyJLALifHUX HOTysKHOCTell B iMOBipHOC-
Ti ix BuHUKHeHHS P(1). Pesynbratn HaBesieHi Ha
puc. 7.

3 rpadikiB, HaBeJeHUX Ha puc. 7, BUJIHO, IO
N5t 3a6e3iedents noTpeb y MOKPUTTI aKyMyJISIIiii-
HOT TOTY KHOCTI 3 fiMmoBipHicTIO 90 % Ha KOXHUIT

Ta6mmug 4. Brpatu erekrpoeneprii y 3ajIe3KHOCTI Bil MOKPUTTS HOTPeO B aKyMyJIslii

Table 4. Energy losses depending on the coverage of storage requirements

MMOBLPZ;&CHT(‘)’C?];IEIST? ;OTpeé 70 75 80 85 90 95 Pik
12,3 10,6 9,5 7,9 4,9 1,3 2019

Brpatu esextpoeneprii, % 15,3 12,7 10,7 8,4 5,3 1,8 2018
16,7 13,3 10,5 7,8 4,7 1,3 2017
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Figure 7. Dependence of normalized storage power requirements on the probability of their coverage.

1 MBT BcranoBienoi mory:xHocti BEC morpi6Ha
BESS 3 npusenenoio nory:xHictio 6au3bko 0,33—
0,36, a6o 330—360 xkBr,/MBT, mo Menme Ha 34—
36 %, HiXK TIPU MOBHOMY MOKPUTTI TOTPED.

Bucuosku

Buxonanuit cratuctTnyHMI aHai3 TTOKa3aB BUCO-
Ke CIiBIAJiHHSA NMPUBEIEHUX TOTpe6 B aKyMYyJISIii
€JIEKTPOEHEPTiT BITPOBUX €JEKTPOCTAHIIIN M0 POKaX
3a nepion 2017-2019 pp. misg neperBopenHs iX B
CHCTEMHU TPOTHO30BAHOI IIOTY KHOCTI.

3anpoTOHOBAHNUN METOAMYHUN TiJXi/l 1aB MOX-
JINBiCTb BCTAHOBUTH, IIO:

— MaxcHMaJbHi TOTpe6U B aKyMYJIAIil I/ 3a-
6e3reueHHs TIPOrHO30BAHOI I060BOI TTOTY3KHOCTI BiT-
POBUX eJIEKTPOCTaHIli}l 3yCTpidaloTbCs KOHYE PiJIKO
— oauH abo JeKijbKa pa3iB Ha PiK;

— TIpH THOKPUTTI MOTpeb B aKyMyJIsIii 3 IMOBip-
HicTIO 95 % €MHOCTi Ta MOTYKHOCTI CHCTEMH HAKO-
MUYEHHST eJIeKTpOoeHeprii BiTPOBUX €JIEKTPOCTAHIII]
MO>KHa 3MeHIINTH Ha 33—35 %, BiANIOBiZAHO 3MEHIIN-
THU iHBECTHIIiiTHI BUTPATH Ha Hei, Ta 320€3MeYUTH PO-
60Ty B PesKMMi TIPOTHO30BaHOI MOTYKHOCTI. Brpatn
eJIeKTpOoeHeprii mpu boMy He 6yIyThb MEPEBUIIYBa-
™™ 1,3-1,8 %.

HesBaskaroun Ha Te, 110 1€ AOCJI/KEHHS 3iiC-
HEHO /IJId €HEeProCUCTeMU KOHKPETHOI KpaiHu, caMm
METOAMYHWH TiAXiM MOKe OYyTH BUKOPUCTAHUM JIJIST
aHaJIi3y eHeprocucTeM pi3HOro MaciTaby iHITHX
KpaiH 3 BiIMiHHUMU KJIIMaTUYHUMU YMOBaMHU.
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Studying the needs of power systems
in electricity storage in the case
of massive implementation of power plants
of non-guaranteed capacity

Abstract. Battery energy storage systems have become widely adopted due to their availabili-
ty, high performance, significant energy density, and sufficient power output. However, their
cost remains relatively high. This article addresses the development of a methodological ap-
proach for determining the appropriate capacity and power requirements of energy storage
systems in power grids that incorporate a significant share of wind power plants, aiming to
ensure their operation at a forecasted power output, which constitutes the objective of the
study. To achieve this goal, daily power output profiles of wind farms within the Integrated
Power System of Ukraine for the period 2017—2019 were analyzed. Their capacity factors were
calculated, the forecasting interval for power output was substantiated, and a computational
model for statistical analysis was developed. Using this model, probability distribution graphs
for storage needs and normalized storage requirement graphs depending on the probability of
coverage were constructed. The analysis revealed a high consistency in normalized storage
requirements for wind farms across the analyzed years. The proposed methodological approach
and calculation algorithm demonstrated that the maximum storage needs to ensure forecasted
daily wind power output occur only once or a few times per year. By maintaining forecasted
wind power operation with a 95 % probability, the required energy storage system capacity
and power can be reduced by 33-35 %, leading to corresponding reductions in investment
costs. In this case, energy losses would not exceed 1.3—1.8 %. Although this study was con-
ducted for the power system of a specific country, the proposed methodological approach can
be applied to power systems of various scales in other countries with different climatic condi-
tions. Bibl. 45, Fig. 7, Tab. 4.

Keywords: battery energy storage systems, storage requirements, probability distribution,
forecasting period, computational model, methodological approach.

References

1. Vergil H., Mursal M., Kaplan M., Khan A.U.I.
(2024). The Causal Relationship between Public
Investment in Renewable Energy and Climate Change
Performance Index. International Journal of Energy
Economics and Policy. 15 (1). pp. 121-130. DOI:
10.32479 /ijeep.17308.

2. Ren S. (2022). Impact of climate policy
uncertainty on traditional energy and green markets:
Evidence from time-varying Granger tests. Renewable
and Sustainable Energy Reviews. Vol. 173. Article
113058. DOI: 10.1016 /j.rser.2022.113038.

3. Huru D., Fritild (Adam) A., Gavril (Moldovan)

I.A., Tacob S.E., Lidaru G.R. (2024). Policies and tools
for climate change policy implementation: A panel data
analysis at industrial and commercial level. Frontiers in
Environmental Science. Vol. 12. Article 1380342. DOI:
10.3389 /fenvs.2024.1380342.

4. Ozturk 1., Kaplan M. (2022). Cost, environmental
impact, and resilience of renewable energy under a
changing climate: a review. Environmental Chemistry
Letters. 20 (4). pp. 741-763. DOI: 10.1007 /s10311-
022-01532-8.

5. Hassan Q., Viktor P., Al-Musawi T.J., Ali B.M.,
Algburi S., Alzoubi H.M. (2024). The renewable energy
role in the global energy transformations. Renewable
Energy Focus. Vol. 48. Article 100545. DOI: 10.1016 /



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 63

j.ref.2024.100545.

6. Azam W., Khan I. (2022). Alternative energy and
natural resources in determining environmental sus-
tainability: A look at the role of government final
consumption expenditures in France. FEnvironmental
Science and Pollution Research. 30 (1). pp. 1949-1965.
DOI: 10.1007 /s11356-022-22334-z.

7. Chen X., Tee K., Elnahass M., Ahmed R. (2023).
Assessing the environmental impacts of renewable ener-
gy sources: A case study on air pollution and carbon
emissions in China. Journal of Environmental Mana-
gement. Vol. 345. Article 118525. DOI: 10.1016/
j.jenvman.2023.118525.

8. Derii V.O., Nechaieva T.P., Leshchenko I.C.
(2023). Assessment of the effect of structural changes in
Ukraine’s district heating on the greenhouse gas
emissions. Sciences and Innovation. 19 (4). pp. 57-65.
DOI: 10.15407 /scine19.04.057.

9. Shyrokykh K., Melen-Zabramna O. (2024).
Europeanisation of Ukraine’s Policy on Environment
and  Climate:  Instrumental and  Anticipatory
Compliance. In: M. Rabinovych, A. Pintsch (eds.).
Ukraine’s Thorny Path to the EU. Palgrave Macmillan.
pp. 247-277. DOI: 10.1007 /978-3-031-69154-6_11.

10. Svitlichnyy O. (2023). Climate Policy of
Ukraine in the context of the European Green Course:
Theoretical and legal aspect. Visegrad Journal on
Human Rights. No. 5. pp. 104—108. DOI: 10.61345/
1339-7915.2023.5.14.

11. Analytical review of Ukraine’s Updated Natio-
nally Determined Contribution to the Paris Agreement :
Ministry of Environmental Protection and Natural
Resources of Ukraine. 2021. 57 p. — https:/ /mepr.
gov.ua,/wp-content /uploads /2023 /07 / Analitychnyj-
oglyad-NVV-lypen-2021.pdf /  (Accessed: 29.04.2025)
(Ukr.)

12. Wang J., Azam W. (2024). Natural resource scar-
city, fossil fuel energy consumption, and total green-
house gas emissions in top emitting countries.
Geoscience Frontiers. 15 (2). Article 101757. DOLI:
10.1016 /j.gsf.2023.101757.

13. IRENA. (2024). Renewable capacity highlights.
2024, March 27. — https://www.irena.org/-
/media/Files /IRENA /Agency /Publication /2024 /
Mar /IRENA_RE_Capacity_Highlights_2024.pdf
(Accessed:29.04.2025)

14. TRENA. (2025). Renewable capacity statistics
2025 : International Renewable Energy Agency. —
https: / /www.irena.org /Publications /2025 /Mar /
Renewable-capacity-statistics-2025 (Accessed: 29.04.2025)

15. On approval of the National Renewable Energy
Action Plan for the period until 2030 and the action plan
for its implementation : Cabinet of Ministers of Ukraine
: Order of August 13, 2024 No. 761-r. — https://
www.kmu.gov.ua,/npas/ pro-zatverdzhennia-natsionalnoho-
planu-dii-z-vidnovliuvanoi-enerhetyky-na-p-a761  (Acces-
sed: 29.04.2025) (Ukr.)

16. Derii V.O., Nechaieva T.P., Zgurovets O.V.

(2024). Technological Possibilities of Increasing the
Resilience of the Power and District Heating Systems of
Ukraine. Energy Technology and Resource Saving. 81
(4). pp. 5-21. DOI: 10.33070 /etars.4.2024.01.

17. Babak V.P., Kulyk M.M. (2023). Possibilities

and  Perspectives of the Consumers-Regulators
Application in Systems of Frequency and Power
Automatic Regulation. Technical Electrodynamics.

No. 4. pp. 72—80. DOI: 10.15407 /techned2023.04.072.

18. Kulyk M. (2015). Technical and economic
aspects of using consumer regulators in automatic
frequency and power control systems. Problems of
general energy. Iss. 1. pp. 20—28. DOI: 10.15407 /
pge2015.01.020.

19. Derii V., Teslenko O., Lenchevsky E., Denisov
V., Maistrenko N. (2023). Prospects and energy-
economic indicators of heat energy production through
direct use of electricity from renewable sources in
modern heat generators. Systems, Decision and Control
in Energy. IV. Vol. 454. pp. 451—463. DOI: 10.1007 /
978-3-031-22464-5_27.

20. Zgurovets O., Kulyk M. (2023). Application of
energy storage for automatic load and frequency control.
In: O. Kyrylenko, S. Denysiuk, D. Derevianko, I.
Blinov, 1. Zaitsev, A. Zaporozhets (eds.). Power
Systems Research and Operation. Studies in Systems,
Decision and Control. Vol. 220. pp. 75-85. DOI:
10.1007 /978-3-031-17554-1_4.

21. Hotra O., Kulyk M., Babak V., Kovtun S.,
Zgurovets O., Mroczka J., Kisata P. (2024). Organi-
sation of the Structure and Functioning of Self-
Sufficient Distributed Power Generation. Energies. 17
(1). P. 27. DOI: 10.3390 /en17010027.

22. Babak V.P., Kulyk M.M. (2023). Increasing the
Efficiency and Security of Integrated Power System
Operation Through Heat Supply Electrification in
Ukraine. Science and Innovation. 19 (5). pp. 100—116.
DOI: 10.15407 /scine19.05.100.

23. Bielokha H., Chupryna L., Denisyuk S.,
Eutukhova T., Novoseltsev O. (2023). Hybrid Energy
Systems and the Logic of Their Service-Dominant
Implementation: Screening the Pathway to Improve
Results. Energy Engineering. 120 (6). pp. 1307—1323.
DOI: 10.32604 /ee.2023.025863.

24. Kang Miao Tan, Thanikanti Sudhakar Babu,
Vigna Ramachandaramurthy, Padmanathan Kasinathan,
Sunil G. Solanki, Shangari K. Raveendran. (2021).
Empowering smart grid: A comprehensive review of
energy storage technology and application with rene-
wable energy integration. Journal of Energy Storage.
Vol. 39. Article 102591. DOI: 10.1016,/j.est.2021.
102591.

25. Derii, V.O. (2023). Electric energy storages.
System research in energy. Iss. 1. pp. 12-24. DOI:
10.15407 /srenergy2023.01.012. (Ukr.)

26. Zaporozhets A., Kostenko G., Zgurovets O.,
Deriy V. (2024). Analysis of Global Trends in the
Development of Energy Storage Systems and Prospects



64 ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. No 3

for Their Implementation in Ukraine. In: O. Kyrylenko,
S. Denysiuk, R. Strzelecki, 1. Blinov, 1. Zaitsev, A.
Zaporozhets (Eds.). Power Systems Research and Ope-
ration. Studies in Systems, Decision and Control.
Vol. 512. pp. 69—87. DOL: 10.1007 /978-3-031-44772-3_4.

27. Handbook on battery energy storage system.
ADB. 2018. 92 p. DOI: 10.22617 /TCS189791-2.

28. Abbas A. Akhil, Georgianne Huff, Aileen B.
Currier, Benjamin C. Kaun, Dan M. Rastler, Stella
Bingqing Chen, Andrew L. Cotter, Dale T. Bradshaw,
and William D. (2013). Gauntlett. DOE /EPRI 2013
Electricity Storage Handbook in Collaboration with
NRECA. Sandia National Laboratories. P. 340. —
https: / /www.sandia.gov /app /uploads /sites /163 /2
021,709 /SAND2013-5131.pdf (Accessed: 29.04.2025)

29. Fialko N.M., Timchenko M.P. (2017). Energy
storage technologies as part of intelligent energy supply
systems. Industrial Heat Engineering. 39 (4). pp. 44—
54. — http:/ /dspace.nbuv.gov.ua/bitstream /handle
/123456789 /142376 /07-Fialko.pdf?sequence=1  (Ac-
cessed: 28.03.2025) (Ukr.)

30. Prospects for Large-Scale Energy Storage in
Decarbonised Power Grids. International Energy
Agency. 2009. — https: / /iea.blob.core.windows.net /
assets /6bb67be5-0b74-403f-ac02-395¢3f3a0762 /
energy_storage.pdf (Accessed: 29.04.2025)

31. Krutogolova 1.0., Braverman V.Ya., Ilienko
B.K. (2023). Distributed microgrids using cryogenic
storage systems for electricity generated by renewable
sources as an important environmental and economic
factor. Energy Technology and Resource Saving. No. 3.
pp. 35—42. DOI: 10.33070 /etars.3.2023.03. (Ukr.)

32. The Salient Advantages of Battery Energy
Storage Systems. (2024, Apr. 23). Huawei Technologies
Co., Ltd. — https:/ /solar.huawei.com /en/blog/
2024 /advantages-of-battery-energy-storage-system
(Accessed: 16.03.2025)

33. Why solar power and BESS are a perfect match.
(2024, Feb. 06). ECO STOR. — https://www.
eco-stor.com /en /resources /blog / why-solar-power-and-
bess-are-a-perfect-match. (Accessed: 16.03.2025)

34. Nashvinder Singh and Jigeesha Upadhaya. (2021,
Oct. 21). BESS Benefits: How Battery Energy Storage
Systems Support the Grid. Nor-Cal Controls ES, Inc. —
https: / /blog.norcalcontrols.net /bess-battery-energy-
storage-systems-support-grid. (Accessed: 16.03.2025)

35. Juan A. Tejero-Gomez and Angel A. Bayod-
Rujula. (2023, Jun. 23). Analysis of Photovoltaic Plants
with Battery Energy Storage Systems (PV-BESS) for
Monthly Constant Power Operation. Energies. 16 (13).
Article 4909. DOI: 10.3390/ en16134909.

36. Rahmat Khezri, Amin Mahmoudi, David
Whaley. (2022, Apr. 06). Optimal sizing and compa-ra-
tive analysis of rooftop PV and battery for grid-connec-
ted households with all-electric and gas-electricity uti-

lity. Energy. Vol. 251. Article 123876. DOI: 10.1016 /
j.energy.2022.123876.

37. IRENA. (2017). Electricity Storage and
Renewables: Costs and Markets to 2030. — https: //
www.irena.org /- /media/Files /IRENA /Agency /
Publication /2017 /Oct /IRENA_Electricity_Storage_
Costs_2017.pdf (Accessed: 29.04.2025)

38. Ran Fu, Timothy Remo and Robert Margolis.
(2018, Nov.). U.S. Utility-Scale Photovoltaics-Plus-
Energy Storage System Costs Benchmark. NREL —
National Renewable Energy Laboratory. — https://
www.nrel.gov /docs /fy19osti /71714.pdf  (Accessed:
14.03.2025)

39. Ramasamy, Vignesh, Jarett Zuboy, Michael
Woodhouse, Eric O’Shaughnessy, David Feldman, Jal
Desai, Andy Walker, Robert Margolis, and Paul Basore.
(2023). U.S. Solar Photovoltaic System and Energy
Storage Cost Benchmarks, With Minimum Sustainable
Price Analysis: Q1 2023. Golden, Colo.: National
Renewable Energy Laboratory. NREL /TP7A40-87303.
—  https: / /www.nrel.gov /docs /fy23osti /87303.pdf
(Accessed: 16.03.2025)

40. Vilayanur Viswanathan, Kendall Mongird, Ryan
Franks, Xiaolin Li, Vincent Sprenkle, Pacific Northwest
National Laboratory, Richard Baxter, Mustang Prairie.
Energy-2022 Grid Energy Storage Technology Cost and
Performance Assessment. — https:www.pnnl.gov /
sites /default /files /media /file / ESGC%20Cost%20Pe
rformance%20Report%202022%20PNNL-33283.pdf (Ac-
cessed: 21.04.2025)

41. Walsh D., Bradshaw D., Clamp A., Russell K.
(2020, Dec.). Optimizing Solar PV Plus Battery
Storage. Business and Technology Surveillance: National
Rural Electric Cooperative Association (NRECA). —
https: / /www.cooperative.com /programs-services / bts
/' Documents / TechSurveillance /Surveillance-Optimizing-
Solar-Plus-Storage-Dec-2020.pdf (Accessed: 14.03.2025)

42. Ampowr B.V. How to size a battery energy
storage system. — https:/ /ampowr.com /how-to-size-
battery-energy-storage-system / (Accessed: 14.03.2025)

43. Shengxia Cai, Ying Li. (2021, Mar. 25).
Incentive Policy for Battery Energy Storage Systems
Based on Economic Evaluation Considering Flexibility
and Reliability Benefits. Frontiers in Energy Research.
Vol. 9. Article 634912. DOI: 10.3389 /fenrg.2021.
634912.

44. Ukrenergo. Installed capacity of the power
system of Ukraine for 7,/2019. — https: / /ua.energy,/
vstanovlena-potuzhnist-energosystemy-ukrayiny / (Acces-
sed: 20.10.2021)

45. IRENA. (2017). Renewable Power Generation
Costs in 2017. — https: / /www.irena.org /publications
/2018 /Jan / Renewable-power-generation-costs-in-2017
(Accessed: 29.04.2025)

Received June 8, 2025



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 65

Eneprosoepiraroui TexHo.JI0rii

UDC 621.31
DOI: 10.33070 /etars.3.2025.05

Nikitin Ye.Ye., Doctor of Technical Sciences, ORCID: 0000-0002-0173-6461,
Dutka O.V., ORCID: 0000-0003-0579-9475

The Gas Institute of the National Academy of Sciences of Ukraine
39, Dehtyarivska Str., 03113 Kyiv, Ukraine, e-mail: nikitin _ee@ukr.net

Transformation of outdated district heating systems

Abstract. The transformation of outdated district heating (DH) systems is a pressing issue for
countries with well-developed DH infrastructure, which was predominantly built in the pre-
vious century and designed for the use of fossil fuels. These systems face the simultaneous
challenges of replacing obsolete equipment, improving fossil fuel efficiency, and substituting
these fuels with renewable energy sources and waste energy resources. These challenges must
be addressed while ensuring the stable supply of thermal energy to consumers. Solving such
a complex and multifaceted task requires the development of a scientifically grounded strat-
egy. The pace of modernization and decarbonization of DH systems varies significantly across
countries. For Ukraine, which is among the countries with a developed but outdated DH
infrastructure, the transformation and decarbonization of this vital energy system are being
approached based on European experience, adapted to national circumstances. This study fo-
cuses on the methodological and techno-economic aspects of a transitional strategy for decar-
bonizing large, outdated DH systems, taking into account the specific features of the current
state of such systems in Ukraine. It examines the necessity and content of transitional plans,
the experience of DH system transformation in EU countries, key methodological considera-
tions of transition planning, including temporal changes in DH systems, the current structure
and condition of existing DH networks, the potential for fossil fuel substitution with renew-
able energy sources, criteria for comparing different decarbonization approaches, third-party
access to district heating networks, and directions for further research into DH decarboniza-
tion. Natural gas is the main fuel used in existing outdated DH systems, and gas boilers are
the primary source of thermal energy. These form the baseline for evaluating the economic
efficiency of alternative transformation pathways. The study demonstrates the economic fea-
sibility of replacing gas boilers with solar district heating plants equipped with seasonal ther-
mal energy storage. Bibl. 29, Fig. 9, Tab. 3.

Keywords: methodology for transforming outdated gas-fired district heating systems, thermal
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values of heat load density and linear heat density indicators, current state of district heating
in Ukraine, comparison of natural gas substitution technologies, hybrid district heating
systems with local solar hot water systems, solar heating systems in combination with gas
boiler houses, integrated approach to modernization of district heating systems and buildings.

Introduction

The transformation of outdated large-scale tech-
nical systems is a relevant research area that re-
mains insufficiently explored [1, 2].

This area concerns technical systems such as
electric power systems, district heating (DH) sys-
tems, water supply and wastewater systems, trans-
portation systems, and residential building stocks
of settlements. All these systems were mostly de-
veloped during the last century over several genera-
tions. Today, they have become obsolete and re-
quire fundamental modernization. Most studies fo-
cus on analyzing the current state and the future
structure of these systems, but the transitional pe-
riod has received insufficient attention, even
though such research is highly relevant at present.

This study is dedicated to the transformation of
outdated DH systems, which is especially im-
portant for countries with well-developed DH sys-
tems built during the previous century. Ukraine is
one of these countries; therefore, this research is
based on information regarding DH systems in
Ukrainian settlements. However, the general
methodological approach may also be useful for
other countries that are actively developing DH
systems and may face similar challenges in the fu-
ture as discussed in this study.

Developing transition plans for the transfor-
mation of DH systems requires detailed considera-
tion of the following aspects:

— assessment of the possibility (or advisabili-
ty) of further operation of the existing outdated
DH systems without significant transformation
and evaluation of the consequences of such a strate-
gy from technical, economic, environmental, and
social perspectives;

— assessment of the scale of the existing sys-
tems, the scale of the necessary changes to be im-
plemented, evaluation of the required financial re-
sources, and comparison with actually available re-
sources;

— definition of the timeframes, rational se-
quence of transformation steps, the scope, and cost
of each stage;

— identification of priority objects for transfor-
mation based on clearly formulated criteria;

— determination of the role of conventional
fuels, especially natural gas, in the process of their
replacement by renewable energy sources;

— identification of priority technologies and
options for combining different transformation
technologies for outdated systems;

— interrelation between the transformation of
outdated heating systems and other large systems
related to DH.

These questions are addressed in more detail in
this study.

Experience of transforming outdated
district heating systems in EU countries

In 2019, the total installed solar district heating
plants capacity in Europe reached 37 GW (th) [3].
The total available solar thermal energy storage
(STES) capacity from solar thermal systems amoun-
ted to 185 GWh.

In 2017, there were 194 solar DH plants in Eu-
ropean countries [4]. The largest numbers of these
STES are found in Denmark, Austria, Germany,
and Sweden (Figure 1).

An example of the construction of a seasonal
thermal energy storage (STES) system for use in a
city’s DH system is shown in Figure 2.

One of the innovative projects in Germany is
the waste and biomass incineration plant “Miillver-
wertung BorsigstraBe GmbH” (MVB), whose main
goal is to ensure safe waste disposal in Hamburg.
The project envisions connecting the power plant
directly to the DH system of the city of Hamburg.
Depending on demand, the energy generated by
burning waste and biomass can supply the DH net-
work, while steam will be available for the “Ham-
burg Tiefstack” power plant. The implementation
of this project is based on two main ideas: utilizing
flue gas heat through condensation combined with
absorption heat pumps on all three incineration
lines (two waste lines and one biomass line), and
recovering exhaust steam from the turbine, which
is used to produce 20 MW of electricity. The ex-
haust steam will be condensed in a new heat ex-
changer. The combined additional thermal output
amounts to 60 MW. This increase in available ener-
gy can reduce CO; emissions from the DH system
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Figure 2. Germany's largest thermal storage tank is 45 m
].

5
high, 43 m in diameter, and has volume of 56,000 m>[5

by up to 104,000 tonnes per year.

This project is unique in Germany [6].

Denmark plans to remain a global green leader
in climate action, inspiring and encouraging the
rest of the world. The country’s ambitious goal is
to reduce emissions by 70 % by 2030 and achieve
climate neutrality by 2045. District heating is a key
component of Denmark’s future energy system [7].

For example, a unique project is being imple-
mented in the city of Aarhus (Denmark), where
the largest geothermal DH system in the EU is
being developed [8].

Application of geothermal technologies at a
thermal source (TS) with a maximum capacity of

110 MW, which corresponds to 20 % of Aarhus’s
DH demand [9], is planned for deep horizons down
to 3,000 m. To extract heat from underground, it
is first necessary to locate water in so-called geo-
thermal reservoirs. If the porosity and permeability
of the formation are sufficiently high, water can be
pumped to the surface at a high rate. These reser-
voirs are located 1,000—3,000 meters below the
Earth’s surface — quite deep. To reach this depth,
it is necessary to drill through several subsurface
layers, including drinking water aquifers [10]. To
protect drinking water, the well is lined with seve-
ral “telescopic” steel casings and cement, and wells
are regularly checked for leaks. In case a leak is
detected, production is immediately stopped, and
the well is repaired.

It is planned that the entire station will include
17 wells and 7 plants, as well as heat exchangers
and heat pumps that will extract heat from geo-
thermal water and transfer it to the DH network.
This project started in 2022 after detailed geologi-
cal and seismological studies. As of the end of
2024, the first plant has been implemented, and
research on all calculated indicators is ongoing.
During 2026—2029, the remaining plants are
planned to be launched, and from 2030, full-scale
operation of this unique station will begin. The ex-
pected operational lifetime is at least 30 years,
with annual CO; emissions expected to be reduced
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by up to 165,000 tonnes.

A similar project is planned for Greater Copen-
hagen. An agreement has been signed between Den-
mark’s largest waste-to-energy company Vestfor-
brixknding and the geothermal company Innargi to
integrate geothermal energy into the Greater Co-
penhagen DH network. This will be combined with
waste heat recovery and carbon capture technolo-
gies aimed at creating diversified and resilient heat
supply [11]. This project will provide district hea-
ting for 39,000 households in seven municipalities,
such as Ballerup, Herlev, and Lyngby-Taarbek.
All municipalities will benefit from an expanded
DH network, which is expected to nearly double
Vestforbriknding’s current heating capacity. When
operated with renewable electricity, this process is
COs-neutral and emits no harmful particulates.

In Bremen (Germany), a flexible combined heat
and power (CHP) plant has been implemented, al-
lowing for a gradual phase-out of coal [12]. The
gas engine CHP offers heat and flexible baseload
during winter while eliminating peak demand in
summer, providing significant economic benefits.
Due to its modular design, the plant operates with
exceptional efficiency at any load, both in CHP
mode and in electricity-only mode. The plant’s
electrical capacity is 105 MW, with a thermal ca-
pacity of 93 MW, and it is planned to reduce CO,
emissions by 75 %.

Large solar collector fields are very popular in
Denmark’s DH system, even though solar radia-
tion conditions at high latitudes are less favorable
than in many other regions. Achieving the target
of 100 % decarbonization of Danish DH systems by
2030 requires continuous integration of renewable
energy sources such as solar and wind, using large
heat pumps and geothermal heating [13]; large-
scale and seasonal heat storage, as well as increased
utilization of industrial waste heat.

In recent years, the capacity of solar collectors
in Danish DH systems has increased. Currently,
near the city of Silkeborg, Denmark hosts the
world’s largest solar thermal collector field sup-
plying a DH system. Opened in 2016, this heat-
generating plant consists of 157,000 square meters
of solar collectors with a capacity of 110 MW.

The capacity of heat pumps in Denmark’s DH
systems has also increased in recent years, and ex-
perts expect this trend to continue as gas and coal
networks are gradually phased out [14]. As of
2020, over 1.6 million square meters of solar col-
lectors supply heat to around 120 small and medium-

sized DH systems in Denmark, with a total in-
stalled capacity of 1,100 MW. The annual heat
production is about 700 GWh, which represents
almost 2 % of the total heat supply to Danish dis-
trict heating networks.

In 2023, a large heat pump (70 MW) was in-
stalled in Esbjerg, Denmark. This heat pump uses
carbon dioxide as a refrigerant. It is called the
world’s largest seawater-based CO, heat pump and
is expected to supply approximately 280 GWh of
climate-neutral heat annually, covering the heating
needs of 25,000 households. To meet future heating
demand, a 60 MW biomass boiler will be built to
operate in parallel with the heat pump. Thus, fossil
fuels (coal), which were previously used in this
city for heat supply, will be completely replaced.
Moreover, the flexibility of the heat pump tech-
nology allows for full utilization of the connection
to the electrical grid, providing electricity balan-
cing services in a very short time by increasing or
decreasing electricity consumption.

The above EU country projects meet strategic
decarbonization requirements in accordance with
the Energy Efficiency Directive (EU) 2023 /1791
[15], implementing various measures aimed at ac-
celerating improvements in energy efficiency, in-
cluding the application of the “energy efficiency
first” principle in both energy and non-energy po-
licies. Compliance with this Directive is manda-
tory for all EU member states.

As European integration is one of Ukraine’s pri-
ority directions in foreign policy, Ukraine must
also align with the requirements of the member
states in the DH sector. The main strategic docu-
ments for achieving this are the Association Agree-
ment between Ukraine and the EU and the Treaty
establishing the Energy Community.

The Association Agreement was ratified in 2014
by the Verkhovna Rada and the European Parlia-
ment [16]. The Agreement aims to strengthen rela-
tions between Ukraine and the EU and regulates
tasks related to the development of the economy,
politics, transport, energy, and agriculture.

The main objectives of the Energy Commu-
nity are:

— creating a stable legal and commercial frame-
work conducive to investment to ensure stable and
continuous energy supply;

— creating a single regulatory space for energy
exchange within the network;

— enhancing supply security in this sector and
developing relations with neighboring countries;



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 69

— increasing energy efficiency and environmen-
tal protection related to network energy, as well
as developing renewable energy sources;

— strengthening competition in network energy
markets.

In addition, on December 15, 2022, the Energy
Community Ministerial Council adopted new am-
bitious joint energy and climate targets for 2030
for all Contracting Parties [17]:

— improve energy efficiency:

— reduce final energy consumption to 79.06 mil-
lion toe;

— reduce primary energy consumption to
129.88 million toe;

— achieve 31 % renewable energy in gross final
energy consumption;

— reduce greenhouse gas emissions by 60.9 %
compared to 1990 (< 427.64 million tonnes CO
equivalent).

Considering the above factors, Ukraine also
faces ambitious targets according to its National
Emission Reduction Plan [18], which require a
comprehensive approach to reducing energy con-
sumption and replacing fossil fuels with renewable
energy sources. Unfortunately, at present, there is
no methodology for the transformation of outdated
DH systems. For European countries, this is not as
crucial as for Ukraine, which, in addition to trans-
formation, also needs measures to restore the ener-
gy sector under conditions of limited funding and
constant attacks on energy facilities by Russia.
Therefore, the authors believe that this research is
extremely relevant at this time.

Methodology and materials

The methodology of this study is based on the
general theory of change, analysis of the current
state of DH systems, and comparative techno-eco-
nomic analysis of the process of replacing tradi-
tional energy sources with known technologies for
producing thermal and electrical energy from re-
newable energy sources, waste heat, and combined
heat and power units.

The main components of the theory of change
include: analysis of the current situation, identifi-
cation of problems and their causes, prioritization
of causes, identification of stakeholders, listing
tasks, actions and measures, determination of ne-
cessary resources, monitoring and evaluation of re-
sults [19].

The methodological approach to analyzing the
current state of DH systems was presented in study
[20], which showed that problems in this area are
interrelated and often create closed loops of cause-
and-effect relationships. Therefore, it is very im-
portant to identify key problems and focus on sol-
ving them.

Based on the analysis of data on the current
state of DH systems in Ukrainian settlements, it
can be concluded that the key problems are the low
energy efficiency of DH systems and the high de-
pendence on a single type of fuel — natural gas.
This creates a closed loop of cause-and-effect rela-
tionships (Figure 3).

The presented diagram indicates that, on the
one hand, the state’s compensation of heat energy

Reduction of the Addressing the issue
heat energy tariff ———®| of social protection of
for the population the population
Need for heat tariff Low energy e ) Reduced
compensation from efficiency of district H{lihna 2 & competitiveness of
the state budget heating (DH) L RES

T

/

High heat energy
tarff

Figure 3. Closed loop of cause-and-effect relationships in DH systems of Ukrainian settlements.
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tariffs for the population helps to s
address the issue of social protec-
tion under conditions of high DH

tariffs. On the other hand, it hin-
ders the implementation of pro-
jects aimed at replacing natural

gas with renewable energy sour-
ces, thus creating a closed loop of

energy inefficiency in DH systems.

Obviously, a reasonable path s [s. | ¥

forward is the gradual implemen-
tation of projects to replace natu-
ral gas with renewable energy

sources (RES) and waste heat, as

Tu T

well as improving the efficiency

Tow

of natural gas use through energy-
saving measures, including CHP

Te

generation. In this approach, na-
tural gas and existing boilers
should be considered as balancing
tools during the transition period, enabling an in-
crease in the share of variable RES-based vaste en-
ergy generation.

In this study, a holistic approach was applied
to thermal sources, heat networks, and the con-
nected heat consumers. All these components are
united under the concept of a thermo-hydraulic
cluster. A thermo-hydraulic cluster is defined as a
set of one or more continuously operating, inter-
connected thermal sources, heat networks, and
heat supply entry points in buildings connected to
the heat networks.

Research results

The analysis of the temporal changes in DH en-
ergy production costs and the determination of the
critical point for initiating DH system transfor-
mation are illustrated in Figure 4, where are: T —
time; T, — planning period; T, — start time of
modernization; Ty, — start time of the period
when the total costs of scenario 0 become lower
than those of scenario M; S — total costs (capital
and operational); So — total costs of scenario 0 at
the end of the planning period; S, — total costs of
scenario M at the end of the planning period; K;
— capital expenditures for the first stage of DH
modernization under scenario M; K, — capital ex-
penditures for the second stage of DH moderniza-
tion under scenario M.

Figure 4 conditionally illustrates two stages of
DH modernization. In practice, there may be more
stages.

Figure 4. Change in total costs over time without (scenario 0) and with
modernization of DH (scenario M).

As shown in Figure 4 above, in the absence of
modernization of the DH system (scenario 0), the
operating costs of such a system increase signifi-
cantly over time due to the need to eliminate
breakdowns and repair aging equipment, as well as
increased losses in heat production and transporta-
tion. This trend requires modernization at a certain
point in time, Tn. The point Ty is characterized by
a noticeable change in the linear character of the
total cost curve, where the ratio AS /AT and opera-
ting costs start to increase more and more nonlinear-
ly. Modernization can be carried out in several
stages (two stages are shown in Figure 4), requi-
ring certain capital investments at each stage (K,
and K, in Figure 4). The implementation of mo-
dernization changes the nature of the total cost
curve (line M in Figure 4) so that, after a certain
point in time T,., the total costs of scenario M
become lower than those of scenario 0 and eventual-
ly Sw < S, which is the ultimate goal of DH sys-
tem modernization. The point Tom should be con-
sidered as the payback period for the capital in-
vestment K = K; + K,. It should be noted that
failure to modernize the system (scenario 0) will
ultimately lead to reduced resilience, reliability is-
sues in heat supply, and loss of operational capa-
bility of the DH system.

Current state of DH systems

An important component of the transformation
plan for outdated DH systems is the assessment of



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 71

the scale of existing systems, their current condi-
tion, necessary changes, required financial re-
sources, and the rational sequence for implement-
ing the transformation.

In terms of installed capacity, Ukraine’s DH
systems are among the largest in Europe. They ope-
rate in more than one hundred settlements and sup-
ply heat to almost 100,000 buildings with a total
area of about 300 million m?. There are more than
4,000 boiler houses in Ukraine’s DH systems, with
over 12,200 boilers and a total installed capacity
of 52.6 GW. The total length of DH networks
(measured in two-pipe equivalent) is about 21,000 km,
but 56 % of these DH networks require replace-
ment. Transforming such a large outdated system
requires significant financial resources, which can-
not be allocated all at once but only in separate
tranches over a long period. The total amount of
necessary financial resources has not yet been pre-
cisely determined, but preliminary estimates sug-
gest that replacing only the outdated sections of
DH networks will require about USD 2.6 billion.
Therefore, it is important to define priorities and
funding volumes according to planned tasks.

Key features of DH systems in Ukrainian set-
tlements include.

1. Heat energy is produced at a large number of
boiler houses with installed capacities ranging
from < 1 MW to 100 MW and more, but most of
the heat is produced at a relatively small number
of large boiler houses (= 20 MW). These boiler
houses should serve as starting points for trans-
forming outdated DH systems. However, 83 % of
the boilers in these facilities have been in operation
for over 15 years. About 75 % of the DH networks
connected to these boiler houses are more than
15 years old. Thus, the powerful boiler houses and
their connected DH networks, which form the
backbone of Ukraine’s DH system, are outdated
and require modernization.

2. The main fuel used in Ukraine’s DH systems
is natural gas (86 %). The consumption of other
fuels, including peat and coal, is about 13 %. The
share of heat production from biofuels does not ex-
ceed 1 % (2023). There is virtually no use of solar
energy, ambient energy, or waste heat. The in-
stalled capacity of small CHP units at boiler
houses is minimal, so electricity for DH internal
needs is mainly supplied from local grids.

3. Gas boiler houses lack backup fuel sources,
posing a threat to stable heat supply in case of po-
tential gas supply interruptions.

4. The total number of buildings connected to
DH is about 100,000, but only a small portion of
them have undergone thermal modernization and
meet modern energy efficiency requirements. This
introduces uncertainty regarding the required in-
stalled capacity of DH systems during energy effi-
ciency transformations.

5. Most heat sources and DH networks are
owned by municipal heat supply companies, which
are also the operators of the heat networks. This
must be considered when ensuring third-party access
to the heat networks, which is an important tool for
transforming outdated gas-based DH systems.

All these features should be taken into account
when developing the transformation plan for out-
dated DH systems.

The transformation targets should include not
only boiler houses but entire thermo-hydraulic
clusters of high-capacity boiler plants, with the
priority for transformation determined according
to the following criteria:

— heat load density and linear heat density;

— condition of DH networks;

— availability of centralized domestic hot wa-
ter supply systems, which increase the investment
attractiveness of certain thermo-hydraulic clusters;

— potential for replacing natural gas with
RES, waste energy potential, and CHP.

Table 1. Limit values of heat load density (HLD) and linear heat density indicators (LHDI)

Indicator value Existing DH zone

Planned high-rise
development zone

Existing individual
(autonomous) heating zone

HLD = 50 MW /km? DH
HLD = 30-50 MW /km? CBA
HLD < 30 MW /km? CBA
LHDI = 3 MWh/m DH
LHDI = 1-3 MWh/m CBA
LHDI < 1 MWh,/m CBA

CBA DH
CBA CBA
IH/AH IH/AH
CBA DH
CBA CBA
IH/AH IH/AH
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Heat load density is defined as the ratio of con-
nected and /or projected heat loads for space hea-
ting, ventilation, and domestic hot water prepara-
tion to the area of residential and public develop-
ment where existing and /or future consumers are
located. Linear heat density is defined as the ratio
of annual heat supplied to consumers to the length
of the DH networks used for its transportation.

The quantitative values of heat load density and
linear heat density indicators are discussed in de-
tail in [21, 22].

In Table 1, abbreviations are interpreted as fol-
lows: CBA — cost-benefit analysis recommended;
DH — district heating recommended; TH,/AH —
individual or autonomous heating recommended.

According to the data in Table 1, priority trans-
formation objects are thermo-hydraulic clusters
with HLD > 50 MW /km? and LHDI >3 MWh /m.

The selection
of the most suitable technologies
for replacing existing gas boilers

It is carried out by performing a comparative
techno-economic analysis and constructing a ran-
ked list of known technologies (Figure 5). As a
comparison criterion, it is appropriate to consider
the levelized cost of energy (LCOE). To compare
technologies, it is sufficient to consider the LCOE
indicator at a zero discount rate.

Various known energy production technologies
can be considered, including a baseline technology
for comparison. The baseline should be the existing
energy production technology used at the boiler
plant under consideration, which is usually out-
dated gas boilers with low efficiency. For example,
in Figure 5, the baseline technology is technology 6.
Technologies 1—5 have a lower LCOE than LCOEg,

LCOE, $IWh

2 i 4 5 i 7 3 g 10

Technology

Figure 5. Example of a comparative analysis of the
techno-economic efficiency of heat production technolo-
gies in DH.

therefore their implementation is considered eco-
nomically feasible. Technologies 7—-10 have a
higher LCOE than LCOE;s, and thus their imple-
mentation is considered economically infeasible.
The alternative technologies which shoud to be
considered include high-efficiency gas boilers, heat
recovery systems for gas boilers (including con-
densing economizers), cogeneration units operating
on natural gas and biomass, heat pumps utilizing
low-grade waste heat, ambient air, natural water
bodies, and wastewater, electric boilers, solar ther-
mal plants, and combined energy sources using the
aforementioned sources. It is also advisable to con-
sider combining energy sources with energy storage
systems: daily and seasonal thermal storage, as
well as electricity storage systems.

Hybrid DH system with local
solar domestic hot water systems

A systemic drawback of traditional DH systems
is the reduction in energy efficiency during the
non-heating season due to high specific heat losses
in pipelines connecting the heat source and domes-
tic hot water (DHW) consumers. Reference [23]
examines a conceptual scheme of hybrid district
heating systems (HDHS), where space heating is
provided centrally, while DHW is supplied by a
local heat source. A mathematical model was de-
veloped to perform a comparative techno-economic
analysis of two modernization scenarios for the
heating system: replacing boilers, heat networks,
and pumps while maintaining the traditional
DHW scheme and replacing these elements com-
bined with installing a local DHW heat source
that supplies consumers via a local heat network,
which is significantly shorter than the existing one.
As local heat sources, electric boilers and solar col-
lectors with electric backup heating were conside-
red. The advantages of HDHS schemes were
demonstrated for a 10-year planning horizon. A
calculation-based analysis was conducted to evalua-
te the influence of different factors on the benefits
of the HDHS scheme. The developed model can be
used for preparing techno-economic feasibility
studies for energy-efficient modernization projects
of DH systems.

Solar district heating plants
integrated with gas boiler houses

One of the most promising and environmentally
friendly directions for replacing natural gas with
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RES in existing DH boiler houses is the use of so-
lar energy. This can be implemented by construc-
ting solar district heating plants (SDHP) with
STES. If there are suitable free areas on or near
the existing gas boiler house site to accommodate
SDHP and STES, these possibilities should be
thoroughly investigated.

For conducting such studies and preliminary as-
sessments, a techno-economic model has been de-
veloped for replacing natural gas-derived thermal
energy at a boiler house that operates during the
heating season. The potential investment project
consists of replacing a share of thermal energy pro-
duced from natural gas with solar thermal energy
generated by SDHP and accumulated in STES
throughout the year, primarily during the non-
heating period when solar irradiation is at its max-
imum. The model enables determination of the de-
pendence of capital expenditures and payback pe-
riod of SDHP and STES on the share of thermal
energy to be replaced by solar energy, as well as
other influencing factors.

Data on actually constructed STES systems pre-
sented in [24] indicate that the specific cost of
STES decreases significantly with increasing stora-
ge volume, which can be represented by an expo-
nential relationship (Figure 6).

Using the example of a gas boiler house with
an installed capacity of 10 MW, numerical mode-
ling was performed to assess the impact of the
share of natural gas substitution by solar energy on
the main parameters that determine the feasibility
and economic viability of implementing a project
for the installation of SDHP and STES on the ter-
ritory of or near the gas boiler house. The main
input data for the simulation are presented in Tab-

450

- 400 @

& 350 +

T 300 - ——

S e y=41227x-0435

r_:u _:El . RE=09097

e

(A = -

= R0 ‘.

= 100+ @,

W 50 s LT - .

0
0 10000 20000 30000 40000 50000

Yolume, m?

Figure 6. Dependence of the specific cost of a seasonal thermal storage tank on its

volume.

le 2, and the main simulation results are presented
in Figure 7.

The simulation results show that the project of
integrated application of SDHP and STES has a
long payback period and specific energy cost,
which is explained by the large capital costs for
STES, which make up 55-70 % of the total cost of
the project. With an increase in the share of natu-
ral gas replacement by solar energy, the T and
LCOE indicators improve, which is explained by
the decrease in the specific cost of STES with an
increase in its volume (Figure 6).

As the price of natural gas increases, the eco-
nomic feasibility of implementing a comprehensive
project of SDHP and STES increases but will re-
main low. Figure 8 illustrates the impact of the
price of natural gas on the T and LCOE of the
project, as well as the normalized cost of energy
for a gas boiler LCOE(b) for comparison.

The performed calculation study shows that the
replacement of gas thermal generation using gas
boilers for the energy complex of SDHP and STES
can be economically justified with a significant in-
crease in the price of natural gas, the use of power-
ful STES with a volume of more than 20 thousand m?,
a decrease in the specific cost of STES and state
financial support for the implementation of pro-
jects of this type.

Ensuring third-party access

Most DH companies in Ukraine are municipally
owned. These companies typically include both
basic energy sources (BES), primarily gas boiler
houses, and thermal networks (TN). The operators
of the TN are mainly these same municipal enter-

prises. The installed capa-

city of the BES at these

companies usually exceeds

the connected thermal load

by several times, which can

cause a conflict of interest

when ensuring third-party

access to the thermal net-

works. However, accor-

ding to [26], DH system

RYITTY | operators are obliged to

connect suppliers of rene-

wable energy and excess

heat based on non-discri-
minatory criteria.

An important technical
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Table 2. Key input data for numerical modeling

Name of parameter Unit | Value
Installed thermal capacity of the boiler house MW 10.0
Average thermal load of the boiler house during the heating season MW 5.25
Share of natural gas substitution by solar energy % 5—40
Average annual solar irradiation level kWh /m?-day 3.03
Efficiency of the solar
0.6
collector
Specific cost of SDHP $,/m? 300
The price of natural gas UAH,/m®($/m?) 25 (0.6)
20 257
250 510
200
125 I
150 i
ey |
100 ] ] [_] ]
s 27 2220 19 40 30 25 22 42 I - I I I

0
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Figure 7. The impact of the natural gas substitution share (5, 10, 15, 20 %) on a 10 MW boiler house on the
payback period of capital costs (T, years), specific capital costs for a seasonal thermal accumulator (q, $,/m?) and
its volume (V, thousand m?), as well as the life cycle cost (LCOE, $,/MWh). The LCOE calculation was performed
at a zero-discount rate.
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Figure 8. Dependence of T, LCOE and LCOE(b) on the price of natural gas, UAH/m? ($,/m?).
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issue in connecting third parties (TP) is the deter-
mination of access points (AP) to the thermal net-
work. The solution to this issue largely depends on
the configuration of the thermal network. Various
types of TN configurations are known [27]. Let us
consider possible APs for third parties to the TN
using the example of a linear network with a single
BES, which is the most typical situation for exist-
ing DH systems in Ukraine.

The diagram (Figure 9) shows the BES (on the
left side of the diagram) and seven options for the
location of APs to the thermal network (I-VII).
These AP options differ in the length of the TN
from the BES (I-V) and, accordingly, in the num-
ber of thermal consumers (shown as circles in the
diagram) located before and after the AP. In addi-
tion, thermal storage at central heating substations
(CHS, type VI), as well as at the boiler house of
a neighboring thermo-hydraulic cluster (VII),
which has already lost part of its thermal consum-
ers (crossed-out circles), operates inefficiently, and

Table 3. Characteristics of access point options

]
Eﬁ
EJ

=)

Figure 9. Options for placement of third-party access
points.

has (or may have) a thermal connection with the
considered thermo-hydraulic cluster, are also consi-
dered. The topology of the AP determines the zone
of thermo-hydraulic influence of the third-party
heat source on thermal consumers, as well as on
the BES.Each option for providing an AP has its
own specific features, which are discussed in Table 3.

Positive aspects

Can only be used for third-party ener-
gy sources not tied to a specific loca-
tion. Requires availability of decom-
missioned, outdated energy units at
the BES

Can only be used for third-party ener-
gy sources not tied to a specific loca-
tion. Requires available space at the
BES site for placement of third-party
energy sources

Independence from the BES

Significant changes in the thermo-hydraulic regime of the thermal network.
Requires detailed analysis of the impact of the third-party access point on

Possibility to address issues of remote thermal consumers, especially in
cases of long, worn-out thermal networks or consumers with complex ter-

AP Brief deSCI‘lPthH Features and challenges
of the option
I Separate unit on the BES Use of the existing underloaded
site BES infrastructure. Parallel oper-
ation with BES units on the exist-
ing thermal network. No changes
in thermal network operating pa-
rameters
II  Separate production site on  Parallel operation with BES units
the BES territory on the existing thermal network.
No changes in thermal network
operating parameters
IIT  Location near the BES Similar to option II
IV Location in the center of
thermal loads
thermal consumers
V  Location in the area of re-
mote thermal consumers
rain features
VI  Location at the central Proximity to thermal consumers.
heating substation (CHS)  Availability of the necessary in-
frastructure.
VII  Location of a new third-

party energy source on the
territory of an outdated
neighboring thermo-hy-
draulic cluster with an in-
efficient heat source

Optimization of the structure and
renovation of outdated, ineffi-
cient clusters. Integration of ther-
mal networks

Thermal capacity of the third-party
access point is approximately equal to
that of the CHS. Choice between four-
pipe or two-pipe system

Need to create (or use existing) ther-
mal connections between neighboring
thermo-hydraulic clusters
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When determining the access points for third
parties, it is necessary to ensure the efficient oper-
ation of the entire thermo-hydraulic cluster, in-
cluding the basic energy sources, third-party ener-
gy sources, thermal networks, and thermal consu-
mers. For this, it is essential to model the heat
balance and thermo-hydraulic regimes of the TN,
taking into account third-party energy sources un-
der different operating conditions.

Providing TP access can achieve the following
main positive outcomes: an increase in the share of
renewable energy sources and excess heat, as well
as highly efficient cogeneration. In addition, TP
access can be used to improve the operation of the
thermo-hydraulic cluster or its parts. Examples of
improved cluster operation include: ensuring
backup of installed thermal capacity; improving
heat supply to consumers located far from the BES;
reducing heat losses in TN; and reducing electricity
consumption for heat energy transportation.

Discussion of results.
Directions for further research

The results of the study confirm the relevance
of the issue of developing a scientifically based
methodology for the transformation and decarboni-
zation of outdated gas-fired district heating systems.
Despite the presence of many pilot projects imple-
mented in this direction in the EU countries, the
issue of ensuring the investment attractiveness of
these projects and attracting commercial financial
resources for their implementation remains unre-
solved. The study allows us to formulate the main
principles of the methodology for the decarboniza-
tion of outdated powerful gas-fired district heating
systems. Further improvement of the strategy can
be achieved through a holistic approach to
electricity supply, district heating, buildings con-
nected to DH, and municipal infrastructure, the
use of combined renewable energy sources using
natural gas as a balancing fuel for the transition
period, the development of tools and incentives to
accelerate DH decarbonization processes, the iden-
tification of key decarbonization objects for large
DH systems, the creation of a library of economic
justifications for typical decarbonization projects,
the provision of favorable conditions for third-
party access to DH heating networks, and the de-
velopment of effective transition plans based on
the application of the theory of change. The invest-
ment attractiveness of decarbonization projects can

be achieved through a comprehensive approach to
solving environmental and other existing problems
of outdated gas-fired district heating systems: the
exhaustion of the operating resource of these
systems, ensuring the stability of these systems in
unforeseen circumstances, optimization of heat
supply zones, uneven loading of DH systems throug-
hout the year, using DH as a consumer-regulator
for electricity supply systems. The distribution of
centralized cooling services along with centralized
hot water supply should be considered as a tool for
ensuring the investment attractiveness of DH trans-
formation. It is advisable to improve the metho-
dology for comparative analysis of various options
for transforming outdated systems, taking into
account not only quantitative but also qualitative
indicators, for example, using expert assessments.
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Tpancdopmaiisi 3acrapijux cucrem
IEHTPAJIi30BaHOTO TEIJIONOCTAYaHHS

Amoranisa. Tpancdopmartis sactapismx cucrem mentpaiizoBanoro temonocradanns (I[T), saxi
O6ysin moOyIOBaHi TTePEBAXKHO y TOMEPEHbOMY CTOPiUYi Ta PO3paxoOBaHi Ha BUKOPUCTAHHS BU-
KOITHOTO NMaJINBa, € aKTyaJbHOIO TeMOIO AJs Kpain 3 po3sunytumu I[T. ¥ nux cucremax ogno-
YacHO HeOOXiZHO BUPIIIyBaTH 3aBAAHHS 3aMiHU 3aCTapijioro O6JIaJHAHHS, TiJABHUIIEHHS edek-
TUBHOCTi BUKOPHMCTAHHSI BUKOIIHOTO IajMBa Ta HOro 3amillleHHS BiHOBJIOBAHUMHU JKepeJsaMu
eHeprii i ckugHUMU eHepreTHUYHUMHU pecypcamu. lli 3aBgaHHS MalOTh BHUPINIyBaTHCS B YMOBax
Heo6XiHOCT cTabibHOTO 3a0e3MeYeHHsIM CIIOJKIBAYiB TEIJIOBOIO eHeprieio. BupilneHHs: Takoro
CKJIAJTHOTO KOMILJIEKCHOTO 3aBJaHHs moTpe6ye pOo3poOKM HAyKOBO OGIPYHTOBAHOI CTparerii.
Temnu onoBiennst ta aexap6onizanii [T y pisaux Kpainax cyTTeBo pisHsTbes. [las Ykpaiwi,
dKa HAJEeXKUTDh /10 YMCJa KpaiH 3 po3BuHYTHM, aje 3actapimm LT, tpancdopmaris ta nexap-
OoHizalris 1iei BaxkJuBoi eHepreTuYHO1 iHPPACTPYKTYPH BUPIIIYETHCS HA OCHOBI €BPOTIENCHKOTO
JIOCBi/ly 3 ypaxyBaHHSIM HAIlOHAJbHUX 0COOIUBOCTEH. [[OCTi/IPKEHO METOIMYHI Ta TeXHiKO-eKO-
HOMiYHi acmeKTu cTparerii mepexijiHOro Tepioay JAeKapOOHi3allii BEJMKUX 3acTapiJiuX CUCTEM
LT 3 BukopucTaHHIM OCOGJIMBOCTEN TIOTOYHOTO CTaHy ITMX CUCTEM B YKpaiHi. Posrisguyro Heob-
XiIHICTb Ta 3MiCT IJIAHIB MepeXiZHOTO Tepiody, A0cBia TpaHcdopmMaiii 3actapimux cuctem LT
y kpaiHax €C, BaKIMBI METOIMYHI aCIEKTH IJIaHIB MEPEXiTHOTO Tepiody, BKIIOYHO 3 YaCOBUMU
gminamu y cuctemax 11T, oco6IMBOCTSIMU TIOTOYHOTO CTaHy Ta CTpyKTypH icayloumx [T, ma-
SABHICTIO IOTEHIiaJly 3aMillleHHs BUKOIIHOIO I1aJBa BIJIHOBJIIOBAHUMU JPKEPeJlaMU eHeprii, Kpu-
TEPisIMU TIOPiBHSAHHS DPi3HUX HANPAMiB JekapOoHi3allii, TUTAHHAMH JOCTYIy TPETiX CTOPiH 10
TETJIOBUX MEPEXK Ta HANPSIMKAMU TIOAANbIINX JOCaiKeHb AekapOonizaiii I[T. OcHoBHuM Bu-
JIOM IIaJuBa B iCHYIOUMX 3aCTapiJiMX CHCTEMaX LEHTPaJi30BaHOTO TEILIONOCTAYaHHA € IIPUPOA-
HUI Ta3, a OCHOBHUM [[?KEPEJIOM TEILTOBOT eHeprii — ras3oBi KoTJiu, 110 € 6a3010 /51 TIOPiBHSHHS
€KOHOMIYHOT e(DeKTUBHOCTI aJbTepPHATUBHUX HANpPsMKiB Tpancdopmaiii. [Tokazano ekoHOMivHY
JIOLIJIBHICTh 3aMiHi ra30BUX KOTJIIB Ha COHAYHI CTaHIil IEHTPaJi30BAaHOIO TEILJIONIOCTAYaHH i3
CE30HHUMMU TeIIoBUME akymyssitopamu. Biba. 29, Puc. 9, Taba. 3.

KutouoBi cioBa: merozosioris tpancdopmallii 3acTapijnx razoBUX CHCTEM IIEHTPaJi30BaHOTO
TEIJIONOCTAYaHH, TeIJIOTiJAPaBJIiuHi KJ1acTepu, 3MiHa BUTPAT B CUCTEMAX L[EHTPAJIi30BaHOTO Tell-
JIONIOCTaYaHHA y Yaci, IpaHUyYHi 3HAYEHHA IHAMKATOPIB IMiJIbHOCTI TEIJIOBOIO HAaBAHTAKEHHS Ta
JIHIAHOI 1MiJBPHOCTI TETJIOTH, TMOTOYHWI CTAH IEHTPATi30BAaHOTO TEIJIOTIOCTAYaHHS B YKpaiHi,
MOPiBHSHHS TEXHOJIOTi# 3aMillleHHs TPUPOIHOTO Ta3y, TiOpU/IHI CUCTEMU TIeHTPaJi30BAHOTO TETl-
JIONOCTAaYaHHd 3 JIOKAJIbHUMU COHAYHUMU CHCTEMaMU rapA4oro BOAOIOCTAYaHHA, CUCTEMU CO-
HSIYHOT'O TEIJIONOCTayaHHsl Y KOMILJIeKCi 3 ra30BUMU KOTEJIbHSMU, KOMILIEKCHUHN Mi/XiA 10 MO-
JIepHi3aIlii cucTeM MEeHTPATi30BAHOTO TEIIOTIOCTauYaHHs Ta OyIiBeJb.
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Energy savings through the application
of efficient compositions in the preparation
of heavy oils for transportation

Abstract. The preparation of high-viscosity crude oils, which contain high-molecular-weight
compounds and exhibit complex anomalous rheological properties, for transportation under
field conditions remains a pressing issue. Efficient dehydration and desalting of such oils are
critical because their preparation for transportation typically requires high temperatures.
Although high temperatures facilitate the separation of water from oil, they also lead to the
evaporation and loss of light hydrocarbons, which readily transition into vapor. Consequently,
this results in both hydrocarbon losses and the release of light gaseous compounds into the
atmosphere, contributing to environmental pollution and an increase in carbon emissions.
Therefore, the selection of an appropriate reagent for the preparation of anomalous crude oils
for transportation is of utmost importance. The addition of highly effective demulsifiers at
optimal concentrations can facilitate the demulsification process at lower temperatures. This
approach not only reduces the consumption of reagents and energy but also saves time and
extends the operational lifespan of processing equipment. Thus, the application of an effective
demulsifier minimizes raw material and energy consumption while simultaneously mitigating
environmental impact. Moreover, the use of a demulsifier with strong demulsification
properties simplifies the complex transportation preparation technology, ensuring that the
crude oil maintains a high-quality composition. In this context, the present study analyzes the
results of laboratory experiments conducted to evaluate the application of new compositions
with high surface activity for the breakdown of emulsions with the aforementioned properties.
For the research process, crude oil samples were collected from the Absheron, Sangachal, and
Dashgil fields with water content levels of 35 %, 30 %, and 32 %, respectively. Four new
compositions, designated as AZ-1, AZ-2, AZ-3, and AZ-4, were synthesized using various molar
ratios of different demulsifying agents with similar functional purposes. A comprehensive
analysis of numerous experimental results has demonstrated that the new compositions exhibit
significantly higher efficiency compared to their individual components. The effectiveness of
the compositions in the demulsification process of crude oil samples with anomalous properties
was calculated based on the obtained results. It was determined that at an optimal
concentration and a temperature of 50 °C, the efficiency of the AZ-1, AZ-2, AZ-3, and AZ-4
compositions for the Absheron, Sangachal, and Dashgil crude oil samples was 97.2 %, 98.0 %,
and 97.5 %; 98.8 %, 99.2 %, and 99.0 %; 98.5 %, 99.0 %, and 98.7 %; 99.8 %, 99.9 %, and
99.8 %, respectively. Bibl. 25, Tab. 3, Fig. 4.

Keywords: AZ series compositions, mechanical mixture, demulsifiers, crude oil, efficiency.

The components of heavy crude oils play a cru- emulsions by promoting the mixing of water with
cial role in the formation of stable water-oil oil and ensuring their long-term stability [1, 2].
emulsions. These components directly influence the Asphaltenes and resins are high-molecular-weight
formation and stability mechanisms of water-oil compounds found in heavy crude oil. They exhibit

© Gurbanov G.R., Gasimzade A.V., Abdul-layeva Z.A., 2025
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surface activity and act as natural emulsifiers in
the formation of water-oil emulsions, thereby
enhancing emulsion stability. However, when these
high-molecular-weight compounds are present in
excessive amounts, the emulsion becomes highly
stable, making its separation significantly more chal-
lenging. Parafins, which are crystalline compo-
nents of crude oil, affect the rheological properties
of emulsions. The crystallization of paraffins,
particularly at low temperatures, further compli-
cates the breakdown of water-oil emulsions [3—6].

Mineral impurities (such as clay and sand) and
dissolved salts present in heavy crude oil can
contribute to the stability of emulsions. These
components create a barrier around water droplets,
delaying their coalescence and making it difficult
for the emulsion to separate back into water and
oil. The high viscosity of heavy crude oil and the
crystallization of its components at low tempera-
tures directly impact emulsion stability. At lower
temperatures, emulsions tend to be more stable due
to reduced molecular mobility [7-9].

Currently, the application of multifunctional
compositions is considered an innovative approach
to enhance energy efficiency in the preparation of
heavy crude oils for transportation. The high visco-
sity of heavy crude oils complicates their prepara-
tion and pipeline transportation, leading to increa-
sed energy consumption. The use of multifunctio-
nal and highly effective compositions serves as a
key solution to these challenges. These composi-
tions significantly reduce the viscosity of heavy
crude oil, thereby decreasing the pumping power
required for pipeline transportation. Typically,
high-viscosity heavy crude oils need to be heated
to elevated temperatures (sometimes up to 85 °C)
to facilitate transportation. However, the use of
such compositions minimizes the need for excessive
heating, enabling more efficient and continuous
processing [10—14].

Moreover, the implementation of these compo-
sitions leads to a reduction in energy consumption,
which in turn lowers carbon dioxide emissions into
the atmosphere. The optimization of processes
reduces the release of harmful substances into the
environment. It is well known that pipelines used
for heavy crude oil transportation are energy-
intensive infrastructures, consuming substantial
amounts of electrical energy. One of the primary
objectives of these pipelines is to reduce energy
consumption and improve energy efficiency [15—18].

Thus, the application of multifunctional and

highly effective compositions in the preparation of
heavy crude oils for transportation significantly
reduces energy consumption, enhances economic
efficiency, and contributes to environmental protec-
tion. This approach is considered a significant
innovation for the modern oil industry, addressing
both economic and environmental aspects [19—24].

Objective of the study

The objective of this study is to investigate the
effect of the new AZ series compositions on the
stability of water-oil emulsions under laboratory
conditions.

Research methodology

In order to achieve the set objective under labo-
ratory conditions, the experiments were conducted
using compositions prepared from reagents with
similar and different functional purposes, as pre-
sented in Table 1. The table provides the desig-
nated names, component compositions, and compo-
nent ratios of the tested compositions.

As shown in the table, only AZ-1 was prepared
using reagents of the same functional purpose, spe-
cifically demulsifiers. On the other hand, the com-
positions AZ-2, AZ-3, and AZ-4 contain reagents
of different functional purposes. The component
ratios provided in the table are those that showed
the best effects, and the results discussed here are
based on experiments conducted using these ratios.

It should be noted that the crude oil samples
from the Absheron, Sangachal, and Narimanov
fields, with a dehydration degree of 35 %, 30 %,
and 32 % respectively, were selected as the research
subjects. The effect of the new AZ series composi-

Table 1. Conditional names and components of
the compositions

Conditional Components of the Component
name of the s i
o compositions ratio
composition
Difron-9426 + Alkan- S
AZ-A 415 + ND-12 beted
BAF-1 + Difron-9426 . .
AZ-2 + MARZA-1 1022501
BAF-1 + Alkan-415 o
AZ-3 + MARZA-1 f2:23:1
BAF-1 + ND-12 . .
AZ4 + MARZA-1 2
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Table 2. Physicochemical characteristics of
crude oils

Indicators Absheron Sanggchal Dashgil

oil oil oil

Density at 20 °C, 9151 8563  897.2

kg,/m

Kinematic viscosity at

20 °C. ¢St 122.0 27.3 75.6

Water content, % wt 35 30 32

Chloride salt content, 534.3 1521 326.2

mg /1

The content of

mechanical mixtures, 5.86 1.9 3.76

% wt

Resin content, % wt 10.7 8.96 2.5

(/)\sphaltene content, 56 0.35 38

% wt

Paraffin content, % wt 4.4 9.3 12.7

tions on the demulsification process was studied at
time intervals of 40, 80, and 120 minutes and tem-
peratures of 20, 30, 40, and 50 °C. During the pro-
cess, the AZ series compositions were used in the
following concentrations: 100, 200, 300, 400, and
500 g/t for the Absheron sample; 50, 100, and
150 g /t for the Sangachal sample; 150, 250, and
350 g/t for the Dashgil sample.

The demulsification process of anomalous crude
oils was carried out according to the methodology
outlined in [25].

Table 2 presents the physicochemical character-
ristics of the crude oil samples used in the research
process.

The physicochemical characteristics of the oils
presented in Table 2 provide grounds to assert that
they possess anomalous properties and are capable
of forming aggregation-kinetically stable water-oil
emulsions.

Results and their discussion

The results of numerous experiments have
shown that the optimal concentration of the AZ-1
composition at a temperature of 20 °C and a dura-
tion of 120 minutes resulted in the following de-
mulsification efficiency for the crude oil samples
from Absheron, Sangachal, and Dashgil fields:
63.6 %, 71.5 %, and 65.6 %, respectively. At the
same temperature under the influence of the opti-
mal concentration of the AZ-1 composition the re-
sidual and ballast water content in the crude oil

samples from Absheron, Sangachal, and Dashgil
fields was 12.7 % and 16.4 %, 8.6 % and 10.9 %,
11.0 % and 13.9 %, respectively.

At a temperature of 30 °C and a duration of
120 minutes, the demulsification efficiency of the
AZ-1 composition at its optimal concentration was
69.4 %, 79.1 %, and 72.3 % for the Absheron, San-
gachal, and Dashgil crude oil samples, respect-
tively. Under the effect of the optimal concentra-
tion of AZ-1 at 30 °C, the residual and ballast wa-
ter content were 10.7 % and 14.2 %, 6.3 % and
8.2%, 8.9 % and 11.5 %, respectively.

At 40 °C and a duration of 120 minutes, the
demulsification efficiency of the AZ-1 composition
at its optimal concentration was 85.3 %, 93.8 %,
and 87 % for the Absheron, Sangachal, and Dashgil
crude oil samples, respectively. The residual and
ballast water content were 5.2 % and 7.3%, 1.9 %
and 2.6 %, and 4.2 % and 5.8 %, respectively.

At 50 °C and a duration of 120 minutes, the
demulsification efficiency of the AZ-1 composition
at its optimal concentration was 97.2 %, 98 %, and
97.5 % for the Absheron, Sangachal, and Dashgil
crude oil samples, respectively.

Figure 1 show the dependence of the residual
and ballast water content on the concentration of
the AZ-1 composition at a temperature of 50 °C.

The results presented in all three graphs indi-
cate that, at a temperature of 50 °C, the impact of
the optimal concentration of the AZ-1 composition
on crude oil samples from the Absheron, San-
gachal, and Dashgil fields results in the residual
and ballast water content being 1.0 % and 1.5 %,
0.6 % and 0.8 %, 0.8 % and 1.2 %, respectively.

At an optimal concentration of AZ-2, at 20 °C
and for a duration of 120 minutes, the demulsify-
cation efficiency for crude oil samples from the Ab-
sheron, Sangachal, and Dashgil fields is 64.4 %,
72.3 %, and 66.7 %, respectively. Under these con-
ditions, the residual and ballast water content in
the samples is 12.5 % and 16.1 %, 8.3 % and
10.6 %, and 10.7 % and 13.5 %, respectively.

At an optimal concentration of AZ-2, at 30 °C
and for a duration of 120 minutes, the demulsify-
cation efficiency for the Absheron, Sangachal, and
Dashgil oil samples increases to 69.8 %, 79.7 %,
and 73.0 %, respectively. Under these conditions,
the residual and ballast water content in the samp-
les is 10.6 % and 14.0 %, 6.1 % and 8.0 %, 8.6 %
and 11.3 %, respectively.

At 40 °C, with the optimal concentration of AZ-2
and a duration of 120 minutes, the demulsification
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efficiency for the Absheron, Sangachal, and Dashgil
oil samples rises further to 86.3 %, 94.4 %, and
88.2 %, respectively. The residual and ballast wa-
ter content in the samples is reduced to 4.8 % and
6.9 %, 1.7 % and 2.3 %, 3.8 % and 5.3 %, respec-
tively.

At 50 °C, with the optimal concentration of AZ-2
and a duration of 120 minutes, the demulsification
efficiency reaches 98.8 %, 99.2 %, and 99.0 % for
the Absheron, Sangachal, and Dashgil oil samples,
respectively.

Figure 2 illustrate the dependence of residual
and ballast water content on the concentration of
AZ-2 composition at a temperature of 50 °C in the
crude oil samples.

The results presented in all three graphs indica-
te that, at a temperature of 50 °C, the effect of the
optimal concentration of the AZ-2 composition on
crude oil samples from the Absheron, Sangachal,
and Dashgil fields reduces the residual and ballast
water content to 0.4 % and 0.6 %, 0.2 % and 0.3 %,
0.3 % and 0.5 %, respectively.

At an optimal concentration of AZ-3, at 20 °C
and for a duration of 120 minutes, the demulsifi-
cation efficiency for crude oil samples from the Ab-
sheron, Sangachal, and Dashgil fields is 64.1 %,
72.2 %, and 66.5 %, respectively. Under these con-
ditions, the residual and ballast water content in
the samples is 12.6 % and 16.2 %, 8.3 % and
10.6 %, 10.7 % and 13.6 %, respectively.

At an optimal concentration of AZ-3, at 30 °C
and for a duration of 120 minutes, the demulsify-
cation efficiency for the Absheron, Sangachal, and
Dashgil oil samples increases to 69.6 %, 79.5 %,
and 72.8 %, respectively. Under these conditions,
the residual and ballast water content in the sam-
ples is 10.6 % and 14.1 %, 6.2 % and 8.1 %, and
8.7 % and 11.4 %, respectively.

At 40 °C, with the optimal concentration of AZ-3
and a duration of 120 minutes, the demulsification
efficiency for the Absheron, Sangachal, and Dash-
gil oil samples rises further to 86.1 %, 94.3 %, and
88.0 %, respectively. The residual and ballast wa-
ter content in the samples is reduced to 4.9 % and
7.0 %, 1.7 % and 2.4 %, 3.8 % and 5.3 %, respec-
tively.

At 50 °C, with the optimal concentration of AZ-3
and a duration of 120 minutes, the demulsification
efficiency reaches 98.5 %, 99.0 %, and 98.7 % for
the Absheron, Sangachal, and Dashgil oil samples,
respectively.

Figure 3 illustrate the dependence of the resi-

dual and ballast water content on the concentra-
tion of AZ-3 composition at a temperature of 50 °C
in the crude oil samples.

The results presented in all three graphs show
that, at a temperature of 50 °C, the effect of the
optimal concentration of the AZ-3 composition on
crude oil samples from the Absheron, Sangachal,
and Dashgil fields reduces the residual and ballast
water content to 0.5 % and 0.8 %, 0.3 % and 0.4 %,
0.4 % and 0.6 %, respectively.

At an optimal concentration of AZ-4, at 20 °C
and for a duration of 120 minutes, the demulsify-
cation efficiency for crude oil samples from the Ab-
sheron, Sangachal, and Dashgil fields is 65.2 %,
72.8 %, and 67.2 %, respectively. Under these con-
ditions, the residual and ballast water content in
the samples is 12.2 % and 15.8 %, 8.2 % and
10.4 %, 10.5 % and 13.4 %, respectively.

At an optimal concentration of AZ-4, at 30 °C
and for a duration of 120 minutes, the demulsify-
cation efficiency for the Absheron, Sangachal, and
Dashgil oil samples increases to 70.5 %, 80.5 %,
and 73.7 %, respectively. Under these conditions,
the residual and ballast water content in the sam-
ples is 10.3 % and 13.7 %, 5.9 % and 7.7 %, 8.4 %
and 11.0 %, respectively.

At 40 °C, with the optimal concentration of AZ-4
and a duration of 120 minutes, the demulsification
efficiency for the Absheron, Sangachal, and Dash-
gil oil samples rises further to 86.8 %, 95.1 %, and
88.7 %, respectively. The residual and ballast wa-
ter content in the samples is reduced to 4.6 % and
6.6 %, 1.5 % and 2.1 %, 3.6 % and 5.0 %, respec-
tively.

At 50 °C, with the optimal concentration of AZ-4
and a duration of 120 minutes, the demulsification
efficiency reaches 99.8 %, 99.9 %, and 99.8 % for
the Absheron, Sangachal, and Dashgil oil samples,
respectively.

Figure 4 illustrate the dependence of the resi-
dual and ballast water content on the concentra-
tion of the AZ-4 composition at a temperature of
50 °C in the crude oil samples.

The results presented in all three graphs indi-
cate that, at a temperature of 50 °C, the effect of
the optimal concentration of the AZ-4 composition
on crude oil samples from the Absheron, San-
gachal, and Dashgil fields results in residual and
ballast water content of 1.4 % and 2.1 %, 0.03 %
and 0.04 %, 0.06 % and 0.09 %, respectively.

Additionally, during the research process, the
effect of different concentrations of AZ series com-
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positions at 50 °C on the amount of chloride salts
and mechanical impurities in crude oil samples
from Absheron, Sangachal, and Dashgil was inves-
tigated. It was found that, with increasing concen-
trations of AZ-1, AZ-2, AZ-3, and AZ-4 in the Ab-
sheron oil sample in the range of 100-500 g /t, the
amounts of chloride salts and mechanical impuri-
ties decreased from 421.8 to 175.9 mg/l, from
408.2 to 120.8 mg /1, from 411.3 to 134.2 mg /1,
and from 386.9 to 54.8 mg /1, respectively, with a
reduction in mechanical impurities from 1.7523 %
to 0.2778 %, from 1.6304 % to 0.0907 %, from
1.5917 % to 0.0985 %, and from 1.2963 % to 0.0138 %.

For the Sangachal oil sample, when the concen-
trations of AZ-1, AZ-2, AZ-3, and AZ-4 increased
in the range of 50—150 g /t, the amounts of chlo-
ride salts and mechanical impurities decreased from
95.6 to 56.4 mg /1, from 87.4 to 48.2 mg /1, from
91.8 to 52.8 mg /1, and from 78.4 to 26.8 mg /1,
respectively, with a reduction in mechanical impu-
rities from 0.3135 % to 0.0778 %, from 0.2435 %
to 0.04621 %, from 0.2543 % to 0.0484 %, and from
0.1943 % to 0.0231 %.

Similarly, for the Dashgil oil sample, when the
concentrations of AZ-1, AZ-2, AZ-3, and AZ-4 in-
creased in the range of 50—-150 g/t, the amounts
of chloride salts and mechanical impurities de-
creased from 223.7 to 156.4 mg /1, from 221.6 to
110.4 mg /1, from 230.4 to 112.6 mg /I, and from
214.3 to 24.1 mg /1, respectively, with a reduction
in mechanical impurities from 0.9643 % to 0.0954 %,
from 0.9114 % to 0.0486 %, from 0.9374 % to
0.0576 %, and from 0.8798 % to 0.0327 %.

The efficiency of AZ series compositions in the
demulsification process was calculated using a
known empirical formula [14].

Table 3 presents a comparative overview of the
effectiveness rates exhibited by AZ series composi-
tions in the demulsification process of anomalous
crude oils at optimal concentrations and maximum
temperatures over a two-hour period.

The results presented in Table 3 show that the
highest effectiveness of the new AZ series composi-
tions is observed at a temperature of 50 °C. At this
temperature, the optimal concentrations for AZ-1,
AZ-2, AZ-3, and AZ-4 compositions in the demul-
sification of crude oil samples from Absheron, San-
gachal, and Dashgil are 500 g/t, 150 g/t, and
300 g /'t, respectively. Among the AZ series compo-
sitions, AZ-4 demonstrated the highest demulsify-
cation performance for all three crude oil samples.

The effectiveness rates of the AZ series composi-

Table 3. Comparative analysis of the efficiency
rates of AZ-series compositions during demulsi-
fication at optimal viscosity

Oil sample Concentration, | Ballast | Efficiency,
g/t water, % %

Composition AZ-1

Absheron 500 1.5 97.2

Sangachal 150 0.8 98.0

Dashgil 350 1.2 97.5
Composition AZ-2

Absheron 500 0.6 98.8

Sangachal 150 0.3 99.2

Dashgil 350 0.5 99.0
Composition AZ-3

Absheron 500 0.8 98.5

Sangachal 150 0.4 99.0

Dashgil 350 0.6 98.7
Composition AZ-4

Absheron 500 0.1 99.8

Sangachal 150 0.04 99.9

Dashgil 350 0.09 99.8

Note. Time — 120 min. Temperature — 50 °C.

tions can be characterized as follows:

— AZ-1 composition: At 50 °C and optimal con-
centrations of 500 g /t, 150 g /t, and 350 g /'t, the
demulsification effectiveness for the Absheron,
Sangachal, and Dashgil oil samples is 97.2 %,
98.0 %, and 97.5 %, respectively;

— AZ-2 composition: At 50 °C and optimal con-
centrations of 500 g /t, 150 g /t, and 350 g /'t, the
demulsification effectiveness for the Absheron,
Sangachal, and Dashgil oil samples is 98.8 %,
99.2 %, and 99.0 %, respectively;

— AZ-3 composition: At 50 °C and optimal con-
centrations of 500 g /t, 150 g /t, and 350 g /'t, the
demulsification effectiveness for the Absheron,
Sangachal, and Dashgil oil samples is 98.5 %,
99.0 %, and 98.7 %, respectively;

— AZ-4 composition: At 50 °C and optimal con-
centrations of 500 g /t, 150 g /t, and 350 g /'t, the
demulsification effectiveness for the Absheron,
Sangachal, and Dashgil oil samples is 99.8 %,
99.9 %, and 99.8 %, respectively.

Thus, the impact of the new compositions on
the breakdown of aggregative and kinetically stable
water-oil emulsions formed in anomalous crude oils
has been studied in laboratory conditions, yielding
effective results. The analysis of the results indica-
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tes that these compositions, when compared to in-
dividual demulsifiers, are more effective in deeply
demulsifying stable water-oil emulsions.

Conclusion

This study presents the development and opti-
mization of AZ-series compositions for the effective
demulsification of crude oils with challenging pro-
perties, focusing on their application in the oil ex-
traction industry. The results show that AZ-1, AZ-2,
AZ-3, and AZ-4 compositions significantly improve
the demulsification process of oil samples from the
Absheron, Sanqacal, and Dashgil fields, particu-
larly at higher temperatures and optimal concen-
trations.

The findings reveal that AZ-4 composition exhi-
bits the highest efficiency across all tested crude
oils, with remarkable demulsification rates excee-
ding 99 % under optimal conditions (50 °C and
optimal concentrations). The study also highlights
the direct correlation between the concentration of
the compositions and the reduction of water and
ballast content in crude oils, indicating enhanced
separation efficiency.

Moreover, the experimental data demonstrate
that AZ-series compositions outperform individual
demulsifiers in breaking down stable water-oil
emulsions, offering potential applications for im-
proving crude oil processing and resource-saving in
oil extraction. This research contributes to advan-
cing demulsification technology, ensuring not only
environmental benefits through reduced waste but
also resource efficiency, aligning with the goals of
energy technologies and resource conservation.

Future studies should focus on expanding the
application of these compositions to other types of
crude oils with different characteristics, further op-
timizing their performance, and exploring their in-
tegration into industrial processes for sustainable
resource management.
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EneprosoepeskeHnst 3aBKH 3aCTOCYBaHHIO
edeKTUBHUX KOMITO3MIIiii MPH ITi/ArOTOBIII
Ba’KKMX HadT 0 TPAHCIOPTYBAHHS

Amnoranus. IlifroToBka BHCOKOB'SI3KUX HA(pTOBUX CyMimlell, IO MiCTATb BHCOKOMOJEKYJIPHI
CIIOJIYKU Ta MalOThb CKJIQJHI aHOMaJIbHI PEOJIOTiIUHI BJIACTUBOCTi, JO TPAHCIIOPTYBAHHA B II0JIbO-
BUX YMOBax 3aJIMIIAETHCS BOKJINBOIO IpobJieMoro. EdekTnBHe 3HEBOJHEHHS Ta 3HECOJIEHHS Ta-
KUX HaT € KPUTUYHUM, OCKiJIbKH IX TiATOTOBKA /10 TPAHCIIOPTYBAHHS 3a3BHYall TOTpedye BUCO-
KX TeMIlepaTyp. Xouya BUCOKi TeMIlepaTypu CHPUAIOTb BiJIiJIeHHIO BOAW BiA HadTH, BOHU
TaKOX IIPU3BOJSATD /10 BUIIAPOBYBAHHS Ta BTPATH JIETKUX BYIJIEBO/HIB, SIKi II€PeXo/Thb Y Hapy.
Ak HacTiZOK, 1€ TPU3BOJANTD JO BTPAT BYTJIEBO/JHIB Ta BUKHU/IiB JIETKUX Ta30Mo/[i0HUX CIIOJYK B
aT™Mocepy, 1o crupuse 3a6pyIHEHHI0 HAaBKOJMIIHbOTO CEPEOBUINA Ta 36iJbIIEHHI0 BUKHU/IB
ByrJeiio. ToMmy BUOGIp BiJNOBiIHOTO peareHTy JJis IATOTOBKM aHOMAJbHOI cUpOi HadTH [0
TPAHCIIOPTYBaHHA € BKpail BaxkauBuM. [logaBannsg BUCOKOE(EKTUBHUX [I€€MYyJIbIaTOPiB B ONTH-
MaJIbHUX KOHIIEHTPAIlisX MOXKe IIOJIETTIIUTH IIpoliec JeeMyJibraiii mpu HUXKYUX TeMIllepaTypax.
Takuit miaxiz He TiJbKKU 3MEHIINY€E CIOKMBAHHS peareHTiB Ta eHeprii, aje i eKOHOMUTDH yac Ta
MTOJTOBKY€E TEPMiH CJIY>KOU TEXHOJOTTYHOTO 0OafHanHs. TakuM 4YMHOM, 3aCTOCYBAHHS ePEKTHUB-
HOTO JleeMyJibraTopa MiHIMi3y€ CIIOKMBAaHHSA CUPOBHHHM Ta €HEpPrii, OJHOYACHO 3MEHINYIOYU
BIJIUB Ha HaBKOJIMIIHE cepejoBuilie. KpiM TOro, BUKOPUCTAHHA JeeMyJbraTopa i3 CUJIbHUMHU
JleeMyJIbTyBaJbHUMU BJIACTUBOCTSIMU CIIPONLY€E CKJAJHY TEXHOJOIII0 IiJITOTOBKU JO TPAHCIIOP-
TYBaHHS, 3a0e3Ieuyoun MiJTPUMKY BHCOKOSIKICHOTO CKJIaLy cupoi HapTH. Y IIbOMYy KOHTEKCTi
MOTOYHE JOCTI/PKEHHS aHasi3ye pe3yJbTaTh JabopaTOPHUX EKCIIEPUMEHTIB, BUKOHAHUX IJIS
OLIIHKM 3aCTOCYBaHHS HOBMX KOMIIO3MIill 3 BUCOKOIO IIOBEPXHEBOIO aKTUBHICTIO /I PO3KJaLy
eMyJIbCiil 3 BUIE3TaJaHUMU BJacTUBOCTAMU. [T mocsigHUIIbKOTO mporiecy OyJi 3i6paHi 3pas-
ki cupoi Hadrtu 3 Abieponcbkoro, Canrajp4iHcbKoro Ta JlamribcbKoro pogoBHIL i3 BMiCTOM
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Boan 35, 30 ta 32 % BianoBigHO. DyJ0 cHHTE30BaHO YOTHUPH HOBi KOMITO3UIIii, MO3HAYEHI SK
AZ-1, AZ-2, AZ-3 ta AZ-4, 3a [0NOMOTOI0 Pi3HUX MOJISIPHUX CIIiBBi/IHOIIEHb Pi3HUX Jle-
eMyJIbraTopiB 3 NoAiGHUMK (PYHKIIOHAIBHUMH ITiJssMu. KoMIIeKcHUiT aHas1i3 YHCJIeHHUX eKcIle-
PUMEHTAJbHUX PE3yJIbTATiB MOKA3aB, MO HOBI KOMIO3WIIi MalOTh 3HAYHO BUILY e(PeKTUBHICTD
MOPiBHAHO 3 IX iHAWBiAyaJ bHUMH KOMMOHeHTaMH. EdeKTnBHiCTH KOMIIO3UIiil y mporeci me-
eMyJIbrallii 3paskiB cupoi HapTH 3 AHOMAJLHUMHU BJACTUBOCTSIME 6yJia PO3PaxOBaHa Ha OCHOBI
OTPUMAHUX Pe3yJbTaTiB. BcTaHOBJIEHO, MO IPU ONTUMAJbHIH KOHIIEHTpallii Ta Temneparypi 50 °C
edexruBHicTe KoMnosutin AZ-1, AZ-2, AZ-3 ta AZ-4 nns 3paskiB cupoi Hadth 3 AolIie-
poucbkoro, CaHrafapyiHCBKOTO Ta JlamriJbcbKOro pPOJIOBUIN CTAHOBHJA BiAIOBiAHO, %: 97,2,
98,0 Ta 97,5; 98,8, 99,2 ta 99,0; 98,5, 99,0 Ta 98,7; 99,8, 99,9 ta 99,8. Li6x. 25, maba. 3,

puc. 4.

KirouoBi caoBa: xommosuilii cepii AZ, MexaHiuyHa CcyMill, JeeMyJbratopu, cupa HadTH,
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YTouHeHuii TenioBmii 6asanc
BiIMyI[€HOI TENJIO0BOi €Heprii cCucTeMu
IEHTPaJi30BaHOTO TeIJIONOCTaYaHHS

Amnoramnis. B Ykpaini ta cBiTi cucteMu 11eHTpai30BAHOTO TETLJIONOCTAYAHHS € 3HAYHUMU CIIOKU-
BauaMu eHeprii. UnHHI Ha JaHWl MOMEHT B YKpaiHi PeryJsiTHBHI JOKYMEHTH, 1[0 BU3HAYAIOTh
METOJNKY PO3PAXYHKY TEIJIOBOTO 6ATAHCY CUCTEMU TEIJIONIOCTAYAHHS TAa BEJUYNHY HOPMATHB-
HUX TEIJIOBUX BTPAT, HE BPaXOBYIOTb JeAKi IPUXOBaHi TEIJIOBI BTpAaTH, AKi BILIMBAIOTH Ha IEPC-
MEKTUBY €KOHOMIYHOTO 3POCTAHHS TEIJIONOCTAYATbHUX TTiAMPUEMCTB, e(DEKTUBHII PO3IO/IiJa iH-
BECTUIIill Ta He CHIPUAIOTH TPo30poMy (opMyBaHHIO TapudiB Ha TEIJIOBY eHepriio. ¥ crarTi 3a-
MTPOTTOHOBAHO HOBUH TiAXiZ O PO3PaXyHKY TETIOBOTO GAaJaHCy BifIMyIIieHOi TemJoBOi eHeprii
Biz /prepena (TEILL, KoTeJbHi) y cucTeMax IEHTPATi30BAHOTO TEIJIOTIOCTAYaHHS /IS BOJSTHUX
TEIIOBUX MEPEXK 3aKPUTOrO Ta BiIKPUTOrO THUILY, 110 BKJIOYA€ HOPMATUBHI TEILIOBI BTpaTu y
BOJSHUX TEIJIOBUX MEpEXaxX Yepe3 TEIJIOBY i30JIi0 TPyOOIPOBOAIB, HOPMATHUBHI TEILJIOBi
BTPaTU Y BOJAAHUX TEILJIOBUX MEPeXKaxX Ta CUCTeMaX LeHTPali30BaHOIO TEILIONOCTAaYaHHa 3 BUTO-
KaM¥ MepekeBOi BO/IM, CyMapHy peasi30BaHy TEIJIOBY €HEpTiio, CTIOXKUTY Ha MOTpebu OmaJieHHS
Ta BEHTWJIALII, peaJli30BaHy TEIJIOBY €HEPrilo i3 CUCTEMU IIOCTAYaHHS rapsdoi BOAU, a TAKOX
JIOJIATKOBO BKJIIOYAE TEILJIOBTPATU Y JKUTJIOBUX OyAiBJISIX, Y NMPUMIMIEHHSIX 3arajJbHOIO KOPUCTY-
BaHH{, y CHCTEMaxX raps4oro BOJOIIOCTAaYaHHS, NOHAJHOPMATUBHI TEIJIOBi BTPAaTH y BOASHUX
TETJIOBUX MepeskaX yepe3 TEIJIOBY 130JIAIII0 MaricTpaJbHUX TPYOOIPOBO/IB. 3alpoOHOBAHUIA
i IXi/] BiZIPI3HAETHCS TAKOXK THM, 10 32 TETJIOBUM GaJIAaHCOM BiJIITyIeHa TETJI0BA €HEPTis Tics
BOJSTHUX TEIJIOBHX MepeXk BTPAYAEThCS Y CUCTEMI TapsTYOT0 BOJONOCTAYAHHS KUTJIOBOTO OY/IMH-
Ky, a ii 3HaueHHs OGYHUCJIOITh EKCIIEPUMEHTAJIbHO CIIiBBiHOIIEHHSM PEaTi30BAHOI TEILIOBOI
eHeprii 3 BoJJOpO36ipHUX KPaHiB CUCTEMH rapsYoro BOJOMOCTAYaHHS 0 CyMapHOi peasi3oBaHol
TETLJIOBOT eHepTil y CUCTeMi OINaJIeHHs] Ta BEHTHUJISAIIT TOTO CaMOTO JKUTJIOBOrO GYJIMHKY, OCEPE/-
HEHOI 3a OTaJIOBAJIbHUH TTepio/, i3 po3paxyHKy Ha Micsamb. Hagano pekomenzarii 1momo po3pa-
XYHKY YCiX CKJIQJIOBHX TETJIOBTPAT IIPOMIOHOBAHOTO TeIsIoBoro 6anancy. Ilomano iX omiHKY A1
CYYaCHUX CHCTEM IEHTPaNi30BAHOTO TelionocTadanus. biba. 21, puc. 4, maba. 2.

Kiro4oBi cjioBa: cucremMa TeIUIONOCTAYaHHs, TEIJIOBUET 6ajlaHC, TEIIOBI BTPATH, TEILIOBA €Hepris,
cHCTEMa IEHTPAIi30BAaHOTO TEILIONOCTAYaHHA, CUCTEMa TapsAYoro BOAOIOCTAYaHHA, [XKEpeo
€Heprii, TemJIoeJeKTPOIeHTPaJb, KOTEJbHS.
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Beryn

Opne 3 ocHOBHUX 3aBJaHb Oy/b-sKOi JEp:KaBU
noJisirae y 3a6esredeHHi BJacHOI eHepreTHyHoi 6es-
[IeKHU, Yy TOMY YHUCJHI B CEKTOPI LEeHTPali30BaHOro
tertonocravanns (IeTII), 3 ypaxyBaHHSAM IIPOBij-
HUX cBiTOBUX mpakTuk [1]. Lle nurtanHs JeXuThb B
ocHoBi pimenb Camity OOH 3i crajsoro po3BuTKy,
nposejieHoro y 2015 porii, 0 SKOTO TIpUEIHAMACS T
Yxpaina. ¥ npuitaarux goxkymentax [lopsaky nen-
Horo 110 2030 poky rta Ilinax Cranoro Pospurky [2]
HaroJIONIyeThCsl HA BAKJIMBOCTI BIPOBA/KEHHS CY-
YaCHUX TEeXHOJIOTill Ta 3aXo/iB, CIPIMOBAHUX Ha
i IBUIIIEHHS eHeproedeKTUBHOCTI, 30KpeMa y cdepi
TETLIONOCTaYaHHs Oy INHKIB.

3a panumu [3], monax 80 % yciel eueprii, mo
BHUPOOJISIETBCS B CBiTi, CIIOJKUBAETHCS BEJTMKUMU Ha-
CeJIEHNMU TTyHKTaMU, HPUYOMY GJIU3BKO MOJOBUHU
I[bOTO O06CATY CIIPSIMOBYETBHCSI HA HOTPEOU CHCTEM
OTIAJIEHHSI Ta TapsiY0ro BOJOTIOCTaYyaHHS OyIWHKIB.
¥ xpainax €sporneiicbkoro Coro3y /Bi TPeTHHN KiH-
1IEBOTO €HEProCIOKUBAHHA MPUIAJA€ caMe Ha OIla-
JIeHHsI. 3 OTJIsIly Ha Ile, y paMKax CTpaTeTii CTaJoro
PO3BUTKY KJIIOYOBOIO 3ajiauelo JUId HAyKOBLIB, Iij-
TIPUEMCTB TETJIOEHEPTETUYHOTO CEKTOPY Ta OpraHiB
BJIQJIM € HalpalioBaHHs CII0CO6iB CTifiKoro repe-
Xomy M0 eHeproedeKTUBHUX CHCTEM TeIlJIONOCTa-
yanus. lle nepen6avae 3/ificCHEHHS KOMILJIEKCHOT Ta
panionanbHOi MozlepHi3aliii iHdpacTpyKkTypH, 30ce-
Pe/KYIOUHCh Ha CyYaCHHUX TMiJ[X0/1aX /10 BU3HAUEHHS
Ta MiHiMi3allii eHepreTWYHUX BTpaT. Takwil miaxism
He Jimtie maBUITh edextuBHicTb cuctemu 11eTII,
ajie i cipugaTMe popMyBaHHIO IIPO30PUX Ta €KOHO-
Mi4uHO OOTPYyHTOBaHUX TapudiB HA €HEPTOPECYPCH.

[lng peanizarii crparerii miABUINICHHS €HEPro-
eextuBHOCTI ¥ cdepi MEHTPaATi30BAHOTO TETLIOTO-
crayanas €BporeiicbkuM Coi030M BIPOBAKEHO HU3-
Ky aupekTuB. Cepe/l KJIIOYOBUX JOKYMEHTIB € TaKi:
Jupektusa 3 eneproedexrusnocri (201227 /EU),
[MpekTBa MIOJI0 EHEPrOCIOXUBAHHA Oy/liBeJsb
(200291 /EU-EPBD Ta 2010,/31 /EU), /Iupek-
THUBa 3i 36iJIbIIEHHs] YACTKM BUKOPHUCTAHHS Bi/IHOB-
moBaHux Jxkepen exeprii (200928 /EU), [Iupek-
ThBa 3 ekomusaitry (2005,/32,/EU 1a 2009,/125 /EU),
a TakoK [[MpexkTuBU MI0/I0 MapKyBaHHSI eHepreThy-
aux mpoaykris (1992 /75,/EU rta 2010,/30/EU)
[4—7]. OcHOBHOIO METOIO IIMX HOPMATUBHUX AKTIiB €
CTUMYJIIOBAHHS BUKODHUCTAHH4 aJIbTePHATUBHUX Ta
BiJTHOBJTIOBAHUX [IPKEpeJl eHeprii, 3/iliCHeHHS Tep-
MoMoziepHizanii 6y/iBesb, yIOCKOHATEHHS CHCTEM
Terio3abe3neueHHs yepes JlellenTpasisaiiio abo Jio-
KaJlisalilo, IIOCTYIIOBEe 3HUKEHH:A TeMIIepaTypu Tell-

JIOHOCiSI, a TaKOK IIMpPIIE BIIPOBA/KEHHS TEIJIOBIUX
HAcoCiB i3 3aCTOCYBaHHSIM €KOJIOTiYHO Oe3MeuyHnx
XOJIOJIMJIbHUX are’TiB. Y pe3yJbTaTi TaKUX 3aX0/liB
nepen6adaeTbes 3HauHe cKopoueHHsT BUKHIIB CO»
Ta 3MEHIIEHHS 3aJIe’KHOCTi BiJl BUKOITHOTO IIAJIMBA.
Bianmosigro no [8], omwmcani Bumie crparerii MaooTh
3aIIpoBa/KyBaTHCS KOMILJIEKCHO dYepe3 OIiHKY iX
CHUHEPrivYHOrO BILIMBY Ha OCHOBi METOAY BUTPATU-
BUTOJ]a 3 MAaKCUMaJIbHUM 3aCTOCYBAHHAM MiCIEBUX
JUKEpeJI eHeprii.

Y wnamit kpaini cucremmn IleTII Takox moci-
JIAI0Th BaroMe Miclle cepeji CIOKMBadiB eHepreThy-
HOTO ceKkTopa. 3a januMu MiHicTepcTBa perioHasb-
HOTO PO3BUTKY YKpainu, 6u3bKo 42 % yChOTO Tel-
JIOTIOCTaYaHHST 320€3MEeUYETLCSA caMe TAaKWUMU CUCTe-
MaMu. BoHUW TOKpMBaiOTh MOTpe6U 1O Terry Ipub-
3o 60 % skurmoBoro ¢onay Ta 3a6e3MedyioTh
6isbm 40 % morpeb ILEeHTPai30BaHOIO Iapsyoro
pogonocrauanig (IBII). TakuM 4MHOM, IPAKTHYHO
KOXXeH YeTBEPTHH TPOMAJSHWH OTPUMYE TEIJIOBY
€HEeprilo uepes LeHTPali30BaHi TEIIOBI MEPEXKi.

TemnnonocTavyaabHi opraHisailii >KHUTJIOBO-KOMY-
HaspHOI cdepu € HaWOIIBII €HEPrOBTPATHUMU
o6’exramu rocriogapioBanns. [locrauanHs TemnaoBoi
eHeprii € He JmIe 3HAUYHNM (PiHAHCOBUM DHHKOM 3
ypaxyBaHHSIM MacinTabiB CIOKWBAHHSI Ta BTPAarT,
aje # BaXKJIMBUM COIiaJIbHO-TYMaHiTapHUM aclleK-
TOM, KUl 6e31ocepeJHbO BILIMBAE HA SKiCTh SKUTTS
3HauHOi yacTuHU HacesjeHHd. lle migxkpecsioe ax-
TyaJbHICTh BIPOBA/KEHHS CY4YacHWX Ta OOTPYH-
TOBaHUX MiZIXOMiB 0 (opMyBaHHS TapudiB HA Tell-
JIOBY €HEPrilo, siki MatoTh 6a3yBaTUCS Ha palliOHAJb-
HOMY aHaJIi3i TemmoBoro 6agaHcy CUCTEMH TEILJIONO-
CTa4yaHHS.

Mertoan pocaisKeHHs

VY pannii yac croci6 BH3HAYeHHSI TEIJIOBOro 6a-
JIAHCY BiJIYIIEHOI TEeIIOBOI eHeprii BiJ JoKepeJsia Tel-
gonocravants (TEIL, korembni) cucrem IIeTIT y
BOJAHY TEIJIOBY MEPEXKYy 3aKPUTOTO Ta BiJJKPUTOTO
TUILy Ma€ TaKi CKJAQJOBi: TEILIOBI BTpaTu y TEILIO-
BHUX BOJISTHUX MepeskaX, peaJli3oBaHy TEILJIOBY €Hep-
rilo Ha oOIaJIeHHd Ta BEHTUJIALII0 Ta peasli3oBamHy
ternioBy eHeprito Ha I'BII, a takoxx Temsosi BTpaTn
y JKUTJAOBUX OyIWHKAX Y BUTJISI TEMJIOBOI eHepril
Ha OIlaJIEHHS 3araJibHUX HEXKUTJIOBUX IMPUMillleHb Ta
y BUTJISAAI TenioBuX BTpaT y cucremi I'BII y peskmmi
ouikyBaHHS Bozopos6opy [9—11].

TenyoBTpaT Ha KOMYHAJIbHY TEIJIOBY €Hepriio
y SKUTJOBUX OY/iBJSX BW3HAYAIOTh 3a PO3MIipOM
IJIOIII OTAJIIOBAJbHUX HEXUTJOBUX IPUMIlllEeHb, a
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TaKOK 3a IOKa3aMM TeIJIOBUX JIiYMJIbHUKIB, IO
BCTAHOBJIEHI HA CTOSIKAX TPY6GOIPOBO/IIB MOCTAYAH-
HST TEIUIOHOCisSE a0 mepe]] HarpiBaJIbHUMU TTPUJIAIA-
MU y HEXWUTJIOBUX KOMYHAJbHUX IMPUMIIICHHAX.

Tennosi Brpatu y cucteMmax I'BII Busnauaiorb 3a
NIOKa3aM¥ TEIVIOBUX JIiYMJIbHUKIB Y IIEHTPAJIbHUX Ta
iHANBiIyaIbHUX TEIJIOBUX ITyHKTaX, 1[0 BCTAHOBJIE-
Hi Ha TPy6OIPOBO/AX, AKi IIOCTAYAIOTh TENJIOHOCIH,
Ta HA MUPKYJAMINHUX TPyOONPOBOAAaX, 32 BUHST-
KOM TeTioBoi eHeprii, sika OyJia BUKOpUCTaHA Tij
Yyac CIOXKMBAHHS rapsg4oi BOAU, IO OGUUCJIOETHCS
32 [TOKa3aMH JIiYNJIbHUKIB rapsiuoi BOAM, BCTAHOBJIE-
HUX Yy KBapTUPaX JKUTJOBUX OYJAMHKIB, MPUMIiIIEH-
HSX KOMepIiitHux a6o GIO/KETHUX YCTaHOB, Opra-
Hisamii.

¥ mamiit kpaiHi lepeBa)katoTh caMe 3aKPUTi cuc-
temu [eTII, ToMy 3 MeTOIO MOAAMIBINIOTO aHAJi3y JI0-
I[IIbHO HATJISIHO 306pasuTH iX MPUHIIUIIOBY CXEMY
(puc. 1).

YMoBHiI To3HaueHHS 10 puc. 1: 1 — mKepeso
termionocravattst ([T) 1; 2 — Bysoua 06JiKy Bijmy-
meHoi TemsoBoi eHeprii #Ha Buxoxai 3 AT; 3 — ma-
ricTpasbHuit TPyGOIIPOBi/l TEIJOBOi Mepexi; 4 —
PO3TOAiIbYMiT TPYOOIPOBi/] TEIIOBOI Mepeki Ha iH-
JIMBi/lyaJIbHUH TENJIOBUN IIYHKT; 5 — CIIOKUBAY Tell-
JoBoi eneprii (kuTOBMIT GyAMHOK) Ha TOTpPe6U
onanenHsi, BentussAlio ta [BII na mpsimomy BBOfI;
6 — By30J 06JIKY TENJIOBOI eHeprii crmokmBaya Ha
notpebu onaseHus, Bentusiiio Ta I'BII; 7 — ene-
BATOPHUII By30J;; 8§ — BOJAONIZIrpiBau CcUCTEMHU
I'BII; 9 — Tpy6onpoBiz X0J0/{HOT BOAX 3 TIiBUIILY-
BaJIbHUM HacocoM; 1) — mogaBabHMIA TPYOOITPOBi
rapsvoi BoJW 3 By3JI0M 00JIiKy TerJioBoi eneprii; 77
— Tpy6onposij (CTOSK) CHCTEME OITAJEHHS 110 KBap-

JIeHHsI 1O CXOJ0BUX; /3 — HarpiBajbHi Npuaagn
(Garapei onanenns); 14 — KBapTUPHUI JiUMIBHUK
rapsuoi Boau; 15 — kpas rapsidoi Boau; 16 — 1ieHT-
panbuuii Termosuit yukt (IITTD); 17 — posnoiib-
ymii Tpy6ompoBia TemmoBoi Mepexi micas LTI 718
— CIIOKMBA4y TeIJIOBOI eHeprii (xuTaoBUil Oy -
HOK) Ha 110Tpe6u omnaJjieHHs, Bentusiito ta TBIT He
Ha IPIMOMY BBOZli; 19 — TenJoBUl JiUMJIbHUK Biji-
IyIIeHol TelJIoBoi eHeprii 3 rapsiuoio Bojo0; 20 —
NUPKYJIAIi NI Hacoc; 21 — TUPKYJIANiHHUN TPY-
60OIPOBi/l Tapsguoi BOJAU 3 BY3JOM OOJIiKY TEIIOBOT
eHeprii; 22 — By30J 06JIKY BiJIlylIeHOI TETIOBOT
eHeprii mepen cnoxuBauamu; 23 — BY30J OOJTIKY
Bi/ITYTIIEHOI TEMJIOBOI eHeprii Ha TPyOONpOBOi Ma-
rictpaJsi nepeMuyku pesepByBaHHs Mixk [AT; 24 —
TpyO6orpoBia Marictpasi nepemuuku Mixx [AT; 25 —
peBepCUBHA IIi/IBUIlyBaJbHa HACOCHA CTAHIig Mix
AT; 26 — AT 2; 27 — marictpajsbHuit Tpy6oIpoBia
3i 3MEHIIEHNMHU TEeNJOBUMHN HABAHTAKEHHSIMHU BHa-
CJIZIOK NePCIIEKTUBHY IIiIKJII0YEHHS HOBUX CIIOXKUBA-
4iB a60 y 3B’A3KY i3 BiJKJIIOYEHHSIM [iI0UYUX CIIOKH-
BauiB; 28 — By30Js 0GJIKY BiJIylIEHOI TEIJIOBOI
eHeprii Marictpami 27.
Cucremn IleTIl, sk mpaBusio, € ayXe posraiy-xe-
HUMHJ, MIO BKJIOYAIOTh 3HAYHY KiJbKiCTh TpUES-
HaHb CIOKUBAYiB /10 MaTiCTPaJbHOTO TPYyGOIPOBOLY
4K 32 IPSIMUM BBOJIOM Yepe3 iHAWBifyaJbHe TeIIo-
noctavaung (ITII), Tak i CrOKMBA4iB, IMiAKJIOYE-
HUX He Ha npsamoMmy Beoai (uepes I[TII). 3 mero
CTIPOIEHHS Ha puc. 1 306paskeHo JBa i IKITI0YEeHIX
CIIOKUBAaYi: OZMH Ha IPAMOMY, a iHIIMI He Ha Ips-
MOMY BBO/i.

YunHi Ha faHUl MOMEHT peryJissiTUBHI /IOKyMeH-
1 [9, 10] BU3HAUAIOTD METOAUKY PO3PAXyHKY Tell-
JIOBOTO GAJIAHCY CHCTEMU TETIONOCTAYaHHS Ta BeJIU-
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Puc. 1. [Ipunnunosa cxema 3akputoi cucremu LeTII.

Figure 1. Schematic diagram of a closed district heating system.
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YUHY HOPMATUBHMX TeIsIoBUX BrpaT. HopMarusHuit
nokymeHnT [9] pexomemnjye o64MC/IIOBATU TEILIOBI
BTPaTU y BOJAHUX TEILJIOBUX MEPeXKax yepes TeIIo-
By i301if0 TPyOOIPOBOAIB 3a/eXHO Bif crocoby
MTpOKJIaianHs TensoBoi Mepexi. [liaxig mossrae y
OGUHCJIEHH] TEIJIOBUX BTPAT Y BOJSAHIN TEILIOBIN Me-
peki Ha Bcio i1 JOBXKWHY, TOOTO PEKOMEHIYETBHCS
BUOY/IOBYBATH TEIJIOMEPEXKY B OJHY TIOCJiJOBHY
MmaricTpanb. HacripaBzi TOTOKM TeNJIOHOCIS pO3X0-
JATbCA BiJl JUKepeJa paliaabHo ITapajeJbHUMA TEIl-
JIOBUMU TIOTOKAMM KiJTbKOX MaricTpaneii. Brazanwit
HOPMATUBHUI JOKYMEHT HE BPaXOBY€E TEIJIOBHII TIO-
teniian (eHTambIiio) Ta HOro 3MiHy y Maricrpaib-
HUX Ta PO3NOJiJIbUMX BOJASHUX TEIJIOBUX Mepeskax
(Tpy6omnpoBoiax) 3 ypaxyBaHHSIM HOTO 3MEHIIEHHS
3aJIe’KHO BiJl BIJJJJAJICHOCTI BiJ JpKepeJa TeIlIolo-
cTayaHHA. Y pesyJbTaTi He BpaxXyBaHHS IIbOTO TIiJ
yac BU3HAUEHHs TUTOMUX TEIJIOBUX BTPAT yepes Tell-
JIOBY i30JIA11i10 TPyOOIIPOBO/LY BOJSTHOI TEILIOBOI Me-
peKi A4 IepHuX CIOXKUBAYiB OTPUMYIOTH 3aBU-
LIeHH] 3HAaYeHHS CyMapHUX TEIJIOBTPAT, a [IJIs OCTaH-
HiX — 3aHmwkeHi. HopMatuBamii moxyment [9] pos-
IJIs1/1a€ TEIJIOBI BTPATH y TEIJIOBUX BOJASIHUX Mepe-
skax 0e3CHCTEMHO Ta IMOMUJIKOBO BiJJTHOCUTH TEILIOBI
BTPATH CIIOXKWBAYiB [0 TETJIOBUX BTPaT y TETJIOBiil
Mepexi.

Y noxymenti [10] HaBemeHO HOPMOBaHI 3HAYEH-
HS Cepe/iHiX MmapaMeTpiB TEMJIOBUX BTPAT Y BOJASTHUX
TEIIOBUX MEpeXKax, AKi 3aJiexKarTb BiJl MPOTAKHOCTI
MepesKi Ta 3HAYCHDb BiJIYIIEHOI TEII0BOI eHeprii Bijg
mkepesa. HaBeneni pexkoMmenparii cepemnix mapa-
METpPiB MAIOTh Jy’Ke 3aBUIIICHI 3HAYEHHS.

Y crarti [12] mpaBUibHO @ TOYHO MHIAIIIN 10
mpo6JjieMy BU3HAYEHHS TEIJIOBUX BTPAT y BOISTHUX
TEeILJIOBUX Meperkax, ajle y Hiil BiacyTHill cucreMuuil
migxin o kaacudikaiii BH3HAYEHUX TETLIOBUX
BTpaT y BOJAHUX TEIJIOBUX Mepeskax. Y BOJSIHUX
TEIJIOBUX MepekaX iCHYIOTb TPU BHAU TeIJIOBUX
BTpaT: HOPMAaTUBHI TEILIOBI BTPATU 4epe3 TeIIoBY
1301411110, HAIHOPMATUBHI TEILJIOBI BTPATU Yepes3 Tell-
JIOBY 1i30Ji411i10 MaricTpajbHUX TPyOOMPOBOIIB Ta
TEIJIOBi BTPAaTH 3 BUTOKAMU MEPEKEBOI BOJU — TOX
Tpeba TPaBUIbHO PO3TIOAIUTH TIEBHI TEIJIOBi BTpa-
TH 32 TIOKa3HUKAMU BY3J1iB 06JIiKY TEIJIOBOI eHeprii,
1106 MPaBUJIBHO Ta e(EKTUBHO BIJIMBATH HA TIOAAJb-
11le TOYKOBE 3aCTOCYBAHHS iHBECTHILIH JJIsT 3MEHIIIEeH-
HS TEIIOBUX BTPAT y BOJSHUX TEIJIOBUX Meperkax.

Pazom 3 TUM y Hail Yac TeIJIONOCTa4yasbHi Iij-
[IPUEMCTBA YKpaiHu TenaoBuil 6anaHc BiAmymnieHol
€Heprii Bij| pKepesia PO3paxoByIOTh 32 BUPA30M, Ha-
BeneruM y [10], kBr-rox a6o I'kaur:

Qtot = Qdis.i.ﬂ + Qdis.isZ + Qnd.cont + QDHW’.ixe~ (1)

e Qup — CcyMapHa BiJIyleHa TelsioBa eHepris Bij
JUKepesa JI0 JKUTJOBHUX, KOMEPIIHHUX Ta OI0/KeT-
HUX CIIOKUBaYiB; Quisist — TEIJIOBI BTpaTh y BOASA-
HUX TEIUIOBUX Mepekax dYepe3 TEIUIOBY i30/ALilo
TPyOONPOBOMIB;  Quis.is2 HOPMaTUBHI TEILIOBI
Brparn y cucremax leTIl 3 Burtokamm mepeskeBoi
BOJAU B OCHOBHOMY Y BOJSHUX TEILUIOBUX MepexKax
[11]; Oud.cor — CyMapHa peasizoBaHa TEIJIOBA €HEP-
rist, CHOXKWUTA HA TOTPEOH OMAJEHHST Ta BEHTHUJISILIT;
Obpnw.ise CyMapHa peajidoBaHa TeIIOBa €HEpPrig
y cucremax ['BII.

Opnak Bupas (1) Mae HETOUHOCTI Ta He Bpaxo-
By€ JledKi IIPUXOBaHi TEIJIOBI BTpaTu y CUCTEMaX
HeTII, saxi TakoX BILIMBAIOTH Ha TEPCHEKTUBU IIO-
JIAJIBIIOr0 €KOHOMIYHOIO 3POCTaHHSA TEILIONOCTaYalb-
HUX TNPHEMCTB, Ha e(DeKTHUBHUI PO3MOiI iHBeC-
TUI} 3 METOI0 3MEHIIEeHHS TEIJIOBUX BTpAT y INUp-
MIOMY Jlialla30Hi Ta He CIPUSIOTh Mpo3opomy (op-
MyBaHHIO Tapu@iB Ha TeIJIOBY eHeprilo [/ Hace-
JIEHHSI, KOMEPIIHHUX Ta OI0/I)KETHUX CIIOKUBAYIB. Y
3B’SI3Ky 3 I[UM CTaJI0 He KOPEKTHUM Ta He TIpoTrpe-
CUBHUM 3aCTOCYBAaHHS PEryJIATUBHUX HOPMATUBHUX
nokymenTiB [9, 10], mo 6a3yioTbcs Ha TTOMHJIKO-
BOMY Ta HEITOBHOMY BUPa3i, 10 CIPUYNHSIE 36UTKU
TEIJIONOCTAaYaJIbHUM MiATIPUEMCTBAM.

Mera gocaiaxeHHs

Merta 1iei po6OTH TOJIATaE B YTOUHEHHI po3pa-
XYHKY TeIJIOBOro 6GaJlaHCy BiAIyIIeHoi TermJIoBol
eneprii Big TEIT (xoremsni) y cucremax IIeTII Big-
KPUTOTO Ta 3aKPUTOrO TUIY 3 ypaXyBaHHS CUCTEMHO-
ro IiIXOAY 0 TEIVIOBUX BTpAT TEILIOBOI €Hepril y BO-
JITHUX TETLIOBUX Mepeskax Ta crokuBauin [13, 14].

BianosigHo 0 MeTu moctaBJieHe 3aBIaHHA 3 PO3-
poG6JieHHsS] OHOBJIEHOTO TEIJIOBOTO 6ATaHCy Ta YTOY-
HEHHSI CKJIQIOBUX TEIJIOBUX BTPAT BiIyIEHOT Ter-
noBoi eHeprii cuctemu LeTII. /Jocaraerns mocTas-
JICHOTO 3aBJlaHHS BHUPIUIYETHCA THUM, IO IIPOIOHY-
€THCS HOBUH MiAXiM IO PO3PaxyHKY TeIJoBOro 6a-
Jancy BianymeHoi tensosoi eneprii Bijg TEILL (xo-
tesibHi) y cucremax LeTII y BoASHUX TEIIOBUX Me-
pekax 3aKpUTOro Ta BIAKPUTOIO THUILY.

Hapasi no TenJioBoro 6ajsaHcy BKJIIOYAIOTh TaKi
CKJIQJI0OBi:

— HOPMAaTUBHI TEIJIOBI BTpaTU y BOASAHUX TEIl-
JIOBUX Mepeskax depes TEIJIOBY i30JI11i10 TPyOoIpo-
BO/IiB;

— HOPMAaTHUBHI TENJIOBi BTPaTH y BOISHUX TeTl-
noBux Mepeskax Ta cucreMmax lleTII 3 BuTokamu Me-
PEKeBO1 BO/IM;

— EHEProcloXWBAaHHSA Ha OMAJeHHS 3a TOoKa3a-
MU JTiYUJIbHUKIB TelJia, BCTAHOBJEHUX Y TEIJIOBUX
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IIYHKTaX CIIOKUBAYiB;

— €HEeproCIOoKUBAHH 111/l Yac NIOCTAaYaHHs raps-
4oi BOJM, peasi3oBaHa TEIJIOBA €HEPrid 3 CUCTEeMU
MOCTAYaHHS TapA40i BO/M 32 TTOKa3aMU JIiYMJIbHUKIB
rapga4oi BOAM, BCTAaHOBJICHUX Yy CIIOJKUBAYiB.

[omaTKoBO 0 BKa3aHUX BUIIE CKJIAJOBUX aBTO-
paMu IIPOIOHYETHCA BBECTU JOJATKOBI CKJIaJ0Bi
TEIJIOBOIOTO 6aslaHCy BiJIIyINEHOI TEIIOBOi eHep-
rii, a came:

— y SKUTJIOBUX OY[iBJISX TENJOBTPATH y TIPUMi-
IEHHAX 3arajJlbHOIO0 KOPUCTYBaHH#, fAKi BU3Hauya-
IOTb Yepe3 BUMipPIOBAaHHA ILJIOIII ONAIIOBAJIbHUX He-
SKUTJIOBUX IPUMillleHb Ta BUMipIOBAHHA TeMIlepaTy-
pH y CTOSKax TPYOOIMPOBO/IB MOCTAYAHHS TEILITOHO-
cist, abo mepe/] HarpiBATbHUMH TIPUJIAZIAMU Y HEKUT-
JIOBUX KOMYHAJIbHUX IPUMINIEHHAX, a60 3a IOKa-
3aMH TEILIOBUX JiYWJIbHUKIB, 1[0 TaM BCTaHOBJIEHI;

— TtemsioBi Brparu y cucremax I'BII, saxi Busna-
YAIOTh 32 IOKA3aMM TEIJIOBUX JIYUJIbHUKIB y LIEHT-
pabHAX Ta IHAWBIAYAJbHUX TEIIOBUX ITyHKTaX,
10 BCTAHOBJIEHI Ha TPYyOONPOBOJAX, SKi TOCTaya-
I0Th TETJIOHOCIH, Ta Ha IUPKYJSAIIHHIX TPy6OIpo-
BO/IAX 32 BUHSITKOM TEIJIOBOi eHeprii, 1o 6yJa Bu-
KOPHCTaHA IIi/l Yac CIIOKMBAHHS TapsA4oi BOJHU;

— IIOHQHOPMATUBHI TEIIOBI BTPATU y BOAAHUX
TEIJIOBUX Meperkax yepe3 TeIJIOBY i30JAIi10 MaricT-
paJbHUX TPYOGONPOBO/IIB BU3HAUEHI i3 3acTOoCyBaH-
HSIM TeIJIOBUX JIiYMJIbHUKIB.

3 ypaxyBaHHSAM HaBeJCHUX BUIIE CKJIAJOBUX PiB-
HSHHS TEIJIOBOTO OGaslaHCy BiAImymeHoi TemoBoi
eneprii cucremu IleTII 3akpurToro Ta BiAKpUTOTO
Tuny Marume Buj, Mk (Tkan):

le = Qdis.1s1 + Qdis.]sZ + Qdis,].@ +

+ Qnd,wnt + QDH‘V,ise + QA,c,ut‘Is + QA.C.bdZ’Z.ISy (2)
a60 y BiJICOTKOBHMX YacTKaXx /IO Bi/IITyIIeHOT TEMJIOBOI
eHeprii BiJ JKepeJia:

100 % = (dis.is1 + dis.Is2 + dis.Is3 +
+ Gud.cont ¥ Goaw.ise ¥ Gacutts T Gacoanss.  (2a)

TyT Qo — cyMapHa BiJllyllleHa TeIJIoBa eHepris
Bi/l /UKepesa J0 JKUTJIOBUX, KOMEPIIHHUX Ta OI0i-
JKETHUX CITOKMBAYiB, BUPaskeHa B aOCOTIOTHUX OJIU-
HULAX; Quis.ist, Gadisist — HOPMATHBHI TEIJIOBi BTpa-
TH y BOJSHUX TEIUIOBUX Mepe)KaxX 4epe3 TeIJIOBY
i30JIs11i10 TPYOONPOBO/IiB, IO PO3PAXOBYIOTD 3T1/HO
[13], BupaskeHi B aGCOTIOTHUX Ta BiTHOCHUX OJIHU-
X BignoBiHO; Quis.1s2, Gais.is2 — NMOHATHOPMATUBHI
TEIJIOBI BTPATH Yy BOJAAHUX TEIJIOBUX Mepekax de-
pe3 TEIJIOBY i30JIA11i10 MaricTpaIbHUX TPYOOIPOBO-

JIiB, 1[0 BU3HAYAIOTh 3a ITIOKa3aMM TEILJIOBUX JIiUUJIb-
HUKiB, BUpPaXeHi B aOCOMIOTHUX Ta BiHOCHUX O/U-
HUISX BiANOBIAHO; Quis.1s3, Gaisis3 — HOPMATHUBHI TeTI-
JIOBi BTpaTu y BOJASHUX TEINIOBUX MEpeXKax Ta CHC-
TeMax IeHTPAJbHOTO TElJIONOCTAYaHHS 3 BUTOKAMU
MepeXKeBOl BOJIM, BUPasKeHi B aOCOJIIOTHUX Ta Bijl-
HoCcHUX OAMHUIAX BiAMOBIAHO [11]; Qud.cont, Gnd.cont
— CyMapHa peaJli3oBaHa TeIlJIOBA €Heprid, CIOXKUTA
Ha MoTpeGU ONMAJIEHHS Ta BEHTHUJAIi, BUpakeHa B
a6COIIOTHUX Ta BiAHOCHUX OAMHUIAX BiAIMOBIJIHO;
Obuw.isey, GpHW.ise — CYMapHa peajli3oBaHa TeIJoBa
€Heprig y cucreMax rapsyoro BOJAOIIOCTaYaHHH, BU-
pakeHa B aGCOJIIOTHUX Ta BiTHOCHUX OJAMHUIISAX BiJl-
NOBiTHO; Qu.c.ut.isy, GA.cut.ls — TEIJIOBTPATH Y >KUTJIO-
BUX OY/IiBJSX y TIPUMINIEHHSX 3araJbHOTO KOPUCTY-
BaHHSI, BUPpQ)KeHI B aGCOJIIOTHUX Ta BiJHOCHUX OJIH-
HUIAX BiNOBiAHO; Qu.cbathts, Gacbathis — TEILIO-
BTPaTy CIOXKMBAYiB Y CUCTEMi rapsg4oro BOJAOIIOCTa-
YaHHs, BUpasKeHi B aGCOIOTHUX Ta BiJHOCHUX OJU-
HUISX BiJIIOBiJHO.

HopmartuBai TemnsioBi BTpaTu y BOJSHUX TETLIO-
BHUX MepeskaxX depes TEIJIOBY 130JIA1iT0 TPyOGOTpOBO-
[iB, BUPaXXCHi y BiIHOCHUX OJUHUIISAX, PO3PAXOBY-
10Th 3a popMy.JI010:

Gaisist = (Eaisist - L) /100, (3)

ne Eqisist — TUTOMI HOPMaTHUBHI TEIJIOBTPATH y BO-
JITHUX TEILIOMepekax, 1o Nmpuxosarbes na 100 m
TeTIOMepeXi, %; L — TOTOYHE 3HAYEHHS JOBKUHU
BoAsTHOI TemsioBoi Mepeski Bix [T mo cepemnbocra-
TUCTUYHOTO CIIOKMBava, M.

[HImIOIO BiAMiIHHICTIO IIPOTIOHOBAHOTO MiJAXOAY €
BU3HAYEHHST TTUTOMUX TEIJIOBTPAT Y JKUTJIOBUX 6y-
JUBJSAX Ta MPUMIIIEHHSX 3araJbHOTO KOPUCTYBaHHS
yepes BIAIOBIAHI ILJIONII IPUMIIIEHD:

qA.cutls = (A.c.uhtot /Aap(lrlmenl.mt) : 100 %, (4)

ne A.cuttor — CyMapHa TJIONIA TIPUMIIIEHDb 3aTaJIbHO-
r0 KOpPHCTyBaHHS y OyAiBJi, mo onamonTtbesa (xo-
JIM, KOPHUJOPU 3arajbHOrO KOPHUCTYBaHHS, CXO/H,
]Ii(bTH Ta 1H)7 Mz; Aapartment.zot CyMapHa ILjoMla
kBaprup (npuMitiennb) y GyiBIIi, 10 OMATIOETHCS, M2,

3amnporoHOBaHMIT Ti/IXi/l TAKOXK BiJIPi3HIETHCS
TUM, TIO 32 TETJIOBUM GAJIAHCOM BiJIITyTIeHA TETJIOBA
€Heprid IicJgd BOASHUX TEIJIOBUX MePEXX BTPAYAETh-
cs1 y cucremi I'BII sxutinoBoro 6ynHKy, a ii 3HayeH-
HsI OGUUCJIIOIOTh €KCIIEPUMEHTAIBHO CITiBBiIHOIIEH-
HSIM peasi3oBaHOi TEMJIOBOi eHeprii 3 BOAOPO36ip-
Hux kpaniB cuctemu I'BII Qpuw.ise 10 cymapHOi pea-
JII30BaHOI TEIJIOBOI eHeprii y cucreMi onajieHHSA Ta
BEeHTUJIAIIT Qjd.cone IBOTO JKUTJIOBOTO OYIUHKY Y Ce-
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peJHbOMY 3a ONAJIIOBAJIbHUIA 11epiol i3 po3paxyHKy
Ha MicsIb.
TennoBrpaTi croXKUBauiB y cucreMi nocrayaHHsa
rapsiaoi BOAW BU3HAYAIOTHCS 34 BUPA3OM, Yo!
QA.c.bal/z.Is = EPDHW’.use ° I<y (5)
ne K — xoedillieHT 3HAYeHHS TEMJIOBTPAT Y CHUCTe-
max I'BII, K = 0,55-0,7.
Y Bupasi (5) nurome CHOKMBAHHS eHeprii mpu
IIOCTayaHHi TapA40i BOAU BU3HAYAETHCS 3a BUPA3OM:

EPDHW'.use = (QDHW'.use /Qnd.ﬁond) . 100 %~ (53.)

Pe3yabraTti gociakeHHs

Ha puc. 2 naBesieHo rpadik MUTOMUX TEIJIOBUX
BTpaT y BOASHUX TEIIOBUX Mepekax, MoOyI0BaHUI
BiAmoBiHO 10 pekomenmamiit [10, . 3.1.8, c. 41].

3a pe3yJibTaTaMy aHami3y puC. 2, MOKHA 3pO6H-
TH TaKi BUCHOBKU:

— BiZICyTHA TpsIMOJIiHIMHA 3aJeXHiCTb Terio-
BTpAT BiJl JOBXXUHU BOJAHOI TEIJIOBOI MEpexKi;

— Ha JOoBXKWHI TemymoBoi Mepexxki 1o 1000 M rpa-
(bik Mae KpyTHil HAXWJI, YIM 3aBHIILYE TEIJIOBTPATH;

— MAaKCUMaJibHe 3HAYEeHHsSI TEIIOBTPAT y BOJS-
Hiit Tertomepesxi (13 %) BiANOBia€ 3HAYEHHIO JI0B-
JKMHM BOJSIHOT TeryioBoi Mepexi 6jm3bko 2170 M,
0 € JIOCUTb 3aBUINEHUM 3HAYEHHSIM IS PeaJbHIX
TETLJIOBTPAT BOASHOI TEIJIOMEPEKI.

Ha puc. 3 no6ynoBani aBa po6oui rpadiku 2 it
3 MATOMUX TETJIOBUX BTPAT BOASHUX TEIJIOBUX Me-
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2000 2500

Puc. 2. 3anexHicTh THTOMUX TETJIOBUX BTPAT Y BOJSHIX
TENJIOBUX MeperkaxX BiJl JOBXKMHU TEIJIOBOI MepesKi.

Figure 2. Dependence of specific heat losses in water
heating networks on the length of the heating network.

PEX Gais.ist TA ABA poboui rpadikm 2A it 3A muToMUX
HOPMaTUBHUX TEIJIOBUX BTPAT BOJSHUX TETJIOBUX
mepex Egisrst 3a nanumu [10]. Ak 6a30Bi 3HaueHHs
Just tpadpikiB 2 i 2A B3ATO TEIIOBI BTPATH BOJASHOT
TemIoBoi Mepexki Ha Bifcrani 500 M (2,9 %) Ta 1000 M
(4,8 %) Big AT (Micis BcTaHOBJEHHS By3Ja 06Ky
BiZlITyTIIEHOT TeIJI0BOT eneprii). Ipadiku 3 it 3A, mo
MaloTh IIPSIMO MPONOPLIlHY 3a/e)XHiCTh 3a BUPa3oM
(4), mo6ynosani Ha OCHOBI Po3pobieHuXx rpadikis
2 %1 2A. [lng mporo 3HAlAeHi KOOpAWHATHA TOYKH A
Juist ipotsikHocTi 100 M BOJSHOT TemioBOI Mepesxi,
ne BignosigHo 10 Bupasy (4) Gaisist = Eaisist
0,66 %. 3 oxmiel Ta Tiei camoi Touku GyayIOTH Tpa-
dikm 2 it 2A ta 3 it 3A. I'padiku 3 it 3A e Giabm
TOYHUMU Ta TMPUIAHATHUMU JIJIsT BOJSIHUX TETJIOBUX
Mepesk, a rpadiku 2 i 2A € HEMPUITHATHUMHA Ta 3a-
Buiienumu. padik 2 pocsirae 3navenns 13 % nuro-
MUX TEIJIOBUX BTpaT Ha JiJAHLI TEIJIOBOI MepexKi y
touri B Ha Bigcrani 5560 M. Kyt maxumy BepXHbBOI
NpAMOJiHifHOT yacTuHM Tpadika 2 € mapaneJbHUM
opieHTHpOM I 10GY/I0BM peasbHOTO rpadika 3
MATOMUX TEIJIOBUX BTPAT BOJSHUX TEIJIOBUX MEPEIK
JI0 TIEPETUHY 3 MAaKCUMAaJbHUM 3HAYEHHSM TETIJIOBIX
Brpat 13 % y rtouni C na Bigcrani 6960 M mpoTsix-
HOCTi BOJAHOI TEILJIOBOI MEpPeXi /10 CEPe/IHbOTO CIIO0-
JKMBAYa CUCTEMU TETLJIONOCTAYAHHS.

UucioBi 3HaUYeHHS TMOKA3HUKIB TMHUTOMUX (gis.Ist
Ta TUTOMUX HOPMATUBHUX Egjs 51 TETLIOBTPAT y BO-
JITHUX TETJIOMEPEXKaxX 3aJIesKHO BiJl TIPOTSKHOCTI Tel-
JIOBOT Mepexki, HeoOXiHi 11t mo6ynoBu Tpadikis 2
ta 2A (quB. puc. 3), nogani y taba. 1.

UucioBi 3HaUYeHHS] TMOKA3HWKIB THTOMUX (yis.Is1
Ta MATOMUX HOPMATUBHUX TETIOBTPAT Egisrs1 Y BO-
JITHUX TETIOMepeskKax 3aJIeKHO BiJl IPOTSKHOCTI Tell-
JIOBOI Mepeski, HeoOXiHi s o6yoBu TpadikiB 3
ta 3A (puc. 4), nogani y tabm. 2.

Ha puc. 4 naseneno rpadik 3, axuii Bignosinae
peaJbHUM TMHUTOMUM TEIJIOBUM BTpaTaM y BOJSHUX
TETNJIOBUX Mepexkax, Ta Tpadik 3A peasbHHUX MUTO-
MUX HOPMATHBHUX TEIJIOBUX BTPAT Yy BOJSTHUX Tell-
noBux Mepexxax. IligrBepmkentsm Toro, mo rpadik
3 € 6ispin TouHUM Ta GiJIbllle BiJIIOBi/fae peasbHUM
3HAUYEHHS MUTOMUX TEIJIOBUX BTPAT, € Te, IO rpa-
ik 2A #f 3A NUTOMHX HOPMATWBHUX TEIJOBUX
BTpaT BOJSAHOI TEIJIOBOI MepeXki CliBIaJalTb Ha
BizcTani TensoBoi Mepeski y touni C 3i 3HaYeHHAM
6960 M B oiny JiHilo, a rpadiku 3 it 3A (BizmosiHO
i mami Taba. 2) MOKHA 3a IOTPeOU MOJOBXKHUTHU BiJ-
nosizHo 10 Bupasy (3).

Y pasi nmomomkeHHs Tpadika 3 micas JoCAT-
HeHHsT TerioBux Brpar Buiie 13 % y Tourti C muromi
TETLJIOBI BTPATU MMOYMHAIOTH 3POCTATH, 1110 €HEPreTuY-
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Puc. 3. IopiBusisbHI Tpadiku NUTOMUX, TUTOMUX HOPMATHBHHMX Ta Bi/OBIJIHUX HUM JiHCHUX THUTOMHX TETJIOBHX
BTpaT y BOJAAHUX TEIJIOBUX MepesKax.

Figure 3. Comparative graphs of specific, standard and corresponding actual specific heat losses in water heating
networks.

Ta6mug 1. TerroBrpaT y BoASHUX TemaoMepexax s rpadikis 2 it 2A ua puc. 3
Table 1. Values of indicators for graphs 2 and 2A (see Figure 3)

Jossxuna tennosoi Mepesxki L, M x107
TensoBTpatn
t | 2 [ 3] 4 | 5 | 10 ] 2 [ 3] 4] s |6 [ 70
Edisist, % 0,660 0,640 0,620 0,600 0,580 0,480 0,330 0,280 0,255 0,240 0,217 0,186
Gdis.ist, % 0,66 1,28 1,86 2,40 290 4,80 6,60 840 10,20 12,00 13,00 13,00
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Puc. 4. [liiichi nuTtoMi Ta nmUTOMi HOPMATUBHI TEIJIOBi BTPATU y BOJSHUX TEIJIOBUX MeperKax.

Figure 4. Actual specific and standard specific heat losses in water heating networks.



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3 99

Ta6auus 2. TenaoBTpaTu y BOASAHUX TelioMepes:kax s rpadikis 3 it 3A na puc. 3 ta 4
Table 2. Values of indicators for Graphs 3 and 3A (see Figures 3 and 4)

Jossxuna tenosoi mepesxki L, M x1072
TensoBTpatn
t [ 2 | 3 ] 4 | 5 | 10 ] 2 |3 ] 4 ] s | e [ 70
Euais.ist, % 0,660 0,420 0,340 0,300 0,276 0,228 0,204 0,196 0,192 0,190 0,188 0,186
Gdis.ist, % 066 084 1,02 1,20 1,38 2,28 4,08 588 7,68 948 11,28 13,00

HO HEMOKJMBO. Y PeajbHUX YMOBAX MUTOMIi TeTLIo-
Bi BTpaTl €HepreTUYHO MPOJIOBXKYIOTh 3HIDKYBATUCS
3a rpagpikamu 2A it 3A. Tomy rpadik 3 He nepesu-
IIy€e TEILIOBI BTPATH TEMJIOBOI Mepexi Gisbmr 13 %.

[IponioHoBanuii miAXis BU3HAUae y CHUCTeMax
eTII sakpuToro Ta BiAKPUTOTO TUITy TIOHAIHOPMA-
TUBHI TEIJIOBI BTPaTH yepes3 TEIJIOBY 130JILi10 TPYy-
GOTIPOBOJIIB Yy BOJSHUX TEIJIOBUX MEPEXKaxX 3a MOKa-
3aMM TEILJIOBUX JIIUMJIbHUKIB BiJIHOCHO BiJIyIIeHOI
teriosoi eneprii Big TEIL (korensni) y MBr (T'kair)
Ta BiJICOTKOBHX YaCTKaxX, i 3aCTOCOBYIOTH iX JIMIIE
JUIST MaricTPaJbHUX TPYOOTIPOBO/IIB Y TAKUX BUTIAJI-
Kax, SKIIO:

1) mwxepeo remnonocradanns T (TELL, xoresb-
HsI) BUHECEHE 3 eKOJIOTIYHUX MipKyBaHb 3a MEXi Mic-
Ta. ¥ I[bOMY BUIIAJKYy, Pi3HUIE IOKa3iB TEILIOBOIO
siynabHuKa (JTiYMIPHUKIB), BCTAHOBJIEHOTO Ha BH-
xofi Maricrpani (maricrpaneii) 3 TEIL (korembhi)
Ta TIOKa3iB TEIIoBOro JiumabHuKa (JTiUnJbHUKIB),
BCTAHOBJIEHOTO Ha Marictpasi (MaricTpasnsx) nepej
TIEPITIMY CTIOKMBAYaMy, € TIOHAJHOPMATUBHUMU TeTl-
JIOBUMHU BTpaTaMW y BOJSHUX TENJIOBUX Mepeskax
4yepe3 TEIJIOBY i30J11i10 TPyOOIPOBO/IiB, 110 BU3HA-
vaiothes 3a dopmyJtoio, Mk (Tkan):

QdiS.ISZ = sz - onz,m

(e Quormi — BiamyleHa TEIJIOBa €HEPrisl y KiHili
JUJIAHKM TPaH3UTHOI MaricTpaJi mepej CIOXKuBa-
yaMiu);

2) Mix aBoMa Kepeamu Teriosoi eneprii (TELL,
KOTeJIbHUMMU) TIPOKJIJIEHA JIJIi BSAEMHOTO PE3ePBY-
BaHH4 PeBEpPCHA IepeMUYKa — BOJAHA TEIJIOBA Me-
pexa. Ilpu 1iboMy Ha TPyOGONPOBOAX MEPEMUUYKH Y
KiHI[I BOJAAHOI TEIJIOBOI MepeKi BUKOHYIOTb TEXHO-
Joriuny nepeMuuky (3aKiJbI[IOBAaHHS) 3 METOIO 3a-
XUCTY Biji TIpoMep3aHHs TPyOOIPOBO/IiB Ta WiATPU-
MaHHS TEMIEPaTypPHOTO PEKUMY HEYMCJICHHUX CIIO-
JKMBAUiB, TIPUETHAHNX /IO TIEPEMUYKH. Y ITbOMY BU-
[aJKy PIi3HULA MiXK IIOKa3aMu TeILJIOBOIO JIiYWJIb-
Huka (JIiYMIBHUKIB), BCTAHOBJIEHOTO Ha TPyGOIpO-
Boi (TpyGompoBoax) Ha IOYATKy IEPEMUYKH, Ta
CyMapHUMU II0Ka3aMU TEIJIOBUX JIIYUJIbHUKIB, BCTa-
HOBJICHUX Y CIIOJKMBAYiB, IIPUEJHAHUX JI0 ITePEMUY-

(6)

KI, a TAaKOK 32 BUPAXyBaHHAM Cepe/HiX HOpMAaTUB-
HUX TeIJIOBUX BTPAT JKepeJia yepe3 TeIIOBY 1301~
1ifo Tpy6OIpOBOAiB, HapuKIad, 13 % 10 cCyMu cro-
SKUTOI TEIJIOBOI eHeprii moHaji BKa3aHUX CIIOXKUBA-
yaM# TaKOX HaJeXXaTb /0 TOHQIHOPMATUBHUX Tell-
JIOBUX BTpPAT TEIJIOBOI €HePTii y BOJSHUX TEIJIOBUX
MepeXkax uepe3 TEIIOBY i30JIs11il0 TPyGOIpPOBO/IiB
Ta BU3HA4YaeThes 3a Gopmynoo, M/x (Tkamn):

Quists2 = Quotm2 = (Quisast T Quisss +

+ Qnd.cond + QDH‘V‘,use + QA,c,ut‘Is + QA.c.batlz.Js), (7)

e Qonp2 — BiAIylleHa TeNJIOBa eHEpTis B Marict-
pajb pe3epBHOI PEBEPCUBHOI IEPEMUUKU MiXK ABOMA
JUKepeJlaMy TeILIa.

3 MeTo10 MiHiMi3allil TOHAHOPMATUBHUX TEILJIO-
BUX BTPAT y BOJSHIN TEIJIOBill Mepeski Ta y 3B’ 3Ky
3 HeyacTuM il BUKOPUCTAHHAM 3a IIPOCKTHUM IIPU-
3HAYCHHAM [ B3AEMHOTO pe3epBYBAHHA JBOX JKE-
peJ TemoBoi eHeprii mepeMuykKa Mae€ BiJIOBijgaTu
TaKUM TEXHiYHUM BHMOTaM:

— e(exTBHA peBepcHA TepeMUYKa MiXK JBOMA
JUKepesaMy TeILJIOBOI eHeprii He Mae€ NpPUENHYBaTH-
cs1 10 Po6GOUMX MaricTpaseil TEMIoBOT Mepexki 060X
JUKepeJsi, y IPOTUJIESKHOMY BUIIAJIKY peBepcy He 6y-
Jie. Y BUIAJIKY, SIKINO /10 ePeMUYKU ITpUEHAHI cIo-
JKUBavi, TO Ha 4Yac aBapiliHOl poOOTH TEepeMUYKH
CIIOJKUBAYiB BiJIKJIIOYAIOTh i3 BCTAHOBJICHHAM MeTa-
JIEBUX 3arjylIOK Ha BBO/I;

— MepeskeBa BOJIa IIOAEThCA NePerpiTolo 10 Ie-
peMuuKu, 106 3MeHIuTH i JliamMeTp;

— Ha IepeMuUIli BCTAHOBJIOIOTH PEBEPCHI HACOC-
Hi cTaHIii, o6 3MeHIIHUTH i1 JiaMeTp, a TaKoX J0-
JIaTKOBI MepEeXKeBi HACOCHI CTaHIlil, AKi IijJ 4ac pe-
BEpCY BUKOHYIOTH (DYHKIIT 3MilllyBaJbHUX Hacoc-
HUX CTaHIiN;

— IEePEeMHUUKA IiJKJII0YAEThCA O T0JaBAJIBHOTO
Tpy6ornpoBoay /[IT 2 3a 3MilmyBaJbHOIO CXEMOIO,
mo6 MepeskeBi Hacocu T 2 morsm TpumaTn Habu-
SKEHUI 10 po60YOTo TiIPABIIYHII PEXXUM Y BJIACHII
TEIJIOBii Mepeski Ta y cucTeMi TelsonocTayaHHs B
ijomy;

— HAJJMIIKOBUHN TUCK TeperpiToi MepeskeBoi Bo-
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1y TOJABATbHOMY TPYOOIIPOBOAI Ma€ MepeBHUIIy-
BaTH Ha BY3JIi 3MilllyBaHHS MaKCUMaJbHUI HaJIHII-
KOBHIT po6OUYnil TUCK MepesKeBOi BOJAU Ta Mae OyTH
Gimbmam 0,441 MIla (4,5 krc,/cM?) 0 Bysnia 3Mi-
IyBaHHSA Ta Ha Hbomy. [lig wac 3MmeHmIeHHS Ha[I-
JINIITKOBOTO THUCKY Yy TOJAaBAJIbHOMY TPYyOOIPOBO/II
nepemnukn 10 0,373 Mlla (3,8 krc,/cm?) 3 Teme-
parypuuM rpadikom MepeskeBoi Bomu 150—60 °C
MosKe BiiOyTHCs 11 3aKUIIaHHS, 10 MPU3Be/E /10 BU-
HUKHEHHS TiIpoyJapy.

Y cydacHMX TeIJIOBUX Mepekax Ta CHUCTeMax
1IEHTPAJIbHOTO TeIJIONOCTAYaHHs MicJs 3MEHIIEeHHS
Temneparypuux rpadikis 150—95-70 °C rta 130—
95-70 °C 10 3HMKEHOTO TPUPOHOTO TeMIepaTyp-
noro rpadiky 110—-80-60 °C 3 koedinientom 3Mi-
IIyBAaHHS Ha eJIeBaTOPHUX By3J1ax u = 1,5, Axuil Ha-
6mKaeTbes 0 KoedilieHTa 3MiNTyBaHHS Ha eJieBa-
TOPHUX By3JIaX IpU TeMneparypHoMmy rpadiky 130—
95-70 °C 3 u = 1,6, miameTpu coles eJeBaTOPHUX
BY3JIiB He 1epepaxoByIOThb Ta He 3MiHIOIOTh. Koedi-
LI€HT 3MilIyBaHHA Ha 3MilTyBaJbHIUX HACOCHUX CTaH-
nigx u = 0,8, 110 3MeHIye BUTPATy MepesKeBOi BOJAU
yepe3 TPyOONPOBi/l IEPEMUYKHN MalizKe y/IBiui;

3) [T mae marictpanbhuii poGounii Tpy6oIpo-
BiJl, IPOKJIQ/IeHNH 1IJIAaHOBO Ha INEPCIIeKTUBY i3 3aBU-
L[EHUM JiiaMeTPOM, 1110 Ma€ TEXHOJIOTIYHY IepeMuy-
Ky (3axiJbIIOBaHHA) [/ 3aXKUCTY Bi/l IPOMEP3AHHS
TPYOOIIPOBOIB Ta MiATPUMAHHS TeMIIePaTypPHOTO
PEXKUMY CIOKMBAUiB, IPUEJAHAHUX 0 TaKOI Maricr-
paJi. Y 11boMy BUIQ/IKy Pi3HMILS TIOKa3iB TEIJIOBOTO
JIYMJIbHIKA, BCTAHOBJIEHOTO HA TPYOOMPOBOAAX HA
IIOYaTKy MaricTpaji, 3a BUpaXyBaHHAM II0OKa3iB Tell-
JIOBUX JIIYMJIbHUKIB, BCTAHOBJIEHUX Y CIIOJKUBAUiB,
[IPUEAHAHNX /10 JaHOI MaricTpaJi, Ta 3a BUpaxXyBaH-
HAM cepelHiX HOPMaTUBHUX TEIJIOBUX BTpAT JXKe-
pesia depes TEIIOBY i30JsMif0 TPyOOIPOBOAIB, Ha-
mpukaa, 13 % 0 CyMU CIIOKHUTOI TEILJIOBOI €HepTii
BUI€3a3HAYCHUMH CIIOKMBAaYaMM TaKOX € IIOHA[-
HOPMaTHUBHIMMU TEIJIOBUMH BTPATaMU Y BOJSHUX TeIl-
JIOBUX Mepeskax depes TeIJIOBY i30JIAII0 Ta BU3HA-
vaeTbest 3a popmysioo, Mk (Tkan):

Quis.is2 = Quot.ms = (Quisast + Quisass +

+ Qnd,cond + QDHVV..use + QA.c.ut.Is + QA,c,bat/L.Is)~ (8)

ne Qo3 — BiJYIIIEHA TEIJIOBA €HEPTisl y Marict-
pasbauii po6ounii TPy6ONPOBi/, TIPOKJIAJAEHIH T11a-
HOBO, Ha IEPCICKTUBY.

¥ Bumazkax, KO yMOBHUH JiaMeTp MaricTpaJib-
Horo TpyO6orpoBosy ckiagae 300 MM Ta MeHIIEe, TOI
TPYG6OTIPOBi/I TEXHOJOTIUHOI MEPEMIYKH JJISI 3aX¥C-
TY Mepexxi Biji poMep3aHHs Mo)Kke GyTH BiJICyTHI,

ajle TIpU IIbOMY TeMIleparypa y IOJaBaJbHOMY Ta
3BOPOTHOMY TPYOOIIPOBOJIAX € MEHIIOI0 HOPMH Ha
4 °C Ta 6iybmie 6iJig KiHIIEBUX CIIOKUBAYiB;

4) [pKepesio Ma€ MaricTpajbHui pobounit Tpy60-
MPOBiJ, Bifi SKOTO BigKIIOUUIACI 3 06 E€KTUBHUX
NPUYUH 3Ha4YHA YacTHHA CIIOXKUBAuiB Ta KUl Mae
TEXHOJIOTYHY TrlepeMudKy (3aKiJbIIOBaHHS) Vs 3a-
XUCTY Biji TpoMep3aHHsl TPyOOIPOBOIIB Ta MiATPHU-
MaHHs TeMIEpaTypHOTO PeKUMY CIIOKMBadiB, MpU-
€JTHAaHUX /10 JaHoi MaricTpasi. Y IIbOMy BUIAJKY
Pi3HMIA TOKa3iB TEIJIOBOIO JIiYMJIbHUKA, BCTAHOB-
JIEHOTO Ha TPyOOIIPOBO/IaX Ha MOYATKY Marictpadi,
32 BUPaXyBaHHAM II0Ka3iB TEILJIOBUX JIYUJIbHUKIB,
BCTAHOBJICHUX Y CIIOKUBAUiB, IIPUEAHAHUX JI0 JaHOI
MaricrpaJji, Ta 3a BUpaxyBaHHSAM CepelHiX HOpMa-
TUBHUX TeIJIOBUX BTpaT JiKepeJsa 4depe3 TeIJIOBY
i3oJisAtio Tpy6ONPOBOAiB, HANpUKIAL, 13 % 110 cy-
MU CIIOJKHMTOI TEIJIOBOI €eHeprii BUIe3a3HauCHUMU
CITO’KUBAYaMHU TaKOXK € TIOHAHOPMATUBHUMU TEILIO-
BUMH BTpaTaMU y BOJSHUX TEIJIOBUX MEpeKax ue-
pe3 TeIoBy i30JiA11i10 Ta BU3HAYAETBCA 3a (popMy-
no10, M/ (Tkamn):

Quists2 = Quot.ms = (Quisast + Quisss +

+ Qnd.cond + QDHW”use + QALut.Is + QA.C.bdth..[S)y (9)

e Qorma — BiAIIylleHa TEIIOBA eHeprida y Marict-
panbHuil po6ounii TPyGOIIPOBi/, BiJl SIKOTO BiIKJIIO-
yujacs 3 00’ €KTUBHUX TPUYUH 3HAYHA YACTUHA CIIO-
JKMBayviB.

Y Bumajkax, KO0 YMOBHUH JiaMeTp MaricTpaJsib-
Horo TpyO6orpoBojy ckiagae 300 MM Ta MeHIIe, TOII
TPYOOIPOBi/I TEXHOJOTIYHOT TEPEMUYKHU [IJIsT 3aXHC-
Ty MepeXi BiJ IpoMep3aHHsS MoKe 6yTH BiJCYyTHIl,
ajle IpU IIbOMY TeMIlepaTypa y IIOJaBaJIbHOMY Ta
3BOPOTHOMY TPYOOINPOBOJIAX € MEHINOI HOPMH Ha
4 °C Ta 6iybie 6iig KiHIIEBUX CIIOXKUBAUIB.

[TomagHOopMaTNBHI TeNJI0BiI BTpaTH y BOISHUX
TEIJIOBUX MepeXkax yepe3 TeIJIOBY i30JAIi10 MaricT-
pagbHUX TPYOONPOBOAIB MaIOTh (hiHAHCYBATHUCS 3a
OKPEMUM JIOTOBOPOM 3 IOCTAYaJbHUKAMU TEILJIOBOL
eHeprii opranamu miciieBoi Biaaau. [lonagnopmaTus-
Hi TEIJIOBI BTPATU Y BOAAHUX MariCTpaabHUX TEILIO-
BUX MepPe’kaxX uepes TEIJIOBY i30JIA11i0 TPyOOIpPOBO-
[liB He BKJIIOYAIOTH JI0 Tapu@iB Ha TEIJIOBY €Hepriio
JUIST HacesleHHsT, OIO/DKETHUX OpraHisalliii Ta Komep-
MiRHUX T AITPUEMCTB.

AHaJis

Bnepme ichyioui TemsoBi BTpatm y cucreMax
I'BII sxutioBux GyAMHKIB Ta TEXHIUHI PIllIEHHS 3MEH-
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LIEHH4 TEIJIOBUX BTPAT 3allPONIOHOBAHI Y TOKYMEHTi
[15]. ¥V mokymenri [16], mo Takosk cTocyeTbest cuc-
teM I'BII, nmokasaHo TexHiuHi pillleHHS OO 3MEH-
IIIeHHsT TEeIJIOBTPAT 34 PaXyHOK KapAWHAJIbHOTO 3MEH-
LIEHHA CKUJAAHHA IapsA4ol BOAY Y KaHali3alilo y KiH-
i cucremu. OpHAK B 060X IUX JIOKYMEHTaX He TIO-
Ka3aHO CHUCTEMHe 3Ha4YeHHs IUX TeIJIOBUX BTpaT y
TeNJI0BOMYy OajiaHci BifmyleHoi TerJioBoi eHeprii
Big JT.

[IpononoBani piBHAHHA TemmoBoro Gamancy (2)
a6o (2a) BpPaxoBYIOTh TPM CKJIAIOBi TEILJIOBUX BTPaT
y CIIOKMBauiB Ta B TEIJIOBUX Mepekax, 110 Hapasi
BiZIHOCATBCS AII0UUMU HOPMATUBHUMU JJOKyMEeHTaMU
[9, 10] no HOpMATMBHUX TENJOBUX BTPAT BOJISHOI
TEeIJIOBOI Mepexki uepe3 TeIlIoBY isondauilo. Tomy
MIPOMTIOHOBAHUI TEIJIOBUI GaJlaHC Ma€e OiJIbIl MOBHE
Ta CHUCTeMHe 3HAYeHHS.

[IpoinocTpyBaTu CKJIaJ0Bi TeNJaOBTpaT TeILIO-
Boro Gamauncy Bupasis (2) it (2a) moxna na puc. 1,
Jle BUOKPEMJIeHi iX JIoKaJti3arii:

— TeIJIOBi BTPATW y MaricTpaJbHUX Ta PO3IIO-
JiJTbYUX BOJSHUX BOJIONIPOBO/IaX Yepes3 TEIJIOBY i30-
aa1ito (Quisrst) — mosuitii 3, 4, 17 (qume Ha Tpy-
60IPOBO/IaX CUCTEM OIAJIEHHS Ta BEHTUJIAINIT);

— HOPMAaTUBHI TEILJIOBI BTPAaTU y CUCTEMAX I[E€HT-
PaTbHOTO TEILJIOMOCTAaYaHHS 3 BUTOKAMU MepesKeBOl
Bozn (Quisrs3) — nosuitisi 1 (Tpy6opoBoOAN, KOTJIH,
Hacocn), nosuilii 3, 4, 17 (smure TpyGonpoBoau cuc-
TeM OllaJIieHHs Ta BeHTUJALii), nosuuii 6, 7, 11, 12,
13 (BHYTPIIIHBOOYANHKOBI TPYGOIPOBOAN CUCTEM
omnaJieHHsI Ta BEeHTUJISINT);

— TeNJIOBi BTPATH y CHCTEMaX Tapsioro BOJOTIO-
cravatug (Qa.c.path.is) nosuuii 8, 10, 17 (e
Tpy6ornpoBosu cucrtemu I'BII yepes TermoBy i30.1s1-
IiI0 Ta BUTOKMU TapAa4oi BOJIN);

— TeIJIOBI BTPATH y JKUTJIOBUX OYJIMHKAX y BU-
[/l KOMyHQ/IbHOI TEIJIOBOI eHeprii (Ouscutss) —
noswuitist 12;

— TIOHAQJHOPMATWBHi TEIJIOBi BTPATH y BOJASHUX
TeIJIOBUX MepeXkax yepe3 TeIJIOBY 1301110 MaricT-
paJbHUX TPYOOIPOBOIB: AiIsTHKA MaricTpasi 3 Mixk
By3JlaMi OOJIiKY BiJmylieHoi TersioBoi eneprii 2 i
22; minmguka Marictpami 24 MiX pKepeJaMu TeTIo-
noctavanus / i 26, peBepcuBHA i /[BUIIy BaJibHA Ha-
cocHa cranuisg mixk AT 25; maricrpanpauit Tpy6o-
MPOBi/J 31 3MEHIIEHUMHU TEIJIOBUMH HABAHTAKEHHSI-
MU BHACJiJOK TEPCIEeKTUBU IiJKJIIOYCHHI HOBUX
CIIOKMBAYiB 260 y 3B’sI3KY 3 BiJKJIOUEHHSIM [ I09UX
CTIOKWBAYiB — TIO3UILISA 27.

ITuTomi TernoBi BrpaTu y BoAsHiN TeroBiil Me-
PEXKi Gaisrst € ONHIEID 3 OCHOBHUX XapaKTEPUCTUK
3MiHM TEIJIOBOIO IIOTEHIliaJly TEIJIOHOCIA y Maricr-

pasbHIN Ta PO3MOAINbYill BOJASHUX TEIJIOBUX Mepe-
sxax (Tpy6onpososax). Bonu sanexarb Bia temie-
PaTypHOro HAIOpy MiXX IIOTOYHOIO TeMIIEePaTypolo
TEIJIOHOCiST Ta TeMIlepaTyporo JOBKIJIsA. Y CBOIO
yepry, MOTOYHA TeMIlepaTypa TeIJIOHOCiS 3MEeHIIy-
€ThbCd 31 36iybineHHaM Bigganenocti Big JT Buaci-
JIOK 30iJIbIIeH S TIJIOIII TIOBEPXHi TeIIonepeaadi Ter-
JIoMepesKi Ta, SIK pe3yJbTaT, 3pOCTaHHS TeIlJIoBTpar.

Y kutTa0BUX OyAMHKAX KOMYHAJIbHY OMATIOBAID-
HY ILJIOILY IIPUMIil[eHb 3araJbHOr0 KOPUCTYBAHHS Ta
OTIAJTIOBAJIBHY TIJIONY KBapTHP OOGMPAiOTh 3a TEXHiU-
HUM macrmoptoM OymuHKy. /[l KOXHOI cucreMu
HeTII 3naueHHs KOMYHAJIbHUX TEIJIOBUX BTpaT pa-
XyIOTb OKpPeMO. 3 eKCHEePUMEHTAIbHUX PO3PaXyHKiB
TEIJIOBI BTPAaTH KOMYHAJIbHOI TEIJIOBOI eHeprii Mo-
JKyTh TnepebyBat y Mekax 6—13 % y cepeaHboMy
3a cucreMolo reronocravanus [11—-13, 15—18].

KomyHasbHy TersioBy eHepriio y >KUTJIOBUX G6y-
JIMHKAX Bi/JIHOCSTDH /10 MOTEHIIiTHUX TeIJIOBUX BTPAT.
HaBiTh gKIIO B yCiX KUTJOBUX TPUMINIEHHAX Oy-
AyTb BCTAHOBJIEHI TEIIOBI JIYMJIbHUKY, 3 PiBHAHHA
terzioBoro Ganaucy (2) it (2a) kareropito KoMyHab-
HOI TenIoBoi eneprii (tersioBux Brpar) He Gyje Bu-
KJTIOYEHO Yepe3 HASIBHICTb Yy SKUTJIOBOMY OYIMHKY
miaproBukiB Ta Biakaouenux Big [leTII xkBaptup,
o Tmepeilnn Ha iHAWBiAyasdbHe omaJjeHHs. Kpim
TOro, Tpy6ONPOBOAN ITi/l' 13/1iB MAOTh MEHIINIA Ti/l-
pPOAMHAMIYHUI OIip, Hi’)K TPYy6ONPOBOIM KBAapTHUD,
TOMY IO HUX TIPOTiKae OiJibllle TEIJIOHOCIS Ta moja-
€ThCA HAJIMIIKOBA TEIJIOBA CHEPTid, KA T0JaTKOBO
36ispinye Brpatu eneprii. 1li Temiosi BTpatu Tpe6a
HOCTiHHO HaMaraTucsl 3MEHIIYBaTH aK [0 BUKJIO-
YeHHs TCJs caHamii mia'i3fiB Oy uHKIB.

3HavyeHHs BiJIHOIIEHHS peasii30BaHUX TEILIOBUX
€Hepriil y KUTJ0BUX OYJIMHKAX Ta CIOPY/aX BU3HA-
YaloThCs 3acO06aMU BUMiPIOBAJIbHOI TEXHIKH 3a 4Yac
ONAJIIOBAJIBHOTO Tiepiogy (OnamoBaJbHOTO MicsIIst).
¥ cucreMax TemnJonocTavaHHs TEIJIOBi BTpaTH y CHC-
temax ['BIl emripuuno 3HAXOJATBCSA Y MeXKax 35—
70 % Big BUTpaueHOI TEIIOBOI e€Heprii 3 KpaHiB Ta-
pstuoi Boam. [lpm 1iboMy Gisibiini 3HAUCHHS XapaKTep-
Hi gug I'TII, 1axoBUX KoTeseHb Ta IPYIOBUX TEILIO-
pux nyHkri (I[TII) 3 migkao4YeHHsM O0QHOTO a6o
JIBOX KUTJIOBUX OYIMHKIB.

ABTOpamu BIIEpIlle METO/IOM TEILJIOBOr0 OGaiaHcy
Ta 3 BUKOHAHHSM HEOOXiMHUX BUMipIOBaHb BW3HA-
YeHO /IJIA TPaBHA Ta BepecHd MicAliB, IO caMe y
SKUTJIOBUX OYIUHKAX 3 iHAWBILyaTbHUME 1aXOBUMHI
KOTeJIbHSIMU TeIioBi Brpatu y cucremax ['BII 6yaun-
KiB mepebyBaoTh y Mexax 70 %. B immi mgiTHi Mi-
CALll, KON 3MEHIIYEThCA KiJIbKICTb CIIOKUBAYiB ra-
pAYOl BOAM BHACJIJOK I€pioAy BIAILYCTOK Ta KaHi-
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KyJ TerioBi Brpatu y cucreMax I'BII nasith nepe-
BuIyioTh 70 % y peskuMi O4iKyBaHHsS BOZOPO36OPY
3 KpaniB rapsiyoi Boau [18, 19].

3araJybii IepeBard 3alpOIOHOBAHOIO IiJXOLY
JI0 PO3TJIAAY CUCTEMH TEILJIONIOCTaYaHHsA 3aKPUTOIO
Ta BiIKPUTOTO TUILY, IKa OTPUMYE TEILJIOBY €HEPTilo
Big AT, € Te, MO CUCTEMHO JI0 TEIJIOBUX BTPaT y
BO/SIHMX TeIJIOBUX Mepeskax [0/1al0Th IPUXOBaHi
IIOHA{THOPMAaTUBHI TEIJIOBI BTPATU y MaricTpaJibHUX
BOJISTHUX TEIJIOBUX MePeKax, TeIJIOBi BTPATH y JKUT-
JIOBUX OYJIMHKAX y BHUTJISI KOMYHAJbHOI TETLIOBOT
eHeprii Ta temyosi Brparn y cucremax I'BII sxurtio-
Bux OynuukiB. [Ipuuomy o6csAr TeIIOBHX BTpaT y
BO/ISTHUX TEIJIOBUX Mepe)kaxX 3MEeHIIYIOTb Ha cyMap-
HY BEJWYWHY TETJIOBUX BTPAT y KUTJIOBUX OyAWH-
kax. Taxum umHOM, (iHaHCyBaHHS peHOBallill Me-
pesk MOTPi6GHO CIIPSIMOBYBATH HA 3HUKEHHS TETLIO-
BUX BTpar He Jiulle y TeIJIOBUX Mepexax, a i y
JKUTJIOBUX OYIMHKAX.

Oo6rosopenns

¥ nanuit yac TensoBi BTpaTH BiAIyIIEHOI TEILIO-
BOi eHeprii 06’€KTUBHO CKJIaJaioTh 6ju3bko 41 %, 3
HUX Bi/IOMi TETIOBi BTpaTn HAOIKEHO TOPIBHIOIOTH
Quisist T Quisiss = 13 + 4 = 17 % Ta npuxoBaHi Temn-
JIOBi BTparn NPUOJU3HO JOPiBHIOOTL Quisr2 +
QA.c.bath.ls + QALut.Is = 6 + 11 + 7 = 24 % [11, 137
14, 20, 21].

Icnytoui nito4i HOpMATUBHI JOKYMEHTH BUMYIle-
HO 3aBUIIYIOTD TEIIOBi BTPaTU Y BOAAHUX TEILIOBUX
Mepeskax, TOMy IO Ii TeIJIOBi BTpaTH pO3IJIgja-
10TbCcs 6e3 3aCTOCYBaHHSI cucTeMHOro miaxoxay. lle
MIPU3BOAUTD JI0 TOTO, IO BiAIyIeHa TelJoBa eHep-
ris He BpaXxoBy€ TPU BUJU I0JATKOBUX CKJAJ0OBUX
TEIJIOBUX BTpPAT, a caMe: IIOHAJHOPMATUBHI TEILIOBi
BTpPaT! y BOASHUX TEILJIOBUX MepeXKax depes Tell-
JIOBY 130JI411i10 MaricTpaJbHUX TPyOOTPOBOJIIB, IO
BM3HAUAIOTHCS 32 TIOKA3aMU TEIJIOBUX JiUUJIbHUKIB,
Quis.1s2; TeILIOBTpaTu crnoxkusauis y cucremi I'BII
Ou.c.bath.1s; TEIJIOBTPATH Y JKUTJIOBUX OYIIBJASAX Ta
MPUMIIIEHHSIX 3araJbHOTO KOPUCTYBAHHS Qi c.ut.is-

Bucnosku

3acTtocyBaHHS Y TEIJIONOCTAYaIbHUX OpraHisa-
1ifAX YKpaiHu HOBOTO MiJXO[y /IO PO3MNOJIJIY CKJa-
JIOBUX TEIJIOBOTO OajlaHCy BiJNOBIHO 70 BUPa3iB
(2) a6o (2a) crane KJI0YEM [0 TOYHOTO BU3HAYCHHS
BiJOMMX Ta IMPUXOBAHUX TEIJOBUX BTPAT BiJIyllle-
HOI TEIJIOBOI eHeprii BiJ JKepeJia TeIIonoCcTayaHHA
(TEI, koresbni). Ile mpuBee 10 NPOTPecy TEImIo-

€HePTeTHKH, JAaCTb MOXKJINBICTb e(PEeKTUBHO BUKOPH-
CTOBYBaTH IHBECTULii Ta 3aolla/pKyBaTu I1AJIUBO,
3MEHIYIOYN TEIJIOBi BTPATU y MIMUPIIOMY JAialla3oHi,
61TpIII TTPO30PO OOUUCTIOBATH Tapu(u Ha TETJIOBY
€Hepriio /Il HaceJeHHsI, KOMEPIiHHNX Ta OI0/KeT-
HUX CIIOKUBaYiB.
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Updated heat balance of supplied heat energy
by the district heating system

Abstract. District heating systems are significant energy consumers in Ukraine and globally.
The current regulatory documents in Ukraine that define the methodology for calculating the
heat balance of a district heating system and the value of standard heat losses do not take
into account some hidden heat losses that affect the prospects for economic growth of heat
supply companies, the efficient allocation of investments and do not contribute to the trans-
parent formation of heat tariffs. The paper proposes a new approach to calculating the heat
balance of the released heat energy from the source (co-generation unit, boiler) in district
heating systems for closed and open water heating networks, including standard heat losses
in water heating networks due to thermal insulation of pipelines, excess heat losses in water
heating networks due to thermal insulation of main pipelines, normative heat losses in water
heating networks and district heating systems with network water leaks, energy losses for
heating, energy losses during hot water supply, realized thermal energy from hot water supply
system, and additionally — heat loss in residential buildings, in public premises, in hot water
supply systems. The proposed approach also differs in that, according to the heat balance, the
heat energy released after water heating networks is lost in the hot water supply system of a
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residential building, and its value is calculated experimentally by the ratio of the sold heat
energy from the taps of the hot water supply system to the total sold heat energy in the hea-
ting and ventilation system of the same residential building, averaged over the heating period
per month. The authors provide recommendations for calculating all components of heat losses
of the proposed heat balance and present their assessment for modern district heating systems.

Bibl. 21, Fig. 4, Tab. 2.

Keywords: heat supply system, heat balance, heat losses, heat energy, district heating system,
hot water supply system, energy source, co-generation unit, boiler house.
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ExcnepuMeHTabHe JOCJI1/IKEHHS
TEeNJOTEXHIYHUX XaPaKTEePUCTUK MOJYM’ o
IPU FOPiHHI BOJIEHbBMiCHUX CyMilleii

Awnoranisi. /locJi/KeHO TEIOBI XapaKTepuCTUKN (hakesiB i/l Yac rOpiHHI METaHO-BOJAHEBUX CY-
Mimreil pu 3MiHi KoHumenTpaiii BogHio Big 0 go 100 %. Bukonano exciiepuMeHTasbHI J0CJIi/I-
JKEHHSI 0COOJMBOCTEl TOPiHHSI BOAEHBBMICHUX cyMimlmell y majbHUKy DyH3eHa y Bigkpuromy
MTPOCTOPi 3 HEMOBHUM TIOTIEPE/IHIM 3MINTyBaHHIM Ta3y 3 MOBITPsIM. 3a3HaueHO TakKi 0COOJUBOCTI
TOPiHHS TA30BHX BOJEHbBMICHHX CyMillleil pu 36iJbIIeHHI KOHIIEHTpAIlii BOAHIO B HUX Ta MPHU
HEe3MiHHIl TOTYKHOCTI MaJbHUKA, SIK CKOPOYEHHsI JOBKUHU (hakesy Ha 22 %, 36i/IbIIeHHS HOTO
TEMIIEpPATyPH Ta MiABUIIEHHS TEMJIOBOTO MOTOKY Bij dakesy Ha 25 %. BisyanbHi crioctepeskeHmst
MOKa3aJiu, 1Mo (rakes TOPiHHS BOJEHbBMICHOI cyMinti pu KoedillieHTi BUTPATH MEPBUHHOTO T10-
Bitpst Big 0,42 o 0,54 ¢ € craGiibHUM BKJIOYHO 10 KoHIeHTparlii Boguoo 90 %. IlpumymieHo,
10 TIOYePBOHIHHA daKery Tpu 30i/IbIIEHHI KOHIIEHTPAIlii BOAHIO y majmBi Bijg 60 % MoKHa BBa-
JKaTH XapaKTepHOI0 O3HAKOIO TOPiHHA BOJAEHbBMiCHUX maius. IlinTBep/pkeHo, 1o 3aMmiHa Ipu-
POJHOTO Ta3y BOAHEM MOKe GyTU MEPCHeKTHBHUM HAIIPSIMOM CKOPOUYEHHS CITOKMBAHHS BUKOII-
HUX TAJKB, a I0/IaBaHHs BOJHIO Y MAJUBHUN Ta3 MOXKe MiBUIIMTU e(EeKTUBHICTD TEIJIOBiAavi
Bix dakesy mo Tin, mo HarpiBaiotses. bi6a. 30, puc. 6, maba. 2.

Kio4oBi cJjoBa: BOJeHDb, BOJEHbBMICHI CyMillli, KOHIIEHTpAIlis BOAHIO y cymimii, gaked,
TeMIIepaTypa, TEIJIOBiada, eHeproedeKTUBHICTD.

© Tpomnenko JI.M., [Ipyceknuit O.A., IInmumenko P.A., Bacuabes C./1., Jlorsunenko /.M., 2025
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Beryn

Ogpnielo 3 ocHoBuux puc XXI crositrs € 3aroc-
TPEHHSI eHEPTeTUYHUX MPOGJIEeM Ta MOTiPIIEHHS CTa-
HY HABKOJUIITHBOTO cepenoBuina. [Ipu dopmyBanHi
eHepreTUYHOi TNOJITUKU Ta CTparerii po3BUTKY YK-
paini mo 2035 poky cepen TpiopuTeTiB 3a6e3reueH-
HA OKUTTEMIAIbHOCTI CYCILJIBCTBA B PEKUMAX 3BU-
YafilHOTO Ta OCOOJIUBOIO CTAHiB BijMiueHa <«OIITUMi-
3aIlis CTPYKTYPU €HEPTeTUYHOTO OGATAHCY EPIKABH,
BUXO/ISTYM 3 BUMOT €HEPreTUYHOi Ge3TeKu Ta 3a6e3-
TeyeHHd YacTKU BiTHOBJIIOBAJIbHOI €HepPreTUKH Ha
piBui 20 %» [1].

3 11i€i TOUKM 30py AOCUTH MPUBAOJINBO BUTJIS/IAE
MONIMPEeHa y CBiTi ied BUKOPHUCTaHHS BOJHIO JJIA
3aMillleHHsT MeTaHy y NMAJMBHAX Ta3zaxX. MeTaHo-BO/I-
HEBi cyMilni € TakoK 06’€KTaMu JOCJiPKEHb 3aBJIs-
KU 1X moreHiiany B gekap6ouisaiiii armocdepu. Bo-
JIcHb K KOMIIOHEHT CyMilli BU3HAYa€ 3HIKCHHA YU
BizcyTHicTh BukuaiB CO, MOPiBHSIHO 3 BYTJIEI[eBMic-
HUMM IaJMBaMH, 110 € BaXXJUBUM [JI PO3BUTKY
G1JIbIIT YMCTUX TETJIOEHEPTETUYHUX TEXHOJOTIH.

Oco6mBOCTi TOPiHHSI METaHO-BOJHEBUX CYMi-
meil BiZAPi3HAIOTbCS BiJl TOPiHHS YKMCTOTO MeTaHy
a60 BOIHIO, TOMY PO3YMiHHS IIPOIIECiB iX TOPiHHS €
BOXKJUBUM JIJI1 BUKOPUCTAHHS B IPOMMCJIOBUX Ta
C€HEepreTUYHUX yCTAaHOBKaX. JloCHdi/iKeHHS ropiHHA
METAHO-BOJHEBUX CYMillleli PO3BUBAETHCS B HATIPSIM-
Ky €KCIIEPHMEHTAJIBbHUX Ta OGYHMCIIOBATbHUX JIOCJIII-
SKEHb IIPOLIEeCiB TOPiHHS, BUKU/IIB IIKiJJIMBUX PEYO-
BUH, TEXHIYHUX aCIIeKTiB BUKOPUCTAHHA B TEIJIOBUX
YCTaHOBKaX.

Y uift crarti KOCHIKYETBCS BIJIUB KOHIICHTPA-
1ii Boguio Bix 0 10 100 % y ra3oBux majauBHUX CY-
MilllaX HA TeOMETPUYHI XapaKTepUCTUKHU (pakey Ta
OKpeMi TeIJIOTeXHiuHi HOTO TIOKa3HUKHU TPH 1X Cra-
JIIOBaHHiI y manbHUKy DyH3ena.

AHaJji3 JiTepaTypHUX JaHUX

Haii6ispin mommpeHuM MeTOJIOM JIOCJTiIXKEHHS
CKJIQJTHUX TIPOIIeCiB, Y TOMY YHMCJIi 1 TOPiHHS MeTa-
HO-BOJIHEBUX CYyMillleli, € MOJIEJTIOBAaHHS TOPiHHS
1UX CyMilleil JJ18 MPOTHO3YBaHHS X TOBEJiHKU B
peanbHux ymMoBax. Y crarti [2] mocaimkeno 3a mo-
nomoroio ANSYS Fluent 16.0 Brms 36araueHoro
BOJIHEM IIPUPOJHOTO Ta3y Ta YACTOIO BOJIHIO HA IIPO-
AYKTUBHICTb KOTJ/Ia Ta BUKU/AM IIKiUINBAX Ta3iB Bij
iX 3TOpsIHHA y TaJbHUKY 3 HM3bKHUM 3aBUXPIOBaH-
HAM. Y JIOCJi/KeHHi, OKPiM IIPUPOIHOrO rasy, pos-
IJIA1aJ0C YOTUPHM Pi3Hi CKJIaau CcyMimi rasis: 3
KOHIleHTpauieo BogHwo 25, 50, 75 ta 100 % (06.)

IIPH OJTHAKOBOMY TeIJIOBOMY HaBaHTakeHHi. Ilifx-
TBEP/PKEHO JIOTiYHMIl BUCHOBOK, IO IIPU BUKOPHUC-
TaHHI METAaHO-BOJIHEBOI CyMillli ab0 YUCTOTO BOIHIO
Buknan CO ta CO, npu 3ropsiHHI TOMITHO 3MEHIIY-
I0ThCA TIOPiBHAHO 3 IPUPOHUM Ta30M, 110 € BasKJIU-
BOIO IIepEeBarolo /sl eKOJIOTiYHO YMCTUX TEeXHOJIOTIiH.

Y crarri [3] Takok 3a IOMOMOrOI0 YHCJIOBOTO
MO/IEJIIOBAHHSA [JIOCJIi/[?)KEHO BILJIMB Pi3HUX IapaMeT-
piB Ha NPOLECU IOPiHHA B CUCTEMaX 3 IOIEPEaHIM
3MIlTyBaHHSIM TAJbHOTO 3 OKHCJIOBauYeM. ABTOPH
IIOKA3YI0Th, K 3MiHa CIIiBBiJJHOIIEHHS KOMIIOHEHTIB
cyMimi 3MiHIOE popMy TOJIyM’ s Ta PO3MO/LiJ TeMIle-
parypu B Kamepi 3ropsHHs. [lokazaHo, 1o BMicT
BO/IHIO Ma€ 3HAUYHUI BIIMB HA CTPYKTYPY Ta pO3IO-
i TeMrepaTrypu rapsiuoro mortoky. lleHTpasbHa
30Ha PEIUPKYJIAILT, 110 MOXKe TiATPUMYyBaTH CTabiIb-
He TOPiHHA, YTBOPIOETbCA IIPU BMIiCTi BOJHIO MEHII
20 % (06.). Komu Bmict Bognio mepesunrye 40 %
(06.), neHTpasbHAa 30HA PENUPKYJAIIi 3HUKAE, a
30Ha 30BHIIIHBOI PEHUPKYJALII PO3NIMPIOETHCH,
3’SIBJISIETBCS PU3UK CAaMO3alMaHHSI Ta 3BOPOTHHOTO
ropiuusa. To6To 3 MiABUINEHHSIM 10T BOJIHIO, IO J0-
JIA€ETbCS [0 INPUPOJHOrO rady, WMOBIpHICTH IIPO-
CKOKY TIOJIyM’s1 3pOCTa€ MPOMOPIiHHO KOHI[EHTPaIlil
BOJHIO y MaJIUBHIi cyMimi.

Y [4] mocriimkeHO BILUIMB JOJaBaHHS BOJHIO [0
MeTaHy Ha XapaKTEePUCTUKHU eMicii Ta Termaoo6MiHy
noJsiyM’ g JlaMiHapHoi audy3ii npu nocriiiniii Temno-
Biif moTyskHOCTi. PesysbraTé mokasanm, 1o Joja-
BaHH: BOJHIO ITiIBUIIYE TeMIIEpaTypy, 3MEHIIYE J10-
BXKMHY TIOJIyM s Ta 3HAYHO 36iJbIIy€E BiJIbHY Bif ca-
JKi yacTKy JIoBkUHU akesy. 3 JoJaBaHHSAM BOJHIO
Bukugu CO it CO, 3menmryiorbes. EdexruBninte
okucsiennsgs CO o CO, npu BUIUX YaCTKaX BOJIHIO
6yJ0 rosoBHEM (axTopoM 3MermenHss CO, Toxi gk
3HIDKEHHS HAJXO/KEHHS BYTJIEII0 OyJO OMiHYyIO-
quM ¢akropoM s 3MenmieHHsT CO,. /lomaBaHH:S
BOJIHIO TAKOX IIiIBUIIY€E 3arajbHUN TEJIOBU TOTiK
npuba3Ho Ha 20 %.

AHaliTHYHE Ta eKCIepUMEeHTaJbHEe AOCTiKEeHHS
XapaKTEPUCTUK JIAMIHAPHOTO TOPiHHA TIONEPEIHDBO
IIiZIrOTOBJIEHOI CyMillli METaH-BOAEHb-IIOBITPS IIOKa-
3aM 3MiHHICTD CTPYKTypu dakeny [5]. 3i 36i1b-
IIEeHHSIM YaCTKU BOJHIO HIBU/KICTh HEPO3TSATHYTOrO
JIAMiHAPHOTO TOPiHHS 306iJbIIYETHCS, a IiKoBe ii
3HAYEHHS 3MINyeThest B 6iK 6ibmn 6araToi cymimi.
Bunineno Tpu pesxuMu TOPiHHS 3aJ1€KHO BiJl YaCTKA
BOJIHIO B MAJIUBHIN CyMillli: PesKUM 3 JJOMiHYBaHHSIM
MeTaHy, Jle 4acTKa BOJHIO CTaHOBHUTH MeHIl 60 %
(06.); mepexigHUl PEKUM, KOJHM YACTKA BOJHIO CTa-
nosutb Big 60 1o 80 % (06.); peskuM, KON YacTKa
Boanio nepesuirye 80 % (06.). Tlokaszano, mo mBw/I-
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KiCcTb JIaMiHApHOTO TOPiHHS 3pocTae 3i 36iJblIeH-
HSM YacTKM BOJIHIO B peXKMMaX TOPiHHS, /e BOHA He
nepesuntye 60 % (06.), maiike ginifino, a y nepe-
XiJHOMY pekuMi eKcloHeHLiaJbHO. 3JHalJeHO Be-
JIMKY KOPEeJIALII0 MiXK IIBUAKICTIO TOPIHHA Ta MaK-
cuMaJIbHUMU KoHIeHTparigmu paaukanis H ta OH
y 30Hi peakiii monepegHbo 3MilIAHOIO rasy.

Bimomo Takosk, 10 Taki 30BHIillIHI yMOBH, $IK
TUCK Ta TeMIeparypa, CyTTEBO BIJIMBAIOTH Ha edek-
TUBHICTb IIPOLIECY T'OPiHHA METAHO-BOAHEBUX CYMi-
meil. 3okpema, MPU BUCOKHUX TeMIleparypax Ta THC-
Ky BiZGYBalOTbCS 3MiHW Yy KiHETHII XiMiYHUX peak-
1i#f, 10 MOXKe 3MiHUTH TeMIlepaTypy IOJayM’s Ta
CTAJICTD IIPOLECY FOPiHHA.

Y Bumaaxky ABUTYHIB 3i 3MEHIIEHUM PO3MipoM
KaMepH 3TOPSTHHSI BOJIEHb MOXKE MPU3BECTH 10 0OMe-
JKeHHSI epeKTy TaciHHS Ha CTiHKaX KaMepu 3TOpsiH-
He Ta Ii/[BUIIEHHS YyTJUBOCTI /10 AeToHalii. MeTolo
aBTOpiB [6] HA OCHOBi eKCIIEpUMEHTAJbHUX Ta YHC-
JIOBUX JOCJi/I>K€Hb 3a JIOMOMOTOI0 TPUBUMIiPHOIO
CFD mopesoBanHst 6yJI0O BUBYEHHS BILIUBY CKJIAILY
TTaJIBa Ha MIBUAKICTh 3TOPSHHSA Ta MOSABY JeTOHaIlii
A Tpbox cryneniB crucuenns (9,5; 11,5; 13).
ExcnepuMentu 3aiiicHIOBaIM 3 OHOIMIIHIPOBUM
JIBUTYHOM [IJISI ITUPOKOTO Jiana30Hy PekuMiB po6o-
TH B CTEXiOMETPUYHOMY PEXKMMi Ta KOHIIEHTpaIliil
BOAHIO y nmanuBHii cymimi Big 0 go 40 % (06.).
ITokasano, 1m0 BILIUMB J0JaBaHHS BOJHIO Ha IIBHJ-
KiCTb 3TOpSIHHSI € Maiie JIiHIHHUM [ PO3IJISIHY-
TUX PIiBHIB 3MINIYBaHHA i 1[0 AETOHALiA HABPAA YU
MOXKJIMBA HABiThb y BHIIQJIKAX BHCOKOTO HaBaHTa-
JKeHHSI Ta BUCOKOTO CTyIieHsI ctucHeHHs. lleit Buc-
HOBOK BQXKJIMBUU HE TiJbKU [IJII KOHCTPYIOBaHHS
asuryHiB 3ropsauug cymimi CHs-H», a #t ang npo-
MHCJIOBUX MAJbHUKIB, /i€ TIPU HAABHOCTI 3HAYHUX
KOHIIEHTPAIliil BOJHIO MOXKJIMBiI TPOCKAKYBaHHS TI0-
JyM’sl y TIOPOKHUHY TAJbHUKA Ta BUHUKHEHHS Jie-
TOHAIIii.

3aJieXHicTh MAKCUMAJIbHOT MIBU/IKOCTI HOpMaJib-
HOTO Po310BCcIo/KerHs noaym’ s (IITPII) um mBua-
Kocti maminapuoro ropinag  (laminar  burning
velocity — LBV), mo Bu3HaYa€ CTYIiHb PH3HKY
BUGYXY METaHO-BOJHEBUX CyMilllell, TOKa3aHo y po-
6orax [7—10]. IIi mocui/KeHHS WiATBEPIKYIOTH
3HAUHUI BILUIUB YaCTKU BOJHIO y roprouiil cymimi 3
metanoM Ha IIIPII (LBV). Tak, momaBaHHS BOIHIO
y cyMiml mpu mOMipHEX YacTkax BogHio 10 30 %
(06.) Bu3Hauae JIHIHY TEeHJEHINI0 36iJbIIeHHs
IIIPII (LBV) Ta Mosxe cranosutu 48—50 cM /c. Ilo-
JlaJibliie TABUIIEHHS YacTKU BoAHIO 10 60 % (06.)
MIPU3BOAUTDH 10 Gisbi cyTTeBoro miasuienHs [TPII
1o 75—78 cM /¢, AKe cTae 3HA4HO cuibHimuM (exct-

peMaJIbHUM) TicJIsi YaCTKH BOJHIO Yy CYMillli TIOHa/I
60 % (06.), sminmoiounuch g0 158—187 cm/c npu
90 % (06.) BOAHIO.

Y nocaimxensi [11] BUBYEHO BIJIUB THCKY Ta TeM-
neparypyu Ha XapaKTePUCTUKU TOPiHHA METaHO-BOJ-
HeBUX cyMimeil. Pe3ynbratn mokasyoTh, 1o 36i1b-
MIEHHS THCKY Ta TeMIepaTypu MosKe 36iJbIIITH
e(eKTUBHICTb TOPiHHSA, 3MEHIIYIOYM CIOXKHUBaHHS
MaJuBa Ta BUKUU 3a0Py/THIOBAYiB.

Y [12] Ha ocHOBi po3mmpeHoi giTepaTypHoi 6a3n
JIAaHUX TIBUIKOCTI JaMiHApHOTO TOJyM’sl TiepeBipe-
HO Ta JIOINOBHEHO Bi/IOMi XiMiuHI KiHETUYHI MeXaHi3-
MU JIJI OIIUCY TOPiHHA MONEPEAHbO 3MilllaHUX CyMi-
meit CH4-H,. [docaimkeHo BesJUKy KiJIbKiCTb yMOB,
06 OXOIMTHU yBecb POOOUUIl Aiala3oH 3BUYANHUX
NPaKTUYHUX CHACTEM 3TOPSHHS, TaKUX K IOPIIHEBi
JIBUTYHU, Ta30Bi TypOiHW, MPOMUCJOBI MaJbHUKU
Tomto. Posrigmaancs BMICT BOJAHIO B maJjuBi Bizg 0
10 100 % (06.), remneparypa cymimteii Big 300 10
950 K, tuck Bix 0,1 qo 11,0 MIla. 3anpononoBaHo
HOBi KOpeJsAlii MBUAKOCTI Ta TOBIUHU JIaMiHApHO-
TO TOJyM s, OO PO3MUPHUTH 006J1aCTh JOCTOBIpHOC-
Ti eKCIepUMEHTATbHUX KOPeJIAIiil 10 BUCOKUX Yac-
TOK BOJIHIO B ITJIUBi Il BUCOKUX TUCKIB Ta TeMIlepaTyp.

3aMiHa TPUPOJHOTO rady 3 TPyOOIPOBO/IB Bill-
HOBJIIOBAaHUM BOJJHEM B KOMYHAJBHOMY TOCIIOJApCT-
Bl € TakOXK MEPCIEKTUBHUM CIOCOOOM CKOPOYEHHS
BUKU/IiB BYIJIEKUCJIOTO a3y, KU € OCHOBHUM II1ap-
HUKOBUM ra3oM. OiHaK yepe3 CyTTEBi BifMiHHOCTI
XapaKTEepPUCTUK BOJHIO, IPUPOJHOrO rady Ta MeTa-
HO-BO/JIHEBUX CyMillle#l, TakuxX SIK MBUAKICTb TIO-
JyMm’s, agiabaTudHa TeMIepaTypa, Mexi crabiJbHOC-
Ti TopiHHSA Ta 6E3TEKOBi acleKkTH, € moTpeba A0CTiI-
SKeHb TMTaHb MOKJIMBOCTI BUKOPHCTAHHS BOJHIO SIK
KOMIIOHEHTa Y CyMilli 3 IPUPOJHUM Tra3oM /A I10-
O6yTOBUX TPUJIAAiB. 3 TOYKU 30py MOOYTOBUX CIO-
JKUBAUiB, KJIIOYOBMM IIUTAHHAM € CKiJbKHA BOJHIO
MO’KHA BIIOPCKYBATU B IIPUPOJHMI ra3, He BILJIUBA-
109U Ha TIPOJAYKTHBHICTD Ta 6e3IeKy HAsSBHUX MO6Y-
TOBUX I1aJIbHUKIB.

[lng BUBUYEHHSI BIUIMBY [I0/IaBaHHS BOJHIO Ha
edeKTUBHICTb TOPIHHS Ta MPUTOTYBaHHSA 1:Xi B po6o-
ti [13] 6ys0 o6paHO penpe3eHTAaTUBHUI TMaJbHUK
KyxoHHOI muutu. OOGMeXXeHHs clianaxy, 4dac 3aii-
MaHHS, XapaKTEPUCTUKHU MOJIyM s, TPOJAYKTUBHICTD
MIPUTOTYBAHHS, IIIyM TOPiHHS, TeMIepaTypa MaJbHu-
ka Ta pisi Bukngu (NO, NO,, N,O, CO, nesropi-
maii Byraesogenb (UHC), NH;) ouinioBaamcs mast
pi3HUX PiBHIiB J0JaBaHHSA BOAHIO. 3TiJJHO 3 pe3yJib-
TaraMu eKCIIePUMEHTY, NPOJYKTUBHICTb Ta HaJiil-
HICTb IIaJIbHUKa BAaPUJIbHOI IIOBEPXHI HE 3a3HA€E CyT-
TEBOTO BIJIUBY 3 JIOJIABAHHSM BOJHIO MPUOJIU3HO 10
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15 % (06.) Ta He BUMarae 3MiH KOHCTPYKILill iCHYytO-
YX KyXOHHUX MPUJajiB 4yu Oyab-aKkux ix moaudi-
Kalii.

BiTunsHIHNME BYEHUMH TaKOXX aKTMBHO TIPOBa-
JIMJIACS KOMILJIEKCHI JIOCJTiIPKeHHST MOKJINBOCTEH BU-
KOPHUCTaHHS HasBHOI Ta30BOi iH(PACTPYKTypHU Ipu
3aMillleHHi MPUPOJHOro ra3y BOJHEM, fAKi BKJIOYA-
I0Tb IUTAHHS TPAHCIIOPTYBaHHS ra30-BOJHEBUX CY-
Mmimieit [14] Ta BUBUEHHS 3aJIe;KHOCTEW eHepreThy-
HUX Ta €KOJIOTTUHUX XapaKTePUCTUK MOGYTOBOTO Ta-
30BOTO OGJIQJIHAHHS TIPH €KCIIyaTaiii Ha cyMimax
MeTaHy 3 BoxHeM [15, 16].

Hocmimkenns [15] mokazanu MOTEHIIHHY MOX-
JIMBICTb BUKOPUCTAHHS Ha GiJIbIIOCTI HAIBHUX 1100Y-
TOBUX Ta3oBUX IPUJIAAIB METAaHO-BOAHEBOI CyMilmi
iz Bmicrom Bogmio 10 30—50 % (06.). Bepxns mexa
KOHIIEHTPAIlil BOJAHIO Y MAJUBHIN cymimri Oyja Bu-
OpaHa 3 OrJsi/ly Ha Te, 10 MBUAKICTb TOPiHHA CyMi-
i, sIka € OCHOBHMM YMHHHUKOM CTBOPDEHHSI PU3UKY
HeGe3TeKNn BUKOPUCTAHHS, 3POCTAE JJOCUTH TIOBiJb-
HO Ta Bifpis3HseTbcsa Ha 26,9 % Bia MIBHIKOCTI rO-
pinng npupoanoro rady. Ileit ¢gakr, Ha fyMKy aBTO-
piB, MOXe clpuiiMaTuUCd K MOTEHIIITHO MOXKJKBA
MeKa /I0/IaBaHHsSI BOJHIO Yy TIPUPOJHUN ra3 AJsl BU-
KOPHUCTaHHS B MOOYTOBUX MPUIAIaX. AJie TP IIbOMY
aBTOPU BU3HAIOTH, IO I MeXKa CYTTEBO 3aJIEXKHUTh
Bi/l KOHCTPYKTHBHHUX 0COGJUBOCTEN TTOGYTOBOTO 06-
JagHanHsg. ToMy 3 ypaxyBaHHSM NPiOPUTETHUX BU-
Mor Oy/ab-saKOi iHHOBAIii /0 Ge3leKu KOPHCTYBadya
OyJI0 3aPOTIOHOBAHO OOMEKUTHUCS Y TOGYTI BMic-
ToM BozHIO y cymimri 20 % (06.).

ExcriepumenTasbHi mocaipkennst [16] miareep-
UM TIPAKTUYHY BiZICYTHICTH pi3HMINI Y po6OTi TO-
OyTOBUX Tra30BUX IJIUT IIPU iX PoOOTi Ha TPUPOJI-
HOMY rasi Ta MeTaHO-BOAHEBiHl cymimi i3 BMmicTOoM
BozHIo 20 % (06.), a came (JOCTiBHO):

«— He 3MIHIOITbCSI HAIIMHICTD PO3MATIOBAHHS
Ta CTabiIbHICTD TOPIHHS TOJIYM sl TAJbHUKIB TT06Y-
TOBOI Ta30BO1 IJIUTH Ta MyXoBOi miacdu npu pisHUX
pexxuMax po6OoTH, MPHU BIJIMBI MOTOKY TOBITPS, 1X
3aJIMBaHHI i/l Yac TIepeJTMBAHHS OKPOILY uepe3 Kpai
MOCYy, BIJICYyTHE Ca’XOYTBOPEHHs, 36epiraerncs
TEPMOCTIHKiCTh MAJbHUKIB TA HEe 3MiHIOETHCS SKiCTh
BUpOOY, BUIIEUEHOTO Y AyXOBiii madi;

— IPAKTUYHO HE 3MiHIOETHCA F€PMETUYHICTh I10-
OyTOBWX Ta30BUX ILIUT;

— IOTY>KHICTh NMAJbHUKIB y Pa3i HasgABHOCTI AKicC-
HIX PETyJIIOI0YNX IIPUCTPOIB 3MEHIIYETHCS HECYTTE-
BO i 3a HaABHOI TOYHOCTI PeryJol04uX KpaHiB pi3-
Huig O6yze HermoMiTHa. Yac posirpiBanHs 1yXoBoi
madu y pasi HAIBHOCTI AKiCHOI TemsI0i30/A11ii KOp-
IyCy IMPAKTUYHO HE 3MiHIOETHC» .

Y crarti [17] Hagano aHANi3 HOPDMOBAHUX B YK-
paini kputepiiB B3aeMo3aMiHHOCTi. Buxonguu i3 Hop-
MATUBHUX 1H/IEKCiB B3a€EMO3aMiHHOCTi, I'PAaHUYHUM
BMiCTOM BOJHIO y roplouiil cymimnii i3 npupoanum ra-
30M € fforo BMicT, mo He nepesuirye 20—25 % (06.).

He Menmr akTyaJbHUM € NMUTaHHSA 3aCTOCYBAaHH:
BOJIHIO SIK KOMIIOHEHTa /[0 MaJB Y MPOMUCJIOBOCTI.

Y mexax mpobseMn aexapOoHi3ailii JOBKiLIS Ta
BU3HAUEHH:A BIJNOBIAHUX THUIIB IIaJAUBA, 110 IOTPE-
6y€ ONTUMi30BaHOTO BUOOPY CKJIA/Iy TAJWBA Ta OKHC-
moBayva, B IncturyTi rasy HAH Ykpainu npodeco-
pom B.C. Copoxkoio i3 crniBpo6iTHUKAMKU BUKOHAHi
dbyngamenranpui mocaimkenus [18, 19] i3 cucrem-
HUM 4YuceJbHUM anamizom [20, 21]. 3 orasgy Ha
KOHTPOBEPCiiiHI BUMOTHM: MaKCHMi3allilo TelJI0BOTO
MOTOKY BHIIPOMiHIOBAaHHSM Ta MiHiMi3alliio o6csTy
BUKHZiB napankosux raszis (CO,) — po3pobieHo:

— METO/0JIOTII0 Ta MPOTPaMHi CUCTEMHU, IO BU-
3HAYAIOTh IHTETPAJbHY BUIPOMIHIOBAJIbHY 3/aT-
HICTh IIPOAYKTIB 3rOPAHHA BOJACHbBMICHUX IIaJIUB 3
KUCHEM a60 3 TIOBITPSTHUM OKHUCJTIOBAYEM;

— BCTAHOBJIEHA 3aJIe)KHICTh CTyIeHsI YOPHOTHU
BiJl CKJIa/ly BUXiJHOI MaJIUBO-OKUC/IIOBAJIbHOI CyMi-
i (Ha BXOZi B MaJbHUKOBUII IIPUCTPiii) Ta Bif cro-
co6y opranizanii cnamosanus: premixed (nosHicTIO
nigrorosiena cyminr) a6o non-premixed (audysiii-
He CHaJI0BaHHA IONepeHbO He MiJIrOTOBJIEHOI ra3o-
OKHUCJTIOBAJIBHOT CyMilli);

[TokazaHo, 110 He3BakalOunW Ha CUCTEMHE Iepe-
BUIIEHHS CTyTleHd 4YopHOTH BozsHOi mapn H,O y
nopiBHsiHHI 3 CO, y BUnaAKy audysiifHoro crmasmo-
BaHHS IIPUPOJHOTO Tasy y BHUCOKOTEMIIEPaTypPHUX
neyax CTyNiHb YOPHOTH (hakesdy i3 BBeIEHHSIM B
MaJbHUK BOJAHIO 3MeHIIyeTbcsi. lle o06ymoBiieHo
YTBOPCHHAM JUCHEPCHUX YACTUHOK CaXKi, 3 OJHOrO
60Ky, B TIpOIleci KPEKiHTy BYTIJIEIEBOTO MAaJUBa Y

CKJaAi cyMinii, a 3 iHIIOrO — BHACJIJOK PpeakIii
BYIJIEKHCJIOTHO-TIapOBOi KOHBepCii NMpUpOAHOTO Ta-
3y [20, 21].

Y ny6nmikamii [22] pe3ysabTaTu IOCHi/IKEHD Ta
MTPOMUCJIOBUX BHUITPOOYBaHDL MOKA3aTH MOXKJIUBICTD
BUKOPHUCTAHHSA KOKCOBOTO Ta3y i3 BMiCTOM BOJHIO
50-60 % (06.) Ha MeramypriiiHOMy BUPOGHUIITBI
JUIS PO3irpiBy K0J106iB s ciycKy niakis. [Toka-
3aHO TAKOX, 10 IIPU KOHCTPYIOBAHHI NAJbHUKIB i3
MMiATOTOBJIEHOIO Ta30-IOBITPAHOIO CYMINIIIIO [/
6e3reyHoi Ta cTabiabHOI iX po6OTH HEOOXiJHO Bpa-
XOBYBaTU BUCOKY peaKIifiHiCTb BOJHIO, IO MOKe
3BY’KyBaTU MEXKi peryJ/IioBaHHs NaJIbHUKIB.

Bimomuit mocBin cnamoBaHHS ropiounx HadTo3a-
BO/ICBKUX T'a3iB i3 BUCOKUM BMiCTOM BOJHIO B Il€4ax
HadTomepepoOHOro 3aBOY CBiUUTH MPO MOXKJIH-
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BiCTb CIIAJIOBAaHHS CyMilllell BOJAHIO 3 IIPUPOJIHUM
razoM 3a yMOBHU 3a0e3IeueHHsI CTAJOI TEeIIOBOI IM0-
TY’KHOCTi Ta3oBUX YCTAaHOBOK, BiZICYTHOCTi XiMiu-
HOTO HeiomaJy W YTBOPEHHS Ccaxi, BiACyTHOCTI
SBULL IIPOCKOKY Ta BinpuBy noaym’s. Tak, y cBiit
Yac B OKPEMUX Ieyax HadTorepepo6HOTO BUPOGHHUIIT-
Ba BiTYM3HIHUMHU HAYKOBI[IMH PO3POGJIEHO Ta YCITillT-
HO BIIPOBA/’KEHO KOMOGiHOBaHI Ta30Ma3yTHI MaJbHU-
KU 3 posropHyTHM (akesom tumy KPII [23, 24],
AKI yCHILIHO IIpalioBay Ha CyMillli 3 BOJAHEM Y Kijb-
kocTi 710 80 %.

3aMiHa OZHOTO TOPIOYOTO Tady iHIIUM Ha raso-
CHAJIOBAJbHOMY 00GJIa/HAHHI Y TIPOMUCJIOBUX TMAJIN-
BHUX IIeYaX Ta arperarax € CKJIQJHUM iHXCHEPHUM
MIPOIIECOM, SIKWI TTOTPeOYE JEeTaTbHOTO i yBAasKHOTO
posrysaay. OxpiM 6e3mexu i epeKTUBHOCTi BUKOPHUC-
TaHHS TOPIOYOTO Ta3y, HeoOXiTHO 3a6e3MeueH s Bij-
noBizHOCTI (hopmMm, po3MipiB, po3noOJiay Temiepa-
Typu B po6OYOMY IPOCTOPI Ta TEINJIOBUIIPOMiHIOIO-
YIIX TapaMeTpiB (pakeIy TeXHOJIOTIYHMM Ta KOHCT-
PYKTUBHUM XapaKTepPUCTUKAM IIPOMUCJIOBUX Ileueil
yn ycraHoBok. Tak, y my6uikarii [25] mokasano Ha
MIPUKJIA/Il PEKOHCTPYKIIT CUCTEMU OIlaIeHHA IIPOMiXK-
HUX MeTaJIypriilHuX KOBIIIB, SIK BUKOPUCTAHHS MaJIb-
HUKiB, IIPU KOHCTPYIOBaHHI AKUX MIX
inmmM 6yJ0 BpaxOBaHO YMOBY OIITH-
MaJIbHOTO CIIiBBIJIHOLIEHHS MiXX PO3Mi-
pamu akeay ta po60YOTO MPOCTOPY,
JIAJI0 MOXKJUBICTD 3HAuHO iHTeHCcHI-
KyBaTh TEMJIOOOMIH y PO6OYOMY IPO-
CTOPi KOBIIIB Ta 3MEHIIATH BUTPATH TEII-
aa 10 20 %.

HaBeneni pmani momo pesyJsbTaTiB
JOCJI/PKeHb TOPIHHA CyMilli NIpUpoA-
HOTO Ta3y 3 BOJIHEM IIi/IKPECJIIOIOTh aK-
Tya/IbHICTb JAaHOI'O HAIPAMKY MOJEPHi-
3auil IaJIMBHUX arperariB Ta € BaKJIU-
BOIO HAyKOBO-TIPAaKTUYHOIO 33/1a4el0 pe-

11eCiB TOPiHHSA BKa3aHUX CyMilllell TIpU He3MiHHIl Ter-
JIOBi#l MOTY>KHOCTI, a came:

— 30BHiIHIX Xapakrepuctnk (akeny (10BKU-
HU, CTPYKTYpH Ta iHIIX ) [IpU J0JaBaHHI BOJHIO Y
TIPUPOTHUH Ta3;

— BIUIMBY KOHIIEHTpAllil BOAHIO y CyMillli Ha 3Mi-
HY TaKMX XapPaKTEPUCTUK ii 3ropsAHHA, AK KiJIbKICTh
YTBOPEHUX IIPOAYKTIB rOPiHHA Ta TeMIepaTypHi 10-
Ka3HUKU TOPiHH,

— 3aJIe)KHOCTI BUITPOMiHIOIOYOI 3/1aTHOCTI (hake-
JIy BiJi KOHIleHTpalii BOAHIO y CyMilli.

Mertoauka pocJigKeHb

3nificHeHHST JOCTiKeHb 0COOJUBOCTEN TOPiHHS
BOJIEHbBMIiCHIX CyMillleil B 3aJIe;KHOCTI Bif| /101 BOJI-
HIO B HUX BUKOHYyBaJjocs B [HctutyTi razy HAH Yk-
paiHu Ha eKClepUMEeHTaJIbHOMY CTEH/Ii, CXeMa SIKOTO
HaBeJieHa Ha puc. 1.

[lna 3xificHeHHS foCJIi/pKeHHST 6y BUKOPHCTA-
Hi ABa ra30Bi 6aJ0HU, OJAUH 3 SIKUX 3alIOBHEHO BOJ-
HeM. Ckiaj rasy B Apyromy 6aJjioHi, BUBHAUEHUH 3a
nomnomororo xpomotorpada 6890N ¢upmbr Agilent,
HAGIIKEHUil 10 CKIa/ly IIPUPO/IHOTO rasy. Voro Temn-

CypCO30EPEsKEHHsT y TTPOMHUCIOBOCTI. Puc. 1. Cxema cTeHmy s AOCTiAKEHHS TEIJIOTEXHIYHUX Xapak-
TepucTuK daxeny: | — KpaHu GaJoHHI; 2 — peayKTOpH OaJOHHi y

Mera Ta 3aBJaHHS OCJIi/?KEHb 360pi; 2a — manomerpu 0—150 6ap; 26 — manomerup 0—12 Gap; 3 —
peaykropu apyroro crynensi 25—50 m6Gap; 4 — Hamopomipu 0—

YV Mexax NepIioro eramy IoCIij- 50 m6ap; 5 — Benrmai perymoioui Dy 10; 6 — poramerpu PM
0,63TY3; 7 — 3mimyBau rasiB; § — BeHTwab peryJorounii Dy 10;

JKeHb TI0CTaBJICHO 3aBJaHHA BU3HAYUTU
Ta TATBEPAUTH XapaKTEPHi 0COOJNBOC-
Ti TOPiHHS CyMillleif TPUPO/IHOTO Ta3y 3
BO/JIHEM B YCbOMY [lialla30Hi 3MiHU KOH-
nenTpanii Boa-uio Big 0 1o 100 % (06.)
B YMOBAX HEIMOBHOTO IONEPEAHbOTO 3Mi-
LIyBaHHA Ta3y 3 MOBITPAM.
HocaipkenHst 3ocepe/KyBajnucsl Ha
TIO/TAJIbIIIOMY JICTAJIbHOMY BUBUYCHHI IIPO-

9 — miunnbHuk rasosuii BK-G2,5A; 10 — nambuuk 1.0 —3.0 kBr; 771
— BUTsDKHA 1ada.

Figure 1. Scheme of the stand for researching thermal characteristics
of the torch: 7 — balloon faucets; 2 — cylinder reducers as a whole;
2a — manometers 0—150 bar; 2b — pressure gauge 0—12 bar; 3 —
reducers of the second stage 25-50 mbar; 4 — pressure gauges 0—
50 mbar; 5 — regulating valves Dy 10; 6 — rotameters RM
0.63 GUZ; 7 — gas mixer; 8§ — regulating valve Dy 10; 9 — gas meter
BK-G2,5A; 10 — burner 1.0—3.0 kW; 77/ — exhaust cabinet.
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JIOTBOPHA 3JaTHicTb, K[k /M3: Hikua — 34958,7;
Buma — 38691,2. Ckyaza 1boro ra3y, mo3Ha4yeHoro
ak [T, naBemeno y ta6i. 1.

ocmimxeHHs: BUKOHYBAJINCS TIPU TOPiHHI Masm-
Ba y JIOCJiTHOMY iHXXEKI[iiHOMY TaJbHUKY DyH3e-
Ha 3 YaCTKOBO Ii/IFOTOBJIEHOIO CYMIIIIIIO Tasy Ta Io-
BiTp4d 3a YMOBHM HE3MiHHOI TeIJIOBOI IOTY>KHOCTI
3,0 kBt. ITasbHUK BCTAHOBJIEHO Y BEPTUKAJIbHOMY
[OJIOXKEHH] vy BiAKpuTiit saboparopuiil madi 3 Bu-
TsKKo10 (prc. 2). 3a HUM PO3TAIIOBaHO YOPHHN €K-
paH A/ Bi3yaJbHOIO OLIHIOBAHHA HAABHOCTI YU BiJ-
CYTHOCTi KOJIUBaHb (pakesry, 3MiHU HOTO KOJbOPY Ta
SICKPaBOCTi, a TAKOK MIKaJa /s BUMipIOBaHHS BH-
nuMoi oBxkuHN (pakesy B MisiMerpax. OCHOBHi reo-
METPUYHI PO3MipHu JOcCiijiHOrO naJjbHUKa byHseHa:
JliaMeTp rasoBoro coimia — 1,5 MM; JgiamMerp rupJa
najgbHUKa — 10 MM; OTBODH AiaMeTPOM MO S5 MM ISt
BCMOKTYBaHHS HOBIiTPS B TOPIEBilt BXiJHill yacTuHi
MaJIbHUKA.

OcHOBHI TIapaMeTpu BUMIpDIOBAaHHS Ta JIOCJi/I-
JKCHHA:

— BUTPaTU BOJEHbBMICHOI CyMilli 3a JOIOMO-
rolo JIIUNJIbHUKA Ta3y;

— BuAMMA J0BXuHA (akesay migxoM oTodik-
camii Ha ¢oni MipHOI mKamm;

— TeMmmeparypa dakesay 3a JOTOMOTOIO0 TLJIATH-
HOBOI TepMOTIapu 3 BTOPHHHUM IPUJIAIOM — MYJb-
TUMipOM,;

— TeIJIOBE BUIIPOMiHIOBaHHS (hakesy 3a JIOIO-
MOrOI0 BUMipioBaua IIiJIbHOCTI TEIJIOBOIO IOTOKY

Ta6aunus 1. Cxaax ragy IIT' y Gajoui ansa Bumpo-
OyBanb

Table 1. Composition of PG gas in the test
cylinder

Hassa | Dopmyna | I, %
Meraun CHj4 87,81
Eran C2Hs 0,065
ITponan CsHs 0,856
n3o-byran iCsHio 0,311
H-Byran nCsHio 0,129
AnertuieH CaH> 3,495
Bonenn H> 0,173
Kucenb (6)} 0,356
Asor N> 3,65
[liokcua ByrJeiio CO» 2,22
CipxoBOsieHD H>S 0,402
Boasaa napa H,O 0,533
Ycboro 100,000

Puc. 2. B3aeMHe po3TalilyBaHHs NaJbHUKA, TEPMOTIAPHU Ta
JaTYMKa TeIIOBUIIPOMiHioBanHs (4acTuHa cTeHmy): 1 —
najibHUK DyH3eHa; 2 — TepMomnapa; 3 — JaTu4uK TeILio-
Mipa.

Figure 2. Mutual location of the burner, thermocouple
and radiation sensor (part of the stand): 7/ — Bunsen
burner; 2 — thermocouple; 3 — thermometer sensor.

UTII-6 (koucrpykuii IHeTutyTy Tenmodisnkun HAH
Vkpainn).

BumipioBau mtisibHocti TensioBoro noroky WMTII-6
CKJIQZIAE€ThCA 3 JAaTYUKA Y BUIA/AL JUCKY JiaMeTpOM
26 MM 3 BMOHTOBaHUM GJIOKOM TEPMOIIAp Ta BTOPUH-
HOTO TIPUJIAJy 3 MEepPeTBOPIOBAYeM CHUTHAJY BiJl Jat-
yuka. BropunHmit Tpuiaa Mae Taki XapakTepUCTUKY:

— mkaga 0-1000 Br/m? 3 1uiHowo momiay
20 Br /M

— Macmrab wrajgan — 2; 4; 10;

— Jiana3oH po6OYMX TEMIEpaTyp HABKOJIHII-
HbOTO cepenoBuiia — Bijg —30 xo +50 °C.

[lociKeHHsT BUKOHYBAJIHCST TAKUM YNHOM:

— momava BoxuIo Ta III' 3xificHioBasacs 3 oKpe-
MUX GAJIOHIB Yepe3 PeAyKTOPH BUCOKOTO Ta HU3BKO-
rO THCKY 3 KOHTPOJIEM BUTpPAT 3a JOMOMOTOIO HAIo-
poMipis 4 Ta razosux poramerpis 5 (qus. puc. 1);

— TIIPpUTOTYBaHHS Ta3oBoi cyMilni 3ailicHIOBaJIO-
¢S 1LJIAXOM lloJaui B 3MinlyBad 7 J030BaHUX BUTpaT
KOJKHOTO 3 il KOMIIOHEHTIB;

— KOHTPOJIb Ta PEeryJI0BaHHA KiJbKOCTi ra3oBoi
CyMilii, 10 TI0/IaBajiacs B MAJIbHUK, 3a6e3reuyBaiu-
cs BEeHTUJIEM &, Ta30BUM JIIYUIHbHUKOM 9 Ta HATIOpO-
MipoMm 4;

— BUMIpIOBaHHS TeMiiepaTypu ¢axenay Ha HOTO
oci Ha BigcTani 100 MM Bij TupJsa MAJbHUKA TA JJIS
KOHI[EHTPAIlill BOAHIO ¥ TazoBiit cymint 0—90 %;

— OKpeMO 3a JIONIOMOTOI0 TJIATUHOBOI TepMoria-
P, 10 BCTAHOBJIOBATACH HAJ TUPJIOM MMAIbHUKA TI0



ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepexenns. 2025. No 3

111

fioro oci nHa Bigcrtami 50, 100, 150, 200, 250 MM,
BuMipioBasacsi Temieparypa ¢akeny s I ta cy-
Mimel 3 Kounenrpanieio soanio 40, 60 ta 90 %;

— 3a JOTIOMOTr0I0 JaTYhKa BAUMipIoBayda MIiJbHOC-
Ti TEIJIOBOTO TIOTOKY, BCTAHOBJIEHOTO BiJl oci daxe-
ay y 6ik Ha 100 MM Ta Ha BijcTaHi HaJ THPJIOM
nmagparka 100 MM, BuUMipioBaBcsI TENJIOBWIA TIOTiK
Bix dakery.

PesyiabTaTi nocimaKeHb
Ta 0OGroBOpEHHsI Pe3ybTaTiB

3arasnom 6ysio BukoHano 6iybir 10 Bunpo6yBaHb
TOpiHHSI BOJICHbBMICHUX CyMilleil y naJbHUKY ByH-
3€Ha IIPU Pi3HUX KOHIEHTPALiAX BOJHIO y CYMIiIli.

Ha puc. 3 naBeneno ¢oto dakesiB ta ix BugN-
MUX BifIMiHHOCTEHl y 3aJIe’KHOCTi Biji KOHIIeHTpaIlii
BOJIHIO B NaJIMBHil cymimii, mo roputb. Ilpu mipomy
1o Mipi ZoJaBaHHS BOJAHIO KOeillieHT MepBUHHOTO
MOBIiTPsl y NanbHUKY 3MiHIOBaBcA Bix 0,42 no 0,54
3i 30iJbITIEHHSM BUTPATH TAa30BOi CyMimmi, sKa -
CMOKTY€ IIOBIiTp.

3 HaBemeHNX (OTO BUIHO, MO 3i 36iJTbIIEHHSIM
KOHIIeHTpallii BOJAHIO y MNaJuBHii cyMmimi BuauMa
noBxknHa dakesy 3MeHIyeTbess 3 320 g0 250 MM,
T06TO IpUGIN3HO Ha 22 %. IlounHAIOUM 3 KOHIIEHT-
panii Bogmio y cyminti 60 % (06.), mporisaaoTbes
KOHTYPH BHYTPIllTHBOTO KOHYca pakeJty, 1o 3i 36171b-
LIEHHAM BOJHIO y CyMillli 3MEHIIY€EThCA Ta CTac 4iT-
kimwmm. ITpu konuenrpauii Boguio 90 % (06.) Buco-

Ta KOHyca HaiiMeHIIa Ta He Tepe6inbinye 80 MM.
[Mounnaroun 3 kouuenrpauii Bogmio 60 % (06.),
3’ SIBJISIIOTBCST POKEBO-YEPBOHI CIAIaxXH, M0 3i 36i1b-
IMeHHsIM KOHIIeHTpaIllii BOJHIO TPHU3BOJAWUTH /10 CY-
IiJTHPHOTO TIOYEPBOHIHHS (DaKesy.

[Ipu npomy ropinHs crabiJbHE O BMICTY BOJHIO
B cymiti 90 % (06.) BKJIIOYHO, 110 MOYKHA MOSICHATH
MOCTYTIOBUM 3MilllyBaHHSIM YaCTKOBO IIi/IrOTOBJIEHOT
Ta30MOBITPAHOI CyMillli 3 HABKOJIUIIHIM MOBIiTPSAM
JI0 CTEXiOMeTPUYHOTO CITiBBiIHONIEHHS. AJjie TpHu
100 %-it KoHIeHTpallii BOAHIO B yCiX BHKOHAHUX
aBTOpaMHU JOCTiKEHHIX (daxes HecTabiIbHUMN, Iy-
JKe IIBUKO BiJIGYBAETbCS MPOCKOK i3 XapaKTepPHUM
XJIOTIKOM Ta 3aracaHHs TOJyM .

Ananoriynay KapTuHy 3a6apBJeHHsS (axesy Cro-
crepirayu aBropu [17] B focai/pKeHH] BILUTMBY /10/1a-
BaHHS BOJHIO JI0 MIPUPOTHOTO Ta3y Ha ePeKTHUBHICTD
rOpiHHA y NAJbHUKY BapUJbHOI moBepXHi. 3a ixX na-
HUMH, 320aPBJIEHHS MOJYM’sl MOYMHAJIOCS BijJl KOH-
nenTparii Boanio y cymimi 55-60 % (06.), ane npu
KOHIeHTpanii Boauio y cymini 75 % (06.) dakenn
KOH(OPKHU cTaBa Il HecTaGiIbHUMU Ta HETIPHIATHH-
MU /17151 BUKOPUCTaHHS.

Crocrepeskentst 3MiH 3a6apBJeHHS MTOJyM’sT Ha-
BeJleHi # B iHINMUX JOCTIPKEHHSIX, OJHAK Ha JaHWM
MOMEHT €MHOI JyMKH IIOJ0 MOSICHEHHA IIbOTO SABU-
1a B HayKOBill cmisibHOTI Hemae. Bimomi mexinbka
NOsICHEHb 1IbOTO sBUINA. ABTopu [26] BBaKaioTh,
1[0 TPUYNHOIO BUHUKHEHHS YePBOHOTO 3a0apBJICHHS
€ TOHKoAuCIepcHi yactku merany (posmipom 0,5—

Puc. 3. 3oBHINMHIN BUTJIAA Ta BUANMA JOBXKUHA (Qakesy B 3aJesKHOCTI Bil ckiramay cymimi: /—710 — HOMepu BUIPOOY-
BaHb, IO BiAIOBifal0Th BMicTy BoaHIo y cymimi 3 IIT 0, 20—100 % BiamosigHo.

Figure 3. The appearance and apparent length of the flame depending on the composition of the mixture: 7—70 test
numbers corresponding to the content of hydrogen in a mixture with PG 0, 20—100 %, respectively.
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1 MKM), SIKi yTBOPIOIOTbCSI B METAJIEBUX Pe3epByapax
Ta Tpy6ax yepe3 edeKT IX OKPUXKYBaHHS BOJHEM. Y
po6orti [27] npuiryckaeTbes, 10 YePBOHMIA KOJIp 1M0-
JIyM’SI € Pe3yJIbTaTOM CKJIQ/IHOI CyTIepIo3uIlii eMiciii-
HUX CIIEKTPiB BOJM, MOKJUBHX AOMIilmOK (Harpio,
HiKEJII0) Ta B MEHIIOMY CTYTIeHi BHIPOMiHIOBAHHIM
36y/KeHoro aromy BogHIO. ABropu [28, 29], anaui-
3YIOUH CIIEKTPAJbHI 0COGJIMBOCTI MOJYM’sT [l J1aMi-
HapHOTrO muysiitHoro Ta TypOyJEeHTHOTO TOPiHHS
TIoTIepeIHbO 3MIIMTAaHNX Ta30BUX CYMillIed, JOTPUMY-
IOTBCST TilOTe3W, IO YepBOHE 3a0apBJEHHS BUKJIH-
KaHe BUKJIOYHO eMicieio 36ymkeHnx MoJerynr H,O.

Orke, He3BAXKAIOYM HA BiJICYTHICTb €IMHOT [TyM-
KU 1010 IPUYNH BUHUKHEHHS YEPBOHUX CIIaJaxiB
Ta TIOYEPBOHIHHS (haKeTy, MOKHA BBAXKATHU Iie SBU-
1€ XapaKTEePHOIO O3HAKOIO IOPiHHA ra3oBOI CyMilli
I1I'-H; ipu 36ib11eHH] B Hill YacTKH BoAHIO. [leTasib-
He BUBYEHHA YCiX aCIleKTiB rOPiHHA MeTaHO-BOJHE-
BUX cyMillieil, B ToMy uncJii 3a6apBJieHHs i CBiTHOC-
Ti (pakesniB, Mae BeJWKe 3HAUYEHHS, OCKIiJIBKH 1€
SBUINE MOXKe OYTH TIOB’SI3aHO 3 TETIJIOBUMH Xapak-

TepucTUKaMu (pakey.

Bigomo, 1110 /1719 OLiHKU SIKOCTi TOPiHHS Ta30BUX
cyMilnieil BUKOPUCTOBYIOTb iHJIEKC Ca’KOYTBOPEHHS
(xoBrux cmanaxis) Jarrona [30], xpuruune 3mHa-
YyeHHsT sikoro ctanoButh 0,6, a A1 4yucTOrO METaHy
— 0,5. IligBunieHHsT KOHIEHTPAIlii BOJHIO 3MEHIIIYE
3HAaYEHHd I[bOTO iH/JEKCY Ta He IMOriplIye dKicThb ro-
pians. OnocepeKOBaHO aBTOPH M€l CTATTi criocTe-
piranm 1eit edekT pu 3MiHi KOJBOPY (pakesy.

Y tabs. 2 Ha TPHUKJAAI JBOX BUNPOOYBAaHDb BH-
3HQUYECHI OCHOBHI IIOKa3HUKM IlapaMeTpiB TOPiHHA
npy BUIIPOGYBAHHI JOCJIiIHOTO TTAJbHKUKA 3 3 OTBOPA-
MU [0 O MM /I BCMOKTYBaHHS TOBIiTps Ta Koedi-
LI€EHTOM BUTPATU MEPBUHHOIO MOBiTps 10 40 %, 1110
6yJ BUMIPSHI Ta 0OYMCJIEH] i 9ac BUTTPOOYBAHD.

Bunipo6yBanust st TOpiHHS cyMimeir nipu 6
OTBOpaX JJI1 BCMOKTYBAaHHS NOBIiTPS y NMAJbHUKY Ta
BiNOBiHOMY 36iJIblIeHHI KOedilli€eHTa BUTPATHU TIeP-
BUHHOTI'O TOBITPA 0 65 % II0Ka3ajn TaKoXK cTabijib-
He TOpiHHA A0 BMicTy BogHO B cymimi 90 % (06.)
BKJIIOYHO.

Tabauus 2. 3Mina A0CHi[)KyBaHUX MapaMeTPiB rOPiHHA METaHO-BOAHEBOI CYyMillli IPU J0aBaHHi BOIHIO

Table 2. Change in the research parameters of combustion of methane-hydrogen mixture upon addi-

tion of hydrogen

Kf)nuempa— Burparn Buguma Terwtouit MOTIK Bix KiJII).KiCTI) Tpo- YMO.BIII/Iﬁ Tel‘[JIOBI/I.I‘/)I
11ist BOJIHIO, MaJTBa, JIOBKIHA 2 IYKTiB TOPiHHS, | TIOTiK BiJ{ OXUHUIL
% (06.) M /roz baxeny, Mm (axexy, Br/» M /Tont HPOIYKTiB TOPiHHA
BunpoGysanus 1
0 0,31 290-300 440 3,2 138,85
20 0,32 280—-290 460 2,9 161,57
30 0,37 270-280 485 3,0 158,91
40 0,39 260-270 500 3,0 169,72
50 0,41 250-260 520 2,8 183,68
60 0,49 240-250 535 3,0 177,62
70 0,505 230—-240 550 3,0 182,42
80 0,66 220-230 565 3.1 181,21
90 0,82 210-220 580 3,3 174,28
BunpoGyBanns 2
0 0,28 290-300 410 2,9 141,67
20 0,33 280—-290 420 2,9 144,08
30 0,35 270-280 430 2,9 149,40
40 0,38 260-270 440 2,9 154,17
50 0,39 250-260 460 2,7 172,03
60 0,48 240-250 480 3,0 161,67
70 0,55 230—-240 500 3,0 165,50
80 0,66 220-230 540 3.1 173,19
90 0,81 210220 560 3,3 182,53
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Ha puc. 4 nokaszano xapakTep 3MiHM BUTPATH
[MAJIMBHOIL CyMilli 110 Mipi K0/aBaHHg BOJHIO JJI4 JI0-
TPUMaHHA YMOBU HE3MiHHOI IOTY’KHOCTi NaJIbHUKA
Ta BigmoBigHOI 3MiHM mokaabHOI (Ha Bifcrani Big
rupsa maapHuka 100 MM) Temmeparypu dakey.
Bunno, mo ns 3a6e3meveHHs cTanoi TEMJIoBoi Mo-
TY’KHOCTi TIpH [IOZlaBaHHi BOJHIO BUTpaTH TaJuBa
36isbinyBacss npubausno y 2,66 pasu. Ilpn
1boMy Ha Bigctani 100 MM Biz TmpJia maJgbHUKA Bifl-
OyBaJsiocst Maiizke JiiHiliHE TIi/IBUIIEHHS TeMIepaTypu
akesy Bin 1060—1080 mo 1210—1220 °C, mo cra-
HOBUJIO mIpupict temieparypu g0 15 %.

Ha puc. 5 mokaszano posmoiji TeMiepaTypu 1o
JIOBKUHI hakesy [JIT cyMilieil 3 KOHIIEHTPAIlieio
soanio 0, 40, 60 ta 90 % (06.). Xapakrep HaBeje-
HUX KPUBMX BKa3ye€ Ha IIi/IBULEHHA PiBHA TeMIlepa-
Typ (akesy 1o Mipi JoJaBaHHS BOJHIO y Ta30BY CY-
Milll 3 OJHOYACHWUM HAOJIKEHHSIM MaKCUMAJbHUX
TeMIepaTyp J0 THpJa MaJbHUKA. BigHOCHO HU3bKi
Temneparypu Ha Bigcrami 5—10 xani6pis (L,/d)
OB ’g3aHi 3 TUM, 1[0 IIPU FOPiHHI IPUPOJHOTO Ta3y
Ta cyMileil 3 KoHmeHrpaiiieo BoHIO 10 60 % (06.)
BiATIOBi/IHI TOYKM BUMipPIOBAaHHA PO3TAIIOBAaHi B 30Hi
BHYTPIIIHBOTO KOHYCY (hakey, /ie TOPiHHS IIe Bij-
cyrHe. [ls cymimn 3 KoHmeHTpailieio Boauio 90 %
(06.) TopiHHS po3TalioBaHe 3a MeKaMU BHYTPilll-
HBOTO KOHYyCy. MakcumasbHa Temneparypa dakesry
1o ioro oci 1250 °C 3acikcoBana st cyMminni 3 KOH-
nentpauieio soanio 90 % (06.). Bignocno Husbkuit
piBeHb TeMIiepaTyp MOKHA MOSICHUTH OXO0JIO/PKYBAJIb-
HUM BIUINBOM HABKOJIAIIHBOTO CEPe/IOBUINA.
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Puc. 4. 3anexHicTb BUTpPATH NAJTHBA Ta JIOKAJILHOI TeM-
neparypu axery Ha Bicrani 100 MM Bij rupJa najb-
HUKa BiJ{ KoHIeHTpanii BoaHio y cymimti CHs-Ho: m, ¢ —
E€KCIIepUMEHTAJIbHI JIaHi.

Figure 4. Dependence of fuel consumption and local

flame temperature at a distance of 100 mm from the
burner mouth on the hydrogen concentration in the CHs-

H> mixture: m, ¢ — experimental values.
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Puc. 5. Posnogin temuepatyp no posxuni dgakeny: 1 —
npupoaauii ra3 (KoedillieHT BUTPATH TEPBUHHOTO TIOBIT-
P ameps = 0,42); 2 — rasoBa CyMill 3 KOHIIEHTPAIi€IO
BoaHIo 40 % (aueps = 0,48); 3 — TasoBa CyMilll 3 KOHIIEHT-
paitieio BojiHio 60 % (angps = 0,51); 4 — rasosa cymirn 3
konuenTpauieio Boguio 90 % (aweps = 0,54); L /d — Bia-
HOCHA BiJICTAHb BiJ| THPJIA MAJbHUKA TOYOK BUMipy, d —
JliaMeTp rupJa coIia.

Figure 5. Temperature distribution along the length of
the flame: 1 — natural gas (primary air flow rate apmim =
0.42); 2 — gas mixture with a hydrogen concentration
of 40 % (apim = 0.48); 3 — gas mixture with a hydrogen
concentration of 60 % (apim = 0.51); 4 — gas mixture
with a hydrogen concentration of 90 % (apim = 0.54);
L /d is the relative distance from the burner mouth of
the measurement points; d is the diameter of the nozzle
mouth.

Ha puc. 6 mokazano 3MiHy 3araJbHOTO TETLIOBO-
ro IIOTOKY Bijl ¢akesy Ta TENJIOBUX IOTOKIB, HaBe-
JIeHUX JI0 OJAMHUILI CyMillli ra3iB Ta 0 OAUHMUILL IIPO-
JIyKTiB 3TOPSIHHS, 110 Mipi 30iJbIIIeHHS KOHIIEHTpA-
nii BogHIO y cyMimmi.

3 HaBeJleHUX rpadikiB BUIHO, MO TEIJIOBHI TIO-
Tik Big daxeny (puc. 6, @) 3poctaB MpUGIU3HO Ha
25 % — Bin 410 no 570 Bt /™m?. 1le B He3HauHii Mi-
Pi BiApi3HAETbCA BiJi pe3yJbTaTiB y 3rajlaHUX paHi-
me gocaikennax [4]. Tennosigmava Bin dakery B
nepepaxyHKy Ha ofuHuI0 magusa (To6TO AT yMOB
nocrifinoro o6’eMy rasy) 3MeHNIyBajacs Malike
Basiui (puc. 6, 6). Ile oueBnaHMIA pe3ysbrar, 3Ba-
sKafoun Ha 361JbINEHHS KiJBKOCTI TaJWBa /IS 3a-
Ge3TeveH s CTaI01 TEIJIOBOI TOTYKHOCTI daxery. 3
rpadiky Ha puc. 6, ¢ BUIHO, IO TEILIOBUH TOTIK,
BifiHECEHMIT 10 OAMHMUII 06’ €My MPOIYKTiB rOPiHHS,
3pocras Maiixke Ha 30 % — Big 139 go 182 Br /M2
Ile Takosx 36iraerbcd 3 JaHUMU AOCTiKeHHS [4] Ta
MOJKHA TOSICHUTH BiYYTHUM 3061JIbIIEHHSM TeMIle-
parypu ropiHHg CyMillli IIpU 3pOCTAHHI KOHIICHTPaIlii
BOJHIO Ta 3MEHIIEHHSAM 06’ €My TPOAYKTiB TOPiHHA.
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Puc. 6. 3amexHicTh 3arajJbHOTO TETJIOBOTO MOTOKY Bif
daxeny (a) Ta TEMIOBUX MOTOKIB, HABEAEHUX /IO OAUHUILI
namuBa (6) Ta 10 omuHuIl npoayKTiB ropinua (c), Bixg
BMICTy BOAHA y CyMilli: m, ¢ — eKCIlepMMEHTaJIbHi JaHi.
Figure 6. Dependence of the total heat flux from the
torch (a) and the heat fluxes per unit of fuel (b), and
per unit of combustion products (c) on the hydrogen
content in the mixture: m, ¢ — experimental values.

HaBeneni nani cBiguath mpo MOKJIMBICTD TIi/IBU-
MeHHs e(PeKTUBHOCTI Tiepeiadi Teria Py J0aBaH-
Hi BOJAHIO y rasoBe IIaJMBO 3a YMOB BIJIIOBIJJHOCTI
po3MipiB po6ouoro npoctopy 1o dakeay ta 06’eMy
MIPO/IYKTiB 3rOPSHHS, MOKJIMBUX 3MiH KOHCTPYKIIii
NMaJbHUKIB, BiJNIOBIIHMX KOMYHIiKalliili Ta iHIIOTO
o0afHaHHS [0 POOOTH Ha BOJACHBBMICHHUX CyMi-
max. 3pOCTaHHS TEIJIOBOTO TMOTOKY BiJ dakemy,
SKe BIJIHECEHO [0 OAMHMUILI IPOAYKTIB 3TOPSHHA,
BKa3ye Ha MOKJHUBICTb e(PEKTUBHOIO BUKOPHUCTAHHS
BO/ICHbBMICHUX CyMilllell SIK IIPOMHUCJIOBOTO IT1aJuBa
y meuax (arperatax). 3meHmenns 06’ €My MPOAYK-
TiB 3TOPSIHHS TIPY [IO/IaBaHHI BOJHIO y TIPUPOIHWI
ra3 norpe6y€e KOHCTPYKTUBHUX 3MiH po6GOYOTrO MPo-

cTopy B GiK HOro KOMIAKTHOCTi, PEKOHCTPYKILi cuc-
TeMu quMoBMAasenns neueit (arperaris) ta in. Lleit
(akT Mae cyTTEBe 3HAYEHHS /IS PO3PAXyHKY Tell-
JIOOOMiHHUX TIPOTIECiB Yy POOOYOMY TIPOCTOPi TEIJIO-
BHUX arperariB, HOT0 KOHCTPYIOBaHHI MPU BUKOPUC-
TaHHi BOJIEHbBMiCHUX Ta3iB Ta MOTpeGy€e MOAATBINNX
JIOCJIiJIPKEeHb.

Busoau

Posnmipeno cyyacuwii focBij 36aradyeHHs MeTa-
HOBUX Tra3iB BOJHEM 3 METOIO II0/JaJbIIOTO IIPaKTHY-
HOTO BHUKOPHUCTAHHS.

[Ipu cnasoBanHi METaHOBO/IHEBOI CyMillli B IaJIb-
nuky Bynszena na BiaxpuToMy IpoCcTOpi AOBXKUHA
BuauMOl yacTuu akesy 3MEeHIIy€eTbesi Ha 22 %, a
TeMIlepaTrypa MOPiBHAHO 3 MeTaHOBHUM (paKesoM
3pocrae 10 15 %.

3adikcoBana 3ajekHIiCTb TemoBiagaui dakery
[Ipy He3MiHHill Horo TemoBill NOTY>KHOCTI BiJi KOH-
nenTpauii Boguio y rasosifl cymimi. Ilpum ninsu-
IIEeHHI KOHIleHTpalii BoaHio g0 90 % (06.) 3aranb-
HUH TETJIOBUH TOTiK Bijl hakesry Ta HOTO IMiJTbHICTD,
10 BijHeceHa A0 OJAUHMUII IIPOAYKTIB 3TrOPSAHHA,
3pocTae GiJbIl HiXK Ha 25 % TOPIBHSHO 3 aHAJIOTIY-
HUMU TOKa3HUKaMu BiJi MeTaHoBoro (akemy. Ile
03Hauae, 10 30i/bIIeHHsT KOHI[eHTpaIlil BOJAHIO B ra-
30BOMY NaJIMBi € NMEPCHEKTUBHUM HANPSAMKOM IiJ-
BUIEHHS e(eKTUBHOCTI TEIoBOi POOOTH IIPOMMUC-
JIOBUX IleYeil Ta arperariB 3a YMOBU IIPUBEJIEHHS 1X
KOHCTPYKIIil Ta TAJbHUKIB /10 BUKOPWCTAHHS BO-
JIeHbBMiCHHUX ra3iB.

[MinxTBepmkena ctabiIbHICTD TOPIHHS TAa30MOBIT-
panoi cymimii y nanpbHuky ByHseHa Ha BigkpuToMy
npoctopi pu KoedillieHTi TTepBUHHOTO MOBITPS 10
65 % Tta kommenrtpauii Boguo 10 90 % (06.). Ilpu
komrenrpanii Hy 100 % (06.) daxer necrabiipumuii,
BiIOyBA€TbCS BCMOKTYBAHHS MOJIYM s B TTAJIbHUK Ta
fioro sracaHHsi 3 XapakTepHUM XJOMKOM (Tak 3Ba-
HHUM IIPOCKOKOM).

BcranoBsieHo, 1110 YepBoHe 3a6apBJieHHS (haKey
€ XapaKTepHOIO0 03HAKOIO T'OPiHHSA YaCTKOBO IIiJro-
TOBJIEHOT CyMillli TPUPOJHWI Ta3-BOJIEHb-TIOBITPS
npu 361JIbIIEHH] YACTKHM BOIHIO B Fa30Bill CyMillni 1mo-
Haz 60 % (06.).
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Experimental stady of the thermotechnical
characteristics of flames during the combustion
of hydrogen-containing mixtures

Abstract. The thermal characteristics of flames during the combustion of methane-hydrogen
mixtures with a change in hydrogen concentration from 0 to 100 % were investigated. Experi-
mental studies of the features of the combustion of hydrogen-containing mixtures in a Bunsen
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burner in an open space with incomplete preliminary mixing of gas with air were carried out.
The following features of the combustion of gaseous hydrogen-containing mixtures with an
increase in the hydrogen concentration in them and with an unchanged burner power are
noted: a reduction in the length of the torch by 22 %, an increase in its temperature and an
increase in the heat flux from the torch by up to 25 %. Visual observations have shown that
the torch of combustion of a hydrogen-containing mixture at a primary air flow rate of 0.42
to 0.54 sec is stable up to and including a hydrogen concentration of 90 %. It is assumed that
the reddening of the torch with an increase in the hydrogen concentration in the fuel from
60 % can be considered a characteristic feature of the combustion of hydrogen-containing fuels.
It has been confirmed that replacing natural gas with hydrogen can be a promising direction
for reducing fossil fuel consumption, and adding hydrogen to fuel gas can increase the effi-
ciency of heat transfer from the torch to the heated bodies. Bibl. 30, Fig. 6, Tab. 2.
Keywords: hydrogen, hydrogen-containing mixtures, hydrogen concentration in the mixture,
torch, temperature, heat transfer, energy efficiency.
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Junamika Temaogi3uyHNX XapaKTE€PUCTHK
TEPMOi30.IALiiHUX MaTepiaJiB ¢dacaaiB OyaiBJIi

Anoranig. B Ykpaini 6u3pko 80 % icHy04oro skutaoBoro (Goumay 6yao 36yA0BaHO 3 HU3BKUMU
MMOKA3HUKAMM TEPMiYHOTO OMOPY OTOPO/IXKYBAJbHNX KOHCTPYKILil, 0 TPU3BOANTD /10 HAJMipHO-
TO CIIOKMBAHHS eHepreTHYHUX pecypciB. lle 3yMoB/IOe Heo6XifHiCTb TepMOMOepHi3altii Gymi-
BeJIb JIJIS TTiIBUIIEHHS TX eHeproedeKTUBHOCTI. ¥Y CTaTTi AOCTi/KeHO 3MiHM TenodisuyHuX Xa-
PAKTEPUCTHK TEIJIOi30/IAIIHUX MaTepialiB y CKJAJi OrOpo/KyBaJbHUX KOHCTPYKILiK Oy/iBesb
B yMoBax excilryarauii. IIpoanasizoBano BIJIMB TPUBAJIOCTI eKCILIyaTauii Ha TeIlIOTeXHiuHi
BJIACTUBOCTI Pi3HUX TETJIOi30MAMINHNX MaTepiajiB. MeTa MOCJiXKEeHHS CIIpSIMOBaHA Ha €KCIie-
PUMEHTAJbHUN aHaJi3 3MiH TeNI0(i3NIHNX XapaKTePUCTUK TEILJIOI30JIAII THIX CUCTEM, TTONITUPe-
HUX Y GYAiBHUITBI, MPOTSITOM YCHOTO TePMiHy iX excruryararnii. PosrisgHyTo Tpaauiiiiiai Temo-
i3oJiALiiiHi Marepiasu, Taki SK MiHOMOJICTHPOJHU, HiHOMOJIypeTaH, IHOCKJIO Ta 6a3aabTOBA
Bara. [liHomoOiCTHPOS € MOCTYITHUM 32 MIHOI0 Ta e(PEeKTUBHUM YTEILII0OBaueM, aje HOro OCHOBHUM
HEJ0TiKOM € ropiovicTb. [liHOCKJIO, X04a € HeropounM MarepiajoM, BUMAara€ 3HaYHUX €Hepro-
3aTpar Ha crajii BupoOHUIITBA. [lJig OIIHKK Temmodi3NYHUX BJACTHBOCTEH Pi3HUX BapiaHTIiB
TETI0i30IS11iT CTIHOBUX OTOPO/IKYBAJIbHUX KOHCTPYKIIH 3/1iliCHEHO GaraToBapiaHTHY TEPMOMO-
JlepHizaiiio agminicTpaTuBHOi 6Y/iBJi Ta PO3p0O6JEHO KOMILIEKC 3aXO/iB JJisg aHali3y TeILIo-
Bpar. 3po6JeHO MOPiBHSIHHSA €KCIIEPUMEHTAIbHIX JAHNX, OTPUMAHUX y MPOIleci TpUBaJIOl eKCIl-
Jyatamii Temaoi3ongrinanx cucteM. OTPUMAaHO MacWB EKCIIEPUMEHTAIbHUX JaHUX PO3MNOIiIY
TYCTUHU TEILJIOBOTO IOTOKY Ta TeMIepaTypHUX KOJMBAHb Ha JiJFHI CTIHOBOI Oropo/»KyBaJbHOI
KOHCTPYKILii, YTeNJIeHO1 Pi3HUMHU TeTI0i30 i fHuMI MaTepiataMu. Po3paxoBaHO 3HAUEHHS KOe-
(itienTiB TEMIOMPOBIHOCTI A JOCTIXKYBAHUX TEPMOi30AIiHNX MarepiasiB. 3/1iliCHEHO T0-
piBHSIHHSI 3HaueHb KoedillieHTa TeJIONPOBIHOCT] TEIIOI30MAIHHNX MaTepialiB 3 HOPMATUB-
HUMW 3HAYEHHSIMHU Ta 3 Pe3yJIbTaTaMu JOCTI/DKeHb 3a momependi mepioan. Biba. 17, puc. 6,
maéa. 1.

Kuo4oBi cioBa: TerioBa i30Js11isi, eHeproeeKTUBHICTD, TEPMOMO/IEpHi3allist, KoedilieHT Termn-
JIOTIPOBiTHOCTi, OTOPOI’KYBaJIbHA KOHCTPYKITisT OYIiBJIi.

CyyacHuii cran npoGaemu

Eneprernyna 6e3nexa € KJIOYOBUM €JIEMEHTOM
HaIliOHAJbHOI Ge3TeKn YKpalHu Ta HeBiJl' € MHOIO
CKJIQJIOBOI0 eHepreTnyHoi Ge3nexu €pporu. Boma
3a6earieyye cTabiIbHICTD IOCTAYaHHS eHeprii HaJeskK-
HOT SIKOCTi SIK y 3BHYAWHMX yMOBax, Tak i Imijg Jac
HA/[3BUYAHUX CUTYaIlliil, 30KpeMa HUHINTHiX BOEH-
HUX JIiH.

Ha 7 uepBusa 2024 poxy VYkpaina BTpaTuja
50 % moTy:kHOCTEl 3 BUPOOHUIITBA €JIEKTPOEHEPTiT

© Bacok B.1., T'onyapyk C.M., [lanimescbkuii A.C., I'oman €.1.,

(9,2 TBr) B pesyabrari pocificbkux arak. O6¢Tpi-
Jin 3pyHHyBam 42 eHepro6JI0KN TEIVIOBUX €JeKTPO-
CTaHIliif, mo cTaHoBUTHh 73 % moTyskHOCTEH., Kpim
Toro, momrkopkeHo 20 rigpoarperatTiB TifpoeseKkT-
pocraniiit 3aranpHoio moryskuictio 1,3 I'Br [1].
TomMy B yMOBax cyyacHUX BUKJUKIB, 30KpeMa Biiicb-
KOBUX JIilf Ta PyWHYBaHHS €HepreTHYHOi iHppacTpyK-
TYpH, 3aBIaHHS MiJBUIIEHHS eHeproeeKTUBHOCTI
6yaiBesib HaGyBae 0co6JMBOI akTyabHOCTI. OHIEI0
3 Takux MpobJeM € 3HauHi TeryIoBTpaTH. Besmka
YyacTKa TeIvIoBTpar y OyAiBJSX MPUNAIA€ HA OTOPOJL

2025
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Weeyin HUX KOHCTPYKILiit 6y/1iBeJib Ta OIiHKA IXHBOTO BILIH-
By Ha eHeproedeKTUBHICTb y JOBrOTPUBAJIiN mepc-

Oinnanaia
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MNonbuwa
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Kutait
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Puc. 1. HopMaTuBHe 3HAYEHHS IIPUBEIEHOTO OIOPY TEIl-
Joriepesiadi I 30BHINIHIX CTiH y KpaiHax €Bpornu Ta
CBiTYy.

Figure 1. Normative value of reduced heat transfer
resistance for external walls in Europe and the world.

JKYBaJIbHi KOHCTPYKIIii, 1110 BUMAarae IiJIBULICHHA IX
TEPMiYHOTO OINOPY [AJS 3MEHIIEHHS €HEePIrOCIIOKU-
BaHHS.

B Yxkpaiui gitore oHoBJeHi 6yIiBesbHI HOPMH,
3okpema /IBH B.2.6-31:2021 «TemnuoBa i3oJsiiisa Ta
eHeproepeKTUBHICTb OyAiBeNb», SKi MiJBUIYIOTH
BUMOTY [0 MIHIMa/JIbHO [JOIIyCTUMUX IIOKa3HUKIiB
OIOPY TeIIonepeadi Oropo/KyBaJbHUX KOHCTPYK-
uiit. IlopiBHANbHUI aHaJi3 IOKasye, 10 HOpPMa-
THUBHI [TOKAa3HUKM IIPUBE/IEHOTO OIIOPY Telljonepe-
Jladi 30BHIMIHIX CTiH OTOPO/I’KYBAJbHUX KOHCTPYK-
uiii (OK) B Ykpaini cranosmars 4 M>K,/Br
I xnimaruunoi 3ouu ta 3,5 M>K /Br nna II kaima-
TUYHOI 30HM, TOAI SIK y TPOBiAHWX KpaiHax €EB-
pOIM Ta CBITY IIi NMOKA3HUKM 3HAXOJAATHCA HA BHU-
momy piBHi: B Ilosbini koeditienT Temnonepesayi
Ucmax) 0,2Br/(M*K) [2], mo exBiBaJeHTHO
onopy 5m?K/Br, y @iniasguii 5,88 M*K /Bt
[3], y Hopserii Ta IlIBewii — 5,56 m>K,/Br [3], y
Kurai — 4 m>K/Br [3], B Icaanapii — 4 M>K /Bt
[3] (puc. 1).

AXTyaJbHICTh TAHOTO JOCJi/PKEHHS 00yMOBJIEHA
HEOOXI/IHICTIO OIIHKM 3MiH TeNJIO(i3UYHUX Xapak-
TEPUCTUK TEIIOI30ANIHUX MaTepialiB y CcKJazi
OTOPO/IKYBAJIbHUX KOHCTPYKIiil BIIPOJOBXK TpHUBa-
Jloro TepMiHy ekcruryatanii. Ile gacTb MOXKJIUBICTDH
MiIBUTIIATH eHeproedeKTUBHICTh Oy/iBeJb Ta CIpU-
STUME 3MIIIHEHHIO eHEePTeTHYHOI 6e3eKu Y KpaiHu.

Mera po6oru
Metoto po6oTH € aHasi3 3MiH €KCIIePUMEHTAJIb-

HUX TerI0(Mi3MUHIX XapaKTEePUCTUK TETI0i30IAITi -
HUX MaTepiayliB y CKJaJi CTIHOBUX OrOPOKYBaJlb-

TIEeKTHBI.

Meroauka a0CaiKEHHS

KitouoBoto Temmodi3nyHo0 XapaKTepUCTUKOTO
TEeIJIOi30/IAIiMHNX MaTepiaiB € KoedillieHT Terio-
MPOBIAHOCTI, sIKMiT Ge3TMocepeIHhO BU3HAUAE TIPUBE-
JIEHUN OIMip Teromnepeaadi 4epe3 Oropo/KyBajabHy
KOHCTPYKILIIO.

[Ipu omninmi TemmoBTpar yepes OK OyniBesnb Ta
CIOPY/Zl 3a3BUYail BUKOPHUCTOBYIOTb 3HAYeHHS iX-
HbOT'O OIIOPY TellIoNepe/iadi:

- Ltoyn & 1
RE_ a1+zi=11i+ flz' (1)
ne ai — KoedillieHT TemsoBigMadi Big BHYTpinI-

uporo nositpsa 10 OK (8,7 Br/M2K); a» — koedi-
mient remnosiggadi Big OK 10 30BHIIIHBOrO MOBiT-
pa (23 Br/m*K); §; — toBmuna i-ro mapy OK, wm;
A — xoedinienT Temmonposignocti, Bt/ (M-K).

Ax 3azmaueno B [4, 5], dakruuni Temnsoizoss-
Li}Hi XapaKTePUCTUKU MOKHA BU3HAUUTU METOJIOM
TETJIOBUX BUIIPOGYBaHb B HATYpHUX yMmoBax. lleii
miaxijg mepenbadae BUMIpPIOBaHHS peabHUX Iapa-
METPiB y CTAJOMYy TelJOBOMY PEeXKHMMi 3a BU3Haue-
HUX TEeMIepaTypHO-BOJIOTICHHX yMOB 3 060X 6OKiB
OTrOPO/IKYBaJIbHOI KOHCTPYKILIi.

3okpeMa, 3iHCHIOITbCA BUMipIOBAHHS:

— II0BEpXHEBOi I'YCTMHU TEIJIOBOTO IIOTOKY Ye-
Pe3 KOHCTPYKIIIO Ta TeMIlepaTyp BHYTPIilIHbOI Ta
30BHIiIIIHBOT TTOBEPXOHDb HA TEPMiYHO OJIHOPIIHUX [Ii-
JITHKAX i3 3aCTOCYBAHHIM KOHTAKTHUX BUMipIOBaJIb-
HUX JIaTYMKiB;

— TeMIepaTyp IOBiTpA BCEepEAUHI MPUMIileHHA
Ta 330BHi, K€ OTOUYE€ KOHCTPYKIIIO.

Ha ocHOBi oTpnMaHUX eKCIepUMEHTAJIbHUX Ia-
HUX Koe(illieHT TeIJIOMPOBiAHOCTI BH3HAYAIOTH 32
BIAMOBiTHUMH PO3PaxXyHKOBUMH GopMmyaamMu [4].

[l BUKOHAHHS KiJbKiCHOTO aHami3y TerJioo6-
MiHy MiXX IPUMIiIIEHHAM Ta HaBKOJIAIIHIM Cepeno-
BUIIEM 3aCTOCOBYBAJIM HASIBHUH BHUMipIOBAJIbHII
KOMILJIEKC, TTPU3HAYEHUN [T JOCJIi/PKeHHS TeTIo-
Brpar. [lo #ioro ckjasy BXOAATb IlepeTBOpIOBauyi Tell-
JIOBUX TOTOKIB i3 BOYJOBAHUMM TLJIATHHOBHUMH TeEP-
momerpamu onopy (ITTII-IITO), migni Tepmomerpu
onopy (MTO) TCM-205, gaTunKu BOJOTOCTi, a Ta-
KO3K BTOPUHHI Mpuau s 360py, nepenadi ta 06-
pobku excrepuMentanbuux gannx: YKT-38 (mas
TeMIepaTypHuX AatuukiB) ta «Excnepr» (s me-
PETBOPIOBAUIB TEILJIOBOTO IIOTOKY Ta JATYUKiB BOJIO-
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rocti) [6].

Ockisnbkn temrnepatypue nose OK Tta posnoain
TYCTUHU TEIUIOBOTO IOTOKY Ha IXHiX IOBEPXHAX Xa-
PaKTepU3yIOThCAd 3HAYHOIO HEPiBHOMIpDHICTIO, JaT-
uypky IITII-ITTO ta MTO po3smiltyloTh K Ha BHYT-
pilHi# Ta 30BHINIHIM MOBEPXHSX CTiH, Tak i Mix
CTiHOIO Ta YTEILII0BauYeM y pasi HaABHOCTI TEILI0i30-
adauii. BoHu BcTaHOBJIIOIOTBCS B3I0BXK OJHi€l oOci,
TIepHeHNKY JISIPHOI /10 TIoBepXHi cTinu. [letanbHNIi
OIMC T€OMETPUYHOTO PO3TAllyBaHHA JaTYMKiB, a Ta-
KO MeTOJIUKKN 360py Ta 06pOOKM JTaHWX HaBEIEHO
y 17, 8].

O6’€eKT xocCiaKeHHs

s mocnifpkeHHS 06paHO TPUIOBEPXOBY I'PO-
MaJIcbKy 6yaiBiio, 1O TOTpe6yBaja TepMOpPEHOBa-
unii. Croopyzaa, 3BeleHa 3a THUIIOBUM IPOEKTOM
Ne 416-3-3,/70 (1966 p.), Gyna BBeeHa B €KCILTya-
tariio y 1973 pori ta npusHavanacs s iHxKeHep-
HUX KOPITyCiB, MPOEKTHO-KOHCTPYKTOPCHKUX GI0PO
Ta a/AMiHICTPAaTUBHUX IIPUMIIIEHb.

TepMomozepHiszaltisi GymiB/ai BKJIOYAJA 3aMiHy
3acTapiJmX BiKOH Ha CyYacHi CKJIOMAKeTH Ta 06Jar-
TyBaHHS TeIJIOi30/AITHUX TOKPUTTIB 3 Pi3HUX Ma-
TepiaJiB Ha YaCTUHI 30BHIIIHIX OrOPO/XKYBaJIbHUX
KOHCTPYKIifl miBHiUHOTO (pacagy. 1lo6 BukIOUMTH
BILIMB Jaxy 6e3 ropuIla Ta MoBepxXy 6e3 MigBaiy,
JIOCJI/IPKEHHSI BUKOHYBaJU [JI1 JPYrOro IOBEpPXY
Oy/liBJIi.

3Ba)kalouM Ha TOPiBHAJIbHUI aHaJi3 JiTepaTyp-
HUX JpKepeJs IMOA0 TeNJOTEeXHIYHUX BJIACTUBOCTEN
VTeIIIoBAUiB, AJs Temoisosamnii 6yam obpani Taki
MaTepiasn: 6a3aJbTOBa BaTa (n1BOX THMIIB), TiHO-
CKJIO, HAIlWJIIOBAaHUH MiHOIOJiypeTaH, eKCTpy/l0Ba-
HUH MHOTOJIICTUPOJ Ta MiHOMOJIICTUPOJI Pi3HOT I'yc-
tran [ITIC-15, TITIC-25 Ta IITIC-35 [6, 9].

q, Br/m?
20

Pe3yabraTi mocuiakeHHs

Busnauennst TepMiuHOTO OIIOPY OropPO/KYyBaJib-
HUX KOHCTPYKLill B peaJlbHUX YMOBaX eKCILIyaTawii
IPYHTYETbCA HA JAHUX IOJbOBUX BUMipIOBaHb TEM-
neparypu Ta I'YCTMHU TEIJIOBOIO IIOTOKY. 3a yMOB
KBa3iCcTallioHapHOTO TEIJIOBOTO PEXKUMY OIIip TeILIo-
nepejadi  OJHOPIAHOI JAIJIAHKU OrOPOJKYBAJbHOI
KOHCTPYKIiI PO3PaXOBYETHCA 32 CIIiBBiIHONICHHAM:

BHYTP _ ~30BH
Ti,c’r Ti.CT

Ri,eKcn -

(2)

qiexcn

e 713HyTp

30BH
icr T

fer — CepelHE 3HAYEHHS TeMIIEPaTyp
BiJUIIOBiIHO BHYTPIIIHbOI Ta 30BHIIIHbOI MOBEPXHI
1-01 30HM 3a Tepioji BUMipIOBaHb TPU KBasicrailio-
HapHoMy pexuMi, K; q;exen cepe/lHE 3HAUYEHHS
TYCTUHU TENJIOBOTO TOTOKY, IO MPOXOJUTDH depe3
i-Ty 30HY 3a Ilepiojl BUMipIOBaHb IIpHU KBazicTaiio-
HapHOMY peskumi, Bt/ M2,

ExkcniepumenTasbHe 3HaYeHHsI OIIOPY Telljioliepe-
Jladi IOCTI/KYBaHOT CTiHOBOI KOHCTPYKITT GymiBi
cranosuth 1,72 M*K/Br, 1o He BiAnosigae cydac-
HUM HOPMaTHBHUM BUMOTaM, HaBe/leHUM Ha puc. 1.

ExcniepymMenTasibHi 1aHi 3 BU3HAUYEHHST OIOPY Tell-
Jonepenadi TepMoMmojiepHizoBanux fgiggHok OK
OXOILIIOIOTh YacTHHY 3UMOBoro mepiony 2024 poxy.
1 po3paxyHKiB 6yJ10 06paHO 4acoBUIl TPOMiZKOK
Biz 18:00 7 ciuns o 6:00 8 ciuns 2024 poky, OCKiJb-
KU y el HiYHMH 1epioj TeMuepaTypHU Halip cra-
HoBuB 22 °C, mo Bianosinae sumoram [10]. Bubip
HiYHOTO TIepioxy yacy 3a6e3mneuye BiJICYyTHICTD BILIU-
BY COHSIYHOTO BUmNpoMiHioBanHg [11] Ta moacbkoro
dakropa.

Bub6ipkoBi ekcriepuMeHTaIbHI IaHi KOJUBaHb TyC-
THH TEIJIOBOTO NOTOKY Ta TeMIlepaTyp HaBeIeHO Ha
puc. 2 Ta 3.
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Puc. 2. KonuBanus ryCTHHH TEIJIOBOTO TTIOTOKY TePMOMOJIEPHi30BaHOI JiISHKU CTIHOBOI OrOPO/I’KYyBaJbHOI KOHCTPYK-

1ii, yrensenoi 6a3ajbTOBOIO BAaTOIO « TeXHOHIKOIDb .

Figure 2. Fluctuations in the heat flux density of the thermally modernised section of the wall envelope insulated

with basalt wool «Technonikol».
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Figure 3. Temperature fluctuations of the thermally modernised section of the wall envelope insulated with basalt

wool «Technonikol».

i mani 6yJ10 BUKOPHUCTAHO JJISI PO3PaXyHKY KO-
edpittienTa TETIOMPOBITHOCTI TETLJIOI30JISATITHOTO Ma-
Tepialy, eKCIIyaTaliiiHuil 1mepios SKOTO CTAaHOBUB
11 pokiB, BiAmOBiZHO 0 po3paxyHKoBux dopmy.i [4].

Ta6una 1. Koediunientn rensonposignocri mo-
CJI/P)KYBAaHUX TEPMOi30JSIIITHNX MaTepiagiB

Table 1. Experimental, calculated and standard
values of the thermal conductivity coefficient of
the studied thermal insulation materials

HopMaTisie Excnepumen-
3H:£)quH 2 TaJbHO-PO3pa-
sa M; " | XyHKOBe 3Ha-
Haszsa marepiany eKCH.}III aTa- YeHHS Ae, 11
uil}" (na 11 pik exc-
Br/(wk) | AR,
IIIIC-15 0,050 0,057
III1C-25 0,050 0,054
III1C-35 0,045 0,042
Excrpysiitauii TIT1C 0,037 0,056
BasaﬂbTQBa BaTa 0,038 0,048
«TexHOHIKOIb>
basanbproBa Bata 0,040 0.046
«Rotys»
[Minonomiyperan 0,022 0,030
IlinockJio 0,054 0,066

Y rtaba. 1 HaBeleHO OTpPUMaHi €KCIepUMEH-
TaJTbHO-PO3PaXyHKOBi 3HaueHHs Ha 11-i1 pik excm-
Jiyatallii Ta HOpMaTUBHI 3Ha4YeHHS /s KoedilieH-
Ta TeIJIONPOBIHOCTI JAOCJI/PKYBAHUX TEIJIOi30J14-
MiWHNX MaTepiamiB. 3HaUeHHS HOPMAaTHBHOTO-PO3-
PaxyHKOBOTO KoedillieHTa TemJIoNpoBiAHOCTI 3a
YMOB eKcIlJIyaralii 3 ypaxyBaHHSM pPO3PaxXyHKOBO-
ro BMicty BoJioru 3a Macoio w = 1 % must TIIIC-15,
IITIC-25, IITIC-35 ta EIIIIC B3sato 3 [12]. 3na-
yeHHST KoedillieHTiB TermmonpoBigHocTi miasg «Tex-
HOHiKOJb», Rotys, miHomosiyperany Ta miHOCKJIa
B3gTo 3 [13—16].

Bkasani y ta6n. 1 HOpMAaTHBHI Ta eKCIepHMEH-
TaJAbHO-PO3PAXYHKOBI JaHi Jal0Tb MOXKJIUBICTb J0-
CJTiINTH iHTEHCUBHICTD 3MiHN KoedillieHTa TETIONPOo-
BIiZIHOCTi 3a CHiBBiJAHOIIEHHAM HOPMATUBHOTO 3HA-
YeHHST A, 3a yYMOB eKCILIyaTallii 3 eKclepuMeH-
TaJIbHO-PO3PAXYHKOBUMHU 3HAYCHHSIMH.

[ane criBBigHOIIEHHS MOKe HOCUTU HA3BY <KO-
edimienTt merpagaiii TeMIOMPOBiIHOCTI» Ta BU3HA-
garucst 3a (popMyI010:

Dt = An/)(t, (3)
ne Dy — xkoedilieHt perpajaiii TengonposiaHoOCTi
JUI MaTepiaJy 3a t mepiona ekcruryatariii; A, — Ho-
MiHAJIBHUI eKCILTy aTalliitHil KoedilieHT Termonpo-
BiIHOCTi MarepiaJy, 3a3HaueHUN B TEXHI{YHUX yMO-
Bax BiJl BUpOOHNKA a00 B HOPMATUBHUX JIOKYyMEH-
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Tax, SKi Ai0Tb Ha JOCJi/PKYBAaHWH TEPMOi30JIsIiii-
umii Matepian, Bt/ (Mm-K); A eKCILTy aTariiHui
Koeilli€HT TeTIONPOBiIHOCTI MaTepiay, SSKUil OTpH-
MaHUl eKCIePUMEHTATbHO-PO3PAXYHKOBUM MIISTXOM
3a nepioa exciuryarauii ¢, poku.

Koedinient gerpagamnii tensonposianocti D, €
BKJIMBUM TIAPAMETPOM LIS OIliHKK peasibHOT edek-
TUBHOCTI TENJI0i30JISIiHHUX MaTepiaJiB y TOBrOTPH-
BaJINX PO3PaxyHKax. Moro moskHa 3aCTOCOBYBAaTH B
PpO3paxyHKaxX TEPMiYHOIO OMNOPY, IIPOrHO3YBAaHHI Tell-
JIOBUX BTPAT Ta KOPEKIlii eHepreTUYHUX XapaKTepuc-
TUK Oy/iBesib, 10 OCOOJMBO KOPHCHO [IJIsl OIIHKU
e(PeKTUBHOCT] CHCTEM ONAJIECHHS Ta TEIJIOBOI Mojep-
Hi3zaIlii Oy/1iBeJb.

Tepmiunuii omip OAHOPiTHOT KOHCTPYKITi:

R=8/A (4)
ne R — repmiunmii omip xoHcrpykuii, M>K,/Br; §
— TOBIWHA Mapy Marepiany, M; A — KoedilieHT
TeIIonpoBiHocTi Marepiany, Br/(M-K).

3 ypaxyBaHHAM KoedillieHTa Jerpagaiii Tero-
MPOBiHOCTI D CKOPUTOBAHUHN TEPMiUYHUU OTIip Tic-
JIs1 ¢ POKIB eKCILIyaTallii MOXKHa BU3HAUYUTU TaK:

R.=68/A=68/(/D) =R, D, ()
e R, — HOMiHa/JIbHe 3HAYEHHS TEPMiYHOTO OIOPY,
po3paxoBaHe /I Marepiagy.

e nae MOXXJIUBICTD OLIHUTH, SIK CTAPiHHS Mate-
piaiy BIJIMBaEe Ha HOTo peasbHy TelJIO0i30JSAIiiHYy
3JIaTHICTb y IIPOIleCi eKCILIyaTarii.

Ha puc. 4 maBeneHo ekcnepmMeHTATbHO-PO3Pa-
XYHKOBi 3HaueHHsS KoedilieHTa merpasariii temmo-
IIPOBiTHOCTI LIS TOCJIi/PKYBAHUX TEIJIOi30AIHHIX
MaTepianiB Ha 11-if pik excryaraiii.

Ninocno |

Mikononiyperas |
Rotys | 0,87
Tewonixons | 067
Ec.nnc | 0,66
nneas | 1,07
mnezs |
s |

0,00 0,20 0,40 0,60 0,80 1,00 1,20

Puc. 4. 3nauenns xoedilieHTa gerpajarii TemJaonpoBij-
HOCTi /111 TOCJI/KYBAHUX TEIIOI30/IANINHNX MaTepiaJiB
Ha 11-i pik ekcrryaTarii.

Figure 4. Thermal conductivity degradation coefficient

values for the researched thermal insulation materials for
the 11th year of exploitation.

Koeditnienr nerpasamii tertonpoBigHOCTI Mae
Ba)kJIBe 3HAUEHHS SK B HAYKOBUX JOCJIi/KEHHSX
BiZIHOCHOT iHTEHCWBHOCTI cTapiHHS TenaodisnuyHnx
TmapaMeTpiB TEPMOi30JAIINHNX MaTepiamiB, Tak i B
MPaKTUYHUX PO3paxyHKaX eHeproeeKTUuBHOCTI Gy-
JiBesb. Bukopucranus koedillienTa gerpajaaitii ter-
JIOIIPOBIAHOCTI B YZIOCKOHAJICHHI METO/[iB PO3PaxyH-
KY [Ia€ MOKJIUBICTb OiJIbIII TOUYHO OLIHUTH PEATHHY
e(DEeKTUBHICTD TETI0i30/AIiHHIX MaTepiaiB MpoTs-
TOM YCBOTO JKUTTEBOTO ITUKJIY OYIiBJIi.

Moro ocnoBmmii BHECOK MOJIATac y BpaxyBaHHi
eKCILTyaTalifHuX 3MiH TeIJIONpPOBiAHOCTI MaTepia-
JiiB, 1O BiZOGYBAIOTbCS Yepe3 BOJIOTONOITMHAHHS
(36ibIIeHHS. BOJIOTOCTI MaTepiasy MiJBUIyE HOTO
TETJIONPOBiIHICTD, 3HIDKYIOUN e(heKTUBHICTD TEILIO0-
isosrAnii) Ta gerpaganiio crpykrypu (ycamka, cruc-
KaHH:, BIUIUB yJbTpadiosieTy, OKUCJIEHHS 3MiHIO-
10Th GyI0BY Marepiaiy).

Orpumani 3HaueHHs KoedillieHTa Aerpajialiii Ter-
JIOIIPOBIIHOCT] BKa3yIOThb Ha Te, 1110 MaTepiaju 3 Koe-
dinierromM crapinHs, 6Ju3bKuM 10 1, AEMOHCTPY-
I0Tb HallKpaIy cTabiabHICTh y AOBrOTPUBATIi eKCII-
ayaranii. Ile osnauvae, mo ixHi TenJsoisosaniitai
BJIACTMBOCTI 3aJIMINAIOTHCS Maii’Ke He3MiHHUMU 3 Ya-
COM, 10 € BaKJHMBOIO XapPaKTEPUCTUKOIO AJs OyIi-
BEJbHUX i30JIAI[IMHIX MaTepiasiB.

Haii6ispimr  crabimpnumu  BusiBuiaucs — Rotys,
IIIIC-25 Ta IIIIC-15, ski MaioTh KoedilieHTn cra-
pinng Bignosiguo 0,87, 0,93 ta 0,88. Ile cBiguurh
PO Te, M0 3 YaCOM iXHS TEIJIONPOBiAHICTh 3MiHIO-
€THCS HE3HAYHO, MO POOUTDL 1X HAAiiTHUM BHOGOPOM
JUIST TETLI0i30JsIi1 KOHCTPYKIlill. BoHn mokasyioTb
MiHiMaJIbHe TIOTipIIEHHA XapaKTepPUCTUK Y IIpoleci
ekciuryaranii. /lemo HIDKYi 3HaYeHHS crocTepi-
raloTbcd JJ IiHOCKJa Ta HiHonoJiyperany. Bonu
MaloTh Koedimiertu crapiaas 0,8 ta 0,73 Biamosia-
HO, III0 BKA3y€ Ha IMOCTYIIOBE 3POCTAHHA IXHBOI Tel-
JonpoBigHOCTi 3 yacoM. IliHomosiypeTaHn AeMOHCT-
pye Zemio 6ibliny 3MiHy, IO MOXKe OYTH OB’ sI3aHO
3 fioro (i3uxo-xiMiTHUME OCOOJUBOCTSIME, 30KpeMa
MOXKJINBUM IIOCTYIIOBUM PO3MaJOM 3aKPUTUX IOP
a0 BUBITPIOBAHHSM Ta3iB, SKi BUKOPHCTOBYIOTHCS
JUISL IOTO CIIiHIOBAHHS.

Haiimenmny cTaGiibHICTD TIPOIEMOHCTPYBAJIU €KC-
TpyZOBaHUH mniHOMOJiCTUPOa Ta <«TexXHOHIKOJbY,
ixHi KoeditienTn crapinusg cranosssaTh 0,66 ta 0,67
BignosigHo. Ile o3Hauae, 1Mo IXHi TemI0i30/g1iiHi
BJIACTUBOCTI 3HAYHO TOTipHIYIOTHCS 3 4acOM, 10 MO-
ke OyTH HACJIKOM 3MiH Yy CTPYKTypi Marepiaiy,
BILJINBY BOJIOTH, MEXaHIYHIX HAaBaHTaXeHb a00 iH-
mux (axTopiB ekcmyaranii. OTpuMaHe 3HAUCHHS
koedimienta aerpagamnii TeMJIONPOBIAHOCTI s
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Nivockno
MNikononiypetaH
Rotys
TexHoHiKob
Exc. MMNC
nnc-3s

nnc-2s

nnc-1s

R, m>K/BT

b] 1 2 3 4 5 6

|
bez Tennoizonauii 1,72

Puc. 5. 3HaueHHs onopy Terionepeavi CTiHOBUX Oropo/i-
JKyBaJbHUX KOHCTPYKILiH, yTEIJeHUX /1OCJi/KyBaHUMUI
TETJI0i30IAIHHUMHI MaTepiaaMu.

Figure 5. Values of heat transfer resistance of wall en-
closing structures insulated with the studied thermal in-
sulation materials.

[II1C-35 6iapme 3a 1, mo cymepeyntb (Hi3wIHUM
ouikyBanuam. OTKe, [aHe 3HAYEHHS MOTPeGYE KO-
pesAanii 3 eKCInepUMEHTAIbHO-PO3PAXYHKOBUMUI [1a-
HUMM CYMi’KHMX POKiB eKCILJIyaTarii.

3arajoM MOKHa 3pOOUTH BUCHOBOK, IIO ITiHOIIO-
Jictuposn Ta 6azanbroBa BaTa Rotys e Hamiiftmumn
MarepiajaMy 3 TOUYKH 30Dy eKCILIyaTaliiiHol crabiib-
HOCT] TeToi30 i HuX XapakTepuctuk. [linomoti-
YpeTaH Ta MHOCKJIO TaKOXK MOXKYTh OyTH e(heKTHUB-
HUMHU, aJie IXHs iHTeHCUBHICTDb cTapiHHg HIbKYa. Bos-
HOYAC eKCTPyAOBaHUU miHOmosgicTupos Ta «TexHo-
HIKOJIb» 3a3HAIOTb HaWOGIIBIINX 3MIiH TEII0i30JIs-
MiffHUX BJIACTUBOCTEH, MO HEOOXiJHO BPaXOBYBaTH
pu X BUOOpi /I JOBTOTPUBAJIOI €KCILITy aTallii.

OrpumaHi ekcriepruMeHTaIbHO-PO3PAaXyHKOBI 3Ha-

YeHHs KoeDillieHTiB TENJIONPOBiIHOCTI /ISt AOCJTiI-
sKyBanux marepianiis (aus. Taba. 1) Kal0Th MOXKJIH-
BiCTb po3paxyBaTu OIIOPHU TeIIolepejadi JJId yTell-
JIEHUX CTIHOBMX OTOPO/IKYBAJIbHUX KOHCTPYKIIIH J0-
CJI/PKYBAHUMHY TETLJIOi30 IS THIMHA MaTepiaiaMu.

PesysibraTii po3paxyHKy HaBe/leHi Ha pHC. J.
Buano, 1o Jsmtiie okpeMi Teroi3ossiitHi MaTepia-
¥, 30KpeMa IiHOmOoJiypeTan Ta IiHOIOJiCTUPOJL
[IIC-35, 3a6€e3meuyioTh TEPMiYHHI O P OTOPOJIKY-
BaJIbHOT KOHCTPYKIIii, 1O TiepeBuIye a6o BiAmoBi-
Jlae HopMmaruBHOMY 3HadeHHIO 4 M*-K,/Br. Pemra
MarepiasiB /IEeMOHCTPYE HeJOCTaTHiil piBeHb Tero-
3axucTy Just o6panoi crinoBoi OK sk 06’exTy 10-
CJTIJUKEHHS, M0 CBIYUTH TIPO HEO6XiIHICTD a60o 36iJb-
IIEHHS TOBIIUHY i30J111i1, a60 BUKOPUCTAHHS eeK-
THUBHIIIUX TeNJI0i30ATOPiB. BapiaHT KOHCTPYKIi
6e3 TerioizouAnii He 3abe3lieyy€e HaBiTh MOJIOBUHU
HOPMATHBHOTO OMNOpPY, IO MATBEP/KYE KPUTHUHY
pOJIb TEIIOi30JIA1il B JOCATHEHHI eHeproedeKTus-
HOCTi Oy[MiBJI 3TiZIHO 3 YNHHUMHU cTaHmapramu. Ta-
KUM YMHOM, JIJII BUKOHAHHSI Cy4YaCHUX BUMOT I[0/I0
TEeIJIO3aXUCTY JIOIiJbHUM € 3/IiCHEeHHS ONTnuMisallii
KOHCTPYKTUBHUX Pilll€Hb.

[IpoanamizoBaHO TaKOX JUHAMIKY a6COJIOTHUX
€KCIIEPUMEHTAIbHO-PO3PAXYHKOBUX 3HAYeHb Koedi-
Li€HTa TEILIONPOBiAHOCTI JOCIIKYBAaHUX TEPMOi30-
Jgsanifinux Mmarepianis. YacoBy aunamiky Bimo6Gpa-
skeno Ha puc 6. [lani 3a 2013, 2019 ta 2022 poku
B3garTi 3 [9, 17].

Ha puc.6 criocrepiraerbesi moctymnose 36ibIeH-
Hs KoedillieHTa TETIONPOBIJHOCTI 3 YacoM AJist 611b-
moCTi miHONOTicTUpoabHux Marepianis (ITTIC-15,
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Puc. 6. HacoBa nuHamika 3HaueHb Koe(illieHTa TEIJIONpPOBiIHOCT JOCTI/XKYBaHIX TEPMOi30JIAIiiHUX MarepiatiB 3a

11 pokiB excrryararii.

Figure 6. Time dynamics of the experimental and calculated values of the thermal conductivity coefficient of the
studied thermal insulation materials for 11 years of exploitation.
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IIIIC-25 Tta ekcrpynosanuii IIIIC). Ile cBigunTh
1Ipo Te, 1110 IXHi TemJIoi30/AIiiHI BJACTUBOCTI IIOCTY-
noso noripuryiorbest. Y IIIIC-15 3HaueHHS 3pOocyo
Big 0,053 Br,/(M-K) y 2013 poui 10 0,057 Bt/ (M-K)
y 2024 poui. Ilogi6He 3pocTaHHS CIOCTEPITAETHCS i
JUIS IHIIUX MApoK IIiHOIOJIiCTUPOJY, Xoua Horo iH-
TEHCUBHICTb CTAPiHHSA TEIJIONPOBiHOCTI AEN0 Bijl-
pisHaeTbCA.

Tepmoizossniitni Matepianu, sKi BUPOOJSIOTHCS
3a OiJIBII TEXHOJIOTIYHO [IOCKOHAJIMMHU METOJaMH,
Taki K «TeXHOHIKOJIb», IEeMOHCTPYIOTh 3HAUHO MEH-
mi 3MiHM y cBOiX Xapakrtepuctukax. HafiGinbimit
MIPUPICT TEIJIOMPOBITHOCTI BiZGYBCS B MEpIi POKU
eKCILTyaTallii micJ/sl TepMOPEHOBAIiHHUX 3aX0/liB a/l-
MiaOyaiBmi. Mixk 2013 ta 2019 poxamu KoedirieHT
TemIonpoBigHocTi 36impmmscesa ma 0,006 Bt/ (M-K),
mo craHoBuTh 14 %. Y nepiox Bix 2019 mo 2024 pix
icroTHuX 3MiH He BusiBjaeHo. KoedilieHT tenonpo-
BifHOCTI cTabinizyBaBcs Ha piBHi 2013 poky 3i 3Ha-
yernnsam 0,048 Br/(m-K), mo cranosuts 3,4 %. Ile
CBiUUTh TMPO CTAGiJIBHIITY CTPYKTYpY Ta KpalLy
CTiMKiCTh /10 30BHINTHIX (PaKTOPiB.

Haiikpaii moKa3HUKHU TEIJIONPOBiHOCTI TIOKa-
3aB IIiHoIOJiypeTaH, KUl B yci poku MaB HallHUXK-
4yi 3Ha4YeHHs, IO KoJuBasucsa y Mexax 0,025—
0,03 Br/(m-K). Ile po6urb iioro ogHuMm i3 Haii-
6171p11 e(PeKTUBHUX YTEILIIOBAUiB.

OT:xe, HaBe/leHi BUINE EKCIEPUMEHTAJbHO-PO3-
PaxyHKOBi 3HaueHHS KoeDillieHTiB TETIOMPOBiAHOC-
Ti JMOCTI/DKYBAaHUX TEIJIOi30JANINHNX MaTepiaJsiB
iITBEP/KYIOTH TilloTe3y PO HesiHiiHuN XapakTep
rpoliecy JIecTpyKIii Ta MOCTyIoBe, HefiHiliHe cTa-
piHHSA TemI0Qi3UIHUX XaPAKTEPUCTUK TEILJI0i30JIs1-
MiHHUX Marepiamis.

OCHOBHUMH TIPUYMHAMH 3061JIbIIEHHS TEIJIONPO-
BiTHOCTi y GiJIBIIOCTi MaTepiatiB MOKYTb 6YTH KiJlb-
Ka (aKTOpiB: MPUPOJHA AETPAJAIlisi CTPYKTYPH Ma-
TepiasiB, siKka BiOYBAa€TbCA M Yac eKCIIyarailil
yepe3 IOTJIMHAHHA BOJIOTH; MeXaHi4Hi HaBaHTa-
JKEHHS; BIJINB YJbTPagioseTOBOTO BUIIPOMiHIOBAH-
HS TOIIO. 3 4acOM Y MiHOMOJICTUPOJIaX MOKYTD BiJ-
OyBarucs MiKPOCKOIiYHI 3MiHU CTPYKTYpPH IIOP, IO
361JIbIIIy€ TENJIONPOBiIHICTD. TaKOX ST eKCTPYI0-
BaHOI'O IIiHOIIOJIICTUPOJIY Ta IIHOIIOJIIYyPEeTaHy O/~
HIM 3 MOKJIMBHX IOSICHEHD € TIOCTYTIOBa BTpaTa ra-
3iB, SIKi CIIOYATKY 3allOBHIOIOTH OCEPEJKH MaTepiary
Ta 3a6e31e4yI0Tb HU3bKY TeIJIONPOBiHICTD.

3 HAyKOBOI TOYKH 30py OTPUMaHi pe3yJbTaTu
MiATBEP/KYIOTD, IO 3 YaCOM GiJIBIMICTD TETJI0i30JIs-
MifHUX MaTrepiasiB TOCTYIIOBO BTPavya€e CBOIO edek-
TUBHiCTb. BTiM 11e#l poltec He € OJHAKOBUM g YCiX
3pasKiB, OCKiJIbKM BUCOKOAKICHI MaTrepiajan JeMOHCT-

PYIOTb 3HAUHO MEHIi 3MiHW XapakTepucTuk. Haii-
CTabIIBHININM 3aJIUIIAETHCS MiHOMOJIyPeTaH, SKuit
3abesrieuye HaWHIDKYME Koeilli€HT TEeIIonpoBiI-
HOCTi, TOAI AK IiHOMOJICTUPOJHA CXUJIbHI 0 3HU-
SKeHHSI TeIIoi30itHNX BaactuBocTeil. Ile Bkasye
Ha HEeOOXIAHICTb MOJAJBIINX JOCHIIKEHDb, a TaKOX
MOJKJINBOTO BJIOCKOHAJIEHHSI TEXHOJIOTiH 1X BUPOOG-
HUIITBA, €KCILIyaralii Ta 3aXucry.

BucHoBku

JlocmipKeHHsT MiATBEPANIIO, O TETI0i30IsIii-
Hi Marepiaju 3 4yacoM 3a3HAIOThb 3MiH CBOIX TeILIO-
(pi3muHNX XapaKTepUCTHK, IO BIJIMBAE HA iX edex-
TUBHiCTD. [loKa3HMKOM TaKoro mpoiecy Moxke OyTn
3aIPONIOHOBaHUN KoeillieHT merpajalii Tenaomnpo-
BiHOCTi, SIKMII JJa€ MOXKJIUBICTH OL[IHUTH iHTEHCHUB-
HICTb CTapiHHA TEIIOi30J4Lil Ta € BAaKJUBUM SIK
JUIA HAyKOBUX JOCJi/PKEHb, TaK i JUId IMPaKTUYHUX
PO3PaxyHKiB eHeproeeKTUBHOCTI Oy/1iBeJb.

OTpuMani pe3yabTaTH €MOHCTPYIOTD, 110 Hail-
Kpamnry cTabiJbHICTb 3 TOYKH 30PYy IHTEHCHBHOCTI
Jgerpagaiii MaioTh miHonoJictuposu IIIIC-15 Ta
IITIC-25, gKki 3a3HaOTh MiHIMAIbHIX 3MiH CBOIX TEIl-
JIOi30MISAITHNX BJIACTUBOCTEN y TIOPiBHSHHI 3 HOP-
MaTUBHUMHU 3HaueHHAMU. [liHOmomiyperan Ta miHO-
CKJIO TAaKOXK € e(PeKTUBHUMH YTEILTIOBAYaMH 3 TOUKU
30py cTabiJIbHOCTI, MPOTe IXHI XapaKTEepUCTUKH IO-
CTYIIOBO 3MiHIOIOTHCS, 10 MOKe OYyTH IOB’SI3aHO 3
(pisuko-ximMiuHMME TIpoliecaMu B iX cTpykTypi. Haii-
MEHI CTabiJIbHUM BUSBUBCS €KCTPY/OBAHWIA THO-
HOJIICTUPOJI, SKUH JIeMOHCTPYE 3HAuHE 3POCTAHHS
TEIJIONPOBiIHOCTI 3 YacOM y IIOPiBHAHHI 3 BiJAIOBiJ-
HUM HOPMaTUBHUM 3HAYEHHSM.

Ananiz 3MiH aGCOMIOTHUX €KCIEePUMEHTAIbHO-
PO3PaxyHKOBUX 3HAUeHb KoedillieHTa TeTrIonpoBi-
HOCTI IIPOTSATOM POKiB IiATBEP/KYE, 11O Aerpajalis
TEIJIOI30/IAIIMHUX MaTepialiB Ma€ HeJiHIHHUN Xa-
paKTep Ta 3aJeKUTDb Bijl pisHuX (HakToOpiB: BOJIOrO-
IIOIJIMHAHHA, MeXaHiYHUX HaBaHTAXKECHb, BILIUBY
yabTpadioseTOBOTO BUIIPOMIHIOBAHHS Ta TIOCTYIIO-
BOI 3MiHU CTPYKTYpPHU IOP.

TakuM 4YMHOM, PE3yJbTAaTH IOCJi/PKEHHS CBiJ-
YyaTh 1IPO Te, IO 3alPONOHOBaHUN KoedillieHT Je-
rpajanii TemJIonpoBiHOCTI € BaXKJIUBUM KPUTEpPieM
pu BUOOPi yTEIUTIOBAYiB [T TOBTOTPUBAJIOT €KCII-
ayararii. Ilosiyperan € Hafie)eKTUBHIIINM TeILTO-
i30J1ATOPOM cepejl AOCII/PKYyBaHUX MarepiaJiB, aJie
BiH TOPIOYNH Ta CXUJIbHUH JO IOMUPEHHS TOJYM 5.

[Topanpuii gocaiiskeHHsT MOXYTb CHPUSATH BJOC-
KOHAJICHHIO TEXHOJIOTiif BUPOOHUIITBA Ta EKCILIyaTa-
mii TemI0i30MAMiHHNX MaTepiaJiB, MO AACTb MOXK-
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JIUBICTD TIiIBUIITUTH iXHIO JIOBIOBIYHICTb Ta e(eKTUB-
HIiCTb.

Mamepiaiu cmammi 68 4ACMUHL 3ACMOCOBAHOT
Mmemoduku 00Cai0Kenb 810n08idaroms 3micmy npo-
exmy Incmumymy mexwniunoi menaogisuku HAH
Yxpainu Ne 2025.06,/0054 «Ilozaunanns ma nepe-
WKOOKAHHS POSNOGCIONKEHHIO eNeKMPOMAZHIINHO-
20 BUNPOMINIOBAHN S THpauepeonozo diana3ony ma
cmeopenns 3aco0ié 04 MePMOMACKYEAHHSI> KOH-
kypcy Hauyionanvrnozo pondy docaidxenv Yrkpainu
«Hayxa 0ns 3miunenns ob6oponosdamuocmi i Hayio-
Haronoi Gesnexu Yxpainus.

Cnucok giteparypu

1. Biiftna Pocii nmpotn Ykpaiuu: enepreTuyHuii BUMip.
2024. 3-9 wuepBHs. — https:/ /dixigroup.org/wp-
content /uploads /2024 /06 /russianwar-against-ukraine_
2024 06_10-eng.pdf ([lara seeprennsa: 12.02.2025)

2. Malgorzata Fedorczak-Cisak, Marcin Furtak,
Grzegorz Hayduk, Pawel Kwasnowski. Energy Analysis
And Cost Efficiency of External Partitions In Low
Energy Buildings. IOP Conf. Series: Materials Science
and Engineering. 2019. Vol. 471. P. 1-8. DOI:
10.1088 /1757-899X /471 /11 /11209.

3. Amy Huynh, Regina Dias Barkokebas, Mohamed
Al-Hussein, Carlos Cruz-Noguez and Yuxiang Chen.
Energy-Efficiency Requirements for Residential Building
Envelopes in Cold-Climate Regions. Atmosphere. 2021.
Vol. 12. P. 405—424. DOI: 10.3390 /atmos1203040.

4. JICTY b B.2.6-101:2010 Meros Bu3HAYEHHS
OIIOpYy TeIlJIoNepeiadi OropoKyBaJbHUX KOHCTPYKINH :
Yunuwit 3 20.01.2010. KuiB : Minperion6yn Ykpaiuu,
2010. 84 c.

5. MBB Ne 081,24-0778-11. Merposoris. Omip
TEIJIONEPEaBaHHIO KPi3b OTrOpOKYBaJbHi KOHCTPYKILiT
OyaiBesb i cHopyll PpisHOro TpusHaueHHs. MeToauka
BUKOHAHHS BUMipIOBaHb KOMOIHOBaHMM TeILJIOBi3iltHOTEII-
JoMeTpuaHuM MeTo/ioM. KuiB : [HCTUTYT TeXHIUHOI TETI0-
¢isnku Hanionanbhoi akazemii Hayk Ykpainu, 2011.

6. bacok b.1., laBugenxo b.B., I'oruapyk C.M. Pis-
HOBapiaHTHA TEPMOPEHOBAIlISI OTOPO/IKYBAJbHUX KOHC-
TPYKIil YacTWHM TIOBEpPXY ICHYIOWOi aaMiHicTpaTHBHOL
GyiBJli Ta MOHITOPUHT TEIJIOBTPAT TIPH ii TPUBAJIiil €KCII-
ayarauii. Hayka ma innosayii. 2013. T. 9, Ne 2. C. 18-21.

7. Bacok B.1., aBunenko B.B., l'onuapyk C.M., Ho-
Birtbka M.II. [locaikeHHST TENJIOBTpAT Yepe3 30BHIIIHIO
CTIHOBY KOHCTPYKIIIO 3 JOJATKOBUM IIAPOM YTETLIEHHS.

Hpomviwnennas mennomexnuxa. 2013. T. 35, Ne 7.
C. 260—-268.

8. bBacox b.I., JaBugenko B.B., IlaBmenko A.M.,
Kysxean JI.M., Hosikos B.T., T'onuapyk C.M., Libenko
b.K., Hikiriz €.€., Bepemiituyk I''M. 3menmenHs ten-
JIOBTPAT 4Yepe3 BiKOHHI KOHCTPYKIii. Enepeomexmonozii
ma pecypcosbepexenns. 2023. T. 76, Ne 3. C. 43-57.
DOI: 10.33070 /etars.3.2023.04.

9. Basok B., Goncharuk S., Moroz M., Veremiichuk
H. Experimental research of heat transfer through heat-
insulated wall enclosure structures. Journal of New
Technologies in Environmental Science. 2023. Vol. 3,
Ne 1. P. 77-82.

10. Tornwapyx C.M. ExcnepumenTanbHe BU3HAYEHHS
TETJIOBTPAT 3 OBEPXOHDb OrOPO/IKYBAJbHIX KOHCTPYKILii
aaMinicTpatuBHOI OYAiBIi. ITpomviuiiennas mensomex-
nuxa. 2011. T. 33, Ne 8. C. 175-180.

11. ®dianxko H.M., Bacok B.1., laBunenxko b.B., Co-
poxosuii P.4., CopokoBa H.M., Hosikos B.I'. Bruus co-
HSYHOTO BHIIPOMIHIOBAHHS Ha TeMNEPATypHUNl DPEXUM
MPUMIIIleHH B 3UMOBHIi TIepiosl poKy. Enepzomexno02il
ma enepzosbepexenns. 2024. T. 80, Ne 3. C. 135-143.
DOI: 10.33070 /etars.3.2024.09.

12. ICTY 9191:2022. Tennoizonsuis Gynisenn. Me-
TOZ BHOODPY TEIIOi30/LiiHOrO MaTepiady /I yTell-
genns Oyaienp : Ywunnmit 3 01.03.2023. Kuis: [III
«YxpH/IHII», 2022. 60 c.

13. 3mina Ne 1 TY ¥ B.2.7-26.8-35492904-004:2010.
Bupo6u MinepayoBaTHi Ha CHHTETHYHOMY 3B’ SI3YIOUOMY
«TexnoHIKOJIby : Yununawii 3 05.10.2012. Yepkacu :
TOB «3aBoj Tenuoizossniiinux marepianis “TEXHO”»,
2010.

14. Odiuiitauit caitt TOB BKII «UYepHniBelpbkuii 3a-
BOJI TEMJIOI30MAIINHNX MaTepiamiB». — https: / /rotys.com
/plita200 ([ara 3Bepuennsa: 12.02.2025)

15. TY ¥V B.2.7-25.2-20068365-001:2011. Ilinomnoui-
ypeTaHu TeIIoi3oAliiiHi Ta YIIiIbHIOBAJIbHI CHUCTEMU
<EJIACTOIIOP H». Texniuni ymou. Kuis : Il «Ykp-
H A Iuusias6yn», 2011. 43 c.

16. Anb6OM TEXHIUYHUMX PillleHb TETLI0i30Is11iT Oropo/I-
JKYBAJbHUX KOHCTPYKIIH JKHTJIOBUX, TPOMA/ChKUX Ta
MIPOMUCJIOBUX Oy/AMHKIB HA OCHOBI BUPOGIB 3 IiHOCKJIA
pupobuuiitea TOB <«HIIIT Texuosorisi». Kuis. [II1
HAIBK, 2016. 120 c.

17. bacok B.I., IIpuitmax O.B., T'onuapyk C.M., Ila-
ciyauk I1.0. Jocaigxennsa BIVINBY TEPMiHy eKcITyaTaitii
Ha Ters1o¢i3snyHi BJACTUBOCTI PI3HUX TUIIB TEII0i301A1i{
CTIHOBUX OTrOPO/IKYBAJbHUX KOHCTPYKIiil. Texnosnozii
ma inxenepis. 2023. Ne 1. C. 18-25.

Hagiitnna o pepaxmii 26.04.2025



127

ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3

Basok B.1., Doctor of Technical Sciences, Professor, Corresponding Member
of the National Academy of Sciences of Ukraine, ORCID: 0000-0002-
8935-4248, Goncharuk S.M., Candidate of Technical Sciences, ORCID:
0000-0002-5609-7337, Danishevskyi A.S., ORCID: 0000-0002-6166-0999,
Goman Ye.I., ORCID: 0009-0003-3071-424X

Institute of Engineering Thermophysics of the National Academy of Sciences

of Ukraine

2a, Maria Kapnist Str., 03680 Kyiv, Ukraine, e-mail: dan1sh@i.ua

Thermal physical characteristics dynamics
in thermal insulation materials of buildings facade

Abstract. In Ukraine, about 80 % of the existing housing stock was built with low thermal
resistance of building envelopes, which leads to excessive consumption of energy resources.
This necessitates thermal modernization of buildings to improve their energy efficiency. The
article investigates changes in the thermal and physical characteristics of thermal insulation
materials as part of building envelopes under operating conditions. The influence of the service
life on the thermal properties of various thermal insulation materials is analyzed. The aim of
the study is to experimentally analyze changes in the thermal and physical characteristics of
heat-insulating systems common in construction throughout their service life. Traditional
thermal insulation materials, such as expanded polystyrene, polyurethane foam, foam glass
and basalt wool, are considered. Expanded polystyrene is an affordable and effective insulation
material, but its main disadvantage is flammability. Foam glass, although a non-combustible
material, requires significant energy inputs at the production stage. To evaluate the thermal
and physical properties of different options for thermal insulation of wall enclosing structures,
the thermal modernization of an administrative building was carried out and a set of measures
for analyzing heat losses was developed. Experimental data obtained during the long-term
operation of thermal insulation systems were compared. The experimental data on the
distribution of heat flux density and temperature fluctuations in the section of the wall
envelope insulated with different thermal insulation materials were analyzed and processed.
The values of thermal conductivity coefficients for the studied thermal insulation materials
were calculated. Also, the values of the thermal conductivity coefficient of thermal insulation
materials were compared with the normative values and with the results of research for
previous years. Bibl. 17, Fig. 6, Tab. 1.

Keywords: thermal insulation, energy efficiency, thermal modernization, thermal conductivity
coefficient, building envelope.
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BB KOMILJIEKCHOI TiipOMeXaHiYHO1
00pOOKH Ha AUCIEPCHICTb POCTUHHOI CHPOBHHH
B TE€XHOJIOTii OTPHMMaHHS MAJUBHOTO €TAaHOJY

Amnoranisi. B eHeprernyHiii, 30kpemMa, TPaHCIOPTHIN Tasy3i 6ioMaca POCIMHHOTO TOXO/KEHHS
BUKOPHCTOBYETHCS K CHPOBMHA [IJTs1 BHPOOHUIITBA 106aBOK /IO MOTOPHUX NAJTHB y BUTJSALI 6io-
nusenst ta 6ioeraHosa. OCHOBHOIO METOIO TIONEpPeAHbOI 06pOOKM JirHOIIENI0JI03HOT CHPOBUHU
ISl TiAposi3y € pyiHyBaHHS HEOIHOPi/ZHOT MaTpuili, 30iJbllleHHS MJIONI TTOBEPXHi Ta IOPHUC-
TOCTi 1eJTI0OJIO3HOTO MaTepiasy, 3BiJIbHEHHS BYTJIEBOIB BiJl 3B’s3KiB JirHiny. OZHUM i3 KJIOYO-
BHUX (PaKTOPiB, MO BIJIMBAIOTH HA €(PEKTUBHICTD TIONepefHbOI 06POOKH Ta TOAAIBINOTO TiIPOJTi-
3y, € pO3Mip YaCTUHOK CHPOBHMHU, OTPUMAHUX Ha CTa/Iii MeXaHiyHOTO moJpi6HenHs. [Ipu noman-
i o6poOIli B poTaritHuX peakropax Ha 6a3i BiAIEHTPOBUX HACOCIB CUPOBUHA TTATAETHCS J10-
JIATKOBOMY BILIUBY TellIoizuaHux pakTopis, sIKi CIPUSAIOTDH TOAAIBIIOMY 361/bIIEHHIO CTYTIEHS
JIICIIEPCHOCTI CUPOBUHU, 306iJIbIIIEHHIO TTUTOMOI MTOBEPXHI I[€JIOJI03HOTO Marepianxy. MeToio po-
60Tn OyJI0 BU3HAUEHHS BIUIMBY CKJIQJHUX TEIJIO(i3MUHUX SIBUII TipoMexaHidvHOI 06po6KM Ha
PO3Mip YaCTWHOK POCJIMHHOI CHPOBUHM IIiJ] Yac ii momepeanboi 0Opo6KY /IS Ti/[poJi3y B TEXHO-
Jiorii oflepsKaHHS MAJUBHOTO eTaHosry. CupoBUHOIO 6y MIIEHMYHA COToMa Ta cTebia KyKypya-
3u, ToApiGHEH]I Ha COMOMOPI3Il Ta morepeaHbo 06pobeHi B ge3inTerpatopi. Busnadenns rpa-
HYJIOMETPUYHOIO CKJIQ/ly POCJIMHHOI CUPOBUHU 3/iliICHIOBAIN 3a [JOIIOMOTOI0 CUTOBOTO aHAaJi3y.
OO6po6Ky cycrien3ii pocJMHHOI CHPOBUHU BUKOHYBAJW HA JOCTiAHIN YCTAaHOBII 3 PEakTOPHUM
3MilryBaveM, 10 SIBJSE COO0I0 POTOPHO-TYJIbCAIliifHII anapaT. ['paHyIOMeTPUYHUN CKIaJ y /ia-
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ma3oni 0,001—0,08 MM Bu3HAYa M 3a JOTIOMOTOIO JIa3€PHOTO TPAHYJOMETPUYHOTO aHai3aTopa
Microsizer 201 A. Ilogasnbiie moapiGHEHHS COJIOMH BUKOHYBAJIM Ha JOCJiAHIN ycranosii. Bu-
3HAYEHO, 10 TPpHU 30iJbIIeHHI CHiBBiHOIIEHHS TBepAa : pifka peyoBuHa Bix 1 : 5 mo 1 : 15
PO3MipH YaCTUHOK 3MeHIIyIThest Ha 35—40 %, a mpu 36iabimenni Big 1 : 5 g0 1 : 10 — nHa 3—
5 %. Ipwu 3mini cmiBBigHomenHs Big 1 : 15 1o 1 : 10 3a 10 nuksiB 06po6ku auctepcii B peakTopi-
3MilTyBavi 10 3HIDKEHHS TeMreparypu Bif 47 m0 42 °C npoayKTUBHICTb 06JaJHAHHS 3POCTAE B
1,5—2 pasu, eneproButpatu 3MiHOOThC Ha 25—30 %. Temmeparypa BogHOI auctepcii mimeHnd-
HOi comomn (KyKypyassHoro cre6ia) y criBBigHomenui 1 : 15, mo 3MinyeTbess B peakTopi-
aMminryBaui mporsiroMm 10 nukiiB, 3minoernest Big 17 go 22 °C, npu 1 : 10 — Big 17 mo 42 °C,
npu 1 :5 — Big 17 mo 47 °C. IIpu 06po611i BoAHOT auctiepcii 3 MIIEHMYHOI0 COJIOMOIO B PeaKTOpi-
3MinryBaui 3 yacrororo myJbcaiii 1 kI norpi6no 42 nwmkan s gocsirhennsi 100 % uacroru
Mennre 80 mxM. IIpu 36inbimenni vactoru mysabcartii Bif 1 10 3 k11 KiJgbKicTb IUKITiB 3MiHIOETHCS
no 30, Bix 1 mo 5 k[ — 3Menmiyerbest A0 27. 3MiHA MIBUIKOCTI 3CYBY HOTOKY Mae GiJbIi
3HAYHWI BILIMB HA JUCIEPCHICTh YACTUHOK, HiXK yacToTa IyJbcaiii. KifbpKicTb 1ukiIiB 06po6Ku
3MEHIIYETbCS HA 5—7 %. Biba. 15, puc. 8.

Kiro4oBi cJyoBa: TajvWBHWI eTaHOJ, TMOTEPEHs TiATOTOBKA, MOAPiOGHEHHS, TiJpoMexaHiuyHa

06pobKa, peakTop-3MilryBady.
AkTyaJbHIiCTD

B eneprertuuniii, 30kpeMa, TpaHCHOPTHiH ramysi
6ioMaca pOCJIUHHOTO TMTOXO/KEHHS BUKOPUCTOBYETh-
¢S SIK CUPOBUHA [IJIT BUPOOHUIITBA 106ABOK /10 MO-
TOPHUX TMAJIUB y BUTJISAI Giogu3esns Ta GioeTaHosa
[1]. OcHoBHEM HemO/iKOM BUPOGHUIITBA €TAHOIY 3
JIITHOIEJTIOJIO3HOI CUDOBUHM € BUCOKA BapTiCTh, IO
3yMOBJICHa HasBHICTIO B Hill reMiles1oJ03 Ta Jirniny
[2]. BpaxoByioun oco6uBoCTi cTpyKTypHuX (IHTO-
Ma TIOBEPXHS IIeJI0JI03U, KPUCTAIiYHICTD IIeJII0JI0-
3M, CTYTiHb TIOJiMepu3allii, po3mip Ta 06’eM Top)
Ta XiMiuanx (CKJAJ Ta BMiCT JITHIHY, TeMileJI0J103,
aneTmabHUX Tpyn) hakTopiB, IO BU3HAYAIOTH ii
cTifikicTs 70 Aii depMeHTIB, HEOOXiTHIM €TATlOM B
TEXHOJIOTii OTPUMAHHS €TaHOJIy JPYroro NOKOJIiHHA
€ erTan MorepeJHbol MiATOTOBKY 0 rigpoisy [3].

AHasi3 OCTaHHIX JOCJi/KeHb Ta MyOG riKaii

OcnoBanMHE (paKkTOpaMy BIJIMBY Ha JIiTHOIIEJIO-
JIO3HY CUPOBUHY IIPOTATOM TOIEPEHBOI Mi/ITOTOBKI
ii 1o rigponisy € Temieparypa, KOHIEHTpallid pe-
areHTiB, Ti[POMO/IYJib Ta TPUBATICTH Tpoiiecy [4].

lFonoBHOIO MeTOIO TOTIEPETHBOI TATOTOBKU JIiT-
HOTIEJTI0JI03HOT CHPOBUHH IO TiIPOJIi3y € pyHHYBaH-
HST T€TEPOTeHHOI MaTpHIli, 36iJIbIIEHHS TLTOMT TOBEPX-
Hi Ta IOPUCTOCTI LIEJII0JI03HO0 MaTepialy, a TaKoX
3BiJIbHEHHS BYTJIEBO/IIB Bi/l 3B’ 13Ky JIirHiHY, TUM Ca-
MUM TOKpaNyoun (GepMEeHTATHBHY 3aCBOIOBAHICTD.

OkpiM BKazaHuX, (paKTOPOM BILIMBY HA Pe3yJib-
Tatn (PepMEeHTATUBHOTO Ti[POJIi3y € PO3Mip YacTOK
CUPOBUHH, 1110 06po6sieThest [5]. TToBinomasernbes,
1o mij yac nomnepeanboi o6pobku moaudikaiii ¢i-

3UYHUX BJACTHBOCTEH 6GioMach Ha MiKPOCKOIi YHOMY
piBui (Hampukjaz, 3MEHIIEHHS KPUCTAJiuyHOCTI Ta
36iJIbIIIEHHS TJIOIII JOCTYITHOL HOBePXHi) Ta XiMiu-
HUX ocobmBocTell (HanpuK/Ia/l, BUAATECHHS reMille-
JIOJIO3M Ta JIrHiHY ) MAtOTh GiJIbII IIPSIMUI Ta CyTTE-
BUIl BIJIUB HA (DePMEHTATUBHY 3aCBOIOBaHICTH 6io-
MacH, OCKiJIbKM TIiZBUINEHHS AOCTYIHOCTI (hepMeH-
TiB MIJIAXOM MONEPeaHboi 06pOOKH € Habarato CyT-
TEBIMMM, HiXX [OCATHyTe BUKJIIOYHO MOAPiOGHEHHSIM
[6]. Kpim TorO, 3MeHIIEHHST PO3Mipy YacTUHOK 6io-
Macu 3a6esrieuye Giomaci 6ibIl BHUCOKY 06’ €MHY
L[iJIbHICTh, NOKPAIlEHY IIMHHICTh Ta KPallli BJACTU-
BocTi 06po6Ku B Jiorictuii [7].

OcTtaHHIMI pOKaMU 3 OIVISIy HA aKTyaJbHICTb
PO3BUTKY aJbTEPHATUBHOI €HEPTeTUKN 3POCTAE KiJib-
KiCTh MOCJIiIHUIIbKUX POGIT, TPUCBSIYEHUX BILIHBY
KJTI0U0BUX (haKTOPiB 06PO6KH, 30KpeMa po3Mipy vac-
TOK CUPOBHUHM, Ha PE3yJIbTATU TiAPOJIi3y Ta HACTYII-
HOTO eTalrry BUJIyYeHHS CIUPTY.

BB po3Mipy 4acTo4oK COJIOMU TIIIEHNYHOI Ha
HOTIepe/THIO TTiITOTOBKY Ta HACTYIHUHN (pepMeHTaTHB-
HUIl Tifposi3 posrisgaBcsa y pob6ori [8]. Cuposu-
HOIO OyJia cOJIOMa TIIEHWYHA, PO3/lijJieHa Ha CHUTAX
4; 25 1; 0,5; 0,25 ta < 0,25 mm. Tlonepeans mijaro-
TOBKa JI0 Ti/IpOJIi3y CyCIIeH3ii COJIOMU IIIEHUYHOI 3
BMicToM TBepzaoi pedoBunu 10 % BigOyBamacs 2 Y%-M
pO34nHOM cipuaHoi KucjoTu npordarom 30 XB 3a TeM-
nepatrypu 120 °C. Cepen OCHOBHMX BHCHOBKIB 3a
pe3yJabTaTaMy JIOCJIi/PKEHHS MOKHA 3a3HAYUTH, IO
cy6MiliMeTPOBi YACTUHKY TIOKA3a/IM HE3HAUHY Tepe-
Bary (< 10 %) Haj MiJiMETPOBMMHU YacTHHKAMH B
edeKTUBHOCTI (epMeHTaTUBHOTO Tifgpouisy. [as
motiepeIHbo 06pO0JIeHNX 3pa3KiB, SAKi He OyJHu BU-
cymieHi, rpyma posmipy dactmHOK 0,25 MM 6yja
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HaiiBuniolo. IlizBuiiena ¢depMeHTaTHUBHA JOCTYII-
HicTb cy6cTpaTiB 6i0Macy CripHsa IIiIBUIIEHHIO BH-
XO/y TJIIOKO3U.

BrnimB po3mipy 4acTok BUXiJHOI CHPOBMHM Ha
JIy5KHY IOIEPEeHIO IiJATOTOBKY PO3TJIA[aBCa Y Po-
6oti [9]. O6pobii miggaBasu 6aracy COJOIKOTO COp-
ro, TIOTIepeIHbO MEXAHIUYHO TOAPiGHEHY HA HOXKOBO-
My POTOPHOMY CTPY>KKOBOMY BepcCTari, MOJIOTKOBO-
My Ta JucKoBoMy MamHaX. OTpuMaHi 4acTouku 0y-
JIo po3aizieno Ha Tpu ¢pakiii: < 0,25; 0,25-0,42;
> 0,42 mM. [lonepennst miAroToBKa 3/1ilCHIOBAJIACS
MIJIAXOM JIOJIABAHHS 2 %-TO PO3UUHYy HATPiil rizpo-
KCHUy, TepeMilllyBaHHs IIPOTSATOM > XB Ta aBTOKJIA-
ByBaHHs1 3a Temneparypu 120 °C mporsrom 1 ron.
DepMeHTATUBHMI Ti/IpOJi3 BUKOHYBAIH Y CTPYIIY-
oyomy inky6atopi 3a 50 °C, 150 06.,/XB mpoTaroMm
48 ron. byso 3malifeHo, Mo po3Mip YacTOK CHPO-
BUHW CITPABJISIB 3HAYHUN BIJIUB HA PE3yJIbTATH yCiX
etamiB 06poOKM. 3a3HayeHo, IO XOYa BUKOPHC-
TaHHs 6aracu i3 po3MipoM yacTuHOK < 0,25 MM TIpu-
3BEJIO JI0 KPAIUX XapaKTepUCTHK (3MEHIIEHHS BU-
X0y IYKPY, MOPGOJIOTiYHOT CTPYKTYPH Ta iHJIEKCY
KPHUCTANIYHOCTI), Hisk y po3Mmipi 0,25-0,42 mw,
OCTaHHii 6yJI0O BU3HAHO KPAIIUM 3 OISy Ha 36i/b-
IIIEHHS] €HEPTOCTIOXKUBAHHS JIJIs1 TTO/IPiGHEHHS .

Y rtexHoJiorii 06pPO6GKN POCJIWUHHOI CHPOBUHU
erall MoJpiOHeHHs 3/1ifICHIOEThCS Ha ApobapKax pis-
nux tuniB [10]. Mexaniuyne momapiGHEHHST PYUHYE
KPHCTATIYHY CTPYKTYPY LI€TI0JI03H, 361IbIIIye TIOBEpX-
HIO, JOCTYIIHY IeJIONOMITHYHUM (depMeHTaM i, sk
HACJi/I0K, IPU3BOAUTH /0 3HAYHOTO 3POCTAHHA pe-
aKIiiHOI 37aTHOCTI pPOCJUHHOI cupoBWHU. ToOHKe
Mo/IPiGHEHHS COJIOMM JIA€ MOSKJIMBICTD ITi/IBUIIATH
BUXiJl PEYKYIOUUX PEYOBUH TIpH ii rigposisi [11—
13]. HenaBui mocipkeHHs 11010 3aCTOCYBAaHHS PO-
TaIiHHUX PEaKTOPiB, 3aCHOBAHUX HA Bi/IIIEHTPOBUX
Hacocax, 110 MaloTh POTOP Ta CTATOP, JJIS MOIepel-
HBOI IirOTOBKHU JIiTHOIETIOJIO3HOI CUPOBUHHU /10 TiJl-
pOJIi3y Z0BeJIH, 0 BUKOPUCTAHHS TaKUX IIPUCTPOIB
JUIST TIOTIEPeTHbOT 06POOKH CiJIbChKOTOCTIONAPCHKUX
BiIXO/IiB € aKTyaJbHUM 3 TOYKH 30py eHeproedex-
TUBHOCTI Ta ekoJoriunocti [ 14, 15].

BrumB kommiiekcy Tersodi3uyHUX SBUII, 10
SAKMX CJIiJl BIZIHECTU BHUCOKi I'PaJliEHTH 3CYBHUX Ha-
IIPYy>KeHb, TiApaBJiyHuil yaap, KaBiTallilo TOmo, Ha
PiAKi reTeporeHHi cepeoBuIla, 30KpeMa Ha JUCIep-
cii, emysbcii Tomo, Aae MOXJIUBICTD iHTeHCH(IKY-
BaTHU IIPOLIECU AUCIIePTyBaHHsd, TOMOreHisalii, nepe-
MillyBaHHA Ta IIJABUINYE MBUJKICTb IIPOTiKAHHA Xi-
MIiUHUX peakiliil B 30HI KOHTAKTY ¢a3. 3a 06pobKu
B POTAIlilHUX peaKTOpaxX, 3aCHOBAHUX Ha Bi/IIeHT-
POBUX Hacocax, CHPOBUHA ITi//IAETHCS JI0JJATKOBOMY

BILUIUBY Temodisnunux ¢hakTopiB, MO CIPUSIOTH
MOJIAJIBIIOMY 306iJIbIIEHHIO CTYTIEHS AHCIEPCHOCTI
CUPOBUHU, 36iJbIIyI0OYN MUTOMY MOBEPXHIO IIEJIO-
JIO3HOTO Marepiany.

Mera Ta METOAU AOCJIiAKEHHS

Meroio foc/i/KeHb € BU3HAUYEHHSI BIJIUBY KOMII-
Jiekcy TenytodisnuHuX SBHUII TiZipoMexaHiyHoi 06po6-
KI Ha PO3Mip POCJMHHOI CHPOBUHU IIPOTATOM IIOTIE-
peAHbOI IiATOTOBKU iI [0 TIipoJiidy B TEXHOJIOIil
OTPUMAHHS MAJUBHOTO €TAHOJY.

ExcrniepuMeHTHI BUKOHYBAJIMCS HA COJIOMI ITIITEHU-
i ta Kykypyasu. [lnd exkcllepuMeHTiB BUKOPUCTO-
BYBa/Il BHUXiJHY COJIOMY IIIEHUII Ta KYKypPYyIA3H,
MoTIepeTHbO TTOAPiGHEHY Ha coJioMopisili «Po3ym-
HUIST> 10 po3Mipy 10—50 MM, 1MOTiM 0HOPa30BO 06-
po6IieHy B e3iHTerpaTopi.

Iopsiiok BUKOHAHHS [TOCJIi /I>KEHHST

OG6pob6Ky cycrieH3ii poCJIUHHOI CHPOBUHU 3/1ilic-
HIOBAJIM HAa JIOCJi/IHINl YCTAHOBIII 3 PEaKTOPOM-3Mi-
HIyBayeM, 0 € POTOPHO-IIYJIbCAIiHHUM arapaToM.
KoHcTpyKIIilo A0CTifiHOT YyCTAaHOBKM HaBe/leHO Ha
puc. 1.

Kuc/soma [:}

Boda

AlzHoyewAosHa cupobuna

7

()
5

Puc. 1. AnapaTtypHO-TeXHOJIOTiYHA cxeMa 06POOKH JIirHO-
1es101030BMicHol cupoBunu: 1 — npuiiManbHuii 6yHKep;
2 — [BOXO/IOBUIT KpaH; 3 — OyHKep JJs 1oja4i Cupo-
BUHU; 4 — [103aTOP; 5 — PeaKTOp-3MillyBay; 6 — eJieKT-
pPOABUTYH; 7 — TPUXOJOBUIl KpaH; 8 — 3BOPOTHiil X0JI0-
JuabHUK; 9 — 36ipHuk; 10 — MaHomerp.

Figure 1. Technological scheme for processing ligno-cel-
lulose-containing raw materials: 1 — receiving tank; 2
— two-way valve; 3 — tank for plant raw materials; 4
— dispenser; 5 — reactor-mixer; 6 — electric motor; 7
— three-way valve; 8 — reflux condenser; 9 — collec-
tor; 10 — manometer.
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O6po6Ka POCJUHHOI CUPOBUHU 32 3aIIPOIIOHOBA-
HOI0 CX€MOIO BifIOYBA€TbCSl HACTYIIHUM YUHOM. Y
npuiiMaabauil 6ynkep 1 1momaioTh BOAY, BiAKpHBa-
0Tb ABOXOZO0BWH KpaH 2. IlpuroroBanmii po3ymH
MOJIAETHCS B PEAKTOP-3MIITyBad S, KU OJHOYACHO
e HacocoM. [loTiM BiKpUBaOTh TPUXOAOBUI KpaH 7
TaKUM YMHOM, 106 PO3UUH TOBEPTABCS B MPUHMAJID-
nuii 6ynkep 1. Ha 3—4 ki npokauyBaHHS BKJIIO-
YaloTh /103aTOP 4, KOTPUl y BCTAHOBJIEHUX MTPOIOP-
LigX [0Ja€ BUXIJHY CUPOBUHY B IIOTiK PO3YUHY.

CywMimn piIkoro po3unHy Ta CHPOBUHM, IO Tepe-
POGJISIETbCS, IUPKYJIIOE TIO0 KOHTYPY MPUUMATbHUI
36ipauk 1 — peaxkTOp-3MilllyBay S IIPOTSITOM BiJ Je-
KiJIbKOX XBWJIMH /IO JIeKiJTbKOX TOAWH. 3a Iieil Jac y
CcyMiTii BiflyBalOThbCs TIPOTIECH AMCIEPTYBAHHS, Tie-
pemilyBaHHs, PO3YMHEHHs, HarpiBaHHsA. Komruiekc
TaKUX ollepaliil 3/ificHIoe TiJATOTOBKY POCIMHHOL
cUpoBUHHU /10 Tifpodisy. IlinzroroBana qucneprosana
Maca HaJXOAuTh 10 36ipHuKa 9.

Poropu MaoTh Taki KOHCTPYKTOPCHbKi XapakTe-
PUCTUKM: BHYTPIiIIHIHN pazaiyc mManoro poropa Ry, =
56 MM Ta BeqMKOTO Rg, = 66 MM, MIMpuHA TIPOPi3iB
a = 3,0 MM, KyT MiXK TIpopidsimu B obeuaiikax 6°,
BUCOTA TIPOPi3iB h,, = 5 MM, YncI0 MPOPI3iB MpsAMO-
kytHo! popmu m = 60. /liana3oH 3MiHU 3230py MixX
poropaMu Ta craTtopoM ckaagae § = 0,3—0,5 MM.

KoHCTPYKTOPCbKi XapaKTepUCTUKHU cTaTopa: Re
= 61 MM, mmpuHa npopisiB a = 3,0 MM, BUCOTa IPO-
pisiB hy, = 5 MM, KiJgbKiCTh MPOPI3iB MPAMOKYTHOT
(opmu m = 60.

BusHnaueHHsI TPaHyJIOMETPUYHOTO CKJIAIY COJIO-
MU 3/[iliCHIOBAJIN 32 METOJIOM CUTOBOTO aHaJsizy. Ha-
BaXKKy JOCJIJIUKYBAaHOrO MaTepialy IIpociBaju uepes
Ha6ip cut 80, 125, 200, 300, 400 MKM, mMOTiM BHU-
3HAYa M TPOILEHTHUN BMICT 3aJHUIIKYy Ha KOXKHOMY
CUTi TI0 Bi/THOIIEHHIO JJ0 MacU BUXiJHOI HaBa’KKMU.

Posmozist wactok 3a posmipamu B intepBami 1-—
80 MKM Bu3HAYAIU 32 JIONMOMOTOIO JIA3€PHOTO aHAaJIi-
3aropa po3mipiB uactunok Mikpocaiizep 201 A. Ilo-
JTaJIbIie TTOAPiOHEHHS COJIOMH BWKOHYBAJTH Ha [I0-
CJIiTHI YCTAHOBIII.

Pe3yabraTn

Ha nepiomy erari 10CIi/PKeHb COJIOMY IIIIEHUIL]
Ta crebya KyKypyasu oO6pobJisiid B /ie3iHTerparopi
[0 yacTok po3mipamu He Gisbmie 1000 MrM. ['pany-
JIOMETPUYHMI CKJIQZ CUPOBUHHU TIicJsi O0OpOOKH B
Jle3iHTerpaTopi HaBe/leHO HA puc. 2.

I'panynoMeTpuuHmii CKJIa/] COJIOMHU IIIEHUII Ta
crebes KyKypy/I3u micjs o6poOKH B Jie3iHTerparopi
Malike He BiJIpi3HSAETbCS Misk co6010. BMicT yacTok

O conoma niueHmui ctebna KyKypyAsm
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Puc. 2. Posnoain vacTHHOK POCIWHHOI CUPOBUHM, TIO 3a-
JINIIVJIACST HA CUTAaX IicJsi 0OpPOOKY B JI€3iHTErPATOPI.

Figure 2. Distribution of plant material particles remai-
ning on the sieves after processing in a pin mill.

poamipamu Gisbire 400 MrM ckaagae 6;m3bKo 70 %.
[Ipy BUKOHAHHI MTOAABIINX IOCJTi/PKEHDb O/lepsKaHy
moApi6HeHy Macy 3 Pi3HIX BU/IB CHPOBHUHH 3Mily-
BasiM 3 BoJiofo B mponopitigax 1 :5; 1 :10; 1 : 15.

[HTeHCHMBHICTD O6POOKU CYMIllli TIOPOIIKY COJIO-
mu (mmeHuIi a6o KyKypy/asH) Ta BOAU B PEakTOpi-
3MilllyBaydi BU3HAYAETHCA [TapaMeTpaMi, 1110 HaBeJe-
Hi HUDKUE:

— y4acToTa IIyJbcauiil

f=wn, (1)

e ® — KyTOBa IMIBHJKICTb 00EpTaHHS POTOPHOTO
By3Ja, 006.,/c; N — KiJbKiCTh Tiepepi3iB y poTopi Ta
cTaTopi;

— IIBU/KICTb 3CyBY IIOTOKY

y=2R (2)
u

ne R — BuyTpimmiii pagiyc poropa, MM; L — TOB-
IMHA MiXIIUJIiHAPOBOrO 3a30pYy, MM.

[ocmipkeHHs 1010 BU3HAYEHHSI BIIUBY TETLIO-
(iswUHUX SBUII Yy POTOPHO-IyJIbCAIiITHOMY amapari
Ha PO3Mip 4acTOK POCJIMHHOI CHPOBHHU BHKOHYBa-
JINCS 3a TAaKMX yMOB: yacToTa nmyabcaniit — 1 kI
mBHAKICTh 3cyBYy motoky — 20-10° ¢™' mporsrom
10 mukaiB. 3a OAWH UK MPUHMAETHCS TTPOMi’KOK
Jacy, 3a SKuil Becb 06’€M CepeloBHINA, IO 06pP06-
JISIETHCST, TIPOMIIOB Kpi3b po6odi OpraHu POTOPHO-
yJibcalliifHoOTO arapata OJuH pa3.

Ha puc. 3 maBeseHO rpaHyJOMETPUYHUH CKJa/
BOJHOI Aucuepcii coioMu IIIEHUIL Y CIIiBBIHOIIEH-
Hax 1:5;1:10; 1 :15.
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Puc. 3. Posmozis 4acTHHOK POCIWHHOI CUPOBUHMU ITiCJIS
06POGKH BOJIHOI TUCTIEPCiT MITIEHMYHOI COJIOMU 3 Ti/[POMO-
mymem 1:5;1:10; 1 :15.

Figure 3. Distribution of plant material particles after

processing of an aqueous dispersion of wheat straw with
a solid /liquid ratio of 1 : 5, 1 : 10, and 1 : 15.

Anasioriuni JocsiskeHHss 6yJ0 BHKOHAHO JIJist
BOJHOI aucnepcii moapibHeHnx crebes KyKypyAs3u.
[lani HaBemeHo Ha puc. 4.

3a OHAKOBUX YMOB OGPOOKM TI'pPaHyJIOMETPUY-
HUH cKJIaa cyMinn moapi6HeHOi Macu crebes KyKy-
PYI34 3 BOJIOIO MicJisi NOAPIGHEHHS B PEAKTOPi-3Mi-
IIyBadi Mae IUCIEPCHICTD HAa 3—5 % HIDKYE, HiX Cy-
MinT Macu cosioMu nmeHndHoi. e Moxke mosicHIOBa-
TUCA PI3HOIO0 MIIHICTIO JIiTHOLE/IOJO3HUX BOJIOKOH
B POCJMHAX, IO JOCJi/HKYBAJINACH.

Takox BCTaHOBJIEHO, 1O 3i 36iJbIITIEHHSM TiApO-
Momyss Bim 1 : 5 go 1 @ 15 aucnepcHicTb 4acToK
s3HIKyeTbest Ha 3540 %, a Big 1 : 5 mo1:10 —
Ha 3—5 %. Ha ayMKy aBTOpIiB, Iie MMOSICHIOETHCS 3Mi-
HOIO B’A3KOCTi po3unHy. Po3uuH mOpoIIKy coJioMu
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Puc. 4. Posmnojiisi 4aCTUHOK POCJIUHHOI CUPOBUHHU ITiCJS
06po6KH BogHOI auctiepcii crebest KyKypy/A3H 3 TiJ[poMo-
ayaem 1:5;1:10;1:15

Figure 4. Distribution of plant material particles after
processing of aqueous dispersion of corn stalks with a
solid /liquid ratio of 1 : 5, 1 : 10, and 1 : 15.

3 BOJIOIO TIpH TigpoMoayi 1 : 5 € B'SI3K0I0 CyCIIeH-
3i€10, sIKa BAXKKO I€PEKAYy€ETbCs. Y 3B’S3KY 3 1UM
3/IiHCHIOETBCA UCUTIAIliS MeXaHiuHOI eHeprii B Tern-
JgoBy. 3a 10 1MUKIIB po3uwH, MO 06POOJSIBCA B pe-
akTopi-amintyBaui, HarpiBaBcd Big 17 mo 47 °C.

I'padik 3minm temneparypu BOJHOI aucrepcii
COJIOMH IIIIICHUII B IIPOLECi AUCIIEPTYBAaHHA B PEAK-
TOPi-3MilllyBayi Bi/{ KiJIbKOCTI ITUKJIiB 0OPOOKH i Ti-
POMOJIyJIST HaBeIeHO Ha PHC. .

3MiHa TeMIepaTypHu BOAHOI aAuctepcii crebes Ky-
KYPYI3H BiJi KiJIbKOCTi IIUKJIiB 06POOKHU Ta Ti[pOMO-
JyJid IIPU JUCIIePryBaHHI B PEAKTOPi-3MilllyBadi Ma-
I0Th CXOKY [WHAMIKY 3 MIIEHNYHOIO COJIOMOI0. 3MEeH-
HIeHHs Tigpomoayist Bix 1 : 15 no 1 : 5 mae Mosku-
BiCTb MiABUIINTU B 43KiCTh PO3YMHY, IO IPU3BO-
JITD J10 mijBuIeHHs Temneparypu. Lleii gpakrop mae
BAXKJIMBE 3HAYEHHS HE TiJbKH Y Ipoiieci 06poOKu
POCJWHHOI CHPOBUHU, a i HacTymHOi 6iokoHBepcii.

3MenmeHHs rigpomoaysst Bix 1 : 15 10 1 : 10 3a
10 1uKTiB 06POOKH MCIIEPCil B peaKkTopi-3MilryBayi
MIPU3BOJUTD /10 3HUKEHHSI TeMIlepaTypu Bin 47 1o
42 °C (~ 10 %), aje npu 1bOMY MPOLYKTUBHICTH
o6JaiHaHHs 361JbIIyeThes B 1,5—2 pasu, eHeproBu-
TpaTu 3MeHIyoTbes Ha 25—30 7.

Temneparypa Bo/iHOI uctiepcii cosloMu MIeHnI
(cre6en Kykypyasu) y crissiguomrenni 1 : 15, 06-
po6senoi B peaktopi-aminryBaui 3a 10 1muksiB, mi-
BUIyeTbca Big 17 no 22 °C, y To#t camuii yac 1npu
rigpomomysi 1 : 10 — Big 17 mo 42 °C, npu riapo-
momymi 1 :5 — Big 17 no 47 °C.
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Puc. 5. 3aneskHicTb 3MiHM TeMIlepaTypu BOAHOI auctepcii
COJIOMH HIIEeHUIi npu o6pollli B peakTopi-3MilryBadi Bij
KiJIbKOCTI IMKJIiB 06po6KHu Ta ripomoayss: ¢ — 1 :153;
m—1:10; A — 1:5.

Figure 5. Dependence of the change in temperature of
the aqueous dispersion of wheat straw during processing
in a reactor-mixer on the number of processing cycles and
the solid /liquid ratio: ¢ — 1: 15; m — 1: 10; A — 1: 5.
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AHasti3 Ta cIiBCTaBIeHHST HaBe/IeHNX eKCIIepUMeH-
TaJbHUX JIAHUX JIa€ MOKJIUBICTH 3POOUTH BUCHOBOK,
0 TOJAJbII JOCIKEHHA [JOPEYHO BUKOHYBAaTH
mpu rigpomoayJi 1 : 10.

[lng nporo aMimyBamm 1 Kr Macu NIIEHWYHOI CO-
Jgomu a6o creben Kykypyasu 3 10 s Bogu ta 06po6-
JILJIM B YCTAHOBIIi 3 PeaKTOPOM-3MilllyBayeM IPOTSi-
rom 1—50 MUKJIB 32 MOCTiiHOT MIBUAKOCTI 3CyBY I0-
toky 20-10° ¢! ta 3minniit yacrori nyabcanii (1, 3,
5 kIm). 3MiHy MacoBOi YaCTKH OTPUMaHOI Macu co-
gomu mmenndnoi < 0,08 MM HaBeseno Ha puc. 6.

ITpu 06po61Ii BOAHOT aucTiepcii COMOMU MIIEHUTT
B peakTopi-3MimmyBadi 3 yactororo myJsbcariii 1 Iy
Jutst focsirierHst poamipy 100 % wactok Mettie 80 MKM
HeoOXimHo 42 twkau. Ilpm 36ijblienHi yactotn
nysabcaniii Big 1 go 3 k[ kisbkicTb 1UKJIIB 3MeH-
myerbest 10 30 (to6to ~ 30 %). IIpu 3Mini wactoTn
mysbcartifi Bix 1 o 5 kIl KiJIbKiCTh INKJIIB 3HIKY-
erbes jgo 27 (10610 ~ 35 %).

306ibIIeHHS YacTOTH MyJIbCallill TOTOKY Bif 3 A0
5 kI moB’si3aHe 3 MOMATKOBUMU €HEpro3arpaTaMu
Ta MPAKTUYHO HE BILJIMBAE Ha KiJIbKICTh ITUKJIB 006-
poOKM. 3BakalouW Ha Iie, TOAJbII JTOCJiIKEeHHS
BUKOHYBAJIN IIPU YACTOTi IyJbcalliil MOTOKY cyMimri
3 kl.

3aJie’kHiCTb BMiCTy MacoBOi 4yacTKu ppakiiii yac-
TOK Macu crebes1 KyKypyA3u Merie 80 MKM BiJ| KiJib-
KOCTi IUKJTiB O6POOKU Ta YaCTOTU MyJIbCAIliil MOTO-
Ky aHaJoriyHa Takifl y nieHuuHii cosomi.

3aificHeHHsT MOAAJBIINX MJOCJiKEHDb IOJATAJIO
y BUBYEHHI BIIMBY IIBUAKOCTI 3CyBY IIOTOKY B peak-
TOpi-3MilTyBadi Ha DPAKIIHHUN TPaHyJIOMETPUYHUI
CKJIQJT Ta KiJbKiCTDb IUKJIIB 06pOOKH (nuB. puc. 4).
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Puc. 6. 3anexuictb BMicTy MacoBoi yacTku (pakiiii Mmacu
nmeHnyHoi cotomu Menie 0,08 MM Bif KiJIbKOCTI I{MKJIiB
0OPOGKH Ta YaCTOTH TIyJIbCAlliii.

Figure 6. Dependence of the mass fraction of the wheat
straw mass fraction less than 0.08 mm on the number of
processing cycles and the frequency of pulsations.
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Puc. 7. 3anexuictb BMicTy MacoBoi yacTku ¢pakiiii yac-
TOK Macu HIIeHUYHOI cojtomu MeHnie 80 MKM Bij KiJibKOC-
Ti IUKJIiB 0OPOOKU Ta MIBUJKOCTI 3CYBY MOTOKY

Figure 7. Dependence of the mass fraction of wheat
straw particles less than 80 microns on the number of
processing cycles and flow shear rate
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Puc. 8. Po3nozis 4acTHHOK pOCJUHHOT CUPOBUHU (DpaKIIii
menmre 0,08 mm.

Figure 8. Distribution of plant raw material particles of
the fraction < 0.08 mm.

[IBuaKicTh 3CyBY ITOTOKY 3MiHIOBaJIacs y MexKax
Big 20-10% mo 50-10% ¢!, Tunamiky 3miHu (pakitiii-
HOT'O CKJIQJly [TOMEJIiB HaBe/leHO Ha puc. 7.

3MiHa MBU/KOCTI 3CyBY IIOTOKY iCTOTHillle BILJIU-
Ba€ Ha JIMCIEPCHICTb YaCTOK, HiXK 4acToTa IMyJbCa-
i, KisbkicTb TUKIIiB 06POOGKT 3MEHIITYETHCS HA O~
7 %. Haii6inpim edeKTHBHO BHKOHYBaTH OOPOOKY
cepelloBUIla B peakTopi-sMillyBadi 3a MIBUJKOCTI
3cyBy notoky 40-10% ¢!

OnrumanbHi mapaMmerpu 06poOKU BOIHOT JHCIIED-
cii coslomu mmenwiri a6o cre6es KYKypy/J3Hu B peax-
Topi-3MilyBadi: rizpomonyab — 1 : 10; mBUAKiCTD
3cyBy motoky — 40-10° ¢'; wacrora mymbcaniii —
3 kI'u. Kisbkictp nukiaiB o6pobku — 25—30.

Bukinkano inrepec po3noiJieHHs YacTOK 110 PO3-
mipax B inrepBasii 1—-80 mxm. [lani pocrijpkenb Ha-
BeJleHO Ha puc. 8.
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AHaJi3 TpaHyJIOMETPUYHOTO CKJIALy BOIHOI AWC-
nepcii cosomu nmrennii (cre6esn KyKypyasu) npu
rizpomosyJi 1 : 10 Ta 06pobsieHOMY B PeakTopi-3Mi-
myBadi 3 4acTtotoro myJbcaniii 3 kI, mBuakocti
3cyBy moToky 40-10% ¢! 3a 25-30 nukJIiB 1a€ MOXK-
JIUBICTh 3POOUTH BHCHOBOK, 10 6jm3bko 50 % uac-
TOK MaloThb po3Mip y mexax 0,03—0,05 mm. Taxa
PO3BHHEHA TIOBEPXHS KOHTAKTY (pa3 crpusie iHTeH-
cudikarii nporecy 6ioKOHBepcii CUpOBUHHM, IO Tie-
PePOOISIETHCS.

BucHoBku Ta NEepCIEeKTUBU

OrpumaHi faHi cBifuarth Ipo Te, 1Mo 06podKa BOI-
HOT aucniepcii pOCJWHHOT CUPOBUHM B POTAIliltHUX
peakTopax, 3aCHOBAHMX Ha BiJIIEHTPOBUX HACOCaX,
Ha eTali HoNepe/IHbOl MiJITOTOBKU POCJAUHHOI CUPO-
BUHU JI0 TiZIPOJi3y, MO BiGYBAETLCS MiCJsS eTairy
MEXaHIYHOTO TOJIPiOHEHHS POCJUHHOI CUPOBHHH,
MIPU3BOIUTD A0 AONOAPiOGHEHHS YAaCTUHOK CHPOBH-
Hu. BusHnaueno, 1o 3MiHa onepaniitHux napamMeTpin
peakTopa-3MillyBaua, 1[0 € POTOPHO-ITyJIbcalliliHUM
araparoM, B SIKOMY BiZI0yBa€TbCsI eTan MoMepeaHbol
MiArOTOBKU CUPOBUHU [0 TiApOJIi3y, Aa€ MOXKJIU-
BiCTb 3MiHIOBATH JAUCIIEPCHICTH CUPOBUHHU, 110 06PO6-
JGETBCA. 3HAWZIEHO ONTUMAaJIbHI omepariiiHi mapa-
MeTpH /i BUOPAHOI KOHCTPYKILii peakropa-3Miliy-
Baya /1J151 JJOCATHEHHST MaKCUMAJIbHOI TJIONTi TTOBEPX-
Hi YaCTMHOK POCJMHHOI CHPOBHWHH, IO CIIPUS€E Ha-
CTYITHOMY eTary (bepMEeHTaTUBHOTO TiJIPOJIi3y B TeX-
HOJIOTii OTpUMAaHHS NMaJUBHOTO €TAaHOJIY.
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Influence of complex hydromechanical
treatment on the dispersion of plant raw material
in the technology of obtaining fuel ethanol

Abstract. In the energy sector, particularly, the transport sector, biomass of plant origin is
associated with additives to motor fuels with biodiesel and bioethanol. The main purpose of
the pretreatment of lignocellulosic raw materials for hydrolysis is to destroy the heterogeneous
matrix, increase the surface area and porosity of the cellulose material, and free carbohydrates
from lignin bonds. One of the key factors affecting the efficiency of pretreatment and subse-
quent hydrolysis is the size of the raw material particles obtained at the stage of mechanical
grinding. During subsequent processing in rotary reactors based on centrifugal pumps, the
raw material is subjected to additional influence of thermophysical factors, which contribute
to a further increase in the degree of dispersion of the raw material, increasing the specific
surface area of the cellulose material. The work aimed to determine the influence of the com-
plex thermophysical phenomena of hydromechanical processing on the particle size of plant
raw materials during their pretreatment for hydrolysis in the technology of obtaining fuel
ethanol. The feedstock was wheat straw and corn stalks, chopped on a straw cutter, and once
processed in a disintegrator. The determination of the plant raw material particle size distri-
bution was carried out using sieve analysis. The processing of the suspension of plant raw
materials was carried out on experimental setup with a reactor mixer, which is a rotor-pulsa-
tion apparatus. The particle size distribution in the range of 0.001-0.08 mm was determined
using a laser particle size analyzer Microsizer 201 A. Further crushing of the straw was carried
out on experimental setup. It was determined that with an increase in the solid : liquid ratio
from 1 : 5 to 1 : 15, the size of the parts decreases by 35-40 %, and when increasing the solid
: liquid ratio from 1 : 5to 1 : 10 — by 3-5 %. Changing the solid : liquid ratio from 1 : 15
to 1 : 10 for 10 cycles of processing the dispersion in the reactor-mixer until the temperature
drops from 47 to 42 °C, at which the productivity of the equipment increases in 1.5—2 times,
energy consumption changes by 25-30 %. The temperature of an aqueous dispersion of wheat
straw (corn stalk) at a ratio of 1 : 15, mixed in the reactor-mixer for 10 cycles, moves from
17 to 22 °C, at the same time at solid : liquid ratio 1 : 10 at 17 to 42 °C, at solid : liquid
ratio 1 : 5 at 17 to 47 °C. When processing an aqueous dispersion with wheat straw in a
reactor mixer with a pulsation frequency of 1 kHz, 42 cycles are required to achieve 100 %
frequency in less than 80 um. When the pulsation frequency increases from 1 to 3 kHz, the
number of cycles changes to 30. When the pulsation frequency changes from 1 to 5 kHz, the
number of cycles decreases to 27. Changing the shear rate of the flow has a more significant
effect on particle dispersion than the pulsation frequency. The number of processing cycles is
reduced by 5-7 %. Bibl. 15, Fig. 8.
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A state of art and prospects
of phosphogypsum management

Abstract. The world volume of phosphogypsum accumulated in open dumps, which is a by-
product of the production of phosphoric acid and phosphoric fertilizers from phosphorite rock,
exceeds 6 billion tons, which has an extremely negative effect on the condition of the soil,
surface, and groundwater, as well as the atmosphere. However, in the context of the circular
economy, phosphogypsum should be considered as a potential resource of secondary mineral
raw materials, therefore solving the problem of managing this large-tonnage industrial waste
is extremely urgent. The article provides basic data on the volume of formation and composi-
tion of phosphogypsum. There are physico-mechanical, physico-chemical, biological, and com-
bined methods of phosphogypsum management. These methods are used in agriculture and
forestry (chemical soil reclamation, fertilizers, reduction of greenhouse gas emissions, pesti-
cides); in soil works (reinforcement of weak and expansive soils, arrangement of embankments
and dams, tamponage compositions, carrying out drilling works); road construction (strength-
ening of subgrade soils, cement-concrete mixtures for the foundations of road surfaces, asphalt
concrete and asphalt for covering road surfaces, railway sleepers, paving stones); hydrotech-
nical construction (artificial reefs for breeding and growing fish and oysters); building mate-
rials industry (cement, crushed stone, concrete, mortars, dry building mixtures, expanded
clay, bricks, geopolymers, building blocks, ceramics, glass, roll waterproofing materials, bi-
tumen emulsions, water pipes); in protective coatings and materials (paints, enamels, heat-
protective and heat-insulating coatings, sound-insulating materials); as sorbents, as well as
catalysts and retarders of chemical reactions; in medicine and veterinary medicine (medicinal
and hygienic means); as other materials (polymer and metal composites, tribotechnical mate-
rials, fire-fighting powders, heat storage materials, coagulants, filter materials, liquid glass,
wallpaper, paper), as well as during the extraction of rare earth elements. Currently, the most
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expedient methods of phosphogypsum disposal are its use with minimal changes in physical
and chemical properties and minimization of new waste generation, in particular in the buil-
ding materials industry, road construction and agriculture. Bibl. 109, Fig. 3.

Keywords: technogenic safety, large-tonnage industrial waste, technogenic (man-made) raw
materials, phosphogypsum, waste management, waste disposal.

Introduction

Phosphogypsum is a hydrate of calcium sulfate,
which is formed as a by-product of the production
of phosphoric acid and phosphoric fertilizers from
phosphorite rock and mainly consists of gypsum
(CaS04-2H,0). However, unlike gypsum, which is
widely used in the construction industry and other
industries, phosphogypsum in its raw form is used
much less often. This is primarily due to its multi-
component composition and the presence in it of
heavy and radioactive metals, in particular ura-
nium and thorium, as well as isotopes of radium,
radon and polonium, which are contained in natu-
ral phosphorus-containing raw materials used in
the production of phosphoric acid and phosphoric
fertilizers [1, 2]. As a result, the obtained phos-
phogypsum is usually placed in open piles (dumps),
which leads to alienation of significant land re-
sources and environmental pollution [3], including
radioactive elements [4]. At the same time, the ar-
rangement of stacks of phosphogypsum in the pro-
duction of phosphoric acid by the wet process from
phosphorite rock reaches 10 % of its cost price [5].

One ton of produced phosphoric acid accounts
for 4—6 tons of phosphogypsum [6, 7], as a result
of which more than 300 million tons of phos-
phogypsum are produced in the world every year,
which has already led to the accumulation of more
than 6 billion tons of phosphogypsum worldwide.
In particular, every year the volume of phos-
phogypsum increases by (million tons): in China
— 70, in the USA — 30, in Morocco — 15, in
Russia — 11, in Ukraine and Tunisia — each 10,
as well in Brazil and Egypt — each 5.4 [3] (ac-
cording to other data, by 22 million tons in China,
10 million tons in Tunisia and over 6 million tons
in India [7]). The problem of effective manage-
ment of phosphogypsum is extremely relevant for
Ukraine, because the amount of phosphogypsum
accumulated in the country is estimated at 55 to
80 million tons [5, 8].

Since, in addition to calcium sulfate, phosphor-
gypsum also contains other chemical compounds,
in the context of the circular economy, phos-
phogypsum should be considered as a potential re-

source of secondary mineral raw materials, there-
fore solving the problem of managing such a large-
tonnage (high-volume) industrial waste as phos-
phogypsum is an extremely actual task.

The purpose of research

The purpose of the work is a critical analysis of
the state and prospects for the management of
phosphogypsum, a by-product of the phosphoric
acid and phosphoric fertilizers production.

The main ways
of phosphogypsum management

Depending on the P,Os concentration and tem-
perature, phosphogypsum can exist in three forms:
in the form of anhydrite (CaSO,), hemihydrate
(CaS0O4-0.5H,O0) or dihydrate —  gypsum
(CaSO4-2H,0) [1]. Usually, phosphogypsum, which
is formed at enterprises for the production of phos-
phoric acid and phosphoric fertilizers (at the same
time, more than 80—-90 % of phosphoric acid is used
for the production of fertilizers [9, 10]), is a loose
dihydrate or hemihydrate with a moisture content
of 25-40 % w,/w. Phosphogypsum hemihydrate
filtered from phosphoric acid, after cooling to am-
bient temperature, gradually turns into dihydrate,
forming gypsum stone. The duration of this trans-
formation depends on the ambient temperature and
the amount of phosphoric acid remaining in the
phosphogypsum, and can vary from several hours
to a day. Phosphogypsum dihydrate, having no
binding properties, gradually loses water in stacks
(dumps), turning into a dry white powder. At the
same time, the basis of stacks of phosphogypsum is
a mixture of its dihydrate and hemi-hydrate (Figu-
re 1) [11]. It is clear that the placement of phos-
phogypsum in open piles (dumps) has an ex-
tremely negative effect on the condition of the
soil, surface and groundwater, as well as the at-
mosphere (and this is caused not so much by phos-
phogypsum directly, but by its filtrate (phos-
phogypsum leachate), which is formed in as a re-
sult of water passing through piles of phos-
phogypsum [12]).
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Figure 1. A stack (dump) of phosphogypsum (a) and the appearance of phosphogypsum in a stack (b) [11].

The average composition of phosphogypsum
looks like this (% w,/w): at least 80 CaSO,4-2H,O
and /or CaS0;-0.5H,O, 1-2 water-soluble phos-
phorus oxide P»Os, as well as other compounds:
soluble (sulphate and phosphoric acids, mono- and
dicalcium phosphate) and insoluble (silica, phos-
phates, fluorides, oxides) substances, rare earth
and radioactive elements, heavy metals and other
chemical elements, in particular, uranium, tho-
rium, radium, polonium, cadmium, radon, neo-
dymium, dysprosium, terbium, cerium, lanthanum,
praseodymium. At the same time, the typical com-
position of phosphogypsum in terms of the main
chemical elements and their oxides is as follows
(% w/w): CaO — 30-42, SO — 44-52, P,Os —
1-2, F — 0.1-1.0, ALLOs — 0.3-5.0, Fe;O3 — 0.2—
2.0, SiO, — 0.3-10.0, H,O — 25-40 [1].

In various countries of the world, thorough re-
search is being conducted on the typical utilization
of phosphogypsum, however, taking into account
the heterogeneous composition of phosphogypsum
at different productions, research is also being con-
ducted on possible ways of the most effective mana-
gement of phosphogypsum obtained as a result of
the processing of natural phosphorus-containing
raw materials of a certain composition [13]. At the
same time, the search continues not only for methods
of utilizing phosphogypsum without changing its
physical properties, but also methods of complex
processing of phosphogypsum to extract certain
components from it (Figure 2).

In addition to the irrational placement of phos-
phogypsum on a permanent basis in stacks (dumps),
the main ways of managing phosphogypsum can be
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The main ways of phosphogypsum utilization
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Figure 2. The main ways of phosphogypsum utilization.

divided into the following groups: physical-me-
chanical, physico-chemical, biological and com-
bined methods. At the same time, a method of
greening phosphogypsum dumps is also proposed
(Patent UA121791U), during which a mixture of
sand and sewage sludge [14] in a ratio of 5 : 1 by
weight is applied to the surface of the dump in a
layer of 30 c¢m, which is fixed on the slopes with
the help of concrete or wooden structures that form
a grid with a cell with a side of 1.5-2.0 m deep
30 cm, and sowing of perennial grasses, mainly of
the cereals (Roaceae L.). However, the specified

method does not exclude the ingress of phos-
phogypsum components into the soil and ground-
water, but only postpones the procedure for final
removal of phosphogypsum dumps.

Physical-mechanical methods
of utilization phosphogypsum

Use of phosphogypsum
in agriculture and forestry

Due to the content of phosphate residues, phos-
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phoric acid, compounds of silicon, calcium, sulfur,
as well as traces of rare earth elements in phos-
phogypsum, it is used in agriculture and forestry
primarily for chemical reclamation, i.e. improving
the physical and chemical properties of soils, in
particular as a fertilizer, as well as a means to regu-
late the structure and acidity (pH index) of the
soil. Also, phosphogypsum is used to reduce the
use of pesticides. At the same time, phosphogyp-
sum, which has not been subjected to neutraliza-
tion, is usually not applied to the soil due to high
acidity and low physicochemical properties [1].

A method of two-stage processing of phos-
phogypsum into a complex fertilizer has been de-
veloped, which includes treatment of phosphogyp-
sum with a phosphate solution, filtration and dry-
ing of the finished product, while the first stage of
the process is carried out without heating, and in
the second stage, the washing waters of the first
and second washes of the production of extractive
phosphoric acid with P,Os content of 13 and 5 %,
respectively, and with a fluorine content of 0.2 %
(Patent UA93253U). The disadvantages of this
method are its complexity and the generation of a
significant amount of wastewater, which requires
complex treatment.

Complex fertilizer for increasing the yield of
vegetables and fruits and combating their diseases
and pests is prepared from the following raw ma-
terials (% w,/w): urea — 10—40, phosphogypsum
— 10-23, potassium phosphate — 15-30, boron
fertilizer — 10—40, copper sulfate — 4-20, to
which organic fertilizer is added (Patent
CN108409425A). This ecologically clean complex
fertilizer also makes it possible to reduce the use
of pesticides.

Highly effective fertilizers are obtained as a re-
sult of the use of phosphogypsum and organic
waste from livestock and poultry farming. At the
same time, the urgent problem of agricultural and
chemical industry waste disposal is also solved. In
particular, in the case of adding phosphogypsum to
the biomass of complex compost, the proportion of
microorganisms in the organic component increases
significantly, which positively affects the cycle of
carbon and nitrogen in the soil. For example, in
complex compost containing half-rotted manure
and phosphogypsum, the total number of microor-
ganisms on the 30th day after preparation of the
specified compost is more than 240 million cells,
and with one half-rotted manure — about 107 mil-
lion cells, which in 2.24 times less [15].

In general, the use of organic and inorganic
waste during composting can become an effective
way to optimize the processes of humification, mat-
uration and provision of the necessary mineral ele-
ments in the compost. To obtain high-quality com-
posts, it is proposed to add olive mill wastes, horse
manure, as well as phosphogypsum and sewage
sludge to vegetable raw materials [16].

An effective soil conditioner from organic ferti-
lizer and phosphogypsum (Patent CN108929695A)
is proposed.

A phosphogypsum soil conditioner capable of
increasing crop yields and suppressing the spread
of diseases and soil pests has been developed (Pa-
tent CN105238411A). The conditioner is prepared
from raw materials containing (% w,/w): bean
cake powder — 24—26, methane liquid — 20-25,
EM microbial seed material — 4—5, cobalt sulfate
— 2-4, boron humate — 10—12, phosphogypsum
— 130—150, lime-free husk — 6—8, red mud — 24—
26, powder lobsters — 19-21, oven dust — 6-8,
as well as the appropriate amount of water.

A low-cost conditioner designed to improve soil
porosity has been developed, which includes phos-
phogypsum, bentonite, and vermiculite, formed in
the form of a cylinder, sphere, cone, or cube with
an equivalent particle size of 3-7 cm (Patents
NL2033429A, CN115502198B). This conditioner is
distributed over the surface of the soil, which is
then subjected to deep plowing to a depth of at
least 40 cm, then the surface of the soil is carefully
leveled, abundantly watered, after which plants
are planted after 5—15 days.

At the same time, phosphogypsum is used di-
rectly or in combination with other components as
an ameliorant of certain types of soils: saline soils
and saline-alkaline soils ([17, 18], Patents
CN106083308A, CN108689780A, CN110484266A,
CN110684536A, CN113637486A, CN113773852A,
CN113789180A, CN113861998A, CN116694330A,
Author’s Certificates SU1062606A1, SU1555668A1,
SU1704070A1), acid soils [19], black soils [20],
red soils (Patent CN106045620A), as well as dark
chestnut [21] and sandy [22] soils.

The composition of the soil conditioner includes
not only phosphogypsum, but also red mud [23],
which makes such a complex conditioner extremely
relevant for the disposal of large-tonnage industrial
waste (Patent CN109971492A). It has been shown
that the artificial soil prepared using red mud and
phosphogypsum can be considered as a promising
direction for the utilization of these large-tonnage
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industrial wastes [24].

A method of obtaining adduct of urea and cal-
cium sulfate (UCS) for its use as a fertilizer has
been developed, which involves contact of urea
with wet phosphogypsum containing 10-30 %
w/w of moisture (Patent EP4175932A1, Applica-
tions W02022 ,/003564A1, US2023,/227376A1).

It should be noted that in some cases phosphor-
gypsum, which is supposed to be used in various
industries and primarily in agriculture, is subject
to defluorination (Author’s Certificates SU742379A1,
SU977391A1, SU983053A1).

The use of phosphogypsum as a raw material for
the production of fertilizers, ameliorant and soil
conditioner to improve the nutritional conditions
of cultivated plants in order to increase the yield
and its quality is also considered in many patent
documents, in particular as part of ameliorants and
soil  conditioners (Patents JP2006151786A,
CN101775293A, CN105237267A—-CN105237271A,
CN105238412A, CN105272715A, CN107629801A,
CN108251123A, CN108929695A, CN111807905A,
CN113337295A, CN113355099A, CN113502164A,
CN113861986A, CN113773852A, CN116655434A,
CN116875319A, ZA202308722B, RU2812430CH1,
Application W0O2022 /143848A1), as well as ferti-
lizers (Patents FR2157683A1, CN108530175A, Ap-
plications W02020,/257901A1, W02020,/257900A1,
W02022,/143848A1, WO2022 /144683A1, US2022,/
204417A1), including  phosphorus  (Patent
RU2680589C1), nitrogen (Patent UA75743C2),
nitrogen-phosphoric (Patents UA101428U,
RU2680269C1),  nitrogen-potassium  (Patent
EP1854774A2, Applications WO2006,057573A2,
US2009,/173124A1), nitrogen-phosphorus-sulfate
(Patent RU2478599C1), nitrogen-potassium-sul-
fate (Patents CN106699470A, RU2677047C1) fer-
tilizers, as well as urea superphosphate (Applica-
tion WOO01 ,/42172A1).

It should also be noted that such wastes of en-
ergy, metallurgy and mineral fertilizer production
as fly ash, steel slag and phosphogypsum, which
are rich in oxides of calcium (CaO), silicon
(Si0y,), iron (FeO) and aluminum (Al,Os3), may
not only to become a source of useful elements for
growing rice, but also to significantly reduce
greenhouse gas emissions (in particular methane
CH, and nitrous oxide N>O) from rice fields [25].

Use of phosphogypsum
in sotlworks (earthworks)

Phosphogypsum is used to stabilize expansive

soils, which are characterized by a change in volu-
me during seasonal moisture fluctuations, which can
cause cracks and damage to road surfaces (Patents
US11124930B1, CN111424485B, CN115385618A).
At the same time, the appropriate technology was
developed for the construction of highway embank-
ments and road surfaces, particularly sidewalks [26].

Phosphogypsum is used to arrange embank-
ments with stable operational characteristics,
while the construction mixture includes (% w,/w):
phosphogypsum — 90, cement — 10, as well as so-
dium silicate dissolved in water — 2—4 (Patents
US11319676B2, CN110041039B). The specified
composition is also used for the construction of
the road surface (Patents US10655280B1,
CN109824335B).

A simple, reliable and environmentally friend-
ly way of filling quarries and open mines with
modified hemihydrate phosphogypsum (Patent
CN118065969A) has been developed. Compositions
using phosphogypsum for a similar purpose are
also proposed in the Patents CN115504753A,
CN115611602A, CN115490491A. These methods are
green and environmentally friendly.

A backfill material based on phosphogypsum
(Patent CN116573912A, Application US2024/
343650A1) is proposed.

An effective tamping mortar based on phos-
phogypsum is successfully used during the drilling
and blasting of mining workings (Author’s Certifi-
cate SU1743255A1).

Phosphogypsum is used during drilling opera-
tions, in particular as a part of drilling mudids
composition — a complex multi-component liquid
dispersion system that is used for washing wells
during the drilling process [27].

Covering soil material for landfills minimizes the
formation of unpleasant odors and contains, wt.
parts: sewage sludge — 100, phosphogypsum —
40-60, surface-modified steelmaking slag — 10—20,
quicklime — 5-30 (Application KR20080032670A).

Use of phosphogypsum
in road construction

For a long time, phosphogypsum has been suc-
cessfully used in road construction, both for the
purpose of strengthening the soil for the lower layers
of the road surface, and in the production of as-
phalt and asphalt concrete.

A method of production of free-flowing asphalt
binder by granulation of dried phosphogypsum
with the binder rolling method has been developed,
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while road bitumen with the addition of polyeth-
ylene terephthalate in the amount of 15-20 % by
weight of the binder, which is introduced into the
bitumen at the melting temperature of the poly-
mer, is used as a binder. granulation is carried out
at a temperature of 130—150 °C, and the content
of the binder in asphalt binder is 16-20 % of its
mass (Patent RU2701007C1). Asphalt concrete
mixtures obtained using the indicated asphalt
binder, which are characterized by high moisture
resistance, are intended for pothole repair of the
road surface, as well as for arranging the founda-
tions and coverings of highways. At the same time,
the problem of disposal of large-tonnage industrial
(phosphogypsum) and household waste (plastic
dishes made of polyethylene terephthalate) is
solved [28-30].

In Patent CN117049857A describes a method of
preparing water- and frost-resistant phosphogyp-
sum asphalt concrete, which, in addition to phos-
phogypsum and cement, includes a modified poly-
urethane that increases the adhesion of components
in asphalt concrete.

Also, phosphogypsum as part of a thermoplastic
composite material is used for the production of
mass products such as railway sleepers [31] (Pa-
tent US5799870A), which makes it possible to ef-
fectively dispose of not only phosphogypsum, but
also polymer waste [28—30].

A method of production of granulated polymer-
asphalt binding and sulfur concrete for use in road
construction is proposed (Applications WO2011/
065849A1, US2012,/275861A1). Polymer asphalt
binder is obtained by mixing 40—-60 % w,/w of a
sulfur-containing polymer heated to 135-150 °C,
obtained by modifying sulfur waste in solvents,
20—-40 % w/w phosphogypsum and 15-20 % w/w
road asphalt. Next, the resulting mixture is cooled
to a plastic form, and with the help of an extruder,
polymer asphalt binder granules are formed, which
are covered with a layer of silicone emulsion. The
obtained polymer-asphalt binder is used for arran-
ging road surfaces and repairing roads, and the ob-
tained sulfur concrete is used for preparing the
foundations of road surfaces.

Such large-tonnage industrial waste as phos-
phogypsum and red mud are added to the asphalt
mixture, which also contributes to environmental
protection (Patent CN117303791A). Phosphogypsum
and red mud are also used in the method of road
construction according to Patent CN117468295A.

In the road base material, in addition to phos-

phorgypsum, secondary asphalt, secondary con-
crete, slag concrete, particles of used tires [32, 33]
and regenerated glass concrete can be utilized. At
the same time, secondary asphalt is used as a bin-
ding material for the road base, secondary concrete
is used to cover the road base, phosphogypsum and
slag concrete are used to increase the strength of
the road base, regenerated glass concrete is used to
increase its strength and stability, and particles of
used tires are used to increase its durability and
crack resistance (Patent CN117902875A).

Phosphogypsum in the composition of the road
surface helps to increase its anti-glare effect (Pa-
tent CN117070088A). The coating, which, in addi-
tion to phosphogypsum, includes graphite, zeolite
and portland cement, can be applied to the top
layer of cement and asphalt roads, while the opera-
tional properties of the anti-glare coating are pre-
served up to a temperature of 80 °C.

High-strength anti-crack water-resistant phos-
phogypsum road material consists of the main ma-
terial and an additive, while the raw materials for
the production of the main material contain (%
w,/w): calcined phosphogypsum — 15-25, natural
coarse aggregate — 43—47, natural fine aggregate
— 28-32, as well as portland cement — 3-8 (Pa-
tent CN117361979A).

Despite the encouraging results of using phos-
phogypsum in road construction, some countries,
due to the possibility of dangerous and /or harmful
components of phosphogypsum entering the envi-
ronment, limit this direction of phosphogypsum
utilization or refuse it altogether [1, 34]. At the
same time, it has been proven that mixing phos-
phogypsum with limestone or recycled concrete ag-
gregate reduces the risk of leaching of dangerous
components of phosphogypsum into groundwater
[35, 36]. There are other methods of cleaning phos-
phogypsum from harmful substances or suppressing
their negative effects for the safe use of phos-
phogypsum in road construction [37].

A raw material mixture for the production of
cobblestones, which contains 20 % w,/w phos-
phogypsum as a partial replacement of fine sand,
is proposed [38]. The obtained paving stones are
characterized by low water absorption and excel-
lent mechanical properties, in particular, high
compressive and bending strength.

Therefore, the most appropriate use of phos-
phogypsum in road construction is the use of phos-
phogypsum in combination with an inorganic
binder, as well as industrial waste for the stabili-
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zation of subgrade soils and the construction of re-
inforced bases for road wear and, less often, its
covering.

The use of phosphogypsum in materials for
road construction and repair is also considered
in Patents KR101182605B1, CN104556844A,
CN105219271A, CN109320981A, CN110963776A,
CN109881554A, CN112125576A, CN113698135A,
CN114276052A, CN115403348A, CN116253530A,
CN116496059A, CN116969740A, CN118026627A,
CN118307283A, CN118373655A, CN118420258A,
CN118420305A, N118459163A, CN118459164A,
CN118704291A, and CN219568505U.

Use of phosphogypsum
in_hydrotechnical construction

Phosphogypsum is included in the composition
of the construction material for the arrangement of
the fishing reef (Patent CN106699059A). In addi-
tion to phosphogypsum, this material contains
steelmaking slag, blast furnace slag, oyster shell
powder, portland cement, quartz sand, water re-
ducer and some other components. Fishing reef ma-
terial has high strength and durability, resistance
to sea water, reduced alkalinity, and also creates
favorable conditions for the attachment and
growth of aquatic organisms.

Artificial sea cliffs, which are constructed from
concrete fishing stones, promote the growth of al-
gae, microorganisms and hydrophytes necessary for
breeding fish, shrimp and shellfish, while the con-
crete has a high strength sufficient to withstand
the action of ocean tides and waves (Patent
CN101439939A). The composition of raw materials
for the production of concrete includes blast fur-
nace slag, fly ash, furnace slag, natural gypsum,
anhydrite, phosphogypsum, iron sulfate, iron chlo-
ride and other components.

Strong, seawater-resistant and durable fishing
reef material that promotes marine ecological res-
toration, contains steel slag, blast furnace slag,
phosphogypsum, oyster shell powder, portland ce-
ment, quartz sand, water reducer and other com-
ponents (Patent CN106699059A).

Use of phosphogypsum
in the production of building materials

Unprocessed, processed or processed phos-
phogypsum is widely used in the construction in-
dustry, primarily in the production of cement,

crushed stone, concrete, building mortars, dry
building mixes, expanded clay, bricks, geopoly-
mers, building blocks, ceramics, glass, roll water-
proofing materials, bitumen emulsions, as well as
water pipes.

The method of manufacturing a binder, which
includes neutralization of phosphogypsum dihy-
drate, drying, firing and grinding in a ball mill
(Patent UA4226U). Despite the high physical and
chemical properties of the resulting binder, its
technology is characterized by high energy con-
sumption (burning and grinding processes [39]), as
well as the need for complex wastewater treatment
(neutralization process).

Based on the gypsum binder obtained from
phosphogypsum, a variety of dry construction
mixes are made, primarily plastering and putty
starting and finishing mixes, as well as adhesive
mixes for gluing plasterboard boards and sealing
seams between them. Less often, dry construction
mixtures are used for arranging poured floors, how-
ever, the low water resistance of the binder in this
case requires the addition of water-resistant fillers
and hydrophobizers to the mixtures. At the same
time, the main feature of the gypsum binder made
of phosphogypsum compared to the binder based
on natural gypsum stone is its high porosity, as
well as a high tendency to aggregation of fine par-
ticles in the presence of water. Adding modifiers of
the polycarboxylate type to them can increase the
operational properties of dry construction mixtures
obtained on the basis of gypsum binders from phos-
phogypsum [8].

Along with phosphogypsum, another man-made
raw material is also used as a binder for construc-
tion purposes — fly ash, which is one of the pro-
ducts of coal combustion at thermal power plants
[40, 41].

Also, phosphogypsum and fly ash are used in
the raw material mixture for the production of
light ceramic aggregate (Applications WO2015/
060735A3, US2016 ,/264473A1).

A cheap construction aggregate based on phos-
phogypsum (70-90 % w /w) intended for shielding
neutron rays is proposed (Patent CN117819851A).

A method of complex utilization of solid indus-
trial waste for the production of binder construc-
tion purpose was developed, the composition of the
raw material mixture of which includes (% w/w):
red slime — 25-30, steel slag — 40-50, fly ash —
15-20, as well as phosphogypsum 5—10 (Patent
CN118495842A). At the same time, phosphogypsum
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was introduced as a new component to optimize
the effect of synergy between the components of
the mixture and reduce the man-made impact on
the environment.

The high consumer properties of cementing ma-
terial containing phosphogypsum, red mud, fly
ash, quicklime, and cement with the following con-
tent of components (% w,/w): 46.9, 26.5, 4.1, 12.2,
and 10.2, respectively, were substantiated [42].

In general, the joint use of phosphogypsum and
red mud is characteristic of many branches of the
economy, but it has become most widespread in the
production of cheap and high-quality construction
materials [43, 44].

The use of such large-tonnage industrial waste
as fly ash, red mud, phosphogypsum and metal
slags for the production of an effective complex
clinker-free metal ash phosphate binder is substan-
tiated. The density of the obtained binders is 1875—
1980 kg /m?, and the strength limit during com-
pression is 5.5—7.2 MPa [40].

The composition of the raw material mixture of
polymer binder for construction purposes includes
% w,/w: sulfur waste — 30-60, slag — 10-45,
phosphogypsum — 15-30, and mineral filler —
10—40 (Application W0O2010,082856A1).

The raw material mixture for the production of
phosphogypsum unsintered expanded clay light-
weight aggregate contains (% w,/w): phosphogyp-
sum — 80—-90, mineral powder — 3.3—-10.0, ce-
ment — 6.5-10.0, to which water is added in the
amount 17 % of the mass of the specified mixture
(Application US2021 ,/163353A1).

A raw material mixture for the preparation of
self-compacting concrete (SCC) was developed
using industrial waste, including phosphogypsum
(Application WO2016 /145548A1).

The composition of anti-corrosion high-strength
concrete includes the following components (%
w,/w): phosphogypsum — 80-150, fine sand —
150—220, firing waste — 50—80, glass fiber — 10—
20, bentonite — 40—80, mineral powder — 10-30,
sodium hydroxide — 6—15, bauxite — 5—12, poly-
carboxylate — 6—25, hydrogen peroxide — 10—-20,
asphalt — 8-20, mullite — 6—15, inorganic alumi-
num salt — 10—-15, calcium chloride — 8-25, blast
furnace slag — 10-20, and water (Patent
CN108314403A).

A low-carbon anti-cracking concrete for the side
wall of the basement was developed (Patent
CN118495893A). The raw material mix of concrete
includes cement, phosphogypsum, fly ash, mineral

powder, steel slag, machine sand, gravel and wa-
ter. Concrete is characterized by low cement con-
tent and high operational properties.

Clay concrete based on phosphogypsum and
red mud with a synergistic effect between the
components makes it possible to effectively dispose
of large-tonnage industrial solid waste (Patent
CN117285316A).

Partial replacement of cement with phos-
phogypsum and fly ash (7.5 and 15 % w,/w), re-
spectively) ensures high strength of the resulting
concrete and makes it possible to dispose of waste
from the thermal power industry and chemical in-
dustry [45].

Translucent concrete is prepared from phos-
phogypsum, slag powder, portland cement, silica,
shrinkage reducer, expander, water reducer, heat-
treated diatomite, defoamer, broken glass slag, fine
coral reef particles, optical fibers and water (Pa-
tent CN108358553A). The specified concrete pro-
vides high light transmission and various decora-
tive effects, is characterized by high heat-insula-
ting properties and low density, therefore it has
wide application prospects for energy-efficient con-
struction and decoration of buildings.

Phosphogypsum is also used in the production
of geopolymer concretes, the composition of which
includes aluminosilicate materials as a binder in-
stead of traditional cement. In particular, the pro-
perties of geopolymer concrete with the use of
phosphogypsum and fly ash, suitable for the con-
struction of sidewalks, were investigated. It has
been shown that such concrete has high perfor-
mance indicators: compressive, tensile and bending
strength, as well as resistance to abrasion, while
the maximum strength of concrete is achieved
when 25 % (by weight) of phosphogypsum is added
from the mass of fly ash [46].

Phosphogypsum is also part of polymer concrete
with a binder in the form of urea formaldehyde
resin (Patent RU2236388C1),

Phosphogypsum together with mineral filler is
also part of foamed bitumen, which has high per-
formance characteristics in a wide range of tempera-
tures (Patent ES2516566A1, Application W02014 /
177734A1).

The raw material mixture for the production of
foam concrete, which is characterized by non-flam-
mability, heat- and sound-insulating properties,
contains, as the main components (% w,/w): phos-
phogypsum — 30-70, granite powder — 30-70, as
well as auxiliary materials (cement, quicklime,
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kaolin or feldspar, etc.) — 30-70 (Application
KR20040080670A).

Foam concrete, the raw material for the produc-
tion of which includes a binder with a content of
up to 50 % w,/w phosphogypsum, has a compres-
sive strength of up to 90 MPa, a density of 370—
700 kg,/m? and a thermal conductivity coefficient
of 0.086-0.153 W /(m-K) [47].

A phosphogypsum granulation method has been
developed for the production of phosphogypsum
granules for their further utilization in the buil-
ding materials industry, primarily in the cement
industry (Patent UA25720U). Granulation is car-
ried out by rolling particles of phosphogypsum
with a moisture content of 35-40 % with mineral
powder hydraulically active or inert additive.

In another method of granulating phosphogyp-
sum, cement dust is added to it (30 % of the mass
of the raw mixture), after which the formed granu-
les are powdered with finely dispersed cement
powder or fly ash, and therefore the resulting gra-
nules are not phosphogypsum as such (Patent
RU2087420C1).

There are other ways of granulating powdered
phosphogypsum, including with the addition
of other components (Patents UA71158U,
RU2309130C1, and RU2345828C1).

Ceramic mass for making bricks contains (%
w,/w): phosphogypsum — 3-5, clay — 82-85,
lime — 3-5, aluminous slurry — 7-10 (Patent
RU2329235C1). Bricks are formed from the result-
ing mass with a moisture content of 18-23 %,
which are dried to a moisture content of 1-3 % and
fired at a temperature of 850—870 °C.

The raw material mixture for the production of
pressed bricks includes (% w,/w): red mud — 25—
40, coal ash — 1030, aggregate — 35—55, carbide
slag — 8—14, as well as modified phosphogypsum
— 2-5 (Patent CN1844029A).

The raw material mixture for the production of
ecologically clean bricks with high operational
properties, in addition to phosphogypsum (50 %
w,/w), contains another type of large-tonnage
waste — sewage sludge (10 % w/w) [48]. At the
same time, most of the heavy metals (in particular,
Ni, Cr, Pb, Cd, and As) contained in phosphogyp-
sum and sediment were immobilized (that is, con-
verted into a long-term, stable, inert physicochemi-
cal form in relation to environmental influences),
and their harmful effects on the environment was
significantly reduced.

The raw material mixture for the production of

environmentally friendly bricks contains phos-
phogypsum and other solid waste (% w,/w): coal
— 35-55, construction waste — 60—75, glass balls
— 20-35, polypropylene fibers — 15-25, phos-
phogypsum — 12—24, phosphoric slag — 8-18,
tailing sand — 18-26, slag — 20—32, shale — 6—
14, household sludge — 16—24, quicklime — 4-8,
sodium hydroxide — 3-6, water reducer — 2-6,
air entrainer — 3-8, water — 80—-140 (Patent
CN117585972A). The obtained brick has a low cost
and high operational property, in particular, high
strength and impact resistance, as well as heat and
sound insulation.

The composition of the raw material mixture for
the production of autoclaved aerated concrete
building bricks includes such large-tonnage indus-
trial waste as phosphogypsum and fly ash (Patent
CN217175333U). These components are also used
in the production of unfired paving bricks for
planting grass (Patent CN111592306A), while the
bricks have high compressive strength and ex-
tended service life.

High-strength paving bricks with a high con-
tent of phosphogypsum are made in the form of a
waterproof cement-concrete shell with a high-
strength phosphogypsum block embedded in it, the
raw material mixture of which includes phosphor-
gypsum, water and cement additives, silicate min-
eral powder, active volcanic ash powder, retarder
and water retainer (Patent CN216884544U).

The raw material mixture for making bricks
contains phosphogypsum and fuel ash, as well as
pieces of glass fiber 3—10 mm long with the fol-
lowing ratio of components (% w,/w): phos-
phogypsum — 45-52, fuel ash — 47-50, glass fi-
ber — 1-5 (Patent RU2417179C1). The mixture
is moistened to 23—26 %, after which it is formed
into a brick, which is kept at a temperature of 15—
25 °C for 1-3 days. The resulting brick has high
water resistance, and its technology is character-
rized by low energy consumption.

The method of production of bricks from con-
struction waste and waste of another nature — or-
ganic and inorganic household waste crushed to a
powdery state (Patent CN109111188A). The com-
position of the raw material mixture includes ag-
gregate from broken blocks of construction waste,
fine powder from organic and inorganic household
waste, fly ash, quicklime and phosphogypsum with
the following ratio of components (% w,/w): ag-
gregate — 40-50, fine powder — 20—40, fly ash
— 15-30, quicklime — 8-10, phosphogypsum —
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1—4. As you can see, bricks are made exclusively
from household, industrial and construction waste,
which significantly reduces its cost, and also con-
tributes to the effective disposal of said waste. At
the same time, the use of construction waste in the
composition of bricks is extremely relevant for
Ukraine, which has been suffering from the de-
structive actions of the neighboring aggressor
country for almost three years.

In addition to traditional components, construc-
tion waste, phosphogypsum and waste paper are
added to the raw material mixture for the produc-
tion of foam bricks, which contributes to the dis-
posal of waste of various nature. Flavored water
is also added to the mixture, which increases
the purchase attractiveness of bricks (Patent
CN104860707A).

The technology of strong building blocks has
been developed, for the production of which phos-
phogypsum and aluminum ash are used, which are
large-tonnage industrial waste from the chemical
and metallurgical industries [49].

An environmentally friendly stone-like material
for arranging a fence is prepared from raw materi-
als with the following composition (% w,/w):
light aggregate — 12—16, phosphogypsum — 6—
10, cement — 15-25, ceramic powder — 1020,
white mica — 7-15, glue — 12—-16, spent mineral
slag — 5—7, reinforcing fiber — 7-9, weatherproof
additive — 4-8 (Patent CN107176810A). The ma-
terial has a smooth, white and transparent outer
surface characteristic of white marble, and is also
characterized by high mechanical strength, re-
sistance to aging and friction, as well as low cost.

Also, phosphogypsum is part of ceramic masses
for making bricks (Patents RU2368588C1,
RU2393134C1).

The main components of foamed ceramics are
phosphogypsum and fly ash, which enables the ef-
ficient disposal of this large-tonnage industrial
waste (Patent CN115385718A).

With the use of phosphogypsum and other pro-
duction waste, a complex of construction materials
and products with high operational properties and
imitation of a certain texture was developed: marb-
le (Patent CN104761226A), porcelain (Patent
CN104761224A), artificial (Patent CN104743993A)
and natural (Patent CN104725014A) granite,
mushroom stone, or mushroom-shaped stone (Pa-
tent CN104725020A), aluminum alloy (Patent
CN104761225A), gold (Patent at. CN104743994A),
as well as copper (Patent CN104725008A).

A method of obtaining a phase transition heat-
accumulating building heat-insulating wall mate-
rial [50] based on phosphogypsum (Patent
CN118388204A) has been developed. The composi-
tion of the material includes phosphogypsum, cal-
cium sulfate crystals, fly ash, quicklime, cement,
microcapsules with phase transition heat storage
material and some other components. Walls made
of this ecological material are characterized by rela-
tive lightness and satisfactory strength, as well as
high energy saving.

A waterproof structural building product, in
particular bricks, has also been developed for use
in energy-efficient buildings (Patent CN115259821A).
Granules with phase-transition phosphogypsum
material are distributed in the volume of the spe-
cified product, as a result of which the product is
characterized by high heat storage capacity.

A harmless thermal insulation material based on
phosphogypsum, which has low density and coeffi-
cient of thermal conductivity, is formed into such
thermal insulation products as panels, bricks and
casings for process equipment and pipelines (Pa-
tent BG50326A1).

The fire-resistant door panel, which includes
powdered phosphogypsum, has high mechanical
strength, fire resistance and waterproofing, heat
resistance, frost resistance, resistance to oil and
oil products, and a long service life (Pa-
tent CN108929092A). Similar technical solutions
are proposed in Patents CN108929093A,
CN115448682A (Figure 3).

Phosphogypsum and fly ash have a positive ef-
fect on the thermal stability of polymer composite

Figure 3. Material of the fireproof door panel base, ac-
cording to which 95-99 % w /w of gypsum raw material
is included (Patent CN115448682A).
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materials based on polypropylene, polyphthala-
mide and poly(phenylene methylene), including
those for construction purposes. This is explained
by the fact that these fillers include metal oxides,
silicon oxide, and phosphorus compounds, which
are resistant to elevated temperatures and have
flame-retardant properties [51].

The composition of the raw material mixture for
the production of floor tiles includes such solid
production waste as phosphogypsum and red mud
(Patent CN102173736A) [23].

Bituminous emulsion contains (% w/w): bitu-
men — 20—25, phosphogypsum — 50—60, technical
water — the rest (Patent RU2662493C1). This
emulsion is intended for the production of thermal
and waterproofing materials intended for the ar-
rangement and repair of various roofs, as well as
in road construction as a binder for asphalt con-
crete mixtures.

The composition of transparent glass using
phosphogypsum includes the following components
(% w,/w): phosphogypsum — 20-40, pulverized

coal fuel — 1.2-2.2, potassium carbonate — 10—
20, silicon dioxide —  40-80 (Patent
CN113461329A).

Black glass based on phosphogypsum includes
the following components (% w,/w): silica gel desic-
cant — 80—160, phosphogypsum — 40—-80, pulve-
rized coal fuel — 3—7, potassium carbonate — 15—
25, sodium carbonate — 15-25 (Patent
CN113387574A).

The composition of blue glass using phos-
phogypsum includes the following components (%
w,/w): allochrome silica gel — 40-80, phos-
phogypsum — 10-20, pulverized coal fuel — 1.5—
3.5, as well as potassium, sodium and calcium car-
bonates — on 5-15 (Patent CN113387571A).

A method for the production of high-quality,
low-cost brown glass has been developed, the raw
materials of which include solid silicic acid, phos-
phogypsum, coal powder, as well as potassium, so-
dium, and  calcium carbonates (Patent
CN115093115A).

The charge for the production of colored glass
contains soda, quartz sand, color additive, Port-
land cement clinker and phosphogypsum in the fol-
lowing ratio of components, % (by weight): soda
— 13—15, quartz sand — 67.0, 71.0 or 74.5, color
additive — 0.5-5.0, portland cement clinker — 2-3,
phosphogypsum — 8-12 (Patent RU2670458C1).
The glass obtained from the specified charge can
be used for the manufacture of decorative and ar-

tistic products, as well as household items.

The technology of hot-bending glass bricks con-
taining phosphogypsum and fly ash has been de-
veloped (Patent CN108706553A). The resulting
glass brick has a low cost, uniform structure, re-
sistance to high temperatures and thermal shock,
as well as high strength. At the same time, a high
level of disposal of large-tonnage industrial waste
is ensured.

The method of obtaining composite materials
for construction purposes based on urea-formalde-
hyde resins, as well as phosphogypsum as an active
filler and hardener of the specified resins (Patent
US4248760A). Wet phosphogypsum is added in
the amount of 40—90 % of the mass of the compo-
sition, and dried — 30-50 %. Also, this method
applies to products made from the specified mate-
rials primarily by their casting: partitions, panels,
thermal insulation, pipes, etc.

The technology of continuous low-temperature
(at a temperature of 105-120 °C) extrusion [52—
56] of products with increased surface hardness
and durability for construction purposes from a
composition based on urea-formalin or melamino-
formalin resin and phosphogypsum (Patent
US4220576A).

Light heat-resistant heat-insulating products
are obtained by uniform mixing of the components
of the raw mixture, continuous molding by extru-
sion, and subsequent sintering. The raw material
mixture contains the following components (%
w,/w): phosphogypsum — 40-70, hard coal —
30—60, bauxite micropowder — 5—10, silica — 2—
5, quicklime — 2-8, additives — 4 —15, and water
— 5—12. The resulting products have low density,
high compressive strength, low coefficient of ther-
mal conductivity, as well as heat resistance up to
1400 °C (Patent CN116621562A).

The method of manufacturing a hollow high-
strength and cheap plate by extrusion from poly-
mer composite material based on thermoplastic poly-
mer and phosphogypsum (Patent CN118420266A).

In Patent CN118529992A discloses a method of
utilization of large-tonnage (high-volume) indus-
trial waste with the production of phosphogypsum
and steel slag building material.

Also, phosphogypsum is successfully used for
the manufacture of fire-resistant construction pro-
ducts, in particular, fire-resistant phosphogypsum
wall plates for buildings and structures (Patents
CN102898098A, CN111848085A).

The method of preparation of crushed stone sta-
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bilized with cement and phosphogypsum with low
shrinkage is obtained from a raw material mixture
of this composition (wt. parts): cement — 1—4, fly
ash — 1—4, phosphogypsum — 2-10, aggregate —
50-70, and water — 5—8 (Patent CN117623709A).
Crushed stone stabilized with cement-phosphogyp-
sum for arranging the road base is also considered
in Patent CN110304884A.

Rice straw fiber-reinforced plaster mortar of
alumina cement, coal ash, powdered phosphorite
slag, phosphogypsum, slaked lime and emulsifier,
crushed straw, starch ether, modified attapulgite
and river sand (Patent CN104649642A). The speci-
fied mortar, which makes it possible to dispose of
industrial and agricultural waste, is used for plas-
tering buildings and building blocks, as well as in-
ternal and external walls and ceilings of buildings.

Gypsum has a great potential for fire protection
of structures and buildings, but many researchers
seek to improve its physical and mechanical pro-
perties by adding other materials, including waste.
It has been shown that phosphogypsum can be con-
sidered an excellent additive for increasing thermal
resistance, physical-mechanical properties, and fire
resistance of gypsum material and plaster obtained
from it [57].

Phosphogypsum self-leveling mortar contains
the following components (mass fractions): phos-
phogypsum — 500—600, modified carbonized rice
husk — 200-300, fine aggregate — 150—200, sta-
bilizer — 1-2, water — 220-300 (Patent
CN114988838A). The mortar also has high thermal
resistance and is intended for interior decoration of
buildings.

Heat- and sound-insulating phosphogypsum
mortar for interior decoration of buildings is con-
sidered in Patent CN215519464U, and high-
strength heat-insulating phosphogypsum mortar
for external decoration of buildings — in Patent
CN114105583A.

Heat-insulating construction mortar, which in-
cludes such industrial waste as phosphogypsum
and fly ash (Patent CN113912352A).

Phosphogypsum plaster mortar resistant to
mold contains the following components (%
w,/w): phosphogypsum — 900-950, glass balls —
30—35, heavy calcium powder — 50—60, mold in-
hibitor — 3—4, retarder — 0, 7-0.8, cellulose —
2.5-2.7, starch ether — 0.6-0.7, powder latex —
0.8-1.0, aeration agent — 0.4-0.5 (Patent
CN117024101A).

Hydrophobic heat-insulating mortar contains

(% w,/w): phosphogypsum hemihydrate — 5-15,
hollow glass balls — 10—20, polypropylene fibers
— 0.5—1.5, hydroxypropyl methylcellulose — 0.1—
0.2, latex powder — 1.0—2.5, coagulant — 1-2, as
well as airgel suspension — 60—80. The construc-
tion mortar has high thermal insulation properties
and hydrophobicity, as well as a long service life
(Patent CN118005363A).

Geopolymer construction mortar, which in-
cludes fly ash and phosphogypsum. This mortar
that hardens under natural conditions in the envi-
ronment. can be used as an alternative to tradi-
tional portland cement mortar [58].

Phosphogypsum is used as the only raw mate-
rial for the production of plasterboard boards that
do not contain paper and fibres. The obtained wall
material is characterized by high efficiency, fire re-
sistance and environmental friendliness [59].

A construction of a sand protection barrier was
developed, made in the form of a set of separate
V-shaped elements in plan, each of which consists
of a base and a vertical plate fixed on it with
through holes (Patent CN118686145A). The basis
of each element is prepared from the following
components (wt. fractions): phosphogypsum —
200—-300, slag — 220-380, cement — 20—40, water
— 230-400, composite additive — 5—15, desert
sand — 850—1280 and gravel — 900—1500, and a
vertical slab with of such components (wt. frac-
tions): phosphogypsum — 120-200, slag — 50—
100, cement — 4—10, water — 50—100, foam plas-
tic — 520, vegetable fiber — 0.2-2.0, composite
additive — 1-6, and desert sand — 60—100.

The technologies of construction fillers (filling
materials) using phosphogypsum and ash from the
incineration of solid household waste [60], as well
as multicomponent aggregates based on solid waste
of various nature with a phosphogypsum content
of up to 70 % w/w [61].

The raw material mixture for the production of
artificial stone pipes for water transportation con-
tains (% w,/w): calcite — 50-55, phosphogypsum
— 30-35, iron ore slag — 10—15, resin — 10-20
(Patent CN116199451A). The resulting pipes have
high strength and water resistance, as well as a
long service life.

Various technical solutions have been proposed
for the use of phosphogypsum in the production of
construction materials and products [62-64], in-
cluding binders (Patents EP3126049A1,
CN118545971A, UA20933U, UA30975U,
UA36150U, UA39919U, UA68540U, UA78482C2,
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UA114682U, UA129565U, UA129566U,
RU2540706C1, RU2816610C1, Applications
WO2015153873A1, WO2008 /121026A1,
W02024,/ 146145A1, US2018170766A1), building
plaster (Applications W02024,/021235A1,
KR20140027834A, KR20200131997A), plasters
(Patents US4193812A, GB1390098A,
GB2028783A), including porous plaster (Patent
US4523954A), cement ([65], Patents
EP3199500A1, FR2322838A1, FR2590248A1,
CN118239704A, Applications US2024,/376008A1,
KR20040023438A, KR20200093865A), concrete
(Patents CN104496349A, CN105218052A,
CN115215628A, CN115368099A, CN116751022A,
CN117510171A, CN118206350A, CN118307270A,
CN118702429A, Application KR20110085134A),
including foam concrete ([66], Patent
CN115536428A, Applications KR20040080665A,
KR20040080667A), artificial aggregates (Patents
CN110776294A, CN118206349A,  Application
KR20020096785A), artificial gypsum stone
(Patent RU2215707C1), construction mortars
(Patents CN114031358A, CN114213095A,
CN114349458A, CN114790105A, CN114956757A,
CN115124313A, CN116041017A. CN116199488A,
CN116535179A, CN117024102A, CN117069463A,
CN117164320A, CN117164321A, CN118184285A,
CN118479845A, ZA202306584B), building blocks
(Patents CN102218766A, CN102765918A,
CN102795825A, CN103011643A, CN103496935A,
CN105272110A, CN106278092A, CN106316328A,
CN108147760A, CN108793937A), CN112064822A,
CN112112358A, CN112440368A, CN113354381A,
CN118164740A, CN118164741A, CN118459183A,
CN213004315U, CN221118925U), ceramic and ce-
ramic-like materials (Patent US5683616A, Appli-
cations WO95 /00583A1, WO95 /00589A1), gyp-
sum  plasterboards  (Patents EP0957212A2,
GB2337276A, GB1284717A, CN106145175A, Ap-
plication 'W02020,237794A1), bricks (Patents
CN1915894A, CN101349062A, CN101497516A,
CN101508556A, CN101913831A, CN102765906A,
CN102795825A, CN105084846A, CN105218063A,
CN106278099A, CN106380180A, CN106699096A,
CN107021733A, CN107266124A, CN107417230A,
CN107901205A, CN107986726A, CN108546067A,
CN108623295A, CN109180135A, CN110330277A,
CN110482989A, CN113121141A, CN114075085A,
CN114105584A, CN114751709A, CN118650719A),
construction products of autoclave hardening (Pa-
tents CN101608483A, CN114621023A, UA46833U),
adhesive compositions for construction products

(Patents CN118221415A, RU2199502C2), cement
setting retarder ([67], Patents EP1876152A2,
CN105503007A, CN107162462A, CN107162463A,
Application KR20160108764A), heat storage
building  materials  (Application = US2011/
089387A1), glass (Patent CN115159838A), as well
as various products construction purpose (Patents
EP0023872A1, CN106365578A, CN115368041A,
UA102561U, UA112942C2).

Use of phosphogypsum
in protective coatings

Phosphogypsum is used directly or after certain
processing in protective coatings of buildings,
technological equipment, pipelines, etc. It is added
to paints, enamels, heat-protective coatings, heat-
insulating coatings, as well as sound-insulating
materials.

Acrylic paint contains 40 % w,/w phosphogyp-
sum in the form of particles with a size of 5-10 pm
(Patent EP2857461A1, Applications W02013/
177637A1, US2015,/291807A1).

The composition of the porcelain-like paint in-
cludes nanoparticles, modified acrylic resin emul-
sion, modified phosphogypsum powder, ceramic
powder, refractory material, color paste, cellulose,
deionized water (Patent CN106905793A). A suita-
ble non-toxic paint coating is characterized by uni-
formity, brightness, high resistance to corrosion
and mold, satisfactory water resistance and re-
sistance to aging.

Powder paint based on graphene and phos-
phogypsum is characterized by high thermal con-
ductivity, as well as acid and alkali resistance (Pa-
tent CN109535921A).

Inexpensive and effective powder paint contain-
ning polyethersulfone and phosphogypsum ensures
the formation of an impact-resistant and time-sta-
ble coating (Patent CN109535920A).

The coating made of organosilicon paint with
the content of treated phosphogypsum and fly ash
is characterized by high electromagnetic shielding
and antistatic function, wear resistance and ease of
cleaning from dirt (Patent CN108977062A).

Also processed phosphogypsum is part of water-
based oil paint (Patent CN108102454A).

A method of obtaining from phosphogypsum a
white filler-pigment used in the paint industry for
construction and finishing works (Author’s Certifi-
cate SU1224325A1), as well as used in the paint
industry and the industry of processing polymer
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materials (Author’s Certificates SU1183517A1,
SU1414852A2) is proposed.

Geopolymer fireproof paint based on fly ash and
phosphogypsum is characterized by ease of prepa-
ration, high durability, low tendency to cracking
and spalling, environmental friendliness, lack of
toxicity and high drying speed, and can be used for
internal and external protection of steel structures
(Patent CN106277980A).

Also, from phosphogypsum, an anti-corrosion
filler-pigment is obtained for use in the produc-
tion of paint and varnish materials with increased
anti-corrosion properties (Author’s Certificate
SU1321732A1) or a filler for paints and enamels
(Application WO98 /58877A1).

The material for waterproofing the surface of
the building block is prepared from the following
components: Portland cement, glutinous rice flour,
fine sand, latex powder, cellulose ether, calcium
formate, calcium nanocarbonate, modified phos-
phogypsum and bentonite (Patent CN112645654A).
The resulting protective coating with a thickness
of 1.2—1.5 mm has high adhesion to the base mate-
rial of the block of various composition, mechani-
cal strength and strength against cracking, as well
as water resistance.

A method of preparation and application of
sprayed refractory construction mortar based on
phosphogypsum reinforced with straw fibres is pro-
posed (Application W02020,/062010A1). Due to
the high adhesion of the mortar to building and
steel structures, their high fire resistance is en-
sured.

Phosphogypsum  fire-resistant anti-corrosion
coating contains (% w,/w): phosphogypsum —
30—40, chlorinated rubber — 10-20, water-soluble
acrylic resin — 20-30, polystyrene — 10—20, bio-
tite — 4—10, mulit — 5—15, graphite — 6—12, sili-
ca — 5—16, zinc — 3-9, titanium dioxide — 2-6,
absorber of ultraviolet light — 1-3, modified or-
ganic silicon defoamer — 4—10, white soot — 2—6
(Patent CN115124895A). The coating material is
characterized by high fire resistance, thermal insu-
lation, resistance to weather conditions, resistance
to shedding, as well as antibacterial properties.

A waterproof coating based on phosphogypsum
for roofs of buildings and structures has been de-
veloped. The composition of the coating includes a
liquid material and a powdery filler, while the li-
quid material contains a high-polymer waterproof
emulsion, defoamer, bactericide, dispersing agent,
silane coupling agent, plasticizer, water and poly-

urethane thickener, and the powdery filler is port-
land cement, quartz sand, calcium carbonate, func-
tional powder and modified phosphogypsum. Phos-
phogypsum improves adhesive properties and in-
creases the strength of the specified coating (Pa-
tent CN118516024A).

Phosphogypsum, pore former, basalt fibres and
expanded perlite are used as a raw material mix-
ture for the production of porous sound-absorbing
(sound-insulating) material [68].

A steel pipe with an inner and outer coating of
polymer composite material of reduced flammabili-
ty is proposed (Patent CN116164189A). These
coatings are obtained from polyethylene filled with
phosphogypsum.

Use of phosphogypsum in adsorbents

A method of absorbing carbon dioxide by phos-
phogypsum has been developed, which includes the
stage of introducing carbon dioxide into the reac-
tion medium, which contains an alkaline solu-
tion (seawater) with pH = 7.5-9.0, with the pro-
duction of calcium carbonate (Application
WO02023,/182878A1).

Application of untreated (Patent CN118495672A)
and treated (Patent CN116173890A) phosphogyp-
sum for purification of wastewater from pollution
of various nature and primarily from heavy metal
ions.

Also, phosphogypsum is part of an adsorbent
with high adsorption capacity for the treatment of
zinc-containing wastewater containing heavy metals
(Patent CN104437341A).

Phosphogypsum treated with a Fe (ITI) solution
is used as an adsorbent to remove heavy metal ions
such as lead and antimony from wastewater (Pa-
tent CN113996265A), and the efficiency of waste-
water treatment with iron-modified phosphogyp-
sum is 2—3 times higher than that of unmodified
phosphogypsum. Phosphogypsum modified with
sodium dodecylbenzenesulfonate is also used as an
adsorbent for the extraction of lead ions from
wastewater (Patent CN104437389A).

The surface of the particles of the phosphogyp-
sum adsorbent modified with tannic acid contains
a large number of phenolic hydroxyl groups, which
are able to form complexes with heavy metal ions.
At the same time, the efficiency of adsorbent ex-
traction of Cr(VI) ions from wastewater is close to
100 % (Patent CN117482907A).

The composition of the non-toxic and highly
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effective bioadsorbent includes the following com-
ponents (% w,/w): phosphogypsum — 40-45,
montmorillonite — 10—16, mercaptolignocellulose
— 4-8, attapulgite — 5—10, ethylene glycol — 3—
5, kelp extract — 14—19 and auxiliary substances
(polyacrylamide, aluminum polychloride and mag-
nesium oxide) — 3-6 (Patent CN108654582A).
Laminaria extract (brown algae) improves the se-
lective adsorption of heavy metals from waste-
water.

Phosphogypsum is part of the raw material mix-
ture for obtaining an adsorbent for extracting phos-
phorus from phosphorus-containing wastewater,
and after the end of the adsorption process, the
spent adsorbent is turned into a complex calcium-
silicon-phosphorus fertilizer (Patent CN115814750A).
As you can see, the specified single-use adsorbent
is not subject to regeneration, but is used as a fer-
tilizer.

A method of obtaining phosphogypsum-modi-
fied biochar for removing sulfonamide antibiotics
from water is proposed. At the same time, the effi-
ciency of biochar obtained from wood sawdust
with the addition of phosphogypsum is 9.0—22.3
times higher than the efficiency of basic biochar
(without the use of phosphogypsum), and the ad-
sorption rate is 50 % higher [69].

A method of synthesis of adsorbents based on
calcium nanofluoride (n-CaF,) obtained from
phosphogypsum for wastewater treatment is pro-
posed [70].

The sorption capacity of ceramic composites
based on phosphogypsum and clay minerals in re-
lation to uranyl was analyzed [71]. A high adsorp-
tion capacity of the adsorbent was achieved (al-
most 21 g of adsorption UO,?" per 1 kg of phos-
phogypsum at a temperature of 298 K), which
makes it promising in the technology of wastewater
treatment, as well as for arranging barrier layers
of hazardous waste landfills.

Use of phosphogypsum as catalysts
and retarders of chemical reactions

Phosphogypsum is also used as a catalyst (di-
rectly or as one of the components) to accelerate
various chemical reactions, as well as as retarders
of chemical reactions.

Washed and dried phosphogypsum is used as
a cheap and effective solid acid catalyst for the
catalytic synthesis of acetal (ketone) (Patent
CN109382119A).

The catalytic material for accelerating the oxi-
dation of the organic pollutant toluene contains a
catalytically active component — a nickel-copper
composite oxide applied to a granular carrier, for
the preparation of which phosphogypsum, carbon
nanotubes and a forming agent are used (Patent
CN112264019A).

Dehydrated phosphogypsum mixed with cal-
cium lime is used as a setting retarder in the ce-
ment industry instead of natural gypsum (Patent
CN1187477A).

Use of phosphogypsum
in medicine and veterinary medicine

Phosphogypsum is primarily used as a compo-
nent of therapeutic and disinfecting agents in vete-
rinary medicine.

A complex remedy for the treatment and pre-
vention of domestic carnivorous animals from gas-
trointestinal helminthiasis has been developed,
which includes 60-65 % w,/w phosphogypsum
(Patent RU2367441C1).

Also proposed is a means for the prevention and
treatment of associated helminthiasis in ruminants,
which includes 70-75 % w,/w phosphogypsum
(Patent RU2468792C1).

A method of treating wounds in animals is pro-
posed, for which a composite agent is used, the
composition of which includes 10 % w,/w phos-
phogypsum (Patent RU2329036C1). In the case of
using this method in the operating and procedure
boxes for the effective therapy of surgical diseases,
pronounced sterilizing activity against any aero-
genic microflora was observed, and all odors were
removed, which ensured the necessary hygiene and
sterility of the premises. At the same time, the
method does not cause complications and has no
contraindications.

A powdered disinfectant with a particle size of
up to 20 um, including 25-70 % w,/w phosphogyp-
sum (Patent RU2509575C2) is proposed. The spec-
ified agent can be used for disinfection of livestock
premises, motor vehicles, various equipment and
inventory. At the same time, it is characterized by
good tolerability and duration of effect, as well as
reduces outbreaks of intestinal and respiratory dis-
eases, which contributes to increasing weight gain,
productivity and preservation of livestock.

A therapeutic and preventive agent for the phar-
macocorrection of bird arthritis has been developed,
which includes 35 % w,/w phosphogypsum (Patent
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RU2561061C1). This tool helps reduce inflamma-
tion, as well as increase the productivity and re-
sistance of the bird’s body.

A preparation for the treatment of gastrointes-
tinal diseases in animals, containing furazolidone,
as well as a filler in the form of phosphogypsum
and fodder chalk at this ratio of components, %
w/w. furazolidone — 19-20, phosphogypsum —
50-55, feed chalk — 26—30 (Author’s Certificate
SU1550667A1). The preparation is obtained by
mixing the components and then drying the resul-
ting mixture, which has the appearance of a lemon-
colored powder, and with water — a cream-like
suspension. Consumption of 0.05 g of the drug per
1 kg of weight by sick animals for 2—3 days gives
a therapeutic efficiency of 97.3 %.

The use of phosphogypsum
in the production of other materials

Phosphogypsum or its processing products are
also used in the production of polymer and metal
composites, tribotechnical materials, fire-fighting
powders, heat storage materials, coagulants, phos-
phors, filter materials, liquid glass, and wallpaper.

Composite filler based on phosphogypsum cal-
cined at a temperature of 500—-600 °C for polymer
composite materials with the use of thermoplastic
polymers, in particular polyolefins (Patent
RU2812080C1). The content of phosphogypsum in
the composite filler is 70-83 % w,/w. This filler
can be incorporated into polymer composite mate-
rials using low /high density polyethylene, linear
low density polyethylene, and polypropylene for
the manufacture of consumer goods, agricultural
products, and construction materials. At the same
time, it was shown that the physical and mechani-
cal properties of high-density polyethylene
(HDPE) filled with modified phosphogypsum in-
crease compared to the unfilled polymer [72].

Processed powdered phosphogypsum is used as
a cheap filler for various thermoplastic polymer
materials: polyvinyl chloride, polyethylene, poly-
propylene, and polystyrene to obtain dispersion-re-
inforced polymer composite materials for various
purposes (Patent CN103435937A).

The addition of 40 % w/w of powdered phos-
phogypsum to polypropylene made it possible to
obtain a thermoplastic composite material with
higher thermal and mechanical properties than un-
filled polypropylene. The obtained material is not
inferior to similar materials with the most common

fillers — clay (usually kaolin) and calcium car-
bonate [73].

Thermoplastic composites from recycled ther-
moplastics (polyolefins) and phosphogypsum as a
filler (Patent US7331533B2, Application W099 /
41065A1). Railway sleepers or various construc-
tion products are formed from composites, inclu-
ding running profiles [74], panels, roof tiles, pil-
lars of engineering networks and crossbars for
them, supports for pipelines, piles, partitions, fini-
shing materials, tracks for oilfields and mats for
technological equipment.

A polymer composite material with high chemi-
cal and mechanical resistance is obtained on the
basis of synthetic resin and inorganic fillers, con-
sisting of the following components (% w/w): vi-
nyl ether resin — 7.5-88.1, styrene and/or low
molecular weight unsaturated polyester resin — up
to 34.1, phosphogypsum — 14.3—-86.6 (Application
WO95 /28440A1).

It has been shown that phosphogypsum, com-
pared to such a traditional filler for polymer com-
posite materials as calcium carbonate [75—77], pro-
vides better mechanical properties of HDPE. At
the same time, the properties of polypropylene
filled with phosphogypsum do not differ signifi-
cantly from polypropylene filled with calcium car-
bonate. Polyethylene and polypropylene filled
with phosphogypsum are also characterized by low
density [78].

Calcium carbonate nanoparticles obtained from
phosphogypsum also significantly increase the
physical and mechanical properties of HDPE [79].

It was shown that the addition of phosphogyp-
sum to the composition of the composite based on
aluminum powder in the amount of 2 and 5 % w /w
of the latter increases the mechanical properties of
the specified composite [80].

A method of obtaining a modified solid-phase
microextraction fiber from phosphogypsum is pro-
posed for the detection of polycyclic aromatic hy-
drocarbons in solid-phase microextraction-gas chro-
matography (Application W02024 /124854A1).
For the production of fibers, solid phosphogypsum
waste is used as a raw material, which is modified
with octadecyltrimethoxysilane, after which the
modified phosphogypsum is fixed on the surface of
a corrosion-resistant steel wire by one of the physi-
cal methods (for example, using glue).

It is also proposed to use phosphogypsum for
the accumulation of thermochemical energy [50]
(Application W02023,234765A1), while the
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actual absorption of thermal energy is achieved by
dehydration of phosphogypsum according to the re-
actions:

CaSO4-2H2O + AHr —
— CaS04-0.5H,0 + 1.5 H,0;

CaS0;:0.5H,0 + AHr — CaSO4 + 0.5 H»O,

at the same time, the release of thermal energy is
achieved by rehydration of initially dehydrated
phosphogypsum (these reactions are reversible).

An easy-to-manufacture and efficient heat stora-
ge material based on dehydrated phosphogypsum
and industrial slag is proposed (Application
WO02022,/143847A1). The use of such large-ton-
nage waste as phosphogypsum and industrial slag
in the composition of the heat storage material sig-
nificantly reduces its cost, and also makes it possi-
ble to efficiently dispose of the said waste.

Also, phosphogypsum is added to commercial-
grade paraffin to obtain a phase-transition heat
storage material [81]. 1 m® of paraffin/phos-
phogypsum mixture (40 /60 % w,/w) accumulates
237 MJ of energy, which is only 14 % less than
pure paraffin, while the thermal conductivity coef-
ficient is 0.46 W /(m-K), which is 75 % higher
than that of pure paraffin. In addition, after 96
cycles (from 25 to 100 °C), no changes were ob-
served in the thermotechnical characteristics of the
mixture, which indicates its high thermal stability.

Phosphogypsum is used as a coagulant to desta-
bilize a stabilized suspension containing stable col-
loidal particles or obtained, for example, from al-
luvial deposits of ilmenite or from kimberlite pro-
cessing (Application WO02,/16262A2). As a re-
sult, the suspension is separated into a clarified
liquid and thickened sediment.

A simple method of obtaining a luminescent ma-
terial (luminophore) from phosphogypsum is pro-
posed, while the production of a phosphor based
on CaS calcium sulfide involves the reduction of
phosphogypsum with citric acid [82].

Powdered phosphogypsum has been proposed
for use in extinguishing fires in areas of increased
fire danger, such as forests, roadsides and areas
near railways (Patent US4197913A).

Highly effective environmentally friendly pow-
dery dry powder fire extinguishing material for ex-
tinguishing forest fires, in addition to the main
component — phosphogypsum — also contains am-
monium dihydrogen phosphate, a hydrophobic com-

ponent and an inert filler (Patent CN118286645A).

A phosphogypsum additive for 3D printing
has been developed, which is used as an effective
cementing material and significantly reduces the
cost of consumables for 3D printing (Patent
LUS501936B1).

Friction material for vehicle brake pads (Patent
CN107228143A) is proposed. Pads that have high
wear resistance are made by pressing the raw ma-
terial, which includes 5-20 % w,/w of phos-
phogypsum. The material of the same purpo-
se, which has a high coefficient of friction, high
wear resistance and mechanical strength, contains
5-40 % (by weight) phosphogypsum (Patent
CN115572455A).

Filter material made of phosphogypsum sin-
tered expanded clay for water purification is con-
sidered in Patent CN118307295A.

A multifunctional filter ceramic material based
on modified phosphogypsum and graphene for wa-
ter purification has satisfactory filtering proper-
ties, as well as a high bactericidal effect (Patent
CN114835477A).

It was shown that the content of phosphogyp-
sum in the raw material mixture for the production
of ceramic membranes for microfiltration of
wastewater affects the hydrophilicity of the mate-
rial of the resulting membranes, as well as their
porosity, permeability, and mechanical strength [83].

A double-walled corrugated pipe [84] made
of HDPE filled with phosphogypsum (for 80—
100 mass parts of HDPE, 20-30 mass parts of
phosphogypsum is used), as well as a method of its
manufacture (Patent CN118256031A), are pro-
posed. These pipes have great ring stiffness, impact
strength and wear resistance.

Liquid glass, which includes phosphogypsum,
is characterized by high resistance to thermal
shock, heat resistance and low cost (Patent
CN111072040A).

The composition of the raw material mixture for
the manufacture of the back glass cover of the mo-
bile phone was developed: modified needle-shaped
wollastonite powder, phosphogypsum, nanomicelle
powder, mother-of-pearl powder, sodium fluoro-
silicate, ammonium pentaborate, 2-ethylimidazole,
melamine cyanurate, lanthanum hydroxide, vana-
dium pentoxide and thiourea dioxide (Patent
CN106630616A). The material obtained from the
specified mixture has high hardness, strength, im-
pact resistance, chemical resistance and pollution
resistance, and is not subject to yellowing after
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long-term use.

Lime-neutralized pulverized and burnt phospho-
gypsum is used as a filler for technical rubber, ar-
tificial leather, paints, polymer products, building
ointments and other products (Patent LT4440B).

Wallpaper in the form of a layered material:
a middle layer of phosphorogypsum, both surfaces
of which are covered with paper (Patent
CN201109963Y). These wallpapers have a neat and
smooth surface.

In some cases, phosphogypsum is subjected to
cleaning and /or bleaching (in particular, in the
case of its use in the production of paper or dry
construction mixtures) ([85], Patents GB2039269A,
US4344925A, CN109180036A, CN109734341A,
CN102923752A, CN111302377A, CN111792663A,
CN114477815A, CN115010162A, CN115466064A,
CN115957894A, CN116116885A, CN116425187A,
CN116444185A, CN116651907A, CN117299370A,
CN117696259A, CN118255380A, Applications
W02024/037127A1, WO2024 /040893A1).

In particular, after purification of phosphogyp-
sum to more than 99 %, its whiteness increased
from 45 to 92 % [86].

A method of obtaining a cheap and effective
agent for whitening ceramic blanks based on large-
tonnage industrial waste — phosphogypsum and
red mud (Patent CN108689388A) is also proposed.

Bleached as a result of calcination at a tempera-
ture of 600 °C for one hour, powdered phosphogyp-
sum is used as a filler in paper [87].

Physico-chemical methods
of utilization of phosphogypsum

Among the physico-chemical methods of phos-
phogypsum disposal, pyrometallurgical and hydro-
metallurgical methods of chemical element recove-
ry have become the most widespread [41]. At the
same time, hydrometallurgical technologies are of-
ten associated with pyrometallurgical ones, which
precede hydrometallurgical ones in order to change
the nature of fly ash to convert its components into
a more soluble form.

A method of producing slaked lime Ca(OH),
from phosphogypsum is proposed, which includes
its treatment with ammonium chloride and the ex-
traction of rare earth elements (REEs) from it,
while after the treatment of phosphogypsum with
ammonium chloride, the formed precipitate con-
taining REEs is separated, and the solution is
treated with a solution of sodium hydroxide and

separate the sediment of slaked lime from the so-
lution of salts of heavy and dangerous metals (Pa-
tent UA5328U). The disadvantage of the method
is the consumption of significant volumes of water
and, accordingly, the need to clean the generated
wastewater.

A method of obtaining REEs from phosphogyp-
sum is proposed, which includes its treatment with
an ammonium carbonate solution, filtration of car-
bonates, as well as their treatment with a mineral
substance, in addition, after filtration, heating of
carbonates is carried out, and ammonium chloride
is used as a mineral substance with subsequent sepa-
ration of REEs sediment (Patent UA5644U). This
method makes it possible to comprehensively and
efficiently process phosphogypsum with the pro-
duction of REEs in the form of a concentrate with
a minimum calcium content, as well as the produc-
tion of carbon dioxide, ammonium sulfate and
chalk without the release of harmful substances
into the environment with minimal consumption of
energy resources.

Other methods of REEs extraction from phos-
phogypsum have been proposed ([88-91], Patents

EP2455502A2, EP2989222A1, EP3856940A1,
UA88658U, UA144400U, RU2104938C1,
RU2109686C1, RU2158317C1, RU2167105C1,
RU2225892C1, RU2293781C1, RU2412265C1,
RU2416654C1, RU2456358C1, RU2471011C1,
RU2473708C1, RU2487083C1, RU2487185C1,
RU2487834C1, RU2491362C1, RU2509726C2,
RU2525877C2, RU2551292C2, RU2552602C2,
RU2590796C1, RU2665512C1, RU2689631C2,
RU2739409C1, RU2770118C1,  Applications
WO2011,/008137A2, WO02014,/074029A1,
WO2014 /137239A1, WO2014 /137240A1,
WO2014 /148945A1, W0O2020,/067856A1,
WO2024 /191279A1, US2012 /114538A1,
US2021,/388466A1), including simultaneous

obtaining of raw materials for the production of

construction materials and products (Patents
EP2964796A1, UA37134U, RU2337879C1,
RU2458999C1, RU2492255C1, RU2504593C1,
RU2520877C1, RU2526907C1, RU2528573C1,
RU2528576C1, RU2706401C1, RU2708718C1,
RU2802843C1, Applications W0O2013,/100823A2,
US2016 /047015A1), phosphorus (Patent
RU2457267C2), calcium sulfate (Application
W02024 /072201A1), calcium sulfide (Patents
RU2723027C1, RU2767529C1, RU2814843C1),

sodium sulfate (Patent RU2753536C2, Applications
W02018,/021900A2, US2019,/263668A1), calcium



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3

157

oxide and sulfur dioxide (Patent RU2775992C2),
sulfur dioxide (Patent RU2800415C1), as well as
raw materials for the production of fertilizers (Pa-
tent RU2663512C1).

REEs extracted from phosphogypsum are used
in the production of ceramics, glass, metal alloys,
magnetic and polishing materials, pigments, cata-
lysts, etc. [90].

Also, phosphogypsum is used as a raw material
for the production of ammonium sulfate and cal-
cium oxalate (Application W0O2022,108435A1),
ammonium sulfate and calcium carbonate (Patents
EP4188880A1, JP2001000947A,  Applications
W02005,/118222A2, W02022 /025742A1, US2023/
303400A1), sulfurs (Patent EP3898507A1, Appli-
cations W02020,130765A1, US2022,055898A1),
sulfuric acid (Patent EP4252889A1), phosphoric
acid (Patent CN117602598A), sulfuric acid and ce-
ment clinker (Patent EP4087816A1, Application
DE102020100254A1), sulfuric acid and quicklime
for further capture of CO, (Patent TN027163A1),
sulfuric acid (more precisely, sulfur dioxide), ce-
ment clinker and production of REEs (Applica-
tions W0O2021,/140073A1-W0O2021,/140077A1),
as well as other products of chemical technology [92].

A method of leaching phosphorus (in particular,
P,O;) from phosphogypsum has been proposed,
which can increase the efficiency of phosphoric
acid production by the wet method [93].

Treatment of phosphogypsum in a plasma
stream makes it possible to remove from it harmful
and dangerous chemical elements, namely Pb, Cd,
V, Cr, As and Zn, and to obtain purified chemi-
cally inert phosphogypsum suitable for further safe
storage and /or processing [94].

The technology of controlled synthesis of nanocal-
cite and optimization of its particle size using phos-
phogypsum and cesium carbonate (Cs,COs) was
developed. Potential fields of application of syn-
thesized nanocalcite are the cement industry, agri-
culture (improvement of plant growth and pest
control), optical coatings, sensors, etc. [95].

In general, nanoparticles and nanowhiskers of
sulfate and calcium carbonate obtained from phos-
phogypsum, which are characterized by high
strength, chemical and thermal resistance, high ad-
hesion to rubber and other polymers, are used in
rubber, plastics, friction materials, coatings, paint
materials, paper, catalysts, etc. [96].

A technology for obtaining calcium fluoride
(CaF,) and ammonium bisulfate ((NH,)HSO;) na-
nopowder from phosphogypsum has also been de-

veloped, which can be used in the metallurgical
industry and agriculture, respectively [97].

A method of obtaining sulfur from phosphogyp-
sum, as well as a soil conditioner as a by-product,
is proposed (Patent CN110272025A).

Phosphogypsum is also processed into fluorspar
(Patent RU2604693C1) and potassium sulfate
(Patent CN108439433A).

An energy-efficient method of utilization of
phosphogypsum and sewage sludge by sintering at
temperatures of 850—1450 °C with the production
of cement clinker and sulfur dioxide for the pro-
duction of sulfuric acid was developed (Patent
RU2296723C2).

A technology for obtaining relatively pure cal-
cium fluoride (CaF>) and sodium sulfate (Na,SO)
from phosphogypsum was proposed [98]. The ob-
tained calcium fluoride can be used in the produc-
tion of detergents, and sodium sulfate - in the met-
allurgical industry.

Phosphogypsum is also used in the recovery of
lithium from electrolytic aluminum slag (Patent
CN116732345A).

A construction material containing phospho-
gypsum and red mud in the ratio required to
achieve the synergy effect is proposed (Patent
CN115385591A).

A method of comprehensive processing of phos-
phogypsum by its ammonization and carbonization
with the production of ammonium sulfate and cal-
cium carbonate, processing of ammonium sulfate
into potassium sulfate and ammonium chloride
with the use of the latter for heat treatment of cal-
cium carbonate at temperatures of 340-380 °C
with the production of calcium chloride and am-
monia and carbon dioxide is also proposed. for the
carbonization process (Patent UA92756U).

In agriculture, to increase soil fertility and
plant productivity, a solid product of thermal
treatment (primarily pyrolysis) of organic substan-
ces is widely used — biochar, which consists of
carbon and ash and contains such useful chemical
elements as carbon, nitrogen, phosphorus, potas-
sium, and as well as some trace and trace elements
[14]. A technology for the production of nutrient-
enriched (in particular K, P, S) biochar by joint
pyrolysis of bird droppings, banana stalks and
phosphogypsum has been proposed, which makes it
possible to effectively dispose of waste from agri-
culture (in particular, crop and animal husbandry),
as well as from the chemical industry [99].

One of the effective methods of utilization of



158

ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. No 3

phosphogypsum in large volumes can be its calci-
nation and decomposition to obtain calcium oxide
CaO and sulfur dioxide SO, for their further use
in the production of materials based on calcium
and sulfuric acid. These processes are usually im-
plemented in rotary kilns, but fluidized bed reac-
tors are more promising [100, 101]. However, the
difficulties of ensuring a stable fluidization regime
hold back the introduction of this technology on
an industrial scale. This is primarily due to the
need for careful preparation of solid components
— phosphogypsum, as well as coal or coke used as
reducing agents. In particular, it is necessary to
adhere to a certain granulometric composition of
solid components, which involves carrying out
such an energy-intensive process as grinding,
which is usually carried out in high-performance
drum ball mills [39], as well as further scattering
of crushed raw materials by size. At the same time,
the required hydrodynamic regime in fluidized bed
reactors is primarily provided by gas distribution
grids [102, 103], which are often similar in design
to contact plates of heat and mass exchange co-
lumns [104—106].

Other methods of complex processing of phos-
phogypsum are also considered in the Patents
CN115180598A, CN115925295A, RU2258036CH1,
RU2610186C1, RU2630072C2, RU2639394CH1,
and RU2763074CI1.

Biological methods
of utilization phosphogypsum

The use of methods of biological extraction of
REEs from phosphogypsum is recognized as a suf-
ficiently promising stage of utilization of phos-
phogypsum. For example, bioleaching of REEs
from phosphogypsum using the culture broth of As-
pergillus niger fungi has been proposed [107]. The
possibility of using this method to extract yttrium
(Y), lanthanum (La), cerium (Ce) and neodymium
(Nd) has been proven.

Combined methods
of utilization phosphogypsum

Combined methods include methods that com-
bine two or more physico-mechanical, physico-
chemical, and biological methods of phosphogyp-
sum utilization.

A technology for reducing the fluorine content
in phosphogypsum and titanium gypsum (a by

product of titanium dioxide production) by bio-
leaching with the participation of red yeast (Rho:
Rhodotorula mucilaginosa) was proposed [108].
After bioleaching by the Rho method, the share of
F in phosphogypsum and titanogypsum decreases
by 61.45-63.79 % and 49.45-59.19 %, respec-
tively, which makes it possible to effectively use
treated solid industrial waste for soil reclamation.

Finally, it should be noted that in some patent
documents, primarily of the People’s Republic of
China, in the title of the invention or utility
model, the formula, the description of the patent,
as well as the abstract, there are different terms
for the same concept, in particular “phosphogyp-
sum” and “ardealite”. In view of this, it is some-
times difficult to clearly understand which sub-
stance is being referred to in the patent document,
because if phosphogypsum is a by-product of the
production of phosphoric acid and phosphoric fer-
tilizers, then Ardealite is a mineral (chemical for-
mula Cay(PO3;OH)(SO,)-4H,0). Perhaps it is pre-
cisely because of the similarity of the chemical
composition of these substances (in addition, phos-
phorus is present in ardealite) that sometimes there
is confusion between the terms “phosphogypsum”
and “ardealite”.

Conclusions

The problem of improving the existing and de-
veloping new ways of managing such large-tonnage
industrial waste from the production of phosphoric
acid and phosphoric fertilizers as phosphogypsum
is one of the most pressing for many countries.

For a long time, phosphogypsum was used pri-
marily in the production of building materials, in
road construction and agriculture. However, at the
beginning of the third millennium, taking into ac-
count the significant anthropogenic impact on the
environment, problems with material resources, as
well as the presence of many useful substances in
phosphogypsum, it is increasingly becoming a se-
condary raw material reserve of various sectors of
the economy.

It should also be noted that the number of pa-
tents for inventions and useful models, in the
names of which or in the abstracts the term “phos-
phogypsum” is present, far exceeds the number of
scientific articles on the relevant subject. At the
same time, the absolute leaders in this direction are
inventors and scientists from China, and the lea-
ding areas of patenting of technical developments



ISSN 2413-7723. Enepzomexnonoeii ma pecypcosbepexenns. 2025. No 3

159

related to phosphogypsum are methods of extrac-
ting rare earth elements from phosphogypsum,
building materials and products, including refrac-
tories, meliorants and soil conditioners, methods of
disposal of phosphogypsum together with other
solid waste (primarily large-tonnage industrial
waste), materials for protective coatings and road
construction, innovative composite materials, etc.
In any case, the efforts of researchers are focused
on the search for technologies for the effective uti-
lization of phosphogypsum on a large scale with
the minimization of the negative impact on the en-
vironment and the generation of new waste [109].
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CyuyacHuii cTaH Ta nepcneKTUBU
ynpasainas ¢pocdorincom

Awnoranisn. CBiTOBUIl 06CSAT HATPOMAKEHOTO Y BiIKpUTHX BifBasnax docdorincy, skuil € nobiv-
HUM TIPOJYKTOM BUPOOHUIITBA dochopHOi KucaoTh it dpochopuux no6puB i3 docdoputHOi 1M0-
poau, nepesurrye 6 MJPA T, MO BKpail HETAaTMBHO BIJIMBAE HA CTaH TPYHTY, TIOBEPXHEBUX Ta
IPYHTOBUX BOJ, a Takok arMocdepu. IIpoTe y koHTeKCTi NUPKYJIApHOI eKoHOMIKK ocorime
CJIiJ| PO3TIAAaTi 9K MOTeHIiHNUI pecypc BTOPUMHHOI MiHepaJbHOI CUDOBUHU, TOMY BHPillleHHS
po6JieMy YIIPABJIIHHS IIMM BEJUKOTOHHAXXKHUM IIPOMUCJIOBUM BiJIXOIOM € HAJ3BUYANHO AKTY-
aJbHUM. Y CTaTTi HaBeJeHO OCHOBHI faHi 10J0 O6CATiB yTBOpeHHS Ta cKJamy docdorincy.
IcHytoTh (pisuro-MexaniuHi, (pisuko-ximiuHi, 6iosoriuni it KOMGiHOBaHI MeTOAM yTpaBIiHHS (Doc-
dorincom. IIi MeTOIM 3aCTOCOBYIOTH Y CLIBCBKOMY ii JTicOBOMY rocnogaperBax (XiMiuna Mesio-
partisi IpyHTy, 100pUBa, 3HUKEHHSI BUKH/(IB HADHUKOBHX Ta3iB, MECTUIHAN); Y IPYHTOBUX POGO-
tax (migcumeHns: ciabKUX Ta eKCINAHCHBHUX IPYHTIB, 0OJAIITyBaHHS HACUIIB Ta AaMG, TaMIo-
HAKHI KOMITO3HUIli1, BUKOHAHHS GyPOBHX poéiT); y IOPOKHBOMY Oy /1iBHUIITBi (3MinHeHHS IPYyH-
TiB 3¢MJITHOTO TIOJIOTHA, 1EMEHTOOETOHHI CyMillli /71T OCHOB JOPOKHIX TIOKPUTTIB, acdanbrobe-
TOHM Ta acaJbTH A NOKPUTTS JOPOKHIX TOKPUTTIB, 3a/li3HUYHI mmaiu, OpyKiBKa); y Tigpo-
TexHiunomy OyaisauiTBi (ITyuHi pudu Aast po3BeJieHHs i BUPOIyBaHHs U6 Ta YCTPUID); Y
IPOMUCJIOBOCTI GyAiBeIbHUX MaTepiaiBb (1iemenr, me6inb, 6eToH, 6yAiBeNbHI PO3YMHE, CYXi
Oy/iBesibHI CyMillli, KepaM3uT, IerJa, reomnosimMepu, 6yaiBesbHi 610K, KepaMika, CKJIO, PYJIOH-
Hi TipoisoIsiiiai MaTepiaam, GiTyMHI eMyJIbCii, BOAONPOBiAHI TPyOM); v 3aXMCHUX MOKPUTTSAX
ta Matepianax (pap6u, emMasi, TEPMO3aXUCHI I TEMIOI30IALIAHI MOKPUTTS, 3BYKOi30MSMiIHI Ma-
Tepiain); s’k COPOEHTH, a TAKOK KaTali3aTopH Ta YIIOBiJbHIOBaYl XiMiYHUX Peakiliil; y MeANIUHI
1t Berepunapii (Jikapchki i ririeniuni 3aco6m); sk inmi Matepiamm (mosiMepHi it MeraneBi KoM-
03UTH, TPUOGOTEXHIUHI MaTepiaau, MPOTUIIOKEKHI TTOPOIIKH, TeIJI0OAKYMYTIOBAJIbHI MaTepiaJi,
KoaryJitHTH, (iJbTPyBaJbHI MaTepianu, pifke CKJIO, MINajep, Hamip) Ta Mij 4ac BUJIYYEHHS
pizKicHO3eMebHUX eseMeHTiB. Haternep HaitGiibin JOIiJIbHIMI MeToaMu yTumisaitii docdorin-
Cy € WOTO0 BUKOPUCTAHHS 3 MiHIMaJbHOIO 3MiHOIO (hi3MKO-XiMiYHUX BJIACTUBOCTEN Ta MiHiMi3a-
I[i€I0 YTBOPEHHST HOBUX BiJIXOiB, 30KpeMa B MIPOMUCJIOBOCTI Gy/IiBeTbHUX MaTepiasiB, JOPOKHBO-
My OymiBHMIITBI i cisbcbKOMY TocmomapcTsi. biba. 109, puc. 3.

Kuio4oBi cioBa: TexHoreHHa 6e3reKa, BETMKOTOHHAKHI TIPOMUCJIOBI BiJIXO1, TEXHOTEHHA (an-
TponoreHHa) cupoBuHa, ¢ocdorine, yrnpapaiHHS BiIX0JaMy, YTUJIi3allis BiX0/IiB.
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Jlocaia:KeHHS YMOB BUPOOHHIITBA OioMeTaHy
1751 3a0e3nevYeHHs Horo CTajocCTi 3riHO
3 nupektnBamMu €C 3 BiZTHOBJIIOBAHOI €HEPreTUKU

Awnoranis. Y moromy 2025 poxy Mixk Ykpainoio Ta €C Bigbymnocs nepine Tpy6orpoBifHe mocra-
yanusi 6iomerany. EKCIopT 1(pOro masmBa cupusTuMe iHTerpaiii B emepreruunuii mpoctip €C,
a TAaKOX PO3BUTKY CTAJOi €KOHOMIKM KpaiHW. Y ITbOMY KOHTEKCTi BEJIMKOTO 3HAUEHHS HAOyBa€
BUPOGHUIITBO CTAJOr0 GioMeTaHy, 10 MOKe GyTH BU3HAHUN TaKWM 3a Pe3yJbTaTaMH BiJITOBi[HO-
TO ayJIUTy 3TiJIHO 3 KPUTEPISIMU CTAJNOCTI Ta NOOPOBIJbHUX cucTeM ceprudikarii, BusHaHux €B-
poreiicbkoio Kowmiciero. YMoBU BUKOHAHHS ITUX KPUTEPiiB CTOCOBHO 6ioMeTaHy Iile HeJOCTaTHBO
BHCBIiTJIEHO B YKPalHCbKiil HayKOBi#l JiTepaTypi. 30KpeMa, BaKJUBO BU3HAYNUTHU, sIKA CHPOBUHA
Bi/INIOBi/ITa€ BUMOTAM CTAJIOTO PO3BUTKY, a TAKOXK BU3HAYUTHU HEeOOXiHI BUDOOHUYI YMOBHU Ta TEX-
HiYHi 3aX0/ /I MiHiMi3allii BUKU/IiB TAPHUKOBUX Ta3iB Ipu BUPOOHUIITBI 6GiomeTany. OCHOBHY
yBary B CTaTTi NMPUJIJEHO OIIHII BIJIMBY HA BUKUIM MAPHUKOBUX Ta3iB I/ 4ac BUPOOHUIITBA
6ioMeTaHy MIJISIXOM aHaepoOHOTO 36PO/KYBAHHS, a TAKOXK PIAY BUPOOHMUNX (HaKTOPiB, SKi Bap-
TO BpPaxXyBaTH Ille HA eTari po3po6JIeHHsS TeXHIYHOI KOHIEMIii, OCKiJIbKM MPUUHATI TeXHiuHi pi-
IIeHHS BIJIMBATUMYTh HE TiJIbKM Ha BUKUW MApPHUKOBUX TrasiB, aje i Ha KiJbKicTb HE0OXimaHOT
CUPOBWHU Ta KaMiTaJOBKJIAJEHHS Y TTPOEKT. PoarisanyTo 10 BapianTiB BUpOOGHUIITBA GiOMETaHYy,
JUIST SIKUX TIPUHMaJICS Pi3Hi MPUIyIIEHHS NIOJI0 CUcTeMu 36arayeHHs 6iorasy, Jskepes 3abe3re-
YeHHsI BUPOGHUIITBA TEIJIOBOIO Ta €JEKTPUYHOIO eHEepPri€io, BUKOPUCTAHHS BiIKPUTUX YU 3aKPH-
TUX JIaryH JJig 30epiranHs qurectary, pekynepaiii Tersa Bij cucremu 36araueHHs 6iorasy, BH-
KODHUCTAHHS CHCTEM OKUCJCHHS METaHy y BiJXi/HMX razax cucrteMyu 30arayeHHs, KOPUCHOTO 3a-
MillleHHSI BYTJIEKUCJIOTO Ta3y, O/IEP>KaHOTO CIAJIOBAHHIM BUKONHUX HanuB, Ha CO,, Biaginennit
npu 36araueHni 6iorasy /o 6ioMerany. BusHaueHo BIJINB OKpEMUX TEXHIYHUX 3aX0/[iB HA TIOTEH-
1iaJl CKOPOYEHHsI BUKH/IiB MAPHUKOBUX Ta3iB K KpUTepiil crasocti 1Jst 6iomerany. OKpecjieHO
nepeJsiik iHIuX 3aXO0/iB 3HIKEHHSI BUKU/IB MAPHUKOBUX rasiB mpu BUPOGHUIITBI GioMeTamy,
OIiHKA TOTEHIIAMY SKUX MOTJA O CTATH MATePiaJoM JJIsT TIOMATBIINX AOCTiKeHb. Bi6a. 19,
puc. 3, maba. 3.

KimouoBi cioBa: GiomMeraH, BiJIXO[#, KpUTEPii CTANIOCTi, CKOPOUECHHS BUKUJIIB MTAPHUKOBUX Ta3iB.

Berym.
TToctanoBka npoGaeMu

Ykpaina Mo)Ke MOTEHIiHHO BUPOGJSATH [0
21,8 mupa M3 Giomerany Ha pik [1] mepeBaxuo 3
arpapHuX BiJXOJiB Ta 3a/UIIKIB IMOKPUBHUX KYJIb-
Typ Ta cuiocy Kykypyasu. o 2050 p. 3aranbHi 06-
csirn BUPOOHMITBA Giorady / 6iomeraHy B KpaiHi Mo-
KYTh JOCATTH 6 Mapa M°/piK, 3 AKMX dYacTUHA
MO3Ke TiTH Ha ekcropt [2].

[upextusa €C 2018 /2001 nipo cripusiHHg BUKO-
PHUCTaHHIO eHeprii 3 BigHoBmoBanux mxepen (RED
I1), mo Gy.sia onosaena y 2023 poui Ha ocHoBi [lu-

© Kpamap B.T., 2025

pextuBu €C 20232413 (RED III) [3], Bcranos-
JIIOE KPUTEPii CTaJOCTi Ta CKOPOUEHHA BUKHU/IB Iap-
mukoBux rasis (III) gra Giomanus, Giopiauu Ta ma-
JuB 3 6ioMacy, eHePTeTUYHUI BHECOK SIKUX 3aPaxo-
BYETBbCS IS BUKOHAHHS 3000B’si3aHb Kpain €C
II0/I0 YaCTKU Bi/IHOBJIIOBAHOI €HEPrii B IX eHepreTuy-
Homy OGajamci, He3aJeKHO Biji TOro, BUpOOJEHi Iii
nannBa B kpainax €C un imnoprosani. O1iHka cra-
JlocTi manuBa 3 6ioMacu BUKOHYETHCS HE3AJEKHUM
ayUTOPOM, SIK IIPaBUJIO, 3TiJIHO 3 KPUTEPisIMU CTa-
qocti B Jlo6poBinbHUX cucTeMax cepTudikailii, Bu-
3HaHuXx CEBporneiicbkoio Komiciero [4]. 1li Bumoru
PO3TOBCIO/KYIOThCA ¥ Ha 6GioMeTaH, 1O eKCIOPTY-
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etbcst B €C 3 Ykpainu. Takuit 6iomeran mMae BiJno-
BilaTu BUMOTraMm IoZI0 cKkopoueHb BUKuAiB 11T nmpu
HOro BUKOPHUCTAHHi, a /Jig I[bOTO HEOOXi/MHi BiamO-
BiJiHI «cTama» cupoBWHA Ta mpoliec ii mepepoOKH,
mo 3a6esneuye sikomora mennr Bukuam 11T (aGpe-
BiaTypu AMB. B YMOBHHX MO3HAYEHHSX).

biomeran, 1mo posriagaaetbcs gK TaJUBO JJIA
TPAHCIIOPTY, Mae 3a0e3revuyBaTu CKOPOUYEHHS BUKU-
niB I1T we menmr 65 % /IS YCTAHOBOK, IIO 3allyIleHi
micas 1 ciung 2021 poky.

[l1g oniHKM cTasocTi, KpiM BiAIOBiAHOTO CKOPO-
YeHHsS BUKHUJIB, MajuBO 3 6iOMacH CiJibCbKOTOCIIO-
JIapCbKOTO IOXOJ/UKEHHA Mae BiANOBiJaTu paay in-
IUX BUMOT, HAWBAXKJIWBIIINMU cepell SIKUX € TaKi:

— CcUpOBUHA He Mae GyTH BUPOIIEHA HA 3eMJISX,
10 II€PEeTBOPEHI Ha CiJIbCbKOTOCIIOAAPCHKI YTijasa
micas 1 ciuns 2008 poky ta 6yJu 10 IIbOTO TIPUPO-
HUMU JIiCaMU, 3alOBiJIHUIMU TEPUTOPISIMU YU TAKU-
MU, Jie TIPOXKUBAIOTh PeJiKTOBi 6GioJsioTiuHi BUAU Ta
BU/M, IO 3HAXOAATHCA Mi/l OXOPOHOIO, TEPUTOPiAMU
3 BUCOKUM piBHEM GiOpi3HOMAHITTSI, TEPUTOPISMHU 3
BHCOKUM piBHEM HAKOIMYEHHs BYIJIEII0 B I'PYHTI,
NIPUPOJHUMM JIyKaMM, 3allJIaBHUMU TEPUTOPisMH,
Top¢OBHUIIaMH, TOIIO;

— omneparopaMu IIPOBaUTHCS MOHITOPHUHT BILJIN-
BY X CiJIbCBKOTOCIIOZAPCHKUX IIPAKTUK HA I'PYHTH.

YUynm Bummii piBeHb ckopouenHs Bukuais I1T,
o 3a6e31eUyeTbCs BUKOPUCTAHHAM MajuBa 3 6io-
MacH, TUM HOTEHIiI{HO BUIMY IiHy BOHO MOKe MaTHh
mpu ekcopti. Aximo manmmBo 3 6iomacu He 3a6e3Te-
yye HeoOXiJHWI MiHiMaJbHUI pPiBEHb CKOPOUYEHHS
BUKW/IiB 1PN HOTO BUKOpUCTaHHi, To B €C Ha HHOTO
He Oy/ie TIOTHTY.

CkopoueHHsI BUKH/IiB TAPHUKOBUX Ta3iB Bij 6io-
MaJInBa, 110 BUKOPUCTOBYETHCS SIK TPAHCIIOPTHE Ia-
JINBO, PO3PaXOBYETbCA TAaKUM YMHOM:

SAVING = (Ery— E) / Erco), @)
ne Erq) — 3aranpui Bukuzaum 1T Big kommaparopa
BHUKOITHOTO TAJWBA [/ TPAHCIIOPTY, IO JOPiBHIO-
0T 94 1 COz-exB. /M/I)x; E — 3aranbHi BUKUIN
IIT Bix 6iomasmBa, 10 BUKOPUCTOBYETHCS K TPAHC-
noptHe nammBo, T COs-exB. / M/[x.

Buxuan IIT" € muToMoOI0 BeTMUMHOIO, 110 PO3pa-
XOBYIOTbCA HAa OJMHUIIIO0 HUDKYOI TEIJIOTBOPHOI 3/1aT-
HocTi masmBa 3 Giomacu (y ganomy Bunagky — Gio-
MeTaHy ).

Y Bumagky cymicHoro 36pO/KyBaHHS KiJbKOX
BUJIiB CUPOBUHHU TIPU BUPOGHUITBI 6iorasy st pos-
paxyuky BuxkuAiB III" mpu BupoGHMITBI 6ioMeTaHy
BUKOPHUCTOBYETBHCS (POpMyIa:

n
E = Z Sn ) (eec,n + etd,feedstock,n + el,n - esca,n) +
l

+ep + etd,product + €y — €ces — Ccers (2)
ne E — sarasbui Bukuau [T Big Bupo6HuUITBa 6i0-
MeTaHy /10 0T0 TIepeTBOPEHHSI B eHepriio; S, — JacT-
Ka CUPOBUHU 7y 3araJibHOMY BMICTi 3aBaHTa’Ke€HH
CUPOBUHU B METAHTEHK; €., — BUKHau 11" Bix BU-
POILYBaHHA CUPOBUHU 1 €td,fecdstockn — BUKUIM 11T
Bi/l TPAHCIOPTYBAaHHSA CUPOBUHU 7 10 METAHTEHKA;
e, — PpiuHi BUKHMJIU BijJ{ 3MiH 3amaciB BYyIJIEII0, BU-
KJUKaHUX 3MiHOIO 3eMJIEKOPUCTYBAHHS, /ISl CHPO-
BUHU 1; €sqy — CKOpoueHHd BukuzAis III' Big Hako-
MAYeHHs] BYIJeII0 B IPYHTI 3aB/JSIKM B/IOCKOHAJICH-
HIO YIIPaBJIHHA CIJIBCBKUM TOCIIOZAPCTBOM LI CU-
pOBUHU 7; e, Bukuau [II' Big mepepo6xu cupo-
BUHW; €14, product — BUKUAM 11T Bij TpancrnopTyBaHHA
Ta pO3IO/IiJly TOTOBOTO IIPOAYKTY; e, — Bukuau III,
1[0 CYTIPOBO/IXKYIOTH IIPOIleC BUKOPUCTAHHS MaJINBa;
€ccs ckopouennsa BukuziB IIT" Bixg ymoBsioBaHHS
ta reosioriyHoro 36epiranist COy; €, — CKOPOYEH-
He BUKUJIB Bij yjaoBJioBanus Ta 3aMimenus CO,.

Bukuan Big BUPOOGHUITBA MamuH Ta 06 JHAH-
Hs He 6epyTbCs 10 yBaru.

OcnoBuuMu (pakTopamu, Ha AKi MOXKe BILIMBATH
OTlepaTop yCTAaHOBKH 3 BUPOOGHUIITBA GioMeTaHy, €
BuGip cupoBuHu A5 foro BupoGHuTBa (CKIam0Ba
€ec,n), TPAHCTIOPTYBAHHST CUPOBUHU (€44, feedstock,n) , OP-
rasisaiis npoiecy nepepo6ku cupoBurn (CKIa10Ba
€,), CKOPOUYEHHS BUKHU/IIB Bi/l YJIOBJIIOBAHHS Ta 3aMi-
mendst CO; (ex), MO BPaXOBYETbCA y pasi 3ami-
menuss CO,, BUpO6JIEHOTO TLJITXOM CIIAJTIOBAHHS BU-
KOTTHUX TIAJNB, BYTJIEKUCJIUM Ta30M, OTPUMAHUM 3
6iomacu. Ilpuksiagom Takoro 3amimneHHs MOXe 6YTH
BUKOpHUCTaHHS BJoBJeHoro CO; /s BUPOILYyBaHHS
POCJIUH y TeIuigX a0 HOro BUKOPUCTAHHS B TeX-
HOJIOTisIX GioJioriunoro MeranyBaHHs [5]. Ha immri
cKIaNOBI (€4d product, €4) OTNEPATOP YCTAHOBKH IMPaK-
TUYHO He BIIMBAaE. Taki CKIAIO0Bi, AK €1, Ta Escan,
CTOCYIOTbCS 3MiHM YMOB 3€MJIEKOPUCTYBaHHS IIPO-
TATOM 3HAYHOTO IPOMIXKKY 4acy Ta He MOKYTb IIBU/I-
Ko 3MinHoBarucs. CKJIAZOBY €.s MU TIOKH HE PO3-
TJIAAEMO Yepe3 BiJICyTHICTh NMPAKTUYHOIO 3aCTOCY-
BaHHS I[bOTO Ti/IXOAY B YKpaiHi, xoua B CBiTi Bxe
€ JIOCBiJI eKcIIyarailii Takux 06’ €KTiB, a TAaKOX HU3-
Ky TIPOEKTIB 3aIlJIJAHOBAHO [I0 BIIPOBA/KeHHA [6].

Mera po6oru

Mertoto gaHOI po6GOTH € aHATi3 BHECKY OKPEMUX
CKJIA/IOBKX, 3a3HadeHuX y (opmyai (2), B 3aranbHi
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Bukuu IIT ipu BupoOHUITBI 6iomerany 3 Giorasy,
OTPUMAHOIO IIIIXOM aHaepoOHOro 36PO/KyBaHHS,
Ta BU3HAYEHHS YMOB TepepOOKH CUPOBUHHU, IO 3a-
6e3teuytorh MeHmT Bukuau [1T° B mporieci BUpoGHUTIT-
Ba Giorasy ta Giomerany (3MeHIIEHHSI CKJAJIOBOI €,
y dopmyai (2)).

Pe3syabraTti gociaKeHHs

[Tepm 3a Bce, Ik CUPOBUHY JIJIsT BUPOOHUIITBA 6io-
MeTaHy BaXKJIMBO BUKODHUCTOBYBATH BiXoaH, a He
MIPOAYKTH, TOMY IIIO:

— 1pu po3paxyHky BukuIiB IIT" 1o mporecy ne-
pPepoOKHU /IS BiIXO/IiB BPaXOBYIOTbCS JIUIIIE€ BUKU/IU
Bifi iX 30WpaHHS Ta TPAHCIOPTYBAHHS Bil Micis
YTBOPEHHS /10 MicCI MmepepoOKH, a s TPOAYKTiB
(HanpukIaz, cuaocy KyKypyasu) Tpeba IOBHICTIO
BpaxoByBaTu Bukuau III' Bix ix Bupourysanna. Ilig-
XO/I €BPONENCHKUX AUPEKTUB MO0 BijiHeceHHs Gio-
MacH JI0 TPOYKTiB UM BiZXOMAiB omucano y [7];

— TIIpy BUKOPUCTAHHI BUJiB CHUPOBWHU, Tiepepa-
xoBanux y domarky IX [Iupexrusu RED II (B oc-
HOBHOMY 11€ BiJIXO/IM), eHepreTHYHNil BHECOK Ofiep-
JKAHOTO TasinBa 3 6ioMacu BPAXOBYETbCS B IOABIii-
HOMY PO3Mipi /I BUKOHAHHS 3000B’S3aHb KpaiH
€C moa0 yacTKM BiIHOBJIOBaHOI eHeprii B TpaHC-
noptHoMy cektopi [8], 1o, BiAmoBimHO, TiABUIILYE
TIOTHT Ta IiHYy NMPOAAXY TaKUX MaJUB.

Cepen BuziB cuposunu 3 oxarky IX dupek-
tuu RED Il Mo’kHa BifgHaumWTH Taxi, Mo yTBOPIO-
0ThbCS B YKpaiHi y BeJIMKUX 06csATaX Ta MAlOTh 3HAY-
HUI OIliHEHWIT TOTEHITiaJ JJIs BUPOOHHUIITBA 6iora3y
ta G6iomerany [9], 3okpema: dpaxiiisi 6iomacu mpo-
MHCJIOBUX BiJIXO/[iB HE NpHUJ/IATHA [/ BUKOPUCTAH-
HS B Xap4oBOMY a00 KOPMOBOMY JIAHITIOTY, BKJIIOYA-
049N MaTepiaii arpoXapyoBoOi MPOMHUCJIOBOCTi, pub-
HOI Ta aKBaKyJbTYPHOI IIPOMUCJIOBOCTI; COJIOMA 3ep-
HOBUX, cTe6Ja, KaYaHu KyKypy/I3H, OYHIIEH] BiJl 3e-
peH, JIYIIIIUHHA; TBApUHHUH THill Ta ocaau CTiuHUX
BOJl; IIPOMiKHi Ta MOKPUBHI KyJbTYPH, SAKi BUPOILY-
0TbCSA B palfoHaX, /ie Yepe3 KOPOTKUI BeTeTalli i
nepio/l BUPOOGHUIITBO MPOJOBOJBYMX Ta KOPMOBUX
KyJbTYp 0OMEKEHO OJHUM YPOXKAEM i 32 YMOBH, IO
iX BUKOPUCTaHHS He BUKJMKAE IMOMUTY Ha J0JaTKO-
BY 3eMJIIO, i 32 YMOBU 30epe)KeHHs BMIiCTy Oprasiu-
HOI PEYOBUHU y I'PYHTI.

Taki BuaAM cUpPOBWHU, SK THilf, THOIBKA YW IIO-
CJIiJl, IpU PO3PaxyHKy 3araabHux BUkuZAiB III' Big
BUPOGHUITBA 6iOMeTaHy OTPUMYIOTb JOAATKOBUIT
OOHYC y 3apaxyBaHHS 3MEHIIEHHS BUKUJIB, IO [10-
piBaioe —45 r CO»-ekB. /M /I>x cuposunu. Ilepedi-
YeHi BUINE BUAU CUPOBUHU MOXKHA PO3TJIALATH K

NIePCIIEKTHBHI /11 BUPOGHUIITBA CTAIOT0 GioMeTaHy .

[pyrum BaxauBuM (GakropoM 3abe3redeHHs
crajocti 6ioMeTaHy € BUPOOGHMYI YMOBM, KOJIH IIPU
BUPOGHUTITBI BpaxoBytoTbcs Bukuan 11T Bij crioxu-
BaHHSA BUKOITHUX TAJWB Ta €JEKTPUYHOI eHeprii, a
TaKOX BiJl BUKU/IB MeTaHy 3 6i0ra3oBoi yCTaHOBKH,
Ha crannii 36araueHHs 6iorasy Ta 3 BiIKPUTHUX
MicIlb 36epiraHHs JAUTecTary.

3MeHIeHHS BUTPAT BUKOITHOTO TTAJTMBA TA €JIeKT-
puuYHOi eHeprii 3 eJeKTpoMepeki y BUPOOHUUOMY
Ipolleci MOXKJIMBE Pi3HUMH HIISIXaMHU:

— omaJjeHHsT 6i0ra3oBoi YCTaHOBKH 3a [IOMIOMO-
rolo KoTeJbHI Ha 6ioMaci;

— KoreHepallisi 3 6iorazy Ha OCHOBi ra3onopiui-
HEBUX TCHEPATOPiB 3 BUKOPUCTAHHAM TEILIOBOI Ta
€JIEKTPUYHOI eHeprii y BUPOOHUIOMY TPOIIECi;

— BHUKOPHUCTaHHA CKUJHOI TEILJIOBOI eHeprii Bij
OXOJIO/KEHHST KOMIIpecopiB 6iorady / 6iomeramny a6o
Bi/l HarpiBaJIbHUX YCTAHOBOK CHUCTeM 30aradyeHHs
6iorasy.

3MeHIIen s BUKUAIB MeTaHy 3 BiAxigHumu ra-
3amMu Tipu 36aravyeHHi 6ioMeTaHy MOKJIUBE BHACJIi-
JIOK BUGOPY TEeXHOJIOTiii 36arauens, mo 3abe3neyy-
I0Tb HU3bKi BUKU/M MeTaHy 3 BiIXilHUMHU ra3aMu, a
TaKOJK JOIAJIIOBAHHA BiAXiHUX ra3iB 3 METOI0 OKUC-
snenHsg Metany a0 COs,.

[lng oninkn e(eKTUBHOCTI Pi3HUX 3aX0/liB MO/I0
3Mmennienust BukuAiB 1T mpu BupoGHUITBI 6ioMeTra-
HY PpO3IJIIHEMO OioMeTaHOBUII 3aBOJ] BUPOOHIUOIO
MOTY KHICTIO 6 MJTH M/ PiK, Jie Gioras BUPOGJISETHCS
MIJIIXOM aHaepoOHOTO 36po/KyBanHd. Tyt i mami
06’eMH Ta3iB BKa3aHO 3a HOPMaJbHUX yMOB. P03-
TJISIIa€EMO cyMicHe 36pOJKyBaHHST Pi3HUX BU[IB CHU-
POBUHH, 1110 SBJSAIOTH COO0IO SIK BiJ[XOJM Ta 3aJIUII-
Kku, Tak i npoaykru (cosoma sepHoBux (meHui,
SKUTA), COJIOMA COi, crebya KyKypy/asu, COoMa pi-
naky, oqiiinuii (pys, CBUHSUMI THi), a A/ BapiaH-
ta 3actocyBanusg KI'Y rtakox nepen6auaeMo BUKO-
PpUCTaHHA CUJIOCY KYyKypy/[3u. Takuil miaxiz mactb
MOKJUBICTD oinuTy nuromi Bukuau [T ipu Bupo6-
HUNTBI 6ioMeTaHy 3 KOXXHOTO BHUIY CHPOBHHHU. [l
i ITPUMaHHs Heo6XiIHOT TeMIiepaTypu B 6iorazoBo-
My PEAKTOpi PO3TJIAJAEMO TaKi BapiaHTH: KOTeJ Ha
[IPUPOIHOMY Ta3i, KoTes Ha arpobGiomaci, Korenepa-
miiiHa cramifis #Ha 6iorasi, Koren Ha 6iorasi, yTui-
3allis YaCTUHU CKUJ/IHOT TETJIOBOI eHeprii BiJ craHIiii
36araueHHs 6iorasdy. /lyisg mocTauaHHs eJeKTpoeHep-
rii 711 BUPOOHUYMUX TOTPe6 POBTJSIAEMO TaKi OII-
Hii: esekrpoeneprisi 3 mepexi (2 kmac Hanpyrum),
enekrpoeHeprig Big KI'Y. Takosxk posriasineMo Tpu
PO3MOBCIO/UKEHI TexXHOJOTii 36araueHHss O6iorasy:
MeMOpanne posgisenns (MS), ximiuna aGcopG6iis
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(CA) ra aacop6uis 3i aminoo tucky (PSA) 3 tep-
MiYHMM OKMCJICHHAM MeTaHy 3 BiJAXiJHUX rasiB Ta
6e3 HbOTO.

BapianTtu 1711 po3paxyHKy Ta MOPiBHSIHHS BUKH-
JliB MTADHUKOBUX Ta3iB 3a Pi3HUX BUPOOHUYHUX yMOB
6ynemMo popMyBaTH, BUXO/SYU 3 HACTYITHUX TIPUITY-
meHb. Buknan merany 3 6iorasoBoi yCTaHOBKH [10-
IIyCKA€ETbCS NMPUNHHATU 32 3aMOBUYBAHHSIM Ha PiBHI
1 % 3arajbHOTO 00CSTY METaHYy, YTBOPEHOTO B MPO-
1eci 36pO/PKyBaHHs, SKIIO He MOXKHA JOBECTH, IO
BoHM HacnpaBiai Huwxkui [10], Xowya Ha mnpakTwii
BOHU MOXKYTb BapiloBaTHCS y MUPOKUX Mexkax [11].
Bukugu merany y BiaXimHux rasax cramiii z6ara-
4yeHHsT 6i0Ta3dy 3aJeskarh Bil TEXHOJIOTI] 36araueHHs
[12] Ta Bix TOroO, YM 3AINCHIOETHCS OKUCJEHHS Me-
TaHy, 10 MiCTUTbCA y BiaxigHux razax. Ha ocHosi
nannx, HaBemeHux y [13], s texHosoriit 36ara-
yernst MS, CA ta PSA cepenni 3HaueHHS BUTOKIB
MeTaHy 3 BiJIXi[HUMU ra3zaMu MOKHa NPUHHATH BiJ-
nosigHo Ha piswi 0,7, 0,1 ta 1,8 % 10 o6esry Mera-
Hy B 6iorasi, mo HaxiiimoB Ha 36aradeHHs. Iluro-
Mi BUTpaTH eJIeKTPOeHeprii A IUX TeXHOJOTiH
npuitMaemo Bianosigro 0,29, 0,1 Ta 0,25 kBr-rox,/ M
cuporo Giorasy. [ms texnosorii CA mpuiiMaemMo
JIOJIATKOBY TOTpe6y B TEIJIOBil eHeprii Ha piBHI
0,55 kBt-rox,/M® cuporo Giorasy. PiBeHb 3MeHIIEH-
HA BUKM/IB MeTaHy 3 BIAXIHUMM rasaMu CTaHIii
36arauyeHHs Micas iX Tepmiunoro o6po6aenns (ka-
TaJiTUMHOTO TEPMiYHOTO OKUCJEHHS) MOMKHA IMPH-
st 99,5 % [0 HOTO MOYATKOBOTO BMICTY B ITMX
rasax [14].

3rigno 3 RED II (quB. tabu. <«/lesarperosami
3HAUCHHS 34 3aMOBUYBAHHAM /s GioMeTany» ), BU-
KU/IM METaHy MPHU BiJIKPUTOMY 36€epiranui aurecrary
MoxkHa npuitaaTh, y T CO2exB. /M 6iorasy, Ha
piBui 35,6 nus G6ioBiaxonis, 22,1 pusa cunocy Kyky-
pyasu; Ta 113,5 a7 rHoto. Ha mpakruii i BUKuIn
MOKyTh BapitoBaTucst y meskax Big 0,22 mo 11,2 %
1o o6csry BupoOseHoro Metany [15]. Y Toii ske wac
MO>KHa BBa)XKaTH, 1[0 BUKHUIM METaHy i3 repMeTHy-
HUX MicIlb 36epiraHmsi JUrecTary, sIKIO HEMAE SIKH-
Xocb aBapiiiHuX curyaniii, pisui mymo [16].

[Tpn BuropucTanHi 6Giorady Ha KOTeHepalliiiHii
CTaHIlil BUKUJM MeTaHy B CEPEeHbOMY CTAHOBJISTH
1,74—1,79 % mo Buxopucranoro craiieio [11], mpu
bOMY /Jiialla30H KOJUBaHHA i€l BeIWYNHU 114 pPi3-
HEUX yCcTaHOBOK Moxke Oytu Bizx 0,17 no 3,72 % [17].
Ha ocnoBi 1iux npunymieab chopmoBano 10 Bapian-
TiB 151 nopiBHsHESA BukuaiB 1T npu BUpOGHUIITBI
Giomerany (ta6s. 1). IIpu ubomy BapianT 1 € Haii-
ripmum 3 touku 3opy IICBIIT, 1mo moske 3a6e3re-
unTy Kinnesuii npoaykr (6iomeran).

[Ipu pospaxyHKy TOTpPeOM B TEILIOBii eHepTii
I 610ra30BOi yCTAHOBKY BPAaXOBYBAJIUCS KJIiMaTHY-
Hi ymMoBHU yis IBaHO-DpaHKiBCbKOi o0sacti. 3 10-
TpeG B eJIEKTPUYHIH eHeprii BpaxoByBaiu MOTpe6n
6iorasoBoi ycraHOBKH 3 po3paxyHky 0,16 kBr-rom,/ v
6iorasy, poa/iiJieHHsI TBepPOI Ta PiAKoi ppaxiiiit au-
recrary (iekanrep), BUTpaTH eJIeKTPOEHepTii Ha T10-
Npi6HeHHS coJoMu Ta cTeGes IS TI0JIeTIIEeHHS
36pOJ/KYBaHHs 10 (ppakiiii 2 MM Ta mojavy ycix Bu-
JliB CUpDOBUHUM B O6iOpeakTop, BUTpPATH Ha CTaHIIT
36arayennst 6iorasy, KOTeJbHi, KOMIIpecopa [IJisl 3a-
KauyBaHHS 6iOMeTaHy B Ta30By MEPEXKY Ta 3Pi/KeH-
ust CO, (y BapianTti 10).

PospaxyHKoBY cHOXKHUBaHY HOTY>KHICTb /1S Pi3-
HUX BapiaHTiB MmokaszaHo Ha puc. 1.

[Mpukaan pospaxynky BukuzaiB III' npu Bupo6-
HUITBI OioMeTaHy 3a BapianToM 1 T1OKa3aHO Yy
ta6s1. 2. Buxuan 1T npu BupoluyBanHi KyKypya3u
JUIS CUJIOCY B34TO 32 3aMOBUYBaHHAM, a [IPU pPO3Pa-
XYHKY [JISI TIOKHUBHUX PENITOK BPaxOBYBAaJU BU-
TpaTy MajauBa Ha IX 3aroTiBJIO y BEJMKHUX TIOKaX Ta
rnepeBe3eHHsT /10 Miclg TepepoOku. Bukuam mpu
TPAHCIIOPTYBAaHHI Ta PO3MOIiJeHHI GioMeTaHy pPO3-
PaxoByBaJMCS HA OCHOBI PO3PaxXyHKOBUX [IaHWX
O/I0 €JIEKTPUYHOI TOTY’KHOCTi, IO CHOKMBAETHCS
KOMITpecopaMu /I Tofavyi GioMeTaHy B PpO3IO-
JJbHY Ta3oBy Mepexky, aOCOMIOTHWN THUCK B SKii
npuitasaTo 1,2 MIla. Takosk BpaxoByBasmcs BTpaTu
MeTaHy TIpU TPAHCIIOPTYBaHHI Ta30BOI0 Mepeskelo,
r CH;/M/Ix. [ns kinueBoro BUKOpucTaHHs 6io-
merany BpaxoByBasiu Jmiie Bukuaun (CH; + N,O)
Biji 1WOTO BUKOpHCTAaHHA SIK nasuBa. Koedinientn
emicii IIT" quig pi3HUX BU/IIB MaJUBa ITPUUHSTO 3Tijl-
HO [6, 18, 19].

Ax BumHO 3 maHUX Ta6J. 2, HAll6iIbIIy YacTKy B
CyMapHUX BUKH/JaX CTaHOBJATH Bukuau III" mpu Bu-
po6HuITBi. Ha puc. 2, ax mpukJaj, MOKa3aHO PO3-
nozis cymapauX BukuAiB 1" mpu BupoGHUIITBI Gio-
MeTaHy /14 JBOX CKJaJ0BUX CUPOBMHHOI CyMilli, a
came: JIJIsl CUJIoCy Ta crebes KyKypyA3u y Bapianti 1.

OcHOBHI pe3yJibTaTl Po3paxyHKy BuKuAiB IIT
pu BUPOOHUIITBI GioMeTaHy MOKa3aHo y TabJ. 3.

Ak BuAHO 3 PO3paxyHKiB, cepe/iHbO3BasKeHe 3Ha-
YeHHs TIOTeHIiany ckopouennst BUkuiB 117 miist 6io-
MeTaHy 3a BapiantoMm 1 cranosutb 23,2 %, IO CYT-
TEBO HIZKYE HeoOXiaHOT Mexi 635 %.

Ananiz pesysbraTiB y Tabs. 3 1a€ MOMKJHMBICTH
3pOOUTH PsI/T BUCHOBKIB M0/I0 e(beKTUBHOCTI Pi3HUX
3axoniB 3MeHmreHHs BUkuAiB [1I' y Bupo6HMIOMY
nporteci. Tak, nopiBusuH BapianTtis 1, 2 ta 3 cBia-
YUTH MPO Te, 10 BUOIp iHIIOT TeXHOJOTIT 36arayeH-
H, 110 3a6e31euy€e 3MEHINeHHST BUTOKIB METaHy 3 BiJl-
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Ta6mug 1. Bapiautu pospaxyuky auas nopisusuus sukugis IIT npu BupoGuMuTBi GioMerany

Table 1. Calculation options for comparing GHG emissions during biomethane production (“+” —

taken into account, “—"

— not taken into account, or the factor is missing; the CHP runs on biogas)

Bapiant
[Toxasunkm

T 5 |4 5 [ 6] 7 ] 8| 9 | 10
Il:xepeso TE IIpr IIpr IIpI' ABb Ab bI KIY KIY KIVY KIy
Ilxepeno EE EM EM EM EM EM EM KIY KIY KIVY KIy
Bukunan metany npu BUpoOHUITBI BI' + + + + + + + + + +
Bukuan mertany npu po6oti KI'Y - - - - - - + + + +
BI/IKITI}II/I MeTaHy 3 BIJKPUTHX MiCIlb " " " n n n n _ _ _
36epirans aurectaTy
Bukuau merany npu 36araventi BT, % 1,8 0,7 0,1 0,7 0,7 0,7 0,7 0,7 0,7 0,7
Cucrema 36arauenns bT' PSA MS CA MS MS MS MS MS MS MS
Bumicr CHy y Giomerani, % 97,5 97,0 98,5 97,0 97,0 97,0 97,0 97,0 97,0 97,0
[utoma putpata EE cucremoro s6ara- o »5 999 4 029 029 029 029 029 029 0,29
yenns BT, kBr-rox,/HM’ Gioragy
ITutoma Butpata TE cucremoro 36ara-
vyenust BT, kBr-rox /um® 6iorazy 0 0 0,55 0 0 0 0 0 0 0
Tuck 6iomerany micjst cucteMu 36ara-
wermst BT, MIaa6e.) 0,4 1,4 0,1 1,4 1,4 1,4 1,4 1,4 1,4 1,4
Pexyneparis Temna Bij cuctemu 36a- _ _ _ _ n n n n n n
rayeHusa bT
OxucieHHsI METaHY y BiXiIHUX raszax - - - - - - - - +
Joounmnienns ta 3pimkents CO: - - - - - - - - -
BpaxyBaHHsI yJIOBJIOBAHHS Ta 3aMi- B B B _ _ _ _ _ _ N

menns CO2

Ipumimka. «+» — BPaXOBYETBCS, «—» —
2500

2000

M
1500
1000
500
. B
1 2 £} 4 5 fi T i 9 1

B [ligroToexa cupoerHE (EE)
® Onanensa BLY (TE)

W 3 faradenns fiorasy (EE)

IlotymicTs, EBT

=

W Eiorasora yoTaHoEKa+AeKaHTep (EE)
B} oremai (EE)
m 3farayensa biorasy (TE)

Fowvmpecop biomerany (EE) m3pimrenng CO2(EE)

Puc. 1. PogpaxyHkoBa cro:kxuBaHa TOTYKHICTb AJIST Pi3-
HUX BapiaHTiB BUPOGHUIITBA GiOMETaHY.

Figure 1. Estimated power consumption for different
biomethane production options.

He BpaxoByeTbesi a6o ¢akrop Biacyruiit; KI'Y mparirioe na 6iorasi.

xigaumu rasamu 3 1,8 g0 0,7 % BMicTy MeTaHy B
6iorasi, JJa€ MOKJIMBICTb y CEPEHbOMY TIiBUIIUTH
IICBIIT Ha 6,3 %.

Boanouac inma texnosoris (BapiaHT 3), mo 3a-
Ge3revye HABiTH MEHINy BTpaTy MeTaHy mnpu 36ara-
yenni — 0,1 %, MoxKe IIPU3BECTH HE JO 30iJbIIeH-
Hs, a 10 3MmeHmenHa [ICBIIT, akiio BoHa, Ha BifMi-
Hy BiJl HonepegHiX, BUKOPHUCTOBYE Ille # TEIJIOBY
eHepriio, sika 3a6e3MeYy€eTbCs CIATIOBAHHIM BUKOII-
HUX ITaJIAB.

Ilepexin ma omamennsa arpo6iomacoro (Bapiant 4)
3aMicTh pupoaHoro rasy (Bapiantu 1-3) Moxe 3a-
6esneuntu migunienns [ICBIIT y cepennbomy Ha
12 %. Pekymepaitist TerioBoi eneprii Bij 36aradeH-
Hsi Giorasy Ta il BUKOpUCTaHHsI [jisi onayeHHst (Ba-
piant 5) nmpakrugano He sMinioe [TCBIIT, axmo s
TEILJIOBA €Heprid 3aMilllye TEIJIOBY €HEpPrilo BiJl KO-
TeJIbHI, 10 MpAIIoe Ha arpapHiil 6iomaci it ToMmy Mae
HU3bKUN piBenb BUKHUIB 1T
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Ta6mug 2. Pospaxynok BukuziB IIT npu BupoOuuursi 6iomMerany 3a Bapiantom 1, r COs-exB. / M/Ix

Table 2. Calculation of GHG emissions from biomethane production under Option 1, g CO;-eq/MJ

MoKasiKit Cosoma |Comoma|Conoma| Cre6na |Comoma| Dys |Bosormii| Cumioc
ORATHIK MIIeHNI | JKuTa | pillaky |KyKypy/[3u | coi |oniliHuil| THI |KyKypyaAsu

Buxkumn H_I‘ Tpu BUJOOYTKY Ta BH- 3.9 3.9 3.9 41 3.7 41 0.0 18.1
pomyBaHH1 [EeE,n + Ctd,n + Cln — exca,n]
Kpenutu nas raoio 0,0 0,0 0,0 0,0 0,0 0,0 —-109,1 0,0
Buxuan TIT npu Bupo6HunTBi (€)): 66,5
— Bi/l CIIOKMBAHHS €JICKTPOEHePrii 8.7

(BupoGHUIITBO Giorasy) ’
— Bi/| CIIOKMBaHHA TEILJIOBOI eHep-

. 11,5

rii (BupoGHUITBO Giorasy)
— nudysHi BUKHIM MeTany 3 Giope- 51

aktopa (BUPOGHUIITBO Giorasy) ’
— BUKH/JY MeTaHy 3 BiIKDUTUX

MicIlb 36epiraHHs JUrecTaTy 25,6

(BupoGHUIITBO Giorasy)
— Bi/l CIIOKMBAHHS €JICKTPOCHePrii 6.4

(BUpoGHUIITBO GioMeTary ) ’
— Bi/l CIIOKMBAHHS TEILJIOBOI eHeprii 0.0

(BUpoGHUIITBO GioMeTamy ) ’
— BUKH/JM MeTaHy Ha CTaHIlii 36ara- 99

yerHs (BUPOGHUITBO GioMeTaHy) ’
Buxugn 11T mpu TpancmopryBaHHi
Ta PO3IO/iJeHHI KiHIIeBOIO IPOAYK- 5,1
Ty (etd,pmduct)
Buxuan 11T Big xinmeBoro Bukopuc- 0.4
tanng (e.), ’
Cymapni pma [T (E) 13 yewo- 756 756 758 760 757 760 --37,2 90,0
ro KiHumesoro npoaykry (Giomeran)

1: 5.4,6% 1: 54, 7% 3:4.1, 5%
4:14.2; 16%
339, 4%
S ik 2: 66,5, 38%
a 6

Puc. 2. Posmogin cymapuux sukuzis IIT mnsa Giomeranmy (r COz-ekB./MJIx; %), ans cumocy Kykypyasu (a) ta
crebent Kykypyasu (6): 1 — po3HOMiJI TOTOBOTO MPOAYKTY Ta HOro KiHleBe BUKOPUCTAHHS; 2 — BUPOOHMITBO; 3 —
3aroTiBJIsA Ta TPAHCIOPTYBaHHSA; 4 — BHPOILyBaHHS.

Figure 2. Distribution of total GHG emissions for biomethane (g COz-eq,/MJ; %), for corn silage (a) and corn
stalks (b): 1 — distribution of the finished product and its end use; 2 — production; 3 — harvesting and
transportation; 4 — cultivation.
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Ta6mus 3. Pesyabratu pospaxyuky Bukuiis IIT' npu BupoGHUITBI GioMeTaHy 3a BUPOOHMYMMH BapiaHTaMu
Ta BHJaMH CHPOBHHU

Table 3. Main results of calculating GHG emissions from biomethane production by production
options and types of raw materials

BapianT po3paxyHKy
ITokasHuKn t | 2 | 3 | 4 | 5 | 6 | 7 ] 8 | 9 [ 10

11,130 11,073 11,244 11,073 11,073 12,599 14,985 14,985 14,985 16,012

Heo6xiane BUpOGHUIITBO
Giorasy, MaH HM® / ik
OGesiru 1iepepo6Ku 3a
BU/IaMU CHPOBHHH,
T CP/pik:
coJioMa TIIEHUIl, KUTa,
pimaky, cre6ra kykypya- 21,178 21,069 21,395 21,069 21,069 21,074 21,079 21,079 21,079 21,080
31, COJIoOMa Coi
;payzjfﬁl)ﬂm BUPOGHUIT- 4 395 4 388 1,410 1,388 1,388 1,388 1,389 1,389 1,389 1,389
BOJIOTHIi THI 2,143 2,132 2,165 2,132 2,132 2,132 2,133 2,133 2,133 2,133
CUJIOC KYKYPY/I3H - - - - - 2,939 6,512 6,512 6,512 8,221
CrioxxuBaHa cepesHs eJie-
KTPUYHA HOTYKHICTD,
kBrt:
3 eJIEKTPUYHOI Mepesxi 895 913 743 913 913 943 - - - -
Big KT'Y (6ioras) - - - - - - 982 982 982 1257
CnoxxuBaHa cepefHs Tell-
JIOBa TIOTY3KHICTB, KBT:

Bi/l KOTEJIbHI 941 936 1660 936 729 824 - - - -
yTUJi3alisga BTOpUHHOI

eHeprii Biji 36araueHHs - - - - 207 207 207 207 207 207
6iorasy

yTUJi3ania TeInoBoi
eneprii KI'Y
Cymapni suxnmn 11T (E)
11 GioMeTaHy 3a BUIAMH
cuposutu, T CO2-eKB. /
M/Ix:
coJioMa TIIeHuIli,
JKUTA, pillaky

- - - - - - 914 914 914 974

75,82 69,89 71,26 58,58 38,58 63,52 60,37 26,42 22,91 -13,23

cre6ia KyKypyasi 76,02 70,09 71,46 58,78 5878 63,74 60,64 26,68 23,17 —12,95
COOMA COf 75,65 69,73 71,10 58,42 58,42 63,34 60,15 26,20 22,69 —13,46
g’ayzﬂ(i‘?l.l)ﬂm BUPOGHHIT- 2 0 7009 7146 58,79 5878 63,75 60,64 26.68 2318 —12.95
BOJIOTHIE THilk -37,16 —41,84 —39,79 53,14 —-53,14 —63,75 —91,30 —122,78 —126,29 —172,11
CITOC KYKYPY/3H 90,05 84,16 85,56 72,86 72,86 77,26 73,28 39,41 35,90 —0,57

Ilorenttian ckopoveHHs BU-

kuaiB [T g 6iomerany

3a BHJIaMU CHPOBHHH, Yo:
COJIOMa IIEHUII],

. 19,3 25,7 24,2 37,7 37,7 32,4 35,8 71,9 75,6 114,1
JKUTA, PillaKy

crebyia KyKypy/13u 19,1 25,4 24,0 37,5 37,5 32,2 35,5 71,6 75,3 113,8
coJjioMa coi 19,5 25,8 24,4 37,8 37,8 32,6 36,0 72,1 75,9 114,3
fayzﬂ(ﬁl)ﬂm BUDOGHHIT- yg 4 55 4 940 37,5 37,5 322 355 71,6 753 1138
BOJIOTHIl THill 139,5 144,5 142,3 156,5 156,5 167,8 197,1 230,6 234,3 283,1
CUJIOC KYKYPYI3H1 4,2 10,5 9,0 22,5 22,5 17,8 22,0 58,1 61,8 100,6

CepeIHbO3BasKe€HE 3Ha-

23,2 29,4 27,9 41,5 41,5 34,5 36,1 72,1 75,9 113,8
YeHHSI
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ITepexia Ha onaseHHs KOTJIOM Ha Giorasi (Bapi-
anT 6) nopisuaHo 3 arpoGiomacoio (Bapiantu 4 Ta
5) mpussese 40 HeGaxkaHoro ckopodenns IICBIIT
Ha 7 % depe3 Te, IMIO JJIS IbOTO JOBOIUTHCS BUPOG-
JSATH TonaTKoBuii Gioras, a Bukumu I mpu iioro
BUPOGHUIITBI PO3MOJIIJIAIOTECS HA TY K CaMy KiJib-
Kictb 6iomerany. Ilepexix na KI'Y, mo npariroe Ha
6iorasi (Bapiant 7), /14 3a6e3nedeHHs BUPOOHUYMX
motpe6 y TEIJIOBill Ta eJeKTPUYHil eHepTii, eseKT-
PUYHY MOTY>KHICTD SIKOI 06paHO [JIs1 TOBHOTO 3a6e3-
neveHHsT motped B eJeKTPOEHepPrii, 1a€ MOKJIMBICTD
MOBHICTIO 3a6€3MeYNTH TAaKOXK TeIJIOBI IMoTpe6H,
0CcO0JIMBO SIKIIO MPHU I[bOMY BUKOPHCTOBYBATH Ta-
KOJK TEIVIOBY €Heprilo BiJ| yCTaHOBKH 36arayeHHs 6io-
razy. BTiM, TIOpiBHSHO 3 BUKOPHCTaHHSIM Giora3y
JIMIIE JI7IST TEIIoBoi eHeprii (Bapiant 6), 1e mokpa-
mye IICBIIT sume wa 1,6 %, OCKiJIbKUA CYTTEBO
3pocTae HeoOXijHa KiJbKicTb 6iorady Ta CUpPOBHHUI
JUIS HbOTO, a TaKOK CJIiJ| BpDaXOByBaTU BUKUIHM Me-
tany Big KTY. Cyrrese (Ha 36 %) migBuiieHHst
ITCBIIT MoxxJuBe 3aBJSKU YCYHEHHIO BUKU/IB Me-
TaHy 3 BiIKPUTHX MiCI[b 36epiraHHs JUTeCTaTy (Ba-
pianT 8 nopiBuAHO 3 BapianToM 7). OKUCIEHHS Me-
TaHy 3 BiJIXiJHUX ra3iB ycTaHOBKH 36arauents 6io-
razy gae moxauBictb migsumutu [ICBIIT me wa
3,7 % (BapianT 9 mopiBusaHO 3 BapianToMm 8). Haii-
6iapmre migsuiennas [ICBIIT MoskanBe, SIKIIO BUKO-
pUCTaTH BYTJIEKUCJIUN Ta3, 10 BiAiIsS€ThCS Bix 6io-
ragy npu ioro 36aradenti g0 6ioMmeTany, Ta 3aMic-
TUTU HUM CIIOKUBAHHS BYTJIEKUCJIOTO Ta3y, OTpUMa-
HOTO TIPU CMATIOBaHHI BUKOTHUX nanus (ckaagoBa
ecr y dopmymi (2)). SIKIO Take 3aMilEHHS MOXK-
Ha gosectd, To IICBIII" MOKHA MABUIIUTH IIfe HA
37,9 %. Y Bapianti 10, mo Biso6paxkae Takuii cie-
Hapiil, BpaXxoBaHO Bi/JIIIOBi/{Hi BUTPATH €HEPropecyp-
CiB Ha 00YUINEHHA BiAXiJIHUX rasiB 3i craHiii 30a-
raueHHs 6iorasy, 3pi/’KeHHS BYTJEKHUCJOTO Ta3y,
MO MICTUTBCS y HUX, Ta TepPeBe3eHHS TOTOBOTO
npoaykry Ha Bigcranb 300 kM. Takoro x edexry
nst IICBIIT MoskHa focATTH, BUKOPUCTABINU TeX-
HOJIOTIT 3aXOpOHEHHsT ByrJemio (CKAAL0BA €cs Y
dopmyai (2)).

Ha puc. 3 nmokazano mijiBuiients a6o 3HUKEHHS
I[ICBIIT 3aBasgkyu KOXXHOMY 3 OIHUCAHMX 3aXOJiB,
[IOPiBHAHO 3 IIOIIEPE/IHIM BapiaHTOM.

Inmumu crioco6amu migsuientst [ICBIIT mpu
BUPOOHUITBI OioMeTaHy, He PO3TJSHYTHUMHU Yy IIiit
cTarTi, MOXYTb 6yTH TaKi:

— 306iJIbIIIeHHsT YacTKM THOIO B CHPOBUHHI cyMi-
IIi, aje 3 ypaXyBaHHIM MOJKJIUBOTO 36iJIbIIEHHS BH-
kuais I1I" 3 BigkpuTux Micib 36epiraHHst IUrecTary;

— 3abe3neverns Ha6iabI MOBHOTO po3nary 6io-

319
Fopmcwa yremzamia CO2 sin s6amue
Giorasy

CIEMOTT: HEUT BHEGTE METRHY 3 EUTXUTON 279,
TA9E YCTAHOEEH S0aTaueHHA GioTasy -
Vi yHE HHA BHEMILE MeTaHy Bim 50epira
IHTECTATY

36.0%

Tepexin xa KTV xa Gioras | 1.6%
-1.0%

Tle pexin xa onaness A Glorasng |

Tlepexin Ha OMATEHHA aTpOGIOMACOH 12.0%

S HIMEHHA EHEMITE Me TRHY H © TAHIGT

sfaraueHA 63%

TlowaTEDEH OTEHIAN CHOPOUEHHA BHEHIE - 0%

S0 O 2G40 A0 BO% 100% 120%
Tlorermian cropouwer A Bxeaons [T mrr GlomeTary; ¥

Puc. 3. 3mina I[ICBIIT aas pisHUX 3aX0[iB TIpU BUPOO-
HUIITBI GioMeTamny.

Figure 3. Change in greenhouse gas emission reduction
potential for different measures in biomethane production.

JIOCTYITHOI OpTaHiKM y Me)kaX repMeTHYHuX Oiope-
aKTOpiB, 10 TapaHTye MiHiMizalilo BUJiJICHHA 3a-
JIMIIKOBOTO METaHy IIPU IOJAJbIIOMY BiJIKDUTOMY
36epiranni aurecrary;

— mnorym6jeHa nepepobKa JUTecTary, 1o rapaH-
Tye Hioro crabisizaiiio Ta yuukaeHus Bukuais 11T

— BIIPOBA/’)KEHHSI KOMILJIEKCY 3aXO/iB I0/I0
YHUKHEHHST a60 MiHiMi3allii BUTOKiB MeTaHy BiJl CTAH-
il BUPOOGHUIITBA 6iorady Ta BiAMOBIIHOI cucTeMu
MOHITOPUHTY JIJISI TiATBEP/KEHHS e(DEKTUBHOCTI Ta-
KHUX 3aX0/liB;

— 3acrtocyBaHHs1 GoHycy e, (3a BiAHOBJICHHS [1e-
rpajioBaHux 3emesib) y posmipi 29 r COs-exs. / M [k
3a HAagBHOCTI BiJIIIOBiTHUX JJOKAa3iB;

— 3acTocyBaHHSI GOHYCY ey, (3a moKpameHe
YIPaBJIiHHSA CiJIbCBKMM TOCIOAAPCTBOM) 32 HAsBHOC-
Ti BIANOBIHUX J[JOKa3iB. MaKCUMaJbHO MOJKJINBE
3arajibHe 3HaYeHHs a60 piuHa BUMOTA JIJISI €5, CTa-
HoButh 25 1 CO»s-exB./M/I)x GiomanmmBa Ha PiK
MPOTATOM yCHOTO MEPiofy 3aCTOCYBAaHHA ITPAKTUKU
€sca. SIKIO 6Giouap BUKOPUCTOBYETBHCS SK OpraHiy-
HUIl MOKpallyBay IPYHTY OKpeMO ab0 B TO€JIHAHHI
3 iHIIUMU TPUHHATHUMU METOJIAMU E5ca, MAKCUMAIID-
HO MOXKJIMBE 3HAUYECHHA /114 PIYHOI 3a4BKHU I1i/{BUILY-
erbes 110 45 1 COy-exB. / M Ik Gionanusa.

BucHoBkn

[llo crocyerbcsi BUPOOGHUYMX 3aXOMiB  ITiJBU-
menns [ICBIIT, mMoskna Buiautu Haitbiabin edek-
THBHI 3aX0AM, TaKi fAK YCyHEHHSA BHUKH/IB METaHy
BiJl MicIlb BiIKPUTOTO 36€piraHHs [UTECTaTy Ta 3a-
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MITlEeHHST BYTJIEKUCJIOTO Ta3y, BUPOGJIEHOTO CIAJIO-
BAHHAM BUKOITHUX IIQJIUB, BYTJIEKUCJUM Ta30M, Bijl-
JlijleHnuM Bij 6iorady B mpoiieci 36araueHHs. Y po3-
TJISHYTIH BUpOOGHUYiH MoJesi A yCiX BH/IB CHPO-
BMHM, OKPIM THOIO, BKPaii Ba3KKO ab0 B3araJi HEMOK-
JmBo jgocart 6axkanoro 3Havenus [ICBIIT aaga 6io-
Mertany 65 % 0e3 BIPOBa/UKeHHsI Xoua 6 OHOTO i3
X 3aXO0/iB.

3axomamu migsumienns [ICBIIT cepennnoi edex-
TUBHOCTI € Tepexij Ha omasenHss BI'Y 6iomacoro 3a-
MiCTh BUKOIIHUX ITaJINB Ta 3MEHIIEHHS BUKU/iB Me-
TaHy 1npu 36araueHHi 6iorazy 3a paxyHOK BuUOGODY
BiAnOBiAHOT TexHoJorii Ta oOsamxHanug. Halimenn
e(eKTUBHUM 3aXO0/IOM € OKHCJCHHS METaHy y BiJxii-
HUX ra3axX yCTaHOBKW 36araueHHs Giorasy. Ilepexif
Ha KI'Y nis 3a6e3rneyeHHst eHEPreTUYHUX TIOTPEG €
eexTUBHUM TIpM 3aMillleHHi 3aCTOCYBaHHSI BUKOII-
HUX nanuB Juig onasenHs BI'Y, a npu 3amimenni
arpaphoi 6iomacu 11eii 3axij He € eeKTUBHUM, Ta-
KOX BiH 00MeXKeHO e(beKTUBHUI TIPH 3aMillleHHI KO-
TEeJIbHI, MO TpalfoBaia Ha 6iorasi.

3BUYaiiHO, 111 Tpajallid He BPaxOBYE BapTiCTb
3aCTOCYBaHHA KOXKHOTO i3 3aXO0/iB, 1[0 MOJKe BILIU-
BaTU Ha TOTOBHICTb BJIACHUKIB IX BIIPOBA/’KYBATH.
Hait6inbmr edextuBHi 3axoau TOTpe6yIOTh JOAATKO-
BHX KalliTaJbHUX BUTPAT, X04a y BUMAJAKY 3Pi/KeH-
g CO» 11e MOJKe MaTH TaKOXK JOJaTKOBUU €KOHOMIY-
Hull edeKT 3aBASKM HOTO MPOAAXY SK MPOAYKILi.
Bukopucranns icaytounx KI'Y y Bumajaky nepemnpo-
imoBannsg a1 BupoGHUIITBA GioMeTtany BIY, 1mo
rparoBaJn JIJisi BAPOOHUI[TBA eJIeKTPUYHOI eHeprii,
MOXKE BUSIBUTHCS I[1JIKOM OOIDYHTOBAHUM PilllEHHSIM.

YMoBHI mO3HAYEHHS

CA — XimiuHa a6copOirist

MS — MeMOpaHHe PO3/liJIeHHS

PSA — azcopOitist 3i 3MiHOIO TUCKY

AB — arpapna 6iomaca

br — Oiora3

bry — 6iorazoBa yCcTaHOBKA

EE — eJIeKTpUYHA eHepris

EM — eJIGKTPUYHA Mepeka

cC — €Esponeiickuii Coro3

KIy — KoreHeparliiiHa yCTaHOBKA

I1r — IApHUKOBI rasu

IIpl’ — TIpUpoJAHUIl Ta3

[ICBIIT' — noreHniag CKOpOYEHHS! BUKH/IiB TADHUKOBHIX
rasis

CPp — Ccyxi pe4yoBUHUI

TE — TemJIoBa €HepTid
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Research of biomethane production conditions
to ensure its sustainability in accordance
with the EU renewable energy directive

Abstract. In February 2025, the first pipeline supply of biomethane from Ukraine to the EU
took place, marking a significant milestone in the country’s energy integration with the
European Union. This export not only strengthens Ukraine’s position in the EU energy market
but also fosters the development of a sustainable economy. In this context, ensuring the
production of sustainable biomethane is crucial. Biomethane can be recognized as sustainable
based on the results of an audit assessing compliance with sustainability criteria and Voluntary
Certification Systems recognized by the European Commission. However, the conditions
required to meet these criteria for biomethane production remain insufficiently explored in
Ukrainian scientific literature. It is also essential to identify which feedstocks meet
sustainability requirements and determine the necessary production conditions and technical
measures to minimize greenhouse gas (GHG) emissions during biomethane production. The
article primarily focuses on assessing the impact of various production factors on greenhouse
gas emissions during biomethane production via anaerobic digestion. These factors should be
considered early in the development of the technical concept, as the chosen technical solutions
will not only influence emissions but also determine the required raw material quantities and
capital investment in the project. The study analyzes ten biomethane production scenarios
with varying assumptions regarding biogas upgrading systems, sources of heat and electricity,
digestate storage methods (open vs. closed lagoons), heat recovery from biogas upgrading,
methane oxidation in exhaust gases, and the beneficial substitution of carbon dioxide from
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fossil fuel combustion with CO, separated during biogas upgrading. The impact of individual
technical measures on the potential for reducing GHG emissions as a sustainability criterion
for biomethane was assessed. Additionally, the paper highlights other measures that could
further enhance GHG reduction potential in biomethane production, providing a foundation

for future research. Bibl. 19, Tab. 3, Fig. 3.

Keywords: biomethane, waste, sustainability criteria, greenhouse gas emission reduction.
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2. Crpykrypa Ta rigpodiipHo-opranodijbHa
npupo/ia MOBEePXHi

Amnoranisi. 3a J0mMOMOro0 MeTOZIB aJcopOIlii 3 PO3UNHIB Ta peHTreHorpadivHoro aHamisy BHU-
BUYEHO CTPYKTYPHi 3MiHM MOHTMOPHJIOHITIB PI3HUX YKPAiHCHKUX POJIOBHII TiCJS iXHOrO MOIU(I-
KyBaHHs KarioHHUMU [TAP (cosisiMu 4eTBEePTUHHUX aMOHIEBIX OCHOB) Y 3aJIEXKHOCTI BiJl iX 6y 10~
BU, JOBXKUHU JIAHITIOTA, CTyIeHd i yMoB MoaudikyBanHs. o 3Mini 6a3aibHUX MisKIIOMMHHNAX
Bigcraneil dopr y KpuCTasax MOHTMOPHUJIOHITY 3PO6JEHO BUCHOBKHU TIPO CTPYKTYPY OPTaHOMOHT-
MOPWJIOHITOBUX TOXiJIHUX Ta OPi€HTAIi0 aJIcOPOOBAHUX KATiOHIB Bi/IHOCHO KPEMHEKHCHEBOI I10-
BepxHi. Orpumano 3anexuocTi doo; opranomMmonTMopuionity ITmkiscbkoro ta HenoporoBcbKoro
POJIOBUII Biji CTyTIeHsT MOAM(IKYyBaHHS OKTAIEIHI-6EH3UI-AUMETUIAMOHIEM Ta T€KCAeIIUI-TPH-
METHJIAMOHIEM XJIOPUJAMM, Ha Mi/ICTaBi AKUX 3PO6JEHO BUCHOBOK IIPO Te, HIO TPU HU3BKOMY
3aMlOBHEHHI TTOBEPXHi OpraHiuHi KaTioHW Po3TalloBaHi MJIOCKO HA TOBepxHi. [Ipu 6ibin BUCOKO-
My 3allOBHEHHI CIIOCTEPIraeThCs iXHsI TIepeopieHTallis M/ AesTKUM KyTOM < 55° aHAJIOTiYHO TOMY,
K B opraniunmx kpucrajax. [lepen6avaeTvcs, Mo pisHUIS y BeJMYUHAX MiXKIJIONIMHHUX Bif-
CTaHell OPraHOKOMIIJTIEKCIB 3 O/HAKOBMM OPTraHiYHUM KaTiOHOM [JII MOHTMOPHJIOHITIB Pi3HHUX
YKPaiHCbKUX POJOBUIL NMOACHIOETHCA Pi3HOI BEJMYMHOKO 3apsaAy HIapy Ta HEOJHAKOBUM Xapak-
TEPOM PO3IOJIIY 3apsAy B CTPYKTYPHHUX IIapaxX BUBUEHUX NIAPYBATUX CUJIKATiB, SKi MOB’s13aHi
3 Pi3HUM TeOJIOTIYHUM TIOX0/KeHHsAM. [lo amcopObiii mapiB Boau Ta 6eH30/y Ha MOAU(IKOBAHUX
MOHTMOPHJIOHITaX BCTAHOBJIEHO MO3aluHuil rigpodisbao-Tizpodobunii XxapakTep IXHbOI ITOBEPX-
Hi @I 06rOBOPIOETHCS #OTO 3B’SI30K 3i CTPYKTYPOIO OPTaHONOXIAHUX Ta XiMiYHOIO IIPUPOJIOI0
ITAP, mo 3acrocoByBasmmcs. OTpUMaHO iHTETPAJbHY KapTUHY 3MiHU JIO0(iIbHUX BJIACTHUBOCTEH
MOHTMOPUJIOHITY I1iji BiiuBoM MozaudikyBannst karionuumu [IAP. Bibl. 47, Fig. 15, Tab. 9.
Kuo4oBi cioBa: 6eHTOHITH, MOHTMOPWJIOHIT, KatioHHi [TAP, mixkmaposa ancop6iist, mudpax-
TOMETPHWYHI JaHi, PO3TAllyBaHHS Ta OPi€HTAIlisl OPraHiYHUX KaTioHiB, TifpodiabHO-TiapodoOHi
BJIACTUBOCTI ITIOBEPXHi.

© Mopapy B.H., 2025
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Beryn

MoaudikyBanHus MoBepXHi AUCIIEPCHUX MiHepa-
JIiB TMISIXOM a/1cOpOITii TOBEPXHEBO-AaKTHBHUX PEYO-
BuH (ITAP) 3 po3unHiB € e(eKTUBHUM METOIOM pe-
I'YJIIOBAHHS BJIACTMBOCTEH HAHOPO3MipHUX arpera-
TUBHUX CHUCTEM Ta OJleP>KaHHd HaWBaKJIMBININX JJI
mpoMucaoBocti opranodisbHux Martepianis. e
CTHMYJIIOBAJIO PO3BUTOK JIOCJI/KEHb Y MaHiil obJiac-
Ti Ta My6diKalifo YUCJIEHHUX POOIT, MPUCBIUYECHUX
agcop6itii ITAP 3 posuunis [1—6]. [Ipore o6roBo-
PEHHIO ITUTAaHb 3MiHU CTPYKTYPH Ta TifpodisbHO-Tiz-
podobHUX BJIACTUBOCTEN MOAM(IKOBAHUX [UCIIEPC-
HUX MiHepaJiiB Ta KiJbKicHIll iHTepuperailii exciie-
PUMEHTAJIBHUX JAaHUX MPUALJIAIOCA HEJOCTaTHbO
yBaru. BaxxsmBum acmekToM, SIK i paninre, 3amuiia-
€TbCsT OpieHTallist opraniuanx KariodiB [TAP Ha BHYT-
pilHiii MOBepXHi IIapyBaTUX CHUJIKaTiB, 30KpeMa
opranoMouT™MopuioHiTiB (OM), sdka Bu3HAUYAE Be-
JIMYIHY MiKITapOBOTO PO3IIUPEHHS Ta KOTe3ilHOTOo
3B'a3ky Mixk mapamu OM, a oTKe, 3/[aTHICTH /10
fforo HaGyXaHHS Ta CTPYKTYPOYTBOPEHHS B OpraHid-
HUX CepelOBUIIAX.

Ax Bigomo [7—14], HaliBaKaUBilIl BJIACTUBOCTI
ramHuCTIX Minepanis (agcopOuiiini, en1ekTponoBepx-
HeBi, peoJioTiuHi, I0HOOOMiHHI, KaTaaiTHYHI Ta iH.)
BHU3HAYAIOTHCS OCOOIUBOCTSIMU iXHBOI KPUCTATIYHOT
Oy/I0BM, BEJIMYMHOIO Ta MPHUPOJIOIO iXHBOT MOBEPXHi.
ToMmy pnaHi NMpo CTPYKTYpy Ta IPUPOAY IOBEpPXHi
0CO0JIMBO BAXKJIMBI JIJisI TIPOTHO3YBAHHST BJIACTHBOC-
Tell opraHodiJbHUX MiHEpasiB, OJEpKaHHS SKUX
OB 'si3aHe 3 MOAU(DIKYBaHHIM MOBEPXHI Ta 3MiHOMO
ix nopuctoi crpykrypu. Moaudikysanusa IIAP, 3mi-
HIOIOYM €HEepPreTUYHy HeOHOPiJHICTh NIOBEPXHi Yac-
TUHOK, Haiyacrille CyIIPOBOJKYETbCS TaKOX 3Mi-
HOIO CTPYKTYPH TBEPOTO Tija, HOTO TTOBEPXHEBOTO
3apsay Ta JiodiapHOCTI, a OTXKe, i CUJI KOHTAKTHOT
B3aeMo/ii Mixk yactunkamu. lle, y cBoro yepry, no-
3HAYAETHCS Ha MilHOCTI yTBOPEHUX KOAryJIsAIiiHUX
CTPYKTYp Ta Ha arperaruBHOI CTiHKOCTi AMCIIEPCHUX
CHUCTEM y LIJIOMY.

[MuTamHs 3MiHH CTPYKTYpH Ta JiodiJbHUX Bac-
TUBOCTEH JUCTIEPCHUX MiHEpasiB y pe3yJbTari iX-
uporo Moaudikysanns karionnumu IIAP (KIIAP)
pPO3IJISHYTO B psai Hamux poOit [6, 10—14] ta B
po6otax inmmx aBropis [7, 8, 15—23]. Oxnax, Jjite-
parypHi JjaHi 1o I[bOMY IIUTAHHIO YaCTO CyIlepeUJInBi
yepe3 6€31i4 (HaKTOPiB, IO BIIMBAIOTH OAHOYACHO.
CrocoBHO 710 GEHTOHITOBUX TJTMH HOBUX YKPaiHCH-
KHUX POJIOBHUIIL TaKi JOCJi/)KEHHS B3arajli He BUKO-
HYBaJIACA.

Bararopiuni gociiskeH S TTOKa3aan, M0 SIK O/INH

3 Hal6igbm eeKTUBHUX CHOCO6IB MOAM(IKyBaHHS
IJIMHUCTUX MiHepasiB 3apekoMeHyBaB cebe 10HHUI
0oOMiH, 10 TIOJIITae B 3aMiHi HEOPraHiYHUX KaTiOHiB
MiHepasly BEeJMKUMH OpraHiunumu iomamm (Hampw-
KJIaJl, KaTioHaMU aJKijaMoHifo). BimMiaHOIO pucomo
TaKoro cnoco0y MoaudiKyBaHHS CHJIKaTiB 3 PyX-
JIMBOIO TIAPYBATOl0 CTPYKTYPOI0 (MOHTMOPHJIOHIT
(MM), BEPMHUKYJIT, T€KTOPUT Ta iH.) € BIPOBaJI-
JKeHHS y MiKMaKeTHUH TPOCTip MiHepatxy 3HAUHUX
kimpkocteil ITAP, mo mpusBoAWTb 0 PO3CYyBaHHS
eJIEMCHTApHUX IIapiB Ha BiJICTaHb, AKa 3aJIEKHUTh
Bl poamipiB Mosiekys (ioHiB) Ta iX opieHTanii Biz-
HOCHO GasasbHOI monmHu mapis. Haiibiabm o6’-
€KTUBHY iH(oOpMaIiio Ipo 3MiHy CTPYKTypH MiHepa-
JiB micas agcopOmiitHoro MoaMpiKyBaHHS IXHBOI
MOBEPXHI MO’KHA O/iepsKaTH 32 JOIOMOIOI0 PeHTTe-
HOrpadivHOTO METO/Y, NIJIAXOM aHaJi3y 3MiHU MiX-
IUIOIMHHKX BijJicTaHell y iX Kpucrajax.

Y 6aratpox po6orax [14—23] 6yJio BcTaHOBIEHO,
1[0 PO3TalllyBaHHd OPraHiyHUX KaTiOHIB y MiKIla-
POBOMY IIPOCTOPI CUJIIKATiB, 30KpeMa MOHTMOPUJIO-
HiTYy, MOXXe 6YTH Halpi3HOMAHITHININM: IJIOCKOTIA-
paJieJbHUM, MiJi KyTOM a60 HOPMAJbHO /10 TOBEPXHi
mapy. Besmunmna 6a3anbHOi MiXKNJIOMMUHHO! Bij-
crari (doo1) TpM IBOMY 3aJI€KNUTH AK BiJl Yncaa aj-
cop6oBatux mapiB mMoJiekysa (ioHiB) y BUIaAKy iX-
HbBOI IIJIOCKOIIapaJiesIbHOI OpieHTalii, Tak i BiJl 10B-
JKUHU BYTJICIIEBOTO JIaHIIora i0HiB Yy BUIIQJKY IX HOP-
MaJbHOTO YW TOXUJIOTO po3artairyBanus [15—23].
Binbir perenbui pocmimkenus [7, 15, 17] nokasa-
JI, 1O afcopOIlis OPraHivHUX CIOJYK Ha IIapyBa-
TUX CUJTIKaTaxX CyIPOBO/KYETHCS JHINe 36iJbIIeH-
HIM MiZKIIIapoBOI BiJICTaHi Y3[I0BXK OcCi «C», 6€3 icTOT-
HOI 3MiHN iHIIUX [apaMeTpiB KPUCTAIIYHOI CTPYyK-
TYPH B HAIIPSIMKY oceil «a» it «b». Orxe, MoBa iizie
IIPO BHYTPILIHbO KPUCTAJiYHE PO3LIUPEHHSA CTPYK-
TypH MiHepaJsy, TO6TO TIpo 3MiHy GyI0BU MiXKIIIapo-
BOTO KOMILJIEKCY OPTaHOTJIMH B pe3yJbTari Moaudi-
KyBaHHs, 1[0 3aJeKUTb Bi opienrarii amcop6oBa-
HUX opraniyHux moJieky.s (ioHiB) Ha GasasbHill 1o-
BEPXHI aMIOMOCUIIKATHUX ITAKETiB.

AHasi3 po6iT, MPUCBSIUYEHNX BUBUYEHHIO XapaKTe-
PY PO3TalllyBaHHS OPraHi4HUX iOHIB Y MiXKIIapoOBO-
My TIpocTopi mapyBatux cuiikartis [14—23], naB
MOKJIUBICTH 3pOOGUTH BUCHOBOK MPO Te, IO IXHS
Opi€HTallisl HA BHYTPiIHIN 6a3aibHiil TOBEPXHi 3a-
JIEKUTH BiJi 6aratboxX (hakTOpiB, BU3HAYAJTHHUMU 3
SIKMX € po3Mip Ta KoH(iTypallis opraHivHUX KaTio-
HiB, CTYIiHb 3aIIOBHEHHS MTOBEPXHi aJIcOPOOBAHUMU
ionamu (®), BeqMunHa 3apsay Wapy MiHEpaJay Ta
yMoBH iioro MoaudikyBanns (konnentpauisa I1AP,
CTiBBiTHOTIIEHHS TBEPAOI Ta piaKoi a3, mpoMuBaH-
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HS Ta cylniHHA opranodinbHoro minepamy). Ommo-
YaCHHUM BILJIMBOM IlepepaxoBaHuX (HakTopiB Ha opi-
€HTaIliI0 a/IcOPOOBAHUX OpPraHivYHUX iOHIB Ta MoJie-
KyJI, OYEBHU/JHO, TOACHIOETbCA CYICPEUJIMBICTh €KC-
MIepUMEHTATbHUX JAaHUX Ta BUCHOBKIB Pi3HUX J0-
CJITHUKIB y TUTaHHI PO OYy/IOBY OPraHOMOXiIHUX
[JIMH Ta WOTo BIJIMBY Ha (Hi3MKO-XiMiyHi BJACTUBOC-
Ti MinepaniB. [loganpir po6otu 3apyO6ixKHUX [TOCITII-
HUKIB y il Tasy3i 3HAYHO PO3BUHYJM Ta yTOTHIIN
iX ysIBJIeHHS MpO MeXaHi3M MoaudiKyBaHHS, TIPO
CTPYKTYpy Ta BJIACTUBOCTI OPraHOGEHTOHITOBHUX
KOMILJIEKCIB 33 PAXYHOK PO3NIMPEHHS KOJIa GEHTOHI-
tiB, ITAP-monudikaropis, o6sacreii 3acTOCYBAHH:I
OM Ta BUKOpuUCTAaHHS GiJIBII Cy4acHUX METOAIB J0-
caipprerns [24—34]. Hanpuknaza, y po6orti [32] 3a
jonoMoroio indgpadepponoi crnekrpockomii (IUC),
tepmorpasimerpuunoro (TTA) Ta penTreHiBchbKOIM-
dpakuiitnoro ananizis (P/IA) BUBYaBCS BILIMB KOH-
nenrpainii KITAP (6poMizis TerpasennirpuMern-
amonio (TTAB), nermnrpumermaamonio (IITAB)
ta creapunrpuMerniamoniio (CTAB)) na mixma-
poBy dooi-BificTanb Ta Ha PO3TANTYBAHHS AJKiJTbHUX
JIAHITIOTIB, SIK y CyXHX, Tak i B 3pagkax OM, 3mo-
yeHUX B N-MeTUJITUPPOJIUIOHI.

Bysio Bcranosmeno, mo 6asanbHa dgoi-BiJCTaHb B
OM criouaTKy 361JbITYETbCS 3i 3POCTAHHSM KOHIIEHT-
pamii ITAP, a motiMm Tpoxu 3MeHIITyETbCS /10 TIOCTili-
HOrOo 3HauyeHHs. llpu 1boMy 6yJI0 3aIPOIIOHOBAHO
JlBa BU/IM HOBOT'O PO3TAllyBaHHS aJKiJbHUX JIAHI[IO-
riB. lossipui ronoBku ITAP niepeBepraioThbest 3i 36171b-
menasam ajcop6uii IITAB Bix 0,23 mo 0,45 kario-
HooOMinHOT eMHocTi (KOE). Posramysants Giciost
napadiHOBOTO THUITY Mae GiJbIIUil KyT HAXWUIY TIPU
1,93 KOE, wnix noifomssnocs pasiiie, 1o Hpu-
3BOJIUTH JI0 MaKCUMa/bHOI Bigcrani dgy = 5,81 HM.
[ns waopskaoro IITAB-MM y N-meruamuppoJiu-
qoti door-BigicTanp crioyarky 30iJIbIIyBaacs, a I1mo-
TiM 3aJMIangacs MOCTiiHOW 3i 36iJbIIEHHIM KiJib-
kocti joganoro HTAB. Opnak, Ha Hal norJsm, TyT
HEOOXi/IHI TOJATKOBI JIOCJi/PKEHHST 3 BiIMUBAHHAM
OM cymimmro eTaHoa-Bofia, 1Mo6 A0BECTH, MO TaKi
BUCOKI 3Ha4eHHsT dop1 ¥ CyXOMY 3pasKy JifiCHO Bij-
MOBiIaIOTh MiXKIIaPOBUM OPraHOKOMILJIEKCcaM, a He
MinesasipuuM yrBopeHHssM ITAP na 3oBHimmHiil no-
BepxHi OM.

Y sitepatypi € Takox fnaHi [27] mpo Te, 110 KOH-
dirypartisi KITAP (6poMi/liB OKTa[eIIITPUMETIII-
amonilo (OJITMA), AUMeTHJiOKTa/elInIaMOHiI0
(IMIOA) ta puokragenuaveriiamonio (TOMA)),
intepkasoBanux y Bailominrcbkomy MM, 3asBuuaii
3MIHIOETBCA BiJl IJIOCKONAPAJICJIbHOIO MOHOIIAPY
IpU HU3bKUX @ /10 mapadiHOBOTO OJHONIAPOBOTO Ta

JBOIIAPOBOTO TUIY po3TalryBaHHA pu © > 1 KOE,
a B 3pasKax 3 JysKe BUCOKUM BMictoMm ITAP (© > 2
KOE) kyr naxuiy mosekyn ITAP moxe gocsratu
6/m3bko 90°, To6Tto Mosekysu ITAP posramosani
BEPTUKAJIBHO Y MiXIIapoBoMy mpoctopi MM [27].
[ikaBo Bifx3HauuTH, IO i Yy pasi iHTepKaJIAIii moi-
¢dropoBanux ITAP B rumnucri minepasu doi-Bif-
cTanb 36i/bIIyBagacs 3 Ii/BUIEHHSIM KOHIIEHTpAIlil
I[TAP, a askisbHi JaHIIOTH TPUHAMaJJNA PO3TAIIy-
BaHHS 6icJos1 apadiHOBOTO TUITYy 3 TOCTIHHUM Ky-
tom Haxuay (35°), Komu Kouientpaiis ITAP nepe-
umtyBasia KOE minepamny [33].

Hapemti, pesysbTat peHTTEHOCTPYKTYPHOTO
a”Hammizy OM B 6ypoBuUX po3umHAX Ha HATOBiil oc-
HoBi [34] nokasanu, mo [TAP-monudikaTopu 3 Be-
JIMKUM PO3MipOM Ta HU3bKUMM 3HAUYEHHAMH TiJpO-
dimbrO-MimodineHoTro 6amancy (IJIB) npuBoaATH
210 6ispiIoro 6a3anbHOI BifcTaHi Ta 0 JEruoro Biji-
JynryBasHs yactuHOk OM B HadTy, 110 3HAYHO TI0-
KPAIIyIOTb PEOJIOTiYHi BJIACTHBOCTi GYPOBHUX PO3UMHIB.

Mera gocaiaxeHHs

MerToro 1aHOTO TIOBiIOMJIEHHS € BUBYEHHS CTPYK-
TYPHUX 3MiH MOHTMOPUJIOHITIB HOBUX YKPAiHCbKUX
ponoBut y miporieci ixaboro Moaudikysanusgs KITAP
3 pi3HOIO JOBXKUHOIO JIAHIIOTA Ta KOH(iryparieo
paaukaJsiB, a Takox BrmBY npupou [TAP-momn-
(pikaropiB Ha miodimpricTs moBepxHi OM. Opep-
SKaHHS eKCIIepUMEHTAIbHUX 3aJIeXKHOCTeH BeJIMYMHN
MIXKIJIOUIMHHOL BiJICTaHi Y3[I0BXK OCi «C» KPHUCTaJIiB
moutMopuoHiTy (door) Big crynens moaudikysan-
HS Ta JIOBKUHU JIAHIIOTa OPraHivyHOTO i0Ha, a TAKOXK
isorepm ajcop6iii Bou Ta 6eH30y Ha MOAUdiKO-
BaHMX 3pa3Kax JacTb MOXKJHBICTb yCTAHOBUTH B3a-
€MO3B’SI30K, 3 OJHi€l CTOPOHHU, MixK 6Yy0BOIO opra-
HOKOMILJIEKCiB Ta pupozoio ITAP, 3 inmoi — mix
6y210BOI0 Ta TigpodisbHO-0pranodisbHOT TIPUPOI0T0
moBepXHI MoAM(piKOBAaHUX MiHEPAJTiB.

OG’€KTH Ta METOAU JOCJIiAKEHHS

O6’exramu pocaimpkenns 6yau 6enronitu Hero-
poToBchKoOTO, ToMammiibchkoTo Ta BapBapiBchbkoro
POMOBUI YKpaiHM. Ix xiMiunmit Ta MiHepaJIOTiYHU
cksaJ HaBeZieHo y [35]. /1yt MOpiBHSAHHS CTPYKTYP-
HMX 3MiH Ta BaactuBocteii OM (ra Ak cranzapr)
6y pocrimkeni aucnepcii Uepkacbkoro ta Ilu-
skeBcbKOTO Na*-MM. Metoinka 1iJIrOTOBKY TIPUPO/I-
HUX OEHTOHITIB /IO JMOCJi/PKEHHSI OIMcaHa paHile
[36]. Ilicast ountienHs ta nepeBeeHHs y Na-hopmy
3pasku Na-MM 3s6epirasucs y Bursiai 2 %-X BOJ-



184

ISSN 2413-7723. Enepzomexnonozii ma pecypcosbepesxenns. 2025. No 3

HUX CYyCIeH3iil, 106 YHUKHYTH YTBOPEHHS TPY/IOK.
3pa3Ku MorepeHbO aHAJIi3yBaal Ha JAMCIEPCHICTD
(sasepHuM KopessniiiHuM criekrpomerpoM ZetaSizer
NANO-ZS (Malvern Instrument, UK), Gasanbhy
MIXKIIAPOBY BiJCTaHb (peHTFeHiBCbKI/IM nudpakiriii-
muM (XRD) amasmizom), muToMy MOBEPXHIO Sy, Ta
€MHICTb KaTioHHOTO 06MiHy Ej (MeTomoM azcoporii
KITAP) [8]. 3a Besmuunamu E, Ta Sy, pospaxoBy-
BaJIM IiJbHICTh NoBepXHeBoro 3apsaay (o), K/ Mm%

o = T]O/Sym

ge no = (z F Ex) — nuroMmii 3apsj 4aCcTUHOK Ha
omgunmitio macu, Kin/r; z — BanentHicth ionis; F
— umcao MDapanes.

disuko-xXiMiuHi XapakTepucTUKH 006’ €KTIB [0-
CJTiKEeHHS HaBeleHi y Tabu. 1.

Xapaktepuctuku KITAP, nio BukopucTtoByBau-
cs1, naBeneni y tabu. 2. Bumgno, mo KITAP mpeacras-
JIeHi B OCHOBHOMY COJISIMHU YETBEPTHUHHUX aJIKiJIaMo-
Hi€BUX OCHOB, 1110 MiCTATb BYIJIELEBl pauKaln pi3-
HOI ZIOBXKUHU, IpUpoAK Ta KoHdiryparii. Ockinbku
npomucaoBoro Bunycky KIIAP B Ykpaini nemae,

Ta6muus 1. Ocnorni ¢pi3uKo-XiMiuHi XapaKTEPUCTHKH 00 €KTIiB JOCJIi A3KEHHS

Table 1. Basic physicochemical characteristics of the research objects

Basasnbia mixkmmo- | 1InTOMa TOBEPXHS Sy, | €muicTb o6Miny | ycruna
Cepenaniit . 2 .
. o IMMHHA BI/ICTaHb, M°/T Ex 1o azcop6uii | mosepxHe-
MonT™MOPUIOHIT | edeKTHBHMI N
. doot Na'-popm, HM | 110 agcop6- | 1o axcop6- KIIAP BOTO 3a-
(ponoBuiie) JiameTp uac- _ R
THHOK. MKM (mpm P/Ps = 0,4— | i napis 1ii 6aps- (cepenns), pany o,
’ 0,7)* BOIU uuka Mb Mr-eKB/1OO Tr I{]I/M2
HermnoporoBcbkuii 0,05-2,0 1,29-1,36 430 600—-660 95-120 (105) 0,155
Tomammiabeprnit 0,05-1,0 1,29-1,35 335 550-600 90-100 (95) 0,150
Bapsapiscekuit 0,05-2,0 1,28—-1,38 310 530-550 70-80 (75) 0,132
Uepracbkuit 0,05-2,0 1.28-1,32 320 520-585 71-85 (78) 0,129
[TuskeBCbKUi 0,05-2,0 1.29-1,38 428 730-755 95-105 (100) 0,128
* P/Ps — BigHOCHUII THCK MapiB BOIU.
TaGumuus 2. MizuKo-XiMiYHi XapaKTEPUCTHKU AOCTi)KyBanux Kationnux [TAP
Table 2. Physicochemical characteristics of studied cationic surfactants
Cepenns EdexTusna
Haiimenysanna ITAP . MOJIEKY~ KKM*, | MoJsexynsgpHa
Ximiuna dopmyra 3 ek
(yMoBHa TO3HAUKA) JgpHa | MOJb,/ M | ILJIOMIajiKa
Maca ®, HM?
(Oxrazenin) 6eH3 I MMETHIAMO- Yo 4
Hito xa0pua (OBJIM), XU [C1sH37N(CH3)2CH2CsHs]"CI 423,5 2,310 1,65
(Axin) puMeTuI6eH3UIaAMOHII0 H?%\I(_Cé{ s)zg{(;HzC(Sélz)] SCSI;
. ~ . = Ci2-18Hos37 12— 0, 103
xaopuy (Dodigen-226)*** 4 Cii— 24 %, Cis — 11 %, Cis — 7 %) 367,5 3,410 1,45
(TexcamenuT) TpPUMETUIAMOHI 10 i P
xaopuzt (Dodigen-1383), U/TA [C1sH3sN(CH3)3 ]'CI 319,5 9,0-10 1,30
(Creapuu) iuMeTun6eH3UIaMOHI 0 T 4
xaopua (Dodigen-1828), U [C1sHN(CH3)2CH>CsHs]"CI 423,5 2,310 ~ 1,70
Tpuxa0p6yTeH-2UII-TeKCATEIIII- [Ci6Hz-N(-CH-CH=CC1-CH,)3]"Cl~ 543.0 1,0-10° 1,56

amoniio xjaopug, YA

* KKM — KpuTM4YHa KOHIIEHTpAIlisl MilleJOyTBOpeHHs. ** V mosigomaenni 1 [36] (Taba. 2, ocTaHHA KOJOHKA) MOMy-
IIEHO JIPYKapChKy TOMUJIKY Y 3HaueHHsAX o (HM?), ki neo6xizno momuoxutu na 107!, *** Dodigen-226 — kationna

NTOBEPXHEBO-aKTUBHA DPEYOBMHA, KOMEPIiHHUI HPOAYKT,

orpumanmii Bix Hoechst (@pauxdypr, Himewunna). 3a

npanumu Bupo6HuKa, Dodigen-226 siBiisie co6010 IUMETHIATKIIGEH3HIAMOHI XTOPUL | MA€ YOTHPU TOMOJIOTH 3 JIOB-
xunoio sanmiora Cr2 (58 %), Cu (24 %), Ci (11 %), Cis (7 %). BMicT mOBepXHEBO-aKTHBHOI PEYOBHHH B

KoMepIiiiinomy mpoaykTi cranosutb 30—100 %.
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TO I JOCJIi/PKEHb BUKOPUCTOBYBAJINCS TIperapaTu
konrepHiB «Hoechst> Ta «BASF» (®PH), a Ttakox
CHHTE30BaHi COJIi, W0 y AEAKUX BHIIQJKaxX 0/JarT-
KOBO OYMIIAJIN TTepeKpHUcTai3allieio i3 cyminmenr op-
FaHiYHUX PO3YUMHHUKIB.

Ancop6iito KITAP rHa MOHTMOpHUJIOHITaX BHBYAa-
JU TIpW CHiBBifHOIIEHHI TBepAoi Ta pigkoi a3
T:P=1:40ra1: 500 Ta Bu3Hauasu 1o 3MiHi 1o-
BEPXHEBOTO HATATY, a TAaKOXK METOJIOM JIBO(MA3HOTO
tuTpyBanHs €nrtona [37, 38].

Besmuuny agcop6itii o6uncoBasn 1o GopMy.Ji:

a= (CO - Cp) V/m,

ne Cy, C, — BuxigHa Ta piBHOB)KHA KOHIIEHTPAIii
ITAP; V — 06'eM cucteMu; m — Maca aJcOpOeHTy.

[Tpu 11boMy eJIeKTpUYHY MPOBiAHICTD AnCHEPCiii
BHU3HAYAJM 34 JIONIOMOT0I0 MOCTA MEePEMiHHOTO CTPY-
my P-5021 («Touenekrponpuian», Kuis) y tepmo-
CTaTOBaHil KOMipIli 3 TJATHHOBUMU eJeKTPOAaMM
mwiomero 1 ecM? Ta nocriiinoo komipku 0,3 cMm™!, Be-
quynHy pH mmcnepciit — 3a momomoroio ioHOMipy
IB-74.

KisnbkicHe oOrpyHTYBaHHS Mpolecy Moaudiky-
BaHHS Ha TpuUKJIaai HemopoToBcbKOTO MOHTMOPHIIO-
uity ta J{opirena-1383 (Cys) HaBemeno Ha puc. 1 ta
2. Ioni6GHi 3asesKHOCTI Aal0Th MOXKJUBICTb pO3pa-
XyBaTu HeoOXiHi KOHIIEHTpaIlii Ta KiJbKiCTh MOJM-
dikaropa B pospaxyuky Ha 100 r MM amnsa 3a6es-
MEYEHHST TOTO YW iHMIOTO CTyTeHS MOAn(iKyBaHHS
npu ganomy chiBBigHomenHi T : JK. Ileperun na
KpuBiii enekrponposigHocti y (puc. 1) Brasye Ha
HaOJIMIKEHHS] HacM4YeHHsT eMHOCTi o6Miny MM opra-
HiYHUMY KaTiOHaMU.

JocmiKeHHs CTPYKTYpH BUXIAHUX Ta Momudi-
KOBaHUX MOHTMOPWJOHITIB 3[ifiCHEHi peHTreHorpa-
(piunuM MeTOIOM Ha PEHTTeHiBCbKOMY A paKkToMeT-
pi IPOH-YM1 3 neoma ttimmaamu Cosuiepa 3 hifbT-
poBaaM COKq-BUIIPOMiHIOBAHHAM TIPH TBUIKOCTI
sfiomkn 1°/xB. bBaszanpHy MixkimmapoBy BifgcTaHb
(doo1) pospaxoByBasm 3a piBHsHHAM Bperra:

2d-sin®=na2},

e d — wixkmaposa Bigcranb (doy, HM); 6 — penrt-
TeHiBCbKMH KyT MaJiHHS; A — JIOBXKHMHA XBUJI
CoKai-unpominosansst (0,179 uHM); n — nopsiiok
BiOUTTA.

[Mutomy moBepxHiO (Sy,) 00’€KTiB OIiHIOBAIN
o azacop6iii mapiB Boau [8], a Takoxk 1o ancop6-
1ii GapBHUKa MeTuaeHOBOro GaakurHoro (MB) rta
karionnux IIAP 3 po3umHiB Ta pospaxoByBaIu IO

12

a, Mr-eKB /T
=
[y+]
10°, Cim / oM

s

0.8 1

0.6

0.4

0,24

0.0 T T T T T 0.0
0 20 40 60 &0 100 120

Kinekicte [Jogirena -1383 (C,;), mr-eks / 100 1 rnuaHn

Puc. 1. 3anexuictb agcop6uii doairena-1383 (1) na He-
noporoBcbkoMy Na-MM Ta nmuToMoi esieKTpOoIpoBiAHOCTI
(2) mucmepciit Bix BuxigHOi Kimbkocti ITAP y posunmi,
BigHecenoi 1o 100 r TBepaoi dasu.

Figure 1. Dependence of the adsorption of Dodigen-1383
(1) on Neporotovsky Na-montmorillonite and the spe-
cific electrical conductivity (2) of dispersions on the ini-
tial amount of surfactant in the solution, related to 100 g
of the solid phase (T = 293 K, ratios of solid and liquid
phases S : L =1 : 500.

a, MMOnb/T

0.8

0.6 1

———

0.4 4

0,2 4

0.0 T T T T T
0.0 0.5 1.0 1.5 20 2.5 3.0

Cpx 10* Mons/n

Puc. 2. Izorepma amcop6iii Jomirena-1383 na Hemnopo-
toBcbkoMy Na-MM (C,, Mosb,/JT, — PiBHOBaKHA KOHIIEHT-
parig ITAP).

Figure 2. Adsorption isotherm Dodigen-1383 on
Neporotovsky Na-montmorillonite at T =293 K and S :
L=1":40.
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dopmy.i:
Syi = am N 0,

Jle ap — EMHICTh MOHOIIIApPY, MMOJIb/T; N — 4YHCJI0
ABorazpo, MoJib '; @ — MOJIEKYJISIPHA <II0CaIKOBa»
Ioma agacopbaTy NpH IJIOCKO TapaJesbHiil opieH-
Tanii Ha MOBepXHi y IMiJIbHOMY MOHOLIAPY: JJIA
Boau w = 0,108 uM?, a nia MB w = 1,35 um? [8].

ITpo BB MogmudixyBaHHS Ha JiodinbHI BJac-
TUBOCTI OPraHONOXiJHUX MOHTMOPUJIOHITIB CyAUJIN
3a BeJIMYMHAMK acopOIlii mapiB Bogu Ta GEH30JY,
a TAKOX TENJIOTH 3MOYyBaHHS BOJ0I0 MOAM(iKOBa-
uux MM. Ancop6iiist mapiB A0oCTisKeHa 32 TOTIOMO-
roi0 BaKyyMHOI a/IcCOPOIiHOI yCTAHOBKH C KBapIo-
BUMU NPYKWHHUMHU BaramMu Mak-Bena Bakpa [8], a
BU3HAYEHH4 iHTErpajbHOI TEIJIOTH 3MOYYBaHHS BO-
JIOI0 BUXiIHUX Ta OpTaHO(]iIbHIX MOHTMOPUJIOHITIB
BUKOHYBAJIU 32 JIOTIOMOTOI0 a/1iaGaTUYHOTO KaJIOpU-
MeTPY, KOHCTPYKIig AKOTO Ta METOJAUKA €KCIIePUMEH-
Ty JIeTaJdbHO omucani y po6otax [8, 9].

Crpykrypa Ta rigpodiibpHo-
opranodiibHa nMpupoaa
MOBePXHi MOHTMOPUJIOHITIB
VKpPaiHChKHX PO/OBHII,
Mou(iKOBAaHUX AJIKiJaMOHIEBUMU
kariounumu [TIAP

Ananis oucppaxmoepam
euxionux ma moougpixosanux
MOHMMOPUSONIMIE PIZHUX POOOSUUL

Ha puc. 3—8 HaBegeno ob6sactb Maiux 20-KyTiB
mudpakrorpam Buxiganx (Na™-hopm) Ta opranosa-
MillleHUX MOHTMOPHUJIOHITIB Pi3HUX YKPAIHCbKUX PO-
moBuil, a y Ttabj. 3 miCyMOBaHi BiANOBiTHI 3HA-
yeHHd 6azanbHuX MiIomuHHuX Bigctaneit (dgor)
Ta BiTHOCHI iHTEHCUBHOCTI pedJieKciB (I, Mmm).

Ax BugHO 3 puc. 3, AJg BUXiAHUX MOBITPSHO-

cyxux Na'-dopM MiHepasiiB XapakTepHi Bimo6pa-
srerust 3 door = 1,32—1,38 HM, 1110 BKa3ye Ha HasiB-
HICTb y MIXKIIOIIMHHOMY IIPOCTOPi MOHTMOPUJIOHi-
TiB 1-, 2-MOJIEKYJSIDHNX TIapiB BOAM HABKOJO 00-
MiHHUX KaTioHiB Na®.

IMigsumeni suavenust doy = 1,32—1,38 uM y
MopiBHAHHI 31 3BMYaiitHumMu s Na'-dopmu 10-
B’s13aHi i3 6e3/1a[HIMU YEePryBAHHSIMU TiIPATOBAHUX
ognomaposux (1,26 HM) Ta ABOIIAPOBUX IIAKETIB
(1,52 M) MM, mo UPU3BOANTD [0 yCEpPEeHEHHS
door. Coabruii pedaiexc i3 door = 1,007 um Ha peHT-
reHorpamMi BapBapiBCbKOTO MOHTMOPUJIOHITY 3B’s-
3aHMI 3 HEBEJMKUMU JOMIllIKaMu KaoJiHiTy. Binbm
ITMPOKi, MEHIIT iHTEHCUBHI Ta HeCUMeTPUYHi Audpak-
niiini MaxkcuMmymu y Bunajky Yepkacbkoro ta Bap-
BapiBCHKOTO MOHTMOPHJIOHITIB CBi/T4aTh MPO GiJIbITy
HEJIOCKOHAJICTb CTPYKTYPH Ta BiJICYTHICTD MTOPSIIKY
Yy B3a€MHOMY PO3TalllyBaHHi MIAPiB y MOPIBHAHHI 3
HenoporoBcbkuMm Ta ToMamimiJbCKUM aHaJIOTaMMU.
I/UIMOBipHO, 1le 3B’S3aHO 3 TEOJIOTIYHUMHU yMOBAMU
TMOXO/PKEHHH IIUX MiHEpPaJIiB.

Y pesysbrari B3aeMo/ii MOHTMOPHWJIOHITIB 3 BO-
naaumu pogumHamu  KITAP (askisaMoHiEBUX cO-
neit), ge o6MinHi ioHn Na* 3aMily0TbCs BEIMKUMU
OpPraHiuHMMHU KaTiOHAMU, CIIOCTEPITaeTbCd Pi3Ka 3Mi-
Ha audpaxuiiinoi kaptuan (puc. 4-8).

Ak BugHO 3 puc. 4—8, aacopo6iiis dogirena-1383
Ha yciX MOHTMOpPUJIOHITaxX B KijbkocTi 110 Mr-exB,/
100 r raMHM CYNPOBOJUKYETHCS CHJIBHUM 3MillleH-
M Gazambaoro peduercy dooy yOik MeHmmx Gpe-
riBcbkux 26-kytiB Big 1,35 10 1,96—2,40 um. OHo-
YacHO 3 ITUM 3MEHIIY€EThCS iHTEHCUBHICTD YU 3HUKAE
peduekc i3 door = 1,35 HM, 10 BiJOBila€ BUXiIHO-
My Na-MM. TlosiBa 6azasibhux pedJiekcis i3 dop =
1,96—2,40 HM OJHO3HAYHO CBi/[YUTDH TTPO TPOHUKHEH-
HS BEJMKUX OPraHivHUX KaTiOHIB Yy MiXKIIapoBUi
MIPOCTip MOHTMOPUJIOHITIB T2 YTBOPEHHSI OPTaHOKOM-
ILJIEKCIB 3 PI3HUM PO3TALyBaHHAM BYTJICLIEBUX JIAH-
IOTiB woA0 6asanpHoi (ab)-mIomuHN Kpucrais.

Ta6mmua 3. Baszaapni MiskmapoBi Bigctadi dg; MOHTMOPHJIOHITIB Pi3HMX YKpPaiHCHKUX PO/IOBHII,
moaudikoBauux [Joxirenom-1383 3 gosxunoro gaumora Cis (110 mr-exs /100 r)

Table 3. Basal interlayer distances dy; of montmorillonites from different Ukrainian deposits
modified by Dodigen-1383 with chain length C (110 mg-eq/100 g)

Oparosonmsopmaonis | (0o BN T gy [ L o [ i
Henopotosebkuit + loairen-1383 1,36 /3HuKae 2,12 123 - -
Tomarmmiabebkuit + Jomiren-1383 1,35,/ 3HHuKaE 2,42 118 - -
Bapsapiscoekuit + [loairen-1383 1,38/5 1,97 100 3,80 37
Uepracbkuii + [Joniren-1383 1,32/3 1,96 60 3,54 40
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Puc. 3. O6mactp manmux 20-kyTiB audpaxTorpaMm Buxin-
nux Na-MM ykpaincbkux pogosuni: 1 — Henoporosch-
kuil; 2 — Tomamminbebkuit; 3 — BapBapiBebkuit; 4 —
Uepkacbkuii.

Figure 3. Region of small 26-angles of diffractograms of
initial Na-montmorillonites of various new Ukrainian de-
posits: 1 — Neporotovsky; 2 — Tomashpilsky; 3 —
Varvarivsky; 4 — Cherkasy.
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Puc. 4. MajokyroBa 26-o6sactb audpakrorpaMm BUXIi-
uoro (1) ta mogudikoBanoro HemopoToBCbKOTO MOHTMO-
puwionity (2) B kimpkocti 110 mr-exs [logirena-1383 ma
100 r roauHy.

Figure 4. Small 26-angle region of diffractograms of the
original (1) and modified Neporotovsky montmorillonite
(2) in the amount of 110 mg-eq of Dodigen-1383 per
100 g of clay.
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Puc. 5. MaJjokytoBa 260-06JsacTb AndpakTorpaMm BUXi-
noro (1) Ta momudirosarnoro (2) ToMaNIIiIBCHKOTO MOHT-
mopusionity 110 mr-exs [logirena-1383 na 100 r ramuu.

Figure 5. Small 20-angle area of the diffractograms of
the original (1) and modified (2) Tomashpilsky mont-
morillonite with 110 mg-eq of Dodigen-1383 per 100 g
of clay.
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Puc.6. ManokyroBa 20-o6sactb AudpaxTorpaM BUXiJ-
noro (1) ta momudikosanoro (2) UepkachbKoro MOHTMO-
pusionity 110 mr-exs [loxirena-1383 na 100 r ruunu.

Figure 6. The small 26-angle region of the diffractograms
of the original (1) and modified Cherkasy montmorillo-
nite (2) with 110 mg-eq of Dodigen-1383 per 100 g of
clay.
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Puc. 7. ManokyroBa 20-o6jacTb audpakrorpaMm BUXi-
Horo (1) ta moaudikoBaHoro (2) BapBapiBCbKOro MOHT-
mopustonity 110 mr-exs [logirena-1383 na 100 r rimnm.

Figure 7. The small 26-angle region of the diffractograms
of the original (1) and modified Varvarivsky montmoril-
lonite (2) with 110 mg-eq of Dodigen-1383 per 100 g of
clay.

Puc. 8. O6mactb manux 20-kyTiB AudpakTorpaM MOHTMO-
PUJIOHITIB Pi3HUX YKPAiHCBKUX POJOBHIN, MOAM]iKOBa-
Hnx 110 mr-exB [dopmirena-1383: 1 — HenoporiBcbkwuii;
2 — Bapsapiscbknit; 3 — Tomamminbebkuit; 4 — UYep-
KacCbKUil.

Figure 8. Small 26-angle diffraction pattern region of
montmorillonites from various Ukrainian deposits modi-
fied with 110 mg-eq of Dodigen-1383: 1 — Nepo-
rotivsky; 2 — Varvarivsky; 3 — Tomashpilsky; 4 —
Cherkasy.

HixaBo Big3HauuTH, 1o y Toit yac, ak Hemnopo-
ToBCbKUI Ta ToMmammijJbckuii MOHTMOPUJIOHITH
YTBOPIOIOTH TO OJHOMY OPraHOKOMILIEKCY 3 doo1 =
2,1-2,4 M, y Bunagky Yepkacbkoro Ta BapBapisch-
KOI'0O MOHTMOPWJIOHITIB 3a iHIIUX PiBHUX YMOB BUHU-
KaloTb 2 TUIIM OPraHOKOMILJIEKCIB 3 MiXKILJIONIMH-
aumu Bigcranamu (door) = 1,97 um Ta (dgor)2= 3,5—
3,8 M. MOXJMBO, 11e BKa3ye Ha IepenapoByBaHHS
Ta HEPIBHOMIDHICTDb y PO3NOALIL IIAPOBUX 3apA/diB
y laHuX MOHTMOPHUJIOHITIB 4M Ha KPUCTaJli3allilo yac-
TUHU OPTraHivHOi COJi HA 30BHINIHIN TOBEPXHi Yac-
TUHOK JJaHUX MOHTMOPUJIOHITIB.

Bnaue cmynens mooudpixyeanns
Ha cmMpyKxmypy opeaHonoxioHux
MOHMMOPUIOHIMIE

BB manoro dbaxropy Ha xapakrep 3miuu doo
JIOCJIiTUMO Ha TIPUKJIA/i HAlOiJbII JOCKOHAJIOTO 32
CTPYKTYypoio IIMKiBCbKOrO MOHTMOPUJIOHITY, MOJHU-
(ikoBaHOTO XiMIUHO YHCTUM OKTAEIHJI-OeH3UIIN-
mertunammoniss xgaopugom (OBAM) (puc. 9), rta
HemopoToBcbKOoro MOHTMOPUWJIOHITY, MoOAnuQikoBa-
HOro Hainoiabm ynctuM Jlogirenom-1383 3 16 atoma-
MU BYTJIENIO B aJiKigbHOMy paaukaji (puc. 10 ta 11).

Ax BunmBae 3 puc. 9, 3i 36ibIIeHHAM a1c0P6-
uii OB/IM 6asanbHa MiXKIIapoBa BiJICTaHb Yy MOHT-
MOPHJIOHITI 3MIiHIOETBCST CTPUOKOIIOAIOHO, TTPUIOMY
BHCOTA KOXKHOI CXOAWHKY MTPUOJIU3HO JTOPIiBHIOE TOB-
IMHi OJHOTO Iapy opraHiynmx Karionis (0,62—

24

doors A

20

10 T T T T T
0,0 02 0,4 08 0,8 1,0

a, Mr-eks /1

Puc. 9. 3anexuictp 6a3aabHOI MiXKILJIOIIMHHOI BicTaHi
doot TTH3KiBCHKOrO MOHTMOPHJIOHITY Biji BEJIMYHHU aAcop6-
uii OB/IM.

Figure 9. Dependence of the basal interplanar distance
doot of Pyzhevskyi montmorillonite on the amount of ad-
sorption of OBDM.
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Puc. 10. Basampui pedmexcu doot Ha mudpakrorpamax
HermopoToBChKOro OPraHOMOHTMOPUJIOHITY 3 Pi3HUM CTY-
neHeMm Mogudikysanus [loxirenom-1383, mr-exs /100 r
raunn: 1 — Na-dopma; 2 — 20; 3 — 50; 4 — 80; 5 —
110.

Figure 10. Basal reflexes door on diffractograms of Nepo-
rotovsky organomontmorillonite with different degrees
of modification by Dodigen-1383, mg-eq /100 g of clay:
1 — Na-form; 2 — 20; 3 — 50; 4 — 80; and 5 — 110.

(d\'-:\l)_ A

I~

T
0 2D 40 -] 80 100 120

Crynexb moand ikyBaHHA, mr-exe / 100 r

Puc. 11. 3anexnicts Mixknomuunoi Bigcrani dor Hero-
potoBcbkoro Na-MM Bix crynens moaudikyBannsa Jomi-
renom-1383 (Cip).

Figure 11. Dependence of the interplanar distance doos
of Neporotovsky Na-montmorillonite on the degree of
modification by Dodigen-1383 (Cis).

0,65 uM). Ha rpacdiky crioctepiraioTbesi [1Bi CXOINH-
KU, IO BiJIIIOBi/Ial0Th TPOHUKHEHHIO JBOX MOHOIIIA-
piB opraniunux kationiB OBJAM y wMixmapoBuii
IIPOCTip MOHTMOPHJIOHITY, AKi pO3TallloBaHi Iapa-
JIEJIBHO CUJIIKAQTHUM LIapaM.

Maroun cepeJHIO BEJMYUHY MUTOMOI ITTOBEPXHi
MOHTMOPHJIOHITY (Sy,~ 600 M? /T) Ta «IIOCAKOBOI»
mwionaaxku Mosiekyan OB/IM (o = 1,65 um?), pos-
paxoByeMo BeamunHy aacopOuii (ax), mo Biamosi-
JIa€ TIOBHOMY 3allOBHEHHIO TIOBEPXHI MOHOIIApPOM
MoaudikaTopa:

as = 600 / (6,023 x 165) = 0,60 MmMoub /T.

OrpuMaHe 3HAUEHHS ancopOIrii ayxe mo6pe Tmo-
TO/IPKYETHCS 3 €KCIePUMEHTAJbHOIO0 BEJIMUYNHOIO a/l-
copOr1ii, MO BiATIOBi/Ia€ TTEPEXOy BiJl OAHOIIAPOBOT
CTPYKTYPH IIPOHUKHEHHS /10 JBOIIAPOBO] 3 IIOCKOIO
Opi€eHTalli€l0 OpraHiyHuX KaTioHiB. TakuM 4YHUHOM,
OPTraHOKOMILJIEKC i3 [BOIIAPOBUM PO3IIUPEHHAM
YTBOPIOETbCA B MOHTMOPWUJIOHITI 3aZl0BrO [0 HacCU-
YeHHST EMHOCTI 0OMiHy MiHepaJy, KoTrpa cKiajae E ~
90—-95 mr-exs,/ 100 r raunu). Ile HOACHIOETbCS THM,
10 <«IIOCQIKOBA» ILJIONIA/IKA OPraHiyHOro KarioHa
B/IBiUi IIepeBepILyE IJIOILY, 10 IIPUXOJUTHCA HA O/IHY
ionHoo6Minmy nosuiio B Minepanti (o = 0,80 aM?).

Ha Bigminy Bix IInkiBCbKOTO MOHTMOPUJIOHITY
qudpakiiitna kaptuHa B3aemogii HemoporoBch-
Koro MoHTMOpuJoHiTy 3 [Toairerom—1383 (puc. 10,
Tabs. 4) imocrpye HeyXuIbHHI 3CcyB pediekcy Ta
36isbIeHHs 6a3abHOI MiKIapoBoi Bigcrai door 3
HiBUIIEHHAM CTyTeHd MoandiKyBaHHS OpraHiyHu-
Mu karioHamu. IIpu 1pomy 3asexxkHicTb door Biz Be-
suanHA agcop6iii Joairena-1383 mMae siHiiHUT BU
(puc. 11). BusHauuBIIM JOBKUHY OpPraHiyHUX KaTio-
wiB (L = 2,32 HM) Ta BeJMYNHY MiKIIAPOBOTO PO3-

Ta6muga 4. Basaabni Bigcrani do; Hemoporoscs-
koro Na-MM 3 pisuum crynenem MoaudikyBaHHs
Hoairenom-1383 (Cys)

Table 4. Basal do distances of Neporotovsky
Na-montmorillonite with different degrees of
modification by Dodigen-1383 (Cyc)

Cis, Mr- (doo)1, | Isimu. |(doot)2, | I Binm.
ekB,/100 r HM 0/., MM HM 0/., MM
0 (Na*-popma) 1,358 110 - -
20 - - 1,47 132
50 - - 1,68 135
80 - - 1,90 152
110 - - 2,12 123
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mupenns (Ad = dor — 0,94 = 1,18 HM), J1€TKO pO3-
paxyBaTH KyT HaXWJy JOBroi OcCi KaTiOHiB O CHWJIi-
katHoi moepxHi (a):

sin o =Ad/L =1,18,/2,32 = 0,51,

3Biaku oo = 31°, ipu upomy door = 2,12 um, a 0,94 1M
— TOBIIMHA CTPYKTYPHOIrO IaKeTa MOHTMOPHJIOHITY.

Orske, y laHOMYy BUIIQJIKY IepexXiJl Bii ofHOIIa-
POBOi CTPYKTYPU OPraHOKOMILIEKCY [0 ABOIIAPOBOI
BiJI6YBa€ETHCS TIOCTYOBO Y MIMPOKOMY iHTEepBaJi aj-
copOI1il KaTioHiB, 110, WMOBIPHO, BUKJIUKAHO HEPiB-
HOMIpHICTIO UM OCOGJUBUM PO3TOIIJIOM 3apsiiy B
mapax HemoporoBcbkoro MoHTMOpHJIOHITY. Takum
YUHOM, IIPU HU3bKUX CTYIEHAX 3aIIOBHEHHA I0BEPX-
Hi opraHiuHi KaTiOHM PO3TAIIOBYIOTbCA ILJIOCKO Ha
BHYTPIIITHI TIOBEPXHi MOHTMOPWJOHITY, TOMi SIK 3
pocToM © Bif6yBa€eThCs MepeopieHTallist anacopboBa-
HUX KaTiOHiB 3 TEH/JEHLIEI0 PO3TallyBaHHA IX IIij
NEIKUM KyTOM, TOAIGHO TOMY, SIK B OpPraHiuyHHX
kpuctanax [39]. OueBumHO, 110 BeJIUKI OpraHiuHi
KatioHu, mo saiiMaoTh mwiony o = 1.65 um?/ioH,
T06TO TLIOITy B 2,3 pasu GiJiblie, HiXK ILIONIA, IO
NIPUXOJAUTHCA HAa OAUH 3apsda]l Y MOHTMOPUJIOHITI,
CIIOYaTKy HeUTpasi3yloTb JInIle YacTUHY 3apsijiiB,
MepeKPUBAOYN CBOIMH Tipo(OOGHUMH JAaHIIOTaMU
inmy uvactuHy 3apsaiB. Hacrymua ioHoo6MinHA an-
copO1lisg KaTiOHiB TPU3BOJAUTDL /IO BUIITOBXYBAHHS
Ta BUPIBHIOBAHHA JIAHLIOIIB, Yy Ppe3yJbTaTi 4Y0ro
BOHU MPUNMAIOTh TOXUJIY OPi€HTAIil0 CTOCOBHO CH-
gikataux mapis. [Ipu 1bomy asicaTudni JTaHIIOXK-
KU KaTiOHiB IIParHyTh PO3TAIllOBYBaTUCA Ha MOBEPX-
Hi He BIJIOKPEMJICHO, a TPYIYIOYUCh B MOJIEKYJIAPHI
kpuctaan. OueBuaHO, 1O BimoOpaskeHHS 3 door =
3,5—3,8 HM, 0 crocTepiraloTbes Ha AidgpakTorpa-
Max Yepkacbkoro ta BapBapiBcbKOro MOHTMOPUJIO-
HiTiB, BIiJANOBiZAIOTb TAaKUM IIPOMiIXKHUM KOMILIEK-
caM, B AKHUX QJKiJAbHi JIAHIIOTM MOXKYTb PO3TallO-
BYBATHCSI y BUIJIII TIOXUJIOTO MOHOIIApy- a6o 6i-
cos1 mapagiHOBOTO THUILY.

Bnaue doexunu aanuioza
adcop60o6anozo opzaniunozo
Kamiona Ha MiXKNJAouuHHi éidcmani
68 OP2aHOMOHMMOPUNLOHIMI

Puc. 12, 13 rta Tabn. 5 HAlOTh YSIBJEHHS IIPO
BIUIMB JIOBXKUHU JIAHIIOTA OPraHivHOTO KaTiOHa Ha
CTPYKTYPY MiXKIIapoBOTo KoMmIiekcy HemopoToBch-
xoro MouTMopuioHity 3 J[omirenamu Cia-14, Cis
ta Cis mpu noctifiHoMy cTyreHi MoaudikyBaHHS
100 mr-exB. /100 r raunu. Ak BugHo 3 puc. 12, 3i

Puc. 12. Iudpaxrorpamu HermopoTroBcbKOro MOHTMOpPH-
Jonity, MoaudikoBanoro [lojireHaMu 3 Pi3HOIO JIOBXKH-
HOW ByraeBogHoro aanmioxkka: 1 — Dodigen-226 (Cio-
Ci); 2 — Dodigen-1383 (Ci6); 3 — Dodigen-1828 (Cis).
Crynenp monudikysanus — 100 mr-eks /100 r rauHu.

Figure 12. Diffractograms of Neporotovsky montmoril-
lonite modified by Dodigens with different lengths of
the hydrocarbon chain: 1 — Dodigen-226 (C12-C14); 2 —
Dodigen-1383 (Cis); 3-Dodigen-1828 (Cis). The degree
of modification is 100 mg-eq,/100 g of clay.
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Puc. 13. 3aneskuicTp MisKILTONMHHOI BizcTadi doot Hermo-
POTOBCHKOTO OPTAaHOMOHTMOPHJIOHITY BiJl IOBKMHU JIaH-
mora pisaux ITAP cepii Dodigen nipu cryneni mogudiky-
Banug 100 mr-exs /100 T raunu.

Figure 13. Dependence of the interplanar distance doos
of Neporotovsky organomontmorillonite on the chain
length of cationic surfactants of the Dodigen series at a
modification degree of 100 mg-eq,/ 100 g of clay.
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Ta6muus 5. Basaubni Miskmaposi Bigcrani doyy Hemoporoscbkoro Na-MM, moaudikosanoro KIIAP
cepii Dodigen 3 pisnoro gosxunow Janmiora (Ci-1s, Cis Ta Cis)

Table 5. Basal interlayer distances dy; of Neporotovsky Na-montmorillonite modified by cationic
surfactants of the Dodigen series with different chain lengths (Ci2-1, Cis, and Cys)

JloBxuHa (doon)1, I, BigH. of., (doo1)2, I Bign. ox., (doon)3, I Bign. ox.,
nanigiora KITAP HM MM HM MM HM MM
Na-¢opma 1,29-1,36 110 - - - -
Ci2-146 — Dodigen-226 - - 1,767 39 2,931 48
Cis — Dodigen-1383 - - 2,120 123 - -
Cis — Dodigen-1828 - - 2,052 68 2,931 74

3061JIbIIEHHAM JIOBKUHU BYTJIEIIEBOTO JIAHIIOTA Opra-
HIYHUX KaTioHiB-MO/M()iKaTOPiB CHOCTEPIiraeThes 3CyB
mudpakiiitHoro MakcuMyMmy Biji 6a3aIbHUX TLIOIINH
MOHTMOPHUJIOHITY B MaJIOKyTOBY 28-06J1acThb, TO6TO
10 GiJIbIII BUCOKUX MIXKIUIOIIMHHUX Bizcraneil. He-
o0xiiHo BifgHauuru, mo moaudikarop Joxiren-226
(Ci2-14), HacmpaBjii, € TEXHIYHMM IPOMYKTOM, MIO
MIiCTUTh TIOpsi/T 3 ajKkijpHuME JaHIioraMu Ci, GeH-
3iJ-paguKas, a TaKOX 3HAYHY KiJbKicTb Qpaxitii
Ci4-Cig; ToMy Ha peHTreHorpami Mo/u¢ikoBaHOrO
iM MOHTMOPHJIOHITY OJTHOYACHO NMPUCYTHi /1Ba BiZ06-
paKeHHS: BiJi opraHokomILiekciB 3 12 ta 18 arto-
MaM¥ BYIJIEIIO B JIAHI[IOJKKY OPraHi4yHoro KarioHa is
door = 1,76 Ta 2,93 1M BianoBigHO.

3anexxHictb MixKIUIONUHHOI BigctaHi dgor opra-
HOMOHTMOPUJIOHITY BiJl JOBXXUHHU JIAHITIOTa OpraHiyu-
Horo Karioma (gms. puc. 13) Ma€ EKCIIOHEHTHHI
BU/I. TOMYy 1110 PO3MipP «ITOCAIKOBOT» TIIOMIAAKNA MO-
aexkyu J{ogirena Ciy (w12~ 0,90 um?) smmie tpoxn
6iJIbIie TTONN, 10 TPUXOAUTBCS HA OIWH 3apsij Y
mouTMopuositi (0,80 uM?), T0 Hdoairen Ciz yTBO-
pIOE 3 MOHTMOPWJIOHITOM OJIHONIAPOBUWI OpraHo-
KoMILTeke i3 door = 1,76 HM, y sIKOMY OopramiumHi Ka-
TIOHU JIeKaTh Maiike IJI0CKO Ha mosepxHi (KyT Ha-
xuny o = 27°. Ilpu 6ifbiniii JOBXKUHI JaHIIOTA
(Ci6) azcopboBani opraniyni KaTionu yce O6iiblie
VIIiJIbHIOIOTBCA Ta BUIITOBXYIOTb OJMH OJHOTO,
npuitMaroun Gijbir Bucokuil Kyt Haxuiy (31°). Tlpu
posxuni manmioxkka Cis (loairen-1828) ta posmipi
«TI0CAIKOBOT» TIJIOMAAKY KaTioHa o = 1,65 aM? an-
cop6OBaHi B MiXKIIapOBOMY TIPOCTOPi MOHTMOPHJIO-
HiTy kKarionn Cis IpUIMAIOTh HAMOGIJIbII eHepTreTHy-
HO BWTi/IHY OPi€HTAIIIIO Mi/J] KyTOM J5°, IK B OpraHiu-
HUX KpucTtanax [39]. 3arajoM pesyJsbTaTé HAINUX
JIOCTT/IPKEHD Y3TO/PKYIOThCS 3 JIiTepaTypPHUMU JIaHU-
mu [25-27, 32, 34] HesBakaouu Ha Te, IO BOHU
OTpHMaHi Ha MOHTMOPUJIOHITaX Pi3HUX POJIOBUIIL.

TakuM 4YMHOM, CTPYKTypa OPTaHOKOMILIEKCiB
MOHTMOPHJIOHITY 3 aJIKiJIJaMOHI€BUMM KaTioHaMu

ckyIaiHoi KoH(irypailii IMOMiTHO BiZpi3HAETbCS Bij
TaKol )X CTPYKTYPH 3 KaTioHaMu JiHiiHOI hopmu [2,
3, 16, 18, 19, 21] Ta 3ameXuTh HE 30BCIM OJIHO-
3HAYHO BiJl JIOBXKMHU TOJIOBHOTO JIAHITIOTA MOJIEKY-
Ju, GyayYd OJHOYACHO (DYHKITI€I0 CITiBBiHOIIEHHS
«II0OCAIKOBOT» IIJIOIAAKN KaTioHa 0 IUTOMOI ILIO-
(i 3apAAy B CUJLKaTi, a TAKOX BiJl CTYIIEHA 3aII0B-
HEHHS MOBepXHi .

Bnaue ymoe npuzomyeanns
0OP2aHONOXIOHUX MOHMMOPULOHIMY
Ha 6ydosy ix mixwapoeoi 06.racmi

Ekcniepumenrtasibii gani 6araTboX JOCJIiJIPKEHD,
NpUCBIYEHUX GyI0Bi OPraHOKOMILTEKCIB IIapyBa-
TUX CHJIKATiB, HEPIKO PO3XOASATHCS MiXK cO60T0.
Ha 1io pos6iskuicts Bkazas i aBrop [19], sxuii ycra-
HOBWB, III0 Ha KiHI[EBY CTPYKTYPY Mi’KIIapOBUX Op-
TaHOKOMILJIEKCiB 3HAYHWI BILIUB POOGUTH METO/INKA
oJlepyKaHHsI OPraHONOXiIHUX TJIKH (30KpeMa, YMOBH
IIPOMUBAHHS Ta BUCYITYBAHHS ).

Tyt Mu xorinm 6 NmiJKpeCJuTH BasKJIUBICTb Bpa-
XYBaHHS IIfe OfHOTO (paKTopa, a came: YMOB 3[ilic-
HEHHS i0HOOOMiHHOT peakilii. MeToauku opmepkaH-
Hs OPraHO3aMillleHUX CUJIIKaTiB, 1110 3alPOIIOHOBAHI
B psii poGit [17, 21], 30BciM HETPUITHATHI /IS Ofiep-
SKaHHSI OPraHONOXiJHUX CUJIiKaTiB 3 BiJATBOpIOBa-
HUMU BJIACTMBOCTSIMH, TOMY II[0 B HUX He BPaXOBY-
I0TbCST KOJIOTHO-XiMiuHI 0COGJUBOCTI 06’€KTIB SIK
IJIMHUCTUX MiHepaJiB, Tak i I[IAP. ¥ mamiiii po6oTi
[40] 6ymo mokasano, 110 Ha BeJUUNHY aacopO1Iii Mo-
mudikaTopa Ta CTPYKTYpPy OPraHOKOMILIEKCA CUJIBHO
BILIMBA€E CHiBBifIHOMIEHHST TBepJoi Ta piakoi ¢a3
IIpH BUKOHAHHI MOAM(piKyBaHHS MOHTMODPHJIOHITY.
[lns omep:raHHs SIKicHOTO OopraHodiJIbHOTO Marepi-
ajJy 3 BiITBOPEHUMH BJIACTUBOCTSIMHU TIPOIlEC HEeob-
Xi/IHO BecTH IpH cniBBigHOMmeHHI T : Py Mexxax Biz
1:200 mo 1 : 500.

3 nanux TabJ. 6 BUILIMBAE, IO CTPYKTYpa Opra-
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HO3aMillleHOI0 MOHTMOPUJIOHITY AK€ iCTOTHO 3aJe-
JKUTD BiJl BUXiHOT KOHIleHTpaIii po3uuny moaudi-
katopa. Hampukiaza, sSIKIIo 3a iHIIUX PiBHUX YMOB
ancopbuis moquikaropa (Dodigen-1383) Bukomy-
€ThCS 3 PO3BEIEHNX PO3UYMHIB, TO BHHUKAE OTHOIIA-
poBa cTpyKTypa nponukueHHs 3 doot = 1,40—1,45 um,
SIKa MePEeXOJNUTD Y ABOIIAPOBY TPU 36iJIbIIEHH] CITiB-
BigaomenHs P : T > 100 : 1, npudomy, cyasun 3 Bij-
cytHi peduekcy 1,29 um, sgkuii Haaeskutb Na*-MM,
ioHHMIT OOMIH TOJIi TIPOTiKAE TOBHICTIO.

Ao MoaudikyBaHHg 3[iHCHIOETbCS 3 IOCUTD
Kounenrposannx (Mminenspuux) posunnis (0,03—
0,3 Mosb/ aM®), TO 06OB’SI3KOBO BiGyBaEThCS ajl-
copO1list Miles1, 1O CYNPOBOKYETbCS BUHUKHEH-
HAM BiZlpasy K [BOIIAPOBOI CTPYKTYpH IPOHUK-
Henust 3 dooy = 1,9-2,0 HM, TpUYOMY 3’SABJISAETHCS
nonarkoBuii pedaiexc 3,0—4,0 HM Big KpucTamiB op-
TaHiYHOI COJIi y BUTJIAMAL ABOIIAPOBUX CTPYKTYP Ia-
pacdiHoBOTO THIY, IO BUTIAIH 3 PO3YMHY Ha 30BHIIII-
Hilf TOBEepXHi MOHTMOPUJIOHITOBUX YacTHHOK. OcTaH-
HE MiATBEPKYEThCA TUM, 110 MiC/AA PETeIbHOrO Bijl-
MUBaHHS 3pasKiB cymimmno Boja : eraHosa = 1 : 1
neit pedaerc 3unkae. HeedeKTuBHICTD TAKOTO MO-
mudikyBaHHS 06yMOBJIEHA 1€ THM, IO Yepe3 TpH-
CYTHICTb MilleJI Ta TIPOSIBU CTEPUYHUX e(PEKTIB peak-
Iis i0HHOTO O6MiHY He TIPOTiKa€ /10 KiHIlg, OTpUMa-
Huil opraHoiNbHUI MPOLYKT 3aBXKAM MIiCTUTb He
amimeny ¢azy Na™-MM 3 door = 1,28—1,35 1M Ta

Ta6muus 6. Brime Buxiguoi xonuenrpauii (Co)
posuuny Dodigen-1383 (Cis) ma BeanuuHH MiX-
IJIOIMHHKX BijicTaHeil HemopoToBchKoro MoHTMOpPH-
Jonity mpu ioro momudikysanui (T : P =1 : 40)
Table 6. The influence of the initial concentration
(Cy) of the Dodigen-1383 (Cis) solution on the
values of interplanar distances of Neporotovsky
montmorillonite during its modification (S : L =
1 : 40)

Pedexc Bix Pedraexcn Big
Co, Na-dopmn OpPTaHOKOMILJIEKCiB
Moub /M’ (doo)1, (doo1)2, (doo1)s3,

um /1, MM M I, Mmm M /1, MM

0,0 1,29 / 120 - -

0,004 - 1,40 /88 -

0,008 - 1,45 /190 -
0,032 1,29/5 1,90 /65 3,27,/30
0,064 1,28 /10 1,92 /60 3,53/70
0,128 1,29,/10 1,94 /55 4,09,/73
0,320 1,29,/10 2,01,/32 4,42 /75

HelTpasbHi MOJIEKy i MoaudiKaTopa, siKi JIETKO BU-
JAIAI0TbCA IIPU IIPOMUBAHHI KiHIIEBOIO IIPOAYKTY.

Bnaue moodudpixyeanns KITAP
Ha 2i0pogiavricmb MOHMMOPUAOHIMIE
pi3HuUx yxpaincoKux pooosuul

Ak Bimomo [6, 7, 10—15], 3amina HeopraHiuHUX
0oOMiHHUX KaTiOHiB Ha opraHiuHi, 30Kpema, Ha JIOB-
rojaHiorosi ankizamoniesi ionn [Ri-N-RyR3R4]%,
€ nayxke edeKTHUBHUM METO/IOM PETYJTIOBaHHS He
TiJIBKU CTPYKTYpH, ajie i rigpodisbHOCTi / OpraHo-
(isbHOCTI MiHEpasiB, X afcOpOLIitHUX Ta CEJTEKTUB-
HUX BJIACTUBOCTEH, CTPYKTYPOYTBOPIOIOYOI 3/jaTHOC-
Ti opranivaux cepejoBuil. Po3Mipu, KoHiryparis
Ta XiMiyHa MpUpoa aJicoOpOOBAHIX OPraHiYHUX iOHIB,
a TaKOXK IXHA Opi€eHTalisd B MiXKIIAPOBOMY IIPOCTOPI
BU3HAYaIOTh Yy KiHIIEBOMY PaxyHKY MIXKIIApOBY BiJ-
craib doo1, CTYNiHb HAGPSIKAHHS Ta AOCTYIHICTH MO-
BEPXHi MapyBaTHX CUJIKATiB Ay copOIlii pedoBUH
pi3HOI MOJAPHOCTI, a TAKOX IXHIO 3JaTHICTb J0 Te-
JIeyTBOPEeHHsI. Y 3aJIeKHOCTi Bijfl po3Mipy, 3apsy
Ta IiJbHOCTI ymakyBaHHS ajcop6oBanux KIIAP
MO’KHa B IMIMPOKUX MeXKaxX peryJioBaTi po3Mip nop,
reoMeTPilo i eseKTpryHy Tororpadiio MoBepxHi yac-
TUHOK, a OT)Ke U ajcopOlliiiHe-ceJIeKTUBHI BJIACTHU-
Bocti MinepaimiB [6, 10—13, 15].

Ha puc. 14, a, 6 naBeneni izorepmu azcopOiii
1apiB BOAM Ha BUXIJHUX Ta OPraHo3aMillleHUX MOHT-
MOPWJIOHITaX 3 Pi3HUMHU cTyleHeM MoAu(iKyBaHHS
Ta JIOBXKWHOIO JIAHITIOTA KaTioHa-mMoaudikatopa, a y
Taba. 7 Ta 8 y3arajbHeHi BiAMOBiJHI CTPYKTYypHO-
azicopOItiitHi Ta TiApodibHi XapaKTepUCTUKH.

SAx BUIHO 3 HaBelEHWX JaHUX, 3i 36iJbIIEHHSIM
cTyneHss MoaudikyBaHHS Ta JOBXUHU JAHIIOTA Op-
raHiyHOro KarioHa crocrepiraerbes OiJbIn  HiX
S-KpaTHe 3MeHIleHHs aacopOilii Boau K B o6Jacti
MOHOMOJIEKYJISIpHOTO 3amoBHenHs (ay,), Tak i npm
noBHOMY HacuueHHi (As). AHAJOTIYHUM YHHOM 3Mi-
HIOETHCSI BEJMYMHA MUTOMOI MOBEPXHi 3a aacopl-
niero Boau (Sy,) Ta KigbKicTs 38’sg3an0i Boau (As).
Yce me cBiAYUTH PO 3MEHINEHHS TigpodiabHOCTI
TOBepPXHI MOJM(pIKOBAHNX MOHTMODPHJIOHITIB, IO
Moxke 6yTH TOSICHEHO GJIOKYBAaHHSIM AKTHBHHUX I[€H-
TPiB ajcopOilii BoAM — KUCHEBUX aTOMIB IMOBEPXHI
CUJIIKaTy — BYIJIELEBUMU JIAHIIOTAMU OpPraHidHuX
KaTioHiB.

OpnHouacHo 3 UM MoAn(iKyBaHHS 00YMOBITIOE
3MiHy dopmu i3otepM ancopOiii Boju Ta i1 mepexia
Bia onyknx (II tun no Bpynayspy) 10 yBirmyTux
(TIT i), 110 BKa3ye Ha 3MEHIIEHHsI eHeprii B3aeMo-
nii agcopbar — ancopOeHT.
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a, mMonb/r
a, mMonb/r
)

a, mMonb/r

Puc. 14. Isorepmu agcop6uii mapis Boan mpu 21 °C: a) na HemopoToBCbKOMY MOHTMOPHJIOHITI 3 Pi3HUM CTyTIeHEM
Moaudikysanus domirenom-1383 (Cig): 1 — 0,0 (Na-gpopma); 2 — 20; 3 — 50; 4 — 110 mr-exs,/ 100 r runy;
6) momudikosanomy Jlogirenamu 3 pizuoio goskunoio ganmiora: 1 — Ciz-14; 2 — Cis; 3 — Cis; B) Ha opranodiJbHUX
MOHTMODHJIOHITaX pisHUX yKpaincbkux pogosunl: 1 — UYepkacbkuii; 2 — Tomamminbebkuii; 3 — HemopoToBebkuii;
4 — BapsapiBcbkuii, mogudikoBanux [logirenom-1383 — 110 mr-exs,/ 100 r ruinnu.

Figure 14. Water vapor adsorption isotherms at 21 °C: a) on Neporotovsky montmorillonite with different degrees
of modification by Dodigen-1383 (Ci): 1 — 0.0 (Na-form); 2 — 20; 3 — 50; 4 — 110 mg-eq,/100 g of clay;
b) modified by Dodigens with different chain lengths: 1 — Ci-15; 2 — Cis; 3 — Cis; ¢) on organophilic montmo-
rillonites from various Ukrainian deposits: 1 — Cherkasy; 2 — Tomashpil; 3 — Neporotovsky; 4 — Varvariv,
modified by Dodigen-1383 — 110 mg-eq,/100 g of clay.

Tabmuusa 7. ApacopOuiiini Ta riapodinphi xapaktepuctukn HemopoToBChbKOro MOHTMOPUJIOHITY,
moaudikosanoro /lomirenamu, BU3HaYeHi Mo aAcopOuii Boau

Table 7. Adsorption and hydrophilic characteristics of Neporotovsky montmorillonite modified with
Dodigens, determined by water adsorption

o . . . Cryninp MopudikyBaHHS Jos:xuna maniora /oairenis
AncopGuiiini Ta FlIIpO(t)IJII?Hl Hopnirenom — Cyg, Mr-exs /100 r (apcop6uis = 110 mr-exs,/ 100 r)
XapaKTEPUCTHKH 110 BOJI
20 [ 50 [ 110 Cou | Cus | Cus
am, MMOJIb /T 3,07 1,58 1,09 1,16 1,09 0,99
Syn, M2/T 199,6 102,8 71,2 75,3 71,2 64,4
As, mmoub /T (ipu P/ Ps = 0,94) 8,22 4,99 3,78 4,26 3,78 2,10

Hpumimka. an — €MHICTD MOHOIIAPY; S — IUTOMA MOBEPXHsT; As — rpanmdna ajcopobuis; P,/ Ps — BigHocHuit Tck
napis Boju.

Tabmuus 8. AxcopOuiiini ta rigpodiJbHi XapaKTePUCTHKH OPraHONOXiJHUX MOHTMOPWJIOHITIB Pi3HMX
poaoBuil, Ykpainu 3 [oairenom-1383 (Cys)

Table 8. Adsorption and hydrophilic characteristics of organo-derivative montmorillonites from var-
ious deposits in Ukraine with Dodigen-1383

Azcop6uiitui Ta rigpodiabHi Cis 3i crynenem moaudikysanus 110 mr-exs,/100 r
XapaKTCpUCTUKU Hemnoporoscbkuit | Bapsapiscbkuit | TomamminbebKuit | Yepracbkuit
am, MMOJIb /T 1,09 1,19 1,69 2,56
Syn, M2/T 71,2 77,4 110,2 166,7

As, mmonb /T (ipur P/ Ps = 0,94) 3,78 3,95 5,46 6,29
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Taxa nosefiiHKa XapakTepHa /IS IepeBakHO TiJl-
podo6HUX TOBEPXOHb Ta MiATBEPIKYETHCI 3MEH-
IIEHHSIM TETJIOTH 3MOYYBaHHS MO/IM(DIKOBAaHIX MOHT-
MopuJoHiTiB [6, 10—13]. Oxnak, Toii ¢akt, 1Mo B
ycixX BUMAJKaxX aacopOIiss MOJIEKYJ BOJM HE TMaJla€
Jl0 HyJIsI, BKa3ye Ha Mo3aiuHuii rigpodiabHo-Tigpo-
(hobHMit xapakTep noepxHi OM.

Ha puc. 14, B 3icraBsieni i3orepmu ajcopOitii ma-
piB Boju Ha MOAN(DIKOBAaHWX MOHTMOPUJIOHITAX Pi3-
HUX yKpaiHcbkux pojoBunl. IlopiBHgSHHS i30TEepM
TIOKa3ye, 10 32 iHIMUX PiBHUX YMOB ONTHMaJIbHA
riapodobizaris mosepxui [loairenom-1383 crocte-
piraetbcs y Bunajky Henoporoschbkoro ta Bapsa-
piBcbkoro MoHTMOpusoHiTiB. Ile € migcraBoio st
MIPOSIBY MAaKCUMAJbHUX OPraHodiJbHUX BJIACTUBOC-
Tell caMe B LIUX /IBOX BUIIQ/IKaX.

3a BesquunHo© aacopbIlii Boau MomudikoBaHi
MOHTMOPHJIOHITH PO3TAIllOBYIOTbCSI B HACTYIHIiN 10-
cainoBHocti: HemoporoBcbkuii < BapBapiBebkmit <
Tomamminbebkuit < Uepkacbkuii. et psa ysroa-
JKYETbCSI 3 XapakTepoM opieHTalii @ ynaxkyBaHHS
OpraHiuyHUX KaTiOHiB HAa IOBEPXHi, a TAKOXK 3 MOCJIi-
JIOBHICTIO 3MiHU TIUTOMOI ITOBEPXHi 1O BOJIi Ta BeJIu-
YUHM TIOBEPXHEBOTO 3apsay aacopOeHty. AK moka-
3aJIM1 pe3yJIbTaTH HaIIUX MONEPeNHiX JOCJIi/PKEHb
[41], HasBHiCTH MOHOIIIAPY OIHAKO-
BO Opi€HTOBAHUX JUIIOJIIB a/ICOPO-
ifiHe OB’ s13aHOi BOAM HA TMOBEP-
xHi OM KpuTHYHO HEOOXiHA /IS
MaKCHUMaJbHOTO CTPYKTYypPOYTBO-
penast OM B opraniyHuX cepeo-
BUIAX: TMOBHA Jerigpataiiis OM
TSATHE 32 cO60I0 BTPATy WOTO 3/1aT-
HOCTIi /10 CTPYKTYPOyTBOpeHH:I. Ik
3’gacyBajiocss HaMu misHime [42],
3araJIkoBa poJib YHITOJISIPHO-a/I-
cop60OBaHOI BO/IN Y CTPYKTYPOYT-
BopeHHi opraHoreniB OM mosic-
HIOETHbCS BUHUKHEHHSIM TiraHTCh-
KUX JUTOJbHUX MOMEHTIB Ta J0-
JIATKOBUM iHAYKYBaHHSM Y BYyTJIe- ol o )

#
a ;f, messfnt

&, xfne/xe
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Hi, IIiJIbHICTh Ta 3HAK IIOBEPXHEBOIO 3apsiy, iCTOT-
HO BIJINBAa€ Ha iHTeHCUBHiCTb MixkdaszHoil B3aeMomil
3 IMCHePCiiHUMU cepeIoBUINA-MU Pi3HOI MOJISIPHOC-
Ti Ta HaBiTh HA CUJIM KOHTAKTHUX 3B 43KiB MiX dac-
tuHKamMu auctepcHoi dasu. Ile mposiByiseThcst Ha-
camIiepe]l y BiJiOBiIHITT 3MiHi JiOMiJbHUX Ta eTeKT-
PONOBEPXHEBUX XapaKTepUCTUK (TernoTn 3Mouy-
BaHHsI, BUGIPKOBOCTI TIpu ajicopOiiii mapiB Boau, GeH-
30Jly Ta IHIIUX OPraHiuyHWX PiAUH, BEJUYUHU 3apd-
ay Ta {-moTeHitiany) MoaudiKOBaHUX MOBEPXOHD, a
OT’Ke, Y Pi3KUX KOaryJIsIiifHO-TIeNTH3aIliHIX edex-
Tax, mo npusBoAaTh pizHi IIAP Ha BojHi Ta opra-
HiuHi aucnepcii MiHepaJiiB.

Haouny kaprtuny 3Miau JiogiJbHUX BJIACTHBOC-
teit i BrmmBoM MondikyBanasa KIIAP orpumano
HaMu Ha TpukJaai [InKeBCbKOTO MOHTMOPHJIOHITY
(YKpa’l'Ha). Taka moBe/liHKa € THUIIOBOIO MJIS YCiX
MOHTMOPWJIOHITIB, He3aJIe)KHO Bij pojoBumia. Ak
BUAHO 3 puc. 15, 3i 36iyabinenusam crymnens Moaudi
KyBaHHSI TOBEpXHi Ta,/a00 [MOBXWHHU BYTJIEBOIHE-
Boro Janmora iona ITAP rtennora smouyBaHHS BO-
JI010 Ta ajacopOllisi mapiB BOAM HA MOHTMOPHJIOHITI
Pi3KO 3MEHINYIOThCSI, TOi SIK aacopOIlist mapiB 6GeH-
30J1y, IO XapaKTepu3ye opraHoijbHicTb MOBepX-
Hi, 3pocTtae GiJblI HiXK Ha nopsaok. [Ipu gocsrHen-

P
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Puc. 15. 3aneskHOCTi iHTErpaJbHOI TerIoTH 3MovyBanHs Bozoio (1), emuocri

MOHOWIAPY 1pH ajcopoiii mapis Boau (2) ta Genszony (3) Ha ImKeBCbKOMY

Bnaue
moougpixyeanns KITAP
Ha alogpiavnicmo
MOHMMOPUIOHIMIE

OPraHOMOHTMOPHJIOHITI Bl cTynenss moaudikysanus (a) Ta [IOBXKUHH
naniora (6) opraniunnx Karionis [CaHont N (-CHo-CH = CCI-CHs)s], ne
n =1, 4, 10, 12, 16, 18.

Figure 15. Dependences of the integral heat of wetting with water (1), the
capacity of the monolayer during adsorption of water vapor (2) and benzene

(3) on Pyzhevsky organomontmorillonite on the degree of modification (a)

Ancop6riis I[TAP wa wMinepa-
JIaX, 3MiHIOIOYU IIPUPOAY iX IOBEPX-

and the chain length (b) of organic cations [CnHan+1N(-CH,-CH=CCI-
CHs)s]", where n =1, 4, 10, 12, 16, 18.
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Hi crynenst MogudikyBanus 1,5 Mosb /Kr abo 4ucaa
aromis Byremo (nC) B amidaTHuHOMY JAHIIOKKY
kariony IIAP, mo pgopisaioe 16—18, cmnocrepira-
€TbCA Maiixke TOBHA rifgpodobiszariis ta inBepcis
BJacTuBOCTel ToBepxHi MM.

[Tpuuunm pi3koro 3HMKEHHS TiZpodiabHOCTI Ta
MOCUJIEHHST OpraHo(iIbHOCTI MiHEpAJiB IiJIKOM 3pO-
3yMiJIi, BUXOJASAUYU 3 PaHille PO3IJISHYTOIO MEeXaHi3-
my agacopbuii TIAP (qus. [36]). Bonu nos’asani 3
6JIOKyBaHHAM KHCHEBOI moBepxHi MM ByrsieBo/iHe-
sumu (BB) maniioxxkaMu OpraHiyHUX KaTioHiB. Ak
purmBae 3 puc. 15(6), OM, moaudikoBani 10Bro-
nanorosumu KITAP (rpuxsopGyTen-2ui-rekcae-
[UJIAMOHIIO- Ta TPUXJIOPGYTEH-21I-OKTAAEINIAMO-
HiI0 XJIOpUAAMI), XapaKTepPU3YIOTbCs HalGiIbIIon
CIIOPiIHEHICTIO O OPraHiYHUX CEepPeJOBHI Ta MakK-
cuMasbHuM  Mikimaposum  posmmpenasM  (door =
1,92-2,50 uM). 3aBAAKHM 1[bOMY, a TaKOX 3aBISAKU
SICKPaBO BUPQ)KEHUM eJIeKTPOIIOBEPXHEBUM BJIACTH-
BOCTSIM, BOHU JIETKO HaOyXaioTh Ta JAUCIEPTYIOTHCS
y BYIJIEBOJHAX Ta OJiAX, BHACJIIJIOK 4OTO BUSIBJIS-
OTb BHWHSITKOBO BHCOKY CTPYKTYPOYTBOPIOIOUY Ta
3arymyBajgbHy 31aTHicTh [12, 43—45]. Bucoka cro-
pinnenictp noBepxHi OM j0 opraHiuHUX cepejo-
BHII TATBEP/PKYETCS HE TiJbKWU 30iJbITEHHSIM al-
cop6iii mapiB BYTJIEBOAHIB, ajie i ancopOIlieio op-
rafiuyHux pigus (CIUPTIB, KETOHIB, aMi/liB, HITPUIIIB
[11, 46], apoMaTHYHUX BYTJIEBOJHIB Ta iX TMOXiAHUX
[47]), a TakoK TOJITIIIEHHAM 3MOYYBaHHSI, JAUCIEP-
TYBaHHS Ta BUJIJIEHHS TEIJIOTH coJbBatallii [6, 43,
47]. TakuM 4MHOM, 3aJI€3KHO BiJ MPHPOIU PaaUKa-
JiiB, po3Mipy Ta KoH(irypartii ajcopboBaHUX KaTio-
uiB ITAP, ix opienTanii ta niiJibHOCTI ynakoBKU B
ajicop6uiitHoMy 1api MOXKHA B NIMPOKUX MeXKaX pe-
TyJIIOBATU MIXKIIAPOBY BiJCTaHb, XIMiUHYy IPUPOLY
Ta MO3alYHiCTb TIOBEPXHi, a OTXKe, i opraHodiibHi
BiactuBocti OM.

BucuoBku

IoHoo6MiHHA B3a€MO/Iisi MOHTMOPHUJIOHITIB Pi3-
HUX YKPaiHCbKUX POJOBUIN 3 KaTioHHUMHU ITAP (co-
JISIMH aJTKIJTAMOHI10) CYIPOBOKYETHCSI YTBOPEHHSIM
MIXKIIAPOBUX OPIaHOKOMILJIEKCIB, SKi 1al0Tb Ha PEHT-
reHorpaMax iHTeHncuBHi 6a3asibHi pedJeKcH 3 MiXK-
ILJIONUHHUMHY Bijcransamu B Meskax 1,67—3,80 HM.

Bceranossieno, 1o BeaMYMHA MidKIIAPOBOTO PO3-
mupenHs Ad Ta opieHTalist opraHiyHEX KaTiOHIB y
MIXKIIAPOBOMY IIPOCTOPi MOHTMOPUJIOHITY 3aJIexKaTb
Bijfl po3Mipy Ta KoHbIirypalii KaTioHa, CTymeHs 3a-
NOBHEHHS IIOBEPXHi afgcopboBaHuMu Kationamu (Be-
JIMYUHA aJICOPOITiT) Ta YMOB MPOBEICHHS i0HOOOMiH-
HOT peakIrii. ¥ 3aJIe3KHOCTI Bi/i BeJTMUUHU acOpOIIii
Ta JIOBXKUHHY JIAHILIOTa OPraHivHOro KaTioHa yTBOPIO-

I0TbCA OJHOLIAPOBI Ta JABOLIAPOBI CTPYKTYPHU IIPO-
HUKHEHHS 3 IIJIOCKOIO YU IIOXWUJIOIO0 OPi€HTaIliel0 BYT-
JIEBOJIHEBUX JIAHIIIOTIB.

[Toxaszano, 1o 3anexkuictb door Bif CTymeHs MO-
MGiKyBaHHS A8 Pi3HUX MOHTMOPWJIOHITIB MOXKe
MaTH CXOAMHKOTOAIOHUN uu JiHiiHUN BUI. K mpa-
BWJIO, IIPY HU3BbKUX CTYIICHAX 3alIOBHCHHS IMOBEPXHIi
(®) opraniuHi KaTiOHM YKJIQIAIOTHCSA TLIOCKO TOJ0
CIJTIKATHUX IIAPiB, TOJI SIK 3 POCTOM @ crocTrepira-
€TBHCST TXHS MEPEOPieHTAIlis Tl AeTKUM KyTOM < 55°
mo/1iGHO TOMY, SIK B OPraHiyHUX KpHUCTaJaaX.

[lepen6auaeThest, MO Pi3HUIIS Y BEJTMUUHAX MiXK-
IJIONIMHHUX BiZicTaHell OpPraHOKOMILJIEKCIB 3 O/iHa-
KOBUM OPraHiuHUM KaTiOHOM JJII MOHTMOPUJIOHITiB
Pi3HOrO reoJsIoriuHOro MOXO/KEHHS I10B’s3aHa 3 Be-
JIMYMHOIO 3apsi/ly Lapy Ta HEO/JHaKOBUM Xapakre-
POM PO3NOAITY 3apsAAy B CTPYKTYPHUX IIapax BU-
BUCHUX IIAPYBaTUX CHUJIKATIB.

[Toxkaszano, 1o ymoBu MoauGiKyBaHHS MOHTMO-
PUWIOHITY Ta, 30KpeMa, BUXi/lHa KOHIIEHTpaLid po3-
yHy MoJudikaropa 6arato B YoMy BU3HAYAE CTPYK-
TYypy KiHIIEBOTO TpOAyKTYy MoaubiryBanus. J[lis
oJlepKaHHs OPTraHoO3aMillleHOro MOHTMOPUJIOHITY 3
Bi/ITBOPEHUMU BJIACTUBOCTIMU MOAM(iKyBaHHS HEOO-
Xi/IHO BECTH 3 PO3BEICHUX JOMIlleJAPHUX PO3YNHIB.

MoaudikyBanHsi MOHTMOPHUJIOHITIB KaTiOHHUMHU
ITAP cynpoBo/pKyeTbes pi3KUM 3MEHIIEHHAM Iifpo-
dimpHOCTI TX TTOBEpXHi, SKa 3aT€KUTHh Bijl CTyHeHs
MouiKyBaHHS Ta TOBXUHM JIAHITIOTA OPTaHiYHOTO
kationa. OnrumanbHa Tifipodo6isallis MOBEpXHi J10-
cATaeThCs y BUMAJIKY MOHTMOPUJIOHITIB HeropoToscb-
Koro Ta BapBapiBchbKOTo poAOBHII, IO € MiCTaBOIO
JUIS IIPOSIBY MaKCUMaJbHUX OpraHodiJbHUX BJac-
tuBocteii. OgHak To#l akT, MO B yciX BHUIIAIKaxX
aIcopO611isi MOJIEKYJT BON He Ta/[a€ J0 HyJIsI, BKa3ye
Ha MO3aivHuil TigpodiabHO-TiApodo6HINH XapaKkTep
noBepxHi OM.

Ha migcrasi 3anesxHOCTel iHTETpaTbHOI TETJIOTH
3MOUYBaHHS BOJIOI0, a/icopO1Iii mapiB Bogu Ta 6eH30-
gy Ha MojesbHOMY [ImKeBCbKOMYy OpPraHOMOHTMO-
puJIoHITI BiZ cTynensa MoaudikyBaHHA Ta JTOBXKUHU
JIaHLIOra OPraHivyHUX KaTiOHIB OTPUMAHO iHTEIrpaJib-
HY KapTHHY 3MiHU JIiODIiJbHUX BJIACTUBOCTEN TTijT
BIIBOM MoaudikyBanus xarionnumu IIAP. Maxk-
cUMaJibHa OpraHo(iJbHICTh MOBEPXHi cHocTepira-
€TbCSA TPU JOCATHEHHi cTyneHsa MoaudikyBaHHS
1,59 MoJb /KT Ta 4KCJIa aTOMIB BYIJIEIIO B aicaTmd-
HoMy Januioxky iona ITAP nC — 16-18.
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Organophilic bentonites of Ukraine.
Part II. Structure and hydrophilic-organophilic
nature of the surface

Abstract. Using the methods of adsorption from solutions and X-ray analysis, structural chan-
ges in montmorillonites from various Ukrainian deposits after their modification with cationic
surfactants (salts of quaternary ammonium bases) were studied depending on their structure,
chain length, degree and conditions of modification. Based on the change in basal interplanar
distances doo1 in montmorillonite crystals, conclusions were drawn about the structure of orga-
no-montmorillonite derivatives and the orientation of adsorbed cations relative to the silicon-
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oxygen surface. The dependences of do1 of organomontmorillonite from the Pyzhivsk and
Neporotovsk deposits on the degree of modification with octadecyl-benzyl-dimethylammonium
and hexadecyl-trimethylammonium chlorides were obtained, on the basis of which it was con-
cluded that at low surface filling, organic cations are located flat on the surface. At higher
filling, their reorientation is observed at a certain angle < 55°, similarly to that in organic
crystals. Tt is assumed that the difference in the values of the interplanar distances of organo-
complexes with the same organic cation for montmorillonites from different Ukrainian deposits
is explained by the different magnitude of the layer charge and the unequal nature of the
charge distribution in the structural layers of the studied layered silicates, which are associated
with different geological origins. By adsorption of water vapor and benzene on modified mont-
morillonites, the mosaic hydrophilic-hydrophobic nature of their surface was estimated and its
connection with the structure of organo-derivatives and the chemical nature of the surfactants
used was discussed. An integral picture of the change in the lyophilic properties of montmo-
rillonite under the influence of modification by cationic surfactants was obtained. Bibl.47,
Fig. 15, Tab. 9.

Keywords: bentonites, montmorillonite, cationic surfactants, interlayer adsorption, diffracto-
metric data, arrangement and orientation of organic cations, surface hydrophilic-hydrophobic

properties.
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