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Natural gas is currently a hotly debated topic both from an
environmental point of view due to the production of CO, and
from an economic point of view. The article is focused on the
analysis of selected energy factors when burning natural gas
with a gradual increase in the hydrogen content in the fuel
mixture. In the article, the authors focused on modelling
combustion and the influence of hydrogen concentration on
heat flows from flue gas in a thermal aggregate. The aim of the
authors is to point out changes combustion in the thermal
aggregate using document analysis and calculations. By
gradually increasing hydrogen in natural gas, it is possible to
prove the effect on heat flows during the exchange of heat from
the flue gas to the heated material. According to the results, it
can be concluded that increasing the content of methane in
natural gas changes the nature of the combustion of the mixture.
The combustion temperature increases, heat flow density, on
the other hand, the volume of flue gas converted to 1 m3 of fuel
decreases. An important factor that positively decreases in this
is the CO, emission factor.
KEYWORDS
natural gas, hydrogen, combustion, heat flow, flue gas

1 INTRODUCTION

The objectives of the EU Energy Policy clearly set priorities in all
areas, both in industry and in the municipal sphere. The next
control point is in 2030. An important goal is the reduction of
CO, emissions and their complete elimination by 2050
[European Parliament 2021]. Reducing emissions is possible
based on the modification of existing technologies or
innovations to carbon-free technologies. According to the goals
of the Energy Policy, the reduction of CO, emissions should also
be carried out through energy savings, especially in large
aggregates such as e.g. also heating furnaces.

A reduced consumption of chemical and electrical energy in the
process of the charge heating in the furnace means lower total
carbon dioxide emissions that negatively affect the natural
environment [Bialik 2022, Gil 2016].

Reduction of energy consumption is currently possible with the
help of optimization tools for more efficient use of energy and
simultaneous monitoring of produced emissions. Such a tool is
also smart systems for monitoring and optimizing the

combustion process, as they were dedicated to, for example,
authors [Holubcik 2022, Yeromin 2015].

In Slovakia, natural gas is mainly used in the municipal sector for
water heating and heating. According to the latest SODB 2021
statistical census, 67.9% of houses in Slovakia are connected to
gas and 66.2% of apartments use natural gas as the main source
of heating [SODB 2021].

In industry, natural gas is used mainly in large heat aggregates
such as heating and melting furnaces [Straka 2019], boilers in
heating plants and power plants, etc. However, some heat
aggregates also use other technical or synthetic gases. The use
of technical gases depends on the technology where such gases
can be used, such as in [Gil 2011].

According to the current situation of energy availability for
consumers, from the point of view of more efficient use of
natural gas, other energy devices are also important, namely
cogeneration units, which are also used directly for biogas
[Kocanova 2014] or directly in industry [Variny 2022].

Lively discussions are held on various discussion forums about
the possibility of replacing natural gas supplied from Russia with
other sources. Currently, these are mainly terminals where it is
possible to import and gasify liquefied natural gas, which is then
distributed to gas networks. These terminals are not yet enough
for the EU, so other possibilities are being sought to supplement
the missing capacities of natural gas from non-traditional
sources.

The main component of natural gas in Slovakia is methane, with
a content of more than 90 vol.%. If we look at the technologies
where methane is found, it could also be gas obtained from gas
degassing from mining activities, where it is possible to obtain
more than 70 vol.% of methane in the gas [Skvarekova 2011].
Another option to replace or subsidize natural gas with an
alternative is biomethane from biogas stations, where such gas
contains up to 96 vol.% methane, which would positively reduce
the CO, emission factor. Biogas stations would then have to
include methane separators, which are well analyzed in [Bobak
2012, Izak 2014]. So far, only one biomethane station has been
built in Slovakia in Jelsava [Potocar 2022]. According to expert
discussions, other biomethane stations are being prepared. In
any case, it can be concluded that there is potential for the
construction and operation of such facilities in Slovakia.

In connection with the acquisition of alternative gaseous fuels,
research was carried out in the field of underground gasification,
which is addressed by the authors in [Kostur 2015, Zelenak
2021].

In connection with the reduction of CO, emissions and at the
same time with the use of RES, the possibilities of using excess
amounts of electrical energy to store this energy in the form of
hydrogen are being investigated. One possibility is to use gas
networks to transport hydrogen in natural gas as a carrier and
recover it in separation units for other uses. Another option is to
subsidize existing natural gas from the gas network and mix it
with hydrogen for use in existing appliances. In this context, it is
necessary to ensure the interchangeability of such a mixture as
a substitute for pure natural gas. The interchangeability of gases
can be solved especially for devices that can also burn other
gases, such as e.g. [VIcek 2019]. The interchangeability solution
is at the expense of the combustion characteristics of the
combustible gas mixture created in this way.

Figure 1. Heating chamber furnace with heat input 5x100 kW
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For the future use of new technologies with hydrogen, it is
necessary to ensure enough sources of this energy carrier,
respectively to ensure a sufficient amount of it. The current
situation on the energy market in Slovakia and the possible
development of future production were described by the
authors in [Durcansky 2022].

The radiant energy of the flue gas can be used especially in the
combustion chambers of boilers and heating furnaces, where it
is possible to define a combustion space such as in Figure 1.
The shapes of the combustion chambers are different and
therefore it is necessary to precisely define this specificity in the
calculation models where the heat exchange is to be solved.
The problem of using hydrogen has already been solved by
several authors, but rather with a focus on the combustion of
hydrogen in the fuel mixture in gas turbines or combined cycles
such as e.g. authors in [Skordoulias 2022]. When solving
combustion and hydrogen production, they used modeling using
Aspen Plus software.

In the presented article, the authors focus mainly on the case of
heat exchange by radiation, where they mainly focused on the
change in emissivity and radiant energy flow from flue gas
depending on the increase in the concentration of methane in
natural gas. The goal is to prove the effect of the increased
concentration of hydrogen in natural gas on the combustion
properties of the gas fuel mixture created in this way. The
authors chose a calculation method with the aim of creating a
mathematical model of the combustion of a gaseous fuel
mixture. The goal is to analyse the combustion process using
combustion characteristics in heating units.

2 PROPERTIES OF NATURAL GAS

Slovakia operates a gas network that transports and distributes
natural gas to end customers. The gas network also includes
underground reservoirs, which are filled at the time of low
natural gas consumption (summer season) and at the time of
increased natural gas consumption (winter season), natural gas
is added from them to the gas network. The composition of
natural gas depends on the source of gas extraction, i.e. origin of
natural gas as well as recovery from underground reservoirs. The
costs of such gas are also related to this, as is also pointed out in
literature [Liptakova 2021].

CHy CaHs CsHs i-CaH1o n-CsH1o
vol% vol% vol% vol% vol%
92.7202 3.8488 1.1272 0.1934 0.1934
i-CsH12 n,neo-CsHiz CeH1a CO; N2
vol% vol% vol% vol% vol%
0.0452 0.0354 0.0567 0.9193 0,8879

Table 1. Natural gas composition (VIII. 2022, [SPP-Distribucia 2022]

Table 1 presents the composition of natural gas (VI11.2022), the
composition of which is stated in terms of the obligation of the
distributor SPP-Distribucia, a.s. [SPP-Distribucia 2022] publish
the average monthly composition of supplied natural gas. The
listed composition from Table 1 was used in the calculations in
the numerical model.

Relative . Low heating High heating
. Density
density value value
- kg.m3 kWh.m3 kWh.m3
0.6055 0.7421 9.854 10.912

High Wobbe’s Sulphur Emission factor
number content of CO:
kWh.m3 mg.m? tco2/T)

14.02 0.0412 56.36

Table 2. Natural gas - properties (VIII. 2022, [SPP-Distribucia 2022])
Table 2 is a continuation of Table 1 and lists the average
properties of natural gas. The values in Table 2 are given from
[SPP-Distribucia 2022] and are recalculated to the business
conditions of 15°C and 101325 Pa.
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Figure 2. Comparison of average annual concentrations of individual
components of natural gas in Slovakia (Adapted from [SPP-Distribucia
2022]

From the available information on [SPP-Distribucia 2022], an
analysis of selected parameters of natural gas, which is used in
Slovakia distribution network, was carried out. The analysis
concerned information on natural gas in the years 2005-20022.
Figure 2 presents the course of the average annual data of the
composition of natural gas since 2005.

From the given data, it is possible to observe a decrease in the
content of the main component methane CH,4 in natural gas by
3.87% points compared to 2005, which corresponds to a total
decrease of 3.97% points. On the other hand, there is a visible
increase in heating components, especially ethane C;Hg by 242%
compared to 2005, which represents a total increase of up to
233.04% points. Another significant change is also with propane
CsHs, where the content increased by 0.52% compared to 2005,
but overall, it represents an increase of 137.79% points. The
other heating components have also increased, but they are
small changes that do not represent a big value in the difference.
An item that is not low heating value, but therefore affects the
low heating value itself, is the amount of CO,, which increased
by 0.56% point compared to 2005, which in total represents up
to 268.07% points. The graph shows relative changes in the
composition of natural gas in the distribution network, which
determine the energy properties of natural gas in Slovakia.
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Figure 3. Average annual values of low heating value and emission factor
for natural gas in Slovakia for the years 2005-2022 (Adapted from [SPP-
Distribucia 2022])
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From Figure 3, it is possible to state the average annual increase
in low heating value by 0.0534 MJ/m3 as well as the CO, emission
factor by 0.048 tcoy/TJ. Until 2007, these values changed
minimally, but between 2008 and 2015, the average annual
values began to increase for calorific value by 2.25% and the CO,
emission factor by 1.39%, and from 2015, these average annual
values changed only very minimally. Nevertheless, there is a
tendency for growth depending on the changes that result from
the provision of a enough natural gas from various energy
sources.

3 HEAT TRANSFER

In furnace aggregates, heat is transferred by means of
convection, conduction and radiation. Several authors agreed
that heat transfer in industrial furnaces is carried out mainly by
the radiant component of heat. Already in 1919, V.E. Grim-
Grzimajlo drew attention to the irregularities in the heat
exchange in the furnaces in connection with the removal of flue
gas from the furnace. He did not know at that time that at a flue
gas temperature above 800°C, heat transfer takes place mostly
by radiation from the flue gas and to a lesser extent by
convection. It was only in 1924 that Schack [Schack 1924] was
the first to draw attention to the large share of the radiant
component of heat transfer to the batch in technical fireplaces.
The first calculation documents also come from this author. This
fact was also supported experimentally in 1939 [Brunklaus
1962]. Using the already known Nusselt formulas for heat
transfer by convection, A. Schack recalculated the heat transfer
in the hearth of a steam boiler and was able to prove that only a
quarter of the heat is transferred by convection and the rest is
transferred by radiation. In flue gas heating furnaces, at low
temperatures (less than 800°C), the share of gas radiation in heat
exchange is small [Schack 1969].

3.1 Radiant heat transfer

In most industrial furnaces, the temperature of the flue gas in
the furnace space is higher than 800°C, and therefore, in
accordance with the findings of A. Schack, the calculation of the
radiant component from the flue gas is very important. If we
focus on the composition of the flue gas, it can be concluded that
the main components are primarily CO, and H,0, which in the
heat exchange process can be defined as selectively glowing
bodies [Kizek 2021]. Depending on the composition of the fuel,
it is possible to add SO, to the mentioned glowing components
and, in the case of solid fuels, also ash. Most large heating
furnaces use gas as fuel and then these 2 components can be
neglected.
Because gases emit and absorb heat energy throughout their
volume, their ability to emit and absorb this energy will depend
on the temperature, but also on the number of molecules
through which the heat beam passes. The number of molecules
depends on the thickness of the gas layer lvp and on the partial
pressure pp (Pco,, Pr,o0)- The emissivity or luminosity of the gas
is therefore a function of temperature and the product py. Ly,
[Varga 1999]:

g9 = f(Tg,0p-lop) 1)
Tg-thermodynamical gas temperature, (K),
pp - partial gas pressure, (Pa),
Lyp - thickness of the gas layer, (m).
The dimensions of the combustion chamber are important for
calculations of radiant energy from flue gases, from which the
effective beam length I is calculated according to the relation
[Kizek 2021]:

4.V
leg = ﬁ-F—V 2

n- correction coefficient, (0,8 = 0,9),

V- volume filled with glowing gas (flue gases), (m3),

Fv- the area of the walls delimiting this space, (m?).

Various mathematical models can be used to calculate flue gas
emissivity, which are described e.g. in [Schack 1970] or others,
which are listed e.g. in [Pronobis 1993, Kostowski 1987]. For the
creation of the model, the approximation model according to E.
Kostowski was used, which is described in [Kostowski 1987, Kizek
2021].

The area density of the heat flux by radiation from the flue gas
can be calculated using the relation [Varga 1999, Ferstl 2016]:

ng * ng *
= — = — 3
ar gfg'co'(loo) C'(100) ®)

&y Total emissivity of the flue gases [Kizek 2021], (-),

co- Absolute black body radiation coefficient = 5.67 W/(mZ2.K4),
Tr- Thermodynamic temperature of flue gases, (K).

In the case of radiation from flue gas to the charge, the previous
relation extends to the form [Varga 1999]:

4 4
o =c|() - (2
T “I\100 100
Tm- Thermodynamic temperature of the heated material, (K),

c- Grey body radiation coefficient, (W/(m2.K%)),
ar- Radiation heat transfer coefficient, (W/(m2.K),

= a,.At 4)

At- The temperature difference of the flue gases and the body,
(°c).
3.2 Convection heat transfer

The heat transferred by convection to the heated material
ranges between 10-30% of the total heat transferred in furnaces
with high temperatures. It is customary to sometimes replace
this item with a correction factor of 1.1-1.3, which is then
multiplied by the radiant component. A more accurate
calculation is possible using Newton's relation for the surface
heat flux density [Varga 1999, Ferstl 2016, Brodnianska 2018]:
qc = ac.At (%)
ac- convection heat transfer coefficient, (W/(m2.K),
At- the temperature difference of the flue gases and the body,
(°C).
To determine a, it is possible to use the approximate formula
recommended by M.A. Micheev for convection heat transfer in
furnaces using the dimensionless Nusselt number [Varga 1999]:
N = 2t 6
u= (6)
L- characteristic dimension, (m),
A coefficient of thermal conductivity of the liquid, (W/(m.K).
- for laminar mode
Nu = 0.57.Re® (7)
- for turbulent mode
Nu = 0.032.Re®8 (8)
When creating the model, both components of heat transfer,
such as radiation and convection, depending on the flue gas
temperature, are considered.

4 NUMERICAL MODEL

The design of the numerical model was based on the parameters
of the combustion chamber, which was used for the numerical
model of the calculation of flue gas emissivity in [Kizek 2021].
Schematically, the furnace space is shown in Figure 4 and is
based on the actual dimensions of the heating furnace in Figure
1.
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Combustion chamber

1800

Figure 4. Dimension of the combustion chamber [Kizek 2021]

The mathematical model for the simulation of heat flows from
flue gases was based on knowledge obtained during simulations
[Kizek 2021]. However, in the new numerical model, the
calculation algorithm will be expanded to include items for
iterations of combustion temperatures and density of area heat
fluxes from flue gases.

The calculation of combustion temperatures is well described in
[Varga 1999, Travnicek 2020, Brodnianska 2018], so it will not be
mentioned in the text.

Algorithm
The algorithm of the numerical model was based on the
architecture of the model for flue gas emissivity calculations,
which is described in [Kizek 2021]. The algorithm was extended
by additional modules necessary for the calculation of the heat
fluxes of flue gas to the lining and the charge and from the flue
gas to the charge.
Input: Natural gas composition (Table 1); Excess combustion air
m= 1.1; Combustion air temperature t.;=20°C; Combustion air
Relative humidity = 60%; Barometric pressure = 101,325 Pa;
Natural gas temperature tfue=15°C.
1- Combustion statics; amount of combustion air; volumes and
composition of flue gases.
2- Natural gas low heating value Qn; physical heat of the fuel
Q;uel and combustion airQ(’;.r;
3- lterative calculation of adiabatic combustion temperature,
t_adiabatic, (°C);
4- Iterative calculation of theoretical combustion temperature,
t_theoretical, (°C);
5- Iterative calculation of dissociation combustion temperature,
t_dissociation, (°C);
6- Emission flue gases, &g [Kizek 2021];
7- Heat flow density - flue gases and flue gases on the charge;
8- Emission factor of CO, eco, , (tcoz2 )/TJ),

Veo

€co, = Q_z'pO,COZ- 1000 8
n

V¢o,- The volume of CO; in the flue gas from combustion statics,
(m3/m3fuel),

Qn - Low heating value, (MJ/m3sel),

Po,co,- Density of CO2 under the conditions (0°C; 101,325 Pa),
(kg/m3).

Output: combustion temperatures - adiabatic, theoretical,
dissociation, Combustion air volume, Vol.% CO; and vol.% H,0 in
flue gases, Flue gases volume, Heat flow density- flue gases and
flue gases on the charge, emission factor of CO,, Total input heat

f f
Qn +quel+Qair'

5 RESULTS

Graphical dependences of combustion temperatures and
combustion air were obtained from the simulations, which are
shown in Figure 5. The calculations confirmed knowledge from
the literature [Varga 1999, Svinolobov 2002, Brodnianska 2018]
that the highest combustion temperature is adiabatic, lower is
theoretical and the lowest is with dissociation, where the
dissociation heat of the flue gas components CO; and H,0 is
taken into account. From Figure 5, it is possible to observe an

increase in combustion temperatures depending on the addition
of hydrogen to the mixture with natural gas. Up to a hydrogen
content of 50 vol.%, there is an increase in combustion
temperatures from 35 to 39.3°C, which corresponds to
approximately an increase of 1.93% on average. From a content
of 50 vol.% H,, the increase is more significant, and this is an
average of 184°C, which represents 7.32%. Overall, the average
combustion temperatures increased by 184.1°C, which
represents a 9.38% increase compared to combustion with pure
natural gas.
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1950 . —

1900 ——t—""""
1850 P S S U S P S S S 0
0 10 20 30 40 50 60 70 80 90 100
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=-0.0828x +10.899
R*=1

Combustion temperature (°C)
Combustion air volume (m3/m3y,)

—e—t_adiabatic t_theoretical

—eo—t_dissociation —e— combustion air

~~~~~~~~~ Linear(combustion air)

Figure 5. Course of combustion temperatures and amount of
combustion air depending on the concentration of hydrogen in the
natural gas

On the other hand, there is a visible decrease in the required
amount of combustion air by 8.28 m3/m3¢,e;, which represents a
total of 75.97%. A linear dependence of the decrease is visible
from the graphic display.
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Figure 6. Course of the content of CO; and H,0 flue gas components and
the amount of actual flue gas depending on the addition of hydrogen to
natural gas

From Figure 6, it is possible to observe a non-linear decrease and
increase in the CO; and H,0 components of the flue gas while
maintaining the linear dependence of the decrease in the flue
gas volume with increasing hydrogen content in the mixture with
natural gas. In the case of CO,, it can be observed that up to the
content of 50 vol.% H, there is a smooth decrease of 1.85 vol.%
in the flue gas, which represents but 20.72% compared to the
initial value. The H,O component shows the opposite trend.
Here, with increasing hydrogen, the content of this component
increases, up to 50 vol.% H; by 3.1 vol.%, which represents an
18.12% increase compared to the original value. Subsequently,
the share of both components changes significantly
parabolically. In relation to the total amount of flue gas from 1
m3 of fuel, a linear dependence of the decrease in the volume of
flue gas emerged. In total, the volume of flue gas decreased by
8.82 m3/m3,e;, which represents a total decrease of 73.87%. This
significant decrease has an effect mainly on heat transfer by
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convection, where the velocity of flue gases is recalculated in the
dimensionless Reynolds criterion (Re).
The obtained results were subsequently used for other modules
of the numerical model, where the supporting part was the
calculation of heat flow density from flue gases. The obtained
calculation results are shown in Figure 7.
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Figure 7. Heat flow density of flue gas
From Figure 7, it can be concluded that the total heat flow
density from the flue gas does not change significantly up to the
content of 55 vol.% H; in the fuel or increases by 1.72%. The
decrease in total heat flow density from flue gas occurs only
from a content of 60 vol.% H, (6.53%), but it is a minimal change
to a content of 90 vol.% H,, by another 3.8%. From 90 vol.% H,,
the total heat flow density from flue gases will be reduced by
another 19.91%. The course of values can best be described by a
3rd-order polynomial regression, which is presented in Figure 7.
The shown step changes at the hydrogen content of 60 and 95
vol.% are caused by transitions when changing the regressions
of the mathematical model according to [Kostowski 1987].
The heat flow from the flue gas to the charge has an increasing
tendency up to a content of 95 vol.% H,, with an increase of up
to 24.21% with increasing content of H, in the fuel. When the H,
content is further increased, however, the heat flow density will
decrease by 9.47%.
The numerical model also included the calculation of the
Emission factor of CO,, which was obtained from combustion
statics and was converted to the calorific value of the fuel.
60
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Figure 8. Evolution of the emission factor depending on the addition of
hydrogen to natural gas

From Figure 8, it is possible to observe a non-linear decrease of
the CO, emission factor depending on the addition of hydrogen
to the fuel mixture. At 50 vol.% H,, the drop in the CO, emission
factor is 22.35% (12.52 tcoy/TJ) and at 60 vol.% H, the drop is by
another 7.81% (4.37 tco2/TJ). By further increasing the hydrogen
content in natural gas, a significant decrease in the CO, emission
factor is visible. On the other hand, the total heat, as the sum of
the low heating value and the physical heat of fuel and air, shows
a linear decrease in relation to 1 m3 of fuel. The calculations
showed that the total physical heat of fuel and air in the results

represented from 0.813-0.803% of the total incoming heat. A
more significant change would be with higher preheating of the
air, i.e. higher physical heat of the combustion air, but that was
not the goal of the calculations in this case.

6 CONCLUSIONS

The properties of natural gas can be influenced by mixing with
other gaseous fuels while maintaining the required properties.
Diversification of sources requires alternative solutions in case
of lack of primary source of natural gas. Plans to use renewable
energy sources, either in the form of biomethane or in the form
of hydrogen as a carbon-free fuel, can fulfil this goal.

The advantage of renewable gas sources is that it can be
produced not only in Europe but also directly in Slovakia. The
International Energy Agency (IEA) has included this target among
the priorities [REPowerEU 2022], the main objective of which is
to move away from Russian gas much earlier than 2030.

The carried out numerical simulations proved that when
enriching natural gas with hydrogen, it is necessary to monitor
the combustion characteristics of the created gas fuel mixture
because:

1. Subsidizing natural gas from other and alternative sources
affects the overall characteristics of the gas distributed to the gas
network. The use of biomethane stations or separation
processes from alternative gas sources would reduce the
content of higher hydrocarbons and thus could partially reduce
the CO, emission factor of the mixture thus created.

2. By increasing the hydrogen content in the mixture, the
combustion temperature increases, but the required amount of
combustion air and thus the total amount of flue gas from 1 m3
of the fuel mixture decreases. This finding has an impact on the
design of the burners as well as on changing the batch heating
mode.

3. The areal density of the heat flux from the flue gas changed
positively when the hydrogen content in the fuel mixture
increased. The increase in the areal density of the heat flow was
mainly influenced by the H,0 component in the flue gas up to a
content of 95 vol.% hydrogen.

4. In connection with the increase of hydrogen in the fuel, the
CO; emission factor also decreased non-linearly. This insight, in
connection with point 2, proves the suitability of using hydrogen
for reducing the produced CO; emissions in thermal aggregates.

ACKNOWLEDGMENTS

This article was supported by the state grant agency for
supporting research work and co-financing the project KEGA
023TUKE-4/2021.

REFERENCES

[Bobak 2012] Bobak, M. et al. Biogas to biomethane treatment
by membrane separation (Uprava bioplynu na
biometan membranovou separaci). In: Ceska
membranova platforma, MemBrain 2012. [online]
[25 October 2021] Available from
<www.czemp.cz/sites/default/files/clanek/146/pril
ohy/2012-05-10-bobakseminargms.pdf> (in Czech)

[Bialik 2022] Bialik, W., Gil, S., Kozlowski, S. Ecological effect of
modernization of a metallurgical furnace.
Metalurgija, 2022, Vol. 61, No. 2, pp. 338-340.

[Brodnianska 2018] Brodnianska, Z., Pivarciova, E. Heat and
mass transfer. Technical University in Zvolen, 2018,
ISBN 978-80-228-3103-1. (in Slovak)

MM SCIENCE JOURNAL 12022 | DECEMBER
6166



[Brunklaus 1962] Brunklaus, J.H. Industrieofenbau (Die

Grundlagen der Ofen fiir Industrie und Gewerbe),

Vulkan-Verlag Dr. W. Classen, Essen, 1962. (in

German)

[Durcansky 2022] Durcansky, P., Nosek, R., Lenhard, R. and
Zvada, B. Hydrogen Production Possibilities in Slovak
Republic. Appl. Sci. 2022, Vol.12, No.7, 3525., DOI:
10.3390/app12073525.

[European Parliament 2021] European Parliament: Energy
efficiency.  [online] 2021, Available from
<http://www.europarl.europa.eu/
factsheets/en/sheet/69/energy-efficiency>.

[Ferstl 2016] Ferstl, K., Masaryk, M. A collection of examples
from heat transfer - Heat transfer by convection.
Bratislava, STU, 2016. ISBN 978-80-227-4627-4.

[Ferstl 2018] Ferstl, K., Masaryk, M. A collection of examples
from heat transfer - Heat transfer by radiation and
evaporation of water. Bratislava, SPEKTRUM STU,
2018. ISBN 978-80-227-4627-4.

[Gil 2011] Gil, S., Mocek, P. and Bialik, W. Changes in total active
centres on particle surfaces during coal pyrolysis,
gasification and combustion. Chemical and Process
Engineering-Inzynieria Chemiczna i Procesowa,
2011, Vol. 32, No. 2, pp. 155-169. ISSN 0208-6425.
DO0I:10.2478/v10176-011-0012-8.

[Gil 2016] Gil, S., Bialik, W. and Ochman, J. Analysis of fuel
savings in metallurgical furnaces with protective
atmosphere. Metalurgija, 2016, Vol. 55, No. 4, pp.
723-726. ISSN 0543-5846.

[Holubcik 2022] Holubcik, M., Jandacka, J. and Nikolanska, M.
Design of a wireless monitoring system with
emission analysis integration for solid-fuel based
heating devices in households of SmartCity. Wireless
Networks 2022, DOI:10.1007/s11276-021-02859-w.

[lzak 2014] lzak, P. Biogas separation using membrane
separation processes, overview (Separace bioplynu
pomoci membranovych separacnich procesu,
prehled). Paliva, 2014, Vol. 6 [online] [20 October
2021]. Aviable from <
paliva.vscht.cz/download.php?id=117> (in Czech)

[Kizek 2021] Kizek, J., Varga, A., Jablonsky, G. and Lazic, L. The
Effect of Adding Hydrogen to Natural Gas on Flue Gas
Emissivity. Advances in Thermal Processes and
Energy Transformation, 2021, Vol. 4, No. 4, pp. 64-
69, ISSN 2585-9102.
DOI:10.54570/atpet2021/04/04/0064.

[Kocanova 2014] Kocanova, S., Lukac, L., Szeplaky, D., Lazic, L.

The Impact of Contaminated Biomass for the

Formation of Emission in the Combustion Process of

Producer Gas in the Cogeneration Unit. AIP

Conference Proceedings, 2014, Vol. 1608, pp. 123-

127, D0I:10.1063/1.4892720.

1987] Kostowski, E. Approximation of charts
describing CO2 and H20 emission using analytical
functions (Aproksymacja wykresow okreslajacych
emisyjnosc CO2 i H20, za pomoca funkcji
analitycznych. Zeszyty Naukowe Politechniki Slaskiej,
1987, Energetyka 92, Gliwice. (in Polish)

[Kostur 2015] Kostur, K., et al. Low-calorific gasification of
underground coal with a higher humidity.
Measurement, 2015, Vol. 63, pp. 69-80. DOI:
10.1016/j.measurement.2014.12.016.

[Liptakova 2021] Liptakova, E., Janko, J. Underground Storage of
Natural Gas and its Economic Aspects. Advances in
Thermal Processes and Energy Transformation,

[Kostowski

2021, Vol.4, No. 4, p. 52-59, ISSN 2585-9102, DOI:
10.54570/atpet2021/04/04/0052.

[Lukac 1989] Lukac, L. Metallurgical furnaces. Slovakia, TU
Kosice, HF, 1989, 291 p. ISBN 80-7099-038-4.

[Potocar 2022] Potocar, R. The first biogas station in Slovakia is
already producing biomethane. It will push it into the
net. [online] March 04 2022 Aviable from
<www.energie-portal.sk/Dokument/bioplynova-
stanica-vyraba-biometan-107870.aspx>. (in Slovak)

[Pronobis 1993] Pronobis, M. Accuracy of calculations of
radiative heat transfer from flue gas to the surface of
boiler tubes of convection bundles (Dokladnosc
obliczen radiacyjnej wymiany ciepla od spalin do
powierzchni rur kotlowych peczkow
konwekcyjnych). Zeszyty Naukowe Politechniki
Slaskiej, Energetyka, 1993, 114. (in Polish)

[REPowerEU 2022] REPowerEU 2022 Joint European Action for
more affordable, secure and sustainable energy.
[online] March 08, 2022 Available from <eur-
lex.europa.eu/legal-content/EN/TXT/?uri=COM%
3A2022%3A108%3AFIN>

[Schack 1924] Schack, A. Uber die Strahlung der Feuergase und
ihre praktische Berechnung. Zeit. f. techn. Physik,
1924, No. 5, pp. 267-278. (in German)

[Schack 1969] Schack, A. Der industrielle Warmeulbergang.
Verlag Stahleisen, Dusseldorf, 1969, No. 5, 351 p. (in
German)

[Schack 1970] Schack, K. Berechnung der Strahlung von
Wasserdampf und Kohlendioxid. Chemie Ingenieur
Technik, 1970, Vol. 42, No. 2, pp. 53-58.
DOI:10.1002/cite.330420202 (in German)

[Skordoulias 2022] Skordoulias, N., loanna Koytsoumpa, E. and
Karellas, S. Techno-economic evaluation of medium
scale power to hydrogen to combined heat and
power generation systems. Journal of Hydrogen
Energy, 2022, Vol.47, No. 63, pp. 26871-26890, DOI:
10.1016/j.ijhydene.2022.06.057.

[Skvarekova 2011] Skvarekova, E. and Bakalar, T. Impact of gas
extraction from coal deposits on the environment.
In: 11th Inter. Multidisc. Sci. GeoConference (SGEM
2011), Albena, Bulgaria, June 20-25, 2011, Vol. 1, pp.
795-800. DOI: 10.5593/sgem2011/s03.119.

[SODB 2021] SODB 2021: Population and Housing Census.
Statistickal Office of SR, 2021 [online], Available
from: <https://www.scitanie.sk/en>.

[SPP-Distribucia 2022] SPP-Distribucia: Natural gas composition
and emission factor, 2022 [online], [20 Dec 2021]
Available from <www.spp-distribucia.sk/
dodavatelia/informacie/zlozenie-zemneho-plynu-a-
emisny-faktor/>.

[Straka 2019] Straka, L, Pavlenko, S., Michalik, P. and Hrabcak,
M. Innovation of the gas melting furnace monitoring
system. MM Science Journal, 2019, Vol. December,
pp. 3524-3527, DOI:
10.17973/MMSJ.2019_12_2019034.

[Svinolobov 2002] Svinolobov, N.P., Brovkin, V.L. Theoretical
foundations of metallurgical heat technology.
Dnipro, Porogi, 2002, 226 p. ISBN 966-525-305-0.

[Travnicek 2020] Travnicek, P. and Vitazek, I. Uncertainty
estimation of the mean specific heat capacity for the
major gases contained in biogas. Research in
agricultural engineering, 2020, Vol. 66, No. 2, pp. 52-
59. D0I:10.17221/4/2020-RAE.

[Varga 1999] Varga, A., Zsigraiova, Z. and Lukac, L. Thermal
engineering in metallurgy. TU Kosice, HF, 1999, 322
p. ISBN 80-7099-449-5.

MM SCIENCE JOURNAL 12022 | DECEMBER
6167



[Variny 2022] Variny, M. and Ksinanova, M. Repowering
Industrial Combined Heat and Power Units: a
Contribution to Cleaner Energy Production. Polish
Journal of Environmental Studies, 2022, Vol. 31, No.
3, pp. 2861-2879. DOI:10.15244/pjoes/144096.

[Vlcek 2019] Vicek, J, Velicka, M., and Pyzsko, R.
Interchangeability of Mixed Gas Components for
Heating Industrial Furnaces. In: AIP Conference
Proceedings, 2019, Vol. 2118, Art. 030049, pp. 3524-
3527, D01:10.1063/1.5114777.

CONTACTS:

Prof. Ing. Miroslav Rimar, CSc.

Assoc. Prof. Ing. Jan Kizek, PhD.

Assoc. Prof. Ing. Marcel Fedak, PhD.

Technical University of Kosice

Faculty of Manufacturing Technologies with a seat in Presov
Department of Process Technique

Sturova 31,080 01 Presov, Slovak Republic

tel.: +421-55-602-6341, +421 55 602 6329
miroslav.rimar@tuke.sk; jan.kizek@tuke.sk;
marcel.fedak@tuke.sk

Prof. Ing. Augustin Varga, CSc.

Ing. Gustav Jablonsky, PhD.

Technical University of Kosice

Faculty of Materials, Metallurgy and Recycling
Institute of Metallurgy

Letna 9,042 00 Kosice, Slovak Republic

tel.: +421-55-602-2425, +421 55 602 2417
augustin.varga@tuke.sk; gustav.jablonsky@tuke.sk

[Yeromin 2015] Yeromin, O.0. and Gupalo, O. Reducing the
amount of harmful emissions from the volumetric
method of fuel combustion. Ecology and industry,
2015, No. 1, pp. 40-45. ISSN 2311-584X.

[Zelenak 2021] Zelenak, S., Skvarekova, E., Senova, A. and
Wittenberger, G. The Usage of UCG Technology as
Alternative to Reach Low-Carbon Energy. Energies,
2021, Vol. 14, No. 13, 3718,
DO0I:10.3390/en14133718.

MM SCIENCE JOURNAL 12022 | DECEMBER
6168


mailto:jan.kizek@tuke.sk

