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The object of this study is a gas mixture of natural
gas and hydrogen.

The physical and chemical parameters of fuel
mixtures of natural gas with hydrogen have been
investigated with the aim of further regulating the
hydrogen content in the gas transmission system in
accordance with the state standards of Ukraine and
the European Union. The task addressed was the safe
use of green hydrogen in a mixture with natural gas.

The permissible hydrogen content in municipal
network gas was established at 7 mol %, which would
allow efficient and safe use of existing gas transmis-
sion systems. Currently, a 4 % increase in pressure
is recommended for low-pressure networks. This is
because the calorific value of natural gas is regulat-
ed by the Code of Gas Transmission and Distribution
Systems and must be within certain limits, and com-
pliance with this particular hydrogen content in nat-
ural gas allows this indicator to be kept within the
normal range. The 4 % increase in pressure is due to
the preservation of the thermal power of gas burners
when one gaseous fuel is replaced by another.

The content of the mixture of combustible gases
at the lower and upper flash points was analyzed.
It was found that at 7 % hydrogen content, the flash
point range is 5.07—16.75 vol %, which is within the
permissible range of 515 vol %. With an increase
in the hydrogen content of the gas, an explosion may
occur in a wider range of concentrations and require
additional safety measures.

The defined hydrogen limit does not affect the
explosiveness of network gas and ensures the safety of
its use since the lower concentration limit of flamma-
bility (in terms of methane) in a mixture with air in vol-
ume percentage is 4.4, and the upper limit is 17.0 vol %
according to Annex 2 of the technical regulations
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1. Introduction

The energy sector is the basis of the economic develop-
ment of any country. A stable energy supply system is cru-
cial for sustainable development and economic security, has
enough environmental impact, can create new opportunities
or, on the contrary, act as a constraint. The entire global
energy industry is undergoing significant changes. However,
changes in the national energy sector are taking place slowly
and with a significant delay.

During the burning of natural gas, almost twice less CO,
is released than during the production of electricity from
coal. This is a significant incentive and advantage for the
production of electricity based on natural gas.

As stricter emission standards, especially for COsy,
are expected to come into force around the world in the
future, there will be increasing demand for the develop-
ment of advanced and efficient technologies to convert
natural gas into electricity with full carbon capture. The
transition to a hydrogen economy is one of the promising
strategies for reducing CO, emissions. The use of nat-
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ural gas-hydrogen combinations could increase energy
efficiency through the necessary increase in pressure in
the gas pipeline with added hydrogen by 22 MJ/m? and
reduce emissions of harmful substances by almost two
times [1] and become a reliable source of low-carbon heat
and energy, which is why the results of such studies are
needed in practice.

Natural gas is a significant segment of the global ener-
gy portfolio (at least 40 %). As the least carbon-intensive
fossil fuel (natural gas has a carbon concentration of at
least 7 times that of light oil and 25 times that of coal)
with abundant reserves worldwide, natural gas could
become a “transition fuel” over the next few decades for
the transition to a low-carbon energy economy without
the need for major infrastructure changes. That is why
scientific research on this topic is important and requires
a greater study of the impact of the combination of natu-
ral gas-hydrogen on equipment, energy efficiency, safety
at all stages of the use of natural gas; it is assumed that
by 2050 green hydrogen will provide up to 24 % of global
demand in energy resources.




2. Literature review and problem statement

In order to solve the issue of gas balance and reduce
dependence on conventional imported energy sources, and
to achieve global environmental goals, researchers have
proposed a number of substances that partially or even com-
pletely replace conventional types of fuels in recent decades.
In the case of natural gas (NG), it is proposed to use mix-
tures with biogas, synthesis gas, ammonia, hydrogen, and
various process gases.

Paper [2] describes the model of mixing hydrogen with
network natural gas. Different regimes of hydrogen mixing
in the gas transportation network were analyzed. However,
the question of using a safe concentration of hydrogen with
natural gas and its impact on gas equipment and what pa-
rameters the existing gas transportation network should
have for the application of the developed model remains
open. All this allows us to assert the need to study the effect
of hydrogen on the gas transport system, to establish the
permissible parameters of the mixture of gases, to regulate
it for safe use.

In addition to hydrogen-containing ones, it is also pro-
posed to use mixtures of coke and blast furnace gases as well
as in combination with natural gas [3]; however, for mass
industrial use, the question of converting gas burners to the
proposed gas mixture models arises. This is primarily due to
the complexity of changing gas equipment on an industrial
scale and their economic feasibility.

An alternative substitute for natural gas could be
“green” ammonia in combination with hydrogen, which pro-
duces fewer emissions of harmful substances when burned
compared to other types of fuel [4]. However, research on
this issue continues since the characteristics of ammonia
combustion are significantly different from the usual hydro-
carbon fuels, there are specific difficulties during its use [5].
The paper shows the effectiveness of combining ammonia
with other gases (hydrogen, methane) as a fuel substitute.
However, the issue of the use of these gases in existing gas
systems has not been covered since the effect of the mixture
of gases on gas equipment has not been studied. All this
points to the expediency of conducting a study on the impact
of added “green” ammonia and hydrogen to natural gas on
the gas transportation network, network operating condi-
tions, and gas equipment.

An analytical review of the results of scientific research
and applied development of the most pressing modern prob-
lem, such as hydrogen, hydrogen and nuclear-hydrogen en-
ergy, over the past 15-20 years has been reported in [6]. In
the context of an argumentative statement of the problem,
the main categorical and conceptual apparatus of the problem
is defined. The main directions and issues of research on the
step-by-step solution of the problem are outlined. Attention is
focused on the peculiarities of the processes of storage, trans-
portation, and use of hydrogen as an energy carrier and raw
material for technologies. But the issue of the possible use of
hydrogen in a mixture with natural gas was not covered since
hydrogen was studied as an energy carrier in the field of heat
supply; efficiency and profitability of methods for obtaining it.

Much attention is paid to the partial replacement of nat-
ural gas with the so-called “green hydrogen” [7]. The precise
dosing of hydrogen to NG is indicated, as this is an import-
ant problem in some European countries. Existing regula-
tions have not been adapted for the safe use of hydrogen in

existing gas networks. Permitted hydrogen injection limits
are low and green tariffs only apply to biomethane. The rea-
son is legal barriers to mixing hydrogen with natural gas by
harmonizing the concentrations of the mixture and setting
thresholds based on physical restrictions in countries. All
this allows us to talk about the expediency of revising the
regulatory framework on this issue, and the possible devel-
opment of new safety standards.

The growing role of “green” hydrogen in the formation of
the future carbon-neutral society, as well as the transitional
stage of both small and large countries, are also discussed
and considered [8]. Tt is shown that renewable energy sourc-
es (RES) are dominant in the energy sector, energy storage,
and their use is becoming key factors. One of the solutions
is the addition of hydrogen to natural gas in existing gas
networks as this affects its physical and chemical properties,
which requires careful analysis and research.

Key issues related to the concept of hydrogen mixing in
natural gas pipeline networks under appropriate conditions
and relatively low concentrations of hydrogen mixing require
only minor modifications in the operation and maintenance
of the pipeline network [9]. Minor problems occur with mix-
tures containing less than 5-15 % hydrogen (by volume),
depending on site-specific conditions and natural gas com-
position. More significant challenges need to be addressed
for higher concentrations with natural gas in the 15-50 %
range, such as appliance retrofits. A likely option to over-
come difficulties is the conversion of household appliances
or an increase in pressure along the distribution networks.
However, optimal regulation of the hydrogen content in the
gas transportation system from the point of view of efficien-
cy and safety remains an unresolved issue due to the lack of
legal regulations for mixing hydrogen with natural gas

Currently, the technical and economic indicators of the
cogeneration system, which consists of a mixture of differ-
ent percentages of “green” hydrogen with natural gas, are
being widely studied. It was established that the energy
efficiency of the natural gas—hydrogen system gradually
increases with an increase in the percentage of hydrogen
in the mixture from 0 % to 20 %, then slightly decreases at
50 % Hjy and again continuously increases both at 80 % H,
and at 100 % Hj [10]. The question of the recommended con-
centration of “green” hydrogen mixed with natural gas and
its impact on gas equipment during transportation remains
open since only the energy efficiency indicator was taken
into account.

At present, a model has been built for simulating dy-
namic gas transportation in pipelines taking into account
the composition of the gas mixture and their boundary
conditions. The injection of hydrogen into the natural gas
network infrastructure is modeled, taking into account the
effect they have on the local properties of the gas. Studies on
the impact of hydrogen added to natural gas on the trans-
port system were also carried out: from the point of view of
composition, flow rate, and pressure profiles in comparison
with the reference case of natural gas. Research results show
that the amount of hydrogen added to the gas transporta-
tion network should be limited as it has a direct impact on
the pipeline and its safe use. Since the network could begin
to receive several different gases, changes in their proper-
ties (thermal capacity, density) could significantly affect the
management of the network [11]. The issue of normalizing
the content of hydrogen in natural gas remains unresolved



since the above indicators could change dynamically in each
gas transportation system.

The use of mixtures of natural gas with hydrogen as an
alternative fuel for industrial heat treatment furnaces and
their economic potential for reducing carbon dioxide emis-
sions in this field shows that such mixtures have a positive
effect on the heating system without significant impact on
the technological aspects of furnace heating [12]. Consider-
able attention has been paid to the determination of the gas
flow rate of mixtures with different hydrogen content and
combustion properties, such as the Wobbe index, but the
question of the permissible hydrogen content in a mixture
with natural gas and its standardization for safe industrial
use has not been considered.

Under the conditions of the effect of hydrogen on the
strength characteristics of the metal, studies on the effect
of low hydrogen content in a mixture with natural gas on
stretching, viscosity changes, and destruction of pipeline
steel X70 were carried out [13]. It is shown that the mechan-
ical properties of pipeline steel X70 change depending on the
concentration of hydrogen and pressure in the network but
the effect on other grades of steel on connecting elements of
gas equipment requires additional research.

The concept of “power to gas”, the essence of which is
the transformation of excess electricity from renewable en-
ergy sources with the help of electrolyzers into ecologically
clean fuel — “green hydrogen”, has become widespread in
the world. A technical and economic analysis of the system
of hydrogen interconnections is carried out using methods
of equalized cost of electricity/storage [14]. It is known
that the system receives electricity from renewable energy
facilities, converts it into hydrogen at an electrolysis plant,
transports hydrogen to the consumption center through a
pipeline, where it is again converted into electricity using
a gas turbine or fuel cells. For such a system, it is proposed
to use existing transport systems for hydrogen, and in its
absence, the use of a gas transport network is possible, but it
is not indicated under which parameters and regimes this is
possible, and what the permissible concentrations of hydro-
gen transport are.

In addition, the replacement of gray hydrogen produc-
tion with green hydrogen production using electrolysis and
renewable energy sources for the EU-27 and Great Britain
at the regional level, taking into account existing electricity
consumption and hydrogen demand, was evaluated [15].
However, the issue of using “green” hydrogen with a mixture
of natural gas in existing gas networks as one of the ways of
using and preserving the excessively produced “green” hydro-
gen from renewable energy sources has not been considered.

Prospects for the use of hydrogen mixed with natural
gas in the gas transportation system indicate significant
differences in gas systems between European countries,
which are critical for direct extrapolation of data obtained
by European operators [16]. The reported results of the
study on the influence of hydrogen on gas distribution net-
works show that a decrease in pressure in the system was
observed on all studied models due to hydrogen leakage
and the impossibility of taking into account all indicators
that affect the determination of hydrogen rationing in the
gas network.

“Green” hydrogen is not stored separately but is imme-
diately pumped into gas networks. It is believed that the
general understanding of the technical aspects of how to
produce “green hydrogen” has already been resolved. How-

ever, issues related to the transportation of hydrogen to the
direct consumer and the use of the gas-hydrogen mixture
on site are still being researched. Currently, on the basis
of experimental and industrial tests of gas equipment, the
limits of the rational content of hydrogen in a mixture
with natural gas have been established [17]. The possi-
bilities of converting household appliances to natural gas
heating devices with the addition of hydrogen have been
identified. However, the authors recommend a hydrogen
content range of 50 vol%. and this applies only to the
energy efficiency of household gas appliances, where only
the rate of laminar combustion of a mixture of gases is
selected as the evaluation criterion, without taking into
account thermobaric conditions.

In addition, complex studies on the influence of mix-
tures of hydrogen gas with natural gas on the operational
and thermophysical characteristics of polyethylene pipes, as
the most widespread in existing gas distribution networks,
are being conducted. The relationship between the con-
centration of hydrogen in the mixture and the degree of its
influence on the strength characteristics of the samples was
established [18]. However, the research period was 6 months,
which is not enough for an objective assessment in time. This
is due to the narrow focus of the work, the results of which
must be taken into account in a comprehensive analysis of
the physical and chemical parameters of fuel mixtures of
natural gas with hydrogen in gas networks.

Each element of the natural gas infrastructure has a
different degree of acceptability with respect to hydrogen
concentration, but the safety factor affects the overall per-
missible hydrogen concentration [19]. The effect of hydrogen
injection on gas quality is also established, showing that
introducing 2 % hydrogen into the distribution network
has little effect, but 10 % hydrogen mixture affects the cal-
orific value of the supplied fuel gas below the desired level.
Mixing hydrogen with natural gas affects the quality of the
gas, which is reflected by a change in its calorific value, and
subsequently in the Wobbe number. This ultimately results
in a higher gas flow rate to provide the same energy content
to end users. Due to the high flow rate, the pressure in the
pipeline drops, and therefore it affects the transportation
and distribution network of the pipeline.

In the gas networks of the following countries and Japan,
the maximum percentage of hydrogen content is limited by
law [20], is standardized, and is within the range from 0
to 12 % by volume. Thus, in Great Britain, Belgium, Swe-
den, this indicator is up to 1 %, while in Italy, Switzerland,
Austria, Spain, France, it is up to 10 %. The highest content
of hydrogen in gas networks is allowed in Germany and
the Netherlands, 10-12 % by volume, and in Japan it is not
allowed at all. This is primarily related to the development
of legislative norms for mixing hydrogen with natural gas by
harmonizing the concentrations of the mixture and estab-
lishing threshold values based on the comprehensive consid-
eration of all parameters that depend on the reliability and
safety of use in existing gas networks.

Requirements for the composition and physical and
chemical properties of natural gas (NG) are regulat-
ed by a number of regulatory documents. And only in
DSTU EN 16726:2019 some attention is paid to permissible
concentrations of hydrogen in natural gas systems. Also,
state standards recommend considering this issue in each
case separately. Thus, the hydrogen content in network gas
is not regulated.



Another aspect is the excess capacity of gas transmis-
sion (GTS) and gas distribution systems (GDS). In 2020,
the excess capacity of GTS was threefold [21]. Therefore,
it is possible to continue to use the existing gas transmis-
sion system, while reducing the carbon emissions associ-
ated with the use of natural gas. In addition, mixing hy-
drogen with natural gas in the existing gas network could
also be used as a way to store excess renewable energy.
However, as our review of related studies on the specified
topic demonstrated, it is complicated by a number of fac-
tors. Thus, based on the above, the main factors that do
not make it possible to solve the task of increasing the en-
ergy efficiency of gas mixtures by adding hydrogen are as
follows: the issue of the effect of different concentrations
of hydrogen on the metal; maintaining the flash points
of the mixture within acceptable limits; the possibility
of using existing gas transportation systems; compliance
with thermobaric conditions for safe use of the mixture.

3. The aim and objectives of the study

The purpose of our research is to determine the rec-
ommended limit of hydrogen concentrations in natural
gas (NG), guided by the requirements of the current leg-
islation in Ukraine for physical and chemical indicators
and safety standards. This will make it possible to further
develop hydrogen energy and organically integrate into the
European energy space.

To achieve the goal, the following tasks were set:

—to perform chromatographic analysis of a number of
natural gas mixtures; establishing their quantitative com-
position;

— to calculate PCP of real gas mixtures;

— to theoretically calculate the physicochemical param-
eters (PCP) of the NG-H; system in which the hydrogen
content varies over a wide range;

— to calculate the change in the flash limit of the NG-H,
mixture in air.

4. The study materials and methods

The object of our research is a gas mixture of natural gas
and hydrogen.

It is assumed that the use of green hydrogen with the
known composition of natural gas in a concentration of up
to 7 % mol. could make it possible to use existing gas trans-
portation systems with compliance with flash points within
permissible limits.

Using hydrogen in a mixture with natural gas at higher
and lower concentrations in the system may result in a dis-
crepancy between the deviation of the flash points from the
permissible limits and the impossibility of using the existing
gas transportation network.

In this study, in order to simplify the calculations, natu-
ral gas is assumed to be 100 % methane.

The work employs the method of mathematical model-
ing to calculate the heat of combustion (higher and low-
er), density, relative density, and Wobbe number (higher
and lower) of natural gas based on the known molar
composition.

NG samples were taken at gas distribution stations
in Kyiv, in accordance with the procedure established by

DSTU ISO 10715:2009 and the Codes of gas transportation
and gas distribution systems. Representative gas samples
were collected by an indirect method so that the sample
reflected the entire volume of gas at the time of sampling.
The equipment, namely 2 L stainless steel metal con-
tainers, met the relevant sampling conditions: pressure,
temperature, corrosion activity, flow rate, chemical com-
patibility, vibration, thermal expansion, and/or thermal
compression. Before sampling, the containers were purged
each time with argon, as the carrier gas on the chromato-
graph, to ensure the purity of the experiment. At the gas
sampling points, lines were blown, and containers were
filled through bypass loops made of stainless steel with
a diameter of 3 to 10 mm. A pressure drop was created in
the loop between the gas inlet and outlet points to ensure
a constant flow rate through the sampling equipment
located in the loop. During transportation and storage,
safety caps were installed on cylinders, if provided for.
The cylinders were marked with the capacity, working
pressure, and test pressure (1.5 times higher than the
working pressure).

After gas sampling, the cylinders were delivered to the
laboratory within 4—5 hours.

Determination of component and PCP was carried out by
the method of gas chromatography on a Kristallux 4000 M
chromatograph. Calculations of physical and chemical indica-
tors were performed according to DSTU EN ISO 6976:2020.

Determination of hydrogen (together with oxygen, heli-
um, and nitrogen) on this chromatograph was carried out on
a separating column with 13X molecular sieves using argon
as a carrier gas on a thermal conductivity detector according
to DSTU ISO 6974-3:2007.

Our research has made it possible to acquire an array of
data that could be considered reliable, and which became the
basis for further calculations.

5. Results of investigating the physical-chemical
indicators of a mixture of natural gas and hydrogen

5. 1. Chromatographic analysis of a series of natural
gas mixtures

As a result of our research, the characteristics of typical
NG transported by the gas distribution system were deter-
mined. In a separate case, the situation in which “green”
hydrogen is added to NG and passes through the gas distri-
bution networks in the city of Kyiv was considered.

Table 1 gives summarized results of laboratory mea-
surements of the component composition of natural gas,
whose samples were taken weekly at the gas distribution
stations (GDS) in the city of Kyiv during 2021.

Calculations were performed for dry NG at a tem-
perature of 20 °C and a pressure of 101.325 kPa. Given
in Table 1, the component composition could be called
typical for the city of Kyiv in 2021. As a result of research,
it was established that the main component of NG is
methane, the content of which is almost 90 mol %. About
6.7 mol % of other hydrocarbons heavier than methane.
About 3.8 % of inorganic components. Also, NG contains
hydrogen sulfide and ethanethiol, but their content is not
constant and very insignificant. Therefore, subsequently,
their contribution was neglected. It should be emphasized
that hydrogen was not registered in the selected natural
gas samples.



Table 1

Average annual values of the component composition and physical-chemical parameters of natural gas by supply routes in 2021

No. Indicator Measure;ment Requirements | GDS CHP-5 | GDS-12 | GDS-9 | GDS CHP-6 Average Stapdgrd
unit value deviation
1 Methane (CH,) mol % >90 89.307 89.416 | 89.422 89.409 89.387 1.049
2 Ethan (C,H5) mol % <7 5.071 5060 | 4.961 5.027 5.030 0577
3 Propane Css) mol % <3 1.254 1281 | 1.232 1.238 1.253 0.147
4 n-Butane (C4H ) mol % <2 0.215 0222 | 0217 0.212 0.217 0.023
5 Iso-Butane mol % <2 0.130 0134 | 0.129 0.129 0.131 0.008
(2-methylpropane)
6 n-Pentane (C5H ) mol % <t 0.048 0.047 | 0.049 0.048 0.048 0.009
7 (2-22@55?&?:%) mol % <1 0.052 0.052 | 0.052 0.052 0.052 | 0.006
8 | (2o d?f;i‘;?f;‘;gpane) mol % <t 0.005 0.005 | 0.006 0.006 0.006 0.001
9 n-Hexane (CgH 1) mol % <1 0.043 0.042 | 0.045 0.045 0.043 0.009
10 Nitrogen (Ny) mol % <5 1.509 1543 | 1.506 1.442 1.506 0.197
11 | Carbon dioxide (CO») mol % <2 2.359 2173 | 2.376 2.392 2318 0.294
12 Oxygen (0,) mol % <0,02 0.009 0.008 | 0.007 0.009 0.008 0.003
13 Hydrogen (Hy) mol % - absent
14 Relative density — — 0.637 0628 | 0.628 0.629 0.631 0.018
15 Absolute density kg/m? — 0.758 0.756 | 0.757 0.757 0.757 0.009
16 | Heat of combustion, MJ/m3 36,2-38,3 38.24 3832 | 38.20 38.24 38.25 0.188
17 higher kWh/m® | 10,06-10,64 10.62 10.64 | 10.61 10.62 10.62 0.052
18 Heat of combustion, M]J/m? 32,66-34,54 34.55 34.62 34.51 34.54 34.55 0.177
19 lower kWh/m? 9,07-9,59 9.60 9.62 9.58 9.59 9.60 0.049
20 , _ MJ/m? - 48.22 4837 | 4818 48.23 48.25 0.222
51 | Wobbe's number, higher =07 - 13.39 1344 | 1338 13.40 13.40 0.062
22 MJ/m? — 43.56 4380 | 4353 43.57 43.62 0.431
53 | Wobbenumber, lower =7 - 12.10 1217 | 12.09 12.10 12.12 0.120

5. 2. Physical-chemical parameters of natural gas,
methane, and hydrogen

Calculations of PCPs of natural gas were carried out on
the basis of the obtained values of the component composition
and are displayed in Table 1. High average values of relative
and absolute density of 0.6307 and 0.7569 kg/m? were ob-
tained, respectively. The average value of the higher heat of
combustion (38.25 MJ/m?) is close to the upper limit of the
ranges established by the current Codes of gas transportation
and gas distribution systems of Ukraine. The average value for
the lower calorific value (34.55 MJ/m?) does not significantly
exceed the upper limit of the legal range. The high content of
heavy hydrocarbons determines the high density and calorific
value of the studied natural gas samples.

In all researched literature sources, to simplify the calcu-
lations, the physicochemical parameters of natural gas were

assumed to be equal to methane. Therefore, calculations of the
two-component hydrogen-methane system were actually car-
ried out. It is important to emphasize that pure methane and
especially hydrogen as combustible gases have quite different
properties (Table 2) compared to natural gas (Table 1), which
is transported and distributed by the gas networks in Ukraine.

The heat of combustion of “typical” natural gas is greater
than that of methane by approximately ~3.5 %, the absolute
and relative density are greater by ~12 %. Accordingly, other
derivative parameters also change. At first glance, such dif-
ferences may not seem significant, but everything changes
dramatically from the point of view of gas transportation
and gas distribution companies. When accounting for tens
and hundreds of millions of cubic meters of transported NG,
even small differences in density measurements could lead to
significant financial discrepancies.

Table 2
Comparison of some physical-chemical parameters of methane and hydrogen
No. Indicator: (20 °C/20.0 °C, 101.325 kPa) Measurement unit | Methane (CHy) Hydrogen (Hy)
1 Higher mass heat of combustion M]J /kg 55.54 141.87
2 Lower mass heat of combustion M]J /kg 50.03 119.93
3 Relative density - 0.5547 0.0696
4 Absolute density, kg/m3 kg/m3 0.6682 0.0838
5 Higher volumetric heat of combustion M]J,/m? 37.11 11.89
6 Lower volumetric heat of combustion M]J,/m? 33.43 10.05
7 Higher Wobbe number, MJ /m? M]J/m3 49.83 45.08
8 Lower Wobbe number, MJ/m? M]J,/m? 44.88 38.11
9 Upper flash limit vol % 15.40 80.00
10 Lower flash limit vol. % 5.28 4.09




The situation is similar for the heat of combustion, espe-
cially against the background of the Law of Ukraine on the
introduction of accounting and calculations for the volume
of gas in energy units in the natural gas market [22].

3. 3. Theoretical calculations of the physical-chemical
parameters of mixtures of natural gas with hydrogen

During the study, the changes in PCPs of the NG-H,
system, in which the hydrogen content varies over a wide
range (from zero to one hundred mol % in steps of one mol %),
were calculated. The calculations were carried out based on
the component composition and included the determination
of changes in absolute and relative density, mass, and volume
heat of combustion, as well as the Wobbe number at an in-
crease in the hydrogen content. Changes in some PCPs are
shown in Fig. 1.

Also, according to formula (1) [23], the extended Wobbe
number was calculated taking into account the pressure in
front of the burner:

P
Er (1)

Wy=Hy-
where W/ is the extended Wobbe number;

Hy — lower heat of combustion of the fuel mixture, MJ/m?;

P is the pressure of the fuel mixture in front of the burn-
er, kPa;

G is the relative density of the fuel mixture.

The necessary pressure of gaseous fuel, which must be
maintained to ensure the thermal power of gas burner devic-
es, was calculated according to formula (2):

)

where P, is the pressure to be maintained in front of the
burner, kPa;

Py — the pressure maintained in front of the burner, kPa;

Dy — density of the fuel mixture to be replaced, kg/m?;

D, — density of the fuel mixture to be replaced, kg/m?;

H, — lower calorific value of the fuel mixture being
replaced, MJ/m?;

H,, — lower heat of combustion of the fuel mixture with
which it is replaced, MJ,/m?.

For calculations according to equation 2, the initial pres-
sure Pj is taken to be 1.27 kPa, as this is the minimum nominal
pressure in front of the burner for utility devices [21]. The
initial density of the fuel mixture that is replaced by Dy and its
lower heat of combustion Hy; are taken from Table 1. The re-
sults of our calculations are shown in Fig. 2. It should be added
that in Fig. 2, for clarity, a curve corresponding to the change in
the lower Wobbe number under standard conditions is plotted
and that this curve has already been displayed in Fig. 1.

The differences between the ordinary Wobbe number
and the extended Wobbe number calculated by formula (1)
are insignificant. Both curves have the same shape, and the
expanded Wobbe number value is 2.7 % larger. Calculated
by formula (2), the excess pressure that must be maintained
in front of the burner due to an increase in the hydrogen con-
tent in the mixture increases from 1.27 kPa, passes through
a maximum (1.96 kPa) at a hydrogen content of 84 mol %,
and sharply decreases to a value of 1.66 kPa.

It was established that the density and volumetric heat
of combustion decrease in direct proportion to the increase
in hydrogen concentration. To satisfy Wobbe’s interchange-
ability criterion of 5% deviation, the hydrogen content
must not exceed 19 mol %. To meet the requirements for

P=p D,| Hy, ) volumetric heat of combustion established by the legislation
* 'DI|H N, of Ukraine, the hydrogen content must be within 7 mol %.
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5. 4. Calculations of change in the flash limits of the in the mixture, the lower flash limit decreases almost
NG-H; mixture in air linearly from 5.16 to 4.09 volume percent. The upper

On the basis of our calculations (Fig. 3), it was de-  flash point rises much faster from 15.81 to 80.00 vol
termined that with an increase in the hydrogen content  percent.
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An increase in the hydrogen content leads to a gradual
expansion of the range between the upper and lower flash
limits. And at the permissible seven percent hydrogen con-
tent, the flash range lies within 5.07-16.75 volume percent,
which is not significantly different from the conventionally
accepted 5-15 vol. %.

6. Discussion of results based on investigating the
physical-chemical parameters of mixtures of natural gas
with hydrogen

For more accurate calculations of characteristics of
the NG-H, system, the characteristics of a typical NG
transported by the gas distribution system were first deter-
mined (Table 1). In a separate case, the situation in which
“green” hydrogen is added to NG and passes through the
gas distribution networks in the city of Kyiv was considered.

Fig. 1 shows that with an increase in the hydrogen con-
tent in NG, the higher and lower volumetric heat of com-
bustion decreases linearly. This behavior is explained by the
fact that the higher and lower volumetric heat of combustion
of natural gas is more than three times higher than that of
hydrogen (Table 2). Thus, with an increase in the hydrogen
content, the volumetric heat of combustion decreases pro-
portionally.

The higher and lower volumetric heat of combustion are
regulated by the current Codes and under standard con-
ditions correspond to 36.20-38.30 MJ/m® for the higher
volumetric heat of combustion and 32.66-34.54 MJ/m?
for the lower volumetric heat combustion; it has been cal-
culated that with an increase in the hydrogen content of
more than 7 mol %, the higher and lower combustion heat
goes beyond the lower limits allowed by law (dotted lines
in Fig. 1 mark the limits of higher (1) and lower (2) heat of
combustion).

One of the main characteristics of NG is absolute and
relative density. However, density is not regulated in any
regulatory document in force in Ukraine concerning gas qual-
ity. The draft Technical Regulations for NG propose to limit
relative density in the range of 0.555—0.750. The research has
shown that with an increase in hydrogen content, the density
of the NG-H, mixture decreases linearly. This is again due to
the large difference in the absolute and relative densities of
natural gas and hydrogen (Table 2). According to Fig. 1, with
a hydrogen concentration of 13 mol %, the relative density of
the NG-H, mixture will be below the permissible 0.555.

An important criterion for the substitution of one fuel for
another without changes in the burner design and changes in
its operating mode is the Wobbe index, which was calculated
based on the heat of combustion and relative density of the
fuel. Figure 1 shows the curves characterizing the change in
the higher and lower Wobbe index with an increase in the
hydrogen content in the mixture. Based on the calculations
performed, it was found that in concentrations from zero
to approximately 70 mol % above and below, the Wobbe
number decreases almost linearly to 40.5 and 35.7 MJ/m?,
respectively, and then gradually begins to increase. This
character is explained by the well-known formula for calcu-
lating the Wobbe number, in which the numerator (heat of
combustion) changes linearly, and the denominator as the
square root of the relative density.

Also, in Fig. 1, the dotted lines (3) indicate a decrease in
the Wobbe number by 5 %. It is shown that the five percent

limit is crossed when the hydrogen content increases by
more than 19 mol %.

Based on the above, the Wobbe number imposes the
smallest restrictions on the hydrogen content in a mixture
with NG. Thus, with a hydrogen content of up to 19 mol %,
it will not be necessary to change the design of the burners
or significantly adjust their mode of operation. The addition
of hydrogen to NG leads to a directly proportional decrease
in the heat of combustion of the mixture, and therefore it is
possible to comply with the requirements established by the
legislation of Ukraine with a hydrogen content of no more
than 7 mol %.

One of the available ways to preserve the thermal power
of gas burner devices by replacing one gaseous fuel with
another is to increase the pressure in front of the burner and
change its operating parameters.

It was established that for increasing the hydrogen
content in NG to the permissible 7 mol %, in order to main-
tain the thermal capacity of the burner, the nominal excess
pressure in front of the burner must be increased within the
range of 1270-1320 Pa.

Thus, it has been confirmed that in order to achieve the
interchangeability of NG and its seven percent mixture with
hydrogen, a small (about 4 %) increase in excess pressure in
low-pressure gas distribution networks is required.

An important characteristic of combustible gases from
the point of view of the safety of operation of gas networks
and localization and liquidation of emergencies is their
combustible characteristics, namely the limits of flame
propagation. Calculations of the upper and lower flash limits
under standard conditions were performed for NG-H? mix-
tures. The results of our calculations are shown in Fig. 3 in
semi-logarithmic coordinates.

It was calculated that with an increase in the hydrogen
content in natural gas, an explosion could occur in a slightly
wider range of fuel concentrations in the air. The expansion
of the range occurs mainly due to the increase in the upper
flash limit.

The insignificant change in the lower flash limit is as-
sociated with fairly close values of the lower flash limit for
the main component of NG — methane (5.28 vol. %) and
hydrogen (4.09 vol. %) (Table 2). Therefore, with an increase
in the hydrogen content, the lower flash limit does not shift
significantly. Conversely, the upper flash limit of hydrogen
is five times greater than that of methane, which induces a
much larger shift of the upper flash limit for increasing hy-
drogen content in gas-hydrogen mixtures.

Another not-so-obvious obstacle is the complication of
detecting “gas contamination” with gas analyzers, which are
common and widespread at gas distribution companies. Their
sensors react mainly to organic substances (although they
have cross-sensitivity to carbon monoxide, hydrogen, etc.),
the uncertainty of the results will increase. Even the chro-
matographic method for detecting city network gas leaks ac-
cording to MVV 081/12-31-99 will not give reliable results.
Therefore, the degree of gassiness displayed by the devices
could be significantly distorted, which could lead to fatal
consequences. It is necessary to improve existing or even
devise new security measures. For example, use additional
gas analyzers with hydrogen-sensitive detectors.

In the researched literature [17, 21], to simplify calcu-
lations, the physicochemical characteristics of NG were as-
sumed to be equal to methane. Therefore, the authors caried
out calculations of the two-component hydrogen-methane



system. Thus, in [17, 21], calculations were performed only
for three concentrations of 10, 30, and 50. In general, our
results are close to the results reported by other authors for
the indicated concentrations.

The limitations of this study are that the calculations
could easily be performed only for certain temperatures
(0, 15, 15, 55, 20, and 25 degrees Celsius) and a pressure
of 101.325 kPa. At other temperatures and pressures, the
correctness of the method was not determined. Also, it is
important to determine the qualitative and quantitative
composition of natural gas mixtures as accurately as possible
because the “heavier” the component is, even with a relative-
ly small content, it has a greater impact on the PCP of the
mixtures, which in turn affects the subsequent calculated
values.

The disadvantage of the work is that the moisture con-
tent of natural gas was not taken into account. For a more
accurate study, this indicator should be taken into account.

In the future, our research may be advanced by study-
ing the effect of hydrogen and other mixtures of natural
gas (for example, with biogas, ammonia, carbon monoxide)
on structural materials of gas networks. In addition, the
study of factors affecting safe operation and environment
is promising.

The share of renewable energy sources in the global
energy supply is constantly growing, and the technology
of converting electricity into gas is considered as a possible
storage of excess renewable energy. Therefore, tackling this
issue involves changing the composition of natural gas at the
expense of renewable energy sources with the subsequent
possibility of transporting it to European countries.

7. Conclusions

1. We have established that the main component of natu-
ral gas in the gas transportation network in the city of Kyiv
is methane, the content of which is almost 90 mol %. Other,
heavier than methane, hydrocarbons, account for about
6.7 mol %. About 3.8 % of inorganic components. Hydrogen
is absent.

2. The investigated PCPs of natural gas showed that the
average values of relative and absolute density are 0.6307 and
0.7569 kg /m?, respectively. The average value of the higher
and lower calorific value (38.25 MJ/m?) and (34.55 M]J/m?),
respectively, are close to the limits of the ranges established
by the current legislation. Considering the high heat of
combustion of hydrogen, it could be stated that if it is added
to natural gas, the energy intensity of the mixture would
increase according to the concentration and thermobaric
conditions.

3. Changes in the PCPs of the NG-H, system, in which
the hydrogen content varies over a wide range (from zero
to one hundred mol % in steps of one mol %), were calcu-
lated. It was established that the introduction of hydrogen
into the gas mixture would require an increase in pressure
in the network before the consumer. We have calculated
excess pressure that must be maintained before the burn-
er at an increase in the hydrogen content in the mixture
from 1.27 kPa, it passes through a maximum (1.96 kPa) at
a hydrogen content of 84 mol % and sharply decreases to a
value of 1.66 kPa. Therefore, in order to maintain a constant
power of gas burners of household equipment, it is necessary
to raise the pressure in the low-pressure gas distribution net-
work so that the excess pressure before the burner increases
by about 4 %, which is not burdensome for the low-pressure
gas distribution network.

4. Our calculations of changes in flash points showed
that with an increase in the hydrogen content in the mix-
ture, the lower flash point drops almost linearly from 5.16
to 4.09 percent by volume. The upper flash point rises much
faster from 15.81 to 80.00 vol percent. Therefore, in order to
maintain the safe flash limits of the gas-hydrogen mixture,
the hydrogen content must be maintained at the level of
7 mol %, when the upper flash limit of the gas-air mixture
increases by only 0.94 vol. %, and the lower limit will remain
practically unchanged.

Conflicts of interest

The authors declare that they have no conflicts of inter-
est in relation to the current study, including financial, per-
sonal, authorship, or any other, that could affect the study, as
well as the results reported in this paper.

Funding

The study was conducted without financial support.

Data availability

All data are available, either in numerical or graphical
form, in the main text of the manuscript.

Use of artificial intelligence

The authors confirm that they did not use artificial intel-
ligence technologies when creating the current work.

References

1. Zhan, X,, Chen, Z., Qin, C. (2022). Effect of hydrogen-blended natural gas on combustion stability and emission of water heater
burner. Case Studies in Thermal Engineering, 37, 102246. https://doi.org/10.1016 /j.csite.2022.102246

2. Zhou, D,, Yan, S., Huang, D., Shao, T, Xiao, W., Hao, J. et al. (2022). Modeling and simulation of the hydrogen blended gas-
electricity integrated energy system and influence analysis of hydrogen blending modes. Energy, 239, 121629. https://doi.org/

10.1016//j.energy.2021.121629

3. Pylypenko, R. A., Smiyan, B. S., Tsvetkov, S. V., Pikashov, V. S., Melnikov, R. V., Logvinenko, D. M. (2022). Substitution of natural
gas and mixtures of process gases. Energy Technologies & Resource Saving, 1, 24—32. https://doi.org/10.33070/etars.1.2022.03

4. Volchyn, I. A, Yasynetskyi, A. O., Przybylski, W. (2022). Environmental aspects of green ammonia role in Ukrainian energy sector.
Energy Technologies & Resource Saving, 2, 76—83. https://doi.org/10.33070 /etars.2.2022.07



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Li, J., Lai, S, Chen, D., Wu, R., Kobayashi, N., Deng, L., Huang, H. (2021). A Review on Combustion Characteristics of Ammonia
as a Carbon-Free Fuel. Frontiers in Energy Research, 9. https://doi.org/10.3389 /fenrg.2021.760356

Kyrychenko, V. 1., Kyrychenko, V. V., Nezdorovin, V. P. (2022). The problem of hydrogen, hydrogen and atomic-hydrogen energy:
physical, chemical and technological aspects, technical and economic analysis (review). Energy Technologies & Resource Saving,
3, 20—40. https://doi.org/10.33070 /etars.3.2022.02

Dolci, E, Thomas, D., Hilliard, S., Guerra, C. E, Hancke, R., Tto, H. et al. (2019). Incentives and legal barriers for power-to-hydrogen
pathways: An international snapshot. International Journal of Hydrogen Energy, 44 (23), 11394-11401. https://doi.org/10.1016/
j.ijhydene.2019.03.045

Kovag, A., Paranos, M., Marcius, D. (2021). Hydrogen in energy transition: A review. International Journal of Hydrogen Energy,
46 (16), 10016-10035. https://doi.org/10.1016/j.ijhydene.2020.11.256

Melaina, M. W,, Antonia, O., Penev, M. (2013). Blending Hydrogen into Natural Gas Pipeline Networks: A Review of Key Issues.
Office of Scientific and Technical Information (OSTT). https://doi.org/10.2172,/1068610

Samanta, S., Roy, D., Roy, S., Smallbone, A., Paul Roskilly, A. (2024). Modelling of hydrogen blending into the UK natural gas
network driven by a solid oxide fuel cell for electricity and district heating system. Fuel, 355, 129411. https://doi.org/10.1016/
j.fuel.2023.129411

Guandalini, G., Colbertaldo, P, Campanari, S. (2017). Dynamic modeling of natural gas quality within transport pipelines in
presence of hydrogen injections. Applied Energy, 185, 1712—1723. https://doi.org/10.1016 /j.apenergy.2016.03.006

Mayrhofer, M., Koller, M., Seemann, P, Prieler, R., Hochenauer, C. (2021). Assessment of natural gas/hydrogen blends as an
alternative fuel for industrial heat treatment furnaces. International Journal of Hydrogen Energy, 46 (41), 21672-21686. https://
doi.org/10.1016/j.ijhydene.2021.03.228

Nguyen, T. T, Park, J., Kim, W. S., Nahm, S. H., Beak, U. B. (2020). Effect of low partial hydrogen in a mixture with methane on
the mechanical properties of X70 pipeline steel. International Journal of Hydrogen Energy, 45 (3), 2368—2381. https://doi.org/
10.1016/j.ijhydene.2019.11.013

Patel, M., Roy, S., Roskilly, A. P,, Smallbone, A. (2022). The techno-economics potential of hydrogen interconnectors for electrical
energy transmission and storage. Journal of Cleaner Production, 335, 130045. https://doi.org/10.1016/j.jclepro.2021.130045
Kakoulaki, G., Kougias, 1., Taylor, N., Dolci, F, Moya, J., J ger-Waldau, A. (2021). Green hydrogen in Europe — A regional
assessment: Substituting existing production with electrolysis powered by renewables. Energy Conversion and Management,
228, 113649. https://doi.org/10.1016 /j.enconman.2020.113649

Nykonorov, O. (2020). Rol hazotransportnoi infrastruktury Ukrainy v rozvytku vodnevoi enerhetyky. Netradytsiyni tekhnolohiyi
ta enerhoefektyvnist, 5, 3—8.

Soroka, B. S., Pianykh, K. Ye., Zghurskyi, V. O., Horupa, V. V., Kudriavtsev, V. S. (2020). Enerhetychni ta ekolohichni
kharakterystyky pobutovykh hazovykh pryladiv pry vykorystanni metano-vodnevoi sumishi palyvnoho hazu. Netradytsiyni
tekhnolohiyi ta enerhoefektyvnist, 6, 3—13.

Turzhenko, M. V., Kovalchuk, M. O., Kondratenko, V. Yu., Demchenko, V. L., Gusakova, K. G., Verbovskyi, V. S. et al. (2023).
Influence of hydrogen-methane gas mixtures on the physical and chemical structure of polyethylene pipes of the operating
gasdistribution networks of Ukraine. Technical Diagnostics and Non-Destructive Testing, 2, 41-46. https://doi.org/10.37434/
tdnk2023.02.06

Gondal, I. A. (2019). Hydrogen integration in power-to-gas networks. International Journal of Hydrogen Energy, 44 (3), 1803—1815.
https://doi.org/10.1016 /j.ijhydene.2018.11.164

Wabhl, J., Kallo, J. (2020). Quantitative valuation of hydrogen blending in European gas grids and its impact on the combustion
process of large-bore gas engines. International Journal of Hydrogen Energy, 45 (56), 32534—32546. https://doi.org/10.1016/
j.ijhydene.2020.08.184

Kolienko, A. H. (2021). Vykorystannia sumishi pryrodnoho hazu i vodniu yak palyva v komunalno-pobutovykh promyslovykh
palyvospaliuvadbnykh teploheneruiuchykh ustanovkakh. Naftova haluz Ukrainy. Netradytsiyni tekhnolohiyi, 4 (52), 25-30.
Available at: https://reposit.nupp.edu.ua/bitstream/PoltNTU /10188 /1/%D0%9A%D0%BE%D0%BB%D1%96%D1%94%D0%B
D%D0%BA%D0%BE.pdf

Pro vnesennia zmin do deiakykh zakoniv Ukrainy shchodo zaprovadzhennia na rynku pryrodnoho hazu obliku ta rozrakhunkiv za
obsiahom hazu v odynytsiakh enerhiyi. Available at: https://zakon.rada.gov.ua/laws/show/1850-20#Text

DBN V.2.5-20:2018. Gas Supply (2019). Kyiv. Available at: https://dreamdim.ua/wp-content/uploads/2019,/04/DBN-V2520-18
Gas.pdf



