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Abstract. During the operation of gas distribution networks, there have been changes in concentrated loads, gas
flow intensity, and the values of the standard pressure in front of the burners of appliances. The internal cross-
section of gas pipelines has decreased, and internal stresses have arisen. The current regulatory framework has
significantly increased the requirements for gas quality, composition and supply parameters. Currently, gas supply
systems are considering the possibility of transporting gas mixtures with the addition of biomethane or hydrogen
to natural gas. The physical and chemical characteristics of mixtures of natural gas with hydrogen of various
concentrations are being studied. To meet the established regulatory requirements for gas quality, in particular, for
the calorific value, the hydrogen concentration in the mixture should not exceed 7%. In this case, the pressure
before the burners of gas appliances must be increased by 4%. The efficiency of using household gas appliances,
depending on the gas pressure on the burners, was studied. Measures have been proposed to modernize gas supply
networks. For example, ensuring optimal pressure in front of any gas device by the nominal pressure specified in
the device passport. Recalculation of the system throughput is based on the higher calorific value of gas. It is
recommended to ensure optimum pressure by placing gas-reducing devices as close to the consumer as possible
and then adjusting the pressure with gas stabilisers. An important aspect is the cost of gas and the environmental
impact of its combustion products. To ensure stable operation of the pressure regulator equipment, an alternative
way to increase the gas temperature without burning is proposed. The use of the Rank-Hilsh effect is suggested.
This will reduce gas consumption and avoid open flames, which will increase operational safety and reduce
emissions of pollutants into the atmosphere.
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Introduction

The vast majority of Eastern European gas networks were built in the last decades of the last century.
They were designed for gas flows and loads that were relevant at the time. Gas appliances worked
efficiently under those conditions. Nowadays, the load and intensity of gas flows, the regulatory
conditions for ensuring stable operation of gas appliances, and the composition of gas have changed
significantly. Over several decades of operation of gas networks, gas pipelines have become clogged,
their internal cross-section has decreased, and internal stresses have arisen in many places. Most gas
networks have been operating beyond their service life (25 years).

Scientists and practitioners from different countries are dealing with the urgent issue of improving
the efficiency of the gas supply system. The regulatory framework of the European Union is aimed at
increasing the level of energy saving and energy efficiency of engineering systems, the main provisions
are set out in [1] Directive 2012/27/EU of the European Parliament and of the Council on Energy
Efficiency.

The main component of gas transported in gas supply networks is methane. Methane is a non-
renewable energy source with limited reserves. The transition to renewable energy sources is now a
topical issue. There is a transition from the outdated gas market system, which uses only fossil fuels, to
a new model that provides for a competitive environment, wider use of renewable energy sources and
modernization of existing energy supply systems. Researchers from different countries have proposed
using renewable energy sources to replace fossil fuels. In the case of natural gas, it is proposed to use
mixtures with biogas, synthesis gas, ammonia, hydrogen, and various process gases. Paper [2] describes
the transition of the global energy system from fossil fuels to hydrogen. The environmental benefits of
hydrogen combustion are presented.

In the article [3], hydrogen is considered as a means of storing renewable energy. Blending
hydrogen with the existing gas pipeline network has been proposed as a means of increasing the
performance of renewable energy systems. Provided that relatively low concentrations of less than 5-
15% hydrogen by volume are used, such a strategy for storing and supplying renewable energy to
markets seems viable without significantly increasing risks. Articles [4; 5] note that biogas can replace
natural gas if it is purified to the level of green gas. Article [6] analyzes the problems that arise when
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transporting a mixture of gas and hydrogen in gas transmission networks. It is noted that due to the effect
of hydrogen embrittlement, the compatibility of pipeline steels and associated welds with hydrogen is a
serious problem when designing hydrogen-carrying pipelines.

Paper [7] investigated the explosion protection characteristics of mixtures of natural gas and
hydrogen. The mixtures become more “critical” in terms of explosiveness with an increase in the
hydrogen fraction. However, the dependence of safety characteristics on the hydrogen fraction is
generally not linear. Adding up to 10% hydrogen to natural gas has almost no effect on safety
characteristics. A more significant impact on safety characteristics was observed at a hydrogen content
of more than 25%. Paper [8] discusses the prospects of using mixtures of natural gas and hydrogen as
an alternative fuel. According to [9], Germany has started supplying hydrogen to the gas network and
plans to increase its concentration to 20%. Paper [10] notes that hydrogen admixture in natural gas
changes the properties of fuel gas. The negative impact of hydrogen admixture is mitigated by increasing
the excess air ratio. However, conventional combustion control technologies may not be able to respond
to the presence of hydrogen in the fuel.

Ukraine is also considering the possibility of producing hydrogen for domestic consumption and
transportation to European countries. Proposals to inject hydrogen (Hz) from renewable sources into the
natural gas system are economically attractive. In particular, the electrolysis of water with electricity
generated from wind, solar, etc. is a promising area. The results of the study [11] indicate that in some
parts of the natural gas system it is possible to add up to 10% hydrogen by volume to natural gas.

One of the ways to reduce the use of natural gas is to reduce its consumption for its own needs,
including when servicing gas supply system facilities and more efficient combustion in gas-consuming
appliances. Thus, in the dissertation [12], it is substantiated that using the method of frictional heating
of natural gas in energy separators instead of its direct combustion at gas distribution stations can save
up to 300 thousand m3 of natural gas per year.

Therefore, taking into account the requirements of the time to improve the efficiency of gas
networks, the requirements for the use of secondary and renewable resources, and based on the results
of research by scientists in the field of gas supply, there is a need to increase the stability of the required
pressure before gas appliances, the ability of gas appliances to operate in conditions of gas networks
being supplied with alternative fuel, hydrogen.

Paper [13] analyses the change in the thermal power Q of a gas burner device in relation to Q nom
depending on the gas pressure. Thus, when supplying a gas pressure of 1000 Pa with a nominal pressure
of 1800 Pa, the burner power decreases to 70.7%. The analysis of scientific research [14] shows that in
the construction of gas supply systems, the cheapest system is a single-stage medium gas pressure
system using polyethylene pipes and the installation of house pressure regulators.

The dependence of the ratio of the power of a burner at a certain gas pressure to its power at the
nominal gas pressure on the gas pressure before the burner (Fig. 1) was researched in [13]. However,
the research gives no information about gas consumption.

The scientific novelty of the work lies in the experimental study of the dependence of gas
consumption on the pressure in front of the burners of a household gas stove to determine the optimal
gas pressure. The work aims to minimize the consumption of natural gas by ensuring the gas pressure
in front of the burners equal to the optimal value according to the results of experimental studies, as well
as to avoid burning natural gas to compensate for its cooling in pressure reducers and partial replacement
with hydrogen.

Materials and methods

To determine the dependence of the gas flow rate on the pressure in front of the burners of a
household gas stove to determine the optimal gas pressure, an experiment was set up (Fig. 2). The
research was announced in the works [15-17] but was not finished. The study was carried out in the gas
supply system that supplies gas to Yampil and Mokrovolia villages in the Khmelnytsky region of
Ukraine, which are fed from the Bilogirya and Yampil gas distribution stations.

To determine the optimal gas pressure, we studied the efficiency of gas combustion in a household

gas stove at variable gas pressure. According to the supplier’s data [15], gas was supplied to Yampil
with the following parameters: weighted average lower combustion heat 34.66 MJ-m=, weighted
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average higher combustion heat 38.36 MJ-m, methane content 89.1%, ethane content 5.1%, propane
content 1.3%.
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Fig. 1. Dependence of the burner power ratio at a certain gas pressure Q to its capacity
at the nominal gas pressure Qnom from the gas pressure at
different nominal pressures of gas burners Pnom

=

L3 B

1 4

Fig.2. Experimental setup: 1 — connection point of the gas stove for the test at different pressures;
2 —gas valve @ 15 mm; 3 — gas valve @ 15 mm for the measuring device; 4 — connection point of the
manometer; 5 — gas meter; 6 — gas pressure regulator; 7 — main valve;

8 — pipeline of average gas pressure of 0.3 MPa

The pressure in the street gas pipeline near the building where the experiments were conducted was
0.28 MPa. Throttling was carried out using the RDGS-10 regulator installed on the wall of the gasified
building.

The efficiency of the burners of a Gefest gas stove PG-4 with an operating pressure of 2000 Pa
indicated in the device passport was determined. A Samgas G4 membrane gas meter, certified according
to the established procedure, was used for gas metering. The stove has four burners: one of high, two of
normal and one of low power.
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The experiments were performed for four inlet pressure conditions (1800, 2000, 2400, and 2600
Pa) on the high- and normal-power burners.

The process of heating water in a vessel with a volume of V = 3 dm? was studied. The initial water
temperature was T1 = 303.15 K, and the atmospheric pressure was 98 257 Pa. The water was heated until
it boiled. Gas consumption was determined as the difference in the meter readings at the end and
beginning of water heating.

The permissible amount of hydrogen is determined according to the admissible lower heating value
LHVagm, MJ-m, according to the Gas Transmission System Code using the formula for the lower
heating value of each component LHVi, MJ-m, with the corresponding amount r;:

f, = _ Ve (1)
D LRV,
Results and discussion

The experimental study of the impact of pressure changes on the efficiency of household gas
appliances in the existing gas supply system gives the results in Fig. 3.
0,075

0,070

0,065 \
0,060 \
0,055 \\

0,050 \
0,045 /

0,

Gas consumption, m*h™*

040
1800 2000 2200 2400 2600
Gas pressure, Pa
Fig. 3. Graph of gas flow versus pressure

At the optimum pressure of 2400 Pa, the gas consumption is 0.044 m3-h, If the pressure is
increased by 200 Pa or decreased by 420 Pa, the gas consumption will increase to 0.055 m3-h't — by
25%. Thus, focusing only on the standard pressure ranges [18-19] dependent on the nominal pressure
(Fig. 4) leads to gas overconsumption. Reduced efficiency leads to an increase in the volume of
incomplete combustion products, which are highly toxic to humans and more dangerous for the
environment than greenhouse gases.

The current DBN “Gas Supply” recommends calculating gas pressure at a gas pressure of 1200 Pa
at the burners [20]. At the same time, the analysis of the requirements of the passports of the
manufacturers of the equipment used provides for different pressures of 1200...1300 Pa, 1800 Pa,
2000 Pa, 2500 Pa.

In multi-storey buildings, we have a parallel connection of gas appliances from different
manufacturers with different optimal pressure values. For buildings with more than 4 storeys, the
pressure will change due to gravity, and the overall pressure loss along the length. Which of these
components will prevail depends on the characteristics of the gas supply facility and the instantaneous
gas supply regime. It is impossible to set the optimum pressure for all gas appliances even when using
a house pressure regulator.

Therefore, it is suggested to install pressure stabilisers in front of each gas appliance. The practice
of apartment stabilisation is used in the electricity supply systems of developed countries but is not used
in gas supply. Taking into account that the optimum pressure in front of the burners is 2400 Pa and when
gas is supplied from the regulator to the burners, pressure losses occur at the meter, it is recommended
to set the setting pressure of RDGS-10 at 2400 Pa plus pressure loss. This optimisation should be
combined with the replacement of some natural gas by green hydrogen.
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Fig. 4. Gas pressure distribution in the gas pipeline from the gas regulator station to the
consumer, gas pressure requirements for gas consuming devices

An analysis of the cost of construction and installation works of a gas supply system for the
settlement was carried out. The most economically feasible option is a single-stage medium gas pressure
system using polyethylene pipes and installing house pressure regulators in each dwelling. If we assume
the cost of such a system to be 100%, the cost of a similar system made of steel pipes is approximately
136%, and of two-stage systems with steel pipes 164%, and polyethylene pipes — 125%. In other words,
even two-stage systems using polyethylene pipes are cheaper than one-stage systems with steel gas
pipelines. A single-stage medium gas pressure system using polyethylene pipes and the installation of
house gas pressure regulators is also the cheapest in terms of specific indicators of the construction of
gas distribution networks in a settlement [14].

The composition and quality of the gas supplied is of great importance. Gas quality is determined
by the Gas Transmission System Code, Gas Distribution System Code and the Technical Regulations
for Natural Gas. However, this Code only establishes the characteristics of gas that is allowed for
transportation, but not for use by consumers.

By the law of Ukraine [21], the capacity distribution is recalculated by the coefficient corresponding
to the higher heating value, which is 38.3 MJ-m= (10.64 kWh-m-®). When calculating the distribution
part of the gas supply system, DBN [20] recommends using a heating value of
34 MJ-m3, We consider it necessary to recommend using a higher heating value of
38.3 MJ-m™ (10.64 kWh-m=) when determining the diameters of gas pipelines.
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Fig. 5. Typical design of a hydraulic fracturing unit: a — before changes; b — with proposed
changes. 1 — gate valve; 2 —filter; 3 — pressure sensor; 4 — temperature sensor; 5 — gas metering unit;
6 — pressure regulator; 7 — RDGS-10; 8 — G-4 meter; 9 — boiler; 10 — heater; 11 — gas heater;

12 — chromatograph; 13 — secondary converter; 14 — GSM/GPRS/VPN communication channel

Gas quality changes during transporting because of water inflows during intensive precipitation
through walls and welding of old pipes with micro-defects, condensing of heavy hydrocarbons, chemical
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reactions with pipe material of aggressive components (for example, sulphurous compounds), etc. Thus,
we need to measure the heating value of each consumer (Fig. 5).

When the natural gas pressure at the fracturing station decreases, the Joule-Thomson effect, i.e. a
decrease in the gas temperature is observed. If the temperature in the room is below 5-8 °C, liquid
fractions are formed in the gas and crystallohydrates of CH4-7H-0 can form.

To ensure stable operation of the hydraulic fracturing system, the gas temperature must be
maintained at a certain level during throttling. The gas temperature must exceed the condensation
temperature of the individual gas fractions. In this case, it is important to ensure only the gas temperature
since the air temperature in the fracturing room does not directly affect the process.

We propose to maintain the temperature of the gas which pressure is reduced at the gas distribution
station using a device that works according to the Rank-Hilsh effect [21-24].

This device will reduce the gas consumption for heating in the gas-distributing plants building by
about 450 m® of gas per month, which is about 3000 m? during the heating period [25].

The use of gas for heating incurs certain financial costs, open flames in the fracturing room are
dangerous, and combustion products are released during gas combustion, which harms the environment.

The use of liquefied gas, hydrogen or biogas will help balance the load. The use of liquefied gas
will ensure the autonomy of these gas consumption facilities and will provide a certain economic effect
[2-4]. Thus, when using liquefied gas, the consumer has the opportunity to purchase gas at the time of
its lowest price and use it for a certain period, regardless of limits, prices, possible outages, etc.

The regulatory requirements for hydrogen content in gas networks in different countries are
analysed as shown in [8] Table 1.

Table 1
Maximum permissible hydrogen concentration in gas networks
Country | Netherlands | Germany | France Spain Austria | Switzerland
Ha, »0b 12 10 6 5 4 4
Country Italy Sweden | Belgium | United Kingdom Japan Ukraine
H>, %0b 3 0.5 0.1 0.1 0 undetermined

We calculated the permissible hydrogen content in the gas mixture to be transported in the
Ukrainian gas transmission system, subject to the standard values of the calorific value according to the
Gas Transmission System Code. Fig. 6 shows the effect of hydrogen content on the volumetric heat of
combustion.
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Fig. 6. Changes in the volumetric heat of combustion of natural gas
with increasing hydrogen H; content

Based on the quantitative and qualitative composition of natural gas typical for the city of Kyiv,
theoretical calculations of changes in the physicochemical properties of a mixture of natural gas and
hydrogen were carried out. It was found that the density and volumetric heat of combustion decrease in
direct proportion to the increase in hydrogen concentration. To meet the Wobbe interchangeability
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criterion of 5% deviation, the hydrogen content should not exceed 19 mol.%. To meet the requirements
for the volumetric heat of combustion set by the Ukrainian legislation, the hydrogen content by equation
(1) must be within 7 mol.%. Thus, the limiting factor for the hydrogen content of gas is the calorific
value.

To maintain a constant power output of gas burners in household appliances, the pressure in the gas
distribution network needs to be increased by about 4%. This is not a burden for a low-pressure gas
distribution network.

With a hydrogen content of 7 molecular per cent, the upper limit of ignition of a gas-air mixture
will increase slightly, while the lower limit will remain virtually unchanged. To ensure the safe operation
of gas networks, localisation and elimination of gas leaks, existing safety measures will have to be
improved or even new ones developed.

The issue of the impact of the natural gas-hydrogen mixture on the construction materials of gas
networks and the economic justification remains relevant and requires further study.

The analysis of the gas network operation points to certain shortcomings that reduce its efficiency.
We propose measures that will improve the operation of gas networks, namely: to calculate new and
recalculate existing networks using all the energy of the gas, i.e. the higher heat of combustion along
the gas route; for new gas networks, to use mainly polyethylene pipes with a maximum supply of high
(medium) pressure to the consumer. This will ensure that the required pressure is supplied to the burners
of gas appliances, maintains the required gas temperature before the regulator due to the Rank-Hilsh
effect without burning gas for heating, makes greater use of biogas and hydrogen in gas networks, carries
out gas metering in energy units.

The proposed changes in gas supply systems will result in a reduction of gas pipeline diameters due
to full utilisation of gas energy; more accurate gas metering in volume units and energy units during
transportation and the ability to monitor gas flows with forecasting for the future, the ability to determine
gas losses by analysing energy flows, the use of the Rank-Hilsh effect will result in certain gas savings,
improvement of the environment by avoiding gas flaring to heat the hydraulic fracturing facility, rational
use of medium and low-pressure gas networks, ensuring and maintaining the required gas parameters
before the burners of gas appliances, ensuring actual metering of energy consumption; wider use of
renewable and secondary energy resources.

Overall, the proposed measures will reduce the volume of gas consumed and ensure reliable energy
supply to consumers.

Conclusions

Experimental studies have shown a significant impact of the gas pressure on the efficiency of gas
stoves. For example, for a Gefest PG-4 stove, the gas consumption at the optimum pressure of 2400 Pa
is 0.044 m3-hl. If the pressure is increased by 200 Pa, the gas consumption will increase to
0.055 m3-h?, and if the pressure is reduced by the same amount, the increase will be up to
0.0467 m3-h. Since this value depends on the model and manufacturer, it is necessary to stabilize the
pressure before each consumer. The gas heating value should be measured for each consumer because
the gas quality changes during transportation. The gas burning to compensate for the gas cooling due to
pressure reduction should be replaced with a Rank-Hilsh effect gas heater. Due to the shortage of gas in
Ukraine, it is advisable to mix hydrogen with it in an amount of up to 7%. It is recommended to use
hydrogen from renewable sources or electricity at energy consumption gaps.
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