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Abstract: One of the most important requirements concerning the quality of natural gases,
guaranteeing their safe use, involves providing the proper level of their odorization. This allows
for the detection of uncontrolled leakages of gases from gas networks, installations and devices.
The concentration of an odorant should be adjusted in such a manner that the gas odor in a mixture
with air would be noticeable by users (gas receivers). A permanent odor of gas is guaranteed by the
stability of the odorant molecule and its resistance to changes in the composition of odorized gases.
The article presents the results of experimental research on the impact of a hydrogen additive on
the stability of tetrahydrothiophene (THT) mixtures in methane and in natural gas with a hydrogen
additive. The objective of the work was to determine the readiness of measurement infrastructures
routinely used in monitoring the process of odorizing natural gas for potential changes in its
composition. One of the elements of this infrastructure includes the reference mixtures of THT, used to
verify the correctness of the readings of measurement devices. The performed experimental tests
address possible changes in the composition of gases supplied via a distribution network, resulting
from the introduction of hydrogen. The lack of interaction between hydrogen and THT has been
verified indirectly by assessing the stability of its mixtures with methane and natural gas containing
hydrogen. The results of the presented tests permitted the identification of potential hazards for the
safe use of gas from a distribution network, resulting from changes in its composition caused by the
addition of hydrogen.

Keywords: THT; odorization of gas; safe use of gas; reference gas mixtures; hydrogen; P2G; mixing of
hydrogen with natural gas

1. Introduction

The rapid depletion of fossil fuels and their negative environmental impact (greenhouse effect,
contamination of air with compounds of sulfur and nitrogen, the generation of smog) are reasons
behind the increasing share of renewable sources on the energy market. The updated draft of the
Energy Policy of Poland until 2040, prepared by the Ministry of Climate and Environment, indicates
that this policy will lead to the necessity to invest in sources with lower or even zero emissions [1].
This draft announces the development of the hydrogen market, which will support an increase in
the share of renewable energy sources on the country’s energy market and assign a new role to the
gas sector. However, this should be preceded by the creation of the country’s technological and
legal background for the development of this area. It should also be pointed out that the Ministry of
Climate is preparing the hydrogen strategy of Poland, which, among other things, will contribute to
the limitation of the emission of greenhouse gases and other contaminations into the atmosphere in
Poland. This points to the predicted increase in interest in hydrogen as an energy carrier. Due to the
plans of increasing the use of synthetic gases, biomethane and hydrogen in European gas networks,
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the operators of gas networks must plan for an increase in the transport capacities of gases other than
natural via their networks.

This is because the increasing demand for ‘clean’ and efficient energy results in, among other
things, an interest in the utilization of hydrogen for energy purposes [2] as a potential long-term
solution to the problem of the growing energy crisis [3–5]. Electrical energy harvested from renewable
sources can be stored in the form of hydrogen. To this end, there are considerations for using gas
networks as storage of the produced hydrogen [6,7].

At present, there are no legal regulations defining the maximum permissible hydrogen content
that can be introduced safely into natural gas networks [8]. Research commenced in this area focuses on
determining the most probable and permitted ranges of hydrogen concentrations in the gas network,
guaranteeing the safety of the gas system [5,9–13]. It is necessary, on the one hand, to determine the
conditions present in a gas network via which hydrogen can be potentially transported (pressure,
temperature) and, on the other hand, assess the impact of hydrogen pumped into the networks in an
acceptable amount on the quality of fuel gases, devices burning fuel gases or the operation of control
and measurement infrastructures [14]. The latter areas especially determine the permitted hydrogen
content of natural gas.

For several years, the Oil and Gas Institute—National Research Institute (INIG—PIB) has been
researching the possibilities of introducing hydrogen into the gas network. They primarily involve
the identification of limitations for this process, resulting from the resistance of individual elements
of the gas system to the addition of hydrogen [11]. The research performed so far has focused on:
accounts and measurements of fuel gases, the quality of fuel gases [15] and devices burning fuel
gases [16]. Research has also continued with respect to the safety of operation and accuracy of the
readings of gas meters and gas regulators, and new research areas concerning the impact of hydrogen
on the gas network cover issues related to the tightness of mechanical connections of the elements of
gas networks and installations, as well as the odorization of fuel gases.

The results of the performed research allowed for the pinpointing of the predicted, not just optimal
but primarily permissible, hydrogen content of natural gas, supplied mostly by a gas distribution
network. The reduction of the hydrogen content of gas to acceptable values results from the necessity
to ensure the safety of the gas network, as well as the users of gas. The maximum levels of hydrogen
established so far by the INiG—PIB which can be added ‘safely’ to methane-rich natural gas are [10,11]:

• 36% for gas originating from the regasification of LNG and 26% for gas of group 2E—due to the
quality of gas (retaining legally permitted [17] energy parameters of gas),

• 23%—due to the safety of combustion in end devices,
• 15%—due to the efficiency of combustion in end devices,
• 10%—due to the method of recalculating the compressibility factor,
• 8%—due to the explosion safety of devices working in explosion hazardous areas.

As emphasized by the authors of the abovementioned research [10,11], the produced results are not
of a statistical nature, and they do not exhaust the possibilities of further limitations for the permissible
safe levels of the hydrogen content of network gas. Forecasts related to further limitations result from
the predicted sensitivity of the control and measurement apparatus to hydrogen. Elements of the
control and measurement infrastructure of a gas distribution network include analyzers for measuring
the concentration of the odorant (in Poland—THT) in gas. Disruptions of their operation or unreliable
results of measurements performed by them, caused, e.g., by the increased hydrogen content of gas,
will translate directly into the safety of gas users.

1.1. The Essence of the Odorization of Fuel Gases

For many years, the odorization of fuel gases has been a common method applied to ensure
the safety of their use in practice, due to the fact that it is the odor that is the only feature of gas
which can be easily identified in a situation threatening the health and life of its user. Natural gas,
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which lacks the characteristic of an unmistakable scent, forms explosive mixtures in certain proportions
with air. This results in the basic idea of the odorization procedure, which is to alert and warn a user
not equipped with any measurement devices, and having only their own senses to use, against the
impeding danger. This is only possible due to the characteristic odor of properly selected chemical
compounds, referred to by the common term odorants or odorizing substances (in the following
parts of the article, these names are used interchangeably) [18]. The term ‘odorization’ describes the
entire process of providing fuel gases with a characteristic scent, precisely defined by proper quality
standards (e.g., [19–21]). This process begins by introducing an odorizing substance to gas and ends
with a complex process of inspecting the level of odorization, including the monitoring of both the
odor and the concentration of the odorant in the gas [22].

In the global practice of the gas industry, one of the most important requirements related to the
quality of natural gases delivered from a distribution network involves providing a proper level of
odorization, enabling the detection of uncontrolled leakages of gases from networks, installations or,
finally, from gas devices. Existing European regulations, in this regard, are compatible [22]. Fuel gases
distributed via gas networks must be odorized continuously, to such an extent that the gas/air mixture
generated in this manner during an uncontrolled leakage of gas would have a distinctly noticeable odor
(serving as a warning function against impeding danger). There is a common rule that gas must be
detected by any user when its concentration in the air does not exceed 1/5 of the value of concentration
corresponding to the lower explosion limit of odorized gas [19,22–24].

Depending on local conditions, the selection of a proper odorant is the responsibility of the
company handling the transmission or distribution of gas [25]. An odorant should be characterized by
a specific and very intense scent, so that it could be used in very low concentrations. The nature of
the scent should be independent of the concentration of gas in the air. Odorants commonly used in
Europe include organic sulfur compounds, fulfilling the requirements of ISO 13734 [26]. The ones used
most frequently include: tetrahydrothiophene (THT), ethyl mercaptan (EM), tert-butyl mercaptan
(TBM), isopropyl mercaptan (IPM), n-propyl mercaptan (NMP) and dimethyl sulfide (DMS). The uses
of the individual odorants in European gas odorization systems are presented in Table 1 [8,22].
Tetrahydrothiophene (THT) is the most frequently used odorant among those having sulfur in their
compositions in Poland. Countries like the Netherlands, France, Denmark or Poland use it in 100% of
their networks [8].

Table 1. Odorants in European gas odorization systems [22].

Country Odorant Percentage of Consumption (%)

Austria
THT 93

Sulfur-Free Odorant 2
Other odorants 5

Belgium THT
no data 1

TBM + IPM + NPM

Switzerland THT 100

Czechia
THT 10

TBM + DMS 89
Sulfur-Free Odorant 1

Germany

THT 55–70
Mercaptan mixtures 15–19
Sulfur-Free Odorant 25

Other odorants mixtures 2

Denmark THT 100
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Table 1. Cont.

Country Odorant Percentage of Consumption (%)

Greece THT 100

Spain THT 100

France THT 100

Hungary THT + TBM 100

Ireland TBM + DMS 100

Italy THT 50
TBM + IPM + NPM 50

The Netherlands THT 100

Poland THT 100

Portugal THT 100

Romania EM 100

Slovakia
THT 59

TBM + MES 41

Great Britain TBM + DMS 100

Norway THT 100
1 no data—no data in literature.

Poland follows the global trends of odorization of natural gases. For years, the Oil and Gas
Institute—National Research Institute played a major role in the selection and test of odorants for the
gas industry, methods for monitoring gas odorization levels and the ability to improve the efficiency
of odorization [27,28]. The present article shows the results of INiG—PIB’s initial studies related to
the impact of hydrogen in a concentration predicted based on its own earlier research [10,11], on the
stability of the THT concentration in gaseous mixtures with the addition of hydrogen, taking into
account the conditions of the Polish gas network. The results of the research are a basis for forecasting
the impact of hydrogen on the quality of odorization of gas using THT. According to the data presented
in Table 1, they can also be related to other European countries that use the same odorant.

1.2. The Impact of Hydrogen on the Odorization of Fuel Gases

Literature related to the impact of the addition of hydrogen to natural gas on the course of the
odorization process is rather poor. The few sources [29,30] indicated the need to perform research
in this area without mentioning its expected result. In the ‘HYPOS: H2-Netz’ project (Hydrogen
Power Storage and Solutions) implemented in Germany, related to the production of hydrogen from
renewable energy sources, odorization plays a special role as an important safety element of the gas
system [31,32]. According to the data of CEN-CENELEC [33], the studies are of a domestic nature,
and it is not clear whether they will encompass all types of odorants. On the other hand, it is certain
that they are to cover odorization with both sulfur-free odorants, as well as organic sulfur compounds,
assuming that the former do not constitute a panacea for the problems identified in the area of odorizing
mixtures of natural gas with hydrogen. The experimental field studies which are currently being
performed involve the technical possibilities of introducing generated hydrogen into a gas network
(a project carried out in a technology park built for the purpose of its execution), taking into account
its odorization [32]. Their results will be used by the CEN and CENELEC subcommittees to update
standardization documents [33]. On the other hand, the authors of a preliminary expert opinion for
the project ‘H2-Ready-Assets,’ whose goal was to determine the possibility of introducing up to 100%
of hydrogen to the E.ON gas network, claim that the previous experience of the German gas industry
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points to the possibility of odorization using sulfur odorants for mixtures of natural gas with up to 60%
of hydrogen [34]. However, this requires verification in pilot tests.

The report prepared for the British Health and Safety Executive (HSE) [35], based on studies from
literature, indicates that the introduction of hydrogen into a gas network will have no impact on the
course and effectiveness of the odorization process. This is independent of whether the odorization
will affect mixed streams of methane-rich gas and hydrogen or a stream of odorized methane-rich
gas with previously odorized hydrogen. Unfortunately, the authors did not specify the percentage of
hydrogen in the mixture which was used in this analysis (based on the adopted assumptions, it can be
concluded that the permissible level of hydrogen in gas is 20%), nor did they reveal its basis in the
literature. The predictions refer to odorants in the form of organic sulfur compounds (mercaptans,
according to Table 1 above). The assumptions of the HSE’s report [35] related to odorization are quoted
in a report involving a kickstart project for the development of a countrywide hydrogen strategy
for Australia [36]. According to its contents, the literature presented as its basis allows for decisions
concerning the lack of contraindications for changing the odorization method and the odorants used
(sulfur compounds, including primarily THT).

The report of the Det Norske Veritas (DNV GL, Oslo, Norway) and Germanischer Lloyd (DNV
GL, Oslo, Germany) group, published in 2016, presents the results of testing the impact of hydrogen on
the intensity of the scent of gas odorized with a mixture of odorants: DMS and TBM [37]. Based on the
lack of visible masking of the odor of the mixture of the abovementioned substances via the addition
of up to 20% of hydrogen, it was deemed unnecessary to introduce significant changes in the area of
odorization of network gas mixed with hydrogen. However, the authors of the report pointed out that,
in spite of the promising results, one cannot rule out the possibility of losing the odorizing substance as
a result of a reaction with hydrogen under the conditions of a gas pipeline, which should be assessed
in dedicated tests.

According to the analysis presented above, it can be concluded that, in literature, there are
currently no reports on the verified possibilities of odorizing mixtures of natural gas with hydrogen
without threatening the safety of end users. There is also no information on the performance of proper
analytical examinations of the concentration of odorants in such mixtures. This results in a need
for experimental verification of, e.g., the magnitude of the measurable impact of hydrogen on the
operations of measurement devices used in the odorization of fuel gases, with particular emphasis on
process analyzers, which are becoming increasingly popular in the gas industry [38–43]. Additionally,
it is extremely important to experimentally verify the possibility of handling the process of odorization
through currently-applied methods and with the use of the same odorants. The possibilities of
performing such verification include checking the stability of synthetic mixtures of gases containing an
addition of hydrogen with the selected odorants. The increase in hydrogen content in natural gas to
the tested amounts should not force a change of the odorant that has been used for years and ensures
the safety of customers. Since the general public is already used to them, it is advisable to keep using
the currently-used gas odorants such as THT.

Tests involving the stability of the composition of tetrahydrothiophene mixtures in gases with
an increased hydrogen content (up to 15%) were performed in the laboratory of the Department
of Gaseous Fuel Odorizing in the Oil and Gas Institute—National Research Institute (INiG—PIB).
They constitute the first stage of a whole block of studies currently performed by INiG—PIB in the
area of odorization of fuel gases doped with hydrogen.

2. Materials and Methods

2.1. Assumption for the Study

According to the assumptions of the INiG—PIB, the selection of gas compositions tested for
the stability of the THT concentration (indirectly: the stability of odorization by means of THT) was
based on its previous own experience [9–11] concerning the permissible hydrogen content of network
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gas. On this basis, the mixtures of methane and hydrogen, as well as methane-rich natural gas and
hydrogen, used as reference gases for tests were made up of the following compositions:

• methane with the addition of hydrogen with an amount of 8% (V/V),
• methane with the addition of hydrogen with an amount of 10% (V/V),
• methane with the addition of hydrogen with an amount of 15% (V/V),
• methane-rich natural gas of group 2E with a hydrogen content of 2% (V/V),
• methane-rich natural gas of group 2E with a hydrogen content of 15% (V/V).

Higher concentrations of hydrogen in the tested mixtures were not taken into consideration,
due to the trend of a gradual decrease in the upper value of its permissible amounts in network gas [9].
In addition, it was assumed that, in particular, higher concentrations of hydrogen in methane will allow
for the proper assessment of its potential impact on the level of odorization of gas by means of THT.
The evaluation of this impact will be a basis for further ‘hydrogen’ studies performed with respect to
odorization, in terms of determining the magnitude or observing the lack of interference originating
from the interaction between the odorant and hydrogen. On the other hand, in the case of natural
gas, two extreme levels of the hydrogen content of mixtures from the applied range (i.e., up to 15%)
were selected for tests. Based on the data from literature [35], it was expected to obtain experimental
confirmation of the lack of the impact of hydrogen on the stability of THT molecules in mixtures of
methane and natural gas with hydrogen.

According to the research objective, all resulting mixtures of methane and natural gas with
hydrogen were odorized using tetrahydrothiophene. The tests were limited to just one odorant, as
this was the one used most frequently in European practice and the only one used in Poland. It was
assumed that THT concentration should correspond to its average values in the distribution network,
i.e., fall within a range of 15.0–30.0 mg/m3 (approx. 4.0–8.0 ppm). The THT concentration calculated in
the tested mixtures after the stabilization of their composition, which was considered as a starting
point for testing the stability of odorization, ranged from 18.62 to 27.30 mg/m3 (approx. 5.1–7.4 ppm).
Table 2 presents the gaseous mixtures used in the tests in the order of examination of the stability of
their THT concentrations.

Table 2. List of the compositions of tested gaseous mixtures.

No. Symbol of the Mixture Composition of the Tested Gaseous Mixture

1 M/H8 + THT 92% Methane + 8% H2 (V/V) + 5.07 ppm THT
2 M/H10 + THT 90% Methane + 10% H2 (V/V) + 7.44 ppm THT
3 M/H15 + THT 85% Methane + 15% H2 (V/V) + 6.70 ppm THT
4 2E/H2 + THT 98% Natural gas of group 2E + 2% H2 (V/V) + 5.23 ppm THT
5 2E/H15 + THT 85% Natural gas of group 2E + 15% H2 V/V) + 7.41 ppm THT

The manometric method [44], belonging to static volumetric techniques [45], was selected for
the preparation of mixtures. Gaseous mixtures can be prepared using various methods, with the
optimized manometric method having been used for many years by the Department of Gaseous Fuel
Odorizing in the INiG—PIB to create working reference mixtures of THT for the needs of the calibration
of electrochemical analyzers used to measure the concentration of this odorant in the gas network.
This method is characterized by a low degree of complexity and satisfying repetitiveness.

The static volumetric method [45] is a technique in which a gaseous mixture is prepared by mixing
two or more gases originating from two or more containers of known volume, with all operations being
performed under specified conditions of pressure and temperature. The manometric method [44],
belonging to this group of techniques, is a static method enabling the preparation of large amounts
of gaseous mixtures (including reference gas mixtures) under high pressure. Reference components
and dissolving gas are introduced in sequence into a vessel, the volume of which is considered to be
constant (ignoring the expansion of the vessel due to pressure changes inside it). The vessel is cleaned
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beforehand, with a vacuum generated inside it. The pressure is checked upon the introduction of
each component. The concentration of a given reference component equals the ratio of the pressure
increase caused by the introduction of this component to the total pressure of the reference mixture.
The conversion of the value of concentration, expressed as a pressure ratio, into a value expressed as a
molar ratio is achieved via computational methods. The accuracy of preparing a mixture containing
components with a given concentration may vary depending on the type of the generated mixture.
For example, a relative accuracy equal to approximately 1% of concentration, expressed in the form of
a pressure ratio or a molar fraction, can be achieved for mixtures of gases whose behavior resembles
that of an ideal gas. Since the methods used to calculate the composition of mixtures produced using
the manometric technique are not very accurate, the final composition of this mixture (the values of
concentrations of the components) is determined using the comparative method [46] or the direct
analysis method [47]. Therefore, the odorant content (THT) of gases produced for the needs of testing
its stability, containing an increased hydrogen content, was determined by means of the direct analysis
method using gas chromatography [48].

2.2. Gaseous Mixtures for Testing

The mixtures of gases prepared in the Department of Gaseous Fuel Odorizing in the INiG—PIB
were produced from the following components:

• liquid tetrahydrothiophene (THT) (by Chevron Phillips Chemical),
• certified mixtures of hydrogen and methane (M/H15, M/H10 and M/H8, with respective purities

of 15.009 ± 0.450% (mol/mol), 10.002 ± 0.300% (mol/mol) and 8.013 ± 0.240% (mol/mol))
(by AirProducts),

• mixtures of natural gas (methane content > 96% (mol/mol)) and hydrogen (with a purity of 5.0
(99.999%)) (by Air Products), 2E/H2 and 2E/H15, also prepared in the laboratory of the Department
of Gaseous Fuel Odorizing in the INiG—PIB.

Before use, the purity of each uncertified component was confirmed chromatographically
(GC) in the Department of Gaseous Fuel Odorizing in the INiG—PIB. The 2E/H2 and 2E/H15
mixtures were prepared using the serial dilution method, with their compositions also being checked
chromatographically (GC).

The gaseous mixtures of THT were prepared in 10-liter aluminum pressure bottles (manufactured
by Luxfer) with Teflon-passivated inner surfaces, eliminating the effect of adsorption of the components
of the mixture on the inner walls of the cylinder. The method used to prepare the mixtures is presented
in Figure 1. Before filling, each bottle (gas cylinder A) was emptied to a pressure value of approximately
7 × 10−2 bar using an oil-free vacuum pump (manufactured by Rocker). Such a degree of cleanliness of
the bottles (previously unused) was deemed sufficient for the needs of the performed tests.

The mixtures were prepared using the modified manometric method, developed based on the
ISO 6146 quality standard [44]. This method enables the preparation of mixtures under high pressure.
The reference components (here: liquid THT) and a complementary gas (here: mixtures of M/H8,
M/H10, M/H15 or 2E/H2 and 2E/H15) are introduced in sequence into the pressure bottle (gas cylinder
A), the volume of which is considered to be constant. The components of the mixture are added by
direct dosage of each of them into the cylinder which is being filled. A total of 25.0–35.0 µL of liquid
THT was introduced via an injector to each empty bottle with generated vacuum (gas cylinder A—the
point of injection is indicated by the symbol W in the diagram). This was followed by gradual filling
of the bottles (by manipulating the valves Z1 and Z2) with a proper compressed gaseous mixture,
gradually increasing the pressure of gas in bottle A to reach the assumed maximum value of 125 bar
(pressure measurement with an accuracy of ± 1 bar). Upon filling, the mixture was stirred (a shaker
manufactured by GFL) and stabilized at ambient temperature until reaching a stable composition.
The strategy of preparation of all mixtures subjected to the tests of stability of the THT concentration
is presented in Figure 2. The descriptions included in the figure present the THT content achieved
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after stabilizing the composition of each mixture, adopted as a reference value in stability tests. All the
resulting mixtures were stored under stable conditions of pressure and temperature (T = 20 ± 2 ◦C,
P = 101.325 kPa) in order to eliminate the impact of storage conditions on changes in their compositions
(eliminating the possibility to condense the components of the mixture).
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2.3. Reference Mixtures and a Chromatographic Analysis of the Composition of Mixtures

The stability of gaseous mixtures of THT containing hydrogen was controlled based on the
measurement of THT concentration, performed using the method of gas chromatography with
selective detection for sulfur compounds (PFPD). The assessment also involved the appearance of
chromatograms derived for these mixtures. The presence of additional peaks in the spectrum could
indicate the occurrence of sulfur compounds other than THT, as a consequence of a reaction between
hydrogen and the components of the mixtures. The stability of THT concentration over time (xn,THT)
was adopted as the measure of the stability of gaseous THT mixtures (stability of THT concentration),
and thus of the stability of their odorization as well. This should fall within the range defined by the
value of THT concentration in the starting point of the tests (x0,THT, measurement values specified in
Table 3 for a timeframe of 0 days), corrected by the value of expanded uncertainty ± U(x0,THT) (for
k = 2, p = 95%), i.e., within the following range:

x0,THT −U(x0,THT) ≤ xn,THT ≤ x0,THT + U(x0,THT)

where:

x0,THT—initial THT concentration in the gas mixture (attributed value),
xn,THT—THT concentration in the gas mixture after the lapse of a specified period,
U(x0,THT)—expanded measurement uncertainty for the attributed value of THT concentration.

The fulfilment of this condition constitutes the first criterion for the stability of mixtures. The value
of statistical parameter D, calculated according to ISO 16664, constituted a second parameter (criterion)
when assessing the stability of the mixtures [49]. The approval criteria for this parameter are presented
in the following section of the article.

The THT content of the prepared gaseous mixtures (xn,THT) was determined analytically by
comparison with certified reference materials (Primary Standard Gas Mixture (PSM)) for THT according
to the ISO 6143 quality standard [46]. The expanded uncertainty of the reference mixture (NPL) equaled
±2.0% for k = 2, p = 95%. The concentration of THT (expressed as a molar ratio ppm (mol/mol)
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and as mass concentration (mg/m3); T = 20 ◦C and P = 101.325 kPa) was determined using the gas
chromatography method according to the ISO 19739 quality standard [48]. The limit of detection in the
method was 0.03 ppm (about 0.1 mg/m3; T = 20 ◦C and P = 101.325 kPa).
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Table 3. Results of testing the stability of THT concentration in gaseous mixtures of M/H + THT or
2E/H + THT.

Storage Time
(Days)

Average Value of THT Concentration (mg/m3)

M/H8 + THT
5.07 ± 0.31 ppm

M/H10 + THT
7.44 ± 0.46 ppm

M/H15 + THT
6.70 ± 0.41 ppm

2E/H2 + THT
5.23 ± 0.45 ppm

2E/H15 + THT
7.41 ± 0.32 ppm

0 18.62 ± 1.13 27.30 ± 1.66 24.60 ± 1.49 19.20 ± 1.65 27.20 ± 1.16
7 18.93 ± 1.15 27.44 ± 1.66 24.70 ± 1.50 18.60 ± 1.61 26.60 ± 1.13

14 18.36 ± 1.11 27.46 ± 1.67 24.27 ± 1.47 19.95 ± 1.60 26.32 ± 1.21
21 18.57 ± 1.13 27.71 ± 1.68 25.03 ± 1.52 19.27 ± 1.57 25.85 ± 1.17
28 18.51 ± 1.12 27.53 ± 1.67 25.30 ± 1.53 19.35 ± 1.60 26.33 ± 1.17
35 19.30 ± 1.17 27.63 ± 1.68 23.68 ± 1.44 18.99 ± 1.58 26.09 ± 1.15
42 19.50 ± 1.18 27.13 ± 1.65 23.90 ± 1.45 20.34 ± 1.58 26.10 ± 1.23
49 18.89 ± 1.15 27.12 ± 1.65 24.39 ± 1.48 19.30 ± 1.70 28.00 ± 1.17
56 19.14 ± 1.16 27.57 ± 1.67 24.38 ± 1.48 19.01 ± 1.70 27.98 ± 1.15
63 18.17 ± 1.10 27.15 ± 1.65 24.31 ± 1.47 19.26 ± 1.62 26.78 ± 1.17
70 19.52 ± 1.18 27.51 ± 1.67 24.58 ± 1.49 19.15 ± 1.63 26.88 ± 1.16
77 18.95 ± 1.15 27.36 ± 1.66 24.55 ± 1.49 20.18 ± 1.61 26.54 ± 1.22
84 18.59 ± 1.13 28.00 ± 1.70 23.65 ± 1.43 19.66 ± 1.68 27.76 ± 1.19
91 19.09 ± 1.16 28.06 ± 1.70 24.81 ± 1.51 19.64 ± 1.69 27.84 ± 1.19
98 18.65 ± 1.13 27.68 ± 1.68 24.26 ± 1.47 18.45 ± 1.71 28.12 ± 1.12
105 19.13 ± 1.16 27.98 ± 1.70 24.80 ± 1.50 19.85 ± 1.70 28.09 ± 1.20
112 18.79 ± 1.14 27.77 ± 1.68 24.12 ± 1.46 20.28 ± 1.72 28.40 ± 1.23
119 19.11 ± 1.16 28.01 ± 1.70 24.68 ± 1.50 19.34 ± 1.71 28.26 ± 1.17
126 18.63 ± 1.13 27.63 ± 1.68 24.80 ± 1.50 19.30 ± 1.61 26.53 ± 1.17

Reference conditions: T = 20 ◦C and P = 101.325 kPa—for each measuring point. All uncertainties are expanded
(k = 2, p = 95%) uncertainties.

The analyses of the mixtures were performed with the use of a Varian 450 GC chromatograph
equipped with a pulsed flame photometric detector PFPD (Varian). A layout of the station used to test
the stability of the mixtures is presented in Figure 3. The separation of components was achieved using
a capillary column made of molten silica WCot with CP Sil 5CB filling (length 60 m, internal diameter
0.32 mm, filling film thickness 8.00 µm) (manufactured by Varian). The column and the detector were
heated to a temperature of 200 ◦C. The temperature was maintained at a constant level for the entire
duration of the analysis. The samples of gaseous mixtures were introduced directly from the pressure
bottles to the GC—dispensing speed: approximately 60 mL/min. A sample chromatogram generated
for THT is presented in Figure 4.Energies 2020, 13, x FOR PEER REVIEW 10 of 19 
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3. Results

The results of testing the stability of THT concentration in the mixtures (as well as the stability of
their odorization) with the compositions specified in Table 2 are presented in Table 3, and graphically
in Figures 5 and 6. Each time, the values of expanded uncertainty (for k = 2, p = 95%; presented
as error bars on graphs) were specified along with the values of concentration. The value of THT
concentration for a timeframe of 0 days (x0,THT), determined once the composition of the mixture had
stabilized, was considered to be the reference value (interchangeably: the attributed value). For each
of the reference values, the THT concentration was expressed as mass concentration ((mg/m3) in the
contents of the table for the point of 0 days) and a molar fraction (ppm (mol/mol) in the header of the
table), in both cases with a proper attributed value of uncertainty.

The concentrations of THT (xn,THT) from the moment of stabilization of their compositions (a point
corresponding to a storage time of 0 days) were determined in weekly intervals. The mixtures were
stored under laboratory conditions (20 ± 2 ◦C). The tests were performed for a period of over 4 months.
Each time, which was considered as the result of checking the composition of the mixture, consisted of
the average of a minimum of eight repetitions.

The uncertainty of THT concentration was estimated according to ISO 6143 [46] as an expanded
uncertainty (U for k = 2, p = 95%), based on reference uncertainties and the repetitiveness of GC analyses.
The uncertainty budget took into account uncertainty components originating from the uncertainty of
secondary standard gas mixtures, the uncertainty of the calibration stage, the uncertainty related to the
precision of the method and the uncertainty resulting from the accuracy of the measurement device.

The image of a chromatogram generated each time for the given mixture was also evaluated—as
quality control of the stability of the mixtures.
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Figure 5. Results of testing the stability of THT concentration in gaseous mixtures of M/H + THT
(T = 20 ◦C and P = 101.325 kPa).
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Evaluations of the stability of THT mixtures (THT concentrations in mixtures) were performed
on the basis of the statistical parameter D established for each control point (point of monitoring the
concentration after a specified time interval). The parameter was determined according to the ISO
16664 quality standard [49] from the following equation:

D =

∣∣∣x0,THT − xn,THT
∣∣∣√

U2(x0,THT) + U2(xn,THT)
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where:

x0,THT—initial THT concentration in the gas mixture (attributed value),
xn,THT—THT concentration in the gas mixture after the lapse of a specified period,
U(x0,THT)—expanded measurement uncertainty for the attributed value of THT concentration,
U(xn,THT)—expanded measurement uncertainty for THT concentration after the lapse of a
specified period.

The following standardized [47] approval criteria were adopted for the stability of the
tested mixtures:

- D ≤ 2 no major instability,
- D ≥ 2 major instability.

The resulting values of parameter D of the tested mixtures are listed in Table 4. For comparison,
Table 5 presents the values of parameter D for reference mixtures of THT (of various types) in
nitrogen (N2 + THT), established for reference mixtures stored in the Department of Gaseous Fuel
Odorizing in the INiG—PIB under adequate conditions for a period of two years. The tests involved
reference mixtures of N2 + THT produced in the Department of Gaseous Fuel Odorizing in the
INiG—PIB—working reference gas mixtures (WRM) and certified mixtures—secondary standard gas
mixtures (CRM) (symbols used according to ISO 14352 [50]). The stability of the THT mixture in
nitrogen is to be considered as a point of reference when assessing the stability of mixtures of THT with
various types of gases. Being an inert gas, nitrogen does not react with the THT molecule, which is
why changes in the stability of N2 + THT mixtures cannot be the result of chemical reactions between
the molecules of both compounds. The high stability of this type of mixtures in the studied time
interval indicates that they do not undergo changes of a physical (such as condensation) or chemical
type. Therefore, their stability is considered as a point of reference for the stability of mixtures of THT
with gases containing the addition of hydrogen. The results of testing the stability of THT mixtures in
nitrogen are presented graphically in Figure 7.
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Table 4. List of the established values of the control parameter (D) for assessing the stability of
M/H + THT or 2E/H + THT mixtures.

Storage Time
(Days)

Value of Parameter D (-)

M/H8 + THT
5.07 ± 0.31 ppm

M/H10 + THT
7.44 ± 0.46 ppm

M/H15 + THT
6.70 ± 0.41 ppm

2E/H2 + THT
5.23 ± 0.45 ppm

2E/H15 + THT
7.41 ± 0.32 ppm

7 0.1925 0.0596 0.0473 0.3700 0.2600
14 0.1639 0.0681 0.1574 0.4465 0.3833
21 0.0314 0.1737 0.2020 0.0424 0.5931
28 0.0691 0.0978 0.3270 0.0847 0.3789
35 0.4181 0.1401 0.4442 0.1282 0.4855
42 0.5381 0.0728 0.3364 0.6719 0.4811
49 0.1678 0.0771 0.0999 0.0606 0.3379
56 0.3211 0.1147 0.1047 0.1159 0.3295
63 0.2852 0.0642 0.1382 0.0364 0.1814
70 0.5500 0.0893 0.0095 0.0304 0.1380
77 0.2048 0.0256 0.0237 0.5800 0.2863
84 0.0188 0.2951 0.4589 0.2759 0.2376
91 0.2908 0.3200 0.0991 0.2641 0.2711
98 0.0188 0.1611 0.1622 0.4643 0.3877
105 0.3150 0.2868 0.0944 0.3880 0.3753
112 0.1060 0.1990 0.2297 0.6375 0.5031
119 0.3028 0.2992 0.0378 0.0847 0.4455
126 0.0063 0.1401 0.0944 0.0606 0.2907

Reference conditions: T = 20 ◦C and P = 101.325 kPa.

Table 5. List of the established values of the control parameter (D) for assessing the stability of THT
mixtures in nitrogen.

N2 + THT—WRM 1 6.89 ± 0.41 ppm Storage time (days)
100 433 621 741

Value of parameter D (-) 0.2388 0.3488 0.3801 0.4054

N2 + THT—WRM 2 6.88 ± 0.41 ppm Storage time (days)
100 435 623 743

Value of parameter D (-) 0.0634 0.0283 0.1179 0.1791

N2 + THT— CRM 6.94 ± 0.36 ppm Storage time (days)
160 697 881

Value of parameter D (-) 0.0272 0.0856 0.1058

Reference conditions: T = 20 ◦C and P = 101.325 kPa.

The headers of Tables 4 and 5 present THT concentrations in the mixtures expressed as molar
fractions (ppm (mol/mol)), along with the values of expanded uncertainty (for k = 2, p = 95%),
constituting attributed values (for mixtures of M/H + THT—the value of THT concentration for a
period of 0 days; for mixtures of N2 + THT—values from the certificate or data sheet). Values expressed
in ppm (mol/mol) correspond to the values of mass concentration (mg/m3) presented in the contents of
the table for a period of 0 days.

4. Discussion

According to the results presented in Table 3 and in Figures 5 and 6, it should be concluded
that THT mixtures in methane containing between 8% and 15% of hydrogen (M/H + THT) were
characterized by a relatively high stability.

The chromatographically measured (GC) values of THT concentration indicate that the THT
content varied within the following ranges:

• from −2.4% to 5.1% relative to the value of the initial concentration of THT (x0,THT) for a mixture
containing 8% of hydrogen (M/H8 + THT),

• from −0.7% to 2.8% relative to the value of the initial concentration of THT (x0,THT) for a mixture
containing 10% of hydrogen (M/H10 + THT),
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• from −3.7% to 2.8% relative to the value of the initial concentration of THT (x0,THT) for a mixture
containing 15% of hydrogen (M/H15 + THT).

The produced results of measuring THT concentration (xn,THT) in methane: hydrogen mixtures in
each control point (understood as a point for monitoring concentration after a specified time interval)
fall within the approved ranges, i.e., ranges of (x0,THT −U(x0,THT)) ≤ xn,THT ≤ (x0,THT + U(x0,THT)).
This resulted in fulfilling the first criterion of the stability of mixtures. This indicates the high stability
of odorant molecules and their resistance to the presence of up to 15% of hydrogen within the studied
time interval (126 days).

The stability of THT concentration in mixtures of M/H + THT is confirmed by the results of the
calculated parameter D collected in Table 5. According to the approval criteria adopted for the stability
of THT concentration in the tested mixtures (D ≤ 2), based on the results of the control parameter
D, it can be unambiguously concluded that, in the tested storage period, these mixtures exhibited
satisfying stability. Therefore, the second adopted criterion for the stability of mixtures was also
fulfilled. At each control point, the mixtures fulfill the conditions of maintaining their stability (constant
THT concentration). Such variation does not differ much from the variation of the THT concentration
in reference mixtures of this compound with pure nitrogen or methane, as presented in Table 5 and in
Figure 7.

A higher variation of the determined concentrations of THT (xn,THT) was exhibited by its mixture
with natural gas containing 2% and 15% of hydrogen (2E/H + THT). The measured THT content
changed within the following ranges:

• from −3.9% to 6.2% relative to the value of the initial concentration of THT (x0,THT) for a mixture
containing 2% of hydrogen (2E/H2 +THT),

• from −6.9% to 4.4% relative to the value of the initial concentration of THT (x0,THT) for a mixture
containing 15% of hydrogen (2E/H15 +THT).

Similar to the case of M/H + THT mixtures, all results of measuring the THT concentration yielded
for methane: methane-rich natural gas mixtures (2E/H + THT) in each control point fall within the
accepted ranges, i.e., within (x0,THT −U(x0,THT)) ≤ xn,THT ≤ (x0,THT + U(x0,THT)). This confirms the
relatively high stability of odorant molecules and their resistance to the presence of up to 15% of
hydrogen in network gas within the studied time interval (126 days).

In this case, the stability of THT concentration in mixtures of 2E/H + THT is also confirmed by the
results of the calculated parameter D collected in Table 5. According to the approval criteria adopted
for the stability of THT concentration (D ≤ 2), it can be unambiguously concluded that these mixtures
exhibited a satisfying stability in the tested storage period. In each control point, the mixtures fulfill
the conditions of maintaining stability (constant THT concentration). In this case, the second criterion
adopted for the stability of mixtures was also fulfilled.

The chromatogram generated each time for all mixtures did not indicate the presence of sulfur
compounds other than THT, which confirmed the purity of the tested mixtures (each time resulting in
the quality of the spectrum image presented in Figure 4).

The performed tests, both quantitative (measurements of THT concentration) and qualitative
(evaluating the shape of the chromatogram), confirmed the lack of impact of hydrogen on THT molecules
present in gas (odorized). The results presented in the article only refer to gaseous mixtures with the
addition of hydrogen, characterized by the stability of THT concentration under precisely-defined
conditions of pressure and temperature. This provides reasons to predict the stability of this odorant
in gas from a gas network in which the concentration of hydrogen will not exceed 15%. Therefore,
there is a high probability of being able to perform the odorization of methane-rich gas (2E) with the
addition of hydrogen using the previously applied odorant, which is THT. However, the formulation
of such an argument requires experimental confirmation taking into account real operating conditions.
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5. Conclusions

The tests of the stability of gaseous THT mixtures allowed for assessing the impact of the addition
of hydrogen to methane and network gas of group 2E on the variation of its odorization by means of
THT, based on the monitoring of the concentration of this compound. The presented results of the tests
involve a hydrogen content of up to 15%. They confirm that such a hydrogen content in gas will not
interact with THT. This also causes the expected probable lack of a need to change the odorant for
mixtures of natural gas with hydrogen.

Such promising results of preliminary tests point to a need to test the long-term stability of THT
mixtures, taking into account changes in the parameters of performing the experiment (pressure and
temperature).

Based on own experience, it can be concluded that it is highly likely that THT mixtures with the
studied compositions will remain stable even for several years, since most of the reactive components
begin to exhibit losses immediately after the preparation of the mixture.

The produced results will also directly translate into the interpretation of the results of tests
conducted with respect to assessing the operation and the quality of measurement results for devices
used in supervising the process of odorization of fuel gases, performed using analytical methods. This is
because they permitted the ruling out of any possible interference originating from the interaction of
hydrogen with the components of samples of odorized methane:hydrogen and methane-rich natural
gas:hydrogen mixtures.
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Nomenclature

xTHT tetrahydrothiophene concentration in gas: (mg/m3) or (ppm)
xn,THT THT concentration in the mixture after the lapse of a specified period, (mg/m3) or (ppm)
x0,THT THT concentration at the starting point of the tests (here: attributed value), (mg/m3) or (ppm)
D statistical parameter for the evaluation of stability, (-)
U(x0,THT) uncertainty of attributed concentration, (mg/m3) or (ppm)
U(xn,THT) uncertainty of concentration of component x after the lapse of a specified period, (mg/m3) or (ppm)

Abbreviations

INiG—PIB Oil and Gas Institute—National Research Institute
CEN European Committee for Standardization
CENELEC European Committee for Electrotechnical Standardization
CRM Certified Reference Material
DMS Dimethyl sulfide
DNV GL Det Norske Veritas (Norway) and Germanischer Lloyd (Germany)
2E Natural gas of group E of the second gas (high-methane) described in EN 437
EM Ethyl mercaptan
E.ON An international energy supplier based in Essen, Germany
GC Gas chromatography
HSE Health and Safety Executive
HP High pressure
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IPM Isopropyl mercaptan
M Pure methane
2E/H2 2E natural gas mixture with 2% hydrogen content (V/V)
2E/H15 2E natural gas mixture with 15% hydrogen content (V/V)
M/H8 Methane gas mixture with 8% hydrogen content (V/V)
M/H10 Methane gas mixture with 10% hydrogen content (V/V)
M/H15 Methane gas mixture with 15% hydrogen content (V/V)
NMP n-propyl mercaptan
NPL National Physical Laboratory
PFPD Pulsed flame photometric detector
PRM Primary Reference Material
TBM Tert-butyl mercaptan
THT Tetrahydrothiophene
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