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Abstract: An essential prerequisite for safe transport and use of natural gas is their appropriate
odorization. This enables the detection of uncontrolled gas leaks. Proper and systematic odoriza-
tion inspection ensures both safe use of gas and continuity of the process itself. In practice, it is
conducted through, among others, measuring odorant concentrations in gas. Control devices for
rapid gas odorization measurements that are currently used on a large scale in the gas industry are
equipped with electrochemical detectors selective for sulfur compounds like tetrahydrothiophene
(THT). Because the selectivity of electrochemical detector response to one compound (e.g., THT), the
available declarations of manufacturers show that detector sensitivity (indirectly also the quality of
the measurement result) is influenced by the presence of increased e.g., sulfur or hydrogen compound
content in the gas. Because of the lack of sufficient source literature data in this field, it was necessary
to experimentally verify this impact. The results of studies on experimental verification of suspected
influence of increased amounts of hydrogen in gas on the response of electrochemical detector was
carried out at the Oil and Gas Institute—National Research Institute (INiG—PIB). They are presented
in this article. The data gathered in the course of researching the dependence between THT concen-
tration measurement result quality and hydrogen content in gas composition enabled a preliminary
assessment of the threat to the safety of end users of gaseous fuels caused by the introduction of this
gas into the distribution network. Noticing the scope of necessary changes in the area of odorization
is necessary to guarantee this safety.

Keywords: THT; gas fuel odorization; safe use of gas; gas standards; hydrogen; P2G; mixing
hydrogen with natural gas

1. Introduction

The dynamics of the gas odorization process and the need to ensure its continuity
mean that gas system operators have to be able to rapidly detect odorant concentration
responsible for gas odorization. The detection devices currently used on a large scale in the
gas industry are equipped (apart from laboratory chromatographs) with electrochemical
detectors selective for the sulfur compounds, e.g., tetrahydrothiophene (THT), that are
commonly used in odorization.

The perfect detector should be characterized not only by high sensitivity and a de-
tection limit that enables recording minor quantities of the measured substance, but also
by high selectivity. Moreover, it should exhibit a low level of baseline “noise”, hence the
high indication stability. Industrial-scale detectors never exhibit any features of a perfect
detector, which is why the knowledge of their individual types is important for selecting
one appropriate for a given application [1–7].

One of the main advantages of applying gas chromatography (GC) for monitoring
purposes is the availability of a large number of sensitive detectors, both universal and
selective. The application of selective detectors is common in the gas industry–particularly
for taking on-line measurements. The main reason is that they eliminate the need for labor-
consuming and time-consuming sampling. Selective detection enables measuring desired
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compounds and ignoring the presence of other compounds. Sulfur is detected selectively
by using, among others, flame photometric detectors (FPDs), sulfur chemiluminescence
detectors (SCDs), photoionization detectors (PIDs), electron capture detectors (ECDs), or
detectors operating based on electrochemical techniques (EDs). The emergence of selective
and specific detectors have significantly simplified analyzing sulfur compounds in gas,
since their use enabled eliminating the impact of responses originating from individual
hydrocarbons (especially C4–C8). Specific detectors, such as FPDs, enable to selectively
distinguish between individual elements, providing a high degree of certainty among
analysis results. The application of its enhanced version a PFPD (pulsed flame photometric
detector) enables determining the concentration of sulfur compounds in gas at the ppb level.
However, it has limited applicability in chromatographic analyzers used for rapid analysis
of odorants (including THT) in gas, especially in process applications. The source literature
on selective detectors for use in laboratory gas chromatographs is rather extensive [8,9].
However, the publications addressing the detection methods applied in chromatographic
and indicator analyzers primarily cover application examples in commercial products
(measuring devices of various classes) e.g., [7,10–15].

Electrochemical detectors or sensors (EDs) are used for monitoring the gaseous fuel
odorization process on a large scale, in portable, mobile, and process devices. These detec-
tors are mainly used within direct detection methods (portable detectors), where measuring
gas is introduced to an analyzer, directly onto the sensor. The analyzer-measuring system
is not protected against exposure to external factors (such as air humidity or temperature)
that can impact measurement quality. No separation of sample components may lead to
the appearance of interference originating from such sample components that undergo
electrochemical reactions in the electrolyte medium that fills the detector. This last factor
is particularly important from the perspective of potential changes in the composition of
gases distributed through a distribution network and the possible increase of hydrogen
concentration therein [16,17]. Quite often, the desired application of the sensor and its
parameters is a compromise between its sensitivity and resistance to interferences at the
same time. So, it cannot be expected that all electrochemical sensors will be the same. In fact,
each item can have a different sensitivity [18–20]. Nevertheless, gas chromatography by
means of the use of an electrochemical sensor is characterized by indication of the presence
of a wider range of determined sulfur compounds, when compared to the aforementioned
detectors (e.g., 0.1 ÷ 100 mg/m3 for THT).

Although the appearance of electrochemical sensors used to detect various gas types
can be similar, their functionalities differ [18–20]. In consequence, differences in sensitivity,
selectivity, response time, and lifetime may be expected from each of them. All sensor
elements are crucial in determining its general characteristics. The characteristics and a
comparison of the parameters exhibited by detectors of different types used in analyzing
sulfur-based odorants are presented in Table 1.

The detector review presented above includes detectors in laboratory chromatographs
used in the gas industry to measure tetrahydrothiophene (THT; gas odorant commonly
used in Europe [11]) concentration in gas. In the event of demonstrating that methods
utilizing selected detector types are resistant to the presence of hydrogen, they can act
as reference methods for THT measurements in studying the impact of hydrogen on the
operation of analyzers with electrochemical detectors.

1.1. Detectors Used for Routine Checks of Natural Gas Odorization

Electrochemical gas detectors (alternative name: “sensors”) most often used in the gas
industry are galvanic cells, the operating principle of which is described above. Compared
to such techniques as optical [21], acoustic [22], or chromatographic [23] methods, “electro-
chemical” detection (in the sense of direct detection) is the most popular when it comes to
monitoring odorized natural gases. The electrolyte in the cells can be in both liquid (liquid
electrolyte sensors-application limited to laboratory measurements) and solid (solid-state
electrochemical sensors-possible field or process applications) forms.
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Table 1. Characteristics of detectors used in chromatographic analyses of sulfur compounds [2,3].

Detector Sensitivity Selectivity Detection Limit Linearity Application

TCD 5–20 ng all compounds 400 pg/mL
(propane) 105–106 universal

PID
25–50 pg
(aromatic

compounds)

depends on lamp
energy 0.2 pg/s 105–106 mainly environmental

analyses, e.g., air

FPD 10–100 pg (S)
1–10 pg (P)

>105 (S)
>106 (P)

<20 pg (S/s)
<0.9 pg (P/s)

non-linear (S)
103–105 (P)

sulphur compounds
(393 nm)

phosphorous
compounds (526 nm)

PFPD

10 pg S/s
(signal/noise)
S/N > 300
(peak/noise)

>106 S/s (S)
>106 (P)

<1 pg S/s (S)
<100 fg P/s (P)

sulfur–quadratic
relationship

sulfur compounds
phosphorous
compounds

ED usually not
determined

100%
for selected
compounds,

e.g., THT

for THT
<0.03 ppm

sulfur-linear
dependence on

concentration orders
of magnitude

mainly toxic gases,
in gas industry:

odorants

The key advantages of electrochemical detection, which determine its popularity, are
high (for direct methods) resolution, selectivity, ppm-level detection, wide measurement
range for the concentrations of the determined sample element, and low investment costs
when compared to other techniques [19]. The basic disadvantage of an electrochemical
sensor is the gradual loss of sensitivity over time. This is associated with the deposition of
solid electrochemical reaction products on the surface of the working electrode (reducing
available electrode surface). These changes lead to degraded effectiveness of the reaction
ongoing on the electrode, and limited sensor service life.

Humidity and temperature are the main factors restricting the application of electro-
chemical sensors. The porous diffusion barrier allows the passage of water vapor molecules
that are absorbed in the electrolyte under conditions of their high partial pressure. Sudden
gas humidity changes lead to sensor signal interference. The water vapor penetration
degree depends on ambient temperature and relative humidity conditions. No signal inter-
ference should be experienced under constant humidity from 15 to 90% RH (permissible
relative ambient humidity). Electrochemical sensors are also very sensitive to temperature
fluctuations. The operating temperature is maintained as constant as possible, in order to
achieve best sensor performance. Extreme ambient temperature changes lead to sensor
temperature fluctuations, which impacts the baseline waveform (at zero point) of the signal.

For many years, the Institute of Oil and Gas—National Research Institute (INiG—PIB)
has been studying the impact of different factors on the correct operation of electrochemical
sensors. Experiments therein have verified a hypothesis that the level of the baseline,
recorded as the response of a selective electrochemical sensor to sulfur compounds, in-
creases exponentially together with increasing temperature. It doubles upon a temperature
increase of 10 ◦C, thus, the need to stabilize the temperature of the entire measuring system,
which utilizes an electrochemical sensor.

The high sensitivity of electrochemical sensors may cause practical problems with
their use, providing the same response to the presence of various gases within the studied
matrix. Reports by manufacturers of selective sensors for sulfur compounds regarding the
impact of interferents in measured gas on their sensitivity are not comparable. The varying
sensitivity to interference probably depends on the design of the sensor itself. Exemplary
data of one of the manufacturers of selective sensors of THT regarding the impact of
selected compounds found in gas on their response (determined by their manufacturers as
“cross sensitivity”) are listed in Table 2.
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Table 2. Cross-sensitivity to gaseous pollutants at a temperature of 20 ◦C—as declared by a THT
detector manufacturer [24].

Type of Gas Tested Concentration in Sample
Detector Reading
(Identified as THT)

[mg/m3]

Carbon dioxide
CO2

5000 ppm 0

Carbon oxide
CO 100 ppm 2

Carbon sulfide
CS2

1% 10

Ethylene
C2H4

1% Yes
numeric value not determined

Hydrocarbons order of magnitude% 0
Hydrogen

H2
1% 0

Hydrogen sulfide
H2S 20 ppm 0 1

Isopropanol
C3H8O 200 ppm 400

Methane
CH4

100% 0

Nitrogen
N2

100% 0

Tert-butyl mercaptan
(CH3)3CSH 10 mg/m3 10

1 With a built-in filter; constant exposure to a high interferent level may reduce filter performance. Notes: The
table is not complete. The sensor may also detect other gases.

The manufacturer-declared sensor indication in the form of an interferent (Table 2)
leads to a device equipped with such a sensor misreading the THT result and generating a
distorted indicated value. The recorded interferent signal is attributed to THT and recorded
in the form of, e.g., mass concentration of this compound. This effect results in a so-called
“negative positive measurement result”. A positive result for an interferent (recorded
despite the lack of THT) arises from electrochemical reactions that involve molecules on
the surface of the working electrode.

The declarations of sensor manufacturers in terms of their sensitivity to hydrogen
in the tested gas are not consistent. Depending on the manufacturer, hydrogen content
in a gas within a range from 0.1% (V/V) to 1% (V/V) may hypothetically not cause a
misread THT result (in accordance with the value declared in Table 2) or it might inflate
the actual situation by 10 mg/m3, and in some cases even by several hundred mg/m3.
An inflated THT concentration result may pose a threat to the safe use of gaseous fuels
in situations of monitoring odorization only based on monitoring THT level in gas. At
an average concentration level of this odorant in gas at 25 mg/m3, inflating this result by
mg/m3 leads to a 40% measurement error. Such a situation results in a misinterpretation
of a seemingly correct network gas “odorization level”. However, most manufacturers of
measuring devices fitted with electrochemical sensors (as in Table 2) do not draw users’
attention to the potential issue associated with the “accuracy” of the obtained result, which
arises from, among others, increased hydrogen content in gas (probably because such a
problem has not been previously observed with methane-rich gases). Hence the need for
an experimental verification of the potential problem for specific device types, resulting
from projected gas composition changes. Exactly such verification was the subject matter
of the research discussed in this paper.
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1.2. Methods for THT Concentration Monitoring that Are Applied within the Gas Industry

A reliable analysis of odorant content in gas, which enables obtaining credible results
is a challenging analytical task. In the case of measuring odorant concentration in gas,
the results characterized by the highest possible precision or repeatability degree can only
be obtained using chromatographic methods. For example, routing measurements of
THT concentration in gas utilize both laboratory chromatographs and chromatographic
analyzers equipped with detectors/sensors that enable selective determination of a given
sulfur compound [23].

However, indicator analyzers that operate based on electrochemical detection, without
chromatographic separation of components in an analyzed sample constitute a large group
of monitoring devices. Process chromatographic analyzers have come to be particularly
useful in the case of facility on-line measurements. Their use has become popular over the
recent years (data applies to Poland and the period of 2015–2021), since they are adapted to
remotely transmit measurement results in real-time, which significantly streamlines the
gas odorization monitoring process [25]. This is confirmed by Marcogaz data [26] from
2020. The data concern gaseous fuels in Europe, used to identify three groups of odorant
concentration detection methods used by the surveyed European countries (mainly for
monitoring organic sulfur compounds in gas). These methods include laboratory chro-
matography with selective detectors for sulfur compounds (mainly FPD), chromatographic
analysis with devices usually called microGC, and direct chemical detection. Therefore,
the assessments are based on analytical measurements of odorant concentration in gas
conducted:

• Off-line using gas chromatography (executed in Poland and other countries by gas
laboratories)—Figure 1,

• On-line with the direct detection method (usually used by operating services), and
also with process chromatographic analyzers operating automatically (based on the
gas chromatography method-similarly to laboratory equipment)—Figure 1.
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All technical solutions currently applied in practice are based on the aforementioned
detection methods and measurement procedures. An illustrative distribution of all individ-
ual types of devices for measuring THT concentration in gas that are used by the largest
Polish Distribution System Operator, i.e., Polska Spółka Gazownictwa Sp. z o.o. (PSG),
taking into account process analyzers, is shown in Figure 2.
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Table 3 lists the parameters (determined at INiG—PIB) of three selected devices
for chromatographic measurement of THT concentration in natural gas that satisfy the
requirements of the standard ISO 19739:2010 [27]. These devices were tested for the impact
of elevated hydrogen content in gas on the correctness of their indications. Study results are
described in Chapter 8. They take into account the exemplary solutions for the following
device types:

Type I. Stationary chromatographs adapted to measure sulfur compound content in gas
(primarily THT) and equipped with PFPDs or PIDs, as a device operating off-line,
in a laboratory (implemented THT measurement method constituted a reference
method in studying the impact of hydrogen on the operation of chromatographic
THT analyzers, including on-line devices, in particular);

Type II. Chromatographic mobile analyzers equipped with EDs for periodic field con-
trol measurements of THT concentration, manifesting devices operating on-line
(implemented only 1 selective THT measurement method);

Type III. Chromatographic process analyzers with maintenance-free operating modes and
EDs, for continuous monitoring measurement of THT concentrations within a
gas network, as a device operating on-line (implemented only 1 selective THT
measurement method)

Type IV. Portable analyzers with EDs, for interim measurements of THT concentrations,
as a device operating on-line (implemented only 1 selective THT measurement
method-100% THT selective sensor).

Direct-detection analyzers are a large group of instruments, in addition to the measur-
ing devices listed in Table 3, that are applied for measuring odorant concentration in gas.
They are used by, e.g., technical services for quick, most usually preliminary analyses of gas
odor presence. These analyses are conducted periodically on-line, with a fixed frequency
or on an ad hoc basis. The selectivity of such analyzers is based only on the selectivity of
the used detector. The names “indicator” or “gauge” are often used alternatively for these
analyzers. The device has an internal, built-in electrochemical detector (ED), which reacts
directly (without chromatographic separation) to molecules, e.g., THT, within the tested
gas. Therefore, according to the manufacturer’s declaration, the device is sensitive to other
gas ingredients, e.g., hydrogen (>0.1%), methanol (>0.13%), hydrogen sulfide (>0.002%),
and other sulfur compounds (>0.0005%). Its application limitations are illustrated by the
device’s technical and performance parameters, which are as follows for a large group of
such instruments:

• Measuring range: 0 to 200 mg/m3 for THT;
• Measurement accuracy, e.g., for THT: ±10% in the range of THT concentrations of

5–25 mg/m3 > ±20% beyond the a/m range;
• Resolution: 1 mg/m3;
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• Detector service lifetime ca. 1 year or 3000 measurements.

Table 3. Parameters of devices used in Poland for chromatographic measurement of THT concentra-
tion in distribution gas network.

Measurement
Method

Laboratory/
Off-Line

Periodic Measurements/
On-Line

Process Measurements/
On-Line

Device Laboratory Chromatograph
(Type I)

Mobile Analyzer
(Type II)

Process Analyzer
(Type III)

Detector PFPD ED ED

Detector specificity selective for sulfur comp. selective for THT selective for THT

Response linearity 103 for sulfur comp.
throughout the entire range of

measured concentrations
throughout the entire range of

measured concentrations

Accuracy

declared:
±5%

determined *:
±1%

declared and determined *:
±5%

declared and determined *:
±7%

Precision determined *:
1.5 ÷ 2%

determined *:
2%

determined *:
2 ÷ 3%

Result repeatability determined *:
<5%

determined *:
<5%

determined *:
<5%

Expanded uncertainty determined *:
±9.0%

determined *:
±8.2%

determined *:
±9.9%

Measurement range
method application range in

THT analyses:
0 ÷ 200 mg/m3

0 ÷ 100 mg/m3 5 ÷ 100 mg/m3

Sample dispensing method manual manual or
automatic automatic

* Applies to the value determined at INiG—PIB.

Because the device is not, as such, protected against exposure to potential interferents
impacting its sensitivity (indirectly and on measurement result quality), it is expected
that increased hydrogen content will have an even significant impact on the obtained
measurement results. It was therefore concluded that experimental verification of this
suspicion is also required for this device.

1.3. Projected Hydrogen Content in Natural Gas

Increased demand for “clean” energy generates interest in using hydrogen for energy-
related purposes, as a potential and long-term solution of the issue associated with the
growing energy crisis [16,17]. The Institute of Oil and Gas—National Research Institute
(INiG—PIB) has been conducting research in the field of the possible introduction of
hydrogen into a gas network, the assumptions of which result directly from accumulated
own experience. The objective of the studies is to identify limitations for this process
attributable to individual gas system elements [28]. They translate to the indication of
permissible hydrogen content in natural gas flowing through a distribution network that
is safe for the network itself, as well as for the gas user. The maximum hydrogen levels
determined so far by INiG—PIB that can be “safely” added to methane-rich natural gas
are [28–36]:

• 36% for gas from LNG regasification and 26% for 2E group gas-in terms of gas quality
(maintaining legally required energy parameters of gas),

• 23%—in terms of combustion safety in end devices,
• 15%—in terms of combustion efficiency in end devices,
• 10%—in terms of the method for converting the compressibility coefficient,
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• 8%—in terms of explosion safety of devices operation in Ex-zones.

The authors of the aforementioned research [28,30] emphasize that the obtained results
exhaust the possibilities of further limitations in terms of permissible safe levels of hydrogen
content in network gas. The forecasts regarding further restrictions arise from the expected
sensitivity of monitoring and measurement instruments to hydrogen. Some of the elements
in a monitoring and measurement infrastructure of a gas distribution network are analyzers
to measure the odorant concentration in gas (only THT in Poland [25]). Their distorted
operation or unreliable results of their measurements, induced by, e.g., increased hydrogen
content in gas, will directly impact gas user safety.

As mentioned in previous article [33] preceding the current research there are still lack
of 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 [14,18]. Control devices with electrochemical detectors for rapid
gas odorization measurements are currently used on a large scale in the gas industry. The
composition of gaseous fuels may affect the correctness of their readings; however, there is
no information in the literature on the measurable impact of individual compound changes
in gas composition on the quality of the obtained results. Because of the lack of sufficient
source literature data in this field, it was necessary to experimentally verify this impact.
The possibilities of performing such verification include checking analytical methods and
apparatus for odorization gas monitoring.

The Department of Gaseous Fuel Odorization (INiG—PIB) has conducted studies on
the correct operation of devices used to measure THT in gas containing increased hydrogen
amounts (up to 15%, according to the assumptions). They are the next stage [33] of an
entire block of tasks implemented currently by INiG—PIB in the field of odorizing gaseous
fuels with added hydrogen.

2. Materials and Methods
2.1. Assumption for the Study

The basis to select gas compositions used within the studies on the impact of hydrogen
on the response of the detectors employed in routine THT analyses was previous INiG—PIB
experience [28,30] regarding, among others, permissible hydrogen content in network gas.
It served the authors of the research to prepare mixtures of methane and hydrogen, as well
as methane-rich natural gas and hydrogen with content in the following ranges:

• Methane with added hydrogen in the amount from 0.1 to 15% (V/V),
• Methane-rich natural gas of the 2E group, with a hydrogen content of 1 and 15%

(V/V).

Higher hydrogen concentrations in the tested mixtures were not taken into account
due to the tendency to confine its upper permissible content in network gas [28]. Moreover,
it was assumed that for higher hydrogen concentrations, their impact on the operation,
especially of electrochemical detectors, will be unobservable (the authors assumed potential
detector “poisoning” due to its sensitivity to hydrogen, despite the fact that the manufac-
turer did not declare such impact). On the other hand, extreme content concentrations
in mixtures from within the adopted content range (i.e., up to 15%) were selected for
testing in the case of natural gas. Pursuant to the study objective, the obtained mixtures
of methane and natural gas with hydrogen were odorized using tetrahydrothiophene.
The research was limited only to a single odorant, which is the most commonly used in
European practice and the only one applied in Poland. THT concentration in mixtures
corresponded to its average values in the distribution network, i.e., it fell within a range
of 15.0 ÷ 30.0 mg/m3 (approx. 4.0÷8.0 ppm). The composition of all initial gas mixtures
prepared for the purposes of research objectives are listed in Table 4.
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Table 4. Listed compositions of the studied gas mixtures.

No. Mixture Designation Composition of Tested Gas Mixture

1 M/H01 99.9% Methane + 0.1% H2 (V/V)
2 M/H02 99.8% Methane + 0.2% H2 (V/V)
3 M/H05 99.5% Methane + 0.5% H2 (V/V)
4 M/H1 99% Methane + 1% H2 (V/V)
5 M/H2 98% Methane + 2% H2 (V/V)
6 M/H5 95% Methane + 5% H2 (V/V)
7 M/H8 92% Methane + 8% H2 (V/V)
8 M/H10 90% Methane + 10% H2 (V/V)
9 M/H15 85% Methane + 15% H2 (V/V)

10 2E/H1 99% Group 2E natural gas + 1% H2 (V/V)
11 2E/H15 85% Group 2E natural gas + 15% H2 (V/V)

The mixtures were obtained by employing the manometric method [37], a static volu-
metric technique [38]. This optimized manometric method has been used at the Department
of Gaseous Fuel Odorization at INiG—PIB for a year, so as to develop THT working stan-
dards for the purposes of calibrating electrochemical analyzers measuring the concentration
of this odorant within the gas network. It is characterized by low degree of complexity and
satisfactory repeatability. It also enables creating large amounts of gas mixtures (including
standard gases) under high pressure. The technique and manner of developing mixtures
were described in the previous publication by the same authors [33]. The preparation
accuracy for a specific mixture containing ingredients of a given concentration may vary
depending on its type. Because the methods used to calculate the composition of mixtures
obtained with the manometric method are not very accurate, the end composition of such
a mixture (ingredient concentration values) is usually determined using the comparative
method [39]. In consequence, the odorant (THT) content in the gases obtained for the
purposes of the research (containing elevated hydrogen concentrations) was determined
by way of applying the gas chromatography method [37], as per the recommendations of
standard ISO 6143 [39].

The entire research was divided into the following blocks:

A. Preliminary studies of the impact of hydrogen on the response of electrochemical
and other detectors used in the gas industry for monitoring odorization of gas within
the distribution network—comparisons of hydrogen sensitivity of measuring devices
used to test THT; the studies were conducted using methane/hydrogen mixtures
diluted to H2 content of 5% and 8%, without added THT (Table 4) and for selected
M/H + THT mixtures;

B. Main studies of the impact of hydrogen on the quality of THT concentration measure-
ment in various devices used in the gas industry, employing methane and hydrogen
mixtures odorized with THT, with hydrogen content of: 1, 2, 8, 10, and 15%, and odor-
ized methane-rich natural gas mixtures with hydrogen concentration of 2% (baseline
mixture composition listed in Table 4)—selection of reference methods;

C. Long-term studies on the impact of hydrogen on the quality of the THT concentration
in gas measurement result, for two chosen devices with electrochemical detectors used
in the gas industry for odorization monitoring; the research employed 2E methane-
rich natural gas mixtures with hydrogen, odorized with THT in concentrations of:
1 and 15% (Table 4).

The research conducted in blocks were aimed at determining the THT selective detector
sensitivity to hydrogen in gas, for measurements taken in the following mode:

• off-line (laboratory gas chromatograph with PFPD and PID, Type I as per the list in
Section 1.2);

• on-line (mobile and portable analyzers with ED, Type II and IV, respectively, as per
the list in Section 1.2);
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• on-line/process (chromatographic analyzers with ED, Type III as per the list in
Section 1.2).

The devices are characterized in the further part of this paper.

2.2. Gas Mixtures for Testing

The gas mixtures were prepared at the Department of Gaseous Fuel Odorization at
INiG—PIB, using the following ingredients:

• Liquid tetrahydrothiophene (THT) (by Chevron Phillips Chemical, The Woodlands,
TX, USA),

• Certified hydrogen/methane mixtures (M/H15, M/H10 and M/H8 with a purity of
15.009 ± 0.450% (mol/mol), 10.002 ± 0.300% (mol/mol) and 8.013 ± 0.240% (mol/mol),
respectively) (by AirProducts, Allentown, PA, USA),

• Aforementioned hydrogen/methane mixtures and pure methane as make-up gas with
a purity of 5.5 (99.9995%) (AirProducts), M/H01, M/H02, M/H05, M/H1 and M/H2,

• Natural gas (methane content > 96% (mol/mol)) and hydrogen (purity 5.0 (99.999%)
mixtures) (by Air Products), 2E/H1 and 2E/H15.

The purity of each non-certified ingredient was chromatographically (GC) confirmed
at the Department of Gaseous Fuel Odorization at INiG—PIB, prior to use. The M/H01,
M/H02, M/H05, M/H1, and M/H2, as well as 2E/H1 and 2E/H15 mixtures were prepared
using the successive dilutions method with chromatographic (GC) monitoring of their
composition.

THT gas mixtures were prepared in 10 liter aluminum pressure cylinders (by Luxfer,
Milwaukee, WI, USA) with Teflon-passivated internal surfaces that eliminate the effect
of mixture ingredients adsorbing on the cylinder’s internal walls. A detailed mixture
preparation method is described in [33].

THT concentrations in the mixtures take into account its content after the composition
of each blend stabilizes. All obtained mixtures were stored under constant pressure and
temperature conditions (T = 20 ± 2 ◦C, P = 101.325 kPa) to eliminate the effect of storage
conditions leading to composition changes (potential mixture ingredient condensation
prevented).

2.3. Reference Standards, Reference Method and Applied Measuring Devices

THT concentration in developed gas mixtures (xn,THT) was determined analytically
through a comparison with certified reference materials (Primary Standard Gas Mixture
(PSM)) for THT, pursuant to standard ISO 6143 [39]. Standard expanded uncertainty
(NPL) was ±2.0% for k = 2, p = 95. THT concentration (expressed as a mole fraction
ppm (mol/mol) and mass concentration (mg/m3); T = 20 ◦C and P = 101.325 kPa) was
determined using gas chromatography, as per standard ISO 19739 [27].

The reference method for all studies was gas chromatography with a pulsed flame
photometric detector (PFPD-Varian 450 GC, Table 3), due to no influence of hydrogen on
measurement result quality. The method’s detection limit is 0.03 ppm (approx. 0.1 mg/m3;
T = 20 ◦C and P = 101.325 kPa). Ingredients were separated using a capillary column of
fused Wcot silica with CP Sil 5CB filling (60 m long, internal diameter 0.32 mm, filling
film thickness 8.00 µm) (by Varian). The column and detector were heated up to 200 ◦C.
The temperature was kept at a constant level throughout the entire analysis. Gas mixture
samples were fed from the pressure cylinders directly to the GC–dosing rate approx.
60 mL/min.

The tested devices are described below:

• Stationary chromatographic analyzer with a photoionization detector (PD), lamp with
ionization energy of 10.6 eV–Type I, with implemented THT concentration determina-
tion method, operating off-line; factory-set THT measurement method parameters—
not subject to change;
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• Mobile chromatographic analyzer with an electrochemical sensor (ED)—Type II, with
implemented only 1 selective THT determination method for periodic on-line mea-
surements; factory-set THT measurement method parameters—not subject to change
(Table 3);

• Process chromatographic analyzer with an electrochemical sensor (ED)—Type III, with
implemented only 1 selective THT determination method, for on-line measurements
directly on the gas network; factory-set THT measurement method parameters—
subject to slight modification only by an authorized service (Table 3);

• Portable indicator analyzer with an electrochemical sensor (ED)—Type IV, with imple-
mented only 1 selective THT determination method for ad hoc on-line measurements
(direct detection); factory-set THT measurement method parameters—not subject to
change (Table 3).

The resistance of the THT analysis conducted using a laboratory chromatograph
with a PFPD and a chromatographic analyzer with a PID (Type I) was verified through
taking measurements comparative to the indications of these devices for the same THT
mixture. The indication quality, hence, quality of the obtained THT measurement results,
for a Type I chromatographic analyzer was determined by comparing the obtained THT
concentrations with the results obtained with the use of a Varian 450 GC chromatograph.
The measurements were taken for three levels of hydrogen content in methane: 8, 10, and
15%. Mixtures were odorized using THT, and three measurement series were conducted
for each mixture. Each series consisted of 9–10 repetitions for the same sample. The results
were averaged for each mixture and each measuring device. The means were rounded
with up to 0.1 mg/m3. Tests were repeated after 4 weeks, obtaining means for the 4th
measurement series.

The sensitivity of analyzers with electrochemical detection (ED) to increased hydrogen
content in gas was verified similarly to the comparisons of the indications of the laboratory
chromatograph and Type I analyzer. The used test mixtures were:

• For the Type II.1 analyzer-M/H15 + THT, M/H10 + THT and M/H8 + THT,
• For the Type II.2 analyzer-M/H2 + THT and M/H8 + THT,
• For the Type III analyzer-M/H1 + THT.

The results of the aforementioned tests are presented in Chapter 3, point B.
Long-term analyzer tests utilized mixtures of 2E natural gas with hydrogen, odorized

with THT at a concentration level of: 1% (for Type III) and 15% (for Type II). THT concentra-
tion for the 3-point mixtures prepared for the study was chromatographically determined
using the reference method (Varian 450 GC chromatograph), pursuant to standard ISO
19739 [27]. They were, respectively:

• 27.75 ± 1.25 mg/m3 (7.56 ± 0.34 ppm) for the 2E/H15 + THT mixture,
• 45.26 ± 2.39 mg/m3 (12.33 ± 0.65 ppm) for the 2E/H1 + THT mixture.

The stage of studying long-term impact of hydrogen on the correctness of the analyzer
indication involved continuous tests conducted in two series for each analyzer. Each of the
series lasted approximately 30 days. Long-term test results are shown in Section 3.3.

3. Results
3.1. Preliminary Studies

A preliminary assessment involved a graphical reading of the measuring devices, i.e.,
a chromatogram after adding a methane/hydrogen mixture without THT. A minimum of
three measurement series at several-day intervals were conducted for each tested measuring
device to confirm the obtained results.

Figures 3 and 4 demonstrate the results of verifying sensitivity to hydrogen (under-
stood as sensitivity of the detector therein) of two measuring devices:

• A stationary Type I chromatographic analyzer (reference device; PID)–Figure 3, red
color marks the THT-originating signal;
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• A process Type III chromatographic analyzer (ED)—Figure 4. In order to trace the
impact of baseline interference on the graph recorded by the analyzer, the red color in
the graph marks the chromatogram waveform recorded for a THT standard (THT in
nitrogen).
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Based on the waveform analysis (Figure 4) of chromatograms recorded with a Type
III analyzer for M/H mixtures of varying hydrogen concentration, it was concluded that
the optimal hydrogen concentration in a mixture with methane that enables conducting
further tests of the impact of hydrogen on the quality of THT concentration measurement
results was 1%. The hydrogen peak recorded by the device at that time does not distort
the THT analysis waveform. Test results in the form of a chromatogram as a response of a
Type III analyzer sensor to a M/H1 + THT mixture are shown in Figure 5.
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Table 5 summarizes the results regarding responses of an ED electrochemical sensor
installed in a Type IV indicator analyzer (direct detection) to the presence of hydrogen in
a mixture with methane. These measurements were taken for a hydrogen content in the
range of 0.1 to 2% only, since the sensor got poisoned at higher concentrations, and its
indications did not change.

Table 5. List of test results regarding the sensitivity of a Type IV electrochemical sensor on
methane/hydrogen mixtures.

Measuring Device
Mean THT Concentration in a M/H Mixture, d

[mg/m3]/[ppm]

M/H8 + THT M/H10 + THT M/H15 + THT

Varian 450 GC 20.6 ± 0.4/
5.61 ± 0.11 *

23.5 ± 0.7/
6,.0 ± 0.19 *

25.2 ± 0.3/
6.87 ± 0.08 *

* Reference values (x0)

Type I device 19.6 ± 0.7/
5.34 ± 0.19

24.6 ± 0.3/
6.70 ± 0.08

25.1 ± 0.7/
6.84 ± 0.19

Difference in mean values −4.85% +4.68% −0.40%
* Probable sensor poisoning; regeneration required. Reference conditions: T = 20 ◦C and P = 101.325 kPa-for each
measuring point.

3.2. Main Studies

The results of THT Type I device analyses resistance test waveforms are shown in Table 6,
which summarizes the obtained mean values, together with the percentage difference between
them. In each case, the reference value was the THT concentration obtained using a Varian
450 GC chromatograph (method supervised within the accreditation process).

Both methods of conducting chromatographic THT concentration measurements were
selected as reference methods for the research.

Table 7 lists the sensitivities of analyzers with electrochemical detection (ED) to ele-
vated hydrogen content in gas. In the case of Type II analyzers, the table lists results for
two different devices (marked as Type II.1 and Type II.2). This is due to their contrasting re-
sponse to THT concentration in the hydrogen-spiked natural gas. The method that utilizes
a Type I analyzer was selected as the reference method. The obtained results constituted
reference values for checking individual analyzers.
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Table 6. List of quality test results involving THT concentration determination in M/H + THT mixtures.

Device Reading in the Form of THT Concentration
[mg/m3]

Series
Hydrogen Concentration 0.1%

(V/V)
0.2%
(V/V)

0.5%
(V/V)

1%
(V/V)

2%
(V/V)

I
24.5
35.0
40.0

91.1
60.0
70.0

90.7
80.5
85.9

97.2
(no further
reaction *)

94.6
(no further
reaction *)

II
35.0
40.0
42.2

65.0
72.0
95.0

74.2
83.0
92.2

96.8
(no further
reaction *)

101.0
(no further
reaction *)

III
26.0
24.8
37.0

93.1
65.7
68.4

91.0
82.5
74.7

99.0
(no further
reaction *)

105.0
(no further
reaction *)

* Probable sensor poisoning; regeneration required. Reference conditions: T = 20 ◦C and P = 101.325 kPa-for each
measuring point.

Table 7. List of comparative test results regarding the quality of THT concentration measurements in
M/H + THT mixtures, for analyzers with an electrochemical sensor.

Measuring Device
Measured Mean THT Concentration in a M/H + THT Mixture, d

[mg/m3]

M/H15 + THT M/H10 + THT M/H8 + THT M/H2 + THT M/H1 + THT

Type I 25.1 ± 0.7 * 24.6 ± 0.3 * 19.6 ± 0.7 * 21.8 ± 0.8 * 12.3 ± 0.5 *

* Reference values (x0)

Type II.1 24.2 ± 0.3 23.8 ± 0.2 18.7 ±0.4 20.5 ± 0.7 not tested

Difference
relative to

reference value
−3.58% −3.25% −4.59% −5.96% -

Type II.2 testing not possible testing not possible 14.1 ± 0.2 19.7 ± 0.5 11.1 ± 0.2

Difference
relative to

reference value
- - −28.06% −9.63% −9.76%

Type III testing not possible testing not possible testing not possible testing not possible 11.5 ± 0.7

Difference
relative to

reference value
- - - - −6.50%

Reference conditions: T = 20 ◦C and P = 101.325 kPa-for each measuring point.

Table 7 lists the mean values and standard deviations that were obtained for the
individual devices in three independent measurement series.

3.3. Long-Term Studies

The last stage of the research on the impact of hydrogen on the devices used in
monitoring gaseous fuel odorization involved studying the way hydrogen affects the
quality of THT concentration measurement result. The tests were conducted for two
selected devices with electrochemical sensors. The verification involved the performance
and results obtained using analyzers that were assigned the following symbols: Type
II.1 and Type III. Devices that turned out to be more sensitive to hydrogen-originating
interference during previous stages were tested. Test focus was on the Type III analyzer
due to the scale of application of such devices in remote monitoring of the odorization
process (for Poland–Figure 2).
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THT concentration measurement uncertainty was estimated according to ISO 6143 [39]
as expanded uncertainty (U for k = 2, p= 95%), based on standard uncertainties and GC
analyses repeatability. The uncertainty budget took into account uncertainty components
resulting from uncertainties of certified gaseous standard mixtures, calibration stage un-
certainty, uncertainty associated with method precision, and uncertainty resulting from
measuring device accuracy.

The aforementioned mean values were adopted as reference values and used to assess
long-term study results. Test results are listed in Table 8.

Table 8. Results of long-term studies on the impact of hydrogen on the quality of THT concentration
measurements in methane-hydrogen mixtures, for analyzers with an electrochemical sensor (ED).

Measuring Device
Hydrogen
Content

Mean THT
Concentration

xn

Standard
Deviation

s

Measurement Accuracy *

Deviation from
Actual Value

d

Relative Error
e

[%] [mg/m3] [mg/m3] [mg/m3] [%]

Type II.1 15 26.71 0.68 −1.0 −3.5

Type III 1 46.42 1.59 1.2 2.6

* Values calculated in relation to THT concentrations in tested mixtures determined with the reference method
(laboratory chromatograph). Reference conditions: T = 20 ◦C and P = 101.325 kPa-for each measuring point.

In order to assess the accuracy of measurements taken with analyzers fitted with an
ED, the authors determined the deviation from actual value, as a difference between the
obtained result (xn) and the reference value (x0), and a relative error-as a ratio between the
mean value (d) and the reference value (x0).

4. Discussion
4.1. Preliminary Studies

According to the results listed in Figure 3, it should be stated that hydrogen does not
impact the quality of THT analysis conducted with a chromatographic analyzer fitted with
a Type I PID. Readings from this device for M/H mixtures provided zero values, regardless
of the hydrogen concentration therein.

Limited possibilities for performing THT analyses in gas containing a hydrogen
additive were observed in the case of Type III analyzers equipped with electrochemical
sensors (ED). These devices exhibited sensitivity to hydrogen content in a mixture with
methane of several percent. The graphs in Figure 4 show a significant hydrogen peak. Type
III analyzers do not read a hydrogen peak as THT, which is why the indicated measurement
result is 0 (a Type III analyzer only records a THT measurement result). However, with
increasing hydrogen concentration in the mixture, the peak enlarges and overlaps the
THT measurement window, preventing odorant concentration measurement. Based on the
waveforms of Type III analyzer sensor responses in the form of chromatograms shown in
Figures 4 and 5, it can be concluded that the limit content of hydrogen in gas is 1%. In such
a case, the hydrogen peak recorded by the device will not distort THT analysis. Higher
hydrogen content values make it impossible to measure THT concentration.

High sensitivity to even the lowest hydrogen content in gas was exhibited by Type
IV indicator devices. The measurement results summarized in Table 5 indicate that these
devices responded to hydrogen content in gas of 0.1% with a reading attributable to
THT concentration, despite its absence in the tested sample. The obtained results were
considered random and were not averaged. It was observed that hydrogen content in gas
of 1% leads to a positive result of THT concentration of >100 mg/m3. This is induced by the
high sensitivity of their electrochemical sensor to these compounds, which easily undergo
oxidation and reduction, as hydrogen. Such sensitivity is also a consequence of a significant
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simplification of the measurement chain in devices operating under the direct detection
principle.

The obtained results indicate that Type IV devices with electrochemical sensors oper-
ating under the direct detection principle cannot be used in monitoring gaseous fuels with
added hydrogen.

4.2. Main Studies

The main studies on the impact of hydrogen on the quality of analyses conducted
using individual types of devices confirmed no impact of added hydrogen, regardless
of its concentration, on the analyses conducted with a Varian 450 GC (PFPD) laboratory
chromatograph and a Type I chromatographic analyzer with a PID. The data in Table 6
indicate that such devices provide consistent THT concentration measurement results in
the presence of hydrogen, regardless of its content. Percentage differences between mean
values obtained for the same compositions of odorized methane/hydrogen mixtures did
not exceed 5%.

The adopted acceptance criterion for the study, in accordance with the technical
guidelines DVGW [40] was:

• For verifications of the sensitivity of analyzers with electrochemical detection that are
intended for measuring odorant content in gas, to gaseous pollutants, the maximum
permissible measurement result difference relative to the reference value was ±20% of
the minimum odorant warning concentration in gas (i.e., ± 2 mg/m3 for THT).

With regard to the conducted comparisons, the results of which are listed in Table 6,
it can be concluded that the criterion for the tested devices was fulfilled. The THT con-
centration measurement results obtained with the Type I chromatographic analyzer with
a PID do not differ by more than 2 mg/m3 from the results obtained with the reference
device (Varian 450 GC). Both methods can be considered reference for THT concentration
measurements in methane/hydrogen mixtures.

The THT concentration measurement results in Table 7 indicate the possible different
hydrogen sensitivity of analyzers of the same type and with the same detector type. This
may be a consequence of sensors originating from different manufacturing batches or
slight modifications introduced by the analyzer manufacturer in the measurement chain
of the devices (analyzers designated as Type II.2 were the successors of Type II.1, with
exactly the same parameters declared by the manufacturer). The measurement results
obtained with the Type II.2 analyzer listed in Table 7 confirm its sensitivity to hydrogen
concentration ≥2%—the THT concentration measurement results obtained with the Type
II.2 chromatographic analyzer differ by more than 2 mg/m3 from the results obtained with
the reference device for mixtures M/H8 + THT. Higher hydrogen quantities in gas led to
the analyzer providing an unreliable THT measurement result. THT concentration results
consistent with the adopted reference value and satisfying the aforementioned acceptance
criterion were obtained using Type II.2 and Type III analyzers, but only for hydrogen
content in the mixture at a level of approx. 1%.

Adopting the aforementioned DVGW criterion [40] for the purposes of verifying the
sensitivity of the analyzers with electrochemical detection to gaseous pollutants, the data
in Table 7 can be interpreted as follows:

• Measurement results for Type I and Type II analyzers indicate high consistency of their
indications (THT concentration) in methane/hydrogen mixtures, regardless of the
hydrogen content. The percentage difference between the results ranged from –3.25 to
–4.59% for a hydrogen content of ≥8% and amounted to –5.96% for a content of 2%;

• THT concentration results obtained with the Type II.2 analyzer for a hydrogen content
in the mix at a level of 8% deviated by as much as 28% from the reference value. This
confirms the previous conclusions that this analyzer is sensitive to higher hydrogen
concentrations that induce distortions in the recorded chromatograph (baseline drift
caused by the appearance of a significant hydrogen peak just prior to a THT peak),
leading to obtaining an unreliable THT measurement;
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• For very low hydrogen content values of approx. 1%, all verified Type II.1, Type
II.2, and Type III analyzers provided results consistent with the reference value, thus
satisfying the adopted criterion.

4.3. Long-Term Studies

DVGW guidelines [40] in the following categories were adopted as criteria to facilitate
assessing the results of long-terms studies on the impact of hydrogen on the quality of
measurement results obtained using Type III and Type II.1 analyzers with EDs:

(1) Long-term stability: a device is stable provided its indications do not differ by more
than ± 10% from the lowest odorant concentration in gas (MS-determined based on
an odor curve of a give gas type) relative to the reference value; permissible difference
for THT measurements is ±1 mg/m3;

(2) Sensitivity to such gas components as biogas, hydrogen, LPG: other gas components
that the standard ones in a methane-rich gas shall not induce a measurement error
beyond ±20% of the MS value (i.e., ±2 mg/m3 for THT).

The collective data in Table 8 indicate that both the tested analyzers behaved stably
under the assumed experimental conditions. Mean THT concentration values in the tested
mixtures as calculated in both cases, did not differ by more than 1.2 mg/m3 from the
adopted reference values. Therefore, the DVGW criterion regarding device operating
stability and the quality of obtained THT measurement results was satisfied. Hence, long-
term studies confirmed the possibility of using the devices under adopted test conditions
regarding hydrogen content in gas not distorting their readings.

It should be noted that the research is of investigative nature. This means that the
results should be verified for a wider range of determined gas THT concentration.

5. Conclusions

The research described in the paper enabled determining the limits for hydrogen
content in gas that are tolerated by individual types of devices employed for measuring
gas THT concentrations. The studies involved strictly defined individual devices, but their
results can be applied to entire types of devices following a given method for detecting
THT concentration in gas. Therefore, based on the obtained results, it was concluded that:

• Hydrogen, regardless of its concentration, does not impact the waveform and quality
of THT analyses conducted with laboratory chromatographs with sulfur compound
selective detectors (PFPDs in this case) and chromatographic analyzers with photoion-
ization detectors (PIDs);

• The impact of hydrogen on the quality of analyses with mobile and process on-line ana-
lyzers equipped with electrochemical sensors (EDs) is strictly related to the individual
sensitivity of the sensor and the measurement line technical solution applied within
such a device; such sensitivity cannot be predicted only based on manufacturer’s data,
e.g., a hydrogen concentration of 2% does not influence result quality and the wave-
form of THT concentration analyses conducted with mobile Type II.2 chromatographic
analyzers, while in the case of Type III process analyzers, the adequate hydrogen limit
in gas is 1%;

• Total lack of resistance to hydrogen may be indicated by mobile indicator-type THT
analyzers used for ad hoc on-line measurements of gas samples collected directly from
gas pipelines and following a direct electrochemical detection (ED) method; under
the conditions of the described experiment, hydrogen content at a level of 0.1% was
identified by such devices as THT, despite the lack of this odorant in the tested gas.

Long-term studies confirmed the lack of impact of selected hydrogen concentrations
on the quality of results obtained using two types of chromatographic analyzers with
electrochemical detection (Type III process analyzer and Type II.1 mobile analyzer). No
deterioration of the THT concentration measurement result quality was observed under
the adopted experimental results and hydrogen concentrations in gas of:
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• 1% for Type III chromatographic process THT analyzers, and
• 15% for Type II.1 mobile analyzers.

The results of conducted research enable a general conclusion that the currently
applied methods for monitoring the gaseous fuel odorization process implemented within
gas facilities in an on-line manner (especially mobile and process devices with ED) are not
fully adapted to continue failure-free operation in the event of introducing even minimum
amounts of hydrogen to the gas distribution network. This is due to the fact that the lack
of changes in the monitoring and measurement field may have serious consequences for
the safety of the gas network and for end users of the gas. The research has shown that
the operational resistance to hydrogen within the same group of measuring devices using
detectors sensitive to hydrogen (with an ED sensor) is an individual matter. The readiness
of control and measuring infrastructure used within the gaseous fuel odorization process
that follows analytical methods must be determined by the network operator in each case.
The decision should be based on monitoring implementation practices and the type of
measuring devices that are employed.
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Nomenclature

cTHT Tetrahydrothiophene concentration in gas, [mg/m3] or [ppm]
d deviation from standard value, [mg/m3]
e relative error, [%]
s standard deviation value
U concentration uncertainty, [mg/m3] or [ppm]
x0 reference value for THT concentration, [mg/m3] or [ppm]
xn,THT measured THT concentration, [mg/m3] or [ppm]

Abbreviations

INiG—PIB Oil and Gas Institute—National Research Institute
CEN European Committee for Standardization
2E natural gas of group E of the second gas (high-methane) described in EN 437
2E/H1 2E natural gas mixture with a 1% hydrogen content (V/V)
2E/H15 2E natural gas mixture with a 15% hydrogen content (V/V)
GC gas chromatography
ED electrochemical detector
M pure methane
M/H methane gas mixture with hydrogen
M/H01 methane gas mixture with a 0.1% hydrogen content (V/V)
M/H02 methane gas mixture with a 0.2% hydrogen content (V/V)
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M/H05 methane gas mixture with a 0.5% hydrogen content (V/V)
M/H1 methane gas mixture with a 1% hydrogen content (V/V)
M/H2 methane gas mixture with a 2% hydrogen content (V/V)
M/H5 methane gas mixture with a 5% hydrogen content (V/V)
M/H8 methane gas mixture with a 8% hydrogen content (V/V)
M/H10 methane gas mixture with a 10% hydrogen content (V/V)
M/H15 methane gas mixture with a 15% hydrogen content (V/V)
MS minimum concentration of odorant in gas necessary to obtain the odor of required intensity
NPL National Physical Laboratory
PFPD pulsed flame photometric detector
PID photoionization detector
PSG Polska Spółka Gazownictwa Sp. z o.o.
THT Tetrahydrothiophene
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elementy systemu gazowniczego. Naft. Gaz 2019, 10, 625–632. [CrossRef]
29. Jaworski, J.; Dudek, A. Study of the Effects of Changes in Gas Composition as Well as Ambient and Gas Temperature on Errors of

Indications of Thermal Gas Meters. Energies 2020, 13, 5428. [CrossRef]
30. Jaworski, J.; Kułaga, P.; Blacharski, T. Study of the Effect of Addition of Hydrogen to Natural Gas on Diaphragm Gas Meters.

Energies 2020, 13, 3006. [CrossRef]
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