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Abstract: Static flow sensors (e.g., thermal gas micro electro-mechanical sensors—MEMS—and
ultrasonic time of flight) are becoming the prevailing technology for domestic gas metering and
billing since they show advantages in respect to the traditional volumetric ones. However, they are
expected to be influenced in-service by changes in gas composition, which in the future could be more
frequent due to the spread of hydrogen admixtures in gas networks. In this paper, the authors present
the results of an experimental campaign aimed at analyzing the in-service reliability of both static
and volumetric gas meters with different hydrogen admixtures. The results show that the accuracy
of volumetric and ultrasonic meters is always within the admitted limits for subsequent verification
and even within those narrower of the initial verification. On the other hand, the accuracy of the
first generation of thermal mass gas flow sensors is within the limits of the verification only when
the hydrogen admixture is below 2%vol. At higher hydrogen content, in fact, the absolute weighted
mean error ranges between 3.5% (with 5%vol of hydrogen) and 15.8% (with 10%vol of hydrogen).

Keywords: smart meter; in-field verification; ultrasonic; thermal mass; diaphragm; hydrogen blend-
ing; hydrogen admixture

1. Introduction

Measurement and billing of natural gas consumption involves several technical, metro-
logical and consumer protection issues. At the same time, individual smart metering is
considered an effective tool to improve energy savings in the residential sector, which
accounts for 30% of global energy consumption and 26% of global energy-related emis-
sions [1]. Furthermore, the diffusion of smart metering technologies is expected to lower
the so-called ‘Delta In-Out’, that is the unbalance resulting from the unavoidable differences
between the gas entering and leaving the distribution networks [2].

Together with water meters, gas meters are the most traditional within the utility
meters included in the MID, the Measuring Instruments Directive [3]. According to the
latter, gas meters must comply with strict essential metrological requirements (e.g., errors,
environmental and mechanical classes), even in-service. In the EU, the certification and
verification of utility meters for the legal metrology use ensure accuracy and fairness in gas
billing. In this context, gas meter manufacturers must have their meter models subjected to
type examination by a Notified Body accredited by the relevant national authority. After
type examination, each gas meter produced must undergo an initial verification to ensure
that it meets the required accuracy limits and complies with legal metrology requirements.
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Regardless of the measuring principle of the flow sensor, utility meters are subject to a
natural drift over time. Therefore, once put into service, subsequent periodic verifications
apply, involving regular re-inspection and check of gas meters with the aim of ensuring that
they remain accurate and reliable during their service life. In this regard, a twofold approach
is adopted by legal metrology authorities: (i) meters are removed from service and replaced
after a certain time period of validity of the legal seals (e.g., in Italy 15 years); (ii) periodic
verification is carried out at fixed frequency. In some member states, a statistical control
approach is applied to lots of meters [4]. Finally, since EU member states must ensure that
consumers have the right to accurate metering and billing for gas consumption, consumers
may request verification of their gas meters of any size if they suspect inaccuracies and
have any discrepancies addressed.

While the MID sets, at EU level, the legal rules for type approval, production and
initial verification of domestic gas meters, single EU member states may have their specific
national regulations for the subsequent verification. In fact, it must be ensured that the
accuracy and fairness of gas billing for consumers is maintained over time. Among these
requirements, the frequency of subsequent verifications is set by the relevant national regu-
lations and may vary from one member state to another. Both MID and national regulations
specify the acceptable tolerances and accuracy classes for gas meters, determining how
much a gas meter’s reading can deviate from the actual gas consumption. According to
the applicable technical recommendation [5], gas meters are classified in three accuracy
classes (i.e., class 0.5, 1 and 1.5) for which a maximum permissible error (MPE) of 0.5%,
1.0% and 1.5% is set in the range between the transition (Qt) and maximum (Qmax) flow
rate, whereas in the range between the minimum (Qmin) and transition (Qt) the MPE is
equal to 1.0%, 2.0% and 3.0%. The MID directive, however, only provides for classes 1 and
1.5, stating also that class 1.5 applies for the residential sector.

In Italy, subsequent verification of gas meters is regulated by the ministry decree
97/2017 [6], according to which gas meters with Qmax above 10 m3/h are verified with a
frequency ranging between 10 years (turbine and rotary type) and 16 years (diaphragm
type), while for those of other technologies (e.g., ultrasonic and thermal mass) a frequency
of 8 years is adopted. On the technical hand, the operational procedure is established in the
Ministry Directive of 26 July 2023 in continuity with of the UNI 11600 series standards [7].

In principle, subsequent verification of gas meters should be provided at the instal-
lation site aiming at guaranteeing the actual installation condition of use of the meter.
However, it is almost always conducted in the laboratory aiming at guaranteeing safe and
reliable test conditions and to fulfil the requested uncertainty values, also lowering the
related costs. Obviously, the field installation conditions cannot be fully reproduced in
the laboratory where the so-called rated conditions apply, and this can lead to possible
deviation of the results from the conditions of use. Nevertheless, field conditions are also
tested during type approval tests (e.g., flow disturbance tests), even if all field contributions
cannot be completely addressed.

Nowadays, blending green hydrogen (e.g., that produced by electrolysis from renew-
able energy sources) in the Natural Gas (NG) infrastructures is assuming increasing interest
within Distribution System Operators (DSO), aiming at reaching the decarbonization ob-
jectives. However, this practice influences the quality of the gas supplied and particularly
its thermophysical properties such as density, specific heat and gross calorific value [8–11].
Therefore, consequences on the appliances at end-user’s level are likely [12], as well as
potential inaccuracies of the domestic gas meters in distribution networks [13]. In particular,
from the analysis of the evidence so far available in the scientific literature for brand-new
gas meters, it can be highlighted that:

• Diaphragm gas meters show no significant metrological deviations in terms of average
drift of errors using natural gas and hydrogen admixture (H2NG) up to 15%vol [14,15];

• Almost stable metrological performance was found for domestic G4 ultrasonic gas
flow sensors tested with H2NG mixtures with hydrogen admixture up to 10%vol [9];
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• Thermal mass gas flow sensors show significant errors (i.e., much higher than the
corresponding MPEs) when tested with gas with hydrogen content of 10%vol and
15%vol and occasionally, even with lower concentrations (2, 4 and 5%vol) [16].

It can be affirmed that the good reliability found in the literature of diaphragm and
ultrasonic gas flow sensors with H2NG was almost expected, as well as the decay of the
thermal mass gas flow sensors of the first generation due to the measuring principle which
is based on the thermophysical properties of the gas being measured [17–19].

On the other hand, the scientific literature concerning the results of periodic ver-
ification of domestic gas meters is almost lacking and always related to tests in air at
laboratory conditions. In [20] the results of a wide experimental analysis conducted in
Italy on diaphragm gas meters show that the percentage of very old diaphragm gas meters
conforming subsequent verification limits is about 52%, whereas for those with service life
below 15 years this percentage grows up to 65%. Statistics available for the UK market [21]
show that 75.4% of disputed domestic meters in 2014 were found to be accurate, together
with 74.1% of disputed commercial meters (i.e., with maximum flow rate between 6 m3/h
and 160 m3/h). In [22] the statistical analysis of the outcomes of subsequent verification
of 1582 G25 industrial thermal mass meters installed in 2013 and removed from the field
in 2021 are presented. The authors found that about 97% of the sample complies with the
limits of in-service verification and that about 80% still complies with the initial verification
accuracy provisions. Finally, in [23] four diaphragm (which were previously used for
laboratory tests) and three ultrasonic (which were removed from the field) gas meters have
been tested with pure methane and with a blending of methane and 20%vol hydrogen. The
authors demonstrated that:

• The diaphragm gas meters did not show any significant change in accuracy;
• The ultrasonic gas meters showed more spread results and the tendency to underesti-

mate with the hydrogen blending, especially at lower flow rates.

In this paper, the authors present the results of an experimental campaign carried out
in the laboratory on three domestic G4 gas meters with different flow sensors previously
removed from service. Tests were carried out in air and natural gas of H family [24]
and with the same gas with hydrogen admixture of 2, 5, 10 and 23%vol. To the author
best knowledge, this is the first paper devoted to the analysis of the effect of hydrogen
admixture on the reliability of domestic gas meters removed from service. The tested gas
meters belong to the three different flow sensor types (i.e., diaphragm, ultrasonic and
thermal mass) representing almost the totality of household gas meters. Furthermore, they
have been submitted to tests with the same gases and at the same laboratory conditions,
thus enhancing the effectiveness of the comparison. Also, the potential deviation between
subsequent verification outcomes when tests are performed with air and real natural gases
(i.e., not pure methane) has been investigated. The obtained results could be useful to
different stakeholders in the field of domestic gas metering. As for example, specific plans
of subsequent verification/replacement of installed meters could be developed by DSOs
and more appropriate verification intervals tailored on the measuring principle could be set
by National Authorities. On the other hand, the main limitation of this study is represented
by the limited sample of meters tested and that only laboratory tests have been developed
and discussed. This implies that some of the measured deviations could be even larger due
to the unavoidable effects of additional influence related to the installation conditions and
to the actual operating conditions.

2. Materials and Methods

In modern city networks, smart metering for domestic consumption of natural gas
is mainly performed through diaphragm, ultrasonic and thermal mass gas meters, which
technical requirements are regulated through the related harmonized standards [25–27].
The traditional measurement technology used for the residential sector is the volumetric
one. Among the so-called static meters (i.e., those without measuring moving parts)
ultrasonic and thermal mass flow sensors are the most spread.
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Volumetric gas meters, also known as Positive Displacement meters, directly measure
the volume passed by isolating volumes of gas that alternatively fill and empty compart-
ments with a cyclic nominal volume. In the residential sector, diaphragm type are the most
spread volumetric gas meters. Accuracy of diaphragm gas meters is related to potential
leakages and geometrical errors as well as to the unavoidable wear of materials over time
(especially that of the diaphragms, which before 1990 were made up of animal leather).
This type of meters shows good reliability and low costs, whereas the presence of moving
parts leads to not negligible pressure drop and unavoidable wear. Aiming at complying
with the current smart metering requirements, hybrid diaphragm gas meters (in which the
mechanical output is converted electronically and equipped with transmission devices) are
currently produced and installed.

Domestic ultrasonic sensors use the time-of-flight principle basing on the measurement
of the transit time spent by an acoustic wave in passing from an emitter to a receiver in the
gas stream. At domestic level, a single-path configuration and a measuring section where
the acoustic wave is eventually reflected one or more times are used. On the metrological
hand, ultrasonic gas flow sensors present good performance and not particularly high costs.
However, the effect of contaminants could be significant in city networks. Ultrasonic flow
sensors for domestic gas meters are designed to work with speed of sound in the gas stream
between 300 and 475 m/s [26]. Their use is almost exclusively for gases of the second family
of EN 437 [24] and, particularly for groups H and E with high methane content, although
the use with other gases is possible. Obviously, the hydrogen admixture in natural gas
influences the speed of sound, which can be calculated through AGA 10 method [28]. The
speed of sound in the medium increases as the hydrogen content in the mixture increases
and this could lead to inaccuracies. As for example, the admixture of 17%vol of hydrogen
at T = 15 ◦C in pure methane leads the speed of sound to be approximately 475.5 m/s,
above the quoted limit of 475 m/s.

Thermal mass sensors are based on the rate of heat transfer between a micro electro-
mechanical sensor (MEMS) and the gas stream. The use of thermal mass flow meters
in natural gas distribution began in 2003 and they currently represent one of the most
promising technologies for gas measurements in the domestic field. The heat transfer is
measured through two temperature sensors symmetrically installed upstream and down-
stream of a micro heater. At zero-flow, the two temperature sensors measure the same
temperature, whereas the temperature symmetry is disturbed when a gas stream flows.
Thus, a temperature difference occurs between the two sensors, which is proportional to the
mass flow rate of the gas. The heat transfer depends on the gas mass flow rate, as the main
effect, but also on the gas composition, which influences its thermo-physical properties, like
thermal conductivity and diffusivity. Therefore, the gas identification represents the main
potential limit of this technology, and the more recent developments of this technology rely
on additional functionalities devoted to recognizing the quality of the gas flowing. Further-
more, the measured flow rate has automatic temperature and pressure compensation, and
direct measurement of the calorific value is also possible. These latter characteristics make
them ideal for the current demand for direct measurements in gas energy.

2.1. Subsequent Verification of Gas Meters

In Italy subsequent verification of domestic gas meters is performed according to [6]
and national standards [7]. The relative error (EMUT) of the meter under test (MUT) is
calculated as per Equation (1), in which IMUT is the indication of the meter and Ire f is
that of the reference master meter or reference measuring system. Verification is passed if
EMUT ≤ MPE at all verification points.

EMUT =
IMUT − Ire f

Ire f
× 100 (1)

MPEs for new instruments are set in instrument specific legislation, the primary
source being the EU directives, such as non-automatic weighing instruments (NAWI)
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and MID, whereas for in-service MPEs different approaches are set. For example, for
NAWIs, the directive itself prescribes that the in-service MPEs shall be twice those for new
instruments. In the MID, the in-service MPEs are left completely to the discretion of the
national authorities. Traditionally, for many instrument categories including gas meters, it
has been usual to set the in-service MPEs as twice those for new instruments [29], such as
in Italy and in Poland. In Table 1, the MPEs in subsequent verification of gas meters are
thus reported. It is worth highlighting that in Italy, according to [6], for the meter types
equipped with conversion devices as a function of the temperature which indicate only the
converted volume, the MPE for new instruments is increased by 0.5% and this specifically
applies to thermal mass gas meters. Furthermore, the fluid to be used for the subsequent
verification is included among those of the gas families for which the meter is suitable.
However, if the verification is carried out in a laboratory, the use of air is also possible,
unless explicitly excluded in the type approval documents of the meter.

Table 1. Maximum permissible errors (MPE) in subsequent verification for gas meters.

Flow Rate Class 1 Class 1,5 Class 1,5 *

Qmin ≤ Q < Qt ±4% ±6% ±7%
Qt ≤ Q < Qmax ±2% ±3% ±4%

* with conversion device compensating the gas temperature.

In [6] it is also mandatory that the master meter used to carry out the periodic verifica-
tion must not be affected by an error EMM greater than 1/3 of the MPE of the MUT and
that the related expanded uncertainty of the master meter UMM must not exceed 1/3 of
the EMM itself (i.e., 1/9 of MPE of the MUT). Such requirement, which is a general legal
metrology provision [29], is a very challenging condition, especially in the field, since it
leads to uncertainty of 0.33% (0.66%) in the range Qt ≤ Q < Qmax (Qmin ≤ Q < Qt).

As is well known, the MUT resolution plays a significant role in determining the
verification uncertainty. In fact, since the indication of the MUT is obtained as the difference
between the final and the initial readings, then uR, f inal = uR,initial = R/

(
2
√

3
)
= R/

√
12,

where R is the MUT resolution. By considering a rectangular probability distribution, it
follows that the combined uncertainty is uR =

√
2R2/12 = R/

√
6 and that the relative

combined uncertainty for the MUT resolution is uR,% = uR/Q (being Q an integer number
of digits, i.e., Q = n R, and UR,% < MPE/3). Therefore, a minimum test quantity (MTQ)
calculated as per Equation (2) should be adopted.

MTQ =
2 R√
6 MPE

3

(2)

2.2. The Experimental Campaign

The authors specifically designed an experimental campaign aimed at evaluating the
reliability of gas flow sensors in-service, in particular:

• Tests in air were first performed at the 2i Rete Gas Laboratory of Cremona with a sonic
nozzle test bench capable to guarantee expanded uncertainty (k = 2), excluding the
MUT contribution, within 0.28% (0.44%) in the range Qt − Qmax (Qmin − Qt);

• Tests with H family gas and H2NG have been performed at the Department of Flow
Metrology of the Oil and Gas National Research Institute in Kraków (PL). The ex-
panded uncertainty (k = 2), excluding the MUT contribution, is within 0.39% (0.58%)
in the range Qt − Qmax (Qmin − Qt).

In both cases the expanded uncertainty is below the admitted limit of 1/3 MPE. Tests
with H family gas and H2NG were carried out by using the standing start-stop volumetric
method. Figure 1 shows the sketch of the test bench.
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Figure 1. Sketch of the test bench of the Oil and Gas National Research Institute (PL).

Gas mixtures are prepared in a modular mixer using calibrated mass regulators
and control software. Source gases from pressure cylinders (ethane, methane, hydrogen,
nitrogen) feed the modular mixer and the software allows control of the required mixture
composition. To validate the given compositions of gas mixtures, the laboratory provides
gas chromatographic measurements on gas samples taken from the test bench. The mixture
ratio is then punctually monitored via a continuous measurement using the mass regulators
of the modular mixer.

Downstream to a first pressure regulator, two separate loops are available by alter-
natively closing dedicated shut-off valves: (i) in the high flow rate loop, the gas flow is
controlled by an intrinsically safe side-channel blower, where speed is regulated through
an inverter; (ii) in the low flow rate loop, the flow is controlled by a fine adjustable valve
downstream to the MUTs. A burner evacuates the gas at the exit of the bench.

Gas temperature is measured using four Pt100 temperature sensors (manufacturer
Termoaparatura Wrocław, Zębice, Poland) with EN 60751 accuracy class A (one in each test
loop and two downstream and upstream to the MUTs). The test bench is also equipped
with six pressure transmitters: (i) three gauge pressure transmitters type PC-28 PD Exi
(manufacturer Aplisens S.A., Warsaw, Poland) for the measurement of gauge pressure in
each test loop and in the MUT and (ii) three differential pressure transmitters type APR-
2000GDP (manufacturer Aplisens S.A., Warsaw, Poland) for the measurement of differential
pressure in each MUT. Atmospheric pressure is measured using a digital barometer type
PTB330 (manufacturer VAISALA Gmbh, Bonn, Germany).

Two volumetric master meters were used: (i) a wet drum meter type BSM-1 which
cyclic volume is 5 dm3 (manufacturer BESSEL, Città di Castello, Italy), in the range from
0.04 to 0.6 m3/h; (ii) a G16 rotary gas meter type CGR-01 (manufacturer COMMON S.A.,
Łódź, Poland) in the range up to 6 m3/h. In [30] it was demonstrated that the diffusivity
and solubility of hydrogen have no practical impact on the measurement with a wet drum
gas meter. In fact, the diffusivity of hydrogen in water is comparable with that in air, and
the measurement bias due to the diffusion of hydrogen in water with respect to air is 0.015%
in the most stringent case. Additionally, in the present research, the use of oil instead



Sensors 2024, 24, 1455 7 of 14

of water reduces the solubility of hydrogen. To minimize the entrainment of oil by the
gas stream and its consequent impact on the accuracy of the MUT, the reference wet gas
meter was installed downstream to the MUTs during tests. Similarly, also for a rotary gas
meter at high hydrogen contents a not negligible risk of underestimation at low flow rates
occurs due to the unmeasured hydrogen flowing between the rotors and the gas meter
body. However, in the present research, the rotary piston gas meter was custom-made for
hydrogen measurements, with minimized internal leaks. It should also be noted that the
measurements were performed with group H gas [24] and with a maximum admixture of
23%vol of hydrogen. Therefore, the hydrogen solubility in oil or internal leaks in the rotary
gas meter do not significantly differ in respect to the measurements with natural gas. To
validate the measurement method, cross measurements were carried out at the same flow
rates using a drum wet and rotary gas meter, as well as by comparison with a mass flow
meter, which allowed confirmation of the reliability of measurements.

Data acquisition is carried out via software and the following parameters were auto-
matically gathered: (i) ambient conditions (i.e., barometric pressure, ambient temperature
and humidity); (ii) gas pressure and temperature together with the volume pulses of the
reference gas meters; (iii) gas pressure and temperature and pressure drop of the MUTs. The
readings of the MUTs were taken manually from the meter display using, when available,
the test mode resolution, depending on the gas meter type. Calibrated temperature and
pressure transmitters were used at the test bench to measure thermodynamic conditions
on the MUTs and reference gas meters, aiming at obtaining the respective actual reference
volumes. Also, the corrections resulting from calibration are automatically applied by the
software to get the volumes at reference conditions.

The three investigated G4 domestic gas meters (i.e., with Qmin = 0.04 m3/h,
Qt = 0.6 m3/h and Qmax = 6 m3/h) were represented by a hybrid diaphragm gas me-
ter, an ultrasonic gas meter and, finally, a thermal mass gas meter. These meters were all
put into service between 2016 and 2017 in the distribution network of Mirano (in the district
of Venice, northern Italy) and then removed in 2023. The experimental design was aimed
at testing several possible distribution conditions, particularly: (i) test with air; (ii) test with
natural gas of H family [24]; (iii) test with hydrogen admixtures (i.e., the same gas of H
family with hydrogen content of 2, 5, 10 and 23%vol). In Table 2 the composition and main
thermodynamic properties of the test gases have been summarized.

Table 2. Characteristics of the test fluid used in the experimental campaign (T = 15 ◦C, P = 1.01352 bar).

Air Hgas Blend 2% H2 Blend 5% H2 Blend 10% H2 Blend 23% H2

Methane, CH4 - 0.910 0.892 0.865 0.819 0.701
Ethane, C2H6 - 0.050 0.049 0.048 0.045 0.039
Nitrogen, N2 - 0.040 0.039 0.038 0.036 0.031
Hydrogen, H2 - 0.000 0.020 0.050 0.100 0.230
Relative density (-) - 0.596 0.585 0.569 0.543 0.474
Density (kg m−3) 1.225 0.728 0.715 0.695 0.663 0.579
Gross calorific value (MJ Sm−3) - 37.696 37.181 36.409 35.123 31.785
Wobbe Index (MJ Sm−3) - 48.841 48.607 48.257 47.671 46.155
Specific heat (J kg−1 K−1) 1011.0 2142.2 2171.1 2216.4 2297.8 2551.8
ρ cp (kJ m−3/K−1) 1.238 1.559 1.552 1.541 1.524 1.478

The error of indication of the meters was measured at five flow rate values (i.e., Qmin,
Qt, 0.4 Qmax, 0.7 Qmax and Qmax). According to the provisions of the applicable standards,
errors have been calculated in terms of volumes at standard condition. Therefore, flow rate
is a test parameter, and it has been kept within ±5% of the nominal value by controlling the
totalized volumes and test run duration. Each test cycle has been repeated three times and
the average error has been calculated. The weighted mean error (WME) was also calculated
according to [5] as per Equation (3), in which ki is the weighting factor and EMUT,i is the
error of indication at the flow rate Qi. The WME is not used for the purposes of the periodic



Sensors 2024, 24, 1455 8 of 14

verification and the relative MPE = 0.60% in the first verification is therefore only indicative.
However, the WME value is very useful for providing an average performance of the meter.

WME =

n
∑
i

ki EMUT,i

n
∑
i

ki

;

 ki =
Qi

Qmax
f or Qi ≤ 0.7Qmax

ki = 1.4 − Qi
Qmax

f or 0.7Qmax < Qi ≤ Qmax
(3)

3. Results and Discussion
3.1. Diaphragm and Ultrasonic Gas Meters

In Tables 3 and 4 the results of the tests of the diaphragm and ultrasonic gas meters
have been reported in terms of error of indication at the different test flow rates (column 1)
and test fluids (columns 3–8), together with the corresponding MPEs (column 2).

Table 3. Measured errors of indication of the diaphragm gas meter (%).

Flow Rate MPE Air Hgas Blend 2% H2 Blend 5% H2 Blend 10% H2 Blend 23% H2

Qmin ±6.00 0.12 0.85 1.24 1.08 0.69 0.66
Qt ±3.00 0.85 0.99 1.18 1.11 0.84 1.04
0.4 Qmax ±3.00 0.71 0.82 0.78 0.80 0.91 0.92
0.7 Qmax ±3.00 0.37 0.83 0.90 0.80 1.02 1.19
Qmax ±3.00 0.12 0.55 0.53 0.55 0.69 0.98
WME - 0.42 0.77 0.80 0.76 0.90 1.06
Outcome - Pass Pass Pass Pass Pass Pass

Table 4. Measured errors of indication of the ultrasonic gas meter (%).

Flow Rate MPE Air Hgas Blend 2% H2 Blend 5% H2 Blend 10% H2 Blend 23% H2

Qmin ±6.00 −1.58 −1.69 −1.41 −1.55 −1.19 −1.14
Qt ±3.00 −0.89 −0.41 −0.15 −0.18 −0.50 −0.11
0.4 Qmax ±3.00 −0.09 −0.05 −0.08 0.04 0.11 −0.09
0.7 Qmax ±3.00 −0.06 −0.19 −0.08 −0.12 −0.10 −0.31
Qmax ±3.00 −0.30 −0.62 −0.62 −0.54 −0.62 −0.95
WME - −0.18 −0.28 −0.22 −0.19 −0.21 −0.40
Outcome - Pass Pass Pass Pass Pass Pass

In Figure 2, the results of the verification of the diaphragm and the ultrasonic gas
meters have been depicted graphically, together with the corresponding limits of the
periodic verification (dotted lines). In Figure 3 the same results are reported highlighting
the trends at different flow rates and test fluids.

It can be highlighted that the diaphragm and the ultrasonic gas meters passed the
verification at all the flow rates and with all the test gases, including mixtures of natural gas
and hydrogen. Both meters, in fact, comply even with the limits of the initial verification,
which are stricter than the periodic in-service ones. However, from the analysis of the
results, it can be further highlighted that:

• The WME of the diaphragm gas meter was found to be slightly above 0.6% for all test
gases and errors of indication were all positive (i.e., in benefit of the DSO);

• The WME of the ultrasonic gas meter was found well below 0.60% and errors of
indication were all negative (i.e., in benefit of the consumer), except in only two spare
verification points.

Solely for the diaphragm gas meter, at Qmin a decreasing trend was observed when
the hydrogen content increases. This effect could be related to the higher volatility of the
hydrogen in respect to the NG. The reliability of such types of gas meters with hydrogen
admixture is also demonstrated by the narrow band of variation (i.e., within 0.4%) of the
error of indication in the range Qt − Qmax as the hydrogen admixtures vary. The fact that,
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for both meters the larger band of variation (i.e., within 0.6%, which is roughly the test
uncertainty) has been observed at Qmin, further confirms the role of hydrogen volatility.

It can be therefore affirmed that diaphragm and ultrasonic gas meters are not signifi-
cantly affected by the hydrogen admixture.
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3.2. Thermal Mass Gas Meters

In Table 5 the results of the tests of the thermal mass gas meter in terms of error of
indication at the different test flow rates (column 1) and test fluids (columns 3–8) have been
reported, together with the corresponding MPE (column 2). Figure 4a graphically shows
the errors of the thermal mass gas meter tested, together with the admitted limits (dotted
lines). Finally, in Figure 4b the error trend as the flow rate and the test gas composition
varies is depicted.
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Table 5. Measured errors of indication of the thermal mass gas meter (%).

Flow Rate MPE Air Hgas Blend 2% H2 Blend 5% H2 Blend 10% H2 Blend 23% H2

Qmin ±7.00 −0.63 0.81 2.94 3.24 −23.20 −61.52
Qt ±4.00 −0.46 −0.42 1.50 3.62 2.21 −17.08
0.4 Qmax ±4.00 −0.14 −0.81 0.49 3.46 12.61 −9.57
0.7 Qmax ±4.00 −0.12 −0.24 0.39 3.55 18.11 −3.24
Qmax ±4.00 −0.11 0.03 0.46 3.47 19.05 0.13
WME - −0.15 −0.32 0.51 3.50 15.78 −5.07
Outcome - Pass Pass Pass Fail Fail Fail
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Figure 4. Thermal mass gas meter: (a) error curve; (b) error trend.

It can be observed that the outcome of the verification of the thermal gas meter was
positive for the test in air, gas of H family and with 2%vol of hydrogen admixture. At
higher hydrogen content (i.e., 5, 10 and 23%vol) the outcome was negative, with errors
of indication largely exceeding the corresponding MPEs, especially with the admixture
of 10%vol of hydrogen. For the sake of truth, in the Italian NG grid, a limit of 2%vol
of hydrogen in the NG is currently allowed [31] and the meter tested relies on a first-
generation sensor, which has not been designed and approved for complying with high
hydrogen contents. Therefore, it can be affirmed that the investigated thermal mass gas
meter fulfils the current regulation. Nevertheless, errors with air were all negative (i.e.,
in benefit of the consumer) whereas those with 2%vol of hydrogen admixture were all
positive (i.e., in benefit of the DSO).

From the analysis of the measured data, it seems that a 2%vol hydrogen admixture
represents a limit for the investigated thermal mass gas meter, since for higher hydrogen
admixtures the error curve first tends to rise (i.e., at 5 and 10%vol) and then to shift towards
negative values (i.e., 23%vol). Furthermore, the following evidence also emerged: (i) the
progressive increase of the error magnitude as the hydrogen content increases; (ii) the
decrease of the errors of indication toward negative values as the flow rate decreases,
especially at higher hydrogen admixture (i.e., 10 and 23%vol). Also in this case, the latter
finding could be related to the higher volatility of hydrogen in respect to the natural gas.

Finally, the gas–air relationship of the three domestic gas meters investigated has been
reported in Table 6 in terms of difference between errors of indication with gas and air at
different test flow rates (column 1), together with the corresponding MPE (column 2). For
the sake of synthesis, the results of tests with gas of H family have only been reported. In
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any case, the admitted limit established by clause 5.4 of EN 17526 was never exceeded,
even with hydrogen admixtures.

Table 6. Gas–air relationship (%).

Flow Rate MPE Diaphragm Ultrasonic Thermal Mass

Qmin ±3.0 0.73 −0.11 1.44
Qt ±1.5 0.14 0.48 0.04
0.4 Qmax ±1.5 0.14 0.48 0.04
0.7 Qmax ±1.5 0.11 0.04 −0.67
Qmax ±1.5 0.46 −0.13 −0.12

It is worth noting that the results obtained in the present research are consistent
with those of other studies available in the literature and, particularly, with [14,15,23] for
diaphragm gas meters, [9,30] for ultrasonic and [16] for thermal mass.

In particular, ultrasonic gas meters seem to be almost insensitive to hydrogen ad-
mixtures. Diaphragm gas meters, which rely on a volumetric measuring principle, are
influenced only at minimum flow rate, due to the higher hydrogen volatility combined
with larger flowing time of the gas in the measuring chambers. On the other hand, the in-
crease of the speed of sound (as well as the decrease of density) as the hydrogen admixture
increases leads to limited effects on the accuracy of domestic ultrasonic gas meters. In fact,
the measuring principle itself (i.e., the measurement of the sing-around time of flight in one
direction first and thereafter in the opposite direction of the flow) theoretically eliminates
the influence of the speed of sound in the gas stream. The smooth changes observed in the
accuracy due to hydrogen admixtures are thus attributable to the very limited changes in
the time-of-flight measurements.

Domestic thermal mass gas meters are instead potentially more affected by hydrogen
admixture. In fact, the change of the dynamic viscosity and consequently of the Reynolds
number can significantly alter the ratio of the main flow rate to that in the capillary, leading
to potentially high inaccuracy. This is why manufacturers have recently developed a
second generation of this sensor, relying on specific design routines capable of addressing
changes of the gas properties by applying appropriate correction factors [32]. In any case,
the currently installed thermal mass sensors of the first generation would be capable of
addressing a hydrogen admixture up to 2%vol.

4. Conclusions

In this paper, the reliability of in-service domestic gas meters has been investigated
by performing an experimental campaign in the laboratory on three G4 gas meters with
different flow sensors removed from the field. Tests were performed with air, gas of
H family and with hydrogen admixtures up to 23%vol, with the aim of simulating gas
compositions that can become realistic in the immediate future.

The obtained results show that both diaphragm and ultrasonic gas meters seem to
be not particularly affected by hydrogen admixture, since the outcome of the tests was
positive at all verification points and with all test gases. Indeed, a contrasting behavior of the
tested thermal gas meter (which relies on a first-generation sensor) emerges. In particular,
verification was positive for the test in air, gas of H family and with hydrogen content
of 2%vol, which is the current admitted limit in the Italian NG grid. It can be therefore
affirmed that the tested thermal gas meter is compliant with the current regulation. On
the other hand, reliability with hydrogen content above 2%vol was not demonstrated and,
in particular:

• The outcome of the verification was negative, showing high errors, especially with
hydrogen content of 10%vol;

• A progressive increase of the absolute errors (i.e., weighted mean error up to about
15.8%) as the hydrogen content increases was highlighted.
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The results of the present research should be useful for setting appropriate provisions
for the update of technical standard and national regulations and for the development
of guidelines for subsequent verification of gas meters. Furthermore, given the current
prospects for the diffusion of hydrogen blending, DSO could base their development plans
on the basis of the domestic gas meters installed, in order to best protect consumers and
guarantee the optimal balancing of the grid.
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List of Acronyms and Symbols

BIPM Bureau international des poids et mesures
EN European Norm
CMC Calibration and Measurement Capability
EU European Union
MID Measuring Instruments Directive
MM Master meter
MPE Maximum Permissible Error, %
WME Weighted mean error, %
MTQ minimum test quantity
MUT Meter Under Test
NMI National Metrology Institute
OIML Organisation Internationale de Métrologie Légale
R Resolution of the meter
DIA Diaphragm gas meter
TM Thermal Mass gas meter
US Ultrasonic gas meter
H2NG Natural gas and hydrogen mixture
NG Natural gas
U Expanded uncertainty
Q flow rate, m3h−1

Qmin minimum flow rate, m3h−1

Qt transition flow rate, m3h−1

Qmax maximum flow rate, m3h−1

cp specific heat, kJ kg−1K−1

EMUT measured error, %
Egas measured error for test in gas, %
Eair measured error for test in gas, %
IMUT indication of the meter under verification
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Ire f conventional true value

References
1. International Energy Agency. Available online: https://www.iea.org/energy-system/buildings (accessed on 3 October 2023).
2. Ficco, G.; Frattolillo, A.; Zuena, F.; Dell’Isola, M. Analysis of Delta In-Out of natural gas distribution networks. Flow Meas. Instrum.

2022, 84, 102139. [CrossRef]
3. Directive 2014/32/EU of the European Parliament and of the Council of 26 February 2014 on the Harmonisation of the Laws

of the Member States Relating to the Making Available on the Market of Measuring Instruments (Recast). Available online:
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014L0032 (accessed on 3 October 2023).

4. WELMEC 11.1, 2020: Common Application for Utility Meters. Available online: https://www.welmec.org/welmec/documents/
guides/11.1/2020/WELMEC_Guide_11.1_v2020.pdf (accessed on 3 October 2023).

5. OIMLR137-1, Gas Meters. 2012. Available online: https://www.oiml.org/en/files/pdf_r/r137-1-2-e12.pdf (accessed on 3
October 2023).

6. Decreto MISE del 21 Aprile 2017, n. 93 “Regolamento Recante la Disciplina Attuativa Della Normativa sui Controlli Degli
Strumenti di Misura in Servizio e Sulla Vigilanza Sugli Strumenti di Misura Conformi alla Normativa Nazionale e Europea” e
Direttiva 26 luglio 2023—Schede Tecniche per la Verificazione Periodica si Strumenti di Misura in Servizio Utilizzati per Funzioni
di Misura Legali, Scheda P Contatori di Gas. Available online: https://www.tuttocamere.it/files/misura/2017_93.pdf (accessed
on 3 October 2023). (In Italian)

7. UNI 11600-1:2015; Modalità Operative per le Verifiche Metrologiche Periodiche e Casuali—Parte 1: Generalità. UNI: Milan,
Italy, 2015.

8. Jin, L.; Ferrario, A.M.; Cigolotti, V.; Comodi, G. Evaluation of the impact of green hydrogen blending scenarios in the Italian
gas network: Optimal design and dynamic simulation of operation strategies. Renew. Sustain. Energy Transit. 2022, 2, 100022.
[CrossRef]

9. Dell’Isola, M.; Ficco, G.; Moretti, L.; Jaworski, J.; Kułaga, P.; Kukulska–Zając, E. Impact of Hydrogen Injection on Natural Gas
Measurement. Energies 2021, 14, 8461. [CrossRef]

10. Galyas, A.B.; Kis, L.; Tihanyi, L.; Szunyog, I.; Vadaszi, M.; Koncz, A. Effect of hydrogen blending on the energy capacity of natural
gas transmission networks. Int. J. Hydrogen Energy 2023, 48, 14795–14807. [CrossRef]

11. Abd, A.A.; Naji, S.Z.; Thian, T.C.; Othman, M.R. Evaluation of hydrogen concentration effect on the natural gas properties and
flow performance. Int. J. Hydrogen Energy 2021, 46, 974–983. [CrossRef]

12. Bard, J.; Gerhardt, N.; Selzam, P.; Beil, M.; Wiemer, M.; Buddensiek, M. The limitations of hydrogen blending in the European gas
grid. In A Study on the Use, Limitations and Cost of Hydrogen Blending in the European Gas Grid at the Transport and Distribution Level;
Fraunhofer Institute for Energy Economics and Energy System Technology (IEE): Kassel, Germany, 2022.

13. Topolski, K.; Reznicek, E.P.; Erdener, B.C.; Marchi, C.W.S.; Ronevich, J.A.; Fring, L.; Simmons, K.; Fernandez, O.J.G.; Hodge,
B.-M.; Chung, M. Hydrogen Blending into Natural Gas Pipeline Infrastructure: Review of the State of Technology; NREL/TP-5400-81704;
National Renewable Energy Laboratory: Golden, CO, USA, 2022. Available online: https://www.nrel.gov/docs/fy23osti/81704.
pdf (accessed on 5 November 2023).

14. 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]

15. Polman, E.; de Laat, H.; Stappenbelt, J.; Peereboom, P.; Bouwman, W.; de Bruin, B.; Pulles, C.; Hagen, M. Reduction of CO2
Emissions by Adding Hydrogen to Natural Gas; IEA Report PH4/24; GASTEC: Apeldoorn, The Netherlands, 2003.

16. 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]

17. Spazzini, P.G.; Bich, W. Uncertainty in discrete-time integration—The case of static gas meters. Measurement 2024, 224, 113821.
[CrossRef]

18. Farzaneh-Gord, M.; Parvizi, S.; Arabkoohsar, A.; Machado, L.; Koury, R. Potential use of capillary tube thermal mass flow meters
to measure residential natural gas consumption. J. Nat. Gas Sci. Eng. 2015, 22, 540–550. [CrossRef]

19. Cascetta, F.; Bondesan, M.; Musto, M.; Rotondo, G. Experimental assessment of gas static meters under different operating
conditions, 2020 UIT Seminar on Heat Transfer (UIT-HTS 2020). J. Phys. Conf. Ser. 2021, 1868, 012012. [CrossRef]

20. Ficco, G. Metrological performance of diaphragm gas meters in distribution networks. Flow Meas. Instrum. 2014, 37, 65–72.
[CrossRef]

21. Gas Meter Disputes Report—2014 Data; National Measurement & Regulation Office: Teddington, UK, 2015.
22. Cascetta, F.; Spazzini, P.G.; Valagussa, L. Relazione Sullo Studio di Invecchiamento dei Contatori Gas Per Uso Industriale.

Available online: https://proxigas.it/eventi/analisi-delle-prestazioni-metrologiche-nel-tempo-dei-contatori-gas-statici-per-
uso-industriale/ (accessed on 5 November 2023). (In Italian).

23. MacDonald, M.; Anderson, D.; Isaac, T.; Mahmood, S. Accuracy Testing of Domestic Gas Flow Meters with 20%
Hydrogen Blend, In Proceedings of the North Sea Flow Measurement Workshop, Tønsberg, 2021. Available online:
https://nfogm.no/wp-content/uploads/2023/08/10-Accuracy-Testing-of-Domestic-Gas-Flow-Meters-with-20-Hydrogen-
Blend_NEL_Macdonald_anderson_Isaac_Mahmood.pdf (accessed on 6 December 2023).

24. European Standard EN 437:2003—A1:2009; Test Gases e Test Pressures—Appliance Categories. CEN: Brussels, Belgium, 2003.

https://www.iea.org/energy-system/buildings
https://doi.org/10.1016/j.flowmeasinst.2022.102139
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014L0032
https://www.welmec.org/welmec/documents/guides/11.1/2020/WELMEC_Guide_11.1_v2020.pdf
https://www.welmec.org/welmec/documents/guides/11.1/2020/WELMEC_Guide_11.1_v2020.pdf
https://www.oiml.org/en/files/pdf_r/r137-1-2-e12.pdf
https://www.tuttocamere.it/files/misura/2017_93.pdf
https://doi.org/10.1016/j.rset.2022.100022
https://doi.org/10.3390/en14248461
https://doi.org/10.1016/j.ijhydene.2022.12.198
https://doi.org/10.1016/j.ijhydene.2020.09.141
https://www.nrel.gov/docs/fy23osti/81704.pdf
https://www.nrel.gov/docs/fy23osti/81704.pdf
https://doi.org/10.3390/en13113006
https://doi.org/10.3390/en13205428
https://doi.org/10.1016/j.measurement.2023.113821
https://doi.org/10.1016/j.jngse.2015.01.009
https://doi.org/10.1088/1742-6596/1868/1/012012
https://doi.org/10.1016/j.flowmeasinst.2014.03.005
https://proxigas.it/eventi/analisi-delle-prestazioni-metrologiche-nel-tempo-dei-contatori-gas-statici-per-uso-industriale/
https://proxigas.it/eventi/analisi-delle-prestazioni-metrologiche-nel-tempo-dei-contatori-gas-statici-per-uso-industriale/
https://nfogm.no/wp-content/uploads/2023/08/10-Accuracy-Testing-of-Domestic-Gas-Flow-Meters-with-20-Hydrogen-Blend_NEL_Macdonald_anderson_Isaac_Mahmood.pdf
https://nfogm.no/wp-content/uploads/2023/08/10-Accuracy-Testing-of-Domestic-Gas-Flow-Meters-with-20-Hydrogen-Blend_NEL_Macdonald_anderson_Isaac_Mahmood.pdf


Sensors 2024, 24, 1455 14 of 14

25. European Standard EN 1359:2017; Gas Meters—Diaphragm Gas Meters. CEN: Brussels, Belgium, 2017.
26. European Standard EN 14236:2018; Ultrasonic Domestic Gas Meters. CEN: Brussels, Belgium, 2018.
27. European Standard EN 17526:2021; Gas Meter—Thermal-Mass Flow-Meter Based Gas Meter. CEN: Brussels, Belgium, 2021.
28. Transmission Measurement Committee. Speed of Sound in Natural Gas and Other Related Hydrocarbon Gases; AGA Report No. 10;

American Gas Association: Washington, DC, USA, 2003.
29. WELMEC. WELMEC Guide 4.2 Issue 1. In Elements for Deciding the Appropriate Level of Confidence in Regulated Measurements.

(Accuracy Classes, MPE in-Service, Nonconformity, Principles of Uncertainty); WELMEC: Braunschweig, Germany, 2006.
30. Bonacina, C.N.; Alunno, P.T.; Mastromatteo, M.; Valenti, G.; Serafini, G.; Imboccioli, C.; Russo, M.; Soranno, C.; Mori, L.; Lombardi,

F.M. Proposal of a novel approach to reference instrument and procedure definition to measure hydrogen volume and volumetric
flow in a legal metrology framework. Measurement 2022, 203, 111882. [CrossRef]

31. Codice di Rete di Snam Rete Gas REVISIONE VII. Available online: https://www.snam.it/en/our-businesses/transportation/
network-code-tariffs-committee-area-and-consultations/codice-rete-itg.html (accessed on 5 November 2023). (In Italian).

32. Available online: https://sensirion.com/products/product-insights/specialist-articles/thermal-mass-measurement-principle
(accessed on 6 December 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.measurement.2022.111882
https://www.snam.it/en/our-businesses/transportation/network-code-tariffs-committee-area-and-consultations/codice-rete-itg.html
https://www.snam.it/en/our-businesses/transportation/network-code-tariffs-committee-area-and-consultations/codice-rete-itg.html
https://sensirion.com/products/product-insights/specialist-articles/thermal-mass-measurement-principle

	Introduction 
	Materials and Methods 
	Subsequent Verification of Gas Meters 
	The Experimental Campaign 

	Results and Discussion 
	Diaphragm and Ultrasonic Gas Meters 
	Thermal Mass Gas Meters 

	Conclusions 
	References

