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Abstract: Hydrogen is increasingly receiving a primary role as an energy vector in ensuring the
achievement of the European decarbonization goals by 2050. In fact, Hydrogen could be produced
also by electrolysis of water using renewable sources, such as photovoltaic and wind power, being able
to perform the energy storage function, as well as through injection into natural gas infrastructures.
However, hydrogen injection directly impacts thermodynamic properties of the gas itself, such as
density, calorific value, Wobbe index, sound speed, etc. Consequently, this practice leads to changes
in metrological behavior, especially in terms of volume and gas quality measurements. In this paper,
the authors present an overview on the impact of hydrogen injection in natural gas measurements. In
particular, the changes in thermodynamic properties of the gas mixtures with different H2 contents
have been evaluated and the effects on the accuracy of volume conversion at standard conditions
have been investigated both on the theoretical point of view and experimentally. To this end, the
authors present and discuss the effect of H2 injection in gas networks on static ultrasonic domestic gas
meters, both from a theoretical and an experimental point of view. Experimental tests demonstrated
that ultrasonic gas meters are not significantly affected by H2 injection up to about 10%.

Keywords: hydrogen; natural gas; gas meter; ultrasonic; thermal mass; gas chromatograph

1. Introduction

In 2020, the European Commission (EC) published the European Union (EU) hydrogen
strategy on the roadmap to develop an integrated energy system based on the large-
scale hydrogen supply chain [1]. The EU hydrogen strategy has the twofold objective of
expanding hydrogen use to replace fossil fuels and to decarbonize its production. In detail,
the path set by the EC is divided into three phases. The first phase entails the installation
of at least 6 GW of renewable hydrogen electrolysers in the EU by 2024 and producing up
to one million tonnes of renewable hydrogen. The second one relies on the installation of
at least another 40 GW of renewable hydrogen electrolysers by 2030 and the production
of up to 10 million tons of renewable hydrogen in the EU. The third and last phase aims
to deploy large scale renewable hydrogen technologies to reach all hard-to-decarbonise
sectors by 2050.

To achieve such goals, it will be effective to consider the reuse of the existing nat-
ural gas (NG) infrastructure. The latter will play a crucial role in the development of a
decarbonized energy system based on a large usage of hydrogen as energy carrier due
to its widespread presence and its capacity to provide a cost-effective option for trans-
porting and storing large amounts of energy for long-term periods, exploiting the NG
transportation and distribution networks, as well as the storage complexes of the existing
NG infrastructure.

On the other hand, the increasing weight of the non-programmable renewable energy
sources (RES), such as photovoltaic and wind in power generation, is currently leading
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to relevant issues on the management of the electricity grid, owing to their intermittent
and random nature. Indeed, power production from non-programmable RES does not
follow the dynamics of energy consumption, generating critical supply–demand issues,
specifically in overgeneration periods. The storage capacities required to guarantee the
stability and flexibility of the electrical energy system can be ensured by the application of
power to gas technologies [2]. In fact, the hydrogen produced from RES during overgener-
ation periods can be injected into NG pipelines, thus overcoming balancing and regulation
issues related to the electricity grid management, as well as decarbonizing end use sectors
(e.g., residential, urban and public transport, industrial).

Thus, the blending of hydrogen produced from RESs into NG mixtures nowadays
represents an effective tool for developing a climate neutral integrated energy system.
Nevertheless, several factors must be considered to assess the possibility of using mixtures
of hydrogen and natural gas (H2NG) into existing network components (e.g., pipelines,
valves, compressor, measuring systems). In fact, increasing content of hydrogen lead to
significant changes in physical and thermal properties of the flowing gaseous mixture.

The changes in thermodynamic properties, in turn, result in changes in ignition and
energy properties. In particular, hydrogen enrichment strongly induces non-linear effects in
terms of burning velocity, interaction of the propagating flame with the turbulent flow field
and, consequently, explosion behaviour [3]. The major risk associated with hydrogen is the
possibility of having explosive atmosphere conditions, which has been demonstrated by
numerous studies on explosive characteristics dust and gas hydrides [4]. As a consequence,
hydrogen is more hazardous and more susceptible to deflagration-to-detonation transition
than hydrocarbons. Therefore, the addition of hydrogen could pose minor or major safety
issues depending on the volumetric percentage of hydrogen added (e.g., fugitive emissions
are larger with hydrogen, flammability limits of hydrogen are wider than methane) [5]. In
general, few minor issues occur with blends of hydrogen content ranging up to 5–15% in
volume, depending on site specific conditions and particular NG compositions. Therefore,
it is agreed that extensive studies and tests of pipelines, compressor, valves, measuring
devices and appliances are needed [6].

Several studies have been devoted to the analysis of the effects of H2 injection on
the measuring devices’ reliability. In [7], the changes in the properties of different gas
belonging to the “H” group of EN 437:2019 were investigated, demonstrating that all
gases still remain classified as “H” group when a content of H2 in the range from 2%
to 23% is injected in the gas itself. In particular, the physical and thermal properties of
the mixtures change as follows: (i) the speed of sound increases in the range 1–13.5%;
(ii) the relative density reduces by 1.7–20.5%; (iii) the higher calorific value reduces by
1.4–16%; (iv) the Wobbe index reduces by 0.49–5.7%. In conclusion, it is affirmed no
particular substitution of components, nor modifications in the algorithms for calculating
physical parameters of the gas mixture and volumetric flow (volume) are needed when
about 10% hydrogen is injected into natural gas, allowing for maintaining substantially
unaltered existing management practices in gas transportation and consumption systems.
Conversely, further investigations are suggested in the case of higher H2 contents. Similarly,
with H2 injection up to 30% no particular problems for construction materials of ultrasonic,
volumetric diaphragm and turbine gas meters are expected [8]. However, experimental
tests aimed at assessing gas meters in terms of measurement accuracy and long-term
reliability are suggested. Iskov [9] analysed the impact of 100% hydrogen after one-year
operation of traditional turbine, volumetric rotary piston and diaphragm gas meters in a
distribution network configuration (i.e., at a pressure of 20 mbar), demonstrating H2 does
not affect the accuracy of such gas meters, despite some issues with the turbine meter seal.
Dehaeseleer [10] found no operational issues for traditional gas meters (turbine, rotary
piston and diaphragm) up to 10% of H2. The durability of diaphragm gas meters has
been evaluated by Jaworski [11] with H2NG and no significant influence has been found
with H2 up to 15%. Jaworski and Dudek [12] investigated domestic thermal gas meters,
demonstrating that they do not exceed maximum permitted errors (MPE) with 2, 4 and 5%
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of H2 content. Conversely, with increasing H2 content of 10 and 15% they systematically
showed negative drifts of the errors (e.g., up to −3.4% and −8.4% of the weighted mean
error (WME), at 10% and 15% of H2, respectively).

Experimental studies in the literature for ultrasonic meters are not available, and
experimental research for H2 content above 10% is suggested on the kind of meters in [13].
Finally, Łach [14] investigated the issues of H2 injection on the compressibility factor, which
is critical for the volume conversion at standard conditions. To this aim, tests were carried
out to compare SGERG-88 and AGA8-DC92 algorithms with increasing H2 contents, due
to the fact that both algorithms present the application limit of H2 = 10% (mol/mol). The
experimental results demonstrated that the AGA8-DC92 algorithm provides satisfactory
results with H2 content below 40% (mol/mol).

This paper presents an overview on the effect of hydrogen injection in natural gas
measurements. With the aim of assessing the reliability of measuring devices that currently
run on the existing NG infrastructures, the authors analysed the effect of hydrogen injection
on gas measurements, both from a theoretical and an experimental point of view. In
detail, a comprehensive analysis of the changes of thermo-physical properties when gases
with different H2 content are used has been carried out, as well as of the theoretical
effects on the accuracy of volume conversion at standard conditions. The impact of the
hydrogen injection on the accuracy of static ultrasonic domestic gas meters has also been
experimentally investigated for the first time to the best knowledge of the authors, and the
related results have been presented and discussed.

2. Theory and Methods
2.1. Thermodynamic Properties

According to the ISO 6976:2017 [15], the density D0(p, t) of an ideal gas depends upon
its temperature t and pressure p and shall be calculated from Equation (1). Consequently
the density D(p, t) of a real gas is obtained through Equation (2) where: (i) Z(p, t) is
the compressibility factor of the gaseous mixture [16]; (ii) V0 is the ideal molar volume
evaluated according to the ideal gas law; (iii) M is the molar mass of the gas mixture
calculated through Equation (3), in which xj is the mole fraction of the j-th component in
the gas mixture and Mj is the molar mass of the j-th component.

D0(p, t) =
M
V0 (1)

D(p, t) =
D0

Z(p, t)
(2)

M =
N

∑
j=1

xj Mj (3)

The relative density G(p, t) of a real gas mixture is given by the ratio of the density
of the gaseous mixture to the density of dry air of reference composition at the same
pressure and temperature conditions. Therefore, according to [15], G(p, t) can be calculated
through Equation (4) where: (i) Zair(p, t) is the compressibility factor of dry air, (ii) Z(p,t)
is the compressibility factor of the gas, and (iii) G0 is the relative density of the ideal gas
calculated through Equation (5). In Equation (5) xj and Mj respectively represent the mole
fraction and the molar mass of the j-th component, whereas Mair is the molar mass of dry
air of reference composition.

G(p, t) =
G0·Zair(p, t)

Z(p, t)
(4)

G0 =
N

∑
j=1

xj
Mj

Mair
(5)
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The specific heat capacity at constant pressure cp(t) is obtained through the weighted
average of the specific heat capacities at constant pressure cp,j of the j-th components, in
which mass fraction is xj For the calculation of cp,j the following Equation (7) can be used,
where T is the absolute temperature and Aj, Bj, Cj, Dj, Ej are the regression coefficients for
the j-th component reported in Table 1.

cp(t) =
N

∑
j=1

xj·cp,j (6)

cp,j(T) = Aj + Bj T + Cj T2 + Dj T3 + Ej T4 (7)

Table 1. Regression coefficients of gas components [16].

Component, j Temperature Range
[K] A B C D E

Methane, CH4 50–1500 34.942 −3.9957 10−2 1.9184 10−4 −1.5303 10−7 3.9321 10−11

Ethane, C2H6 100–1500 28.146 4.3447 10−2 1.8946 10−4 −1.9082 10−7 5.3349 10−11

Propane, C3H8 200–1000 31.986 4.27 10−2 5.00 10−4 −6.56 10−7 2.56 10−10

n-Butane, n-C4H10 200–1500 20.056 2.8153 10−1 −1.3143 10−5 −9.4571 10−8 3.4149 10−11

iso-Butane, iso-C4H10 200–1500 6.772 3.1447 10−1 −1.0271 10−4 −3.6849 10−8 2.0429 10−11

n-Pentane, n-C5H12 200–1500 26.671 3.2324 10−1 4.2820 10−5 −1.6639 10−7 5.6036 10−11

iso-Pentane, iso-C5H12 200–1000 16.288 3.1754 10−1 2.0237 10−4 −4.3027 10−7 1.8001 10−11

n-Hexane, C6H14 200–1500 25.924 4.1927 10−1 −1.2491 10−5 −1.5592 10−7 5.8784 10−11

Nitrogen, N2 50–1500 29.342 −3.5395 10−1 1.0076 10−5 −4.3116 10−9 2.5935 10−13

Carbon dioxide, CO2 50–5000 27.437 4.2315 10−2 −1.9555 10−5 3.9968 10−9 −2.9872 10−13

Hydrogen, H2 250–1500 25.399 2.0178 10−2 −3.8549 10−5 3.1880 10−8 −8.7585 10−12

The higher calorific value (Hv)0
G at a given temperature t, is calculated through

Equation (8) in which (Hv)0
G(t) is the ideal higher molar-basis calorific value and V0 is the

ideal molar volume of the mixture calculated according to the ideal gas law.

(Hv)0
G(p, t) =

(Hc)0
G(t)

V0 (8)

The Wobbe index is the ratio of the higher calorific value, at specified reference
condition, to the square root of the relative density and it is given by Equation (9) where
(Hv)0

G is the higher calorific value on volume basis and G0 is the relative density of the gas.

W0
G(t, p) =

(Hv)0
G(t, p)√
G0

(9)

Finally, the speed of sound in a gaseous flow can be obtained through Equation (10)
using the AGA 10 Equation [17]

u = 18.591
(

T·Z·k
D

)0.5
(10)

2.2. Volume Conversion Factor

The accurate knowledge of NG volumetric flow rate is crucial in commercial transac-
tions and balancing issues of the NG infrastructures. To this aim, the NG mixture volume
measured at operative conditions is commonly converted to the standard reference con-
ditions (i.e., pS = 101,325 kPa, TS = 15 ◦C). Such volume conversion is obtained through
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Equation (11) where: (i) Vs and V are the NG mixture volume at reference and metering
conditions, respectively; (ii) KTvo is the volumetric correction factor.

VS = V·KTvo = V· p
pS
·TS

T
·ZS

Z
(11)

In Equation (11) the following symbols have been used: (i) pS and p are the absolute
pressure at reference and metering conditions, respectively; (ii) TS and T are the tempera-
ture at reference and metering conditions, respectively; (iii) ZS and Z are the compressibility
factor calculated at reference and metering conditions, respectively.

According to [15] the comprsibility factor at reference conditions ZS is calculated
through Equation (12) where: (i) p0 = 101, 325 kPa is the reference pressure and p2 is the
pressure at metering conditions; (ii) xj is the mole fraction of the j-th component in the gas
mixture; (iii) sj is the summation factor of the j-th component in the gas mixture, whose
values are reported in [15] at the metering reference temperatures.

ZS = 1−
(

p
p0

)
·
[

n

∑
j=1

xj·sj(t, p)

]2

(12)

On the other hand, the compressibility factor at metering conditions, Z, has been
calculated according to the ISO 12213–2:2010 standard [18]. The standard employs the
AGA8-DC92 detailed characterization equation in [19], which is an extended virial-type
formulation, only capable of calculating the properties in the gaseous phase. The input
data are the absolute pressure, absolute temperature and the detailed molar-composition
of the gas, as detailed in Equation (13) where: (i) B is the second virial coefficient; (ii) ρm is
the molar density; (iii) ρr is the reduced density; (iv) bn, cn, kn are constants; (v) C∗n are the
coefficients, which depend on the temperature, and NG mixture composition.

Z = 1 + Bρm − ρr

18

∑
n=13

C∗n +
58

∑
n=13

C∗n
(

bn − cnknρkn
r

)
ρkn

r exp
(
−cnρkn

r

)
(13)

The reduced density ρr is correlated to the molar density ρm through Equation (14)
where K is a mixture size coefficient and ρm is the molar density calculated using Equation (15)
in which p and T respectively represent the absolute pressure and temperature and R is
the universal gas constant.

ρr = K3ρm (14)

ρm =
p

ZRT
(15)

By observing Equation (11), it can be pointed out the NG volume at base condition
is highly influenced by the compressibility factor. Therefore, the algorithm used for the
calculation of the compressibility factor is a crucial issue especially for large flow metering
systems in NG industries applications [20]. In order to assess its reliability, the authors
carried out the calculation of the compressibility factor through the currently available
algorithms ISO 12213-3, AGA NX 19 and AGA NX 19 Mod.

2.3. Ultrasonic Static Gas Meter Measuring Principles

The ultrasonic gas meters for domestic use determine the volume of the gas flowing
through the gas meter measuring the transit times (e.g., time of flight, TOF) of the ultrasonic
waves generated by a pair of piezoelectric transducers operating as transmitter/receiver
(see Figure 1). The measurement of the transit times (e.g., t1 and t2) and the knowledge of
geometric characteristics of the measurement tube (e.g., diameter, Dt, propagation angle, ϕ
and distance between the two transducers, L) allows one to calculate the average velocity
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(w) of the gas flow and, therefore, the volumetric flow rate (Q), employing the following
equation:

w =
L

2 cosϕ

(
1
t1
− 1

t2

)
=

L2

2 D
· ∆t
t1 t2

=
L2

2 D
·∆ f (16)

Energies 2021, 14, x FOR PEER REVIEW 6 of 17 
 

 

𝐷𝐷𝑡𝑡 , propagation angle, 𝜑𝜑 and distance between the two transducers, L) allows one to 
calculate the average velocity (𝑤𝑤�) of the gas flow and, therefore, the volumetric flow rate 
(Q), employing the following equation: 

𝑤𝑤� =
𝐿𝐿

2 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�

1
𝑡𝑡1
−

1
𝑡𝑡2
� =

𝐿𝐿2

2 𝐷𝐷
∙
∆𝑡𝑡
𝑡𝑡1 𝑡𝑡2

=
𝐿𝐿2

2 𝐷𝐷
 ∙ ∆𝑓𝑓 (17) 

 
Figure 1. Measurement principle of the ultrasonic gas meters. 

Since the sound of speed in the gas flow ( u ) is unknown, depending on the 
thermodynamic state (e.g., pressure and temperature) and composition of the fluid, the 
measurement of 𝑤𝑤�  is performed thorough the measurement of transit times of two 
different ultrasonic signals. The transit time (𝑡𝑡1) of an ultrasonic signal traveling cocurrent 
with the gas flow from Transducer 1 to Transducer 2 is measured. After the measurement 
is completed, the transit time (𝑡𝑡2) of an ultrasonic signal traveling counter current to the 
gas flow from Transducer 2 to Transducer 1 is measured. Specifically, the transit time of 
the signal cocurrent with the gas flow will be lower than that of the signal counter current 
with the gas flow, owing to the velocity of the gas within the meter. This involves different 
frequencies of the two train waves. 

From the analysis of Equation (17), it can be deduced that the average velocity (𝑤𝑤�), 
and consequently the volumetric flow rate (Q), is not theoretically influenced by the 
thermodynamic conditions and composition of the gas flow. However, if the speed of 
sound is analysed it can be observed that it is significantly influenced by the H2 content in 
the NG mixture. 

The effects of gas mixtures of variable compositions (mixtures of natural gas, natural 
gas with hydrogen additives, and mixtures of synthetic biogas) on the accuracy of 
domestic gas meters (e.g., ultrasonic, thermal-mass and turbine) have been investigated 
widely [21] in the literature and recently at laboratories of the INiG-PIB [12]. To this aim, 
a test bench capable of testing the metrological performance of gas meters with natural 
gas mixtures with different H2 content was designed and built, enabling measurement in 
the range of 0.016 to 25 m3/h at low gas pressure (approx. 20 mbar). A wet drum gas meter 
(for flow-rate range up to 0.4 m3/h) and a rotary gas meter (in the range from 0.3 to 25 
m3/h) were used as reference gas meters. The measurement uncertainty on the test bench 
is within 0.3% in the range from 0.6 to 6 m3/h and within 0.45% below 0.6 m3/h. The 
research program included testing the errors of indications with the use of the gas 
mixtures presented in Table 2. 

Table 2. Characteristics of the gas mixtures used for the metrological tests. 

Sample Gas Mixture 
Air Atmospheric air 

2E/H0 2E natural gas mixture, without hydrogen 
2E/H5 2E natural gas mixture, with 5% hydrogen content (V/V) 
2E/H10 2E natural gas mixture, with 10% hydrogen content (V/V) 

Figure 1. Measurement principle of the ultrasonic gas meters.

Since the sound of speed in the gas flow (u) is unknown, depending on the thermody-
namic state (e.g., pressure and temperature) and composition of the fluid, the measurement
of w is performed thorough the measurement of transit times of two different ultrasonic
signals. The transit time (t1) of an ultrasonic signal traveling cocurrent with the gas flow
from Transducer 1 to Transducer 2 is measured. After the measurement is completed, the
transit time (t2) of an ultrasonic signal traveling counter current to the gas flow from Trans-
ducer 2 to Transducer 1 is measured. Specifically, the transit time of the signal cocurrent
with the gas flow will be lower than that of the signal counter current with the gas flow,
owing to the velocity of the gas within the meter. This involves different frequencies of the
two train waves.

From the analysis of Equation (16), it can be deduced that the average velocity (w),
and consequently the volumetric flow rate (Q), is not theoretically influenced by the
thermodynamic conditions and composition of the gas flow. However, if the speed of
sound is analysed it can be observed that it is significantly influenced by the H2 content in
the NG mixture.

The effects of gas mixtures of variable compositions (mixtures of natural gas, natural
gas with hydrogen additives, and mixtures of synthetic biogas) on the accuracy of domestic
gas meters (e.g., ultrasonic, thermal-mass and turbine) have been investigated widely [21]
in the literature and recently at laboratories of the INiG-PIB [12]. To this aim, a test bench
capable of testing the metrological performance of gas meters with natural gas mixtures
with different H2 content was designed and built, enabling measurement in the range
of 0.016 to 25 m3/h at low gas pressure (approx. 20 mbar). A wet drum gas meter (for
flow-rate range up to 0.4 m3/h) and a rotary gas meter (in the range from 0.3 to 25 m3/h)
were used as reference gas meters. The measurement uncertainty on the test bench is
within 0.3% in the range from 0.6 to 6 m3/h and within 0.45% below 0.6 m3/h. The
research program included testing the errors of indications with the use of the gas mixtures
presented in Table 2.

Table 2. Characteristics of the gas mixtures used for the metrological tests.

Sample Gas Mixture

Air Atmospheric air
2E/H0 2E natural gas mixture, without hydrogen
2E/H5 2E natural gas mixture, with 5% hydrogen content (V/V)
2E/H10 2E natural gas mixture, with 10% hydrogen content (V/V)
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3. Results and Discussion
3.1. Impact of H2 Injection on the Thermodynamic Properties

In order to analyse the impacts of hydrogen injection in NG mixtures on the above
mentioned thermodynamic properties, the five NG mixtures in Table 3 have been inves-
tigated (i.e., the ones in [18] without H2) and the obtained results have been graphically
represented in Figure 2.

Table 3. Investigated gas mixtures [18].

Component, j Mix 1 Mix 2 Mix 3 Mix 5 Mix 6

Methane, CH4 96.50 90.70 85.90 81.20 82.60
Ethane, C2H6 1.80 4.50 8.50 4.30 3.50

Propane, C3H8 0.45 0.84 2.30 0.90 0.75
n-Butane, n-C4H10 0.10 0.15 0.35 0.15 0.12

iso-Butane, iso-C4H10 0.10 0.10 0.35 0.15 0.12
n-Pentane, n-C5H12 0.03 0.04 0.05 0.00 0.04

iso-Pentane, iso-C5H12 0.05 0.03 0.05 0.00 0.04
n-Hexane, C6H14 0.07 0.04 0.00 0.00 0.02

Nitrogen, N2 0.30 3.10 1.00 5.70 11.70
Carbon dioxide, CO2 0.60 0.50 1.50 7.60 1.10
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Figure 2. Trend of the thermophysical properties as a function of the H2 content in NG mixtures: (a) relative density,
(b) specific heat capacity, (c) higher calorific value, (d) Wobbe Index. Dashed lines represent the applicable limits [18,22].
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In Figure 3, the trend of the sound speed as a function of the H2 content for the 5 NG
mixture reported in Table 1 has been depicted. From Figure 3 it can be pointed out the
speed of sound increases as H2 concentration in the NG mixture increases and it exceeds
the allowable limit of 475 m·s−1, in some cases even at low H2 content.
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Hence, even though the measurement of the gas flow velocity is not theoretically
influenced by the speed of sound, since this is intrinsically compensated by the sing-
around technique and mediated in the cross section (no effect in the transition of the flow
from laminar to turbulent), the change of transit times measured in favor and against flow
can lead to unpredictable deviations and a drift in the accuracy of the gas meters.

From the analysis of the obtained results, it can be highlighted that:

• the relative density decreases as the H2 content increases in the NG mixture leading to
values below the corresponding limit of ISO 12213-2 standard [18] at about 10% of H2;

• the specific heat capacity at constant pressure significantly increases as the H2 content
increases (e.g., up to +21.8% at about 25% of H2 for Gas 6);

• the higher calorific value on volume basis notably decreases as the H2 content increases
(e.g., up to −17.8% for Gas 3 at xH2 = 25%) and for investigated Gas 5 and 6, it reduces
to below the corresponding limit indicated by the ISO 12213-2 standard [18] at about
25% of H2;

• the Wobbe index slightly decreases as the H2 content increases (e.g., up to −6.6% at
xH2 = 25% for Gas 2);

• the speed of sound increases as the H2 content increases.

3.2. Impact of H2 Injection on the Volume Conversion

In order to evaluate the effects of injection of H2 in NG mixtures on the accuracy of
the volume conversion at standard conditions, a typical NG mixture distributed in Italy
has been investigated (see Table 4).
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Table 4. Molar composition of the investigated gas mixture.

Component, j MIX 4

Methane, CH4 95.99
Ethane, C2H6 2.292

Propane, C3H8 0.639
n-Butane, n-C4H10 0.097

iso-Butane, iso-C4H10 0.102
n-Pentane, n-C5H12 0.012

iso-Pentane, iso-C5H12 0.018
n-Hexane, C6H14 0.012

Nitrogen, N2 0.650
Carbon dioxide, CO2 0.188

Figure 4 depicts the effects of the increase of H2 content up to 25% in the investigated
NG mixture on the compressibility factor calculated employing the aforementioned stan-
dards. Moreover, to investigate the influence of the metering pressure, the compressibility
factor calculation has been performed at different gas pressures fixing a constant value of
the gas temperature (i.e., T = 15 ◦C).
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(d) AGA NX 19 Mod.

From data in Figure 4, it can be pointed out that the compressibility factor increases as
the H2 content increases. The compressibility factor is more influenced by the H2 concen-
tration at high pressures than at low pressures. As, for example, Z increases in the range
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0.10–0.44% at 5 bar and 2.1–9.1% at 70 bar when ISO 12213-2 standard is used. Moreover,
pressure more significantly affects the compressibility factor at low H2 concentrations and,
as expected, Z decreases as pressure increases (e.g., Z decreases in the range 0.25–14% at
xH2 = 0%, whereas a lower decrease in the range 0.05–0.2% at xH2 = 25% occurs).

In Table 5, the compressibility factor values and the corresponding deviations between
the ISO 12213-2 standard and the other standards on varying the H2 concentration and
pressure have been reported. From data in Table 5 it can be observed that ISO 12213-2 and
ISO 12213-3 methods lead to deviations within 0.09%, whereas the use of AGA NX 19 and
AGA NX 19 Mod. methods can lead to deviations up to about 2% at high pressure and
high H2 content.

Table 5. Compressibility factor values evaluated employing the ISO 12213-2, ISO 12213-3, AGA NX 19 and AGA NX 19 Mod.

p [bar] H2 [%] ZISO12213-2 ZISO12213-3 ZAGANX19 ZAGANX19Mod ∆ZISO2-ISO3 ∆ZISO2-AGA19 ∆ZISO2-AGA19Mod.

5.00

0.00 0.98940 0.99026 0.99026 0.98997 0.09% 0.09% 0.06%
0.50 0.99056 0.99118 0.99118 0.99090 0.06% 0.06% 0.03%

10.00 0.99167 0.99206 0.99206 0.99179 0.04% 0.04% 0.01%
15.00 0.99273 0.99290 0.99290 0.99262 0.02% 0.02% 0.01%
20.00 0.99374 0.99369 0.99369 0.99342 0.00% 0.00% 0.03%
25.00 0.99469 0.99445 0.99445 0.99417 0.02% 0.02% 0.05%

10.00

0.00 0.97881 0.97868 0.97974 0.97943 0.01% 0.09% 0.06%
0.50 0.98117 0.98108 0.98154 0.98124 0.01% 0.04% 0.01%

10.00 0.98341 0.98337 0.98326 0.98296 0.00% 0.02% 0.05%
15.00 0.98555 0.98553 0.98489 0.98460 0.00% 0.07% 0.10%
20.00 0.98757 0.98756 0.98643 0.98614 0.00% 0.12% 0.14%
25.00 0.98949 0.98948 0.98789 0.98760 0.00% 0.16% 0.19%

20.00

0.00 0.95774 0.95748 0.95906 0.95871 0.03% 0.14% 0.10%
0.50 0.96256 0.96243 0.96266 0.96232 0.01% 0.01% 0.03%

10.00 0.96713 0.96709 0.96607 0.96574 0.00% 0.11% 0.14%
15.00 0.97146 0.97147 0.96930 0.96897 0.00% 0.22% 0.26%
20.00 0.97555 0.97558 0.97234 0.97202 0.00% 0.33% 0.36%
25.00 0.97941 0.97944 0.97522 0.97491 0.00% 0.43% 0.46%

40.00

0.00 0.91635 0.91588 0.91803 0.91734 0.05% 0.18% 0.11%
0.50 0.92642 0.92629 0.92545 0.92480 0.01% 0.11% 0.17%

10.00 0.93586 0.93595 0.93242 0.93182 0.01% 0.37% 0.43%
15.00 0.94471 0.94492 0.93898 0.93841 0.02% 0.61% 0.67%
20.00 0.95300 0.95324 0.94515 0.94461 0.02% 0.82% 0.88%
25.00 0.96076 0.96094 0.95094 0.95044 0.02% 1.02% 1.07%

60.00

0.00 0.87694 0.87628 0.87880 0.87825 0.07% 0.21% 0.15%
0.50 0.89254 0.89255 0.89020 0.88968 0.00% 0.26% 0.32%

10.00 0.90700 0.90741 0.90085 0.90036 0.04% 0.68% 0.73%
15.00 0.92043 0.92101 0.91080 0.91033 0.06% 1.05% 1.10%
20.00 0.93290 0.93349 0.92011 0.91966 0.06% 1.37% 1.42%
25.00 0.94448 0.94493 0.92881 0.92839 0.05% 1.66% 1.70%

70.00

0.00 0.85843 0.85769 0.86052 0.85992 0.09% 0.24% 0.17%
0.50 0.87682 0.87695 0.87387 0.87331 0.02% 0.34% 0.40%

10.00 0.89378 0.89441 0.88631 0.88578 0.07% 0.84% 0.89%
15.00 0.90945 0.91028 0.89791 0.89742 0.09% 1.27% 1.32%
20.00 0.92394 0.92475 0.90874 0.90827 0.09% 1.65% 1.70%
25.00 0.93736 0.93797 0.91883 0.91839 0.07% 1.98% 2.02%

Finally, the authors investigated the effects of H2 injection on the volumetric correction
factor, KTvo. From Figure 5, it can be pointed out that the volumetric correction factor
decreases as the H2 content increases, regardless of the calculation algorithm used. Similarly
to the compressibility factor, the H2 content affects KTvo more at high pressures than at low
pressures. As for example, the KTvo calculated with the ISO 12213-2 standard decreases as
H2 increase by 0.10–0.43% at 5 bar, whereas it increases by 2.1–8.3% at 70 bar.
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3.3. Impact of H2 Injection on Ultrasonic Domestic Gas Meters

Domestic ultrasonic gas meters manufactured in 2021, with a measuring range of
0.04 to 6 m3/h, were subjected to metrological tests with the use of various gas mixtures.
Metrological tests were carried out according to par. 5.3.2 of EN 14236:2018, at selected
flow rates (Qmin, 3 Qmin, 0.1 Qmax, 0.2 Qmax, 0.4 Qmax, 0.7 Qmax, Qmax), each repeated three
times. The gas mixtures listed in Table 2 have been used. Experimental test results are
presented in Table 6 and Figure 6.

Table 6. Average errors and average errors of indication drifts as well as WMEs and WMEs drifts of
G4 ultrasonic gas meters tested with different gas mixtures.

Flow Rate

Qmin 3 Qmin 0.1 Qmax 0.2 Qmax 0.4 Qmax 0.7 Qmax Qmax

Average error Em [%] WME [%]

EmAir −0.63 −0.99 −0.66 −0.44 −0.40 −0.11 −0.33 −0.30
Em2E/H0 −0.81 −1.14 −0.32 −0.25 0.08 0.32 −0.06 0.07
Em2E/H5 −0.10 −0.25 0.03 −0.26 −0.13 0.03 −0.49 −0.15
Em2E/H10 −0.47 −0.65 0.14 −0.25 −0.28 −0.11 −0.53 −0.25

Average error drift ∆Em [%] WME drift [%]

∆Em2E/H5 0.71 0.88 0.35 −0.01 −0.21 −0.29 −0.43 −0.22
∆Em2E/H10 0.34 0.48 0.46 0.00 −0.36 −0.43 −0.47 −0.31
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Figure 6. Average errors of indications of G4 ultrasonic gas meters tested with different gas mixtures
as a function of relative flow rates Q/Qmax.

The average errors of indication of ultrasonic gas meters, the differences between the
errors of indication obtained for reference natural gas and individual gas mixtures, and the
metrological analysis of the obtained test results are presented below. For the metrological
assessment, average error values were used, while, when analysing the maximum and
minimum error values, the values obtained for each gas meter were used individually. In
order to define the metrological criterion necessary to assess the impact of H2 injection on
the gas meter errors of indications (metrologically significant or metrologically insignifi-
cant), the measurement uncertainty at single flow rates was estimated. As the assessment
covers the difference in the average errors of indications for individual mixtures in relation
to the errors of indications obtained for the reference mixture of natural gas without hydro-
gen addition (e.g., between 2E/H0 and 2E/H5), the measurement uncertainty is the total
uncertainty in determining the errors in gas meter readings for the gas reference 2E/H0
and the tested mixture with the addition of hydrogen or biogas (e.g., 2E/H5, 2E/H10). The
uncertainty of the average errors of indications, U(Em), includes the type B uncertainty
of the measuring equipment and the type A uncertainty (i.e., the standard deviation of
the results of the three tested gas meters). The maximum allowable difference in errors
U(EmH-m2E) is obtained by the square sum U(Em) of the two mixtures; thus, the metrological
assessment means “insignificant” if the difference in average errors is below the permitted
errors difference.

In addition, the weighted mean errors (WME) was also evaluated according to par.
3.2.5 OIML R 137 1 & 2:2012 [24], according to which the WME for class 1.5 gas meters
should be within ±0.6%. Table 6 shows the average errors of indications (EmAIR, Em2E/H0,
Em2E/H5, Em2E/H10) obtained for individual gas mixtures, average differences (∆E2E/H5,
∆E2E/H10) between the errors obtained for natural gas (Em2E/H0) and individual gas mixtures
(Em2E/H5, Em2E/H10), and weighted mean errors WMEs together with WMEs drift for G4
ultrasonic gas meters.

Figure 6 shows the average errors of indications of G4 ultrasonic gas meters obtained
for the gas mixtures 2E/H0, 2E/H5, 2E/H10.

The error of indication of the investigated ultrasonic gas meters with 2E/H0 natural
gas mixture (i.e., without hydrogen) ranges −0.58% to 0.41% above 0.1 Qmax and −0.65%
to −0.19% below 0.1 Qmax. On the other hand, error of indication with 2E/H5 mixture
ranges −0.68% to 0.26% above 0.1 Qmax, and 0.07% to 0.70% below 0.1 Qmax. The errors of
indications of all gas meters with both the 2E/H0 and 2E/H5 mixtures, were within the per-
missible limits (i.e., ±2% in the range from 0.1 Qmax to Qmax and ±3.5% in the range below
0.1 Qmax) of EN 14236:2018 [23] for ultrasonic gas meters with temperature conversion. The
maximum WME of the investigated gas meters was found: (i) ranging 0.01 % to 0.12 % for
2E/H0, (ii) ranging −0.22% to 0.00% for 2E/H5, and (iii) ranging −0.38 % to −0.10 % for
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2E/H10 mixture. Table 7 shows the average error of indication drifts (∆E2E-2E/H5) between
2E/H5 and 2E/H0 mixtures, together with the related metrological assessment.

Table 7. Metrological assessment of average error of indication drift of ultrasonic G4 gas meters with
2E/H5 and 2E/H0.

Flow Rate

Average Errors
Drift [%]

Uncertainty in Average
Errors [%]

Permitted
Errors

Difference [%]

Metrological
Assessment

∆Em(2E-2E/H5)
U(Em) U(∆E2E-2E/H5)2E/H5 2E

Q max −0.43 0.17 0.16 ±0.46 insignificant
0.7 Qmax −0.29 0.15 0.15 ±0.42 insignificant
0.4 Qmax −0.21 0.17 0.22 ±0.55 insignificant
0.2 Qmax −0.01 0.24 0.27 ±0.72 insignificant
0.1 Qmax 0.35 0.21 0.14 ±0.50 insignificant
3 Qmin 0.88 0.20 0.18 ±0.53 significant
Qmin 0.71 0.28 0.24 ±0.72 insignificant

In this case, the metrological assessment was found significant only at 3 Qmin flow
rate, meaning that there is a slight influence on the gas meter accuracy when a 5% H2NG
mixture is used. On the other hand, when analysing the errors of indications, it should be
noted that hydrogen injection up to 10% vol. does not significantly affect the accuracy of
gas meters.

4. Gas Quality Measurement of H2NG Mixtures

At present, typical process chromatographs dedicated to natural gas analyses do not
allow the in-line determination of the hydrogen content. This is due to the fact that currently
used process chromatographs (PGCs) use helium as a carrier gas, so they are not capable
to detect and determine hydrogen due to the similar thermal conductivity of both these
gases (151 and 180 Wm−1K−1 for helium and hydrogen, respectively). Therefore, solutions
that can be used to analyze natural gas-hydrogen mixtures should be sought in devices
dedicated to other types of gaseous fuels or constructed on the basis of customer guidelines.
Aiming at analysing the composition of natural gas-hydrogen mixtures (hydrogen content
up to 37% mol/mol), inter alia, a four-channel chromatograph equipped with four TCD
detectors, can be used [25–27]. This device uses two carrier gases (argon and helium) and
the declared duration of the analytical cycle for a configuration that allows determination
of all required components is 3 to 5 min. A frequent calibration of this chromatograph is
recommended ranging from daily to every 3 months.

On the other hand, in the refinery sector, a first solution relies on three-channel
analysers that enable the determination of components in the gas such as hydrogen,
helium, nitrogen, oxygen, carbon monoxide (II), carbon monoxide (IV) and hydrocarbons
from the C1–C5 range, including unsaturated hydrocarbons broken down into isomers,
and the total content of C6+ hydrocarbons [28,29]. These analysers are equipped with
thermal conductivity detectors (TCD) and a flame ionization detector (FID), which is
the third measurement channel enabling the determination of the content of hydrogen
and other basic components of natural gas-hydrogen mixtures up to 100%. The typical
time of analysis with their use is 15 min; however, it requires additional technical gases
supplying the FID detector to the chromatograph, i.e., hydrogen and synthetic air as well
as helium and nitrogen, which are reference gases in TCD detectors, which increases the
cost of operating the device. Additionally, it is possible to reduce the analysis time to
7.5 min, if hydrogen is used as the carrier gas, then the hydrogen content in the sample is
determined by using a TCD detector with nitrogen as the reference gas. However, due to
the explosive properties of hydrogen, its use as a carrier gas in gas chromatography is often
rejected by laboratories. Single (double) channel chromatograph with a single (double)
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thermal conductivity detector (TCD) are also available [30,31], enabling in the scope of
such components as pseudo-component C6+, hydrogen, helium, oxygen, carbon monoxide
(IV), methane, ethane, propane, butanes, pentanes (with the double-channel configuration
even nitrogen can be detected). Optionally the chromatograph can be equipped with
an additional third channel with a flame ionization detector (FID), allowing individual
determination of C6–C16 hydrocarbons. A further chromatograph dedicated to natural
gas analyses enables the determination of the content of C1–C9 hydrocarbons, oxygen,
nitrogen, carbon monoxide (IV), helium and hydrogen sulphide in the gas [32]. However,
no detailed information on the range of the analysed concentrations and the duration
of the analysis is available. An important feature of gas chromatographs dedicated to
refinery gas analysis is that they allow the determination of hydrogen content in the entire
concentration range by using two TCD detectors and an FID detector [33]. Depending on
the model, the analysis time ranges from less than 9 min to 17 min.

Chromatographs for both H2NG mixtures and for refinery gas analyses are also avail-
able in the market [34,35]. Although chromatographs dedicated to refinery gas analyses are
characterized by a sufficiently wide analytical range for hydrogen determination; however,
due to the possibility of methane analysis only up to 80% mol/mol, they cannot be used
in the case of analyses of certain mixtures of natural gas with hydrogen and natural gas
from the H group. On the other hand, chromatographs dedicated to natural gas analyses
allow for analysis in the scope of determination of at least: He, O2, N2, CH4, CO, CO2,
C2–C5 hydrocarbons, H2S and of course H2 up to 10%. The analysis time depends on the
model and ranges from 10 to 40 min. These chromatographs are equipped with two TCD
detectors or two TCD detectors and a FID detector.

5. Conclusions

In this paper, the main thermophysical parameters of H2NG mixtures have been
analysed as a function of the hydrogen (i.e., up to 25% vol.). The results obtained show
that injection of H2 into natural gas significantly impacts the relative density, specific heat
and higher calorific value and speed of sound (which is a critical parameter for ultrasonic
static gas meters), while the Wobbe Index is less affected. In particular:

• the relative density decreases as the H2 content increases (e.g., for the investigated
GAS 6 10%vol of H2 is sufficient for the corresponding limit to be exceeded);

• the higher calorific value significantly decreases as the H2 content increases (e.g., for
gases characterized by a low content of CH4, the calorific value is reduced by 20%
when the hydrogen content is equal to 25%, exceeding the lower limit indicated by
the ISO 12213-2 standard;

• the speed of sound increases up to 12.3% becoming generally higher than the accepted
limit of 475 m·s−1 indicated by ISO 14236 for ultrasonic gas meters already at xH2 = 5%.

The trend of the compressibility factor Z as a function of H2 injection was also anal-
ysed using the available calculation algorithms of ISO 12213-2 (complete composition), ISO
12213-3, AGA NX 19 and AGA NX 19 Mod. The obtained results show that the compress-
ibility factor at high pressures is more influenced by the presence of hydrogen than at low
pressures (e.g., Z increases in the range 0.10–0.14% at 5 bar and in the range 2.1–9.1% at
70 bar). Moreover, the pressure influence on Z is more significantly impactful at low H2
contents. A similar behaviour has been found for the volume conversion factor.

Finally, no influence on the deterioration of metrological properties was found for
domestic G4 ultrasonic gas meters tested with the use of various gas mixtures with hy-
drogen content up to 10%. In fact, both the errors of indications and the weighted mean
errors remained within the permissible limits, with measured errors not exceeding ±1%
and WME within ±0.4%.
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Glossary
Nomenclature
cp specific heat capacity, [kJ/(kg·K)];
D mass density, [kg/m3];
Dt diameter of the measurement tube, [m];
G relative density, dimensionless;
Hv higher heating value on volume basis, [MJ/m3];
k adiabatic coefficient, dimensionless;
KTvo volumetric correction factor, dimensionless;
L distance between the ultrasonic transducers, [m];
M molar mass, [kg/kmol];
p gas pressure, [bar];
Q flow rate, [m3/h];
R universal gas constant, [MJ/(kmol·K)]
t Celsius temperature, [◦C];
ti transit time, [sec];
T absolute temperature, [K];
u speed of sound, [m/s];
V volume, [m3];
W Wobbe Index, [MJ/m3];
w average velocity of the gas flow, [m/s];
x molar fraction, dimensionless;
Z compressibility factor, dimensionless;
ρm molar density, [kmol/m3];
ρr reduced density of gas, dimensionless;
ϕ propagation angle, [◦];
MPE maximum permissible error, [%];
WME weighted mean error, [%];
E error of indications of the gas meters, [%];
Em average error of indications of the gas meters, [%];
EmAIR average error of indications of the gas meters using air, [%];
U(Em) uncertainty of the average error of indications, [%];
Abbreviations
INiG-PIB Oil and Gas Institute–National Research Institute;
2E natural gas of “E” group of EN 437:2019, second gas family (high methane);
2E/H0 2E natural gas mixture without hydrogen;
2E/H5 2E natural gas mixture with 5% hydrogen content [V/V];
2E/H10 2E natural gas mixture with 10% hydrogen content [V/V];
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