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Abstract: To meet the target of reducing greenhouse gas emissions, hydrogen as a carbon-free fuel
is expected to play a major role in future energy supplies. A challenge with hydrogen is its low
density and volumetric energy value, meaning that large tanks are needed to store and transport
it. By injecting hydrogen into the natural gas network, the transportation issue could be solved if
the hydrogen–natural gas mixture satisfies the grid gas quality requirements set by legislation and
standards. The end consumers usually have stricter limitations on the gas quality than the grid,
where Euromot, the European association of internal combustion engine manufacturers, has specific
requirements on the parameters: the methane number and Wobbe index. This paper analyses how
much hydrogen can be added into the natural gas grid to fulfil Euromot’s requirements. An average
gas composition was calculated based on the most common ones in Europe in 2021, and the results
show that 13.4% hydrogen can be mixed with a gas consisting of 95.1% methane, 3.2% ethane, 0.7%
propane, 0.3% butane, 0.3% carbon dioxide, and 0.5% nitrogen. The suggested gas composition
indicates for engine manufacturers how much hydrogen can be added into the gas to be suitable for
their engines.

Keywords: hydrogen; natural gas; methane number; Wobbe index; gas composition; hydrogen blend

1. Introduction

Hydrogen, as a zero-emission fuel, has gained an important position in recent years to
reduce greenhouse gas emissions. Although it is a carbon-free fuel, the manufacturing of
hydrogen from fossil fuels such as natural gas, petroleum, and coal releases much carbon
dioxide [1]. A more environmentally friendly method, where no carbon dioxide is formed,
is by electrolysis of water using wind or solar energy as a power source [2]. This technique
is quite expensive compared to the traditional steam methane reforming of natural gas, but
it will become cheaper since both the efficiency of the electrolysers is improving, and the
cost of renewable sources is decreasing [3]. Hydrogen is an energy carrier, and it is used in
the industry, transport, power, and building sectors [4]. The storage and transportation of
hydrogen are difficult because of its low density and volumetric energy value, meaning
that large tanks are needed [5]. One way to solve this issue is by injecting hydrogen into the
existing natural gas network, where it can be transported to its consumers [4]. However,
the amount of injected hydrogen must be checked so that the hydrogen–natural gas mixture
satisfies the gas quality requirements of the pipeline set by legislations and standards [6].

Several studies, e.g., [7–12], have been made to find the maximum level of injected
hydrogen into the natural gas network by investigating how the thermodynamic properties
of the mixture, piping material, and end consumers are affected. For example, the technical
conditions for a natural gas transmission system can be significantly impacted by the
injection of hydrogen [7]. An advantage when injecting hydrogen is a lower pressure drop
in the gas network, meaning that the hydrogen–natural gas admixture can be transmitted
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long distances without additional gas compression stations [8]. However, the volumetric
flow is decreased due to the low density of hydrogen, which will increase the pipeline
diameter to match the same flow as pure natural gas [9]. Another challenge is the reduced
energy output at the offtakes when hydrogen is added to the grid [10]. Even in this case,
bigger pipes are needed to obtain the same energy as natural gas. In a simulation made by
Quintino et al. [9], 20 vol-% hydrogen was injected into the natural gas network without
changing the pipeline diameter. The results showed that a pressure drop of 11% occurred
if the energy demand was maintained. In a study by Shouthen et al. [11], it was noticed
that injection of 10 mol-% hydrogen required a 9% higher flow rate to transport the same
amount of energy.

The injection of hydrogen into the natural gas network can also have an impact on
piping material, especially steels and alloys since they are prone to hydrogen embrittlement
and can, in the worst case, lead to pipe cracking [12,13]. There is no issue to add up to 10 vol-
% hydrogen for steel pipelines at a pressure above 16 bar, and the amount can be increased
to 25 vol-% if the pressure decreases below 16 bar [14]. Gas turbines are more sensitive to
hydrogen, where concentrations ranging from 1 to 5% are advised by the manufacturer
without any technical adjustments to the turbines [15]. Compressors and dryers can tolerate
5 vol-% hydrogen, while gas chromatographs are typically only designed for less than
0.2 vol-% [14]. The accuracy of existing gas meters is also influenced by hydrogen mixtures,
and depending on the meter design, it can be enough with recalibration if only a small
amount of hydrogen is added to the grid [16].

The thermodynamic properties of a gas, such as density, calorific value, and com-
pressibility factor, can directly be affected by hydrogen injection, where the gas mixture’s
properties in turn can impact the end users [8]. In an investigation [17] where 25 mol-%
hydrogen was injected into the natural gas grid, it was noted that the relative density, heat
capacity, and higher heating value of the mixture changed significantly by the presence of
hydrogen. The sound speed and compressibility factor were also explored, where the sound
speed was considerably impacted by small levels of hydrogen, while the compressibility
factor was more influenced by hydrogen content at high metering pressures compared to
low pressures.

Most of the previous studies have investigated the effect of hydrogen injection into
the natural gas networks by using pure methane as the gas composition. However, the
compounds in natural gas can vary depending on their origin [18]. For example, if the
natural gas contains higher hydrocarbons, there is a risk of condensation at the injection
points since the addition of 25 vol-% hydrogen can drop the temperature by several
degrees [11]. Various natural gas compositions from Iranian gas fields were analysed by
Deymi-Dashtebayaz et al. [19] to examine the gas properties by mixing up to 10 vol-%
hydrogen. The results showed that the relative density, lower and higher heating values,
and the Wobbe index were reduced with increased amounts of hydrogen. In contrast, the
higher hydrogen content raised the lower and upper flammability limits of the mixture.

In Europe, the gas quality requirements of the transported gas in the natural gas network
must comply with the recommendation of the European standard EN 16726:2015+A1:2018 [20]
as well as the consumer gas installations that are part of the network [21]. A major part of
Europe’s natural gas in 2020 was used for energy generation, households, and the industry
sector [22]. In these sectors, end users, such as boilers, burners, and gas engines, have their
own specifications on gas quality parameters, e.g., calorific value, Wobbe index, specific
gravity, and methane number (MN), to achieve their maximum performance [12]. The
Wobbe index is the interchangeability between gaseous fuels, where gases with the same
Wobbe index, but different compositions, can be replaced with each other as they release
the same amount of energy [19]. The methane number is used by engine manufacturers
to describe the quality of the gas and is a definition of the knock resistance of a gaseous
fuel [23]. A higher methane number means a better quality, where a composition consisting
of 100% methane has a MN of 100. By adding higher hydrocarbons, such as ethane, propane,
butane, and pentane, as well as hydrogen, the MN decreases, and the engine becomes more
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sensitive to knock [24]. When carbon dioxide is mixed with pure methane, the methane
number can rise above 100 [23], while the addition of nitrogen does not have a big impact
on the MN for a certain natural gas composition [24].

A minimum energy level of the distributed gas is also required by the end consumers,
meaning that the energy output must be controlled if injecting hydrogen into the natural
gas grid [11,13]. Euromot, which is the European association of internal combustion engine
manufacturers, has some technical specifications of natural gas quality at exit points in
the European gas distribution system to guarantee that the engines produced by Euromot
reach their performance [25]. These limitations are a Wobbe index of 49.0–52.7 MJ/m3 and
a methane number of 70.0 or higher. The position also states that most gas engines can
operate on a mixture consisting of up to 20 vol-% hydrogen if the final blend at the exiting
point complies with all other gas quality requirements.

This study aims to determine the hydrogen amount which can be injected into the
European natural gas network and still attain a mixture within the limits set by Euromot.
Since the composition of natural gas determines the maximum level of injected hydro-
gen [26], the most common natural gas and liquefied natural gas (LNG) compositions in
Europe in 2021 have been analysed to find how much hydrocarbons and inert gases the
gas can contain. Parameters such as the Wobbe index and methane number have been
calculated to see their influence on an increased amount of hydrogen. The presented gas
composition will indicate for the engine manufacturers how much hydrogen can be added
into the gas to be suitable for their engines.

2. Gas Compositions

Europe is the biggest importer of natural gas in the world, where 68% of the imported
gas comes via pipeline and 32% is transported as LNG by ship from around the world [27].
The quality of the gas varies depending on where it is extracted from, how it is processed,
and if it is mixed with other natural gases in the gas infrastructure [28]. LNG has a higher
gas quality compared to natural gas since an extra purification step is done, where higher
hydrocarbons, carbon dioxide, hydrogen sulphide, and other impurities are removed
before liquefying the gas into liquid [29]. When LNG is sent to the natural gas network, it
is re-gasified back to gas mode before entering the pipe.

In Figure 1, the major trade movements of pipeline gas and LNG are shown for the
whole world. The statistics are from 2021, before the Ukraine war, which has changed
the market since then. According to this figure, Russia, Norway, Algeria, and Azerbaijan
supplied most of the natural gas to Europe, while LNG came mainly from the USA, Qatar,
Russia, Algeria, and Nigeria.

In this study, the most common natural gas and LNG compositions imported to Europe,
as well as from Norway have been studied, as presented in Table 1. These compositions
are approximate since they can change day by day depending on the export source. The
content of higher hydrocarbons, such as pentane, hexane, and heptane, are usually small
and they have been added to the pentane content as an approximation. In the same table, it
also mentions what percent the specified gas constitutes of the total amount of natural gas
and LNG trade movements to Europe in 2021.



Energies 2022, 15, 7990 4 of 13Energies 2022, 15, x FOR PEER REVIEW 4 of 13 
 

 

 
Figure 1. Major trade movements of pipeline gas and LNG in the world in 2021 [27]. 

Table 1. The most common natural gas [30,31] and LNG compositions [32] in Europe and their pro-
portional amount of the total trade movements to Europe in 2021, as shown in Figure 1 [27]. 

Origin Methane 
[mol-%] 

Ethane  
[mol-%] 

Propane 
[mol-%] 

Butane 1 
[mol-%] 

Higher Hydrocarbons 
[mol-%] 

Carbon Dioxide 
[mol-%] 

Nitrogen 
[mol-%] 

Hydrogen Sulphide 
[mol-%] 

Trade Movement 
[%] 

Russia 2 98.79 0.44 0.10 0.04 0.03 0.05 0.55 0.00013 35.0 
Norway 2 92.64 5.08 0.89 0.21 0.06 0.61 0.52 0.00012 23.7 
Algeria 2 91.10 7.48 0.82 0.10 0.00 0.00 0.51 0.00013 7.1 

Azerbaijan 2 92.85 3.24 1.67 0.79 0.24 1.07 0.14 0.00 4.1 
Algeria–Skikda 3 91.40 7.35 0.57 0.05 0.00 0.00 0.63 0.00 1.1 

Algeria–Bethioua 3 89.55 8.20 1.30 0.31 0.00 0.00 0.64 0.00 1.1 
Algeria–Arzew 3 88.93 8.42 1.59 0.37 0.00 0.00 0.71 0.00 1.1 

Egypt–Idku 3 95.31 3.58 0.74 0.34 0.00 0.00 0.02 0.00 0.3 
Egypt–Damietta 3 97.25 2.49 0.12 0.12 0.00 0.00 0.02 0.00 0.3 

Nigeria 3 91.70 5.52 2.17 0.58 0.00 0.00 0.03 0.00 2.7 
Norway 3 92.03 5.75 1.31 0.45 0.00 0.00 0.46 0.00 0.1 

Peru 3 89.07 10.26 0.10 0.01 0.00 0.00 0.57 0.00 0.3 
Qatar 3 90.91 6.43 1.66 0.74 0.00 0.00 0.27 0.00 4.7 

Russia–Sakhalin 3 92.53 4.47 1.97 0.95 0.00 0.00 0.07 0.00 3.6 
Trinidad 3 96.78 2.78 0.37 0.06 0.00 0.00 0.01 0.00 0.5 

USA–Alaska 3 99.71 0.09 0.03 0.01 0.00 0.00 0.17 0.00 6.5 
1 Butane has been taken as a mixture of 50% n-butane and 50% i-butane.2 Natural gas composition. 
3 LNG composition. 

3. Materials and Methods 
This section describes how to calculate the thermodynamic properties of hydrogen-

natural gas mixtures with various compositions, as well as the methane number and the 
average gas composition. The requirement for the Wobbe index set by Euromot [25,33] 
has been specified at reference conditions of 15 °C and an absolute pressure of 101.325 
kPa, which also have been used in this work. Tables 2 and 3 show the input data required 
for the calculations, and the used Equations (1)–(6) are according to ISO 6796:2016 [34]. 

  

Figure 1. Major trade movements of pipeline gas and LNG in the world in 2021 [27].

Table 1. The most common natural gas [30,31] and LNG compositions [32] in Europe and their
proportional amount of the total trade movements to Europe in 2021, as shown in Figure 1 [27].

Origin Methane
[mol-%]

Ethane
[mol-%]

Propane
[mol-%]

Butane 1

[mol-%]

Higher Hy-
drocarbons

[mol-%]

Carbon
Dioxide
[mol-%]

Nitrogen
[mol-%]

Hydrogen
Sulphide
[mol-%]

Trade
Movement

[%]

Russia 2 98.79 0.44 0.10 0.04 0.03 0.05 0.55 0.00013 35.0
Norway 2 92.64 5.08 0.89 0.21 0.06 0.61 0.52 0.00012 23.7
Algeria 2 91.10 7.48 0.82 0.10 0.00 0.00 0.51 0.00013 7.1

Azerbaijan 2 92.85 3.24 1.67 0.79 0.24 1.07 0.14 0.00 4.1
Algeria–Skikda 3 91.40 7.35 0.57 0.05 0.00 0.00 0.63 0.00 1.1

Algeria–Bethioua 3 89.55 8.20 1.30 0.31 0.00 0.00 0.64 0.00 1.1
Algeria–Arzew 3 88.93 8.42 1.59 0.37 0.00 0.00 0.71 0.00 1.1

Egypt–Idku 3 95.31 3.58 0.74 0.34 0.00 0.00 0.02 0.00 0.3
Egypt–Damietta 3 97.25 2.49 0.12 0.12 0.00 0.00 0.02 0.00 0.3

Nigeria 3 91.70 5.52 2.17 0.58 0.00 0.00 0.03 0.00 2.7
Norway 3 92.03 5.75 1.31 0.45 0.00 0.00 0.46 0.00 0.1

Peru 3 89.07 10.26 0.10 0.01 0.00 0.00 0.57 0.00 0.3
Qatar 3 90.91 6.43 1.66 0.74 0.00 0.00 0.27 0.00 4.7

Russia–Sakhalin 3 92.53 4.47 1.97 0.95 0.00 0.00 0.07 0.00 3.6
Trinidad 3 96.78 2.78 0.37 0.06 0.00 0.00 0.01 0.00 0.5

USA–Alaska 3 99.71 0.09 0.03 0.01 0.00 0.00 0.17 0.00 6.5

1 Butane has been taken as a mixture of 50% n-butane and 50% i-butane.2 Natural gas composition. 3 LNG
composition.

3. Materials and Methods

This section describes how to calculate the thermodynamic properties of hydrogen-
natural gas mixtures with various compositions, as well as the methane number and the
average gas composition. The requirement for the Wobbe index set by Euromot [25,33] has
been specified at reference conditions of 15 ◦C and an absolute pressure of 101.325 kPa,
which also have been used in this work. Tables 2 and 3 show the input data required for
the calculations, and the used Equations (1)–(6) are according to ISO 6796:2016 [34].
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Table 2. Input data for calculating thermodynamic properties of gas mixtures.

Name Value Unit

Pressure at metering reference conditions, p2 101.325 kPa
Absolute pressure, p0 101.325 kPa

Temperature at metering reference conditions, T2 288.15 K
Molar gas constant, R 1 8.3144621 J/(mol·K)

Molar mass of dry air of reference composition, Mair
1 28.96546 g/mol

Compression factor of dry air at metering reference
composition, Zair,2

1 0.999595 -

1 Data is taken from [34].

Table 3. Input data, taken from [34], for the components in the gas mixtures.

Component Molar Mass, Mi
[g/mol]

Summation Factor
at 15 ◦C, si

Ideal Gross Molar-Basis
Calorific Value at 15 ◦C,

[(Hc)o
G]i [kJ/mol]

Methane 16.04246 0.04452 891.51
Ethane 30.06904 0.0919 1562.14

Propane 44.09562 0.1344 2221.1
n-butane 58.12220 0.184 2879.76
i-butane 58.12220 0.1722 2870.58

n-pentane 72.14878 0.2361 3538.6
i-pentane 72.14878 0.2251 3531.68

Carbon dioxide 44.0095 0.0752 0
Hydrogen sulphide 34.08088 0.0923 562.38

Hydrogen 2.01588 −0.01 286.15
Nitrogen 28.0134 0.017 0

3.1. Calculation of Thermodynamic Properties

The compression factor of a mixture at metering reference conditions is calculated
according to Equation (1).

Z2 = 1−
(

p2

p0

)
·
[
∑n

i=1 xi·si

]2
(1)

where:
Z2 Compression factor at metering reference conditions;
p2 Pressure at metering reference conditions, kPa;
p0 Absolute pressure, kPa;
xi Mole fraction of component i;
si Summation factor at metering reference conditions.
The summation factor for each gas component, si, at 15 ◦C can be found in Table 3 and

have been taken from ISO 6976:2016 [34].
The gross calorific value, or higher heating value, is the amount of heat that is released

during the complete combustion of a specified amount of gas, where the products of
combustion are returned to the original pre-combustion temperature and all products are
in a gaseous state except for water which is condensed to a liquid state [24,34]. The value
on a molar basis at the combustion reference temperature for a gas mixture of known
composition is calculated according to Equation (2).

(Hc)G = (Hc)o
G = ∑n

i=1 xi·
[
(Hc)o

G
]

i (2)

where:
(Hc)G Real gas gross molar-basis calorific value of the gas mixture, kJ/mol;
(Hc)o

G Ideal gas gross molar-basis calorific value of the gas mixture, kJ/mol;[
(Hc)o

G
]

i Ideal gross molar-basis calorific value of component i, kJ/mol.



Energies 2022, 15, 7990 6 of 13

Numerical values of
[
(Hc)o

G
]

i at 15 ◦C are given in Table 3.
The gross calorific value on a real gas volume basis at a combustion temperature

of 15 ◦C for a gas mixture of known composition measured under metering reference
conditions is calculated using Equation (3).

(Hv)G =
(Hc)o

G
V

(3)

where:
(Hv)G Real gas gross volume-basis calorific value of the gas mixture, MJ/m3;
V Real gas molar volume of the gas mixture at metering reference conditions,

which is calculated from Equation (4), m3/kmol.

V = Z2·R·
T2

p2
(4)

where:
R Molar gas constant, J/(mol·K);
T2 Temperature at metering reference conditions, K.
The Wobbe index can be calculated by dividing the gross calorific value with the

square root of the relative density at the same specified metering reference conditions,
Equation (5).

Iw =
(Hv)G√

G
(5)

where:
Iw Wobbe index, MJ/m3;
G Relative density of a real gas at the metering reference condition.
The definition of relative density is the ratio of the density of a gas mixture to the den-

sity of dry air of the reference composition at the same specified conditions of pressure and
temperature [17]. For a real gas mixture, it can be calculated according to Equation (6) [34].

G =
∑n

i=1 xi·Mi

Mair
·Zair,2

Z2
(6)

where:
Mi Molar mass of component i, g/mol;
Mair Molar mass of dry air of reference composition, g/mol;
Zair,2 Compression factor of dry air at metering reference composition.
The values for the molar mass of each component, Mi, are given in Table 3.

3.2. Calculation of the Methane Number

There is no standard method to calculate the methane number based on gas compo-
sition, and many engine manufacturers are using their own calculation tools to achieve
the best engine performance [35]. In this work, the methane number has been calculated
according to EN 16725:2015 [20], which is also used by Euromot to achieve the gas quality
requirements set by them.

3.3. Calculation of the Average Gas Composition

The average gas composition of the ones presented in Table 1 was calculated for
each component as the sum of all countries’ mole fractions of component i times its trade
movement value. Since only the major trade movements in Europe are considered, the sum
has been divided by the sum of trade movements given in Table 1; refer to Equation (7).

ni,avg. =
∑y=country xi,y·Ty

∑y=country Ty
·100% (7)
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where;
ni,avg. Average mole percent of component i, %;
xi,y Mole fraction of component i from country y;
Ty Trade movement of country y, %.

4. Results and Discussion

The most common natural gas compositions in Europe have been investigated to see
whether the addition of hydrogen affects the Wobbe index and the methane number. Table 4
presents the calculated methane number and Wobbe index for the original gas compositions,
given in Table 1, before any hydrogen has been added. The methane number is highest for
the gases from Russia and the USA, which both have a high content of methane and smaller
amounts of ethane, propane, and butane. The gases with the lowest methane number, from
Algeria–Arzew, Nigeria, and Qatar, have in contrast the highest Wobbe index, and they
consist of a lower level of methane and higher amounts of ethane, propane, and butane.

Table 4. Calculated methane number and Wobbe index for the original gas compositions.

Origin Methane Number Wobbe Index [MJ/m3]

Russia 95.9 50.4
Norway 80.4 51.0
Algeria 77.5 51.9

Azerbaijan 76.9 51.2
Algeria–Skikda 78.8 51.7

Algeria–Bethioua 74.7 52.1
Algeria–Arzew 73.4 52.3

Egypt–Idku 83.6 51.7
Egypt–Damietta 89.8 51.2

Nigeria 74.9 52.5
Norway 77.3 51.9

Peru 76.5 52.0
Qatar 74.3 52.4

Russia–Sakhalin 75.1 52.4
Trinidad 88.3 51.3

USA–Alaska 97.3 50.6

The injection of up to 20 mol-% hydrogen has been analysed since most engines
produced by Euromot member companies can accept such a level if the final blend at exit
points complies with the technical gas quality requirements [25]. The mole fractions of
other components have been reduced proportionally based on the hydrogen blending level.
Figure 2 presents the methane number as a function of the hydrogen level in mol-%, where
the vertical red line shows the allowable limit according to Euromot’s requirement, which
is a methane number higher than 70. A hydrogen content of up to 9% can be mixed with
all analysed gases, where the restricted gas from Algeria–Arzew contains a lower level of
methane, high amounts of ethane, and some parts of propane and butane. Four natural
gases, from Russia, Egypt–Damietta, Trinidad, and the USA, can be blended with 20%
hydrogen and still have a MN above 70. Common for these gases is a high content of
methane and lower levels of ethane, propane, butane, and higher hydrocarbons. Another
observation is that the methane number increases for most of the gases when 1% hydrogen
has been added and thereafter starts to decrease again. Since the mole fractions of gas
components are reduced proportionally when hydrogen is added, 1% of hydrogen has
a more positive effect on the MN compared to the original gas which consists of higher
amounts of ethane, propane, butane, and higher hydrocarbons which decreases the methane
number [24]. However, this does not apply for the gases with the highest MN, probably
because the amount of ethane, propane, butane, and higher hydrocarbons is so small that
the addition of hydrogen has only a negative influence on the methane number.
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Figure 2. Calculated methane number as a function of hydrogen level in the natural gas blend.

The Wobbe index as a function of hydrogen level is presented in Figure 3, where
the acceptable values according to Euromot must be between 49.0–52.7 MJ/m3. With a
hydrogen injection of up to 20 mol-%, the Wobbe index decreases where a content of 12%
and 13% is the maximum for the gases from Russia and the USA, respectively. These gases
have a high content of methane and lower levels of ethane, propane, and butane. The same
applies to the gases from Egypt–Damietta and Trinidad, which can be mixed with up to
17% and 18% hydrogen. The Norwegian and Azerbaijani gases consist of a lower level
of methane, some amounts of ethane, propane, butane, and higher hydrocarbons, as well
as carbon dioxide and nitrogen. Nitrogen, as an inert gas, has a negative impact on the
calorific value which means a lower Wobbe index [36], and the same applies to carbon
dioxide. This is the reason why only 16% hydrogen can be added to the gases from Norway
and Azerbaijan, since they consist of the highest amount of carbon dioxide among all the
analysed gases. The rest of the gases can be mixed with up to 20 mol-% hydrogen and still
attain a Wobbe index of 49.0 MJ/m3.
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Figure 3. Calculated Wobbe index as a function of hydrogen level in the natural gas blend.

Table 5 shows how much hydrogen can be added to the examined gases to reach
a methane number higher than 70.0 and a Wobbe index between 49.0–52.7 MJ/m3. The
methane number and Wobbe index of the hydrogen blend are also presented.

Table 5. The calculated maximum amount of added hydrogen for gases to meet the required methane
number and Wobbe index set by Euromot, as well as the methane number and Wobbe index of the
hydrogen blend.

Origin Max H2 Level
[mol-%]

Methane Number at
Max H2 Level

Wobbe Index at Max
H2 Level [MJ/m3]

Russia 12.0 83.1 49.0
Norway 16.0 71.3 49.0
Algeria 15.0 70.6 49.8

Azerbaijan 14.0 70.2 49.3
Algeria–Skikda 15.0 70.5 49.7

Algeria–Bethioua 11.0 70.1 50.6
Algeria–Arzew 9.0 70.4 51.0

Egypt–Idku 19.0 70.2 49.1
Egypt–Damietta 17.0 75.7 49.0

Nigeria 11.0 70.4 51.0
Norway 14.0 70.2 50.0

Peru 13.0 70.2 50.2
Qatar 11.0 70.0 50.9

Russia–Sakhalin 12.0 70.1 50.8
Trinidad 18.0 74.0 49.0

USA–Alaska 13.0 84.6 49.0

The highest level of hydrogen can be injected into gases from Egypt and Trinidad
which contain a high amount of methane and some percent of ethane, while for example, the
USA gas, consisting of 99.7% methane can only be mixed with 13% hydrogen, whereafter
the Wobbe index becomes too low. This is due to the ideal gross calorific value being
much lower for hydrogen compared to methane, ethane, propane, butane, and higher
hydrocarbons; refer to Table 3. Although the gas mixture accomplishes the requirements
set by Euromot, it must be noticed that hydrogen will also have an impact on combustion
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aspects, such as adiabatic combustion temperatures and laminar combustion velocities [28],
which are important parameters for an engine to achieve good performance.

Table 6 presents the calculated average gas composition of the ones given in Table 1,
as well as the limit content of each component when the maximum amount of hydrogen
has been added. This composition is taken as an average of the gas compositions with the
maximum hydrogen level, Table 5, to fulfil Euromot’s technical gas quality requirements.

Table 6. Calculated average gas composition and suggested limit content of natural gas components
with the maximum amount of added hydrogen.

Component Average Gas
Composition [mol-%]

Limits with Added Hydrogen
[mol-%]

Methane 95.1 >82.4
Ethane 3.2 <2.8

Propane 0.7 <0.6
Butane 0.3 <0.2

Higher hydrocarbons 0.04 <0.03
Carbon dioxide 0.3 <0.2

Nitrogen 0.5 <0.4
Hydrogen sulphide 0.00009 <0.00008

Hydrogen 0.0 <13.4

The results in Table 6 show that up to 13.4 mol-% hydrogen can be injected into the
natural gas grid if the original gas consists of 95.1% methane, 3.2% ethane, 0.7% propane,
0.3% butane, and 0.04% higher hydrocarbons. The levels of the inert gases, carbon dioxide
and nitrogen, are 0.3% and 0.5%, respectively. The methane number decreases from 83.9
to 75.0 and the Wobbe index from 51.0 to 49.3 MJ/m3 when 13.4% hydrogen is added to
the above-mentioned gas composition. This means that there is still a small margin before
Euromot’s lowest gas quality requirements are achieved.

To be noted is that the specified gas composition in Table 6 is an average of the most
common ones in Europe in 2021 and gives an indication that the overall gas quality was
good that year. However, the gas situation in Europe is not the same today, and the amount
of injected hydrogen is dependent on which components the gas constitutes and what their
levels are [26]. Nitrogen and carbon dioxide have a negative impact on the Wobbe index
since their ideal gross calorific value is zero, as shown in Table 3. The opposite is valid for
hydrocarbons, where their calorific values increase with raised amounts of carbon, meaning
that the Wobbe index becomes higher for gases with high levels of ethane, propane, butane,
and pentane. These gases give a low methane number compared to a gas consisting of only
methane, which has a MN of 100 [24]. Carbon dioxide increases the methane number [23],
while nitrogen does not affect the MN so much [24]. If the natural gas consists of only
methane, the Wobbe index quickly becomes too low when higher amounts of hydrogen
are added, which was noticed for the gases from Russia and the USA in Figure 3. Based
on the results in Table 5 and the above analysis, the maximum level of hydrogen can be
added to a gas consisting of high amounts of methane and some percent of ethane to fulfil
Euromot’s requirement. The suggested average gas composition in Table 6 agrees quite
well with this one.

Most engines produced by Euromot member companies can accept up to 20% hydro-
gen in the gas if the final blend at the exit points complies with the technical gas quality
requirements [25]. In this study, it was stated that 13.4% hydrogen can be added to the
gas grid in Europe based on the most common natural gas compositions in 2021 to sat-
isfy the requirements set by Euromot. However, there are limitations in the natural gas
network which must be observed. For example, the low energy density of hydrogen will
increase the volumetric flow, meaning that bigger pipelines are required. Alternatively,
a higher operating pressure is required [12]. The piping material, compressor stations,
and measuring instruments must also be controlled to ensure that they can withstand the
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hydrogen level. In addition, safety issues increase with a raised amount of hydrogen, which
leads to a higher risk of overpressure, explosions, and leakage [12]. A technical feasibility
study for the whole system must therefore be carried out to find out what the most critical
components or parameters are. End users other than engines must also be considered since,
depending on the application, the change in fuel composition can be very different for
various processes [28]. In addition, the regulations of the European natural gas network
have a maximum permissible hydrogen content which is between 0.1–12 vol-% depending
on the country, meaning that the injection of 13 mol-% is not allowed today [7]. However,
the target is to increase the limit content of the grid [13], and there are many projects
ongoing in Europe where hydrogen levels between 2–100 vol-% are being studied [12].

Another challenge with the addition of hydrogen is its impact on the combustion
process, resulting in a high adiabatic flame temperature which triggers the formation of
nitrogen oxides [37]. In several studies of boilers [37–39], it was observed that the use of
excess air in the combustion process could limit the temperature peaks, which led to fewer
formed nitrogen oxides as well as a lower level of carbon emissions. Parameters such as
combustion temperature and flame speed are therefore important to follow when adding
hydrogen to ensure complete combustion and reduced emissions [12]. Further research in
these areas is necessary for engine manufacturers to conduct.

5. Conclusions

Many countries are investigating the possibility of injecting hydrogen into the existing
natural gas network to solve the challenge of hydrogen transportation since huge tanks
are required for this. The addition of hydrogen decreases the relative density, heating
values, and Wobbe index, while the volumetric flow increases if the energy output at the
exit points is kept at the same level as pure natural gas [9,19]. Therefore, the gas quality
of the hydrogen–natural gas mixture must be controlled so that it is within the limits
set by regulations and standards. The end consumers of the gas grid usually have other
requirements than the grid, where most of the internal combustion engines are following
Euromot’s limitations, which are a methane number higher than 70 and a Wobbe index
between 49.0–52.7 MJ/m3 for the supplied gas.

In this paper, the limit content of natural gas components with the maximum amount
of injected hydrogen into the natural gas grid was determined to meet the requirements set
by Euromot. An average gas composition of the most common natural gases in Europe in
2021 was calculated, where the results show that 13.4% hydrogen can be injected into the
network if the original natural gas consists of 95.1% methane, 3.2% ethane, 0.7% propane,
0.3% butane, 0.3% carbon dioxide, and 0.5% nitrogen. When hydrogen is mixed with this
gas composition, the methane number becomes 75 and the Wobbe index 49.3 MJ/m3. The
above-mentioned gas composition agrees quite well with the one that can accept the highest
amount of added hydrogen. This gas consists of high content of methane and some percent
of ethane, where the methane level ensures a high methane number, and the ethane raises
the Wobbe index. The suggested gas composition indicates for engine manufacturers how
much hydrogen may be added into the gas to be suitable for their engines.

Although the gas composition is appropriate for the engines and fulfils Euromot’s
requirements, the limitations in the natural gas grid when hydrogen is injected should also
be checked. These are, for example, to control if the piping material, compressor stations,
and measuring instruments can withstand a certain amount of hydrogen, if the operating
pressure must be increased, or if the raised volumetric flow is acceptable. A further
investigation of these areas could be conducted for the European natural gas network.
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