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Abstract: It is likely that blending hydrogen into natural gas grids could contribute to economy-wide
decarbonization while retaining some of the benefits that natural gas networks offer energy systems.
Hydrogen injection into existing natural gas infrastructure is recognised as a key solution for energy
storage during periods of low electricity demand or high variable renewable energy penetration. In
this scenario, natural gas networks provide an energy vector parallel to the electricity grid, offering
additional energy transmission capacity and inherent storage capabilities. By incorporating green
hydrogen into the NG network, it becomes feasible to (i) address the current energy crisis, (ii) reduce
the carbon intensity of the gas grid, and (iii) promote sector coupling through the utilisation of various
renewable energy sources. This study gives an overview of various interchangeability indicators and
investigates the permissible ratios for hydrogen blending with two types of natural gas distributed
in Tunisia (ANG and MNG). Additionally, it examines the impact of hydrogen injection on energy
content variation and various combustion parameters. It is confirmed by the data that ANG and
MNG can withstand a maximum hydrogen blend of up to 20%. The article’s conclusion emphasises
the significance of evaluating infrastructure and safety standards related to Tunisia’s natural gas
network and suggests more experimental testing of the findings. This research marks a critical step
towards unlocking the potential of green hydrogen in Tunisia.

Keywords: hydrogen blending; decarbonisation; Power-to-Gas; natural gas pipelines; interchangeability;
permissible content

1. Introduction

In the face of the growing energy demand and the imperative to mitigate climate
change, the adoption of renewable energies has become imperative. However, the low
energy efficiency and intermittency of renewables restrict their widespread direct usage [1].
Green hydrogen is acknowledged for its capacity to support sector coupling, providing long-
term storage for electricity generated from intermittent renewable sources and facilitating
grid balancing [2,3]. It is therefore a key element in the stability of tomorrow’s energy
mix. The efficient storage and utilisation of renewable energy that would otherwise be
wasted are achieved through the conversion of excess electricity into hydrogen. This
decouples energy generation from energy consumption by providing a flexible and scalable
solution for intermittent renewable energy sources such as solar and wind. Moreover,
when hydrogen is used as an energy source, it produces only water vapour as a byproduct,
making it a clean and environmentally friendly option. This can help reduce greenhouse
gas emissions and mitigate the impact of climate change. Green hydrogen is increasingly
gaining global recognition as a clean, carbon-free fuel option that can be used to address
climate change challenges [4,5].

By promoting the adoption of renewables energies, blending hydrogen into the NG
network can contribute to the decarbonization of the energy industry [6]. This Power-to-Gas
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(PtG) option has many benefits [7,8]. In addition to tackling the large-scale application issue
of the usage of hydrogen as an energy source, blending it also addresses the transmission
challenge, making it an effective solution for reaching carbon neutrality objectives. Injecting
hydrogen into NG pipelines without altering the existing infrastructure has been the subject
a substantial amount of research [9–12]. Several studies argued that a 20% threshold is
technically feasible without significant modifications to the pipeline infrastructure [13–18].

Tunisia is particularly well-positioned to take advantage of this technology, as it has
an extensive natural gas distribution network that spans both its major cities and industrial
hubs. According to the latest report from the national electricity and gas company, STEG,
this network is continuously expanding. As of 2020, the gas transportation grid spans
3000 km, while the distribution network covers an extensive 17,000 km. Algerian gas is
mainly distributed in the north of the country, and it is mixed with national gas provided
by Miskar and Nawara gas fields, to be distributed in the south of Tunisia [19]. The
existing pipelines of the Tunisian natural gas network has several notable benefits. A strong
maintenance and control framework, a large capacity, strong security protocols, broad
coverage and interconnectivity, efficient network management, and operational strategies
are a few of these [20,21].

The development of a hydrogen distribution network could be one of the key chal-
lenges in creating a hydrogen economy, and Tunisia’s existing NG infrastructure may serve
as an effective solution to this issue. The construction of a new pipeline system for the
distribution of hydrogen is an expensive and time-consuming endeavour [13].

To harness renewable energy potential and improve the energy balance, Tunisia’s
gas infrastructure investments will focus on creating a low-carbon energy system. This
system will integrate renewable electricity and gas networks, facilitating sector coupling
via green hydrogen carriers [22]. Tunisia possesses substantial potential for green hydrogen
production, thanks to its renewable energy sources, positioning it to becoming a global
producer of this energy vector.

Given the varying pipeline characteristics and natural gas compositions worldwide,
it is essential for each country to assess the technical, economic, and regulatory aspects
of hydrogen injection into its NG pipelines to ensure safe and efficient operations and
identify any potential opportunities or barriers for this technology [11,12]. For example, the
National Renewable Energy Laboratory (NREL) in the US has reviewed several hydrogen
blending studies and found that injecting hydrogen in concentrations of 5–15% by volume
is technically feasible with minimal modifications [13]. Similarly, studies in the UK and
Europe have demonstrated the technical feasibility of hydrogen blending in natural gas
grids, with some pilot projects, such as HyDeploy in the UK and GRHYD in France,
showing that hydrogen blends of up to 20% by volume, without resorting to major changes
to appliances and the eventual disruption [23–26]. The calculations indicate that achieving
a 20% hydrogen blend may prevent 6 million tonnes of CO2 emissions annually.

The blending of hydrogen into NG can affect combustion characteristics. The presence
of hydrogen in NG mixtures result in higher combustion temperatures and consequent
high pressures result in increased NOx emissions and knocking [27,28]. An increase of 5%
in laminar flame speed is observed in mixture with 20% hydrogen and 80% methane [29].
This effect is more pronounced in turbulent flame speed in gas turbines where the increase
is documented at 20% with similar concentration of hydrogen [30]. Additionally, as natural
gas-powered internal combustion engines (ICEs) are commonly used in power plants and
vehicles, blending hydrogen with NG can also impact the performance of such equipment.
These effects need to be assessed carefully to ensure the performance of engines and other
gas appliances.

This research aims to determine the optimal blending ratio of green hydrogen into NG
in Tunisia, through the application of and the comparison between various interchange-
ability methods. Our investigative efforts are underpinned by a meticulous analysis of
the existing natural gas compositions distributed throughout Tunisia. This work serves
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as a foundational pillar for establishing a well-informed and effective framework for the
blending of green hydrogen with natural gas within the Tunisian energy landscape.

2. Gas Properties

In this paper, we study the natural gas types predominantly used in Tunisia: Miskar
natural gas (MNG) and Algerian natural gas (ANG). The volumetric compositions of
the main constituents of both gases are presented in Table 1. Some characteristics and
combustion parameters of the studied natural gases are provided in Table 2. All volumetric
quantities are expressed in units of energy per “normal cubic metre” (denoted Nm3). The
volume is given for a temperature of 0 ◦C and a pressure of 1 atmosphere). Volume at 15 ◦C
are obtained using the following formula: 1 m3 = 0.944 Nm3.

Table 1. Composition of ANG and MNG gases.

Components CH4 C2H6 C3H8 nC4H10 iC4H10 nC5H12 iC5H12 C6H14 CO2 N2 He

ANG (% vol) 83.42 7.77 1.95 0.45 0.25 0.10 0.09 0.12 0.25 5.42 0.18

MNG (% vol) 87.04 4.70 1.23 0.27 0.29 0.06 0.07 0.04 0.02 6.28 0.00

Table 2. Some characteristics of the studied natural gases.

Combustion Parameters High Heating Value (kJ/Nm3) Density
(kg/Nm3) Wobbe Index (kJ/Nm3) Combustion Potential

ANG 42,213 0.84 52,388 43.75

MNG 40,325 0.80 50,892 41.15

3. HHV and Wobbe Index

The first gas mixture property is the higher heating value (HHV), a measure of the
amount of thermal energy produced by the complete combustion of a fuel. The HHV
considers the latent heat of vaporisation of water in the form of vapour present in the
combustion products. The HHV of the gas mixture is as follows:

HHVMixture = (1 − x%) HHVNG + x% HHVH2 (1)

where x% is the volumetric percentage of hydrogen in the gas mixture. HHVNG and
HHVH2 are the HHV of natural gas and hydrogen, respectively. The heating value can be
considered to estimate the efficiency of the fuel; however, this property is not the most
important parameter in practical combustion applications [31].

The second gas mixture property is the Wobbe Index (WI). All gases that have the
same WI will supply the same amount of energy. In this way, the WI is a simple indicator
that provides a good generic description of interchangeability [31,32]:

WIMixture =
HHVMixture√

(1−x%) ρNG+x% ρH2
ρair

(2)

The heating value and Wobbe Index are plotted in Figure 1. The solid and dashed
lines represent the gas mixture properties (Wobbe Index and higher heating value). The
upper and lower dotted lines indicate the Wobbe Index range (49 MJ/Nm3–57 MJ/Nm3)
proposed by EASEE-gas, which represents the entire gas value chain in Europe [33]. The
lower limit is set to prevent potential flame blow-off in unblended natural gas, but it can be
lowered further due to the flame-stabilising effect of hydrogen enrichment.

Hydrogen blending causes a decrease in both the higher heating value (HHV) and the
Wobbe Index (WI). The HHV follows a linear trend with a negative slope of −0.28 MJ/Nm3

and −0.3 MJ/Nm3 for MNG and ANG, respectively, highlighting the trade-off between
energy content and hydrogen content in the gas mixture.
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Figure 1. Wobbe index (red solid line) and High Heating Value (blue dashed line) variations of
hydrogen natural gases mixtures (a) ANG (b) MNG. Also shown is the legal threshold of WI [33]
plotted in dotted line.

However, the Wobbe Index decreases with increasing hydrogen content, reaching a
minimum at 85 vol% hydrogen, after which it begins to increase. Due to this nonlinear
behaviour, pure hydrogen has the same Wobbe Index as mixtures containing 30% hydrogen
in ANG and 20% hydrogen in MNG, respectively. The addition of hydrogen up to 26 vol%
in ANG and up to 18 vol% in MNG remains within acceptable limits. The results for ANG
are consistent with those reported by Franco et al. [34].

The Wobbe Index was prioritised as the most robust single parameter. Setting a
maximum Wobbe Index can generally mitigate combustion issues such as yellow tipping,
incomplete combustion, and the risk of elevated NOx and CO emissions. Conversely, estab-
lishing a minimum Wobbe Index helps prevent phenomena like flame lifting, blowout, and
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CO production. However, both laboratory tests and combustion theory have demonstrated
that relying solely on a maximum Wobbe Index is insufficient to fully prevent incomplete
combustion across different gas compositions [35,36].

The Wobbe Index provides a reliable and straightforward measure of gas interchange-
ability, making it widely used and easy to apply. However, it may not fully account for
certain interchangeability challenges, particularly with some burner types. While the
Wobbe Index remains the most commonly accepted parameter for evaluating interchange-
ability, various other parameters are utilised globally. In many cases, multiple indices are
employed to define maximum and minimum thresholds, creating an “envelope” of accept-
able operating conditions for downstream plants and equipment [37]. Various multi-index
methods are analysed in the upcoming sections.

4. Dutton Factors

This technique is primarily used for natural gases, although it also works with similar
mixtures and gases containing hydrogen, but it simplifies the natural gas intro three com-
ponent: methane, propane (representing heavy hydrocarbons) and nitrogen (representing
inert). Calculating the following additional interchangeability parameters is necessary for
the Dutton’s method: incomplete combustion factor, Sooting Index, and flame lift [32,37].

4.1. Incomplete Combustion Factor (JICF(D))

The number of times the CO/CO2 ratio of NG must be doubled to match that of the
weighted alternative gas is indicated by the JICF(D) factor. The following is a mathematical
expression of the incomplete combustion factor [38]:

JICF(D) =
WI − 50.73 + 0.03 EPN

1.56
−

ΩH2

100
(3)

where WI is the Wobbe index, MJ/m3, ΩH2 indicates the volume proportion of hydrogen
in the gas and EPN stands for the volume fraction of nitrogen and propane (C3H8+N2) in
the stoichiometric mixture. For details concerning EPN, see [39] for an example.

Currently, the Gas Safety (Management) Regulations (GS(M)R) [37], applicable in the
UK, mandate that the index JICF(D) must be lower than 0.48, with an upper limit of 1.48,
to prevent incomplete combustion. If natural gas mixtures significantly exceed this limit,
CxHy emissions will be released into the atmosphere, and the operational efficiency of
combustion equipment will decrease.

Figure 2a presents the results of the calculations for this factor using Equation (3) for
natural gas mixtures with varying hydrogen content. The calculations indicate that an
increase in hydrogen content reduces both the hydrocarbon content in the mixture and the
JICF(D) factor, both of which help to prevent incomplete combustion. As a result, natural
gases and their hydrogen-containing mixtures are interchangeable at any hydrogen content
in terms of the incomplete combustion factor.

4.2. Lift Index (JLI(D))

The LI index can be used to forecast a fuel gas propensity for flame lift. The JLI(D)

index can be calculated by the empirical relationship’s [20,31,39]:

JLI(D) = 3.25 − 2.41tan−1 {
[
0.122 + 0.0009 ΩH2

][
WI − 36.8 − 0.0019 EPN +

(
0.775 − 0.118 E1/3

PN

)
ΩH2

]
}.

(4)

The lift index assesses interchangeability in terms of combustion stability, specifically
related to flame detachment from the burner’s base and the light-back phenomenon. Its
optimal value ranges from 0 to 6. When JLI(D) is zero, there is no visible detachment of the
flame base from the burner, whereas the lifting happens at values higher than 6.
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The results of JLI(D) index calculations under Equation (4) are shown in Figure 2b.
The indicator is not critical until the plots intersect with the x-axis (JLI(D) = 0), which
corresponds to a hydrogen content of approximately 36% for both ANG and MNG.
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Figure 2. Dutton’s criteria for natural gases/hydrogen mixtures: (a) Incomplete combustion factor,
(b) lift index, and (c) soot index.
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4.3. Soot Index (JSI(D))

The Dutton’s Soot Index JSI(D) evaluates the likelihood of soot particles forming
and turning the flame yellow. Dutton employed radiant gas fires as a test appliance to
investigate sooting. JSI(D) values can be derived from the following equation [20,31,39]:

JSI(D) = 0.896 tan−1(0.0255 EPN − 0.0091 ΩH2 + 0.617
)

(5)

Plots of the JSI(D) index calculations under Equation (5) are given in Figure 2c and
the results are conformed to the UK GS (M) R guideline (JSI(D) ≤ 0.6) which means that
there is no danger of sooting for the substitute gas enriched with hydrogen. According to
Dutton’s criteria, up to a 36% vol hydrogen concentration, natural gas, and its mixture can
be substituted with its hydrogen mixture.

5. Delbourg Method (Used in Europe)

The Delbourg diagram is used to demonstrate identical heat input, effective com-
bustion, and flame stability after the interchange of two fuels. Burners and combustion
equipment used in Europe are represented in this type of diagram. An inherent advantage
of this graphical method is that they indicate the degree of potential interchangeability by
referring to the location of a point for the substitute gas relative to boundary lines.

The combustion potential (CP) and the corrected Wobbe Index values (WI′) are the
evaluation factors. The basic Wobbe number is directly used to calculate the corrected
Wobbe number, as shown in [31]:

WI′ = K1 K2 WI (6)

Two factors, K1 and K2, are used to adjust the WI values. The first factor accounts
for the total heat of combustion of hydrocarbons, which constitute a larger portion of the
process gas than methane; the second factor considers both the heat of combustion and
the concentrations of CO, CO2, and O2. The graphic dependence of K1 and K2 on given
parameters can be found, for example, in [31]. Natural gas and hydrogen differ not only in
heating value but also in flame velocity. This is why two indices are needed to represent
the two uncorrelated properties of these fuel gases [40].

The stability and speed of combustion (i.e., flame lifting and flame flashback) are
associated with the combustion potential parameter (CP). The evaluated gas type, as well
as the composition and relative specific weight of the tested gas, all influence the final CP
value. The following provides the mathematical expression of CP [31]:

CP = u(D)
1√
SG

(
ΩH2 + 0.3 ΩCH4 + 0.7 ΩCO + ν(D)∑

i
ai(D)Ωi

)
(7)

where ΩH2 , ΩCH4 , ΩCO, and Ωi are the content of each combustible constituent (in %) (i:
all hydrocarbons except CH4), ai(D) is the correction factor of individual hydrocarbons, and
u(D) and ν(D) are the gas type factors. The necessary values for all factors are given in [32].

The corrected Wobbe Index variations as a function of combustion potential are plotted
in Figure 3. In accordance with EN 437, four patterns representing the various reference
gases (G20, G21, G222, and G231) used for gas quality and appliance requirements are also
included in the graph to define the line-demarcated boundaries of the interchangeability
area. Each mixture, with an x% hydrogen content, is represented as a point on the diagram.
If the calculated coordinate value of the substitute gas falls within this area, the gas is clas-
sified as interchangeable with the base gas (100% NG). The reference gases characteristics,
including composition, Wobbe Index (WI), combustion potential (CP), and tested limits,
are detailed in Table 3.



Hydrogen 2024, 5 1011

Hydrogen 2024, 5, FOR PEER REVIEW 8 
 

 

where 𝛺ுమ, 𝛺ுర, 𝛺ை, and 𝛺 are the content of each combustible constituent (in %) (i: 
all hydrocarbons except CH4), 𝑎() is the correction factor of individual hydrocarbons, 
and 𝑢() and 𝜈() are the gas type factors. The necessary values for all factors are given 
in [32]. 

The corrected Wobbe Index variations as a function of combustion potential are plot-
ted in Figure 3. In accordance with EN 437, four patterns representing the various refer-
ence gases (G20, G21, G222, and G231) used for gas quality and appliance requirements 
are also included in the graph to define the line-demarcated boundaries of the inter-
changeability area. Each mixture, with an x% hydrogen content, is represented as a point 
on the diagram. If the calculated coordinate value of the substitute gas falls within this 
area, the gas is classified as interchangeable with the base gas (100% NG). The reference 
gases characteristics, including composition, Wobbe Index (WI), combustion potential 
(CP), and tested limits, are detailed in Table 3. 

Table 3. The limits of the interchangeability diagram. 

Gas  
Reference Composition 

Wobbe Index 
(kJ/Nm3) 

Combustion 
Potential Comment 

G20 100% CH4 53,685 40.37 Reference’s gas 
G21 13% C3H8 /87% CH4 59,365 46.70 Limit of incomplete combustion 
G222 23% H2 / 77% CH4 50,673 69.42 Limit of flame flashback 
G231 15% N2 / 85% CH4 43,264 32.53 Limit of flame lifting 

An analysis of the diagrams reveals that an increase in hydrogen concentration trig-
gers a rise in combustion potential, causing the characteristic mixture point to shift to the 
right side of the diagram. This implies a higher risk of flame flashback when the charac-
teristic point lies outside the interchangeability borders. Therefore, the maximum allowa-
ble hydrogen blending content is 15% for ANG and 22% for MNG. These values provide 
insight into the maximum hydrogen concentration that can be injected without requiring 
changes to burner equipment. 

 
(a) 

30 40 50 60 70 80
35

40

45

50

55

60

65

G20

G21
Incomplete combustion

G222
Flashback

G231
Flame Lifting

100% ANG 85% ANG/15% H2

CP

W
I'(

M
J/

N
m

3 )

Hydrogen 2024, 5, FOR PEER REVIEW 9 
 

 

 
(b) 

Figure 3. Delbourg’s interchangeability chart (a) ANG (b) MNG. 

6. Weaver Method (Used in the USA) 
The Weaver indices are a set of non-dimensional indices that assess the potential for 

interchangeability in a more complex and comprehensive context. The principles of the 
Weaver method are based on empirically derived indices that primarily incorporate the 
flame speed parameter [41]. The Weaver method gives an accurate description of incom-
plete combustion, lifting, and yellow tipping in partially premixed Bunsen-types burners. 
Table 4 presents the calculation formulas and limit values for the six Weaver indices, 
which impact flame stability and the effectiveness of the combustion process. These rela-
tionships are derived from tests on low-pressure gas burners. A detailed description of 
Weaver’s indices can be found in references [40–42], among others. 

Table 4. Interchangeability indices according to the Weaver method [40]. 

Indices Definition Calculation Formula Condition of In-
terchangeability 

Heat rate ratio 

Ratio between the Wobbe index for the 
substitute gas (“s” index) and the Wobbe 
index for the replaced or adjustment gas 
(“a” index) 

𝐽ு(ௐ) = 𝑊𝐼௦𝑊𝐼 𝐽ு(ௐ)= 1.0 (±5%) 

Primary air ra-
tio 

Ratio between the theoretical required 
air for combustion for each gas 

𝐽(ௐ)=ೌ ೞඥఘೣ,ೌೌ ೌඥఘೣ,ೞ 𝐽(ௐ) = 1.0 (±5%) 

Lifting index 
Includes the flame speed (S) of both 
gases as well as the volume fraction of 
oxygen 𝛺ைమ in them 

𝐽(ௐ) = 𝐽(ௐ) 𝑆௦𝑆 100 − 𝛺ைమ௦100 − 𝛺ைమ 𝐽(ௐ) = 1.0 (±5%) 

Flashback index Includes the flame speed (S) of both 
gases as well as primary air ratio 

𝐽ி(ௐ) = 𝑆௦𝑆 − 1.4 𝐽(ௐ) + 0.4 𝐽ி(ௐ) ≤ 0 

30 40 50 60 70 80
35

40

45

50

55

60

65

G20

G21
Incomplete combustion

G222
Flashback

G231
Flame Lifting

100% MNG
78% ANG/22% H2

CP

W
I'(

M
J/

N
m

3 )

Figure 3. Delbourg’s interchangeability chart (a) ANG (b) MNG.

An analysis of the diagrams reveals that an increase in hydrogen concentration triggers
a rise in combustion potential, causing the characteristic mixture point to shift to the right
side of the diagram. This implies a higher risk of flame flashback when the characteristic
point lies outside the interchangeability borders. Therefore, the maximum allowable
hydrogen blending content is 15% for ANG and 22% for MNG. These values provide
insight into the maximum hydrogen concentration that can be injected without requiring
changes to burner equipment.
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Table 3. The limits of the interchangeability diagram.

Gas
Reference Composition Wobbe Index (kJ/Nm3) Combustion Potential Comment

G20 100% CH4 53,685 40.37 Reference’s gas

G21 13% C3H8/87% CH4 59,365 46.70 Limit of incomplete combustion

G222 23% H2/77% CH4 50,673 69.42 Limit of flame flashback

G231 15% N2/85% CH4 43,264 32.53 Limit of flame lifting

6. Weaver Method (Used in the USA)

The Weaver indices are a set of non-dimensional indices that assess the potential
for interchangeability in a more complex and comprehensive context. The principles of
the Weaver method are based on empirically derived indices that primarily incorporate
the flame speed parameter [41]. The Weaver method gives an accurate description of
incomplete combustion, lifting, and yellow tipping in partially premixed Bunsen-types
burners. Table 4 presents the calculation formulas and limit values for the six Weaver
indices, which impact flame stability and the effectiveness of the combustion process. These
relationships are derived from tests on low-pressure gas burners. A detailed description of
Weaver’s indices can be found in references [40–42], among others.

Table 4. Interchangeability indices according to the Weaver method [40].

Indices Definition Calculation Formula Condition of Interchangeability

Heat rate ratio
Ratio between the Wobbe index for the substitute
gas (“s” index) and the Wobbe index for the
replaced or adjustment gas (“a” index)

JH(W) =
WIs
WIa

JH(W) = 1.0 (±5%)

Primary air ratio Ratio between the theoretical required air for
combustion for each gas JA(W)=

Vas
√

ρmix,a
Vaa

√
ρmix,s

JA(W) = 1.0 (±5%)

Lifting index Includes the flame speed (S) of both gases as well
as the volume fraction of oxygen ΩO2 in them JL(W) = JA(W)

Ss
Sa

100−ΩO2s
100−ΩO2 a

JL(W) = 1.0 (±5%)

Flashback index Includes the flame speed (S) of both gases as well
as primary air ratio JF(W) =

Ss
Sa

− 1.4 JA(W) + 0.4 JF(W) ≤ 0

Yellow tipping index Includes the total content of hydrogen atoms in
molecule of gas (Nc) and primary air ratio JY(W) = JA(W) +

NCs−NCa
110 − 1 JY(W) ≤ 0

Incomplete combustion index
Calculated using the ratio of the number of
hydrogen and carbon in molecules (RH/C) of
compared gases

JI(W) = JA(W) − 0.36
RH/Cs
RH/Ca

− 0.634 JI(W) ≤ 0

NG/H2 mixtures are shown in Figure 4. Weaver’s index of interchangeability concern-
ing the rate of heat production or release is illustrated in Figure 4a. The interchangeability
condition is met when JH(W) = 1. Hydrogen content of 20% by volume represents the
upper limit within the acceptable range for NG/H2 mixtures for both ANG and MNG.

The primary air ratio variation is displayed in Figure 4b. When JA(W) = 1, it indicates
that the total amount of air required to burn each gas is the same. The index variations are
similar for both ANG/H2 and MNG/H2 mixtures. Allowing a tolerance deviation of up to
±5% compared to natural gas, the maximum permissible hydrogen blending percentage in
NG is approximately 17%.
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The limiting value for the lifting index JL(W) is again 1. Gases with JL(W) of more than
1 show a higher susceptibility to lifting from the burner front. Figure 4c shows that JL(W)

values increase exponentially, along with the probability of lifting also becomes higher with
the increase of hydrogen content. The primary cause of the high JL(W) values of the gas
mixtures is the high hydrogen contents, which need 4 times less air for combustion than
methane, or a high combustion velocity, which is directly proportional to the Weaver index.
The problems of flashback are very likely to occur after the replacement of the gas. This
assumption is also confirmed by the results obtained using the Weaver index JF(W) plotted
in Figure 4d. The burning of more hydrogen results in a greater susceptibility to flashback
if JF(W) > 0. Any hydrogen content is also accompanied by the danger of an adverse effect
on burners.

Lastly, based on the Weaver interchangeability criteria for the yellow tipping index
JY(W) and the incomplete combustion index JI(W), as plotted in Figure 4e,f, any hydrogen
content in a mixture with natural gas meets the interchangeability requirements without
causing phenomena that would negatively impact combustion performance or safety.

7. Discussions

The results from the evaluation of hydrogen blending in natural gas (NG) using
various interchangeability methods and parameters, including HHV, Wobbe Index, Dutton
factors, Delbourg, and Weaver methods, provide a comprehensive understanding of the
impact of hydrogen on combustion characteristics.

The basic trade-offs introduced by hydrogen blending are illustrated by the HHV
and Wobbe Index (WI) assessments. While the HHV decreases linearly with increasing
hydrogen content, indicating a reduction in the gas mixture’s energy density, the WI shows
a nonlinear trend. The behaviour of the WI is particularly significant, as it governs the
energy delivery during combustion. The maximum allowable hydrogen blending amounts
are up to 18% for MNG and 26% for ANG, which is consistent with the findings in Franco
et al. [34].

Additional insights into combustion behaviour are provided by the Dutton factors,
including the incomplete combustion factor, the lift index, and the soot index. The results
show that hydrogen blends, due to their lower hydrocarbon concentration and improved
flame stability, reduce the risk of incomplete combustion and pose no danger of sooting.
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This trend supports the safe interchangeability of hydrogen and NG mixtures within
the investigated range. However, the results also indicate that mixtures become more
susceptible to flame detachment at higher hydrogen concentrations.

The Delbourg diagram is particularly valuable for its graphical representation of
interchangeability. It establishes a 15% hydrogen blending limit for ANG and a 22%
limit for MNG, beyond which the risk of flame flashback increases. These thresholds
are somewhat more restrictive than those derived from the WI alone, emphasising the
importance of incorporating both the corrected WI (WI′) and the combustion potential (CP)
into evaluations. This dual-parameter approach ensures a more thorough assessment of
flame stability and heat input compatibility with existing burner designs.

The Weaver indices provide a comprehensive perspective by considering air require-
ments, heat production, and flame speed. The heat rate ratio indicates that hydrogen
blending is acceptable up to 20% for both ANG and MNG. The primary air ratio index
sets a stricter limit of 17% hydrogen, ensuring consistent air-fuel ratios. Weaver indices
highlight also the increased risks of flame lifting and flashback at higher hydrogen concen-
trations. The yellow tipping and incomplete combustion indices confirm that hydrogen
blending has minimal impact on incomplete combustion or soot formation, ensuring clean
and efficient operation.

Cooking and heating applications, including residential and commercial space heating,
are widespread in Tunisia and predominantly rely on natural gas. Within the threshold
levels indicated in this study, hydrogen blending does not necessitate burner adjustments.
However, exceeding these levels could alter combustion parameters, requiring modifica-
tions to ensure efficient and stable operation in stoves, boilers, and heaters. Hydrogen
blending reduces the HHV of the gas, which could slightly lengthen cooking times and
reduce heating efficiency. To maintain performance, systems may need to operate for longer
durations or undergo redesigns for optimal functionality with blended gas.

The employed indexes highlight the increased risks of flame lifting and flashback at
higher hydrogen concentrations. This necessitates more precise control of gas-air mixtures,
especially in advanced heating systems or industrial burners. Despite these challenges,
hydrogen blending leads to cleaner combustion, reducing soot formation and maintenance
requirements for burners and heaters. This is a significant benefit for both residential and
commercial applications.

Electricity generation in Tunisia relies heavily on natural gas, which accounts for
nearly 97% of the country’s energy supply. Power plants are primarily gas turbines and
combined-cycle systems. Gas turbines require precise fuel characteristics for optimal per-
formance. Hydrogen blending could affect combustion dynamics, requiring advanced
control systems and potentially retrofitted turbines to handle blended gas. The maximum
hydrogen concentration allowed in gas turbines varies considerably from one manufacturer
to another. It is crucial to adhere to these specifications to maintain stability and efficiency.
The literature indicates that 100% hydrogen can be used in gas turbines with stable opera-
tion, if flame stability is ensured. This requires the development of new combustor designs
compatible with conventional compressors and turbines [43].

Overall, the combined use of these methods offers a robust framework for evaluating
the safe interchangeability of hydrogen and natural gas. However, it is crucial to consider
infrastructure and safety requirements when blending hydrogen into natural gas to ensure
a seamless and secure transition towards a low-carbon energy future. The distinct physical
and chemical properties of hydrogen necessitate a thorough evaluation of the existing NG
infrastructure in Tunisia, requiring potential upgrades to materials and systems for compat-
ibility. Safety considerations are paramount, given hydrogen’s flammable nature, requiring
the implementation of rigorous safety measures, specialised leak detection systems, and
adherence to regulatory standards.
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8. Conclusions

This study provides a comprehensive evaluation of green hydrogen blending into the
Tunisian natural gas distributing system, examining the impact on combustion characteris-
tics through various interchangeability methods, including HHV, Wobbe Index, Dutton
factors, Delbourg, and Weaver indices. The results show that hydrogen blending leads to a
decrease in the HHV and WI of the gas mixtures, which directly influences energy content.
Hydrogen blending minimises the risk of incomplete combustion and sooting due to the
lower hydrocarbon content. However, it increases the risks of flame lifting and flashback
phenomena. Equipment for flame stabilisation will in turn be required. Hydrogen blending
up to 15–20% appears feasible for most systems without requiring significant burner equip-
ment adjustments, provided that operating conditions remain within the defined limits.
This aligns with previous studies that suggest hydrogen blending up to a similar threshold
is typically feasible for natural gas networks in other regions, particularly in Europe and
North America.

This research contributes to the knowledge of hydrogen blending in natural gas system
in Tunisia. Experimental investigations and pilot projects are essential to further validate
these findings, assess real-world performance, and explore the economic viability of green
hydrogen blending into Tunisia’s gas infrastructure.
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