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Abstract: Methane is a significant contributor to anthropogenic greenhouse gas emissions. Blending
hydrogen with natural gas in existing networks presents a promising strategy to reduce these emis-
sions and support the transition to a carbon-neutral energy system. However, hydrogen’s potential
for atmospheric release raises safety and environmental concerns, necessitating an assessment of
its impact on methane emissions and leakage behavior. This study introduces a methodology for
estimating how fugitive emissions change when a natural gas network is shifted to a 10% hydrogen
blend by combining analytical flowrate models with data from sampled leaks across a natural gas net-
work. The methodology involves developing conversion factors based on existing methane emission
rates to predict corresponding hydrogen emissions across different sections of the network, including
mainlines, service lines, and facilities. Our findings reveal that while the overall volumetric emission
rates increase by 5.67% on the mainlines and 3.04% on the service lines, primarily due to hydrogen’s
lower density, methane emissions decrease by 5.95% on the mainlines and 8.28% on the service lines.
However, when considering the impact of a 10% hydrogen blend on the Global Warming Potential,
the net reduction in greenhouse gas emissions is 5.37% for the mainlines and 7.72% for the service
lines. This work bridges the gap between research on hydrogen leakage and network readiness,
which traditionally focuses on safety, and environmental sustainability studies on methane emission.

Keywords: hydrogen emissions; hydrogen blends; hydrogen–methane blending; gaseous fuel leak-
age; natural gas pipeline; greenhouse gas emissions

1. Introduction

Methane (CH4) is a potent greenhouse gas, significantly more effective at trapping
heat radiation than carbon dioxide (CO2), especially over a short time frame. According to
the IPCC’s Fifth Assessment Report, it has a global warming potential of 80 in a 20-year
period, decreasing to about 28 over a 100-year period [1]. As the second-largest contrib-
utor to anthropogenic greenhouse gas emissions, methane’s impact on climate change
is substantial.

Anthropogenic methane emissions originate from several human activities and supply
chains, such as farming, agriculture, and anaerobic fermentation in sewage systems, and
make up biogenic sources of methane emissions. Natural gas production, transport, distri-
bution, and utilization make up fossil sources of methane emissions. Recognizing the urgent
need to mitigate these emissions, significant efforts have been dedicated by both academic
research and international organizations to the reduction of methane emissions [2–5].

One promising strategy for reducing carbon emissions involves blending sustainable
gaseous energy carriers, like hydrogen and biomethane, into existing natural gas infras-
tructures [6–9]. This approach aims to facilitate low-carbon energy use without requiring
extensive new infrastructure. However, hydrogen introduces unique challenges due to
its physical properties: it is lighter and has a lower viscosity than methane, which can
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influence leakage behavior in gas networks. Moreover, high hydrogen concentrations or a
full shift to hydrogen (100% H2) increases metal embrittlement, potentially altering leak
geometry and increasing the frequency of leak events [10–13]. For these reasons, such
scenarios often necessitate complete pipeline upgrades using plastic materials instead of
metal [14].

Historically, research on hydrogen blending has concentrated on safety and risk
analysis, particularly regarding hydrogen leakage. In the early 2000s, several European
research initiatives, notably the NaturalHy Project [10,11,15], explored the issue related to
end-user exposure to hydrogen leaks [16], the consequences of gas release explosions [17],
and assessments of infrastructure durability and integrity [12]. More recent computational
fluid dynamic studies have modeled the release and dispersion of hydrogen–methane
blends from high-pressure pipelines to evaluate the effect of hydrogen blending on gas
concentration fields or plumes and their safety implications [18–20].

While safety considerations are critical, assessing the environmental impacts of hy-
drogen blending is equally important, especially concerning hydrogen losses. Hydrogen
acts as a secondary greenhouse gas by interfering with atmospheric processes that remove
primary greenhouse gases [21]. Therefore, to fully evaluate the environmental benefits of
blending hydrogen into the natural gas distribution system, it is essential to consider the
impact of low-level leaks. These leaks are often significantly smaller than those typically
examined in safety and risk analyses but can cumulatively affect greenhouse gas levels [22].

Recent experimental studies have begun to address these environmental consider-
ations. Nohora et al., 2018 [23] and Hormaza et al., 2020 [24] conducted experimental
studies on the leakage behavior of methane, hydrogen, and their blends in a low-pressure
natural gas distribution system. Their findings indicate that low-pressure leaks from screw
threads and fittings did not show a preference for hydrogen and that leakage rates were
independent of gas composition. Qin et al., 2024 [25] developed an experimental apparatus
to measure leakage rates from loose fittings as well as holes of different geometries on
hydrogen system pipelines. Cooper et al., 2022 [26] assessed hydrogen emissions from a hy-
pothetical pure hydrogen scenario in the United Kingdom, considering the entire hydrogen
supply chains based on methane emission data and using two flowrate calculation models
(laminar flow and free molecular flow, respectively) to convert methane emissions into
hydrogen-equivalent values. This methodology bridges the gap between understanding
the impact of hydrogen blending on leakage and analyzing current methane emissions from
natural gas infrastructures. This connection suggests that existing methane emission data
and ongoing leak sampling activities could offer valuable insights into future emissions
from hydrogen blends. However, studies on the US natural gas distribution system have
highlighted that emission distributions are often not characterized in detail [27–31]. To
address this limitation, international organizations, like the United Nations Environmental
Program (UNEP) through the Oil and Gas Methane Partnership (OGMP), have developed
new leak detection, sampling, and reporting guidelines to enhance the precision of methane
emission estimates [4,5].

Analytical models play a crucial role in emission assessments, particularly in calcu-
lating leak rates from valves, joints, and sealing components. Early works by Jolly and
Marchand [32] and Grine and Bouzid [33] utilized Darcy’s Law and Navier–Stokes equa-
tions, respectively, to calculate leak rates from gaskets. Subsequent studies by Kazeminia
and Bouzid [34,35] investigated the performance of Darcy’s model in predicting leak rates
from valves and joints under various operating conditions.

These models typically relate the pressure at the leak site to the resulting emission flow
rate, with variations based on flow regime and molecular effect. Key parameters, such as
the Reynolds number, of whether the flow is laminar or turbulent [36]; the Knudsen number,
which indicates whether the fluid can be treated as a continuous body or if rarefaction
effects are significant [37]; and the Mach number, distinguishing between subsonic or sonic
(choked) flow [38], are fundamental in determining the appropriate model and linking
pressure to flow rate. The choice of model depends on factors like pipeline pressure, leak
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path geometry, and dimensions, all of which influence both the model selection and the
specific equation terms that connect pressure and flow rate [34,35,39].

Conversion factors derived from these models can be used to evaluate the flow rate
of a target gas based on the known flow rate of a reference gas. This method has been
employed in past studies to estimate hydrogen emission rates using helium as a reference
gas for safety implications [40] and infer pure hydrogen emission based on existing methane
emission data [26].

Despite advancements in understanding hydrogen leakage and its safety implica-
tions, a significant gap remains in quantifying the environmental impact of low-level
hydrogen blending on methane and hydrogen emissions within existing natural gas
distribution networks.

To address this gap, the present study developed conversion factors for methane–
hydrogen blends at a low blending ratio (10%vol.). Utilizing open-source methane leak
rate data from a US distribution network [29], we mapped observed methane emissions
onto appropriate analytical flow models within the Reynolds–Knudsen–Mach framework.
This approach allowed us to estimate how emission rates change with hydrogen blending,
providing valuable insights into the environmental consequences of such transitions.

The contributions of this work are as follows:

• Novel methodology: We introduce a method that combines real-world methane emis-
sion data with analytical flow models to estimate methane and hydrogen emissions in
blended gas networks. This method accounts for various flow regimes and molecular
effects, enhancing the accuracy of emission estimations;

• Comprehensive emission assessment: By generating a Blended Emissions Dataset
• Representing methane and hydrogen emissions from leaks across the natural gas distri-

bution network, we provide a tool for quantifying shifts in greenhouse gas emissions
due to leakage in blended gas networks compared to pure natural gas networks;

• Policy insights: Our analysis reflects current and developing European policies on
hydrogen blending [41], offering valuable insights for policymakers and industry
stakeholders regarding the environmental implications of integrating hydrogen into
existing gas infrastructures.

2. Materials and Methods
2.1. Methodological Framework

The methodology proposed in this study aims to estimate changes in emission rates
for a natural gas distribution network transitioning to a 10% hydrogen–methane blend.
This was achieved through a bottom-up approach, calculating emission variations for
each individually measured leak across different network subsystems (e.g., mainlines,
service lines, and metering and regulation stations) by associating an appropriate analytical
flowrate model with each.

At the core of this methodology is the systematic classification of analytical flowrate
models within the Knudsen–Reynolds–Mach space, which constitutes our first method-
ological contribution. These models were categorized based on three key parameters:
rarefaction, laminarity, and the sonic nature of the flow. Each model was mapped to its
corresponding sub-domain within the Knudsen–Reynolds–Mach space to identify the most
suitable analytical model for various leakage conditions. These models were then used to
derive a conversion factor, which defined the ratio between natural gas emission rates and
hydrogen–methane blend emission rates for specific leakage scenarios.

To apply this methodology, we utilized emission rate measurements from leakage
points in a U.S. natural gas distribution network. Each leak was classified into one of
four categories based on its emission rate: “Low”, “Medium”, “High”, or “Super”. The
classification facilitated the mapping of each leak onto the Knudsen–Reynolds–Mach space
to determine the most appropriate analytical model for describing its flowrate.

The conversion factor for each analytical model was subsequently applied to estimate
new emission rates under the 10% hydrogen–methane blend scenario. This process was
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repeated for all leaks in the dataset, generating the Blended Emissions Dataset, which
estimated methane and hydrogen emission rates for the blended scenario. Importantly,
the Blended Emissions Dataset preserves the original leak event distribution across the
network’s subsystems, enabling a direct comparison of emissions between the hydrogen–
methane blending scenario and the original natural gas conditions.

A schematic representation of this methodology is shown in Figure 1, illustrating the
step-by-step process from emission rate measurement to the generation of the Blended
Emissions Dataset.
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assessment in fugitive leakage.

2.2. Analytical Flowrate Models

To describe emission rates from different leaks, this study considered a set of es-
tablished analytical flowrate models. Each model was selected based on the specific
characteristics of the flow, determined by key parameters, such as the Reynolds number
(Re), Knudsen number (Kn), and Mach number (Ma). The selection criteria for the models
are as follows:

• Hagen–Poiseuille Continuous Model (Laminar Continuous Flow Domain): Applicable
to low Reynolds, Knudsen, and Mach numbers, where the flow is laminar and slow,
and the fluid behaves as a continuous body;

• Hagen–Poiseuille Slip Flow Model (Slip Flow Domain): Relevant for intermediate
Knudsen numbers, where molecular interactions between the fluid and the walls
become significant, breaking the no-slip condition;

• Free Molecular Diffusion Model (Free Molecular Domain): Used for high Knudsen
numbers, where the fluid no longer behaves as a continuous medium and molecular
effects dominate the flow;
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• Darcy–Weisbach Turbulent-Flow Model and Compressed Gas Release Model (Com-
pressed and Turbulent Domain): Applicable to low Knudsen numbers but high
Reynolds and Mach numbers, where turbulence or sonic effects characterize the flow.

The relationship between the Reynolds number, Knudsen number, and Mach number
is given by Equation (1):

KN =

√
γπ

2
Ma
Re

(1)

where γ is the specific heat ratio. Using this relationship, the flowrate models were mapped
onto the Reynolds–Knudsen–Mach (Re-Kn-Ma) space. This mapping identified the specific
sub-domain in which each model was valid, enabling precise selection of the appropriate
analytical model for various leakage conditions. The resulting mapping is illustrated in
Figure 2, providing a clear framework to determine which flowrate model is most suitable
for a given emission condition.
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2.2.1. Laminar Continuous Flow Domain

The Hagen–Poiseuille model provides the analytical solution of the Navier–Stokes
equations for a steady-state, laminar flow through a pipeline with a circular and constant
cross-section [36], as shown in Equation (2):

QHagen−Poiseuille =
πD4∆p
128µL

(2)

where Q is the volumetric gas flowrate, D is the hydraulic diameter of the pipeline, ∆p
is the pressure difference between two points in the pipeline with distance L, and µ is
the gas dynamic viscosity. The conversion factor resulting from this model is shown in
Equation (3):

CF =
µN
µB

≃ 1 (3)
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where µN is the dynamic viscosity of natural gas, and µB is the dynamic viscosity of the
hydrogen–methane blend at a 10%vol. hydrogen blending ratio. At this blending ratio,
the viscosity of the hydrogen–methane blend is similar to that of natural gas [42]; thus, the
overall conversion factor for the continuous Hagen–Poiseuille model was evaluated as 1.

2.2.2. Slip Flow Domain

The slip flow model is an adjustment of the Hagen–Poiseuille model for flowrates
occurring in small channels where rarefaction effects rise and the hypothesis of continuous
fluid is not satisfied [43]. This model can be described by Equation (4), and its conversion
factor can be described by Equation (5):

Qslip− f low =
WH3 p2

e M
24µLRTρ

∗ f (KN, TMAC, β) (4)

CF =
µB ∗ fN
µN ∗ fB

−̃ 1.01 (5)

where W is the pipeline width and H is the pipeline height (the formula was originally
applied on a rectangular cross-section [39]), pe is the atmospheric pressure, M is the gas
molar mass, µ is the gas dynamic viscosity, L is the pipeline length, R is the ideal gas
constant, ρ is the gas density, T is the temperature, KN is the Knudsen number, TMAC is
the Tangential Momentum Accommodation Coefficient, and β is the pressure ratio.

Understanding the value of f (KN, TMAC, β) is crucial for properly assessing the
conversion factor. The pressure ratio was evaluated considering a pipeline pressure of
1.04 bar, as this value was considered representative of low-pressure equipment in distri-
bution system operators. However, different operators might set different thresholds to
define low-pressure infrastructure; thus, this value should be adjusted on a case study
basis, considering the specifics of the system under analysis. Supplementary Materials
provide a sensitivity analysis for the slip flow correction factor considering different values
for the pressure ratio (see Figures S1 and S2 of Supplementary Materials). Regarding the
TMAC value, we sourced it from Ge and Sutton’s results (2006) [39]. As for the Knudsen
number, its value spans from 0.01 to 0.1 within the slip flow regime. The conversion factor
values were evaluated at the highest Knudsen number value to be conservative on the gas
loss estimate. Therefore, the conversion factor value used in this study for the slip flow
Hagen–Poiseuille model is 1.01.

2.2.3. Free Molecular Domain

Free molecular flow is used to describe flow in extremely rarefied conditions typically
associated with low pressure or extremely tight gaps. In these conditions, the fluid does not
behave as a continuous body any longer, and the molecules move according to Knudsen
diffusion [37,44,45], as described in Equation (6):

→
Ji = DKN ,i ∗ ∇(pi) (6)

where Ji is the molar flow, DKN,i is the Knudsen Diffusivity, and ∇(pi) is the partial pressure
gradient. The subscript “i” states the species for which these parameters are evaluated.

In principle, the application of this model could imply the need for knowledge about
the partial pressure distribution across the leak path; however, experimental observations
show that the mixture composition remains constant if the flow is in free molecular flow
conditions [46]. Therefore, it is possible to simplify Equation (6) into Equation (7):

→
Jith = DKNith

∗ cith∇(p) (7)

In this form, the free molecular flow depends on the Knudsen diffusion (DKN),
the species concentration (ci), and the pressure gradient across the leak (∇(p)). As the
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Knudsen diffusion depends on the species molecular mass (M) according to Equation (8),
the conversion factor for the leak rate change is described in Equation (9):

DKNith
∝

√
RT

2πMith
(8)

CFCH4→H2
B =

√
MCH4

MH2

= 0.35 (9)

where M is the molecular mass, R is the universal gas constant, and T is the temperature.
The subscript “B” and the superscript “CH4 → H2” indicate that this conversion factor
defines the ratio between hydrogen and methane emission rates from within the same
leak of the hydrogen–methane blend. Furthermore, methane conversion is based on
Equation (6); the Knudsen diffusion coefficient and the total pressure gradient remain
unchanged, whilst the methane concentration is different in natural gas and the blend.
Therefore, the conversion factor for methane aims to assess the methane-only leak rate
change from natural gas to the blend, as shown in Equation (10):

CFN→B
CH4

=
CCH4,B

CCH4,N
=

0.81
0.90

= 0.90 (10)

The subscript “CH4” and superscript “N → B” indicate that this conversion factor
defines the ratio between the methane emission rate of the same leak considering the
methane fraction of the hydrogen–methane blend and the methane fraction of natural gas.

2.2.4. Compressed and Turbulent Domain

The turbulent-flow model is described by Equation (11), and the resulting conversion
factor is shown in Equation (12):

Q = 0.354π ∗
D2.5√∆p√

f Lρ
(11)

CF =

√
ρN
ρB

(12)

where D is the leak hydraulic diameter, ∆p is the pressure difference between the pipeline
and external environment, f is the friction factor, and ρ is the gas density. The conversion
factor resulting from this model is 1.05.

The compressed gas release model is often used in safety and risk analysis to estimate
gas losses from pressurized vessels [38]. This model results from the application of nozzle
theory, where the flowrate calculation is derived from the energy balance of an adiabatic
expansion of gas, as shown in Equation (13):

Q =

 2γ

γ − 1
∗ p0

ρ0
∗
(

penv

p0

) 2
γ

∗

1 −
(

penv

p0

) γ−1
γ


0.5

(13)

where γ is the adiabatic expansion coefficient, p0 and ρ0 are the gas pressure and density
inside the vessel, and penv is the atmospheric pressure. The conversion factor associated
with this model was defined, as shown in Equation (14):

CF =

√
MCH4

MH2

∗
g
(
γH2

)
g
(
γCH4

) ≃ 1.05 (14)
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where MCH4 and MH2 are the molar masses of methane and hydrogen, and g(γ) represents
the part of the function that depends on the adiabatic exponent.

2.3. Flowrate Conversion Factors

To estimate emission rates from hydrogen–methane blends, measured flow rates
from natural gas fugitive emissions are converted using a conversion factor, as shown in
Equation (15):

QB = CF ∗ QN (15)

where QB is the calculated volumetric emission rate of blended gas, QN is the measured
volumetric emission rate of natural gas, and CF is the conversion factor. Throughout this
study, the subscript “N” refers to properties or flowrates of natural gas, while “B” refers to
the hydrogen–methane blend.

The conversion factor (CF) is defined as the flowrate ratio between two gases, as
introduced by Schefer et al. [40]. This concept has been extended in this study to additional
flow regimes, including slip flow and free molecular flow, and applied to gas mixtures
rather than pure gases alone.

This approach assumes that the leak geometry and operative pressure of pipelines
are not correlated to gas composition. This assumption generally holds for low hydrogen
blending ratios, while higher blending ratios require adjustments in operating pressure
to maintain energy flow due to hydrogen’s lower volumetric energy density. Moreover, a
higher blending ratio should account for the effect of hydrogen embrittlement in metallic
pipelines, which will likely result in an increase in the number of leak events or changes in
the leak geometry.

In this study, we considered a relatively low hydrogen blending ratio of 10% by volume,
where the effects on leak geometry and operating pressure were assumed negligible.

The compositions of natural gas and the hydrogen–methane blend used in this study
are summarized in Table 1. Natural gas was approximated as 90% methane and 10% other
gases, while the blend was approximated as 81% methane, 10% hydrogen, and 9% other
gases, maintaining the methane-to-other-gases ratio.

Table 1. Natural gas and blend reference compositions in this study.

Gas Mixture Reference Subscript CH4 (%vol.) H2 (%vol.) Other Gases (%vol.) Methane-to-Other-Gases Ratio (-)

Natural Gas N 90 0 10 9:1
Blend Gas B 81 10 9 9:1

In both the Laminar Continuous Flow domain and the slip flow domain, gas mix-
tures are treated as average gases with composition-averaged properties. In the free
molecular flow domain, where the continuity assumption no longer holds, methane and
hydrogen are treated as separate components within a binary mixture, as described in the
following equations:

QCH4, B = CFCH4 ∗ QCH4, N (16)

QH2, B = CFH2 ∗ QCH4, N (17)

All the conversion factors presented are summarized in Table 2.
Additionally, Table 3 shows the gas species-specific conversion factors defined by the

ratio between the target gas (either CH4 emissions from a blend or H2 emissions from a
blend) and the reference gas (CH4 emissions from natural gas).
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Table 2. Conversion factors associated with each flowrate model. For all models but the free molecular
flow one, the continuous hypothesis holds; thus, the conversion factor has one value for the entire
natural gas flow. Conversely, for the free molecular flow model, two values are provided: one specific
for the methane molecules and one specific for the hydrogen ones.

Flowrate Domains Conversion Factor Converting From Converting To Continuous Hypothesis

Laminar Continuous Flow 1.00 Natural Gas H2/CH4 Blend Applicable

Slip Flow 1.01 Natural Gas H2/CH4 Blend Applicable with
Slip-Boundary Condition

Compressed and Turbulent
Domain 1.05 Natural Gas H2/CH4 Blend Applicable

Free Molecular Flow
0.90 CH4 in Natural Gas CH4 in Blend Not Applicable

0.35 CH4 in Blend H2 in Blend Not Applicable

Table 3. Gas species-specific conversion factors are defined as ratio between target gas (CH4 or H2 in
blend) and reference gas (CH4 in natural gas).

Flowrate Domains Gas Species Conversion Factor From Gas To Gas Continuous Hypothesis

Laminar Continuous Flow
CH4 0.90

CH4 in Natural Gas

CH4 in Blend
Applicable

H2 0.11 H2 in Blend

Slip Flow
CH4 0.91 CH4 in Blend Applicable with

Slip-Boundary ConditionH2 0.11 H2 in Blend

Compressed and Turbulent
Domain

CH4 0.95 CH4 in Blend
Applicable

H2 0.12 H2 in Blend

Free Molecular Flow
CH4 0.90 CH4 in Blend Not Applicable

H2 0.32 H2 in Blend Not Applicable

2.4. Data Source and Classification

The emission rate data used in this study were obtained from the sampling conducted
by Lamb et al., 2015 on an American natural gas distribution network [29] (data available
at https://doi.org/10.1021/es505116p, (accessed on 18 July 2024); see Appendices C and E
in Supplementary Materials). These data, collected from over 800 leaks sampled in 2013
and 2014, include detailed information as follows:

Pipeline subsystem type: location of the leak (e.g., mainlines, service lines, pressure
reduction units, and metering and regulation stations);

• Emission rate measurement: based on a high-flow sampling experiment;
• Pipeline material: for mainlines and service lines, including cast iron, protected and

unprotected steel, and plastic;
• Leaking component: for facilities, such as valves, connectors, and other related equipment.
• The key information contained in the dataset is summarized in Table 4.

The emission distribution for pipelines is shown in Figure 3 to provide additional
insights into the data characteristics. The curve represents a lognormal function fitted on
the sampled emission rate values present in the original data source. The fitting process
yields to the following parameters:

• The mean value of the associated normal distribution is −1.39 (scale parameter: 0.25);
• The standard deviation of the associated normal distribution is 1.80 (shape parameter).

This skewed shape is typical for emission distributions of oil and gas leaks [27,29].
The skewness means that a small portion of emissions is associated with high emission
rates, thus, the majority of the network’s gas losses, whereas the vast majority of leaks have
relatively low emission rate values [31,47].

https://doi.org/10.1021/es505116p
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Table 4. Original dataset key information.

Pipeline/Facility Type Material Number of Leaks in Dataset

Mains

Unprotected Steel 74

Protected Steel 32

Plastic 23

Cast Iron 13

Unknown 5

Services

Plastic 38

Unprotected Steel 19

Protected Steel 12

Unknown 7

Cast Iron 3

TDTS—Distribution

Information Not Included in Dataset

271

Regulating 202

TDTS—Transmission 140

Metering and Regulating 69

Vault 11
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Once the conversion factors were evaluated for each model, it was necessary to
associate each methane leak in the dataset to a model in order to evaluate the new flowrate
that would result from blending hydrogen in the network. Therefore, leaks were binned
based on the emission rate size according to a similar logic in existing studies [48,49].
Leaks with an emission rate below 0.1 SCFH were classified as “Low”, leaks between
0.1 and 2 SCFH were classified as “Medium”, leaks between 2 and 10 SCFH were classified
as “High”, and those above 10 SCFH were classified as “Super”. “Low” and “Medium”
emission rates were associated with the two Hagen–Poiseuille models: “Low” emissions
were associated with the slip flow boundary condition, whilst the “Medium” emissions
were associated with the continuous flow model. The reasons behind this choice lie in
the following facts: first, the equivalent leak diameter of the Hagen–Poiseuille models
(calculated for these emission rates and pipeline pressures) appeared significantly lower
than 1mm; thus, it was compliant with the modeling of leakage from loose threads rather
than macroscopic holes. Moreover, the lower emission rates were likely associated with
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smaller gaps and, thus, higher Knudsen number values. Conversely, “High” and “Super”
emissions were associated with the Compressed Gas Release model and the turbulent
Darcy–Weisbach model, respectively, as these models yielded equivalent leak diameters of
sizes similar to 1mm, which were coherent with macroscopic holes on component surfaces.
These association criteria are summarized in Table 5.

Table 5. Emission binning and associations with analytical models.

Emission Rate (x) Emission BIN Analytical Model Conversion Factor Reasoning

x < 0.1 SCFH Low Hagen–Poiseuille Slip Flow 1.01 Deq leak ≪ 1 mm
0.1 < x < 2.0 SCFH Medium Hagen–Poiseuille Continuous Flow 1.00 Deq leak ≪ 1 mm
2 < x < 10.0 SCFH High Compressed Gas Release 1.05 Deq leak ∼ 1 mm

x > 10.0 SCFH Super Darcy–Weisbach Turbulent Flow 1.05 Deq leak ∼ 1 mm

The natural gas emission data obtained from field measurements using the Hi-Flow
Sampler in Lamb et al. [29] were classified into “Low”, “Medium”, “High”, and “Super”
categories based on the directly measured emission rate value. Then, each emission in the
dataset was mapped to the appropriate flow models per the association criteria mentioned
above. Figure 4 displays the results of this classification process on the emissions from
pipelines. Reflecting the emission rate distribution, the Hagen–Poiseuille continuous flow
is the most frequent one for pipeline emissions (57% of sample emissions), followed by the
Hagen–Poiseuille slip flow model (29%) and, finally, the Compressed Gas Release model
(12%) and the turbulent-flow Darcy–Weisbach model (2%).
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Figure 4. Analytical model distribution in pipelines.

Figure 5 displays the results of the classification process on emissions from the facilities.
These emissions appear dominated by the high occurrence of the Hagen–Poiseuille slip flow
model (52% of the total leaks from metering and regulation stations). The Hagen–Poiseuille
continuous model remains relevant (38%). Finally, the Compressed Gas Release (7%) and
the turbulent-flow Darcy–Weisbach (3%) models represent the heavy tail of emissions.
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The free molecular flow model was not applied to any of the leaks in this study as it is
specifically designed for leaks occurring under extremely rarefied conditions, such as low
pressure or very tight gaps. Such leaks are expected to be significantly smaller than those
identified using the Hi-Flow Sampler [29]. Moreover, since the original data source does
not provide a detailed description of the leaking components and their causes, the authors
did not have sufficient grounds to select this model.

3. Results
3.1. CH4 and H2 Emission Rate Change Estimates

The following paragraph describes the results of the emission rate conversion based
on the methodology described above. Figure 6 illustrates the distribution of the mean
emission rates of methane and hydrogen calculated for the mainlines and service lines.
The total (summed) emission rate of methane and hydrogen appears higher than the
original methane loss, with a rise of 5.67% for the mainlines and 3.04% for the service lines.
This increase is primarily attributed to the low-density hydrogen contributing to the new
emissions. It is important to note that while the total emission rate increases, the methane
emission rates are consistently lower in the blending scenario than in the original one.
Specifically, methane emissions were reduced by 5.95% for the mainlines and 8.28% for the
service lines.
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The numerical values of the emission rates are reported in the upper rows in Table 6,
offering a detailed comparison of the emission rates before and after the blending process.

Table 6. Methane and hydrogen mean emission rates per leak event from natural gas and blend.

Emission Location Mean CH4 Emission Rate
(NG) [SCFH]

Calculated Mean CH4
Emission Rate (Blend)

[SCFH]

Calculated Mean H2
Emission Rate (Blend)

[SCFH]

Pipeline Type
Mains 2.38 2.24 0.28

Service Lines 0.51 0.47 0.06

Pipeline Type and Material
Mains—Unprotected Steel 2.35 2.21 0.27

Mains—Protected Steel 3.48 3.28 0.40
Mains—Cast Iron 2.64 2.48 0.31

Mains—Plastic 0.83 0.77 0.10
Services—Unprotected Steel 1.01 0.94 0.12

Services—Protected Steel 0.45 0.42 0.05
Services—Cast Iron 0.18 0.16 0.02

Services—Plastic 0.38 0.34 0.04

Facility Type
TDTS—Transmission 2.29 2.16 0.27

Metering and Regulating 1.67 1.57 0.19
TDTS—Distribution 1.40 1.31 0.16

Regulating 0.87 0.81 0.10
Vault 0.073 0.066 0.009

It was also possible to evaluate the new mean emissions by material, as this information
was present in the original data source. Figure 7 shows the results by pipeline material:
the emission rate increase was 5.5% for unprotected steel, 5.7% for cast iron, 3.2% for
plastic pipelines, and 5.8% for cathodically protected steel. The methane emission rates
were reduced as a consequence of hydrogen blending: 6.1% for unprotected steel, 5.9% for
cast iron, 8.1% for plastic pipelines, and 5.8% for protected steel. Table 6 provides a more
detailed representation of these results by showing the mean emission rates broken down
by pipeline type and material.
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Finally, Figure 8 shows the results for the main facility types: transmission distribu-
tion transition stations (TDTSs), metering and regulation stations, regulating stations, and
vaulted facilities. The emission rate increase was 5.6% for the transmission end of the transi-
tion stations (TDTS—Transmission), 5.5% for the metering and regulating stations, 5.5% for
the distribution end of transition stations (TDTS—Distribution), 5.2% for regulating stations,
and 1.5% for vaulted facilities. However, due to the presence of hydrogen in the fugitive
blend, the methane emission rate was lower than the original emission rate. Methane
emissions decreased by 6.1% for TDTS—Transmission, metering and regulating stations,
and TDTS—Distribution; 6.4% for regulating stations; and 9.6% for vaulted facilities.
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The numerical values of the mean CH4 and H2 emission rates from natural gas and
the blend are shown in the bottom rows in Table 6. Moreover, a detailed breakdown of
the mean emission rates for each component type reported in the original data source is
provided in Supplementary Materials.

These results show that the presence of hydrogen in the leaking gas tends to increase
the total mean emission rate per leak event for all emission locations. However, cast iron
and plastic service lines display similar mean emission rates per leak event (0.18 and
0.38 SCFH, respectively, summing CH4 and H2 in the blending scenario) in both scenarios.
This observation aligns with the experimental results in Ref. [24] for low-pressure pipeline
leakage, which is a realistic operative condition for service lines as they are located in
close proximity to end-users and are directly connected to customer meters. The empirical
results from Ref. [50] on hydrogen–methane blends for underground pipeline leakages
appear higher than our mean emission rates per leak event (7–10 × 103 SCFH of total
leaking flowrate). However, this apparent discrepancy is already present in the original
data source from Ref. [29], in which the maximum emission rate measured from the
underground mainline was 1.09 × 102 SCFH, and the majority of the measurements were
in the 100 SCFH order of magnitude. Therefore, this discrepancy might depend on the
fact that the experiment in Ref. [50] was focused on a specific high-pressure leakage from
underground pipelines, whilst this study addresses the mean emission rates for the entire
leakage distribution.

3.2. Greenhouse Gas Emission Change Estimate

In this paragraph, we discuss the results in terms of the equivalent CO2 emission
reduction resulting from this blending ratio. The CH4 and H2 Global Warming Potentials
were applied on the results of the previous calculations to evaluate the equivalent CO2
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emission rates associated with leaks from the natural gas distribution system in both the
current natural gas scenario and the 10%vol. H2 blend scenario. The emission rates of CH4
and H2 were converted from standard volume units to mass units, and then, they were
multiplied by the respective Global Warming Potential values of both species (CH4 and
H2). This step allowed us to derive average Equivalent CO2 emission rates for both species.
Finally, the average sum of the equivalent CO2 emission rates was used to evaluate the net
environmental benefits (i.e., the greenhouse gas emission reduction) of blending by taking
hydrogen losses into account as secondary greenhouse gas emissions. Table 7 shows the
mean greenhouse gas emission rates from the natural gas distribution system pipelines and
facilities along with the estimated greenhouse gas emission reduction.

Table 7. Greenhouse gas mean emission rates from the natural gas distribution network and emission
reduction estimate associated with shifting from natural gas to 10%vol. H2 blend.

Emission Location Mean CO2eq Emission Rate from NG
(g/s)

Calculated Mean CO2eq Emission Rate
from Blend (g/s) CO2eq Reduction (%)

Pipeline Type
Mains 0.40 0.38 5.4

Service Lines 0.09 0.08 7.7

Pipeline Type and Material
Mains—Unprotected Steel 0.40 0.37 5.5

Mains—Protected Steel 0.59 0.56 5.2
Mains—Cast Iron 0.44 0.42 5.2

Mains—Plastic 0.14 0.13 6.1
Services—Unprotected Steel 0.17 0.16 6.5

Services—Protected Steel 0.08 0.07 7.2
Services—Cast Iron 0.030 0.027 10.0

Services—Plastic 0.064 0.058 9.4

Facility Type
TDTS—Transmission 0.39 0.37 5.5

Metering and Regulating 0.28 0.27 5.5
TDTS—Distribution 0.24 0.22 5.6

Regulating 0.15 0.14 5.8
Vault 0.012 0.011 9.1

Figure 9 compares the emission reduction assessment of CH4 and the equivalent CO2
for pipelines and facilities. The difference between the CH4 reduction and the equivalent
CO2 is attributed to the GWP of H2 emissions; namely, accounting for H2 as a secondary
greenhouse gas provides more conservative emission reduction estimates.
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4. Discussion

This study addresses the change in greenhouse gas emissions from leakages in a
natural gas distribution system by converting existing methane emission rate data about
localized and measured leaks into theoretical estimates of methane and hydrogen emission
rates. The calculation process involves the classification of sampled leaks by the emission
rate size and the subsequent mapping of each category into the Re-Kn-Ma domain. The
mapping process was used to identify which analytical model describes the flowrate of the
leaking gas, and the model was used to calculate the theoretical value of both methane and
hydrogen emission rates for each leak in the dataset by re-evaluating the gas properties
for a hydrogen–methane blend at 10%vol. H2. These steps were applied to each leak
present in the original dataset to derive a Blended Emissions Dataset of methane and
hydrogen emissions. The new dataset was analyzed to evaluate the change in methane
emissions from the blend and the hydrogen emissions and the change in total greenhouse
gas emissions for each subsystem type compared to the natural gas scenario from which
the original dataset was generated.

Our results indicate that converting an existing natural gas network to a low hydrogen–
methane blend leads to an increase in the total volumetric leak rate; however, methane-
specific emissions decrease, with the increase in gas volume attributed to hydrogen. This
behavior highlights the non-uniform change in emission rates across the complex gas
network, where flow regimes and conditions vary depending on the leak sources.

For instance, components with low emission rates in a 100% methane scenario tend
to experience smaller increases in leak rates compared to those with higher losses. In this
regard, Table 3 provides further information about these phenomena. The fluid regime
plays a critical role in these dynamics: methane emissions are more significantly reduced
under conditions involving a turbulence regime occurring in wider gaps with sonic or near-
sonic behavior, where emissions are about 95% of their original value (CF = 1.05 and a CH4
concentration ratio of 0.9). In contrast, under laminar conditions and a narrower gap and
being far from the sonic curve, methane emissions decrease to approximately 90% of their
original value (CF = 1 and a CH4 concentration ratio of 0.9). Hydrogen emissions, however,
are more sensitive to rarefaction effects, particularly in regimes described accurately by the
free molecular flow model, where hydrogen constitutes 35% of the leak, resulting in 32% of
the original methane leak.

These outcomes align with the known properties of gases: smaller, lighter molecules
like hydrogen are more likely to escape through narrow gaps, while emissions of larger,
heavier molecules, like methane, are more influenced by turbulence and larger gaps.
Interestingly, it appears that turbulence does not significantly affect hydrogen emissions at
the investigated blending ratio, where the properties of the blend are still dominated by the
high methane concentration. This suggests that at low blending ratios, molecular size and
weight are less critical in determining leak rates. However, at higher blending ratios or with
a 100% hydrogen blend, turbulence could significantly increase hydrogen losses compared
to regimes dominated by the continuous laminar flow model, as previously indicated by
Schefer et al. [40].

Additionally, the similarity in hydrogen–methane ratios observed in slip flow and
continuous Hagen–Poiseuille models [36] suggests that hydrogen selectivity might be-
come prominent in the transition region (0.1 < Kn < 10), consistent with experimental
observations [23,24,46] in gas separation through capillary tubes [46]. The resulting conver-
sion factors might be conservative, as real-world leakage in such conditions often exhibits
higher tortuosity, potentially leading to lower actual emission rates compared to the models’
predicted ones [24].

The application of this methodology to a real gas network leakage dataset enabled
the quantification of expected methane emission reduction and hydrogen emission rates,
facilitating a more accurate assessment of the net environmental impact assessment on both
gases. Considering hydrogen as a secondary greenhouse gas affects the overall greenhouse
emission estimate, which, in turn, slightly reduces the perceived environmental benefits of



Energies 2024, 17, 6369 17 of 20

hydrogen blending. This is evident from the CH4 and equivalent CO2 emission reduction
shown in Figure 9.

In terms of safety, our findings show that hydrogen emissions are highest from bare
steel and cast iron mains, while service lines and vaulted facilities exhibit lower emission
rates. Given that TDTS systems are located far from sensitive targets, the mainline subsys-
tem in urban areas, often situated under streets, poses greater risks due to its proximity to
homes and other vulnerable sites, such as hospitals and schools. Therefore, hydrogen blend-
ing strategies should be carefully designed to minimize the risk of hydrogen emissions near
sensitive areas. For instance, hydrogen could be blended at specific points and distributed
via mainlines, with extraction limited to dedicated end-users, thereby preventing hydrogen
from reaching subsystems near residential areas.

Notably, while these emissions reflect the impact of hydrogen blending on the emission
rate per single leak event, it is essential to consider that metallic pipelines are sensitive to
hydrogen embrittlement. This phenomenon, which becomes more severe at higher blending
ratios and high pipeline pressure, can lead to structural damage over time, affecting both
the number and the characteristics of leak events in the pipeline system [9,51]. However,
this study focuses solely on distribution pipelines, which are operated at significantly
lower pressures than transmission ones and have a low ratio (10% vol.). For this reason,
we assumed that the leak geometry characteristics remain constant, allowing for a more
straightforward analysis of emission rates and leaving the potential complexities introduced
by embrittlement outside of the scope of this article.

This methodology could be instrumental in supporting academic and industrial re-
search by applying it to existing leak detection, sampling, and repair databases. Such an
approach would allow for the assessment of future losses in natural gas distribution net-
works before hydrogen is actually injected into the systems. Future experimental research
should focus on deepening the understanding of leak dynamics and further refining the
mapping between natural gas distribution system failure modes and flow regimes. Addi-
tionally, exploring the effect of tortuosity on leak rates and investigating leak geometries
could lead to a more accurate calibration of conversion factors.

5. Conclusions

This study presents a novel methodology for estimating emission rates in natural gas
networks during a transition to a 10% hydrogen blend by combining established analytical
models with direct methane leakage measurements. This methodology was tested on open-
source data from Ref. [29], but it can be applied to more recent data collected on existing
networks. Furthermore, the authors believe that the application of this methodology on
more recent data with a higher degree of detail compared with that of the open-source ones
could further improve the evaluation of the emission rate conversion factors, thus, resulting
in more accurate estimates of methane and hydrogen emission rates in blending scenarios.
Our findings reveal that the total volumetric leak rate increases due to the presence of
hydrogen. The increase in gas volume lost is primarily attributed to hydrogen, reflecting
the distinct behaviors of methane and hydrogen under varying flow regimes.

Our findings reveal that while the overall volumetric emission rates increase, primarily
due to hydrogen’s lower density, methane emissions decrease by 5.9% in mainlines and
8.2% in service lines. However, when accounting for the 10% hydrogen blend’s effect on
the Global Warming Potential, the net reduction in greenhouse gas emissions is 5.4% for
mainlines and 7.7% for service lines. Our findings highlight that emission rate changes
are not uniform across the network; different components are affected to varying degrees
depending on their initial emission rates and the prevailing flow conditions. Methane
emissions, for example, are particularly influenced by the fluid regime, with turbulent
conditions having a significant impact. In contrast, hydrogen emissions are more sensitive
to rarefaction effects, especially in free molecular flow scenarios. Additionally, when
hydrogen is treated as a secondary greenhouse gas, the overall reduction in greenhouse
gas emissions is less than the results achieved with methane alone. This highlights the
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importance of conducting a comprehensive environmental impact assessment to fully
understand the implications of hydrogen blending.

In terms of safety, this study identifies specific infrastructure components, such as
bare steel and cast iron mains, as more prone to higher hydrogen emissions. The findings
suggest that hydrogen blending strategies should be carefully tailored to minimize risks,
particularly in urban areas where mainlines are located near sensitive targets.

The methodology developed in this study offers a valuable tool for evaluating the
impact of hydrogen blending on emissions in natural gas networks. It can be applied to
existing leak detection and repair databases, providing critical insights before the actual
deployment of hydrogen in these systems.

Future research should focus on refining the understanding of leak dynamics and
improving the accuracy of emission estimates, particularly in relation to the effects of
tortuosity and leak geometries.
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of the Correction Factor relative change at pressure ratios ranging from 1.01 to 4.03 with uniform step
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factors. Figure S4: Relative contribution of CH4 and H2 mean emission rates from leakage in mains
and services. Natural Gas versus blend comparison. Figure S5: Relative contribution of CH4 and
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