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Abstract: The primary methods for hydrogen transportation include gaseous storage and
transport, liquid hydrogen storage, and transport via organic liquid carriers. Among these,
pipeline transportation offers the lowest cost and the greatest potential for large-scale,
long-distance transport. Although the construction and operation costs of dedicated hydro-
gen pipelines are relatively high, blending hydrogen into existing natural gas networks
presents a viable alternative. This approach allows hydrogen to be transported to the
end-users, where it can be either separated for use or directly combusted, thereby reducing
hydrogen transport costs. This study, based on the GERG-2008 equation of state, conducts
experimental tests on the compressibility factor of hydrogen-doped natural gas mixtures
across a temperature range of −10 ◦C to 110 ◦C and a pressure range of 2 to 12 MPa, with
hydrogen blending ratios of 5%, 10%, 20%, 30%, and 40%. The results indicate that the
hydrogen blending ratio, temperature, and pressure significantly affect the compressibility
factor, particularly under low-temperature and high-pressure conditions, where an increase
in the hydrogen blending ratio leads to a notable rise in the compressibility factor. These
findings have substantial implications for the practical design of hydrogen-enriched natural
gas pipelines, as changes in the compressibility factor directly impact pipeline operational
parameters, compressor characteristics, and other system performance aspects. Specifically,
the introduction of hydrogen alters the compressibility factor of the transported medium,
thereby affecting the pipeline’s flowability and compressibility, which are crucial for opti-
mizing and applying the performance of hydrogen-enriched natural gas in transportation
channels. The research outcomes provide valuable insights for understanding combus-
tion reactions, adjusting pipeline operational parameters, and compressor performance
characteristics, facilitating more precise decision-making in the design and operation of
hydrogen-enriched natural gas pipelines.

Keywords: compression factor; natural gas pipeline; hydrogen blending ratio; pipeline
operational parameters

1. Introduction
Hydrogen, as an ideal energy carrier, is characterized by its high energy conversion

efficiency and the fact that it only produces water vapor during use, without emitting
greenhouse gases or other harmful pollutants, making it a zero-emission, abundantly
renewable, highly efficient energy storage medium with high energy density, versatile
applications, reduced dependency on fossil fuels, improved air quality, and the construction
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of hybrid energy systems [1]. This makes it a promising option for achieving green, low-
carbon development. In recent years, advancements in hydrogen production technology
and the expansion of its application areas have propelled hydrogen into the spotlight
within the energy sector. Notably, its use in transportation, industry, and construction is
rapidly growing, demonstrating substantial commercial value and promising development
prospects [2]. However, despite the strong momentum in the hydrogen industry, several key
challenges must be addressed to enable large-scale adoption. First, low-cost, high-efficiency
hydrogen production technology remains a primary barrier to widespread hydrogen
use, especially regarding cost control for green hydrogen (hydrogen produced through
water electrolysis). Additionally, breakthroughs in the safe storage and transportation of
hydrogen are urgently needed to ensure a stable and reliable hydrogen supply chain.

In 1992, Lynch proposed the concept of transporting hydrogen-blended natural gas.
This mixed delivery approach not only allows for the large-scale, long-distance, safe, and
efficient transport of hydrogen, but also avoids the high costs associated with constructing
dedicated hydrogen pipelines, making it an economically and technically feasible solution
recognized internationally. Consequently, hydrogen-blended natural gas has garnered
widespread attention as a novel energy carrier [3]. Zeng et al. used the Peng–Robinson
equation of state to calculate the gas–liquid viscosity of hydrocarbons, finding that it
demonstrated superior predictive accuracy compared to experimental values [4]. Ren et al.
assessed the accuracy of the Sarem, CNGA, Peng–Robinson, AGA8-92DC, and BWRS equa-
tions of state in calculating the compression factor by comparing them to the Standing–Katz
chart. They concluded that AGA8 and BWRS offered the highest accuracy, with deviations
below 1%, followed by Sarem and PR, while CNGA showed the lowest accuracy [5]. Li et al.
calculated the Joule–Thomson coefficient (JTC) for natural gas and hydrogen-blended natu-
ral gas under varying pressures (0.1–10 MPa) and temperatures (10–50 ◦C) using empirical
formulas and the SRK, PR, and BWRS equations of state [6]. Pan et al. conducted numerical
simulations of hydrogen-blended natural gas combustion, analyzing the effects of different
hydrogen blending ratios on the flow field, temperature field, emission concentration,
and overall pollutant emissions in gas turbine combustors. Their findings validated the
engineering feasibility of hydrogen–methane blending [7]. Tong et al. investigated the
outcomes of leakage and explosion incidents of hydrogen-blended natural gas under vary-
ing pipeline pressures and leakage directions, comparing peak explosion overpressures
from different leak directions and their impact on buildings [8]. Wang et al. refined a
non-adiabatic pipeline leakage model to study the flow characteristics of hydrogen-blended
natural gas leakage. Their results indicated that increasing the initial pressure leads to
a higher leakage rate and longer leakage duration, with lower temperatures observed at
the same time points. Moreover, higher hydrogen concentrations resulted in slower mass
leakage rates, greater pressure drop rates, and lower minimum temperatures [9]. Alaa
et al. used the MLFN neural network to calculate the compressibility factor of natural
gas, which facilitated the estimation of hydrocarbon content in natural gas based on its
physical properties, proving that the MLFN neural network was an important, beneficial,
and cost-effective technology for calculating the compressibility factor of natural gas [10].

Using existing pipelines to transport hydrogen-blended gas introduces new safety
and technical challenges. Compared to methane, the primary component of natural gas,
hydrogen has a smaller molecular size and behaves more like an ideal gas under equivalent
pressure and temperature conditions, making it harder to compress. Consequently, when
hydrogen is blended into natural gas pipelines, the compressibility factor of the trans-
ported medium changes, which in turn affects pipeline operating parameters, compressor
characteristics, and other aspects of system performance [11]. The international standard
ISO 20765-2 [12], published in 2015, employs the GERG-2008 equation of state to calculate
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the thermophysical properties of natural gas across a wide range of temperatures and
pressures [13]. Based on the GERG-2008 equation, it is possible to achieve more precise
calculations of the compressibility factor for ultra-high-pressure natural gas. In this study,
we developed a computational program for determining the compressibility factor based
on ISO 20765-2 and the GERG-2008 equation of state and validated its accuracy.

In this study, we conducted experimental tests on the compressibility factor of a CH4-
H2-N2 ternary gas mixture across a temperature range of −10 ◦C to 110 ◦C and a pressure
range of 2 to 12 MPa, with hydrogen blending ratios of 5%, 10%, 20%, 30%, and 40%. We
analyzed how the compressibility factor of this ternary mixture varies with the hydrogen
ratio, pressure, and temperature under these experimental conditions. The findings from
this research provide valuable insights for optimizing and applying hydrogen-blended
natural gas in transport channels, understanding combustion reactions, and adjusting
pipeline operating parameters and compressor performance characteristics.

2. Compression Factor Calculation Method
2.1. Subsection AGA8-92DC Equation

The AGA8-92DC equation is primarily applied to pipeline gas transport within stan-
dard temperature and pressure ranges. Its fundamental form is as follows [5]:

Z = 1 + Bρm − ρr

18

∑
n=13

C*
n +

58

∑
n=13

C*
n ×

(
bn − cnknρkn

r

)
ρbn

r exp
(
−cnρkn

r

)
(1)

In this equation, B represents the second Virial coefficient; ρm is the molar density; ρr

denotes the reduced density; bn, cn, and kn are constants; and C∗
n is a coefficient that is a

function of temperature and composition.

2.2. Regression Equation

The regression model is a mathematical fit of the Standing–Katz compressibility factor
chart [14]. It includes various forms, such as cubic, exponential, explicit, and implicit
equations, all using reduced pressure, reduced temperature, and relative density as input
variables. For implicit equations, the Newton–Raphson method is used to obtain solutions.

2.2.1. Hall–Yarborough Equation

This method, developed by Hall and Yarborough, is derived from the Starling–
Carnahan equation of state [15]. It is applicable within the range 0.1 ≤ Pr ≤ 15.0 and
1.05 ≤ Tr ≤ 3.00.

Z =
0.06125T−1

r exp
[
−1.2

(
1 − T−1

r
)2
]

y
(2)

2.2.2. Redlich–Kwong Equation

This method is derived from the Redlich–Kwong equation of state [16] and is a
cubic equation in terms of the compressibility factor. It is applicable within the range
0.1 ≤ Pr ≤ 15.0 and 1.05 ≤ Tr ≤ 3.00.

Z3 − Z2 + Z
(

a2 − b2 p − b
)

p − a2bp2 = 0 (3)

a2 =
0.4278T2.5

c
pcT2.5 (4)

b =
0.0867Tc

pcT
(5)
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In this equation, pc represents the critical pressure of natural gas (MPa), and Tc denotes
the critical temperature of natural gas (K).

In 1972, Soave [17] proposed an improved version of the RK equation known as the
Soave–Redlich–Kwong equation (abbreviated as the SRK equation):

Z3 − Z2 +
(

A − B − B2
)

p − AB = 0 (6)

A =
ap

(RT)2 (7)

B =
bp
RT

(8)

In this equation, a and b are constants related to the types and states of the components
in the mixture; p represents the absolute pressure (MPa); R is the universal gas constant
J/(mol·K); and T denotes the temperature (K).

2.3. GERG-2008 Equation of State

The GERG-2008 equation of state was proposed by Kunz and Wagner in 2012 [12]. The
equations required for calculating the compressibility factor are as follows:

Z = 1 + δαr
δ (9)

δ =
c

(cr(x))
(10)

τ =
(Tr(x))

T
(11)

In this equation, Z represents the compressibility factor; α is the Helmholtz free energy;
and αr denotes the residual Helmholtz free energy. The subscripts δ and τ correspond
to the reciprocal of the reduced density and reduced temperature, respectively, and are
obtained using the following equation:

cr(x) and Tr(x) are defined by Equations (4) and (5), where the subscript r denotes
reduced conditions:

1
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In this equation, the subscripts i and j correspond to the respective components; cc is
the critical concentration mol/L; Tc represents the critical temperature; xi and xj denote
the mole fractions of components i and j, respectively; and βT,ij, γT,ij, βT,ij, and γT,ij are the
binary interaction parameters, the values of which can be found in ISO 20765-2:2015 [12].
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δ
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In this equation, ni,k, ci,k, di,k, and ti,k are coefficients and exponents; dij,k, tij,k, nij,k,
ηij,k, εij,k, βij,k, and γij,k are the coefficients and exponents of the deviation function; and Fij

represents the binary interaction coefficient. Here, i and j range from 1 to 21, and the values
of the coefficients and exponents can be found in ISO 20765-2:2015 [12].

From the analysis of Equations (9)–(16), it can be observed that there is only one
unknown variable, the concentration ccc, in the process of solving for the compressibility
factor. Therefore, the process of determining the compressibility factor can be regarded as
solving a first-order nonlinear equation. Among the methods commonly used for solving
first-order nonlinear equations are the Newton–Raphson method, the secant method,
and the bisection method. In this study, the bisection method is employed to solve the
compressibility factor of the CERG-2008 equation of state.

3. Results and Analysis
Through experimentation, this study investigated the compressibility factors of CH4-

H2 impurity gas mixtures under five different hydrogen blending ratios of 5%, 10%, 20%,
30%, and 40%. The specific proportions of each gas are detailed in Table 1.

Figures 1–5 demonstrated the changes in the compressibility factor under different
hydrogen blending ratios, temperatures, and pressures. These charts were used to visually
display the impact of hydrogen blending on the compressibility factor of natural gas
mixtures. This helped researchers understand how hydrogen doping affected the physical
properties of natural gas, especially in actual pipeline transportation, where these properties
significantly impact the fluidity and compressibility of the gas.
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Table 1. Gas ratios under different working conditions.

Experimental Conditions CH4 H2 Impurity Gas

Case 1 85.0% 5.0% 10.0%
Case 2 80.0% 10.0% 10.0%
Case 3 70.0% 20.0% 10.0%
Case 4 65.0% 30.0% 5.0%
Case 5 55.0% 40.0% 5.0%

3.1. Effect of Hydrogen Doping Ratio and Temperature

According to Figures 1–5, the compressibility factor of the mixed natural gas varies
with the hydrogen blending ratio and temperature under the same pressure conditions.
It can be concluded that, under these five experimental conditions, the compressibility
factor ranges from 0.76 to 1.10. The minimum compressibility factor of 0.7781 occurs
when the hydrogen content is 5%, with the temperature and pressure set at −10 ◦C and
12 MPa, respectively. Conversely, the maximum compressibility factor of 1.0390 is ob-
served at a hydrogen content of 40%, with the temperature and pressure at 110 ◦C and
12 MPa, respectively.

As the hydrogen blending ratio increases, there is a discernible upward trend in
the compressibility factor. At lower temperatures (such as −10 ◦C), the increase in the
compressibility factor is particularly pronounced when the hydrogen blending ratio rises
from 5% to 40%. For example, at a pressure of 10 MPa and a temperature of −10 ◦C, the
compressibility factor increases from 0.7986 to 0.9716 as the hydrogen ratio increases from
5% to 40%, corresponding to an approximate increase of 21.66%. Hydrogen, being the
lightest element with a molecular weight of only 2 g/mol, lowers the average molecular
weight of the mixture when blended with natural gas. This reduction in average molecular
weight enhances the gas’s compressibility, thereby increasing the compressibility factor.
Additionally, the incorporation of hydrogen may alter the intermolecular forces within the
gas mixture; due to the relatively weak intermolecular forces among hydrogen molecules,
this could further contribute to increased compressibility. This trend is also observed at
higher temperatures (such as 70 ◦C and 90 ◦C), although the increase is relatively modest.
This is attributed to the fact that rising temperatures elevate the average kinetic energy of
gas molecules, thereby increasing the average distance between them and reducing the
gas’s compressibility. For instance, at a pressure of 10 MPa and a temperature of 110 ◦C,
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the compressibility factor increases from 0.9637 to 1.0297 as the hydrogen blending ratio
rises from 5% to 40%, resulting in an approximate increase of 6.85%.

Under the same pressure conditions, higher temperatures are associated with smaller
variations in the growth rate of the compressibility factor, resulting in a slower increase
in the compressibility factor from experimental condition 1 to experimental condition 5.
Furthermore, an increase in pressure typically leads to a rise in the compressibility factor
of the gas. As illustrated in Figures 1–5, when the hydrogen blending ratio and pressure
are held constant, the compressibility factor tends to increase with rising temperature. For
instance, at a hydrogen blending ratio of 40% and a pressure of 4 MPa, as the temperature
increases from −10 ◦C to 110 ◦C, the compressibility factor rises from 0.9848 to 1.0152,
reflecting an approximate increase of 3.09%. This phenomenon can be attributed to the
lower average kinetic energy of gas molecules at low temperatures, which results in fewer
molecular collisions.

Based on the analysis above, we can conclude that the gas volume responds more
sensitively to changes in pressure, which makes the impact of increasing the hydrogen
blending ratio on the compressibility factor more pronounced. In contrast, at higher
temperatures, the average kinetic energy of gas molecules increases, leading to more
frequent collisions. This results in an expansion of the gas volume, which in turn lowers
the compressibility factor. This indicates that the impact of the hydrogen blending ratio on
the compressibility factor is more pronounced under low-temperature conditions.

3.2. Effect of Hydrogen Doping Ratio and Pressure

As shown in Figures 1–5, at higher pressures (such as 10 MPa and 12 MPa), the increase
in the compressibility factor is particularly pronounced when the hydrogen blending ratio
rises from 5% to 40%. This phenomenon is attributed to the fact that higher temperatures
increase the average kinetic energy of gas molecules, which in turn increases the average
distance between molecules, thereby reducing the gas’s compressibility. For example, at a
pressure of 12 MPa and a temperature of 90 ◦C, the compressibility factor increases from
0.9637 to 1.0297 as the hydrogen blending ratio increases from 5% to 40%, corresponding
to an approximate increase of 6.85%. This trend is also observed at lower pressures (such
as 2 MPa), although the increase is relatively modest. For instance, at a pressure of 2 MPa
and a temperature of 10 ◦C, as the hydrogen blending ratio increases from 5% to 40%, the
compressibility factor rises from 0.9548 to 0.9980, reflecting an approximate increase of
4.52%.

The impact of pressure on the compressibility factor is also significant. At the same
temperature, higher pressure results in larger variations in the growth rate of the com-
pressibility factor, leading to a more rapid increase from experimental condition 1 to
experimental condition 5. Moreover, increasing the temperature generally causes a de-
crease in the growth rate of the gas’s compressibility factor. At lower pressures (such as
2 MPa), the values of the compressibility factor are relatively low, and the increase in the
compressibility factor with rising hydrogen blending ratios is modest, with increments of
2.62%, 2.67%, 2.98%, 3.31%, 3.72%, 4.23%, and 5.07%. In contrast, at higher pressures (such
as 12 MPa), the compressibility factor values are higher, and the increments associated with
increasing hydrogen blending ratios are substantial, recorded as 9.21%, 10.58%, 11.70%,
14.78%, 17.92%, 22.81%, and 30.16%.

Based on the experimental analysis above, it is known that the effect of the hydrogen
blending ratio on the compressibility factor is more significant. In high-pressure experimen-
tal environments, the distance between molecules decreases, leading to more pronounced
intermolecular interactions, which in turn increases the non-ideality of the gas. Conversely,
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in low-pressure experimental environments, the greater the distance between molecules,
the weaker the interactions, causing the gas behavior to be closer to that of an ideal gas.

4. Conclusions
This study, based on the GERG-2008 equation of state, calculated the compressibility

factors under various conditions. The experimental results revealed the variations in
compressibility factors with respect to different temperatures, pressures, and hydrogen
blending ratios. The main conclusions of this research are as follows:

(1) At the same pressure, higher temperatures are associated with smaller variations
in growth rates, resulting in a slower increase in the compressibility factor as the
hydrogen blending ratio rises from 5% to 40%. Additionally, increasing temperature
typically leads to an increase in the gas’s compressibility factor.

(2) At the same temperature, higher pressures are linked to greater variations in growth
rates, causing a more rapid increase in the compressibility factor as the hydrogen
blending ratio changes from 5% to 40%. Furthermore, increasing pressure usually
results in an increase in the gas’s compressibility factor.

(3) The effect of the hydrogen blending ratio on the compressibility factor is more pro-
nounced under low-temperature, high-pressure conditions. When the temperature
and pressure are set at −10 ◦C and 12 MPa, respectively, increasing the hydrogen
blending ratio from 5% to 40% results in the compressibility factor rising from 0.7781
to 1.0128, corresponding to a growth rate of 30.16%.

(4) At a hydrogen content of 40%, a temperature of 110 ◦C, and a pressure of 12 MPa,
the compressibility factor is 1.0390, and the working conditions are optimal. This
results in a relatively high energy density of the gas, which allows for a more efficient
use of the pipeline capacity during transportation. The overall energy density of
the gas increases, reducing the construction and maintenance costs of pipelines, and
improving transportation efficiency.

Additionally, different concentrations of hydrogen have a significant impact on the
embrittlement of iron, with higher concentrations of hydrogen more likely to cause hy-
drogen embrittlement in iron. At the same time, as the hydrogen pressure increases, the
embrittling effect of hydrogen typically increases as well, but the results vary depending
on the material. The increase in hydrogen pressure usually leads to a decrease in fracture
toughness [18]. It is recommended that future research should further evaluate the per-
formance of different pipeline materials in hydrogen mixed-gas transportation, especially
their susceptibility to hydrogen embrittlement under varying temperatures and pressures.
This will provide a more reliable theoretical foundation and practical guidance for the safe
transportation of hydrogen, thereby promoting the widespread application and sustainable
development of hydrogen energy.
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