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Abstract: As an alternative to the construction of new infrastructure, repurposing existing natural
gas pipelines for hydrogen transportation has been identified as a low-cost strategy for substituting
natural gas with hydrogen in the wake of the energy transition. In line with that, a 342 km, 36′′

natural gas pipeline was used in this study to simulate some technical implications of delivering the
same amount of energy with different blends of natural gas and hydrogen, and with 100% hydrogen.
Preliminary findings from the study confirmed that a three-fold increase in volumetric flow rate
would be required of hydrogen to deliver an equivalent amount of energy as natural gas. The effects
of flowing hydrogen at this rate in an existing natural gas pipeline on two flow parameters (the
compressibility factor and the velocity gradient) which are crucial to the safety of the pipeline were
investigated. The compressibility factor behaviour revealed the presence of a wide range of values
as the proportions of hydrogen and natural gas in the blends changed, signifying disparate flow
behaviours and consequent varying flow challenges. The velocity profiles showed that hydrogen can
be transported in natural gas pipelines via blending with natural gas by up to 40% of hydrogen in the
blend without exceeding the erosional velocity limits of the pipeline. However, when the proportion
of hydrogen reached 60%, the erosional velocity limit was reached at 290 km, so that beyond this
distance, the pipeline would be subject to internal erosion. The use of compressor stations was shown
to be effective in remedying this challenge. This study provides more insights into the volumetric and
safety considerations of adopting existing natural gas pipelines for the transportation of hydrogen
and blends of hydrogen and natural gas.

Keywords: hydrogen blending; natural gas; compressibility factor; erosional velocity; hydrogen
transportation

1. Introduction

The role of hydrogen in the transition to a low carbon economy has continued to
surface among stakeholders in the scientific and industrial communities. One of the major
benefits of hydrogen fuel is its nearly zero-carbon footprint at the point of utilization [1]. It
can, therefore, serve in lowering carbon emissions. Despite this benefit, the development
and implementation of the transportation infrastructure have been identified as one of
the main challenges in the pursuit of a low carbon economy, where hydrogen replaces
natural gas [2]. Consequently, as part of their strategy to use hydrogen, stakeholders
plan to gradually change the composition of their existing gas infrastructure by blending
hydrogen and natural gas. For instance, the UK is targeting 20 to 30% blends of hydrogen
and natural gas in the short term. In the mid and long term, up to 100% hydrogen is
planned for transportation along high-pressure pipelines [3]. This has been considered the
most economically viable option for long-distance hydrogen transportation [4]. There are,
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however, many challenges that have to be addressed in the quest to transport hydrogen
through existing natural gas pipelines. This includes the satisfaction of end-users since
hydrogen possesses a lower heating value than natural gas. In addition to that, hydrogen
is more susceptible to leakage from gas pipelines and the pipes are more vulnerable to
embrittlement when transporting hydrogen than they are with natural gas [4]. Nonetheless,
one benefit of hydrogen is its higher compressibility characteristics. Relative to natural
gas, this attribute could enable hydrogen delivery at lower pressures, hence, reducing the
potential risk of embrittlement that is associated with high-pressure (HP) flow in pipes [5].

Therefore, in addition to the determination of the amount of hydrogen gas that would
deliver equivalent energy contents as natural gas, accurate investigation of the effect of
fluid and flow properties such as the compressibility factor, and velocity on the safe and
efficient transportation of hydrogen and hydrogen blends is important as they influence gas
flow in the pipelines [6]. Additionally important are the choice and design of compressor
stations [4] and the quality of the gas delivered [7]. Table 1 provides the physical properties
of both methane and hydrogen, which are essential in understanding their transportation
in HP gas pipelines.

Table 1. Properties of natural gas and hydrogen at 100 bar and 303 K.

Property Methane Hydrogen

Molecular weight (g/mol) 16.0425 2.0159
Density (kg/m3) 74.6208 8× 10−3

Specific gravity 5.539× 10−1 6.96× 10−2

Dynamic viscosity (Pa·s) 1.3955× 10−5 9.168× 10−6

Kinematic viscosity (m2/s) 1.8702× 10−7 1.15× 10−3

Gross heating value (MJ/m3) 37.6315 12.0793
Thermal conductivity (W/(m·K)) 4.48× 10−2 1.561× 10−1

Although it is common knowledge that the energy content of natural gas is roughly
three times that of hydrogen, the implications of tripling the gas volumetric flow rate for
the flow of hydrogen in existing natural gas infrastructure to achieve the same energy
value as natural gas is yet to be well understood. Furthermore, the safety of the process
requires more critical analysis because of the wide discrepancies in flow properties that the
flow of the two fluids will have under the same flow conditions due to their differences in
physical and chemical properties. Therefore, the decision to transport hydrogen in natural
gas pipelines will require answers to questions such as (i) how do the lower density and
higher compressibility characteristics of hydrogen, relative to natural gas, affect its flow
and what changes would be required for the flow of natural gas and hydrogen blends and
the flow of 100% hydrogen in infrastructures originally designed for natural gas flow? and
(ii) what modifications would be required to prevent hydrogen embrittlement and seepage
for hydrogen flow in gas pipelines?

This work attempts to answer some of these and similar questions through process
simulation of the transportation of hydrogen in natural gas pipelines by (i) estimating the
volumetric flow rate equivalent of hydrogen that will deliver the same amount of energy
as natural gas; (ii) providing an understanding of the effect of blending hydrogen with
natural gas for transportation in existing natural gas infrastructure on flow parameters like
the compressibility and velocity; and (iii) highlighting the implications of accelerating the
volumetric flow rate of hydrogen in natural gas pipelines to provide an equivalent amount
of energy as natural gas.

2. Theory
2.1. Energy Contents of Natural Gas and Hydrogen Blends

The energy or heating value of natural gas is reduced when it is blended with hydro-
gen. This property of natural gas–hydrogen blends has been attributed to the very low
energy density of hydrogen [8]. In addition to the alteration in the energy value, blending
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natural gas with hydrogen significantly alters other combustion properties such as flame
velocity, burning velocity, and greenhouse emissions [8–10]. Figure 1 shows the heating
potential of various blends of methane/hydrogen mixtures.
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Figure 1. Energy contents of natural gas (NG) and hydrogen (H2) blends.

2.2. Pipeline Transportation of Gases

Most of the industrial hydrogen is obtained from fossil fuels through steam reforming
of natural gas and partial oxidation of methane. Natural gas is produced as associated gas
from the gas cap of saturated oil reservoirs or solutions of undersaturated oil reservoirs
and as non-associated gas from dry gas reservoirs [11,12]. These fossil fuels are rarely
consumed or processed into finished products at their point of extraction.

While crude oil produced from land rigs can be stored on-site (in storage tanks) and
later moved by land via tankers, rail, or transported through pipelines to refineries or
sales terminals, crude oil from offshore platforms is seldom stocked on-site due to space
constraints, but are usually transported through pipelines, for shallow waters, and through
FPSO (Floating, Production, Storage, and Offloading) vessels for deep seas. Produced
natural gas/methane, on the other hand, is transported almost immediately after they are
produced and processed into pipeline quality gas through HP transmission pipelines or
as LNG (liquefied natural gas), where pipeline transmission is geographically impossible
or uneconomical [13]. Like natural gas, hydrogen gas often requires transportation from
where it is manufactured to the locations of final consumption.

In the development of a hydrogen economy, the connection between locations where
hydrogen is produced and where they are desired for use is a topic of great concern [14].
This has been adjudged by stakeholders to be less problematic and worrisome over short to
medium distances, but challenging in long-distance pipelines [15]. Nonetheless, hydrogen
has been transported safely with pipelines since the 1930s [14,16] and as of 2016, an
estimated 4542 km of pipeline networks for hydrogen transportation existed globally with
over 50% of them spread across the U.S. [17].

2.3. Hydrogen Pipelines: A Case for Adopting Existing Natural Gas Pipelines

Hydrogen has been adjudged to be a low-carbon fuel and acclaimed to possess the
potential of being a major player in the energy transition toward global decarbonisation
as a replacement for natural gas [18–20]. This presents the challenge of transporting it
from the point of production to the location of end-users like most energy resources [15].
In the U.S. alone, for instance, existing natural gas infrastructure stretches up to three
million miles of pipeline networks “including mainline and other pipes transport linking
production and storage facilities with customers” [18]. Going by the American Petroleum
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Institute’s estimate of $5.34 million per mile for the cost of the average U.S. gas pipeline,
using 30 inches for an average pipeline size [21], the cost of the three million miles of U.S.
pipeline networks will amount to $16.02 trillion. To estimate an equivalent cost of hydrogen
infrastructure, a multiplicative factor of 1.875 has been advised to account for the extra
labour cost of the specialised sealing of pipe fittings (for hydrogen leakage prevention) and
the cost of additional materials for the prevention of hydrogen embrittlement [22]. There-
fore, an estimated $30.0375 trillion will be required to construct hydrogen infrastructure
that will traverse the distance of today’s U.S. natural gas infrastructure. As an alternative to
constructing new ones, adapting existing natural gas pipelines for hydrogen transportation
could significantly reduce this cost.

The use of existing natural gas pipelines for hydrogen gas transportation has been
given wide considerations in the past: pipeline transmission of hydrogen and natural gas
blends has been rated as the most economical means of transporting large quantities of
hydrogen over great distances [23]. Studies have also shown that if the hydrogen content
of a hydrogen–natural gas mixture does not exceed one-fifth of the flow stream volume, it
can be transported in existing natural gas pipeline networks with little or no modifications
to the networks [15,24,25]. It has also been shown that 100% hydrogen can be transmitted
at an approximately equal cost of 100% natural gas for a given distance of 500 km and an
energy delivery rate of 1.0 GW if its production pressure is increased from atmospheric to
a level of 6.5 bar, suggesting that long-distance transmission of hydrogen and hydrogen–
methane blends may not be as economically viable as stakeholders posit [24]. In addition to
these cost and technical implications, the introduction of hydrogen gas in existing natural
gas infrastructure has more “energetic, material, and operational implications” that should
be taken into cognisance, along with the effect of such practices on the performance of
end-user equipment [25].

Some of the so-called “energetic” implications are the significant decrease in the
volumetric flow rate (and total mass flow rates), the reduction in compressor power output,
and increased energy consumption per compression stage per unit amount of delivered
energy value and for a given set of operating conditions and pipeline dimensions that result
when hydrogen is blended with natural gas and transported through pipelines because of
the lower calorific value of hydrogen relative to natural gas or methane [15,23,25]; implying
that the amount of energy delivered by the same pipeline will be a lot less with hydrogen
and hydrogen–methane blends than it would be if it were to deliver only natural gas
(methane) [26]. Quintino et al. [24] estimated that this loss could amount to about 10% in
transport energy for a 100% shift toward a grid with 100% hydrogen.

The majority of concerns regarding the material implications of using an existing
natural gas pipeline for hydrogen gas transportation centre on the safety implications such
as the ability of hydrogen gas to embrittle materials, escape easily from containment, ignite
under low amount of energy, its wide flammability range, and its extremely low density.
It has been proven that the durability of some metal pipes can degrade when they are
exposed to hydrogen over long periods, particularly with hydrogen in high concentrations
and at high pressures [27]. To avoid embrittlement, it is advised that distribution lines,
joints, and special parts are manufactured using steel containing a low percentage of carbon
or tempered steels with tensile strength, Rm < 9500 bar, without superficial defects [15].

It is noteworthy, however, that studies on the “size of hazardous zones around
pipelines transporting a mixture of natural gas and hydrogen indicate that, compared
to pipelines transporting natural gas with the same parameters, the range of the zones is
smaller” [23]. An estimate was also made of the drop in steel fracture toughness due to the
impact of hydrogen. “The drop involves a rise in the probability of the pipeline damage. In
the case of a gas mixture transport, the risk understood as the product of the probability of
the gas pipeline failure and the effects thereof may be higher” [23].

In a nutshell, hydrogen gas transportation costs, like most commodities, are directly
proportional to the distances to be covered whether they are transported with existing
natural gas pipelines or not. Although additional expenditure would result from the modi-
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fications required to prevent hydrogen seepages and hydrogen embrittlement, as earlier
mentioned, and also, an extra cost for the additional compression energy requirements
per unit energy value, hydrogen transportation with the existing natural gas pipeline is
a cheaper alternative to the creation of new hydrogen pipeline networks for the same
purpose [23]. However, the cost of extracting hydrogen from the hydrogen and natural gas
blend should be factored into the economic analysis of hydrogen transportation through
existing gas infrastructure via blending with natural gas.

2.4. Flow Parameters in Hydrogen Pipelines

For minimum wall resistance to flow, even distribution of internal pressure, and
minimal stagnation of the flow stream, gas transmission and distribution pipelines are
cylindrical. Gas flow in circular pipes is governed by gas properties, operating conditions,
pipeline properties, flow equations/gas laws/theories, and phenomena. Gas properties
that are significant to gas flow in porous media and circular conduits like pipelines include
gas composition, gas quality, apparent molecular weight (Ma), specific gravity (γg), gas
compressibility factor (z), gas density (ρg), specific volume (v), isothermal gas compress-
ibility coefficient (cg), gas formation volume factor (Bg), gas expansion factor (Eg), and
viscosity—dynamic, apparent, and kinematic [28,29]. Crucial operating conditions include
pressure (p), temperature (T), Reynold’s number, flow rate, or velocity (u), etc. Pipeline
properties relevant to gas flow include friction factor (f), pipe length (L), pipe diameter
(D), etc., while the governing laws for gas flow in circular pipes include equations of state
(EOS) like the General Gas law, Peng Robinson EOS, Pan Handle A. EOS, Virial EOS, etc.,
and the boundary layer theory [28,29]. The introduction of hydrogen into existing natural
gas pipelines or blending of hydrogen with natural gas for transportation in existing gas
networks will have effects on the above-mentioned flow behaviours, fluid properties, gov-
erning equations and laws. Such effects underscore the differences between hydrogen and
natural gas transportation [30].

2.4.1. Hydrogen Blending Effect on Flow Parameters during Hydrogen Transportation in
Existing Pipelines

Typical examples of the modifications to the properties and behaviour of the flow
stream in existing gas pipelines that blending with hydrogen causes were observed in a
recent study of the effects of hydrogen blending on the Joule–Thompson (J–T) coefficient of
the flow stream when natural gas and hydrogen blends travel in pipelines [30]. In the work,
the theoretical formulas for calculating the J–T coefficient of the natural gas–hydrogen
mixture using the Soave–Redlich–Kwong (SRK) equation of state (EOS), Peng–Robinson
EOS (PR–EOS), and Benedict–Webb–Rubin–Starling EOS (BWRS–EOS) were first derived
and verified with empirical data. Then, the J–T coefficients of the flow stream at six different
hydrogen blending ratios and thermodynamic conditions were calculated and analysed
using the derived theoretical formulas and an already established empirical formula for
calculating the J–T coefficient. It was discovered that the J–T coefficient of the natural
gas–hydrogen mixture decreased approximately linearly with the increase in the hydrogen
blending ratio such that when the hydrogen blending ratio reached 30% (mole fraction),
the J–T coefficient of the natural gas–hydrogen mixture decreased by 40–50% compared to
that of natural gas. This is significant because the J–T effect induces significant temperature
changes, which can create extreme thermodynamic changes in the transportation network.
For instance, its cooling effect can create conducive conditions for gas hydrate formation
and consequent blockages in valves or gas pipelines and condensate banking/water drop
out in the wellbore during wet gas, associated gas or condensate production. For the flow
of hydrogen and natural gas blends, the J–T coefficient by the SRK–EOS, µSRK, is expressed
as shown in Equation (1) [30]:

µSRK =
1
cp

[
T
ρ2

(
∂p
∂T

)
ρ,PR

/
(

∂p
∂ρ

)
T,PR
− 1

ρ

]
(1)
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where
(

∂p
∂T

)
ρ,PR

= ρR
1−ρb −

ρ2 da
dT

1+ρb ;
(

∂p
∂ρ

)
T,PR

= RT
(1−ρb)2 −

(2+ρb)a
(1+ρb)2 ; da

dT = 0.5
C
∑

i=1

C
∑

j=1

xixj

(
dai
dT ai

−0.5aj
0.5 + ai

−0.5aj
0.5 daj

dT

)
·
(
1− kij

)
; ρ = 1

v is the molar density in kmol/m3; a
and b are obtained from the SRK-EOS given in Equation (2) by mixing the corresponding
coefficients of the components in the hydrogen and natural gas blend using the mixing rule
given in Equation (3),

p =
RT

(v− b)
− a

v(v + b)
(2)

where p is the system pressure, kPa; T is the system temperature, K; v is the molar
volume m3/kmol; R is the universal gas constant, R = 8.3145 kJ/(kmol·K); the attraction

parameter a = a(Tc)α, where a(Tc) =
0.42748RT2

c
Pc

and α =
[
1 + K

(
1−
√

Tr
)]2; b = b(Tc) =

0.008664RTc
Pc

; Tc and Pc are critical temperature and critical pressure, respectively; Tr is the
reduced temperature, Tr =

T
Tc

; and κ = 0.48508 + 0.55171ω − 0.15613ω2, where ω is the
acentric factor. The mixing rule used is:

a =
C

∑
i−1

C

∑
j=1

yiyj
(
aiaj
)0.5(1− kij−SRK

)
, b =

C

∑
i=1

yibi (3)

where C is the total number of components; yi is the mole fraction of componenti; and
kij−SRK is the binary interaction coefficient between components i and j for the SRK–EOS,
kij−SRK = k ji−SRK, and kii−SRK = 0.

Using the PR-EOS, the J–T coefficient for the flow of hydrogen and natural gas blends
is expressed as shown in Equation (4) [30]:

µPR =
1
cp

[
T
ρ2

(
∂p
∂T

)
ρ,PR

/
(

∂p
∂ρ

)
T,PR
− 1

ρ

]
(4)

where
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∂p
∂T

)
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= ρR
1−ρb −
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1+2ρb−ρ2b2 ;
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∂p
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= RT
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−0.5aj
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−0.5aj
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dT

)
·
(
1− kij

)
; ρ = 1

v is the molar density in kmol/m3; a (the
attraction parameter) and b are obtained from the PR-EOS given in Equation (5) below by
mixing the corresponding coefficients of the components in the hydrogen and natural gas
blend using the mixing rule given in Equation (6),

p =
RT

(v− b)
− a

v(v + b) + b(v− b)
(5)

where p is the system pressure, kPa; T is the system temperature, K; v is the molar
volume m3/kmol; R is the universal gas constant, R = 8.3145 kJ/(kmol·K); the attrac-

tion parameter a = a(Tc)α, where a(Tc) = 0.457248R2T2
c

Pc
and α =

[
1 + K

(
1−
√

Tr
)]2;

b = b(Tc) =
0.00778Tc

Pc
; Tc and Pc are critical temperature and critical pressure, respectively;

Tr is the reduced temperature, Tr =
T
Tc

; and κ = 0.37464 + 1.54226ω− 0.26992ω2, where ω,

the acentric factor is given by w = 3
7

[
log10

(
pc

patm

)
Tc

Tb−1

]
− 1; Tb is the boiling temperature. The

mixing rule used is:

a =
C

∑
i−1

C

∑
j=1

yiyj
(
aiaj
)0.5(1− kij−PR

)
, b =

C

∑
i=1

yibi (6)

where C is the total number of components; yi is the mole fraction of component i; and
kij−PR is the binary interaction coefficient between components i and j for the PR–EOS.
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Similarly, the BWRS–EOS, the J–T coefficient for the flow of hydrogen and natural gas
blends is expressed in Equation (7) [30] and like µSRK and µPR, the values of µBWRS, and its
consequent cooling and/or heating effect on the flow of natural gas and hydrogen blends,
will vary based on the proportions of hydrogen and natural gas in the blend.

µBWRS =
1
cp

[
T
ρ2

(
∂p
∂T

)
ρ,BWRS

/
(

∂p
∂ρ

)
T,BWRS

− 1
ρ

]
(7)

2.4.2. Gas Compressibility and Compressibility Factor Effects on Hydrogen Transport in
Existing Gas Pipelines

Like the J–T coefficient discussed in the previous section, the gas compressibility
factor is an important parameter in the flow of gases through pipes and porous media
and its value will change significantly, relative to the value for the flow of natural gas,
when blends of natural gas and hydrogen are being transported [10]. The compressibility
factor is a measure of how much the behaviour of real gases deviates from the ideal gas
law. The deviation exists because the ideal gas law (Equation (8)) was derived under the
assumption that molecular volumes are not significant and that individual molecules do
not possess attractive or repulsive forces between them; neither of which is true for real
gases [28], especially at high pressures and low-temperature conditions. In other words,
the compressibility factor tells us how much the thermodynamic properties of a real gas
change from those expected from an ideal gas. It is determined by the gas composition [31]
and can be expressed as the ratio of the actual volume of a real gas to the volume predicted
by the ideal gas at the same temperature and pressure as the actual volume [32]. Therefore,
the value of the compressibility factor for an ideal gas is unity (since there is no deviation
in volume). “Air is very nearly an ideal gas where z = 1.0. Methane and CO2 exhibit
distinctly nonlinear (and often nontrivial) response to applied force” [31]. The ideal gas
law is defined as given in Equation (8):

pV = nRT (8)

While the real gas law corrected for non-ideality is given by Equation (9):

pV = znRT (9)

where p = absolute pressure, Pa; V = volume, m3; z = gas compressibility factor, dimensionless;
n = number of moles of the gas, mole; R = universal gas constant, 8.314 J/mol·K; T =
absolute temperature, K.

To reiterate the significance of the gas compressibility factor, it is worth mentioning that
the negligence of the deviation from ideal gas behaviour is a leading cause of engineering
failures in the oil and gas industry [31]. In addition, the compressibility factor is directly
related to the density of a gas stream (Equation (9)), hence its flow rate and isothermal
compressibility [29,31]. It is also an important tool for direct and indirect determination of
many reservoir fluid properties in the oil and gas industry and a very essential variable
for the quick estimation of the initial gas in place [12]. It is also an important factor to rely
on when dealing with gas metering as the volume flow of gas obtained from the orifice
meter depends on the accuracy of the z-factor [29]. Natural gas compressibility factor (z) is
also a key factor in the gas industry for natural gas production and transportation [32,33]
and can characterize the formation and behaviour of hydrates. Due to the aforementioned,
several attempts have been made at estimating accurate values of the compressibility factor
of gases and at understanding how they affect gas flow.

An early study undertaken to investigate the flow of gases in pipelines under scenarios
of a constant gas compressibility factor throughout transient conditions and variable gas
compressibility factors at a constant temperature defined by the pressure encountered
during the transient flow revealed that compressibility factors change rapidly with vary-
ing pressure values [33]. This study, however, is limited by assumptions of negligible



Gases 2021, 1 163

pipeline elevation changes, isothermal and single-phase flow, constant gas composition
per experimental run, constant friction factors for a given pipe diameter, constant pipeline
cross-sectional area, and the restriction of boundary conditions to only the inlet and outlet
of the pipeline. Amongst others, the constant gas composition assumption precludes the
findings of this work for use in the analysis of the compressibility behaviour of different
proportions of natural gas and hydrogen blends.

Most recent works on the estimation of gas compressibility factors employed data
science and artificial intelligence methodologies such as artificial neural networks and
machine learning, which does not require the composition of the gas stream but properties
such as the gas density, temperature, pressure and Joule–Thompson coefficients as input
variables to study natural gas compressibility behaviours [34,35]. The results of such studies
are, unfortunately, only as accurate as the number of data points used. Too few data points
lead to model underfitting, while model overfitting and computational-intensiveness
characterise too many data points. In addition, hydrogen transportation via existing
natural gas pipelines has neither matured nor existed long enough to provide sufficient
data points—say 30,000 [34]—for building machine learning models for the study of the
compressibility behaviours of blends of natural gas and hydrogen in pipelines.

Empirical approaches have also been employed in the estimation of the compressibil-
ity factor and determination of gas compressibility behaviour. In another recent study, a
high pressure (HP) pressure-volume-temperature (PVT) apparatus was used to determine
the compressibility factors of samples of dry and wet natural gases from high temper-
ature (HT) and ultra-high pressure oilfields in north-western China [36]. The authors
discovered that the compressibility factors of these gas samples were considerably higher
than those of conventional natural gases and a positive correlation was observed between
the compressibility factor and the pressure within the high-pressure range investigated.
Although the results of this work were found to be more accurate than estimates from five
other established correlations for calculating the compressibility factor of natural gas, the
study is grossly limited in the scope of applicability because the findings and methodology
were not only confined to HT and ultra-HP gas wells but also streamlined to the range of
experimental values. While the study could prove to be invaluable in the development of
HP and HT gas wells, it provides little or no insight into the compressibility behaviour of
blends of natural gas and hydrogen when they flow in pipelines.

2.4.3. Embrittlement Concerns and How They Can Be Avoided in Hydrogen Pipelines

Hydrogen embrittlement of metallic pipelines has been tagged a “chief technical
concern” in the pipeline transportation of hydrogen gas [37]. In particular, pipeline welds
are susceptible to embrittlement due to the microstructure changes that can occur during
the welding process [37]. Hydrogen embrittlement of metals has been described as a
hydrogen-assisted degradation process, which occurs when a combination of metal hy-
drogenation (that occur simultaneously with corrosion) and working stresses facilitate
the development of in-bulk damage at nanoscales and microscales [38]. Conventional
approaches to the prevention of embrittlement in hydrogen pipelines, therefore, work
by impeding steel hydrogenation or limiting hydrogen diffusion into the lattice of the
pipeline material [17,39–41]. For instance, because steel pipelines become very susceptible
to hydrogen embrittlement for hydrogen concentrations above 30%, it has been advised
that distribution network sections that are made of cast iron and steel are replaced with
polyethylene [23].

2.4.4. Hydrogen Blending Effect on Pressure Behaviour in Gas Pipeline Transport
of Hydrogen

Pressure is the energy that causes and drives the flow of fluids in conduits. It is
defined as the force per unit area and expressed in SI unit of Pascal (Pa) or Newton per
square metres (N/m2). The pressure drops of gas flowing in a pipeline is a function of
the rate of gas flow, internal pipe diameter, pipe length, gas temperature, gas properties,
properties of the pipe wall, and initial properties of the gas as defined in Equation (9) [28].
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Figure 2 shows that the highest flow rate, Q, is indicated by curve (d) which has the highest
pressure drop. This is followed by curve (c), then (b), and subsequently, curve (a), which
has no flow.
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The presence of hydrogen in natural gas increases the pressure losses over the
pipeline [42] and hydrogen requires about four times more energy to travel in pipelines
relative to natural gas [5], necessitating hydrogen to be transmitted in pipelines at higher
pressures than natural gas [26]. This implies that natural gas transmission networks that
are desired for use in high-pressure hydrogen gas transmission will require a significant
upgrade in their pressure ratings, especially when the hydrogen–methane ratio in the blend
exceeds the 20% limit earlier acclaimed to warrant no modifications to the gas network.

2.4.5. Hydrogen Blending Effect on Velocity during Hydrogen Transportation in Existing
Gas Pipelines

The velocity of a flowing fluid stream is related to the volumetric flow rate, Q
(
m3/h

)
,

as shown in Equation (10).
Q = Av (10)

where A is the cross-sectional area of flow, m2 and v = velocity, m
h .

The gas velocity in any transmission or distribution main can be mathematically
expressed as given in Equation (11) and the maximum speed at which any gas can travel is
limited to the speed at which sound can travel in the same gas [29]. However, natural gas
cannot attain the speed of sound in methane (396 m/s) because natural gas typically flows
at less than 20 m/s. This is considered the erosional velocity limit [29]. The behaviour of
gas velocity profiles in natural gas pipelines is shown in Figure 3. The reason for this rise
in velocity with increasing pipe length is explained in the next section.
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Lighter components increase the velocity of a gas mixture in a horizontal pipe. How-
ever, the impact of density can overshadow the effect of the velocity of the mixture and
result in increased pressure losses, even in inclined pipelines [42].

u = 353.68ps

[
d

d5 p1
2 − 6211.1Q2 f SL

]0.5
(11)

where u is the gas velocity, m/h; ps is the pressure at standard conditions, Pa; p1 is the
inlet pressure, Pa; d is the pipe diameter, m; Q is the volumetric flow rate, m3/h; f is the
Fanning friction factor, dimensionless; S is the specific gravity of gas, dimensionless; and L
is the pipe length, m.

2.4.6. The Concept of Erosional Velocity Limit

The fundamental principle of gas transportation as described by the boundary layer
theory is that the collision of gas molecules with pipeline walls causes pressure losses due
to friction, hence, gases continue to expand as the pressure drops across the length of the
pipeline, causing an increase in the gas velocity. The huge difference in the density of
natural gas versus hydrogen implies that hydrogen moves faster than natural gas in most
cases along gas pipelines. Such an increase in velocity does not cause any safety concerns
unless it reaches the erosional limit, above which its contact with the pipeline internal walls
increases the pipe’s vulnerability to internal erosion and subsequent failure. For natural
gas transmission pipelines, this limit is defined by Equations (11) or (12) [29,43,44].

ve = N
c
√

ρ
(12)

where ve is the erosional velocity (m/s); N is a constant that has a value of 1.22 for
converting Equation (12) from field units to metric units; the empirical constant, c, ranges
in value from 100 to 250; and ρ is the gas density (kg/m3).

There is no theoretical velocity limit for gas flow in pipelines, however, a limit of
20 m/s is recommended to avoid internal erosion, which is aggravated by the presence of
dust, which is a common occurrence, in gas pipelines [44].
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2.5. Gas Network Modelling

Modelling and simulation of natural gas networks have enjoyed wide usage in recent
times with many studies aiming to optimise different parameters ranging from a single
objective such as the operating cost [45] to multiple operational objectives [46]. The
inclusion of natural gas network models in power systems reliability studies has also been
suggested by Munoz et al. [47] who explains that the methodology became expedient
in the wake of increasing construction of combined-cycle power plants in which the
gas and electricity systems are linked together for power generation in Spain and other
countries. Like most of the cases reviewed below, the methodology employed in these gas
network modelling studies are adequate and appropriate for the respective objectives of
the studies, however, they have limitations such as constant gas composition assumptions
(that limit them from being used in the modelling of hydrogen blending) and isothermal
flow assumptions in the model development, which is rarely the case in real-life pipeline
transportation of gases due to heat transfer between the gas stream and its environment and
several temperature-altering thermodynamic changes that occur as the gas is transported,
especially along long-distance transmission pipelines [48].

In the first case, Dorin and Leonida [49] developed a mathematical model for the
modelling and simulation of natural gas flow in pipelines and analysed the necessary
discretization processes needed for numeric integration of flow parameters such as pressure,
temperature, and fluid properties. Furthermore, using an implicitly numeric integration
method, more case studies of some flow processes through pipelines in distinct situations
were developed. Results from the work were tested for their accuracy against the results of
established empirical studies and deployed on the case studies. Despite the impressive
performance of the model developed, as reported by the authors, it is limited by the
assumption of isothermal conditions in the pipeline. Furthermore, the effect of the frictional
loss during the pipeline transportation of natural gas was completely omitted from the
model and elevation changes were either omitted or considered to be constant. These
conditions are far from those of realistic natural gas transmission pipelines.

In a later, similar study, a more robust numerical model was developed that fea-
tured detailed representations of compressor stations for the simulation of pressure and
other flow parameters of natural gas transmission pipeline networks of different config-
urations [50]. The flow parameters (or solutions of the model) were estimated using a
visual C++ code developed based on the Newton–Raphson technique [51–53]. The model
proposed in the study outperformed existing models for transmission pipeline network
simulation in the estimation of the energy consumption for different configurations of
natural gas transmission pipeline networks as model solutions (or flow parameters) were
calculated with less than 10 iterations of the Newton–Raphson technique-based visual
C++ code, thereby providing a tool for quick decision making and planning of natural gas
transmission pipeline systems. In addition to the fundamental limitations of the Newton–
Raphson solution techniques such as the low speed of convergence and the limited number
of iterations [54,55], the model proposed in the study does not contain any constraint that
restricts the estimated flow rate values to an erosional velocity limit (or alert operators
when it is been approached) following the stipulation of API RP 14E [56]. Negligence
for this safety concern could lead to internal erosions in the pipelines and consequent
system failures.

Modelling of natural gas pipelines is not limited to long-distant pipeline transmission
such as the scenarios discussed above. Studies of gas distribution network modelling and
simulation have also been done and reported: in a study focusing on gas flow dynamics
across gas ducts, two simplified models derived from the set of partial differential equations
governing the dynamics of gas flow through ducts were presented [57]. The authors who
recognised gas ducts as the main component in such kinds of networks accounted for
pipeline inclination in the models, which were solved using two solution approaches that
were implemented using the MATLAB-Simulink® tool.
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In a more recent gas distribution network modelling study that is more suitable for
large-scale deployment, an integrated study was undertaken and outcomes of it were
advised for use in assessing different strategies to improve the daily operation of the
network. The study features a steady-state gas network model, a gas consumption model,
sensor placement, leak detection, and leak minimization [58]. The gas network model was
developed using the steady-state Weymouth equation. The recommendations of the work,
though appropriately suited for natural gas distribution systems, are not suitable for use in
the long-distance pipeline transmission of natural gas or natural gas and hydrogen blends
as those were not in the scope of the study.

2.5.1. Capturing Individual Particle Interaction in Modelling of Gas and Hydrogen
Blend Flow

In this work, it is crucial to understand the effects of the interactions of the molecules
of the individual phases (natural gas and hydrogen) on the flow properties of the blends.
Therefore, conscious efforts were made not to assume or utilise constant properties for our
estimations where appropriate. For instance, although the SRK-EOS (Equation (2)) and
PR-EOS (Equation (5)) are famous among petroleum and gas engineers for fluid flow and
processes modelling, they are not ideal for the objectives of this study. This is because both
of them assume a fixed value of the critical compressibility factor (Zc) “for all substances”
including natural gas (“0.307 and 0.333 by PR and SRK respectively, whereas Zc varies
within a range of 0.2 to 0.3 for hydrocarbons”) [59]. Therefore, a different and more
appropriate model, the Esmaeilzadeh–Roshanfekr (ER–EOS) was used in this work. The
ER–EOS [60] is a components–dependent cubic EOS that models the interactions between
molecules using the principles of the generalized Van der Walls theory. The ER-EOS is
presented in Equation (13):

P =
RT

v− b
− a(T)

v(v + c) + c(v− c)
(13)

where υ is the molar volume m3/kmol; R is the universal gas constant, R = 8.3145 kJ/(kmol·K);
“a” is a function of temperature; and “b” and “c” are constants described as

a(Tc) = Ωa
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obtainable from α =
[
m1 + m2

(
1− T0.5

r
)]2, where m1, m2, and ςc are three substance-

dependent parameters that make the ER-EOS equation more suitable for modelling com-
ponent interaction at the molecular level. It has also been rated as the most accurate for
modelling the properties of light hydrocarbon phases such as gas condensates in pipe
conduits relative to PR and EOS, which are more reliable for liquid hydrocarbons such as
oil [60,61].

2.5.2. Pressure Gradient and Pressure Losses Modelling

A generic form of the pressure gradient for the flow of gas, liquid, or both phases
in a pipe was presented by Beggs and Brill, as shown in Equation (4) [62]. This robust
model, derived from laboratory data, applies to vertical, horizontal, uphill-inclined, and
downhill-inclined flow of gas. It has therefore enjoyed wide application for pressure
gradient modelling in petroleum and gas engineering processes. However, like most
empirically derived models, the Beggs and Brill model was developed based on accurately
and reliably measured flow parameters under laboratory conditions, so that it can only
work best on the proposed data range [63].

−dp
dZ

=

g
gc

sin θ
[
ρL + ρg(1− HL)

]
+
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A major cause of pressure losses in pipes is the frictional drag exerted by the pipe
walls on the moving fluid stream. This pressure loss, due to the wall friction, is expressed
in terms of the friction factor of the fluid flow. It is related to the Reynolds number and
relative roughness of the flow and pipe, respectively, as given by Colebrook and White [64]
in Equation (5).

1√
f
= −2 log10

(
ε

3.7D
+

2.51
Re
√

f

)
(15)

where f stands for Darcy’s friction factor; Re is the Reynolds number; and ε/D is the
relative roughness of the pipe. The variables f , Re and ε/D are all dimensionless.

3. Study Methodology
3.1. Simulation Workflow for the Transportation of Hydrogen and Natural Gas Blends in Existing
Gas Pipelines

In this study, a generic high-pressure pipeline model of 60 bar inlet pressure, delivering
to a power plant 342 km away was developed using a pipe diameter of 36′′. The natural
gas phase used throughout this work has the compositions specified in Table 2 and the gas
network analysis tool used was the Promax® Process Simulator. The generic experimental
workflow is presented in Figure 4.

Table 2. Components of the natural gas phase.

Component Mole Fraction (%)

Methane 93.76
Ethane 3.14

Propane 0.62
Butane 0.2
Pentane 0.07
Nitrogen 2.03

Carbon Dioxide 0.18Gases 2021, 1, FOR PEER REVIEW  14 
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The Esmaeilzadeh–Roshanfekr Equation of States (ER–EOS) (Equation (13)) was
utilized for the P–V–T–z (pressure–volume–temperature–composition) modelling in all the
experiments. In addition to its suitability for modelling lighter hydrocarbons relative to the
PR-EOS and the SRK-EOS [60,61], the choice of the ER-EOS is motivated by the objective of
accurately capturing the individual property interactions of the two phases in the natural
gas and hydrogen blends as opposed to modelling the flow stream as a single component.

The Beggs and Brill multiphase flow model [62] was used for the pressure gradient
modelling throughout the study for its versatility and suitability for gas modelling.

3.2. Determination of Volumetric Flowrate Requirements for Constant Energy Delivery by
Hydrogen and Natural Gas Blends through Natural Gas Pipelines (Free-Flow Modelling)

To find the equivalent volumetric flow rate of hydrogen that will deliver the same
amount of energy as a unit volumetric flow rate of natural gas, the pipeline model in
Figure 5 was used. In addition to the inlet and outlet parameters and the flow stream
compositions indicated in Figure 5 for 100% hydrogen, more attributes of the pipeline are
presented in Table 3 and Intermediate blends with 20, 40, 60, and 80% hydrogen proportions
were also investigated.
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Table 3. Additional model parameters for high-pressure flow of hydrogen in natural gas pipelines.

Input Variable Value Unit

Pipe length 342 km
Nominal pipe size, NPS 36 inch

Pipe wall thickness 0.25 inch
Maximum allowable operating pressure, MAOP (inlet) 70 bar (g)

Outlet pressure 17.34 bar (g)
Gas specific heat ratio 1.4 NA
Standard temperature 15.5 ◦C
Atmospheric pressure 1.01325 bar

Number of length of pipe increment 200 NA
The material of pipe construction Carbon steel NA

Inclination angle 0 degrees
Inlet pressure 60 bar (g)

The simulation approach is shown in Figure 4 (without the use of compressor stations).
The desired energy requirement was set at 6440 MW, while the fluid properties and pressure
gradient calculations were obtained as described in Section 3.1. Results of the experiment
are presented in Section 4.1.
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3.3. Investigating Safety Concerns of Hydrogen Transportation in Gas Pipelines

Regarding concerns for the reliability of existing pipeline infrastructure in transporting
hydrogen, another key issue that has attracted significant concern is the safety of the
pipelines [65]. This section explores some safety concerns that can arise from adopting
existing natural gas pipelines for hydrogen transportation via hydrogen and natural gas
blending. Specifically, the effects of blending on compressibility and the velocity profile of
the flow in the pipeline were explored.

3.3.1. Investigating Hydrogen Blending Effects on Compressibility Factor in HP Pipelines

The gas compressibility factor was shown in Section 2.4.2 to be both significantly
dependent on other flow parameters such as temperature and composition and capable
of influencing other crucial physical flow parameters such as the pressure—a prominent
factor in high-pressure pipelines [36].

Considering that negligence of the deviation from ideal gas behaviour (or the com-
pressibility factor) is a leading cause of engineering failures in the oil and gas industry [31],
this section investigates the effect of blending on the compressibility factor of the flow
stream in a gas pipeline. To do this, the HP gas pipeline model was built with the pa-
rameters in Table 3. Additionally, the fluid and multiphase flow correlations used for the
free-flow modelling (Section 3.2) were retained. However, the proportions of hydrogen
and natural gas were varied in increments of 10 from 100% natural gas flow stream to 100%
hydrogen flow stream. Different flow scenarios were investigated by varying the pipeline
pressure from 0 to 100 bar in increments of 20 bar. The flow pipeline velocity profile was
monitored throughout the experiment to ensure compliance with the limits stipulated in
international standard API 14E RP [56]. The compressibility factors exhibited the behaviour
described in Section 4.2.1.

3.3.2. Investigating Hydrogen Blending Effect on Flow Velocity in HP Gas Pipelines

The concept of maximum erosional velocity and the significance of monitoring the
velocity profile of the flow stream in a gas pipeline are elaborated in Section 2.4.6. In
essence, the mixture velocity should be kept below the erosional velocity value obtained
from Equation (12) or the recommended 20 m/s for natural gas pipelines [44]. In this
section, the effect of hydrogen blending on the behaviour of the velocity of the flow
stream was studied. To do this, the model and experimental procedure described above
(Section 3.3.1) was used, but at a constant pressure of 60 bar and temperature of 303.15 K,
and the flow velocity profile along the length of the pipeline was monitored and recorded
(See Section 4.2.2).

3.4. Keeping Pipeline Velocity Profiles within Recommended Limits with the Use of Compressor Stations

In Table 4, the erosional velocity values for different values of the constant, c, were
estimated from Equation (12) for the flow of natural gas at 60 bar inlet pressure and
303.15 K. At these conditions, the mass density of the natural gas mixture used in this
study was estimated (with the composition provided in Table 3) to be 45.185 kg/m3. The
velocity profiles estimated from Section 3.3.2 for the flow of different blends of hydrogen
were subsequently benchmarked against the estimates in Table 4 to assess the safety of
transporting hydrogen and blends of hydrogen and natural gas in the natural gas pipeline.
For some proportions of hydrogen in the blend, the pipeline velocity rose above both
the recommended erosional limit of 20 m/s and even above the worst-case scenario of
45.374 m/s, as shown in Table 4 (Section 4.2.2). To ensure that the velocities in the pipeline
remain below the erosional velocity limit throughout the network, a compressor station
was utilized midway along the 342 km pipeline (Section 3.3.2). The modified model thus
consists of two 171 km pipelines and a compressor station (as shown in Figures 6 and 7)
and was modelled for the flow conditions of 80% hydrogen/20% natural gas blend and
100% hydrogen, respectively.
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Table 4. Erosional velocity range for pipeline flow of natural gas at 60 bar, 303.15 K.

c 100 125 150 175 200 225 250
ve (m/s) 18.149 22.687 27.224 31.761 36.299 40.836 45.374
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Figure 7. Compressor station option model for 100% hydrogen.

The compressor defined in the model has a power of 27.507 MW, with a polytropic
efficiency of 75%, and pressure change across the compressor station was set at 16 bar. The
results of the experiments—the velocity profiles in the pipelines for different proportions
of hydrogen and natural gas blends—are presented in Section 4.3.

4. Results Presentation and Analysis
4.1. Constant Energy Delivery Volumetry Requirements of Transitioning from Natural Gas
to Hydrogen

The current energy delivery dilemma around switching from natural gas to hydrogen
is the volumetric inequalities imposed by the differences between natural gas and hydro-
gen. With hydrogen having lower energy contents (12 MJ/m3) compared to natural gas
(36 MJ/m3), it is essential to understand that an equal volume of hydrogen transported in
natural gas pipelines will only deliver about one-third of the total energy required. The
energy content gap can be bridged using additional hydrogen injected into the pipeline,
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depending on the blend’s composition required. In this study, the equivalent volumetric
flow rate required for the same volume of natural gas and different proportions of hydro-
gen and natural gas blends to deliver 6440 MW of energy were estimated and are shown in
Figure 8.

Gases 2021, 1, FOR PEER REVIEW  18 
 

 

 

Figure 8. Volumetric  requirements of natural gas and hydrogen  for a constant supply of 6440 MW energy value  (the 

intercept of the curve on the vertical axis indicates 100% natural gas). 

From Figure 8, the equivalent volume of 100% hydrogen that would deliver the same 

6440 MW supplied by 570 MMSCFD of natural gas is 1779 MMCSFD. Therefore, while 

discussions around smooth energy transition to hydrogen advocate for the adoption of 

existing pipeline infrastructure, it is noteworthy that to meet the volumetric equivalence 

of hydrogen in natural gas pipelines, the gas flow rate would need to be tripled for 100% 

hydrogen transport. Increasing the capacity of the pipeline by such a factor could trigger 

flow characteristics such as compressibility, velocity, and pressure drop to exceed the al‐

lowable safe limits stipulated by industry standards such as the API RP 14E, ASME B31.8, 

and BS 8010. In the subsequent sections, the effect of this volumetric constraint is investi‐

gated by exploring the relationship between the pressure, compressibility factor, velocity, 

and density of the blends under different flow conditions and compositions. 

4.2. Investigating Safety Concerns in Transporting Hydrogen with Natural Gas Pipelines 

4.2.1. Hydrogen Blending Effect on Compressibility Factor along the High‐Pressure 

Pipeline 

The compressibility behaviour when the flow stream is a blend of natural gas and 

hydrogen revealed two signeted regions: one of low compressibility associated with high 

hydrogen content  in the blend (up to 50–100%), and the region of high compressibility 

associated with high natural gas (principally, methane), as shown in Figure 9. An inter‐

esting observation in the behaviour of the compressibility factor is the wide range of val‐

ues that can be exhibited by the flow stream. For instance, the 100 bar curve (Figure 9) 

showed extreme high and low compressibility values, which tended to flatten with a de‐

crease in pressure. This is a significant indication that hydrogen transportation through 

pressure pipelines could be challenging due  to  the dynamic nature of  the  flow stream 

compressibility at HP conditions. 
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energy value (the intercept of the curve on the vertical axis indicates 100% natural gas).

From Figure 8, the equivalent volume of 100% hydrogen that would deliver the same
6440 MW supplied by 570 MMSCFD of natural gas is 1779 MMCSFD. Therefore, while
discussions around smooth energy transition to hydrogen advocate for the adoption of
existing pipeline infrastructure, it is noteworthy that to meet the volumetric equivalence
of hydrogen in natural gas pipelines, the gas flow rate would need to be tripled for 100%
hydrogen transport. Increasing the capacity of the pipeline by such a factor could trigger
flow characteristics such as compressibility, velocity, and pressure drop to exceed the
allowable safe limits stipulated by industry standards such as the API RP 14E, ASME
B31.8, and BS 8010. In the subsequent sections, the effect of this volumetric constraint is
investigated by exploring the relationship between the pressure, compressibility factor,
velocity, and density of the blends under different flow conditions and compositions.

4.2. Investigating Safety Concerns in Transporting Hydrogen with Natural Gas Pipelines
4.2.1. Hydrogen Blending Effect on Compressibility Factor along the
High-Pressure Pipeline

The compressibility behaviour when the flow stream is a blend of natural gas and
hydrogen revealed two signeted regions: one of low compressibility associated with high
hydrogen content in the blend (up to 50–100%), and the region of high compressibility
associated with high natural gas (principally, methane), as shown in Figure 9. An interesting
observation in the behaviour of the compressibility factor is the wide range of values that
can be exhibited by the flow stream. For instance, the 100 bar curve (Figure 9) showed
extreme high and low compressibility values, which tended to flatten with a decrease in
pressure. This is a significant indication that hydrogen transportation through pressure
pipelines could be challenging due to the dynamic nature of the flow stream compressibility
at HP conditions.
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4.2.2. Hydrogen Blending Effect on Flow Velocity along High-pressure Gas Pipelines

As described in Section 3.2, velocity constraints were not imposed on the experiment
for the free-flow stage. According to Figure 10, due to increasing pressure losses and
consequent density reduction, the velocity recorded increased above the erosional velocity
limit of 20 m/s for hydrogen contents greater or equal to 60% in the flow blend. This
behaviour indicates that the pipeline could fail due to erosion. Two technical solutions
to that are the use of compressor stations and pipeline looping. The result of adding a
compressor station is presented in Section 4.3.
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Figure 10. Velocity profile for gas pipeline flow of hydrogen blends (60 bar, 303.15 K).
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Once hydrogen is injected into the natural gas stream, even at 20% proportion, a
gradual increase in velocity was observed due to the decrease in the density of the combined
mixture. This trend continued for blends up to 40%, with the maximum velocity still within
the allowable velocity limits for the entire 342 km pipe length. On the other hand, 60%
hydrogen blends with natural gas will move the velocity–length graph into the region
of erosional velocity limit for a pipe length as short as 290 km, as shown in Figure 10.
This makes it necessary for compression or looping at that distance, which comes with
additional cost to the energy transition scheme.

To better understand the nature of the hydrogen blends vis-à-vis the high-velocity
profiles that pose safety concerns in the pipeline beyond the acceptable erosional limit, the
nature of the density changes for each blend provides better insights. This is shown in
Figure 11, where each arrow-headed dashed line shows the range of change in density for
the curve with the same colour.
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4.3. Velocity Profiles Behaviour with Compressor Stations in Existing Gas Pipeline Networks for
Flow of Hydrogen and Hydrogen and Natural Gas Blends

Figure 12 shows that the pipeline velocity can be kept below the recommended 20 m/s
natural gas pipeline erosional velocity limit for different proportions of hydrogen and
natural gas blends (up to 80% of hydrogen concentration for the range of parameter
utilized in this study) with the use of a single compressor station. It also shows that, for
pure hydrogen flow, more than one compressor station would be required with the first
compressor station positioned at 120 km length of the pipeline rather than 171 km, as the
erosional velocity limit was exceeded before the latter.
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Figure 12. Velocity profiles of hydrogen and hydrogen blends in gas pipelines with a single compres-
sor station (60 bar, 303.15 K).

4.4. Downstream Pressure versus Velocity Trade-Off

Because of frictional losses along gas pipelines, introducing hydrogen with signifi-
cantly lower molecular weight into a natural gas stream will increase the pressure loss and
subsequently cause acceleration of the gas molecules under a constant energy delivery
scenario. The free-flow scenario (Section 4.1) indicated an increase of up to three-fold
volumetric flowrate requirement in the same pipeline, thereby creating higher frictional
losses. The implication of this is that the hydrogen velocity increased up to ten-fold (from
6 m/s to 66 m/s), which is far beyond the maximum allowable velocity estimated as per
API RP 14E. The trade-off of pressure versus velocities is indicated in Figure 13.
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The trade-off behaviour between the pressure loss and velocity increase can be man-
aged with the use of lower blends of hydrogen in natural gas.

5. Discussion

A key parameter in constant energy delivery when natural gas is to be substituted
with hydrogen is the volume of hydrogen that will be required to deliver an equivalent
amount of energy for a given volume of natural gas. For the parameters examined in this
work, 570 MMSCFD of natural gas could be replaced by 1779 MMCSFD of hydrogen to
deliver the same amount of energy—6440 MW. In other words, a given volume of natural
gas would need to be tripled if the same amount of energy it generates is to be supplied by
100% hydrogen. This is attributable to the lower energy content of hydrogen (12 MJ/m3)
compared to the energy content of natural gas (36 MJ/m3). Intermediate blends with 20,
40, 60, and 80% hydrogen proportions were also investigated.

In addition to concerns of volumetric requirements, safety is also a major deciding
factor that deserves due cognisance in the transition from natural gas to hydrogen. The
safety of a gas pipeline is hugely dependent on the flow behaviour of the gas stream,
amongst other factors. For instance, the flow behaviour of gases in a constant diameter
pipeline is expected to show increased pressure drop with higher pipeline capacity and
increase in pipe length due to frictional drag along the walls of the pipeline [66,67]. As a
result, density reduction, and consequent increase in gas velocity, is experienced in gas
pipelines with increasing pipe length (or distance of travel of the gas) [28]; this is evident
in Figure 10. Additionally worthy of note in Figure 10 is the hike in the rate of increase in
the velocity profile for the curves signifying 60 and 80% hydrogen contents in the blend.
This behaviour is attributable to the gross volumetric increase and the consequent density
reduction, which occurs as the proportion of the lighter hydrogen phase exceeds that of
natural gas in the blend. The extent to which this phenomenon can cause flow parameters
(like the gas velocity) to deviate from the safe limits specified by international standards
such as the API RP14E [56] has only been sparsely investigated, especially with regard to
hydrogen transportation in natural gas pipelines.

Therefore, in this study, due attention was paid to the compressibility behaviour
and the maximum velocity constraints for each simulation. The high-pressure losses and
consequent high gas velocities noticed at the regions with ≥60% hydrogen in the results
of the investigation of the velocity profile (Figure 10) revealed the potential of pipeline
erosion at ≥60% hydrogen proportion in the blends; indicating that, within the range of
parameters investigated in this study, hydrogen can be transported in natural gas pipelines
by blending with natural gas by up to 40% without exceeding the erosional velocity limits
of the pipeline. However, when the proportion of hydrogen reached 60%, the erosional
velocity limit was reached at 290 km; so that, beyond this distance in the 342 km pipeline,
the system would be subject to internal erosion.

To avoid this, an alternative to the use of a single, long pipeline would be to invest in
additional compressor station(s) or pipeline looping for the transportation of such blends
(the former option was used in this study to keep the velocity profile below the recom-
mended erosional velocity limit of natural gas flow in pipelines for up to 80% hydrogen
concentration in the natural gas blend). This is expedient because, in addition to the length
of travel and pipe capacity, the introduction of hydrogen escalates the reduction in the
density of the blends (see Figure 11). Therefore, attention should be paid to the maximum
allowable flow velocity, with increasing hydrogen content, when designing for hydrogen
transportation through blending with natural gas in existing gas pipeline infrastructure.

6. Conclusions

• This study explored the adoption of the existing natural gas pipelines for hydrogen
delivery. A single pipeline flow was modelled to estimate the required volume of
hydrogen needed to deliver the same amount of energy for a given volume of natural
gas. Preliminary results from the study confirmed that a given volume of pure hydrogen
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gas would need to be tripled to deliver the same amount of energy as the same volume
of natural gas, indicating the accuracy and validity of the model predictions.

• The second stage of the study also confirmed that an existing gas pipeline can accom-
modate hydrogen and natural gas blends with up to 40% hydrogen without the need
for additional changes or investment in the pipeline infrastructure to mitigate internal
erosion because the velocity profile was within the acceptable limits prescribed by
API RP 14E. However, as the proportion of hydrogen in the blends was increased up
to and beyond 60%, excessive pressure losses became eminent. This was characterised
by the rising velocity, which eventually exceeded the erosional velocity limits before
the gas reached the discharge point. This is a cause for concern because the pipeline
could fail earlier than it is designed to last. To remedy this, technical solutions of using
compressor stations or pipeline looping are recommended.

• A third objective of the study that investigated the effect of hydrogen blending on the
behaviour of the compressibility factor also revealed that the compressibility factor
could possess a wide range of values as the proportions of hydrogen and natural
gas in the blends change. Consequently, disparate flow behaviours and resultant
varying flow challenges would be faced when transporting hydrogen blends within
existing pipelines.

• In a nutshell, this study has shown that increasing the capacity of a hydrogen pipeline
by up to three-folds of a given capacity of an existing natural gas pipeline will result in
the delivery of the same amount of energy but present peculiar flow behaviours and
challenges that are different from those observed in conventional natural gas pipelines.
This work, therefore, provides insights into the volumetric and safety considerations
of designing hydrogen transportation through pipelines by blending with natural gas
as the global community considers the replacement of natural gas with hydrogen in
the energy transition and decarbonisation campaigns.
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