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The lack of hydrogen (H) transportation infrastructure restricts the development of the H,
industry. Owing to the high investment of building specific facilities, using existing natural
gas (NG) pipelines to transport a blend of H, and NG (H2NG) is a viable means of
transportation and approach for large-scale long-time storage. However, variation in the
thermo-physical properties of an H2NG blend will impact the performance of pipeline
appliances. To address the gaps in Hs transmission via an NG system in the context of
energy consumption, in the present paper, a one-dimensional pipeline model is proposed
to predict the blended flow in a real existing pipeline (Shan-Jing I, China). The data of NG
components were derived from real gas fields. Furthermore, the influence of H, fractions
on pipeline energy coefficient and the layout of pressurization stations are comprehensively
analyzed. In addition, the case of intermediate gas injection is investigated, and the effects
of injection positions are studied. This study serves as a useful reference for the design of
an H2NG pipeline system. The present study reveals that with the increasing in H, fraction,
the distance between pressure stations increases. Furthermore, when the arrangement of
original pressure stations is maintained, overpressure occur. Intermediate gas injection
results in the inlet pressure of subsequent pressurization stations reducing. Using existing
pipeline network to transport H2NG, it is necessary to make appropriate adjustment.

Keywords: hydrogen-natural gas mixture, pipeline, pressurization station, intermediate gas injection, hydrogen
transport

HIGHLIGHTS

e A one-dimensional model for high-pressure hydrogen-natural gas (NG) mixture
transportation.
e Studying the effects of hydrogen injection on the performance of an existing NG pipeline.

o Investigating the influence of intermediate gas injection.

INTRODUCTION

It is acknowledged that the large-scale use of fossil fuels directly causes global greenhouse gas (GHG)
emissions and, as such, strategies are required to eliminate these emissions to meet carbon-neutral
targets (Hengxuan et al., 2021; Mauricio et al., 2021). Although renewable energies such as solar,
wind, and tidal energies may produce net-zero carbon emissions, their effectiveness is intermittent
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FIGURE 1 | The process from H, production to application.
and consequently cannot be used as dispatchable energy sources. et al, 2021). However, the popularization of hydrogenation

Accordingly, the widespread use of such energies will require the
development of energy carries also without significant carbon
production, such as batteries, compressed air, hydrogen (H,) etc
(Cherigui et al., 2008; Mah et al., 2019; Nadaleti et al., 2020).
Among these energy carries, H, is typically viewed as the most
promising energy carrier due to its superior features, such as high
energy density and low energy loss during its storage process. In
addition to being an energy carrier, H, can also be applied as a
clean, efficient, and versatile form of energy. Hence, using H, as
an energy carrier is likely to flourish in the near future (Reufs
et al., 2019).

Apart from viewed as an energy carrier, H, itself can also be
applied as an energy source. H; is superior in terms of linking the
characteristics in a range of application scenarios, such as
electricity-gas conversion; it is also useful as a natural gas
(NG) energy supplement, a heat supply, and for use in green
transportation. The development of H, end-use products and the
construction has become pivotal factors for improving the
competitiveness and sustainable development of an H,
industry (Chintala and Subramanian, 2017). A sketch of the
process from H, production to its comprehensive application
as an energy source is shown in Figure 1 (Nadaleti et al., 2020).
Currently, among various H, applications, H, fuel cell (HFC)
technology represents the highest energy efficiency. This
technology emits only water and warm air, producing no
harmful tailpipe emissions, and is conducive to managing an
H, society and improving the public acceptance of H, energy
(Zhou et al., 2020). To date, HFC is mainly employed for vehicle
powering systems following rapid development in the past
decade. Hence, driven by policy and commercial interests, it is
expected that in the next few years, the number of terminal H,
users (e.g., hydrogenation stations) will increase sharply (Wang

stations requires significant investment (Kendall, 2018), and
the current insufficient infrastructure restricts the promotional
progress of HFC vehicles.

There are still several major issues that limit the popularization
of H, technology, including H, transportation. The uneven
distribution of H, between production sites and end-users
leads to the inevitable need for long-distance transportation.
At present, H, itself is primarily stored in large vessels and
high-pressure tanks and conveyed by trucks or other vehicles
(Cerniauskas et al., 2020). However, these approaches are far
from adequate for transporting large quantities of H, over long
distances in the future. Although the initial investment is higher,
pipeline transmission rates as the most efficient and economical
way for large quantities of fluid transportation over long
distances, and can also be applied for high-pressure pipeline
H, transportation (Qingmei et al., 2019). However, the long
construction period required for new H, pipelines may restrict
the proliferation of the H, energy industry to some extent. Ogden
et al. (2018) proposed a transitional method using existing NG
pipeline networks to transport blends of H, and NG (H2NG),
rather than constructing specific pipelines for H, delivery.
Research related to H2NG systems has attracted increasing
attention in recent years. Quarton et al. (Quarton and
Samsatli, 2020) evaluated the opportunities and challenges of
H, injection into NG distribution systems and found that the
system was able to support a share of the H, injection. The
researchers stated that H2ZNG could make use of the inherent
flexibility provided by the NG network in the low-carbon future,
which also presents a feasible strategy for maintaining and serving
decarbonization of the NG grid. Timmerberg et al. (Timmerberg
and Kaltschmitt, 2019) analyzed the economy of H, production
from wind and solar power in North Africa and employed an
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existing pipeline to transport H2NG. They found that using the
pipeline to convey H, presented an economically competitive
option. The current distribution grid of NG pipelines is
reasonably mature. It is, however, necessary to improve and
enhance pipeline safety management systems, standards,
regulations, and technical expertize for transporting H, using
existing NG pipelines (Chen et al., 2021).

The existence of H, in blended form increases the critical
pressure and decreases the critical temperature of the mixture (Ali
et al., 2020). The specific energy per volume of H, is significantly
lower compared with the main component of NG (i.e., methane
(CH,) at a given pressure. Accordingly, when transporting an
equal amount of burning energy (typically using a calorific value),
an H2NG pipeline will need to manage a higher pressure.
Following H, injection, the physical properties of a mix can
vary greatly, which will influence the hydraulic and thermal
characteristics of the pipeline. Elaoud et al. (2017) pointed out
that injection of H, into NG had a significant influence on the
transient pressure of the gas mixture, accordingly affected the
flow characteristics of existing NG pipeline significantly.
Therefore, the variation in flow characteristics inside the
pipeline caused by changes in thermophysical properties
requires further study. However, the effects of an H2NG-
blend’s properties on pipeline transportation and, therefore, on
gas network operation and management, have to date not been
studied in detail. There may be numerous unforeseen issues when
using an existing pipeline to directly transport an H2NG blend. It
is thus necessary to comprehensively study and evaluate the flow
in the pipeline before such a system is practically applied (Lu,
2011).

Pressure drop is an important index for evaluating the flow
characteristics of a gas pipeline. Pressure drop is a function of the
density and the average velocity of the gas in the pipe. Therefore,
when a gas mixture composition varies from that of NG, the
volume flow rate (velocity) will vary. Additionally, with H,
injection, the energy consumption of pipeline transportation
will increase; accordingly, safety may be reduced. Hence, the
combined effect of more than one gas should be evaluated when
considering the injection of H, in different parts of a pipeline
(Quarton and Samsatli, 2020). Several researchers have studied
the effect of H, injection on parameters related to existing
pipelines. The results of (Chang, 2018) illustrated that with an
increase in H, fraction and gas consumption, the pressure drop
increased compared with flow comprising NG only. Witkowski
etal. (2017) created a one-dimensional model to analyze H2NG-
blended gas flow in a high-pressure pipeline. The results revealed
that with an increase in H, volume fraction, the density and
velocity of gas mixture decreased and the pressure loss also
decreased.

Because pressure along the pipeline will decrease gradually,
pressurization stations are required to compensate for the
distance-related pressure drop in the transportation process;
these stations are responsible for the separation, measurement,
and pressure regulation of gas flow. Therefore, whether the
existing pressurization equipment and pressurization station
distribution can meet the transportation requirements of H2NG
must be reviewed. Deymi-Dashtebayaz et al. (2019) stated that

Pipeline Transportation of H2NG

the H, injection improved the upper and lower flammability
limits and compressibility factor of gas mixture, along with the
relative density decrease with hydrogen concentration increase.
Accordingly, new requirements were put forward for the
adaptability and safety of equipment such as pipelines,
compressors, and valves, which require additional study.
Sherif et al. (2005) stated that the distance between the
pressurization stations required adjustment for H, injection,
the maximum distance may be double that of the original.
Uilhoorn (2009) studied the non-isothermal transient flow in
the Yamal-European NG pipeline with H, injection in Poland.
The study found that the presence of H, reduced the pressure
and temperature gradient of the pipeline, and the compressor
power of H2NG decreased under the same energy demand
compared with only NG. Haeseldonckx et al. (Haeseldonckx
and D’haeseleer, 2006) studied the application of existing NG
pipeline infrastructures to transport H, and found that H,
injection would have adverse effects on the use and short-
term supply safety of original NG centrifugal compressors,
owing to the variation in thermodynamic properties of fluid
in pipe.

Previous studies on assessing the impact of H, injection on
existing gas networks focused on the integrity and safety aspects.
H, injection may cause hydrogen embrittlement and lead to a loss
of structural integrity in steel (Singh et al., 2018). An increase in
H, partial pressure will raise the possibility of hydrogen
embrittlement (Kouchachvili and Entchev, 2018). Meliani et al.
(2011) analyzed the effect of H, on the failure curve of APL 5L
gas pipeline steel from the perspective of notch fracture
mechanics. The study results indicated that there existed a
critical H, concentration beyond which the local fracture
resistance of the steel decreased considerably. Hafsi et al.
(2018) followed the phenomena involved in the dissolution,
penetration, and diffusion of H, molecules into the lattice
structure of pipeline materials and showed that preventive
measures had to be taken to prevent the risk of explosion
caused by hydrogen embrittlement, as well as other effects that
may lead to changes in the safety conditions of gas conduction. Li
et al. (2020) showed that realization of the hydrogen
embrittlement effect in metallic materials was largely assisted
by the boundary disruption and local stress state concentrated
through the plasticity process. Bouledroua et al. (Omar et al,
2020) pointed out that the hydrogen embrittlement of steel
pipelines in contact with an H, environment, together with
the transient gas flow and significantly increased transient
pressure values, also increased the probability of failure of a
cracked pipeline. Hafsi et al. (2019) simulated the transient flow
of H2NG in a loop network using the finite element software
COMSOL Multiphysics. The transient overpressure was found to
be proportional to the H, fraction in the blend, and the
overpressure promoted circumferential stress and the internal
load on the pipe wall. Furthermore, the risk of hydrogen
embrittlement observably increased with an increase in over-
pressure; hence, safety factors have to be guaranteed to ensure the
safety of the H2NG transmission process (Pluvinage, 2021). Liu
et al. (2019a) considered that the effect of H, fraction on the
decompression wave speed in an H2NG mixture depended on
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whether the thermodynamic trajectory intersected with the
corresponding phase envelope.

In the actual long-distance pipeline transportation process,
complex terrains will inevitably be encountered; furthermore,
terrain fluctuation will also have a significant impact on the
transportation process. It is important to extract data related to
pipeline diameter, length, and corresponding elevation for gas
pipeline flow simulation. Geographic information system (GIS)
technology can efficiently collect large-scale terrain information
data from different areas within a short time, extract geographic
elements and pipeline facilities, obtain accurate terrain
information and elevation changes along a pipeline, and
combine data with computer information technology to
establish database management systems, thereby realizing the
creation of a parameter database including gas stations and other
tools; this will improve the information quality and accuracy of
decision-making and monitoring efficiency (Tikhonova et al,
2019). At present, GIS technology plays an increasingly
important role in pipeline integrity management, which can
solve a series of problems in long-distance pipeline
construction and operation, and facilitate the rapid update of
pipeline management data (Shay et al., 2016).

When gas is transported through pipelines, energy
conversion is inevitable, including heat transfers between the
system and the environment, as well as energy dissipation
within the system. Generally, the energy consumption of a
long-distance pipeline system is represented by the pressure
loss of the transported gas. A lower pressure drop means a
higher gas transmission efficiency (Zhao et al., 2019). Mitigating
energy consumption is of significance for reducing the operating
costs of gas transmission systems and improving economic
benefits. To analyze the energy consumption of a gas
transmission system, the energy loss rate (the energy
consumed per unit mass per unit length of the pipeline) is
selected as the energy consumption evaluation index of a gas
transmission pipeline system.

However, analysis on the transportation characteristics of an
H2NG-blend pipeline network has to date been limited;
furthermore, there is a lack of research on the distribution of
pressurization stations. To address this lack, ASPEN HYSYS was
used to establish a one-dimensional pipe flow model in the
present study. The Peng-Robinson (PR) equation of state
(EOS) is introduced in this model to provide an accurate
prediction of the thermophysical properties of H2NG.
Additionally, GIS is used to provide pipeline data and
topographic  information.  According to the design
specifications of a gas transmission pipeline, stations are
arranged at appropriate positions to analyze the influence of
transporting gas mixture with different H, fractions and injecting
gas at the middle of the pipeline network system. Furthermore,
the pipeline transportation process and exergy analysis are
presented in this paper. This study may provide theoretical
guidance for the subsequent use of existing NG pipeline
networks to transport H,, simultaneously, it also has a positive
reference for the subsequent layout design of pressurization
station.

Pipeline Transportation of H2NG

MODELING APPROACH

Gas Component

Thermophysical property discrepancies between CH, and H,
give rise to different features in pipeline transportation and also
affect flow and heat transfer characteristics. Additionally, the
selection of equipment parameters is also affected by gas
composition. Hence, when using an existing NG pipeline to
transport an H2NG blend, it is necessary to study the
influence of an H, fraction on the transportation process to
ensure the feasibility, safety, and economy of such a system.
Although several previous simulations have been conducted on
H2NG flow in a pipeline, most of these simulations considered
NG comprised entirely of CH,. However, in reality, NG includes a
variety of gases such as CH,, ethane (C,Hg), propane (C;Hg), and
others. Its composition varies according to available gas sources.
The influence of an H, fraction may be related to the actual gas
composition of a specific pipeline network. Therefore,
simulations should be based on the actual situation in terms
of modeling the pipe flow and reviewing the impact on H,
injection. The thermodynamic properties of H2ZNG must be
accurately predicted. The foundation of modeling requires an
accurate description of the thermophysical properties of H2NG,
rather than of a CH,~H, mixture. The NG pipeline of Shan-Jing I
(Jingbian, Shanxi to Shijingshan, Beijing, China) is considered in
the present study. The Jingbian gas field is the main gas source of
this pipeline. Approximately 85% of the NG in the Jingbian gas
field derives from Upper Paleozoic coal measures. The gas
composition at this field was obtained by chromatography as
shown in Table 1 (as original NG types) (MI et al., 2012).
Figure 2 compares the thermophysical properties between
CH, and NG. It can be seen that there is a great difference
between the actual NG and CH,. Consequently, when simulating
the flow characteristics in the pipeline, the actual composites
must be considered to ensure the accuracy prediction of
properties, which influence the pipe flow significantly. It can
be inferred that the impurities in NG enhance the pressure drop
due to increased density and viscosity. Because the volume
fraction of CHy in NG is as high as 96.77%, for the sake of
simplicity, in this study, it was considered that other component
fractions were kept constant, except H, and CH, as shown in
Table 1.

Thermophysical Property Model

A precise description of thermodynamic properties is the basis for
establishing an accurate pipeline flow model. It is commonly
acknowledged that prediction errors in ideal gas EOS are
unacceptable at high pressure. This is because the ideal gas
EOS ignores intermolecular force; additionally, the isobaric
specific heat capacity and sound speed are assumed to be
constant at a given temperature. Accordingly, real gas EOS is
introduced herein. In this context, EOS is mainly divided into two
categories: 1) cubic equations with simple structures, such as the
PR equation (Peng and Robinson, 1976); 2) equations with
complex structures, such as Groupe Europeen de Recherches
Gazieres (GERG) (Varzandeh et al., 2017). Despite the simple
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TABLE 1 | Components of H2NG.

Component Methane Ethane Propane
mole fraction e
WP (CH,) (C2He) (CaHe)
1 (original NG) 0.9677 0.025 0.0038
2 (10% H2NG) 0.8677 0.025 0.0038
3 (20% H2NG) 0.7677 0.025 0.0038
4 (30% H2NG) 0.6677 0.025 0.0038
5 (40% H2NG) 0.5677 0.025 0.0038
6 (50% H2NG) 0.4677 0.025 0.0038
7 (60% H2NG) 0.3677 0.025 0.0038
0.018
70 F
—=—90%CH, + 10% H, 70017
60 - —e—90%NG + 10%H, ot
| . o
——75%CH, + 25% H, _
20T 75%NG + 25%H, doois &
£ A
—3,'040 - =
S ~0.014 z
= Z
g 0 40013 3
>
20F Ho.012
10 - 0.011
0 1 L L L 1 0.010
0 2 4 6 8 10
Pressure (MPa)
FIGURE 2 | The comparison of density and viscosity between CH, + Ha
and NG + Ho.

nature of a cubic EOS, it is capable of deriving reasonable results.
An EOS with a more complex structure may yield better
estimations for selected properties but they tend to be
extremely difficult to apply due to their complicated
calculation procedures. In the present work, the PR EOS is
employed based on its proven accuracy in modeling the
behavior of H2NG, is relatively simple, and presents
computational efficiency. The PR EOS is expressed as follows
(Dall’Acqua et al., 2017; Liu et al., 2014):

P RT B a )
V-b V426V -b
Z’-(1-B)Z*+ (A-2B-3B)Z- (AB-B°-B)=0 (2)

where P is the absolute pressure, T is the absolute temperature, V
is the molar specific volume, R is the universal gas constant, and Z
is the compressibility factor of the gas expressed as below Eq. 3; a
and b are empirical parameters accounting for the intermolecular
attraction forces and the molecular volume, expressed as below
Eq. 6, Eq. 9 respectively.

Z=PV/RT 3)
A =aP/(RT) 4

Pipeline Transportation of H2NG

Isobutane N-butane Ethylene Hydrogen
(C4H10) (N-C4H40) (C2Hy) (H2)
0.0006 0.0009 0.002 0
0.0006 0.0009 0.002 0.1
0.0006 0.0009 0.002 0.2
0.0006 0.0009 0.002 0.3
0.0006 0.0009 0.002 0.4
0.0006 0.0009 0.002 0.5
0.0006 0.0009 0.002 06

B = bP/RT (5)
N N 22 272
RT2 R2T?
a=Yy Y xx| (045723553 —< )y 045723553 — |y
i=1 j=1 P P 2}
X (1 - kl])
(6)
T 2
o = 1+ m; 1- i 7
m; = 0.37464 + 1.54226w; — 0.26992wf (8)
N
RT,,
b= Z x;0.077796074 P—“ (9)

i=1 ci

where Tc is the critical temperature, Pc is the critical pressure, and
w is the Pitzer acentric factor; x is the mole fraction of
components, i and j identify the i and j-elements of the fluid
mixture, k;; represents the binary interaction parameter between
components i and j, assuming a value of 0 for i = j.

Governing Equations
In terms of full, long pipelines, the velocity can be regarded as only
along the pipe direction, and the radial velocity can be ignored. Thus,
it is feasible to create a one-dimensional flow model. The finite
element method is used to make difference for the pipe model, and
the fluid micro element flow in the pipe is shown in Figure 3.
The governing equations proposed by the one-dimensional
model are expressed as:
Continue equation.

dp  9(pu)
°F =0, 1
oo O (1o
Momentum equation.
d(pu) O(pu’+P) ) pulul
5 3 =—pgsinf—f 5D (11)

Energy equation.

oT oT OP\ ou _pu® 4U
pcv<at+uax) +T<aT)pax— E_T(T_Ta)- (12)

where D is the inner diameter of the pipe, fis the friction factor, g
is the acceleration of gravity, P is the pressure, ¢ is the time (this
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FIGURE 3 | Schematic diagram of fluid micro element in pipe.

paper presents a steady-state condition study and, as such, a time
term is not involved), T, is the ambient temperature, u is the
velocity, x is the distance, 6 is the pipe inclination angle p is the
density, and U is the total heat transfer coefficient.

Total heat-transfer coefficient U represents the heat transfer
intensity between the gas and environment. Neglecting the heat
accumulation of the soil, U can be expressed as follows
(Witkowski et al., 2017):

U ! (13)
T DlpD2y D1pDe Dlp2z D1
AglnD +AblnD2+AslnDb+Z .

where D is the inner diameter of the pipe, D, is the outer diameter of
the pipe, Dy, is the outer diameter after adding an insulating layer, z is
the buried depth of the pipeline, A is the thermal conductivity, and g, b,
and s indicate the thermal conductivity of the pipe wall, insulation, and
anti-corrosion materials and soil, respectively; « is the air convective
heat transfer coefficient, which depends on the unpredictable wind
velocity. The thermal resistance of the convective heat transfer
between the air and the pipe outer wall tends to be much smaller
than that of the heat conduction, hence, the heat resistance of
convection heat transfer on the air side can be ignored.

The friction coefficient of pipeline flow is determined by the
flow pattern, the roughness of the inner wall, the pipe diameter,
the flow rate, and the properties of the gas. The Darcy-Weisbach
formula is generally employed to calculate the friction between
the fluid and a pipe wall. The losses due to friction and potential
energy variation are considered in the formula. The formula can
be given as follows:

pu
= ot 14
3D 1
where dP/dx denotes the pressure gradient caused by friction, fis

the Darcy friction factor for wall of pipe, and p is the density of
the fluid.

According to the actual operating parameters of an NG
pipeline, the Reynolds number (Re) tends to be as high as
10°-107, the Colebrook-White formula was employed to the
predict friction coefficient f in the Darcy-Weisbach formula
because its calculation reflects the influence of Re in a low Re
region and the influence of internal roughness in a high Re region
(Helgaker et al.,, 2014). Eq. 15 shows the ColebrooKe-White

equation as follows:
2.51
) ) (15)

1
ﬁ = —ZIOg(m + W

where ¢ is the equivalent sand grain roughness.

Methodology

Energy Conversion Analysis

The relationship between energy entering and leaving the system
is analyzed based on the first law of thermodynamics. In a steady
state, the energy carried by gas in a straight pipe primarily
comprises internal energy and pressure energy. Internal energy
will be lost due to heat exchange between the pipeline and the
environment, and pressure energy will be lost owing to friction.
The energy carried by gas can be represented as specific enthalpy
(h = pv + u). Enthalpy flux is introduced in the present study,
where it is expressed by Hy as follows:

H; = PV + MC(T - 273.15) (16)

where His the enthalpy flux, V is the volume flow rate, M is the
mass flow rate, and C is the mass heat capacity of the fluid. The
first term on the right represents the pressure energy, and the
second term is internal energy.

The pipeline gathering efficiency is a key index for evaluating
the network system (Qingging, 2015). Generally, in this
evaluation, the entire pipeline network system is simplified as
follows: 1) it is assumed that the pipeline network comprises only
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FIGURE 5 | A schematic diagram of equipment in pressurization station.
500 |

Distance (km)

FIGURE 4 | A schematic diagram of the altitude change of the
Shan-Jing | pipeline.

primary and branch pipelines; 2) the influence of dynamic and
thermal equipment is ignored. The pipeline efficiency of a gas
transmission pipeline between pressurization stations is the ratio
of outlet Hy,; and inlet Hy;. The efficiency of the gathering and
transportation network is the ratio of the total Hy at the outlets of
all pipelines to the Hy at the inlets in the entire transportation
process. The formula for this is as follows:

_ Z?:l Hfzi _ ZILI [P2i Vi + My Cyi (T — 273.15)]

’1 RN o (17)
ijl Hfl] ijl [PIJVIJ + MIJCIJ(TIJ - 27315)]

where His the enthalpy flux (kJ/h), Vis the volume flow rate (m*/
h), M is the mass flow (kg/h), C is the mass heat capacity [k]/(kg/
K)], T is the thermodynamic temperature (K), and P is the
pressure (kPa). The variables that include »; are the data of the
i-th outlets, and the variables that include ,; are the data of the j-th
inlets.

Exergy Analysis

“Exergy” refers to the maximum work that can be produced when
a system experiences a reversible process from its current state to
equilibrium with its surrounding environment under the
condition of only environmental action. The purpose of exergy
analysis is to detect the irreversible loss according to an imbalance
in the system and to provide a comprehensive evaluation of the
system’s energy use (Aihua, 2011). An exergy analysis effectively
supplements an energy analysis. Herein, exergy is expressed as

E,=TAS-AH (18)

where Ex is the exergy of the fluid, AS is the entropy difference
between a fluid and environmental reference state, and AH is the
enthalpy difference between the fluid state and the environmental
reference state.

During the exergy analysis, the first step is to define a reference
state, where Ex is considered to be 0. Generally, the average
ambient temperature and pressure of the area Shan-Jing I pipeline
passed through are 25°C (298K) and 1atm (101.325kPa),
respectively (Liu et al., 2019b). The present study also adopted
this as the reference state. We used the model to calculate the
energy loss of each link in the transportation process to analyze
the exergy loss and distribution in the system. The exergy carried
by gas includes primarily pressure exergy (Exp) and heat exergy
(Exr); the latter is based on the environmental temperature
according to the following formula:

T,
E, = TAS - AH = j (1 ——O)CPdT (19)
AT

where Exp refers to the work capacity delivered by the pressure
difference between the gas system and the environment,
expressed as Eq. 20:

P oV
E, = Lo [V -(T- To)<aT)p]dp (20)

Description of the Pipeline
The Shan-Jing I pipeline employs X60 pipe steel with an outer
diameter of 660 mm, an inner diameter of 648 mm, a design
working pressure of 6.4 MPa, and has a total length of 792 km
(Natural gas in China, 1997). The elevation variation information
along the pipeline was obtained using GIS technology as shown in
Figure 4. In the region with the most dramatic height change, the
pipeline climbs 890 m with a horizontal length of 30 km.
Pressure stations are required to compensate for pressure
losses. According to Specification for Gas Transmission
Pipeline Engineering Design GB50251-2015 (Gas Transmission
System, 2015), the ratio of inlet and outlet pressure of
pressurization station is recommended to be 1.5. Accordingly,
this pressure ratio was selected for analyzing the distribution of
pressure stations. The equipment in the pressurization station is
shown in Figure 5, the compressor in the station adopts
centrifugal compressor with pressure ratio of 1.5 and adiabatic
efficiency of 85%, an air cooler is set behind the compressor to
cool the mixed gas to the operating temperature and pressure.
The original distances between NG pressurization stations and
the pipeline’s starting point are shown in Table 2.
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TABLE 2 | The original distances between pressurization stations and the
pipeline’s starting point.

Station number Distance/km Station number Distance/km

1 40 11 444
2 80 12 484
3 120 13 519
4 159 14 565
5 199 15 605
6 240 16 649
7 280 17 694
8 320 18 734
9 358 19 776
10 404 - -
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FIGURE 6 | The densities of NG predicted different EOSs (300 K).

RESULTS AND DISCUSSION
Model Validation

In order to evaluate the accuracy of the PR EOS, the mixture
density predicted by four EOSs—namely—PR EOS, AGAS
EOS, BWRS EOS and GERG EOS are compared with the
experimental data prepared by the Federal Institute for
materials research and testing in Berlin, Germany [51]. The
mole fractions of the mixture are 0.8845 for CHy, 0.005 for O,
0.04 for N, 0.015 for CO,, 0.04 for C,Hg, 0.01 for C3Hg, 0.002
for n-C4H,,, 0.002 for i- C4H;(, and 0.0005 for i-CsH;,,
CsHj,, and i-C4Hyy, respectively (Chemical analysis, 2015).
Figure 6 shows the comparison between the predicted
densities and the experimental results, and Figure 7
exhibits the relative errors. Clearly, all of the four EOSs are
agreement with measured well. The average absolute deviation
of PR EOS is less than 2%, and it is closer to the experimental
data when the pressure is lower than 10 MPa. Therefore, PR
EOS can provide an satisfactory prediction of thermophysical
properties, which guarantee an accurate simulation of the
pipe flow.
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2.0
1.5 F = PR EOS
r e AGAS8EOS
10 - A BWRS EOS
T v GERG EOS
S 0.5
I | | [ ]
g 0.0 [ ] " . - ]
o L [ ] n
f&: 05 ‘ A A A A A A
_c:s' * 4 1) 9 ¢ 0 ; A I
o210 - ¢
15 F
20
25 I 1 1 1 1
0 2 4 6 8 10

Pressure (MPa)

FIGURE 7 | The relative errors of different EOSs with experimental data
(300 K).
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FIGURE 8 | The density of different H, fractions (300 K).

The Effect of Hydrogen Fraction on the

Layout of Pressurization Stations

As noted above in Description of the Pipeline, it is suggested that
the station pressure compression ratio be 1.5 when a centrifugal
compressor is used. Under a full load situation, the average outlet
pressure of the first station and each pressurization station in the
Shan-Jing I pipeline is 6.4 MPa, the average inlet pressure of the
pressurization station tends to be 4.3 MPa, and the pressure drop
between the two stations is approximately 2.1 MPa. It is assumed
that the velocity and volume flow rate of the blend or NG at the
inlet of the pipe is constant in all cases. As shown in Figure 8, due
to the relatively lower density of H, with an increase in H,
fraction, the blend density decreases, which results in both the
mass flow rate and the pressure loss decreasing at the same
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distance. Consequently, the injection of H, prolongs the distance
between pressurization stations. Figure 9 shows the distances
between every station and the first station when the
pressurization stations are relocated according to the
recommended pipeline pressure drop. Observably, the distance
increased with an increase in H, fraction. The distance between
stations for the original NG was approximately 40 km/station and
approximately 45 km/station for 10% H,, indicating an increase
of 12.5%. With a 60% H, injection, the distance was extended to
85 km/station, an increase of 112.5% compared with the original.

The construction cost and time were, however, increased by
changing the layout of the pressurization stations. Therefore, the
effect of H, injection on the pipeline was also studied without
changing the layout of the pressurization stations. Under the

condition of keeping the original layout of pressurization stations,
when transporting an H2NG blend with different H, fractions, the
inlet pressure of each pressurization station was no longer 4.3 MPa
as calculated by the recommended pressure ratio of 1.5. The inlet
pressure of each pressurization station is shown in Figure 10. The
figure shows that the higher the H, fraction, the smaller the pressure
drop at the same distance, and consequently, the higher the inlet
pressure. At this time, if the original pressurization and cooling
equipment was used and had not been adjusted properly,
accordingly, the phenomenon of overpressure arose, which will
also add new challenges to the safety and economy of the
equipment. Therefore, it is suggested that the original pressure
station equipment be adjusted to ensure safe and stable operation
on the premise of reducing energy consumption.

The Effect of Intermediate Gas Injection on

Pressurization Stations

In reality, large-scale H, production sites may not be closely
situated to an NG field; hence, H, may be injected at different
pressurization stations. In this case, the HZNG composition and
volume flow rate will change following H, injection, affecting the
transportation process after the H, injection point. To study the
influence of the injection point on the flow, H, injection points
were set at 1/4, 1/2, and 3/4 of the entire length of the original
pipeline, and 1/9 or 1/4 of the original volume flow of H, was
injected into the pipeline network. As a result, the volume fraction
of H, in the H2NG blend was 10 or 20%, respectively. The
influence of H, injection on station inlet pressure is shown in
Figure 11. For the convenience of comparison, the comparison
group in Figure 12 show groups injected with NG with the same
composition as the original.

When H, was injected directly at the starting point, the
average inlet pressure of the subsequent pressurization station
was 4.53 MPa. However, when injecting H, at 1/4 of the total
length, the flow rate and the pressure drop increased, resulting in
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a decrease in the inlet pressure of the downstream pressurization
stations. The lowest inlet pressure was as low as 3.57 MPa, and the
average was 3.75 MPa. In the case of 1/2 and 3/4 of the total
length injection, the influence trend was consistent with that of
1/4 injection. Although the injecting positions were different,
the average inlet pressures were all approximately 3.75 MPa,
which was 10.7% lower than that of the original pipe network.
Compared with the influence of NG injection, the inlet pressure
of pressurization stations decreased and the change tendency
was essentially the same. The reason for this was because the NG
density was much higher than that of H,; consequently, the
mass flow rate was larger under the same volume flow rate. This
also caused a pressure drop higher than that of H, injection, and
the inlet pressure was lower than that of H, injection with the
same volume flow rate. The average inlet pressure was
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FIGURE 14 | The exergy and enthalpy flux at various H, fractions.

approximately 3.55 MPa, which was 15.5% lower than that of
the original pipeline.

Figure 13 compares the effect of different gas injections at 1/4
of the entire pipeline length on the inlet pressure. When the same
gas was injected, with an increase in gas injection, the mass flow
rate of the subsequent transportation process and the pressure
drop were larger but the inlet pressure was smaller. Compared
with CH, injecting with the same volume flow rate, H, injection
reduced the pressure loss on the subsequent transportation
process, and the inlet pressure of the subsequent
pressurization station was larger due to its significantly lower
density. Intermediate gas injection thus imposes new challenges
on original pipeline network equipment, which requires
comprehensive review and consideration.

Analysis of Enthalpy Flux, Exergy, and
Pipeline Efficiency
Figure 14 shows the exergy and enthalpy flux at various H,
fractions. The enthalpy flux and exergy were found to increase
with an increase in H, fraction. The original NG exergy
component value was 99,057 kW; however, this value reached
108,214 kW with 10% H, injection (an increase of 9.24%), and
this value reached 191,402 kW with 60% H, injection (an increase
of 93.22%). Similarly, H, injection also led to an increase in
enthalpy flux. According to Eq. 16, when the volume flow rate
and initial pressure of the blend are the same, the pressure energy
(PV in Eq. 16) carried by the blend is the same, and the specific
heat capacity of the blend after H, injection is greater than that of
NG (As shown in Figure 15, compared with the original NG at
300 K and 6.4 MPa, the mass heat capacities of HZNG with 10
and 60% H, fractions increased by 3.5 and 41%, respectively.)
Therefore, the internal energy increases and the H also
increases correspondingly when H, is injected. According to
Eq. 19, Eq. 20 after H, injection, although the value of Exp
was the same, the Ext was affected by the Cp of the blend.
Accordingly, the high H, fraction also led to a rise in Ex.
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Figure 16, Figure 17 show the Ex and Hy at the original
pressurization station after using the NG gas pipeline network to
transport the gas blend with different H, fractions. The Exp was
determined only by pressure and volume flow, whereas the Ext
and Hy were also influenced by specific heat capacity at a given
pressure and temperature. With an increase in H, fraction, the
specific heat capacity of the blend increased, the corresponding
Ex and Hyincreased. A high H, fraction increased pressure and
temperature at the inlets of the pressure stations, and the
corresponding inlets Ex and Hx When the H, fraction was less
than 30%, the Ex and Hy at the inlet of the pressure station
essentially remained stable; when the H, fraction was more than
30%, the fluctuations were considerable. The enthalpy and
enthalpy flow of the nodes of the pressurization station
fluctuate greatly during the pipeline transportation, which is
not conducive to the safety of the gas transportation process
Therefore, the existing pipeline and pressure station equipment
requires modification to ensure the smooth operation of the
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existing pipeline network when the volume fraction of H, is
higher than 30%.

In the pipeline transportation process, enhancing the value of
1 to reduce energy loss in the pipeline network is anticipated. The
efficiency of the pipeline network pressurization stations under
different H, fractions is compared in Figure 18. The main factors
affecting pipeline efficiency were volume flow, specific heat
capacity, inlet and outlet pressure, and temperature. The
length of the pipeline between each two pressurization stations
was roughly the same, and the inlet and outlet pressure were
almost the same as the pressure stations. As a result, although the
pipeline efficiency of each pipe section at the same distance was
different, it reached an average of 85%. When the H, fraction was
less than 30%, with an increase in the H, fraction, the pipeline
efficiency improved slightly (85.7 for 10%, 86.5 for 20%, and 87.2
for 30% injection). However, when the H, fraction exceeded 30%,
the pipeline’s efficiency was no longer stable and decreased
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significantly, and transportation became unstable with an
increase in the H, fraction. The lowest pipeline efficiency was
60.8% (when the H, fraction was 60%). In the actual pipeline
transportation process, although a pressure drop at the same
distance decreases with an increase in the H, fraction, a high H,
fraction will boost the possibility of H, permeation and H,
embrittlement, which will not only affect transportation safety
but may also lead to inefficient transportation. That is not
conducive to the improvement of gas transmission efficiency.
Therefore, it is suggested that the distribution of pressurization
stations be adjusted and the operating pressure properly
increased when the H, fraction is higher than 30% to ensure
gas transmission efficiency and pipeline safety.

CONCLUSION

The objective of the present study was to analyze the effect of H,
injection on the flow characteristics of an NG pipeline. Based on
the Shan-Jing I gas pipeline, this paper used GIS technology to
extract terrain information and pipeline data to propose a
transportation model for an H2NG-blend pipeline under the
conditions of undulating terrain. To produce quantitative data for
evaluating the influence of H, injection on pipe flow character, a
parametric study was performed by changing H, fraction
amounts. The primary conclusions of the study are as follows.

1) With an increase in the H, fraction, the distance between
pressure stations increased. When the arrangement of original
pressure stations were maintained, overpressure occurred.
Intermediate gas injection reduced the inlet pressure of
subsequent pressurization stations to gas injection point.
When the H, fraction was less than 30%, the increase in the H,
fraction led to a decrease in the pressure drop and an increase
in pipeline efficiency. However, when the H, fraction
exceeded 30%, the transportation process was unstable and
the pipeline efficiency decreased.

2)

3)
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