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Analysis of static electricity risks in
nonmetallic pipelines for hydrogen
transportation

Guanhua Wang?, Jianfeng Shi'**3, Zhongzhen Wang* & Riwu Yao%***

Nonmetallic pipelines are promising for medium-short distance hydrogen transport due to their
lightweight, corrosion resistance, and durability. However, their low conductivity raises electrostatic
safety concerns, given hydrogen’s exceptionally low ignition energy (0.017 mJ). This study employs
electrostatic double-layer theory to quantify electrostatic risks under varying parameters, such

as conductivity of nonmetallic materials, flow velocity, pipe diameter, and operating parameters
including hydrogen pressure and temperature. The results indicate that lower electrical conductivity of
nonmetallic materials, higher flow velocity and larger pipe diameter will increase the accumulation of
static electricity. However, the accumulated static electricity energy in nonmetallic pipelines remains
significantly below the minimum ignition potential of hydrogen, indicating a lower static electricity risk
in nonmetallic pipelines. In addition, the static electricity risks of pipelines with different transportation
media and pipeline materials were compared. Considering factors such as pipe surface roughness,
electrical conductivity, and the ignition energy of the transportation medium, nonmetallic hydrogen
pipelines exhibit lower static electricity risks. Existing applications have never reported electrostatic
accidents in nonmetallic hydrogen pipelines, which also indicates that nonmetallic hydrogen pipelines
have lower electrostatic risks. The results in this study could provide guidance for the application and
safety evaluation of nonmetallic pipelines for hydrogen transportation.

Keywords Nonmetallic pipelines, Static electricity risks, Hydrogen transportation pipelines, Electrostatic
double layer theory, Influence factors

With the severity of environmental and energy issues, hydrogen energy has received more attention2. The safe
transportation of hydrogen energy is crucial for its application®*. Although metallic pipelines (e.g., API X70/
X80-grade steels) remain predominant in long-distance hydrogen transportation, metallic materials are prone
to hydrogen embrittlement (HE), where hydrogen infiltration into lattice defects results in brittle fracture. In
contrast, non-metallic materials such as high-density polyethylene (HDPE) exhibit negligible HE susceptibility
due to their amorphous microstructure®. Nonmetallic pipes, such as polyethylene and its reinforced composites,
offer advantages like lightweight, good sealing, corrosion resistance, and long service life, which is an important
development direction for short- and middle-distance hydrogen energy transportation in the future®. Currently,
nonmetallic hydrogen transportation pipelines are in the early stages of application”®. In the Netherlands, a
4 km long hydrogen pipeline located at the Groningen port transports green hydrogen from the North Sea
to Eemshaven’s chemical and industrial facilities”. China National Pipeline Network Group has completed
the first pure hydrogen blasting test of a nonmetallic pipeline under 9.45 MPa pressure. Also, there is already
a large amount of nonmetallic natural gas pipeline networks available, which can also be used for hydrogen
energy delivery through methods such as hydrogen doping'®!!. However, the low conductivity of nonmetallic
pipes leads to prolonged static electricity retention, increasing the risk of charge accumulation'?. Polyethylene
pipelines exhibit charge decay time constants (t> 10> s) orders of magnitude higher than conductive materials,
allowing accumulated charges to persist through multiple transport cycles. Given hydrogen’s low minimum
ignition energy of 0.017 m]J'*it is easily ignited by small static electricity or other sources, raising static electricity
risks for nonmetallic hydrogen transportation pipelines.

In safety risk analyses of hydrogen energy application scenarios, static electricity is one of the main sources
of hydrogen explosion'. Zalosh et al.!” reported a total of 386 hydrogen explosion accidents, among which static
electricity discharge, a key ignition source, was the third leading cause. In 2012, an explosion accident occurred
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at a hydrogen refueling station during the delivery of hydrogen gas at a pressure of 6 MPa, and the cause of the
accident was static electricity generated by hydrogen gas inside the pipeline’®. In a cold-tuning experiment of
Venturi pipe, an explosion occurred at a liquid hydrogen flow velocity of 311 m/s, and the primary cause of the
accident was static electricity generated by friction during the flow of liquid hydrogen!”. These cases indicate the
presence of static electricity risks in hydrogen transportation pipelines, particularly under conditions of high
hydrogen flow velocity'®.

Currently, research on static electricity in hydrogen transportation pipelines is limited. While foundational
studies on polymeric pipelines exist in hydrocarbon transport contexts, their applicability to hydrogen systems
remains unverified. Gouy-Chapman-Stern double-layer theory!*? of static electricity is widely recognized and
accepted. Building on this, Garcia et al.?! developed a model relating rush current to velocity in nonmetallic
pipelines using insulating fluids. Walmsley!'? systematically quantified electrostatic hazards in polyethylene
petrol pipelines, yet explicitly excluded hydrogen due to its ultra-low MIE. Liu et al.*?analyzed the effects of
temperature, velocity, and pipe wall roughness on static electricity electrification in metallic oil pipelines through
experiments and theoretical models. Wang et al.>* established a model for oil flow charging under turbulent
conditions in nonmetallic pipelines, considering factors such as fluid velocity, resistivity, wall roughness, and
flow state. These studies have demonstrated that factors such as velocity and conductivity have a significant
impact on static electricity generation. However, due to the recent attention paid to non-metallic pipelines for
hydrogen energy transportation, there is currently a lack of analysis on the static electricity risk in non-metallic
hydrogen pipelines. there is currently no research on static electricity analysis for non-metallic hydrogen
pipelines. Therefore, it is necessary to conduct studies on the static electricity risks in non-metallic hydrogen
pipelines.

To assess the static electricity risk in nonmetallic hydrogen transportation pipelines, this study referenced
the electrostatic double-layer model, integrating the electrification mechanism and theoretical calculations, and
calculated the static accumulation in non-metallic hydrogen transport pipelines under different flow rates, pipe
conductivity, pipe diameter, transport pressure, and temperature conditions. Factors such as conductivity of
pipeline, roughness, minimum ignition energy, and impurity content were considered to compare nonmetallic
hydrogen transportation pipelines with nonmetallic gas pipelines, nonmetallic oil pipelines, metallic hydrogen
transportation pipelines, and metallic liquid hydrogen transportation pipelines. Additionally, based on existing
cases of static electricity explosions in pipelines, the likelihood of such events in nonmetallic hydrogen
transportation pipelines was comparatively analyzed. This study supports static electricity risk assessment and
prevention for nonmetallic hydrogen transportation pipelines.

Static electricity theoretical model of nonmetallic hydrogen pipelines

Pipeline static electricity theoretical calculation

Existing pipeline static electricity analysis methods primarily are based on the electrostatic double layer
theoretical model>*?>. The charge transfer and distribution of the nonmetallic hydrogen transportation pipeline
are as shown in Fig. 1. According to this model, positive charges in the gas phase move with the hydrogen and
forms a rush current (I) in nonmetallic hydrogen transportation pipelines. The charge distribution is divided
into a compact layer near the pipe wall and a diffusion layer extending into the gas, with the diffusion thickness
represented by the Debye length (1). Negative charges accumulate on the pipe wall as residual charge, while a
small dissipation current flows along the wall to the ground. The static electricity potential in the pipeline is ¢ ,,
and the static electricity potential on the pipe wallis ¢ ,. The key processes of static electricity phenomena include
charge generation, accumulation (residual, and dissipation. Theoretically, the positive charge in the hydrogen gas
equals the sum of the residual and dissipated negative charges on the pipe wall. In nonmetallic pipelines, charge
accumulation occurs at a rate that surpasses its dissipation, resulting in static electricity discharge when the
stored energy exceeds the minimum ignition energy of hydrogen, which may lead to an explosion.

The saturation rush current and pipe wall potential are key parameters for investigating the static electricity
problem in pipelines. Based on the theoretical framework of pipeline static electricity analysis, this study
examines the saturation rush current and pipe wall potential in nonmetallic pipelines used for hydrogen
transport. Assuming that the charge density within hydrogen is sufficiently low to exert a negligible influence
on hydrogen’s conductivity, and that conductivity is uniformly distributed across the entire flow field, with zero
surge current at the pipe inlet. The analysis also incorporates considerations of fluid flow dynamics, charge
relaxation effects, and pipe wall roughness. Taking molecular diffusion and other relevant factors into account,
the derived formula for calculating the saturation surge current in a buried pipeline is as follows:

Io =27 C\2Ur (1)

where C = 2;252 erp (— Wo ,:TQWD ) NIT]"" , the Debye length is A\ = +/D;,7, and the fluid relaxation time
0

is 7 = ;=; kis the Boltzmann constant, J/K; F is the Faraday constant, C/mol; e is the unit electron charge,
G; T is the Kelvin temperature, K; Uy, is the average flow velocity, m/s; W, and W p are the activation energy
of conductivity and the molecular diffusion coefficient, respectively; o o and D, are the coeflicient terms in
the expression of fluid conductivity and the molecular diffusion coefficient in the form of activation energy,
respectively; N and n are corrections for causes such as fluid aging and impurities generated; D is the molecular
diffusion coeflicient, m?/s; € is the permittivity of hydrogen gas, F/m; o 1 is the hydrogen conductivity, S/m; and
r is the pipeline internal radius, m.

Considering parameters such as the rush current, pipeline length, pipeline and hydrogen conductivity, the
calculation formula for the variation in the wall potential of the buried pipeline versus position is shown in the
following equation. The subsequent comparison and analysis of the potentials are based on their absolute values.
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Fig. 1. Electrostatic double layer model for the process of hydrogen transportation in a nonmetallic pipeline.
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where I is the rush current at the pipe entrance, A; x is the axial coordinate, m; L is the length of the pipeline,
m; o 2 is the conductivity of pipeline, S/m; and o ¢ is the wall conductivity, S/m.

Pipeline static electricity theoretical calculation parameters

The correction factors and quantify the effects of pipe wall roughness and impurity accumulation on static
electricity, with specific values typically obtained through experimental testing. According to existing research,
for nonmetallic petroleum pipelines ranges from 1 to 40, and ranges from 1 to 3.3?>?3. In this study, calculations
are conducted on an HDPE pipeline with a hydrogen velocity of 10 m/s, an outer diameter of 450 mm, and an
SDR11 wall thickness of 41 mm. The variations in saturation rush current and saturation potential with respect
to factors and are determined using Egs. (1) and (2), as shown in Fig. 2. Results indicate that as and increase,
both the saturation surge current and wall saturation potential rise. Given that and are largely influenced by
pipeline roughness and impurities—and considering that nonmetallic hydrogen pipelines have similar roughness
to nonmetallic oil pipelines but significantly lower impurity levels—values for and in hydrogen pipelines are
theoretically lower than those for oil pipelines. Petroleum composition is complex, containing impurities such
as salts, sulfur compounds, sand, and dirt at concentrations reaching several percent. In contrast, pipeline-
transported hydrogen requires a purity exceeding 99.9%, restricting impurities to the ppm level (as detailed in
Sect. 4.2). Since the parameters N and n are significantly influenced by pipeline roughness and impurity levels,
and given that the roughness of non-metallic hydrogen pipelines is comparable to that of non-metallic petroleum
pipelines but their impurity levels are significantly lower, hydrogen pipeline pressure is theoretically lower than
that of petroleum pipelines. Considering the perspective of improving the safety margin, the modification
Factors N and # are set to larger values of 40 and 3.3, respectively.

Theoretical potential of the static electricity ignition of hydrogen

When the energy generated by the static electricity discharge on the pipe wall exceeds the hydrogen’s minimum
ignition energy, there is a risk of hydrogen explosion. Based on the minimum ignition energy, the corresponding
ignition potential ¢ . can be derived using Eq. (3), while the pipe wall potential ¢ , can be calculated via

min
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Fig. 2. Effects of the correction factor on the saturation rush current and saturation potential. (a,c) Correction
Factor N (n =1, 2, 3); (b, d) Correction Factor n (N = 1, 20, 40).

Egs. (1) and (2). Comparing the pipe wall potential ¢ , with the corresponding ignition potential ¢ . , thereisa
risk of static electricity when the pipe wall potential ¢ , exceeds the theoretical potential ¢ . . The relationships
among the energy, electric potential and capacitance are expressed in the following Eq.

E = %qub 2 (3)

min

where E is the minimum ignition energy of hydrogen, J; C is the unit capacitance of pipe, F/m; and ¢ . is the
corresponding minimum ignition potential, V; I is the length of the discharge body, which is the length of the
static electricity discharge location, m.

Equation (3) is deformed to obtain the ignition potential ¢ , and the calculation formula is expressed by the

following Eq.
[2E
=4/= 4)
¢ ic

The minimum ignition energy of hydrogen is known as E_. . According to Eq. (4), the minimum potential for
igniting hydrogen gas is determined by the unit capacitance C and the length [ of the discharge body ¢ . . The
nonmetallic hydrogen pipeline is regarded as a circular pipe capacitor, and the calculation is expressed by the
following Eq.

_27me

(5)

Int
™

where € is the material permittivity, F/m; b is the thickness of the pipe, m; and r is the inner radius of the pipe, m.

Static electricity discharge in nonmetallic pipelines typically occurs at joints, elbows, and outlets where
the fluid velocity and direction change significantly; the discharge body length ranges from a few to several
tens of centimeters®®. For an HDPE pipe with a 450 mm diameter and an SDR11 wall thickness of 41 mm,
the relationship among discharge body length, capacitance, and hydrogen ignition potential is illustrated in
Fig. 3. For a discharge body of 20 cm, the capacitance is 144 pE. In comparison, Hearn et al.?® measured the
capacitance of a polyethylene pipe’s electrofusion joint at approximately 4.4 pF, while metal pipe fittings do not
exceed 30 pE which is slightly lower than the calculated values here. As shown in Fig. 3 increasing discharge
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body length raises capacitance, lowers hydrogen ignition potential, and increases static electricity risk. Despite
the capacitance calculated by Eq. (5) is relatively large, nonmetallic hydrogen transportation pipelines remain
safe, which indicates the safety and reliability of static electricity. From a conservative perspective, subsequent
calculations are based on a 1-meter discharge body (capacitance of 718 pF and corresponding hydrogen ignition
potential of 217.6 V), which is much longer than discharge body length.

Results and discussion

Saturation rush current and pipe wall potential

The HDPE pipeline with a 450 mm outer diameter and SDR11 was selected for analyzing saturation rush current
and pipe wall potential in nonmetallic hydrogen transportation pipelines (subsequent analyses focused on the
SDR11 pipeline). The variation of saturation rush current and saturation potential with pipe length are shown
in Fig. 4. The pipe wall potential increases along the pipe length and rapidly reaching saturation. The saturation
rush current remains constant with the variation of tube length. Since hydrogen transportation pipelines in
actual projects are generally longer than 5 m, static electricity reaches saturation quickly, so subsequent potential
analyses in this paper focus on the saturation state.

The saturation rush current for a 25 mm nonmetallic oil pipeline at a velocity of 0.8 m/s was approximately
1071% A2, According to Eq. (1), the saturation rush current of nonmetallic hydrogen transportation pipeline
under the same velocity and diameter conditions is approximately 10713 A. The main reason for the difference is
the lower density and purity of hydrogen compared to petroleum. The above data supports the reliability of the
pipe wall potential and the saturation rush current calculation formulas used in this study.

Analysis of influencing factors

Effect of hydrogen flow velocity

The hydrogen flow velocity is a critical factor influencing static electricity in nonmetallic hydrogen transportation
pipelines by affecting intermolecular collisions and local charge distribution. At higher velocity, collisions
between hydrogen and the pipeline wall intensify. According to Egs. (1) and (2), the trends in pipeline saturation
rush current and pipe wall saturation potential with varying velocity for a 450 mm diameter pipe are shown in
Fig. 5. As velocity increases under different pressures P and temperatures T, both the saturation rush current
and pipe wall saturation potential rise. This is attributed to the increased kinetic energy and collision energy
of hydrogen, which enhances the probability of charge transfer and static electricity generation. Pressure and
temperature are directly proportional to the static electricity value. Increased pressure raises hydrogen density,
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Fig. 3. Variations of the discharge body capacitance and corresponding ignition potential with the discharge
body length.
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Fig. 4. Variation of saturation rush current and saturation potential with pipe length.

leading to more molecular friction and higher static electricity generation. Similarly, elevated temperatures
increase molecular motion, hydrogen viscosity, diffusion coeflicients, and overall static electricity levels.

According to ISO/TR 15,916%, the hydrogen flow velocity in pipelines should generally not exceed 10 m/s.
The calculated pipe wall saturation potential is 1.42x 10 V at this velocity, which is far below the theoretical
ignition potential of hydrogen (217.6 V), indicating that the generated static electricity poses no risk of igniting
hydrogen. To further confirm static electricity safety, calculations at a velocity of 100 m/s show a saturation
potential of 0.28 V, which remains below the minimum ignition potential. Therefore, nonmetallic hydrogen
transportation pipelines are safe within normal velocities from the static electricity perspective.

Effect of the pipe diameter

The pipe diameter indirectly influences the generation and accumulation of static electricity by affecting both the
contact area between the pipe wall and hydrogen and the flow dynamics of hydrogen. To examine the trends in
saturation rush current and pipe wall saturation potential across various diameters, pipes with outer diameters
ranging from 50 mm to 630 mm were analyzed. Based on Egs. (1) and (2), Fig. 6 illustrates these trends at
a hydrogen velocity of 10 m/s. The findings show that, across different temperature and pressure conditions,
an increase in pipe diameter initially leads to a rise in both saturation rush current and wall potential, which
eventually stabilize.

According to the Reynolds number formula (Eq. (6)), increasing the pipe diameter at a constant flow rate
raises the Reynolds number, leading to more complex hydrogen flow dynamics and a heightened likelihood of
static electricity generation from hydrogen-wall interactions, thereby increasing rush current and wall potential
until reaching equilibrium. Comparisons in Fig. 6 reveal that the influence of pipe diameter on saturation rush
current and wall potential is less pronounced than that of velocity. This is because pipe diameter primarily affects
static electricity indirectly by altering the hydrogen flow state, whereas velocity directly impacts the energy of
molecular collisions, thereby exerting a more substantial effect on static electricity generation.

_ 2prUnm,
I

Re (6)

where Re is the Reynolds number; p is the density of hydrogen gas; and y is the viscosity of hydrogen gas.

Scientific Reports|  (2025) 15:32100 | https://doi.org/10.1038/s41598-025-16110-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0.8

0.6

0.4

Pipe wall saturation potential /V

0.020

0.015

0.010

0.005

0.000

Saturation rush current /A

- 08
& 't\":':(a) ® < S-10°C|(b)
- 5 MPa) = -©— 254
| [~©~ 8 MPa| -g 06} - 30 (
2
&
= £ 04}
" g
[ " Z 02¢
[ 2 00
25 50 75 100 0 25 50 75 100
Hydrogen flow velocity /m-s™ Hydrogen flow velocity /m-s”
| =7 (c < 000} [P 07|d
o—swu() g - —e—:w'()
=©= 8 MPa s -©- 4 °C
- E 0015}
o
=
- Z 0010}F
=
&
- = 0005}
E
- & 0.000}
25 50 75 100 0 25 50 75 100

Hydrogen flow velocity /m-s”

Hydrogen flow velocity /m's™

Fig. 5. Variation of pipe wall saturation potential and saturation rush current with hydrogen velocity: (a) (c)
P=2 MPa, 5 MPa, 8 MPa; (b) (d) T) T=1010 ‘C;25C;40 C.

Effect of the pipe conductivity
Pipe conductivity directly affects static electricity dissipation by influencing the dissipation current along the pipe
wall. Based on Egs. (1) and (2), Fig. 7 presents the relationship between saturation rush current and pipe wall
saturation potential as a function of pipe conductivity for a 450 mm diameter pipe at a hydrogen flow velocity of
10 m/s. The results show that as pipe conductivity increases, the saturation potential of the pipe wall decreases,
while the saturation rush current remains nearly constant across varying temperatures and pressures. This
stability arises because the saturation rush current primarily depends on the static electricity generation process,
which is influenced by factors such as flow velocity, hydrogen diffusion coeflicient, and pipe wall roughness,
rather than conductivity. Thus, while the rush current remains stable, increased conductivity leads to a reduction
in wall potential due to accelerated charge dissipation. High conductivity facilitates charge flow to the ground,
reducing static electricity accumulation on the pipe wall, whereas low-conductivity materials hinder electron
movement, resulting in greater charge buildup and elevated static electricity risk. For instance, an HDPE pipe
(conductivity: 107 S/m) exhibits a wall saturation potential of approximately — 0.142 mV, whereas a low-carbon
steel pipeline (conductivity: 106 S/m) shows a potential around —1.42 x 10~ V, indicating a substantially lower
static electricity risk in metallic pipelines.

In summary, although pipe conductivity has minimal influence on the generation of static electricity, it
plays a critical role in controlling its accumulation. Improving pipe conductivity can be an effective measure to
mitigate static electricity risks in engineering applications.

Analysis of natural gas blended with hydrogen pipeline

Hydrogen-blended natural gas pipelines represent an important development direction for hydrogen
energy transportation. In this study, we conducted calculations for nonmetallic natural gas pipelines with
varying hydrogen blending ratios to assess static electricity risk. Given the similar conductivities of natural
gas and hydrogen—both approximating vacuum conditions—the conductivity value was set at 1072° S/m for
computational simplicity. An HDPE pipeline with a gas velocity of 10 m/s, a diameter of 450 mm, and SDR11
specifications was selected for analysis. The results, depicted in Fig. 8, show that under different temperatures
and pressures, both the saturation rush current and pipe wall saturation potential increase linearly with higher
hydrogen blending ratios. These findings indicate that increasing the hydrogen content in natural gas pipelines
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promotes charge generation and accumulation, primarily due to hydrogen’s higher diffusion coeflicient compared
to natural gas. This property enhances charge transfer efficiency, facilitating static electricity generation.

Currently, the maximum hydrogen blending ratio in natural gas pipelines is approximately 30%?2%. At this level,
the calculated saturation rush current is 2.63 X 107 A, and the pipe wall saturation potential is —7.43x 107V
indicating a low static electricity risk. Therefore, both pure natural gas pipelines and hydrogen-blended natural
gas pipelines can be considered safe from static electricity hazards.

Mechanism analysis and practical case research

Analysis of the hydrogen electrification mechanism

The calculation results indicate that the electrostatic risk associated with nonmetallic hydrogen transportation
pipelines is regarded as minimal. To further validate this conclusion, this study analyzes the mechanisms of
electrostatic generators and examines existing incidents.

From the perspective of static electricity electrification mechanisms, pure gases without solid or liquid
impurities generally do not generate static charges without an external energy source!®. This study examines cases
such as gas drainage pipes, nonmetallic gas pipelines, and gas-solid fluidized beds***°. Currently, nonmetallic
hydrogen transportation pipelines are seldom used in engineering applications. In contrast, numerous static
electricity explosion incidents have been reported in nonmetallic gas drainage pipes, particularly in coal mining.
For instance, in 2015, a polyethylene gas drainage pipeline in a Shanxi coal mine exploded due to static discharge,
resulting in a fatality®!. Research indicates that in gas drainage pipelines, static electrification primarily arises
from solid particle impurities, such as coal dust and cinders, with dust concentrations generally ranging from 0 to
1.5 g/cm*¥233, Nonmetallic gas pipelines have over 70 years of application history, and the natural gas extraction
process introduces higher impurity levels than hydrogen. Nevertheless, there are no documented cases of static
electricity causing fires or explosions in gas transportation pipelines. In a study®* using dry nitrogen at 0.7 m/s
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Fig. 7. Variation of pipe wall saturation potential and saturation rush current with pipe conductivity: (a) (c)
P=2 MPa, 5 MPa, 8 MPa; (b) (d) T=10 C; 25°C; 40 C.

in a gas-solid fluidized bed with polyethylene particles (density 0.92 g/cm?), the measured static potential was
about 1V, well below the 46.8 V needed to ignite hydrogen. Given hydrogen’s flammable and explosive nature,
hydrogen transport pipelines demand stringent impurity control. ISO/DIS 14,687 standard mandates an
industrial hydrogen purity of at least 98%, with pure hydrogen reaching 99.999%, and limits impurities to a few
parts per million—substantially lower than in the previously mentioned scenarios. Thus, nonmetallic hydrogen
transportation pipelines are unlikely to be compromised by large quantities of liquid or solid impurities under
adherence to national standards.

Comparison of static electricity risk assessment in different pipelines

From a pipeline perspective, wall roughness primarily influences the generation of static electricity, while
conductivity affects both charge accumulation on the wall and discharge of static electricity. Increased wall
roughness enhances the contact area and resistance when hydrogen gas interacts with the wall, thereby raising
the likelihood of static electricity generation. Metal pipelines typically have a surface roughness of approximately
0.045 mm, whereas HDPE pipelines exhibit a roughness between 0.0015 and 0.007 mm?>® lower than that of
metal pipes, indicating a minimum static electricity risk for HDPE pipelines based on roughness.

In terms of conductivity, HDPE has a value of approximately 10~ S/m?’, while low-carbon steel pipes have
a conductivity of 10° S/m, allowing effective static electricity dissipation and reducing the risk of charge buildup.
Charge accumulation is critical for static discharge; even metal pipes will not discharge without sufficient
accumulation. Consequently, the risk associated with charge accumulation is greater than that of discharge.
From a conductivity standpoint, the static electricity risk is ranked as nonmetallic pipes > metal pipes.

From the perspective of the conveying medium, impurity type and concentration are crucial factors
influencing static electricity generation. The medium’s conductivity is associated with charge transfer, while its
minimum ignition energy (MIE) relates directly to explosion hazards. Solid and liquid impurities can collide
and create friction with the pipe walls, inducing electron transfer and thereby increasing the probability of static
electricity generation. For example, petroleum, as per ISO 3170, has a complex composition that includes
impurities such as salts, sulfur compounds, sand, and dirt, with concentrations reaching several percent. In
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Fig. 8. Variation of pipe wall saturation potential and saturation rush current with the proportion of hydrogen
in natural gas: (a,c) under different hydrogen pressures; (b,d) under different hydrogen temperatures.

contrast, liquid hydrogen and hydrogen require purities exceeding 99.9%, limiting impurities to ppm levels.
Natural gas, according to ISO 13,686, often contains trace solid particles due to its formation with underground
minerals.

In terms of liquids, which have higher molecular weights and stronger intermolecular forces, are more prone
to static electricity generation than gases. Additionally, the MIE of a medium reflects its susceptibility to ignition
by small discharge energies: the lower the MIE, the higher the risk of ignition from static electricity. Hydrogen
and liquid hydrogen possess lower MIE values compared to natural gas and petroleum, making them more easily
ignitable and therefore more hazardous.

Table 1 provides a summary of the physical properties of these four media. Among these media, petroleum
presents a substantially higher static electricity risk. Figure 9 summarizes the relative static electricity risk
assessment for the five types of transportation pipelines.

The static electricity risk assessment indicates that nonmetallic hydrogen transportation pipelines present
lower static electricity risks compared to nonmetallic oil, liquid metal hydrogen, and nonmetallic natural gas
pipelines. Operational data and incident records further indicate that the risk of static electricity incidents
in nonmetallic hydrogen pipelines remains minimal in practice. Nonmetallic oil pipelines are favored for
their portability and corrosion resistance. Since 2000, Chinas Changqing Oilfield has increasingly employed
polyethylene (PE) pipelines, which have been used in some projects since 2005 and are now crucial to the oilfield
transportation system*. Similarly, nonmetallic gas pipelines are the dominant choice for urban gas systems
in the United States, the United Kingdom, Denmark, and other countries, with over 90% of newly installed
urban gas pipelines in China now being nonmetallic*!. Nonmetallic coal gas and natural gas pipelines have
been widely implemented in urban gas networks since the 1970s*%. In contrast, metal pipelines are commonly
used in high-pressure applications, such as the hydrogen refueling station in Copenhagen, which operates at
pressures of 35 MPa and 70 MPa to support hydrogen fuel cell taxis**. Although nonmetallic oil pipelines show
a relatively higher static electricity risk than nonmetallic hydrogen pipelines, no static discharge accidents have
been reported over extended operational periods. These researches indicate that the static electricity risk of
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Influencing
factors

Minimum ignition Viscosity
Transportation medium | Composition Density(kg/m®) | energy (mJ) Types of impurities Impurity content | (Pa-s)
ggg)r/?)glesnmesz 2019) Pure hydrogen 0.09 0.017 H,0, CO,, O, etc. ppm 8.9%107°
gg‘(‘)‘rf‘; £5e 201 3) Mainly methane 0.72 031 H,0,CO,, H,S,0,, etc. | <3% 1.1x 107
e I R e e
ggg/%lgifé;se; 2019) Pure hydrogen 70.85 0.017 H,0, CO,, O, etc. ppm 1.3x107°

Table 1. Comparison of the physical properties of the four transportation media.
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@ Non-metallic hydrogen pipeline
® Metallic hydrogen pipeline

®© @ @ @ 6

Fig. 9. Summary of the relative static electricity risk assessment for the five types of transportation pipelines.

nonmetallic hydrogen transportation pipelines remains exceptionally low with current standards in pipeline
design, material selection, and maintenance.

Conclusion

This study quantitatively assessed static electricity risks in nonmetallic hydrogen pipelines using electrostatic
double layer theory. Despite higher static charge accumulation due to low conductivity, these pipelines remain
safe, with calculated electrostatic energy six orders of magnitude below hydrogen’s ignition threshold. Factors
such as higher flow velocity, temperature, larger diameters, lower material conductivity, and reduced pressure
increase static accumulation. A comparative assessment across various pipeline types showed that nonmetallic
and metal hydrogen pipelines pose the lowest static electricity risk, while nonmetallic oil pipelines pose the
highest. Notably, no static electricity accidents have been reported in nonmetallic gas pipelines.

This research shows that the risk of static electricity explosion caused by hydrogen friction in non-metallic
hydrogen transportation pipelines is minimal. The static electricity risk of natural gas mixed with hydrogen
pipelines also can be almost negligible.It should be noted that if there is static electricity outside the non-metallic
hydrogen transport pipeline or if t there are a large amount of particle impurities such as sand and soil mixed
inside the pipeline, the static electricity risk of the pipeline still needs to be considered. Therefore, considering
electrostatic safety, it is recommended to deploy online sensors to dynamically detect hydrogen impurity
concentration and activate emergency mechanisms in case of extreme pollution; Mandatory installation and
maintenance procedures for non-metallic pipelines (such as anti-static grounding, use of cleaning tools),
strengthening personnel anti-static training and case drills; In addition, when revising the hydrogen related
standards for non-metallic pipelines, it may be considered to appropriately increase the flow rate limit.
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