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Abstract—An increasing number of large-scale renewable
plants are generating abundant electricity. As power-to-gas and
power-to-x technologies become promising ways to utilize surplus
electricity to enhance the flexibility of energy systems, an inno-
vative gas-electricity integrated transmission system (GEITS) to
co-transmit electricity and hydrogen or other gas products is
proposed, with the foreseeable advantages of compact structure,
lower installation cost, and larger energy capacity. This paper
investigates the feasibility of GEITS, suggests a design guideline,
and gives the operation technical parameters of GEITS in
different application scenarios. The dimensions and operating
pressures of GEITS benchmark natural gas pipelines and then
the nominal voltages of GEITS are calculated based on the electri-
cal strength of high-pressure hydrogen. The nominal ampacities
of GEITS are evaluated by temperature-rising simulations, which
are larger than those of other transmission lines. Furthermore,
high-pressure flowing hydrogen acting as an electrical insulator
is a novel topic, and it is investigated via experimental validation
on a scale model. Although the effect of 0.4 m/s flowing hydrogen
on discharge characteristics has not been observed compared to
static hydrogen, the discharge is impaired in 2.4 m/s flowing
nitrogen. Future works will investigate the electrical strength
of high-pressure long-distance hydrogen gaps under lightning
impulse tests and the discharge phenomenon in higher flowing-
velocity hydrogen. Methane and methane blended with hydrogen
with higher insulation performance can increase the nominal
voltages.

Index Terms—Ampacity, gas insulation, high voltage transmi-
ssion system, hydrogen pipelines, P2X.

I. INTRODUCTION

LARGE-scale generation of variable renewable electricity
(VRE), noticeably wind and solar power, are under devel-

opment in several countries. Denmark plans to cover 100% of
renewable energy demand in some regions [1]. Energy systems
are developing towards more flexibility and an increasing
proportion of VRE. Power-to-gas (P2G) and power-to-x (P2X)
technologies are preferable approaches to utilizing abundant
electricity to produce gas fuels and industrial raw materials,
such as hydrogen and methane, or convert them into electricity
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afterward. Meanwhile, the stability and flexibility of the power
grid can also be increased.

Generally, the P2G and P2X factories are planned to be
close to power plants and substations, far from urban centers
and energy-consuming regions [2]. Moreover, the feasibility
of offshore grid-integrated P2G is discussed [3], where the
P2G facilities are installed beneath the offshore wind turbines.
This means that electricity and gases need to be transmitted
with a large capacity and over a long distance on close routes.
Gases are commonly transmitted by trucks and pipelines [4].
In pipelines, gases are pressed to very high pressures, ranging
up to hundreds of bars. Electricity is commonly transmitted
by overhead lines (OHLs) and power cables. A few gas-
insulated lines (GILs) projects also exist. The electrical design
of power cables and GILs are similar: a coaxial structure
of central conductors and sheaths insulated by cross-linked
polyethylene for the former, or sulfur hexafluoride (SF6) and
other more environmental-friendly gaseous insulation that is
under investigation for the latter.

All gases are insulated materials, including the hydrogen
produced in the electrolyzes of P2G. Thus, there arises a
hypothesis: to install an electric conductor in the center of
a gas pipe, with the high-pressure, high-velocity gas acting as
insulation, to realize the co-transmission of electricity and gas
in one structure, namely, Gas-Electricity Integrated Transmis-
sion System (GEITS). The demonstration of the concept of
GEITS can be seen in Fig. 1.
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Fig. 1. Demonstrating the “Gas-Electricity Integrated Transmission System”
(GEITS) concept.

GEITS can be designed to face different scenarios. For
example, low-level GEITS can be used among P2G facilities to
energize electrolysis and collect initially produced hydrogen.
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GEITS of the medium level can be used to collect hydrogen
from all the electrolysis and transmit it to an energy collection
hub with electricity. High-level GEITS can be used to transmit
large capacities of hydrogen and electricity over long dis-
tances. The three levels are collection level, distribution level,
and transmission level. GEITS occupies a similar area, and its
installation costs are similar to those of a gas pipeline of the
same size, but it can fulfil the functions of gas pipelines and
power cables. Thus, it can be foreseen to have the advantages
of a compact structure, lower installation cost, and larger
energy capacity. This paper aims to analyze the feasibility
of this novel transmission system through theoretical analysis
and experimental validation and to propose preliminary design
guidelines for GEITS.

II. THEORETICAL ANALYSIS OF THE FEASIBILITY OF
GAS-ELECTRICITY INTEGRATED TRANSMISSION SYSTEM

The design guideline for GEITS is proposed in this section
through theoretical analysis. Firstly, the current hydrogen and
natural gas systems are reviewed to benchmark the dimensions
and operating pressures of GEITS in different application sce-
narios. Secondly, the design principle of GILs is reviewed and
referred. Thus, the nominal voltages of GEITS are calculated
based on the pipelines’ sizes and the high-pressure hydrogen’s
electrical strength. Then, the ampacity and power capacity
of GEITS are evaluated based on the heat transfer simula-
tions. Other technical parameters are also calculated based
on the electrical design. Additionally, the uniqueness of using
high-velocity flowing high-pressure hydrogen as insulation is
highlighted, and the relevant research on the effect of airflow
discharge phenomena is reviewed to support the theoretical
validation of GEITS. The guidelines can be illustrated in Fig. 2
and the detailed procedures in the following subsections.
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Fig. 2. The flow chart of the design guidelines for GEITS.

A. Review on the Operation Pressure of Gas Systems

1) Hydrogen Transmission Pressure
Hydrogen transportation mainly uses gaseous-state pipeline

transmission, liquid-state pipeline transmission, and traffic

transportation. Long-distance transmission pipelines normally
operate at high pressures (up to 100 bar). The pipeline diame-
ter in European gas infrastructure ranges from 20 to 48 inches
(508 to 1219.2 mm) [5]. Hydrogen transmission pipelines are
expected to have a diameter also within this range because
the hydrogen infrastructure project in Europe, The European
Hydrogen backbone, will use mainly existing infrastructure,
which will be properly converted [6]. Some specialized hydro-
gen transmission pipelines are also under consideration. For
example, Danish transmission system operator Energinet has
launched a study to determine the feasibility of establishing a
west Danish hydrogen transmission grid in Jutland [7]. In the
initial phase, the hydrogen pipeline can be operated at lower
pressures, e.g., 35/20 bar (inlet pressure/discharge pressure),
which can be the discharge pressure from the electrolysis.
In the long-term planning, the hydrogen transmission grid is
expected to reach 78/30 bar (inlet pressure/outlet pressure)
catering to future-proofed large capacity. Out of transport
costs, larger pipelines are needed to bring costs down over
longer distances. The analyses show that a pipeline dimension
of e.g., 36 inches (914 mm) and 78 bar can provide a capacity
of 10 GW.

Additionally, it has been investigated whether the existing
natural gas infrastructure can be repurposed to a large ex-
tent [8]. Therefore, developing an existing natural gas network
is also of great value in terms of pipe sizes and operating
pressure for benchmarking the application of GEITS.
2) Natural Gas Network Pressure

Natural gas networks are mature in many countries. To meet
various demand requirements, the capacity and the pressure of
each natural gas pipeline are not constant. There is a general
equation to select the high-pressure natural gas pipe size based
on the operating parameters, as formulated in (1),

D =
Q0.381

18.93
(

(P 2
1 −P 2

2 )·Y
Cr·L

)0.206 (inches) (1)

where D is the inner diameter of the pipe selected, Q is
the input volume flow rate in the unit of ft3/h at 60 ◦F and
30-inch mercury column, P1 and P2 are the inlet pressure
and discharge pressure, L is the equivalent length of the pipe
whereby the engineer calculates a further length of pipe that
will produce an extra friction loss in the pipe that is equivalent
to the loss through the fitting. Cr is the viscosity factor which
is 0.6094 for natural gas, and Y is the super expansibility
factor which is 0.9992 for natural gas. Therefore, the pipe size
can be selected in the planning stage by knowing the above
parameters.

The natural gas network can be classified into two lev-
els: transmission pipeline systems and distribution pipeline
systems. In general, the transmission pipelines have larger
diameters and higher operation pressure, which forms the
backbone of the natural gas network. Meanwhile, the distribu-
tion pipelines to the consumers have relatively lower pressure,
larger branches, denser networks and smaller diameters. The
pressure-to-size relationship of the natural gas pipelines in
different countries is slightly different but generally similar.
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Here is a typical example of the natural gas pressure levels in
Denmark.

The transmission lines owned and run by Energinet carry
natural gas at high pressures of about 40–80 bar. Passing
through metering and regulating stations, they are transferred
to distribution pipelines run by the distribution system operator
at a lower pressure. Through the distribution pipelines, the
pressure is further reduced depending on the needs of the
consumers; thus, the gas reaches the industrial or household
consumers. The technical data for the Danish natural gas
network can be found in Table I, which can be benchmarked
for the design of GEITS.

TABLE I
TECHNICAL DATA FOR THE DANISH NATURAL GAS NETWORK

System-level Transmission level Distribution level Street level
Pipe material Steel Steel Plastic
Pressure (bar) 55–164 19–50 0.022–7
Diameter (mm) 250–1016 80–450 40–250

B. Assessment of Insulation Performance of Electrical Design

1) Selection and Design of the Insulation Distance: Referring
to the Design Principle of GILs

GEITS has a coaxial electrical structure similar to power
cables and GILs. Because power cables use solid polymers
as insulation, the aging and thermal factors play an important
role in electrical design. The design principle of GILs using
gaseous insulation is more informative for designing GEITS.
A demonstration of the similar cross-section structure of GILs
and GEITS can be seen in Fig. 3, where r1 and r2 are the inner
radius and the outer radius of the hollow conductor, r3 and r4
are the inner radius and the outer radius of the enclosure.
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Fig. 3. A demonstration of the cross-section structure of GEITS and GILs.

The dielectric dimensioning of GILs is determined by
the maximum allowable electrical field strength, which is
identified through voltage tests. The relationship among the
maximum allowable electrical field strength Em, the test
voltage Vt, and the dielectric dimensioning can be described
by using Gauss’s law as shown in (2) [9],

Em ≥ Vt
r2 ln(r3/r2)

(2)

For a given outer radius r3, a larger r2 can shorten insulation
distances and a smaller r2 can increase the electric field and
lower the corona inception voltage on the conductors [10].
Then the dielectric dimensioning is optimized by the best

relationship in a cylindrical system where the ratio of r3/r2
shall be the number “e”, which makes the derivative of Em

with respect to r2 equal to zero. Thus, (2) can be simplified
into (3),

Em ≥ Vt
r2

(3)

Therefore, to evaluate the dielectric dimensioning r2 for
GILs, it is necessary to evaluate Em and Vt.

Firstly, the maximum allowable electrical field strength Em

is evaluated. Generally, Em is produced according to the
50% breakdown electric field under negative lightning impulse
voltage tests E50%. To balance economy and reliability, a
design margin is taken into account for GILs as follows,

Em = K1EB (4)
EB = E50%(1 − 3σ) (5)

Generally, K1 is given 0.85 considering uncertain factors,
and σ = 0.05 is the standard deviation of lightning impulse
and switching impulse [11].

Secondly, the test voltages Vt are selected according to the
standards. For example, all types of test voltage for 400 kV
and 500 kV network GILs can be found in Table II.

TABLE II
TEST VOLTAGE DATA FOR 400 KV AND 500 KV NETWORK GILS

Test voltage
type*

400 kV network 500 kV network
Factor to Um Voltage Factor to Um Voltage

UN – 400 kV – 500 kV
Um 1 420 kV 1 550 kV
UPF 1.5 630 kV 1.36 750 kV
ULI 3.39 1425 kV 2.9 1600 kV
USI 2.5 1050 kV 2.18 1200 kV

*UN : Nominal voltage; Um: Maximum voltage; UPF : Power frequency
withstand voltage; ULI : Lightning impulse voltage; USI : Switching impulse
voltage.

Finally, for the dielectric dimensioning of the GIL under a
specific nominal voltage, the electric field calculated by (3)
with respect to Vt = ULI and r2 shall be smaller than Em.
The calculation result of r2 is the inner conductor’s minimum
allowable radius, and the outer enclosure’s corresponding
radius can be calculated by timing the optimal ratio “e”. The
above is a general design principle of GILs, and there can
be some deviations in practical design for GILs from other
considerations and experience.
2) Dielectric Strength of High-pressure Hydrogen

To design GEITS using high-pressure hydrogen, it is neces-
sary to know the maximum allowable electrical field strength
Em, which is evaluated based on the dielectric strength of
high-pressure hydrogen. The dielectric strength of gases has
been investigated for over one hundred years. Under standard
atmospheric conditions (20 ◦C, 1 atm), hydrogen’s uniform
breakdown electric field is 17.5 kV/cm while air is about
30 kV/cm [12].

Paschen’s law is well-known that the insulation performance
of gases in uniform electric field, as quantified by breakdown
voltage VB , is related to the product of gas gap distance d and
gas pressure P in the following (6),
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VB =
B · Pd

ln(A · Pd) − ln[ln(1 + 1/γse)]
(6)

where A is the saturation ionization coefficient, B is the
excitation and ionization energy coefficient, and γse is the
secondary electron emission coefficient, which depends on the
electrode material but has limited effect when Pd is large.
The values of the constants and the range of application for
hydrogen are listed in Table III [13].

TABLE III
PARAMETERS OF HYDROGEN FITTING IN PASCHEN’S LAW

Parameter Value
A (bar −1·cm−1) 3600
B (kV·bar −1·cm−1) 102
γse (electrons/ion) [14] 0.055
Range of E/p (kV·bar −1·cm−1) 11.25–450

However, based on the application range, it can be reversely
deduced that (6) only applies to Pd smaller than 7.11 bar·cm.
Other studies on the dielectric strength of hydrogen have been
conducted mainly out of pure scientific interest, and short gap
distances in uniform electric fields have been tested. The Pd
ranges from 30 to 1000 torr·mm, which gives a breakdown
voltage of up to 20 kV [15]–[17]. Reference [18] carried
out experiments on hydrogen with Pd from 2 to 27 bar·cm
(205200 torr·mm), where the breakdown voltage is around
375 kV for Pd of 27 bar·cm. Because hydrogen is rarely
used as insulation spacing for practical applications, there is
seldom experimental research on the breakdown characteristics
of hydrogen under larger Pd.

In a non-uniform electric field, corona discharge can occur
instead of entire breakdown. The corona discharge of hydrogen
as pure physical research has also been studied for years [19]–
[21]. In [22], an empirical equation is given to describe the
relationship among the corona inception voltage, gas pressure,
and the inner conductor radius in a coaxial system within
hydrogen, as shown in (7),

Pr = 0.0069
V

log10(R/r)

(
log10

(
V

log10(R/r)

)
− 2.61

)
(7)

where P is the gas pressure, V is the voltage on the inner
conductor, and r and R are the radii of the inner conductor and
the outer enclosure. However, (7) is also summarized based on
a small Pd of 3500 torr·mm.

Furthermore, it can be found from the design principle of
GILs that the maximum allowable electrical field strength Em

is produced according to the 50% breakdown electric field
under negative lightning impulse voltage tests E50%. Lightning
impulse voltages are more sensitive to inhomogeneous areas,
such as non-uniform electric fields [9]. Impulse breakdown
tests on rod-plate electrodes in hydrogen have been carried
out in [23], [24], with the pressure in the range of 0.6 bar
to 3 bar and spacing up to 25 cm. An empirical equation is
proposed to describe the 50 % breakdown voltage of rod-plate
electrodes under positive impulse as shown in (8),

V50% = 525 · d0.95 · P 0.7 (kV) (8)

where d is the distance in meters and P is the pressure
in bar. It is also argued that, as the breakdown voltage for
negative rod-plate is everywhere higher than the positive rod-
plate value, the above relation represents the bias for impulse
withstand voltage estimation in commercial-purity hydrogen
in the present range of pressure and distance [23].

However, it is necessary to mention that the weak point
of insulation in gas-insulated systems is the surface of the
insulator. There is no research on surface flashover in high-
pressure flowing hydrogen, which needs further investigation.
3) Preliminary Electrical Design of GEITS for Industrial
Applications

The principle of the electrical design of GEITS is also based
on (3). For GILs, the dielectric dimensioning is evaluated using
the Em and Vt. GEITS must fulfill the requirement to transmit
hydrogen simultaneously so that pipe sizes are already given.
The principle of the electrical design of GEITS is to evaluate
the nominal voltage based on Vt with the given Em and pipe
sizes.

The first step is to select the size of the outer pipe based on
the application levels. Then the inner conductor radius can
be calculated using the optimal ratio of “e”. As discussed
above, GEITS can be applied at three different levels. Thus,
by benchmarking the technical data of natural gas pipelines
in Table I, the operating pressures and sizes of GEITS can be
selected in Table IV. The sizes of the inner conductors and
insulation distances can also be obtained.

TABLE IV
TECHNICAL DATA OF GEITS AT DIFFERENT LEVELS

System-level Transmission Distribution Collection
Rated pressure (in/out) (bar) 80/40 35/20 10/1.5
Pipe diameter D2 (inch/mm) 40/1016 16/406.4 10/254
Conductor diameter D1 (mm) 373.76 149.5 93.4
Insulation distance d (cm) 32.10 12.85 8.00

The second step is to estimate the maximum allowable
electric field Em. The pressure is selected as the outlet
pressure at each application level, where the pressure is the
lowest along the whole line. Equation (8) is used to calculate
V50% and E50% first, then EB and Em are calculated by (5)
and (4) respectively. The computing results of the maximum
allowable electric field Em are summarized in Table V.

The third step is calculating the maximum test voltage
and selecting rated voltage levels according to existing power

TABLE V
RATED VOLTAGE OF GEITS AT DIFFERENT LEVELS

System-level Transmission Distribution Collection
V50% (kV) 2360.69 608.61 63.29
Max. allowable electric
field Em (kV/cm) 53.10 34.22 5.72

Max. lightning test
voltage Vt (kV) 992.33 255.79 26.69

Lightning impulse
voltage ULI (kV) 950 170 20

Max. power frequency
voltage Um (kV) 245 36 3.6

Nominal voltage
UN (kV) 220 33 3.3
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grids. The maximum standard lightning withstands test voltage
Vt can be calculated by (3). According to the IEC std. 60071–
1, the rated voltages of GEITS at different levels are selected
if they can withstand certain Vt [25]. The rated voltages of
GEITS at different levels are also summarized in Table V.

There are several things to be noted. Firstly, it is question-
able whether (8) can still be applicable for large Pd in GEITS
at the transmission level and the distribution level. Thus, the
rated voltage is estimated roughly without rigorous exami-
nations, which needs considerable experimental investigations
based on AC withstand tests and lightning/switching impulse
withstand tests based on prototypes. Secondly, to fulfill the
requirements on the application of a higher rated voltage level,
it can be taken into consideration that larger-size pipes and
higher pressure are utilized, or other kinds of gases with better
insulation ability are adopted.

C. Calculation of Ampacity Based on Heat Transfer

In all transmission lines, one of the conditions to limit the
power transmission capacity, which can be equivalent to the
ampacity at the same voltage, is the operating temperature
rising that can impact the lifetime of solid materials, such
as XLPE in power cables, epoxy spacers in GILs, and the
possible insulated supports in GEITS [26]. Heat is mainly
produced by the current passing through conductors by Joule’s
law. Therefore, if more of the heat produced by the current
can be dissipated, more current can be carried to the same
operating temperature.

GEITS uses hydrogen as insulation material, which has a
good heat dissipation ability. Under standard conditions, the
thermal conductivity of hydrogen is 0.163 W/(m·K), the high-
est of all gases. By comparison, the thermal conductivity of air
is 0.023 W/(m·K), while the thermal conductivity of the con-
ventional gaseous insulation material SF6 is 0.012 W/(m·K).
The pressure-dependent and temperature-dependent thermal
conductivities of gases can be found in [27]–[29]. Additionally,
heat in gases is not dissipated only by thermal conduction
but also by thermal convection. The convective heat transfer
coefficient of gases in natural convection is 2–20 W/(m2·K)
[30], while the convective heat transfer coefficient of gases
in forced convection is 25–300 W/(m2·K) [31]. The hydrogen
used in GEITS is transmitted at a high velocity through turbu-
lent flows, enhancing thermal convection and heat dissipation
ability.

In the preliminary design, GEITS is expected to carry AC
voltage. As a result, it is desirable to design the inner conduc-
tor of GEITS as hollow to reduce the usage of aluminum alloy
and to increase the capacity of hydrogen because of the skin
effect. The skin depth can be calculated in the following (9),
which is also the thickness of the hollow conductor in Fig. 3,

r2 − r1 = δ =

√
2ρ

ωµ
(9)

where ω is the angular frequency, ρ is the resistivity, and
µ is the magnetic permeability. The resistivity and magnetic
permeability of aluminum alloy is 2.8 × 10−8 Ω·m and 4π
× 10−7 H/m. Thus, the skin depth for 50 Hz AC is 1.19 cm.

Generally, when designing GILs’ conductors, the thickness of
the hollow conductor is 1.27 cm.

Based on the electrical design of GEITS, the thermal distri-
bution of GEITS can be simulated by COMSOL to estimate
the ampacity. It is referred to that IEC standard 62271 regulates
the temperature limit on the enclosure of GILs [32]. The
maximum temperature between 50 ◦C and 60 ◦C is considered
the applicable limit for direct buried installation. Thus, GEITS
installation buried in 15 ◦C soil is simulated. The maximum
ampacity of GEITS at different levels can be calculated and
summarized in Table VI.

TABLE VI
RATED VOLTAGE OF GEITS AT DIFFERENT LEVELS

System-level Transmission Distribution Collection
Nominal voltage UN (kV) 220 33 3.3
Nominal ampacity IN (A) 5620 3250 2430
Transmissible power Pt (MVA) 2000 175 13

By comparison, the rated ampacity and the transmissible
capacity of an example 252 kV GIL is 3150 A and 1300
MVA [33], the rated ampacity and the transmissible capacity
of an example 220 kV cable are 1406 A and 500 MVA [34],
which are smaller than the rated ampacity of GEITS, because
of the better thermal conductivity of hydrogen. However,
for GEITS at the distribution and collection levels, although
GEITS has a large ampacity, it is still not desirable to carry
such a high current because the relatively low voltage results
in significant power losses.

D. Other Electrical Technical Parameters of GEITS

The other electrical technical parameters of GEITS depend
on the conductor and outer enclosure dimensions, as shown in
Fig. 3.

The resistance per unit length R0 consists of the resistance
of the conductor Rc and the enclosure Rs, which also depends
on the material conductivity ρc,s. Sc and Ss are the cross-
section areas of the conductor and the enclosure.

R0 = Rc +Rs (10)

Rc,s =
ρc,s
Sc,s

(11)

Sc = π(r22 − r21), Ss = π(r24 − r23) (12)

The inductance per unit length L0 and the capacitance per
unit length C0 can be calculated by considering the coaxial
structure with respect to the magnetic permeability µ0 = 4π×
10−7 H/m and the permittivity ε0 = 8.854 × 10−12 F/m.

L0 =
µ0

2π
ln
r3
r2

(13)

C0 =
2πε0
ln r3

r2

(14)

Thus, the surge impedance Z0 of GEITS can be calculated
in the (15),

Z0 =
1

2π
ln
r3
r2

√
µ0

ε0
(15)

To meet the optimal ratio between the enclosure’s inner
radius and the conductor’s outer radius, r3/r2 = e is adopted,
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so L0, C0, and Z0 are constant for varying dimensions of
GEITS. The electrical technical parameters of GEITS are
summarized in the following Table VII.

TABLE VII
OTHER ELECTRICAL TECHNICAL PARAMETERS OF GEITS AT

DIFFERENT LEVELS

System-level Transmission Distribution Collection
Resistance p.u. R0 (mΩ/km) 2.05 5.40 9.12
Inductance p.u. L0 (µH/km) 200 200 200
Capacitance p.u. C0 (nF/km) 55.61 55.61 55.61
Surge impedance Z0 (Ω) 59.97 59.97 59.97

The resistance per unit length of GILs is around 6–8
mΩ/km, which is larger than that of GEITS at the transmission
level because GEITS has a larger dimension and the conductor
cross-section area. Because the capacitance per unit length
of GEITS is as low as that of GILs, much lower than that
of cables, no or low compensation coils are needed under
most network conditions for transmission lengths up to about
100 km [9].

E. Review on the Discharge Phenomenon in Flowing Air

To assess the insulation performance of GEITS, partial
discharge is a significant index, which is the early stage of
gas insulation breakdown that can lead to power outages and
economic losses. However, the case of partial discharge in
GEITS is unique because the gas medium where discharge
occurs is high-pressure high-velocity flowing hydrogen.

There have been relevant studies on discharge and flashover
characteristics in high-velocity air towards the investigation of
the roof insulators on the top of high-speed trains. Table VIII
lists a review of the research. It can be found that, although
the discharge types are different, the results show a higher
breakdown voltage under both DC and AC voltage when
airflow increases from 0 m/s. However, some also find that
the breakdown voltage starts decreasing if the airflow velocity
continues increasing. Still, the turning point of airflow velocity
varies considerably, for example, 5 m/s in [35], 100 m/s in
[36], and 72 m/s in [37], which indicates the turning point

of airflow velocity depends a lot on the electric field. DC
superposed with impulse voltage is applied in [38] and it is
found that the breakdown voltage in the flowing air is lower
than that without flowing air. In this case airflow velocity
does not increase step by step, so it is questionable whether
or where the turning point appears. One exception is in [39]
for plate-to-plate electrodes, which shows breakdown voltage
slightly decreases with an increasing air flow velocity. It
is well explained that there are two mechanisms of airflow
affecting discharge phenomena: the airflow blowing effect
including the deflection effect and blown away effect, and
the airflow density effect [36]. The airflow blowing deflection
effect results in the electron path colliding, and the electron
number in collision and the concentration of positive ions
decrease because of being blown away to weaken discharge
and increase breakdown voltage. Meanwhile, higher velocity
airflow reduces air density and decreases breakdown voltage.
These two effects are dominant in different air velocity ranges.

The above research studied normal pressure air. There
has not been any research on the effect of flowing veloc-
ity on discharge characteristics in high pressure hydrogen.
The discharge processes and mechanisms should be clari-
fied briefly to compare the discharge mechanism between
hydrogen and air (nitrogen). The discharge is initialized by
electrons colliding with gas molecules. The first Townsend
coefficient α describes the number of electrons produced by
a single, initiating electron. After that, extra electrons are
produced in the secondary process. Two major mechanisms
are included in corona discharge: electrons released from
the cathode by positive ion bombardment and electrons pro-
duced by photoionization when recombination. The secondary
Townsend coefficient γ represents the number of electrons
produced in all secondary mechanisms. During the process,
it is accompanied by recombination and attachment, reducing
the number of electrons. Recombination coefficient β and
attachment coefficient η are used to describe the reduction
of electron numbers in these two mechanisms. Therefore,
the above four ionization coefficients must be compared to
compare the discharge mechanism between hydrogen and air.

TABLE VIII
LITERATURE REVIEW ON THE DISCHARGE PHENOMENON IN FLOWING AIR

Scholar & Year Discharge type Voltage type Flow type Velocity Effect
2009, X. Liu et al. [40] Insulator surface AC Orthogonal 68–136 m/s Creeping path is blown away
2010, B. He et al. [41] Plate-plate AC Orthogonal 0–15 m/s Vb increases
2010, W. Sima et al. [42] Surface AC 0–8 m/s Vb increases

2014, J. Tang et al. [35] Plate-plate 200 ns Pulse Orthogonal 0–5 m/s Vb increases
5–40 m/s Vb decreases

2017, Y. Kang et al. [36] Needle-plate AC Orthogonal 0–100 m/s Vb increases
100–135 m/s Vb slightly decreases

2018, Y. Du et al. [43] Surface DC Parallel 0–90 m/s Discharge repetition increases.
Charge decay rate increases first and decrease.

2018, Y. Kang et al. [44] Needle-needle DC Parallel 82 m/s Downwind Vb decreases Headwind Vb increases

2018, S. Vogel et al. [38] Needle-plate +(DC+Imp) Orthogonal 22 m/s No impact
−(DC+Imp) Vb decreases

2018, W. Wei et al. [45] Dielectric barrier AC Orthogonal 0–9.7 m/s No effect on shape, but weaken intensity.

2019, Y. Kang et al. [46] Needle-plate DC Orthogonal 0–120 m/s Vb increases
Plate-plate Vb slightly decreases

2019, D. Zhou et al. [47] Needle-mesh −DC Parallel 0–8.8 m/s Pulse amplitude decreases first and increases

2021, Y. Du et al. [37] Surface AC Parallel 0–72 m/s Vi increases
72–90 m/s Vi decreases

2021, G. Zhang et al. [48] Insulator surface DC Orthogonal 0–60 m/s Vb increases



ZHANG et al.: FEASIBILITY ANALYSIS AND DESIGN OF GAS-ELECTRICITY INTEGRATED TRANSMISSION SYSTEM 601

The four coefficients depend on the electric field, pressure,
cathode material (γion), and other conditions. Because the
measurement of the coefficients in literature is carried out
under various conditions, performing a unified quantitative
comparison is difficult. Therefore, a qualitative comparison is
performed, as shown below.

The first Townsend coefficient α of hydrogen is higher
than that of nitrogen, which means more electrons can be
produced initially under the same conditions, or lower energy
is needed for hydrogen to produce the same number of elec-
trons [49]. For the measurement of the secondary Townsend
coefficient γ, hydrogen has a lower applicable range of E/P
(E, the breakdown electric field; P , the gas pressure), which
is 27–46 V/(cm·torr), than that of nitrogen, which is 54–99
V/(cm·torr). Although at a lower E and the same P , positive
ion bombardment secondary coefficient γion of hydrogen is 2–
3 times higher than that of nitrogen, while photon secondary
coefficient γpho is 5–6 times higher than nitrogen [50], [51]
presents that the recombination coefficient β at a low nitrogen
pressure is about half the value for hydrogen but a rise in the
recombination coefficient is noted with increasing pressure.
[52] presents that the recombination coefficient β at a high
nitrogen pressure is two orders of magnitude smaller than
that of hydrogen. The recombination process is particularly
important at high pressures. For the attachment coefficient η,
both hydrogen and nitrogen are non-attaching gas. However,
oxygen is also in the air, and the electrons may be lost by
attachment to the neutral molecules to form negative ions [53].
Although the above mechanisms that explain the effect on
corona discharge of flowing air can be used as references, it
is questionable whether they are still tenable in high-pressure
hydrogen, which needs further experimental investigations
from the view of the effect on ionization coefficients.

III. PRELIMINARY EXPERIMENTAL VALIDATION BASED
ON A SCALE MODEL OF GEITS

The feasibility of GEITS is analyzed theoretically above,
but there remain two aspects for which theoretical analysis is
insufficient. One is the insulation strength of a high-pressure
long-distance hydrogen gap, while the other is the discharge
process in high-pressure high-velocity hydrogen.

Therefore, a scale model is built as a prototype to prelimi-
narily validate the experimental feasibility of GEITS. Corona
partial discharge (PD) is the early stage before gaseous insula-
tion breakdown in non-uniform electric field. Thus, the effect
on corona development of high-pressure high-flowing-velocity
hydrogen can reflect the effect on insulation performance to
some extent. This experiment aims to investigate the corona
PD characteristics on the surface of the inner conductor in
high-pressure flowing hydrogen, to evaluate the insulation
performance of the GEITS prototype.

A. Experimental Setup

1) The Electrical Design of the Test Model of GEITS
The scale model of a coaxial pipe-cable system is designed

according to (6). It is designed with a breakdown voltage of
10 kV rms at 1 atm hydrogen. The gas distance is calculated

as 9.83 mm. Thus the theoretical radii of the inner conductor
and outer pipe are 5.62 mm and 15.28 mm. Considering some
margin in case of breakdown, the practical radii of the model
used in this research are 6.3 mm and 29.15 mm respectively.
The length of the outer pipe is 2 m, while the length of the
inner conductor is 1 m which is put in the middle part of the
pipe. There are 0.5-m buffering domains inside both ends of
the pipe in case of turbulence caused by the input and output
of the gas flow. For the inner conductor, one end is supported
by a designed insulator, and the other end is suspended by
a conducting contact, which is applied to high voltage (HV)
from the AC source through a designed “T” shape bushing, as
shown in Fig. 4.

(a) (b) (c)

(d)

Fig. 4. The configuration of the installation of the inner conductor in the pipe.
(a) A designed Teflon insulator to support one end of the central conductor.
(b) A conductor to bring HV from outside to inner conductor through a piece
of Teflon to keep insulation and gas tightness. (c) “T” shape terminal on the
pipe to lead in HV conductor. (d) HV conductor with a hook to suspend the
central conductor.

2) The Procedure of the Experiment
An overall configuration of the experimental setup can be

seen in Fig. 5 and a graphic demonstration of the experimental
setup can be seen in Fig. 6. An HV cable is connected to the
conductor to bring the HV potential to the central conductor.
The ground wires are screwed with the outer pipe.

H2 supply N2 supply

HV source

PD measurement
instrument

Tested GEITS model

Fig. 5. The overall configuration of the experimental setup of GEITS.

The flammability range of hydrogen is from 4% to 75%,
which means if the volume percentage of hydrogen in the air
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HV source Coupling capacitor

Measuring
impedance

s

H2S

N2S

V1

V2

P1 P2

V3

V4

HC High voltage supply
Gas flow
PD measurement instrument
Gas measurement instrument
Ground

Fig. 6. The demonstration of the experimental setup of GEITS. HC-hydrogen concentration measurement; H2S-hydrogen supply; N2S-nitrogen supply;
V-valves; P-pressure gauges.

is within this range, the mixture can be ignited and detonated.
In contrast, if the volume percentage of hydrogen in the air
is out of this range, the concentration makes hydrogen safe
from combustion or explosion [54]. Thus, to guarantee that
the concentration of hydrogen is far higher than 75 % and
almost no air is mixed with hydrogen, the pipe is flushed with
nitrogen before filling in hydrogen. A Y connector parallels
together the nitrogen supply bottles and the hydrogen supply
bottles. Two regulators are installed to control the outlet’s gas
pressure and flow rate. PD is detected by Omicron MPD 600.1
using the pulse current method. A high background noise level
impacts the outdoor PD test, and the threshold is set as 10 pC
to keep the background noise clear.

B. Experimental Results

GEITS prototype is designed with a breakdown voltage of
10 kV rms for 1 atm hydrogen. Based on (8), the breakdown
voltage of 3.5 atm hydrogen is 24 kV rms. However, the
corona onset voltage and electric field of 3.5 atm hydrogen
are 4 kV and 6.35 kV/cm, while the breakdown voltage and
electric field are 11 kV and 17.46 kV/cm, much lower than
that calculated. This section aims to show the feasibility of ap-
plying hydrogen as insulation, and its insulation performance
has the potential to be improved by increasing pressure and
flowing velocity.
1) Influence of the Hydrogen Flowing Velocity on the Partial
Discharge

The PD characteristics and increasing voltage in static
hydrogen are compared with that in the flowing hydrogen.
The regulator limits the flow rate at the outlet of hydrogen
bottles out of safety. The maximum flow rate is 10 Nm3/h,
and the flowing velocity of the hydrogen around the discharge
area is calculated as 0.4 m/s at 3.5 atm. The maximum PD
magnitude, the average PD magnitude, and the PD repetition
in the static hydrogen and flowing hydrogen under 3.5 atm are
shown in Figs. 7 and 8 respectively.

In 3.5 atm hydrogen, neither the PD magnitude nor the
PD repetition in the flowing hydrogen shows a noticeable
difference from those in the static hydrogen. It cannot be
concluded that the flowing hydrogen affects the PD dynamics
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Fig. 7. The maximum PD magnitude and average PD magnitude in the
flowing hydrogen compared with those in the static hydrogen under different
voltages and 3.5 atm pressure.
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Fig. 8. The PD repetition in the flowing hydrogen compared with those in
the static hydrogen under different voltages and 3.5 atm pressure.

at such a low flow rate (10 Nm3/h) or flowing velocity
(0.4 m/s).
2) Supportive Tests on the Comparison of Partial Discharge
in Flowing Nitrogen with Static Nitrogen

Because it cannot be concluded that the flowing hydrogen
affects the PD dynamics at such a low flowing velocity
(0.4 m/s) limited by the common hydrogen regulator, a higher
flowing velocity is achieved using nitrogen with a large-
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flowing-rate regulator to investigate the effect on the PD.
The maximum flow rate limited by the nitrogen regulator is
50 Nm3/h, and the flowing velocity of the nitrogen around
the discharge area is calculated as 2.4 m/s at 3 atm. The
maximum PD magnitude, the average PD magnitude, and the
PD repetition in the static nitrogen and flowing nitrogen under
3 atm are shown in Figs. 9 and 10 respectively.
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Fig. 9. The maximum PD magnitude and average PD magnitude in the
flowing nitrogen compared with those in the static nitrogen under different
voltages and 3 atm pressure.
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Fig. 10. The PD repetition in the flowing nitrogen compared with that in
the static nitrogen under different voltages and 3 atm pressure.

In 3 atm nitrogen, the PD also develops steadily. There is
still no obvious difference from the maximum PD magnitude
because it has a larger statistical dispersion than the average
PD magnitude. However, the average PD magnitude and the
PD repetition in the flowing nitrogen have a small reduction,
which reach 8 % and 6 % respectively compared with those
in the static nitrogen. It can be found that a flowing velocity
as high as 2.4 m/s can impair the discharge dynamics to some
extent.

IV. DISCUSSION

A. Enhancement on Insulation Performance by Using Blended
Hydrogen and Methane

From Section II-B-2), if the dimension and operating
pressure of GEITS at the transmission level benchmark the
natural gas transmission pipelines, the rated voltage GEITS as
evaluated is limited to 220 kV among the current operating
voltage levels. By comparison, power cable lines and GILs
are already operating at 500 kV. It can be found from (3),
there are two solutions if the allowable voltage is expected to
increase.

One is to increase the radius of the inner conductor r2
(the radius of the outer enclosure r3 is also increased at the
same time). Larger pipes can be considered for GEITS at
the distribution and collection levels. However, GEITS at the
transmission level needs more discussion. Firstly, designing
pipes with larger diameters and higher pressure requires a
larger transmission capacity. However, the largest natural
gas transmission pipeline ever designed is the Yamal-Europe
pipeline, which installs pipes with a diameter of 56 inches
(1420 mm) operating at 100 bar. Thus, if there is no demand
for such a large transmission capacity, it is unnecessary to
manufacture pipes with larger diameters. Secondly, it is unwise
to manufacture larger pipes for longer insulation distances,
which increases the hazard level [55], because once leakage
or rupture accidents happen, larger pipes with higher pressure
under risk assessment can cause more severe consequences.

The other solution is to improve the maximum allowable
electric field Em. Em can be improved by using higher
operating pressure, especially the outlet pressure, the lowest
part along a pipeline. However, increasing outlet pressure
means decreasing the pressure difference between the inlet and
outlet, which can decrease the gas flow rate and transmission
efficiency. Another plan is to use gas material with higher
electrical strength. The idea of GEITS is proposed because
of the development of P2G and P2X technologies, which
can produce methane based on carbon capture technology.
Methane has a better electrical strength than hydrogen [56],
[57]. Transmitting methane, or methane blended with hydro-
gen, can be an alternative for GEITS to carry a higher voltage.

The values of the constants of Paschen’s law and the
methane application range can be found in [58]. Similarly,
the range of application for Pd of methane, which is from
0.0038 bar·cm to 0.03 bar·cm, is even smaller than that of
hydrogen. Larger Pd of methane is tested in [59], a 0.1-cm
methane gap at 50 bar has a breakdown voltage at around
55 kV. Thus, it is necessary to conduct breakdown tests for
Pd in the range applied in GEITS. Moreover, based on the
electrical design principle, the maximum allowable electric
field is obtained from the 50 % lightning impulse breakdown
tests. Thus the lightning impulse tests on non-uniform electric
fields with high-pressure methane are also necessary to design
GEITS, which have not been investigated before.

Besides, there are still some technical issues with pure
hydrogen pipelines, which makes pure hydrogen pipelines
not common [60]. There are also material and mechani-
cal issues with hydrogen pipeline transportation that have
not been solved, such as hydrogen-related degradation and
embrittlement issues [61]. Therefore, methane blended with
hydrogen may be more realistic than pure hydrogen because
the feasibility of blending hydrogen in natural gas networks
has been validated [62].

B. Remarks on the Experimental Validation

Although the experimental validation is preliminary, some
remarks must be noted to instruct future work.

During the test, it was found that the breakdown voltage in
the hydrogen was lower than that calculated. The reason may
be that the breakdown is evaluated based on a perfect coaxial
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system. Still, the high voltage contact possibly distorts a strong
electric field, which incepts PD and leads to breakdown at a
lower voltage. The design of how to bring the high voltage to
the central conductor must be improved.

The research attempted to investigate the effect of high-
velocity-flowing hydrogen on partial discharge, but the flow
rate at the outlets of hydrogen bottles was limited. Although
the effect of high-velocity gas flow on impairing discharge
has been revealed via the tentative experiments using nitrogen,
another strategy to inject hydrogen with a high flow rate or
flowing velocity should still be proposed and validated.

Another case to be argued is that, during the experiment
using flowing nitrogen, because of the absorbing heat when
the compressed nitrogen is released, the temperature of the
pipe is so low to get frost. Thus, the main reason for the
effect of flowing nitrogen on discharge dynamics shall be
further distinguished between the flowing velocity and the
temperature.

C. Future Works on the Development of GEITS

Future work shall be conducted in the following areas.
Firstly, the lightning impulse tests and AC breakdown tests

shall be conducted on high-pressure long-distance hydrogen.
Although (8) is used to evaluate the maximum allowable
electric field for hydrogen and it argues that it works with
good accuracy in the application range of 0.6–3 bar and 1–
25 cm, the pressures and dimensions of GEITS at distribution
level and transmission level are far higher than this value. It
can be more convincing to evaluate the nominal voltage of
GEITS based on the lightning impulse tests on the hydrogen
in the same Pd range as tentative applications.

Secondly, the electric strength of methane and methane
blended with hydrogen shall be tested. It has been analyzed
that it can be a desirable solution to transmit methane and
methane blended with hydrogen to obtain a higher nominal
voltage. Therefore, the lightning impulse tests shall also be
conducted on high-pressure long-distance methane blended
with different proportions of hydrogen.

Thirdly, the ampacity of GEITS in other environmental
conditions shall be investigated. This paper discussed the
ampacity of GEITS buried directly in the soil. There are
still possibilities to establish GEITS in open air, underground
tunnels, and underwater, which impact heat dissipation and
limit ampacity.

Finally, it is necessary to establish an experimental setup
that can conduct breakdown and PD tests on high-velocity
flowing gases. The high-velocity hydrogen has not been tested
in the preliminary experiments. Even though experiments in
high-velocity nitrogen showed some impact on the discharge
development, the velocity is lower than that in current gas
transmission systems. Besides, the impact of temperature also
needs to be eliminated.

V. CONCLUSION

This paper has investigated the feasibility of a novel gas-
electricity integrated transmission system (GEITS), via the

theoretical analysis on application scenarios, insulation per-
formance and ampacity, and the experimental validation by a
scale model. The following conclusions are summarized.

GEITS can benchmark natural gas pipelines’ operating
pressure and power grids’ rated voltage. Referring to the ex-
perience of designing GILs, the principle of designing GEITS
has been proposed. The nominal voltages of GEITS can be
increased by increasing pipe sizes, increasing outlet pressures,
and considering methane/methane blended with hydrogen. The
good heat dissipation ability of hydrogen equips GEITS with a
large ampacity. At the same nominal voltage, the ampacity of
GEITS with hydrogen at transmission level is around 80%
higher than that of GILs and over 4 times that of power
cables. The literature review shows that flowing air can affect
discharge because of airflow blowing and density effects. How-
ever, whether they are still tenable in high-pressure hydrogen is
questionable which needs further experimental investigations.

Preliminary experimental validation has been conducted to
investigate the corona discharge in high-pressure flowing hy-
drogen. Limited by the hydrogen regulator out of safety, low-
velocity-flowing hydrogen does not obviously affect partial
discharge. However, the effect of high-velocity gas flow on im-
pairing discharge has been revealed via tentative experiments
using nitrogen with a flowing velocity of 2.4 m/s.

The feasibility of GEITS has been investigated in detail.
The future work lies in the lightning breakdown tests on the
high-pressure long-distance hydrogen gap, better design on
testing setup with higher pressure and higher flowing velocity
hydrogen, and the attempt on methane and methane blended
with hydrogen to reach stronger insulation performance.
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