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Operating Hydrogen Gas
Transmission Pipelines at
Pressures Above 21 MPa
The economical and efficient transportation of hydrogen gas is necessary for it to become
a widespread source of energy. One way to improve the economics is to lower the cost of
building hydrogen gas pipelines. The recent modification to the ASME B31.12 Code for
Hydrogen Piping and Pipelines begins to lower the cost of building pipelines for hydro-
gen service by allowing the use of high-strength steel that will provide the same margin
of safety with thinner pipe walls. Less steel directly impacts the cost of materials and
welding. A means of improving efficiency would be to increase the hydrogen gas pressure
to augment the volume of products transmitted through the pipeline. The recent B31.12
code modification characterized dozens of fatigue crack growth test results conducted in
hydrogen gas pressurized up to 21 MPa with an upper boundary of fatigue crack growth
rate (FCGR), defined as a function where all measured FCGRs fall below this boundary.
In this study, different pipe geometries, strengths, and pressures with established design
protocols were evaluated to determine if the code would require further modifications
should linepipes be designed for higher hydrogen gas pressures, up to 34 MPa. It was
shown through a numerical exercise that the code could be minimally modified and safety
margins would be adequate for those pressures for steels up to and including API-5 L
Grade X70. [DOI: 10.1115/1.4041689]

Introduction

The U.S. Department of Energy (DOE) has a stated goal to
“Overcome technical barriers through research and development
of hydrogen production, delivery, and storage technologies, as
well as fuel cell technologies for transportation, distributed sta-
tionary power, and portable power applications” [1]. To accom-
plish this, the U.S. DOE’s key challenges to hydrogen delivery
include “…reducing delivery cost, increasing energy efficiency,
maintaining hydrogen purity, and minimizing hydrogen leakage.
Further research is needed to analyze the trade-offs between the
hydrogen production options and the hydrogen delivery options
when considered together as a system” [2]. Pipelines are the most
cost-effective means of transporting hydrogen gas, particularly as
markets penetrate away from the coasts and into the interior of the
U.S. One way to reduce delivery costs is to employ high-strength
steels, which can provide equivalent pressure carrying capabilities
with thinner walls than those currently used for hydrogen pipeline
steels [3, 4]. Furthermore, the Code for Hydrogen Piping and
Pipelines (ASME B31.12) has recently been revised to allow API-
5 L X70 steel to be used for hydrogen pipelines under most cir-
cumstances without thickness penalties [5]. Previously, the code

had imposed a penalty on steels higher in strength than 360 MPa
(52 ksi), where that penalty was in the form of an increased design
factor which manifested in the form of increased wall thickness.
An additional means to reduce delivery costs is to operate the
pipelines at a higher pressure. Currently, the intent is to operate
these pipelines at a pressure of 21 MPa or less. If the pipelines
were instead to operate at a pressure of 34 MPa, 40% more prod-
uct could be transported in the same amount of time, where pipe
sizes and wall thicknesses meet the code specification that hoop
stresses are below 85% of the SMYS of the steel.

This paper presents a summary of the code whereby the new
code changes are shown to allow higher-strength steel (X70) with-
out thickness penalties and discusses potential operation of hydro-
gen gas pipelines at higher pressures, including a possible
unforeseen consequence of that operation at higher pressures.

Background

Hydrogen is known to have a detrimental effect on most metals,
including ferritic steels. Nevertheless, ferritic steel pipelines are
still considered the most cost-effective and safest means of trans-
porting hydrogen gas over long distances. The U.S. Department of
Energy has an ultimate target goal of product cost of less than $2
per gasoline gallon equivalent from production to consumer [6].

One way to achieve this is to further reduce the cost of pipe-
lines. There are currently approximately 1700 mi of steel hydro-
gen pipelines in the U.S. Those pipelines have been designed and
built according to the ASME B31.12 code from 2011 [7]. That
code was predicated on tensile tests conducted in pressurized
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hydrogen gas or with cathodically charged specimens that showed
a direct correlation between the strength of a steel and the loss of
ductility. The intent of future hydrogen pipelines may include the
use of the pipelines themselves as storage for the hydrogen gas.
Typical fuel pipelines in the U.S. see two to three significant pres-
sure fluctuations per day because fueling, followed by repressuri-
zation of the pipeline, occurs mostly in the morning and evening.
These pressure fluctuations can lead to fatigue of the pipeline
which could become an issue. The pressure drop in a hydrogen
pipeline from filling of vehicles generally would not result in a
large lowering of pressure, partly because the hydrogen is com-
pressed from the pipeline pressure up to fuel tank pressure at the
fill station and because the pipeline size is large. As an example, a
pipeline of 508 mm (20 in) diameter and 320 km (200 mi) long
would not be unusual. At the maximum pressure allowed by
ASME B31.12 code, 21 MPa, the pipeline would hold over a mil-
lion kilogram of hydrogen gas. There are 360� 106 gallons of
gasoline sold per day, and this represents over 260 million cars in
the U.S. A kg of hydrogen provides approximately the same driv-
ing distance as three gallons of gasoline. If the market penetration
of hydrogen vehicles serviced by this single pipeline reached the
number of electric vehicles sold last year, that single pipeline
would drop less than 15% pressure per day, assuming only a sin-
gle repressurization, rather than three. Therefore, the load ratio or
pressurization ratio on the pipeline would be greater than 85%,
allowing for the pipeline to function as a form of storage, but
causing fatigue of the pipeline.

Since the original ASME B31.12 code was introduced, over a
hundred fatigue crack growth tests have been conducted at NIST
and other laboratories on linepipe steel with yield strengths (YSs)
ranging from 325 MPa to 553 MPa to determine if strength is cor-
related to fatigue crack growth rate (FCGR) for cyclically loaded
compact tension specimens [8–10]. It was found that there was no
correlation between FCGR and strength for tests conducted in
pressurized hydrogen gas [8]. Based on the results of all these
tests, a model that established an upper bound to all the FCGR
data acquired for hydrogen gas pressures of 21 MPa or below was
developed and submitted to the ASME B31.12 code committee
[11]. The modification to the code was submitted in 2015 and
accepted in 2016. The modification allowing less costly use of
steel grades up to API 5 L X70 will appear in the 2018 version of
the Hydrogen Piping and Pipelines code [5].

Another means for generating cost savings between the pro-
ducer and the consumer is to transport more hydrogen gas through
the pipelines by operating at a higher pressure. Current hydrogen
pipelines operate at maximum pressures (Pmax) between 5.5 MPa
and 10.3 MPa. However, it is uncertain whether hydrogen pipe-
lines can safely operate at pressures higher than 21 MPa with the
current or modified code.

Materials and Methods

Steels from three pipelines designed for natural gas were tested
in pressurized hydrogen gas to determine their fatigue properties.
The pipe dimensions and the tensile properties are found in
Table 1. Two of the pipe sections were manufactured within the
last 15 years with modern chemistries and processes; they are des-
ignated as X70A and X70B. The third pipe section comes from a
linepipe that was manufactured in the early 1960s. Although
labeled as X52, based on the YS of the steel, it would more accu-
rately be designated as an API 5 L X46. Table 2 contains the bulk

chemistries for the three steels. Figure 1 shows the microstructure of
the three base metals. The X52 steel exhibits a classic ferrite–pearlite
microstructure with 34% pearlite and a grain size of 10 lm. The
microstructure of the X70A steel consists of polygonal and acicular
ferrite with a grain size of 5 lm. The X70B steel has a grain size of
2.5 lm and is primarily polygonal ferrite with small amounts of
pearlite. More details on the microstructures can be found in Ref. [8].

Compact tension specimens were extracted from the pipes so
that the crack would grow parallel to the axis of the pipe, or in the
T–L orientation, according to ASTM E399 [12]. Specimens were
cyclically loaded either in air or in a hydrogen environment pressur-
ized to 5.5 MPa or 34 MPa. Tests were conducted in a servohy-
draulic load frame under force control. Tests performed in a
pressurized hydrogen environment employed a test chamber that
was purged with inert gas, then hydrogen gas to ensure a pure, dry
test gas. See Ref. [13] for a detailed description of the testing proto-
col. Tests were conducted in accordance with ASTM E647 [14] at
a load ratio R¼ 0.5 and a frequency of 1 Hz. The slow frequency
allowed time for the hydrogen to permeate the surface and diffuse
into the steel. Most tests were conducted with an innovative load
fixture that allowed ten specimens to be tested simultaneously in air
or pressurized hydrogen gas to expedite data collection. More infor-
mation about the load fixture can be found in Drexler et al. [15].

Summary of Modified Code

This summary of the upcoming modified version of the code,
which will be ASME B31.12-18, relates to use of design option (b),

Table 1 Tensile properties, linepipe diameter, and wall thickness of the steels tested

Material ry (MPa 6 std. dev.) rUTS (MPa 6 std. dev.) Pipe diameter (mm (in)) Wall thickness (mm)

X70A 509 6 19 609 6 4 914 (36) 18
X70B 553 6 18 640 6 9 914 (36) 22
X52 vintage 325 6 4 526 6 4 914 (36) 10.6

Fig. 1 Microstructure of the three base metals: (a) X52, (b)
X70A, and (c) X70B

Table 2 Chemical composition of the steels in weight %.
Balance is Fe.

Element C Mn P S Si Cu

X52 0.238 0.96 0.011 0.021 0.064 0.085
X70A 0.048 1.43 0.009 0.001 0.170 0.220
X70B 0.053 1.53 0.010 0.001 0.160 0.250

Element Ni Cr Mo V Nb Ti

X52 0.05 0.014 0.004 0.002 0.001 0.002
X70A 0.14 0.240 0.005 0.004 0.054 0.027
X70B 0.14 0.230 0.003 0.004 0.054 0.024
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option B from PL-3.7.1, steel pipe design, also known as the
performance-based design method. The performance of steel used
for a pipeline must meet the following tests/criteria:

� Obtain results of Charpy tests for brittle fracture arrest from
API 5 L SR5 or SR6 [16] and evaluate by shear fracture
appearance, where there must be >80% shear fracture for
full-size specimens or >85% shear fracture for subsized
specimens.

� Obtain results of Charpy tests for ductile fracture arrest from
API 5 L SR5 [16] and the equation:

CVN ¼ 0:008 � R � Tð Þ0:39 � r2
h (1)

where CVN is Charpy v-notch energy in joules, R is the
radius of the pipe in inches, T is the pipe wall thickness in
inches, and rh is the hoop stress in ksi. The lowest measured
Charpy energy must exceed the value from Eq. (1). This cri-
terion and the one above are generally met except when
steels contain a large amount, more than 5%, martensite.
Charpy data from many pipeline steels can be found in Refs.
[17–19].

� Obtain results of KIH in hydrogen at the design pressure, in
accordance with Article KD-10 of the ASME Boiler Pressure
Vessel code [20], where testing is done in accordance with
ASTM E1681 [21]. The results for many steels can be found
in Ref. [22].

� Calculate KIA from Article KD-10 [20] with an elliptical
crack with d¼ t/4 and l¼ 1.5*t where d is the depth, l is the
length, and t is the pipe wall thickness. Determine whether
KIH>KIA and that KIH> 50 in1/2.

� Measure fatigue crack growth rate in hydrogen or use the
new code modification PL-3.7.1(b)(2)(a)(4).

� Temperature limits are given in API RP 941, Fig. 1 [23].

Details of testing that is referenced to Article KD-10 can be
found in Ref. [24]. Values can be used from material with the same
specification or grade, or from a similar specification or grade, pro-
vided that the tensile and yield strengths do not exceed that of the
same or similar specification material by more than 5%. Use of this
option of the ASME B31.12 code raises the material performance
factor to 1.0, which means that there is no thickness penalty. Use of
this option B design also raises the basic design factor. The rise of
both of these factors results in reduced design penalties.

Results

A comparison of the results from fatigue tests performed in air
with those conducted in pressurized hydrogen gas show a substan-
tial increase in the FCGR when the tests are performed in pressur-
ized hydrogen gas, regardless of hydrogen gas pressure, at values
of the stress intensity factor range (DK) above approximately
8 MPa m0.5. Figure 2 shows data for the X52 steel. Figure 3 shows
a similar effect for the two X70 steels. Clearly fatigue properties
of all these steels displayed an adverse effect in hydrogen.
Furthermore, these figures also show that there appeared to be a
pressure effect in hydrogen. That is, FCGR was higher when
specimens were tested at higher hydrogen gas pressures up to
values of DK of 15 MPa m0.5 to 25 MPa m0.5, whereupon all data
appeared to merge.

The effect of the pressure at which the specimens were tested
can more easily be visualized in Fig. 4. The bar graph compares
the average FCGR at a value of DK of 14 MPa m0.5 for the tests
conducted at a hydrogen pressure of 5.5 MPa to the results at a
hydrogen pressure of 34 MPa. Clearly, all three steels exhibited a
pressure effect, even when accounting for the uncertainties of
FCGR measurement for X52, 620%, X70A, 69%, and X70B,
644% [15].

This could potentially raise the concern that the ASME B31.12
Hydrogen Piping and Pipelines code which was fit to data
acquired at hydrogen gas pressures of 21 MPa or less will not be

appropriate at pressures higher than 21 MPa. However, the curve
fit could be shifted for higher pressures, if the committee had
interest in higher-pressure service. Additionally, it will be shown
in the Discussion section that at the low pressure ratios at which

Fig. 2 Fatigue crack growth data of Grade X52 steel tested in
air, and hydrogen gas pressures of 5.5 MPa and 34 MPa. The
solid gold line represents the upper bound on which the ASME
B31.12 (2018) code is based.

Fig. 4 Effect of pressure on the FCGR at DK 5 14 MPa m0.5 for
the three steels at hydrogen gas pressures of 5.5 MPa and
34 MPa

Fig. 3 Fatigue crack growth data of Grade X70 steel tested in
air and hydrogen gas pressures of 5.5 MPa and 34 MPa. The
solid gold line represents the upper bound on which the ASME
B31.12 (2018) code is based.
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fuel pipelines typically operate, this corresponds to DKs where the
curve fit is still conservative. The solid line in Figs. 2 and 3 repre-
sents the upper-bound fit of the data acquired at hydrogen gas
pressures of 21 MPa or less and has been incorporated into the lat-
est revision of the B31.12 code and detailed in the literature [11].
As can be seen in Fig. 2, all data for the X52 steel fall below the
upper bound, regardless of test pressure. The same cannot be said
of the two X70 steels, where there is a good probability of the
FCGR exceeding that established by the code’s upper bound
between values of DK between 9 MPa m0.5 and 15 MPa m0.5.

The region of DK from 9 MPa m0.5 to 15 MPa m0.5 will be
examined further, with respect to load ratio, R, gas pressure, and
flaw size.

Discussion

Pipeline design does not account for growth of a flaw, but rather
assumes that the original pipeline contains flaws of some size
from manufacture and installation. As flaws grow, inspection
should detect flaws long before an unsafe condition arises. Knowl-
edge of fatigue crack growth rates can determine remaining life-
time given operating conditions and assumed flaw size. Because
pipelines are not repressurized often, the load ratio that they expe-
rience is high, probably 0.8 or higher. Design begins with maxi-
mum design pressure and knowledge of how low the pressure will
go before repressurization, which defines load ratio, R, and load
differential, DP. From an assumed flaw size, pipe thickness, and
pressure fluctuations, stress intensity factor range can be deter-
mined. Operation would be limited, in this case, to a maximum
design pressure, Pmax, of 34 MPa, and a maximum DK of
15 MPa m0.5 because 34 MPa is already a design pressure above
that which the code allows and operation of a hydrogen pipeline
above 15 MPa m0.5 would result in a prohibitively large fatigue
crack growth rate and a subsequent lifetime of the pipeline of a
few years or less, which is economically infeasible. Figure 5
shows the relationship between Pmax, DK, and R for these
operating limits.

Simply knowing that there is a range over which the FCGR
exceeds the upper bound of the code is insufficient to know
whether pipelines are in jeopardy. Necessary inputs to calculate
the DK under operating conditions are the operating maximum
and minimum pressures and the linepipe diameter, which will
contribute to the determination of the linepipe wall thickness and
the load ratio R. Calculations of the hoop stress with a safety fac-
tor of 50% of the SMYS allowed determination of the wall thick-
ness from the ANSI/ASME E36.10 schedules of linepipes.
Assumptions might be made as to the size and geometry of a crack
initiation site, that is, the flaw size and shape. Here, a thumbnail
crack with a depth of 0.3 mm was assumed, which is below the

size detectable with modern inspection methods. Several linepipe
geometries and maximum internal pressures were considered.

The first was a pipe with a diameter of 0.324 m and a wall
thickness of 12.7 mm (schedule 60), and a maximum internal pres-
sure PH2,max¼ 6.9 MPa. As can be seen in Fig. 6, this geometry
will never experience a DK in the critical range from 9 MPa m0.5

to 15 MPa m0.5. However, should this same pipe geometry be
used at a maximum PH2 of even 10 MPa and the minimum PH2

drop down to a value between 5 MPa and 7 MPa, the DK would
fall in this range of concern. Note that although varying maximum
pressures are considered here, and Fig. 6 shows the load ratio R
(defined as the ratio of minimum to maximum force) as a function
of internal pressure, use of pressure is appropriate because the
hoop stress in a cylinder is directly proportional to internal pres-
sure and force exerted in the circumferential, or hoop, direction is
also directly proportional to internal pressure. So, it is important
to note that even small changes in the operating pressure could
result in serious consequences.

Fortunately, the code sets the geometry of the pipe for a given
PH2. In order to operate at PH2¼ 34 MPa with the same pipe diam-
eter, the original code required the use of an X52 grade pipe with
a Schedule 160 thickness (33.32 mm). With the new code, an X70
grade pipe can be employed with a Schedule 120 thickness (25.4
mm). Figure 7 shows a comparison between the two versions of
the code for R versus DK. At no point, for either version of the
code, does DK fall between 9 MPa m0.5 and 15 MPa m0.5 for a
value of R above 0.5. Personal communication with the chairman
of the ASME B31.12 committee indicated that the minimum
expected value for R during operation of hydrogen pipelines for
storage will be 0.8 [25]. At PH2,max¼ 34 MPa and R¼ 0.8, DK

Fig. 5 Relationship among Pmax, DK, and R for a reasonable
operating regime for hydrogen pipelines

Fig. 6 The ratio (R) of minimum to maximum hydrogen gas
pressure with respect to stress intensity factor range (DK) for
two different maximum pressures in an X52 pipe with a diameter
of 324 mm and designed for a maximum pressure of 6.9 MPa.
The vertical dotted lines show the critical range of DK to be
avoided.

Fig. 7 The ratio (R) of minimum to maximum hydrogen gas
pressure with respect to stress intensity factor range (DK) for a
linepipe designed to the 2014 code (SMYS 5 359 MPa) and the
2018 version of the code (SMYS 5 483 MPa) with a diameter of
324 mm and designed for a maximum pressure of 34 MPa. The
vertical dotted lines show the critical range of DK to be avoided.
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would be 3.3 MPa m0.5, well below the upper bound employed by
the 2018 version of the ASME B31.12 code. In fact, even at
34 MPa from Fig. 3, it shows that below DK¼ 7 MPa m0.5 there is
little to no difference in the FCGR between air and pressurized
hydrogen gas.

To confirm that the 2018 code will allow for the design of
safely operating pipelines under a range of conditions, values of
DK for various R values were calculated for other pipe geometries
with a X70 grade steel. Because pipe diameters larger than
324 mm are expected to be employed as greater volumes of hydro-
gen gas are required, diameters of 508 mm and 610 mm were

considered. Figure 8 shows that, again, the code requires sufficient
wall thicknesses, given in Table 3, for PH2,max from 10 MPa to
34 MPa that the value for R falls well below 0.8 for any value of
DK of concern.

The final condition which was investigated was steel grade
X100 at PH2,max¼ 21 MPa and 34 MPa. If X100 steel was
allowed, the ASME B31.12 code would result in pipe thicknesses
shown in Table 4. Although X100 is not a steel grade currently
under consideration for hydrogen pipelines, it is useful to know if
this strength could be used some time in the future. Figure 9
shows that for DK¼ 9 MPa m0.5, R¼ 0.65 for the higher
PH2,max¼ 34 MPa. Although still below the proposed minimum
value of R¼ 0.8, the fact that the value is higher than any previous
set of conditions demonstrates that the modified code may not be
applied beyond certain parameters.

Conclusions

Three steels were tested under cyclic loading in pressurized
hydrogen gas. All three materials clearly demonstrated hydrogen-
assisted fatigue crack growth. The FCGR of the three steels were
compared with the upper bound of the recent modification to the
ASME B31.12 code on Hydrogen Piping and Pipelines. It was
observed that the upper bound encompassed all the FCGR data for
the X52 steel; however, some data exceeded the upper bound for
the two X70 steels tested at PH2¼ 34 MPa. The data of concern
were in the range of DK from 9 MPa m0.5 to 15 MPa m0.5. Further
analysis showed that the operating DK for likely pipeline configu-
rations predicated on the modified B31.12 code will be well below
this range. These configurations include the SMYS for X52 (359
MPa) and X70 (483 MPa), PH2,max from 10 MPa to 34 MPa,
PH2,min¼ 0.8�PH2,max (R¼ 0.8), and linepipe diameters from
324 mm to 610 mm. It is only at high hydrogen pressures and
when PH2,min consistently would fall below 0.5�PH2,max that the
operating DK would be 9 MPa m0.5. However, should even higher
strength steels be employed in the future for hydrogen pipelines, it
may be necessary to further modify the ASME B31.12 code to
ensure adequate margins of safety.
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Nomenclature

API ¼ American Petroleum Institute
ASME ¼ American Society of Mechanical Engineers
ASTM ¼ American Society for Testing and Materials
FCGR ¼ fatigue crack growth rate
NIST ¼ National Institute of Standards and Technology

R ¼ load ratio
SMYS ¼ specified minimum yield strength

DK ¼ stress intensity factor range
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