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This presentation describes the materials issues that are associated with transporting a blend of 

methane natural gas blended with hydrogen gas. In this presentation, we will discuss: 

• What is hydrogen? 

• How does hydrogen differ from methane? 

• What adverse effects does hydrogen have on steel, and what are the mechanisms of failure? 

• What pipeline code addresses hydrogen effects? 

• What grades of pipeline steel and gas pressures are acceptable in blended hydrogen-natural gas 

service? 

Russel Treat will touch on the safety and financial concerns about blending hydrogen into natural gas.  

What is Hydrogen? 

Hydrogen is a colorless and odorless gas chemically written as H2. It is the most abundant element in the 

universe. However, Hydrogen occurs naturally on earth only in compound form with other elements in 

liquids (such as water), gases or solids. Examples are water H2O and methane CH4.  Atomic hydrogen H is 

not found in nature nor is hydrogen gas H2. This is because hydrogen is so reactive, much more so than 

methane.  

Hydrogen gas does not form naturally, but it can be produced many ways, and each form has a “color” 

name associated with it that reflects its carbon intensity in its production (the actual gas is colorless). Of 

these six color names, let’s look at the first two: 

• Green hydrogen is produced by electricity from intermittent renewables such as solar and wind. 

Green hydrogen is more expensive to produce, but it can be manufactured with zero carbon 

emissions using renewable electricity to split water into oxygen and hydrogen. 

• Grey hydrogen is that produced from methane with corresponding CO2 emissions. 

• Brown hydrogen is produced from gasified coal, with CO2 emissions. 
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• Blue hydrogen is grey or brown hydrogen but with carbon capture and storage (typically 50-70% 

efficient). 

• Yellow hydrogen or pink hydrogen uses nuclear electricity for electrolysis and possibly heat. 

• Turquoise hydrogen is produced from by molten metal pyrolysis of methane, with solid carbon 

byproduct. 

An atom of hydrogen (or H) consists of a nucleus (1 neutron and one proton (H+)), and an electron and it 

cannot exist freely. A molecule of hydrogen (H2) has two hydrogen atoms bonded together and it can 

exist freely. A molecule of hydrogen consists of two protons (H+), two neutrons, and two electrons, in 

total, combining the two atoms. 

Molecular hydrogen H2 may be blended with methane gas CH4 and shipped in a pipeline network. 

Typically, 5-10% hydrogen may be blended with natural gas, but up to 20% is possible.  

Why are we Concerned about Hydrogen? 

Hydrogen is known to cause catastrophic failures in metallic structures! We’ll explore why shortly. But, 

first let’s look at how hydrogen is different from methane natural gas.  

How Does Hydrogen Different from Methane? 

First, hydrogen is more reactive than methane. Methane has 4 hydrogen atoms attached to one carbon 

atom, and the molecule is CH4. The methane molecule is less reactive and much larger than the 

hydrogen atom and hydrogen molecule, and therefore is too large to diffuse through the solid steel 

crystal structure. Some methane will dissociate on the pipeline surface to form four hydrogen H atoms 

and one carbon atom for each molecule of methane. However, the quantity of hydrogen formed is very 

limited and codes do not reduce the service factor for natural gas or methane gas service as they do for 

hydrogen service. Therefore, the deleterious effects of blending hydrogen gas must be accounted for 

before shipping the blended gas begins.  

I’m going to introduce a new term called nascent hydrogen. Nascent hydrogen refers to atomic 

hydrogen that is liberated during a chemical reaction. In pipelines, this chemical reaction is a surface 

reaction. In this reaction, some hydrogen gas can adsorb and dissociate on the steel ID surface to 

produce atomic hydrogen i.e., H2  2H. This reaction is catalyzed by the rust layer on the ID surface. 
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Even small quantities of methane can adsorb onto pipeline steel and dissociate to  

CH4  C + 2H2; 2H2  4H. However, the amount of hydrogen formed is extremely small and of no 

consequence if the allowable stress on the steel pipeline remains within ASME B31.8 allowables.  

Adverse Effects of Hydrogen on Steel Pipelines 

The dissociation to nascent hydrogen and followed by the diffusion of atomic hydrogen into the pipeline 

steel can degrade mechanical properties, a phenomenon generally referred to as hydrogen 

embrittlement. 

Hydrogen Degradation Mechanisms: 

The dissociation of hydrogen gas to nascent atomic hydrogen is known to cause catastrophic failures in 

metallic structures. Through a phenomenon often termed hydrogen embrittlement, metals exposed to 

hydrogen-containing environments experience a significant reduction in ductility (tensile elongation), 

fracture toughness and fatigue resistance. In the presence of atomic hydrogen, otherwise ductile steels 

can fail in a brittle manner, with cracking often nucleating and propagating along the steel’s grain 

boundaries. This ductile-to-brittle shift of metallic alloys in hydrogen environments is arguably one of 

the biggest threats to the deployment of a hydrogen energy infrastructure.  

Steel normally contains below 0.2% carbon in the melt. In the solidified steel, carbon atoms reside in the 

open spaces between the iron atoms in the crystal structure. These open spaces are called the 

interstices. Hydrogen atoms, like carbon atoms, also fit into the interstitial spaces - the small hydrogen 

atom fits in the “interstitial” spaces or voids in the iron body-centered -cubic crystal structure. (Note 

that the hydrogen atom is much smaller than the carbon atom). In the picture below of a body-centered 

cubic crystal structure (iron or steel), the white balls represent iron atoms, and the black balls represent 

potential locations for interstitial carbon or hydrogen atoms. 

 



4 
 

This interstitial placement provides plenty of room for hydrogen atoms to fit in to the steel crystal 

structure without the need for the hydrogen atom to occupy a site normally occupied by an iron atom. 

You can also visualize how interstitial hydrogen can reduce the iron-to-iron bond strength. 

Through exposure to a hydrogen-containing environment, atomic hydrogen enters the steel and thus 

hydrogen atoms can diffuse through the steel, driven by gradients of chemical potential or free energy 

(usually diffusion goes from high to lower concentration). This means hydrogen entry starts at the ID 

surface and diffuses towards the OD The effects of this interstitial hydrogen are very bad: 

- Fatigue - The degradation of fatigue properties is attributed to the reduction in crack tip ductility 

in presence of hydrogen.  In the higher range of ΔK (change in stress intensity), fatigue crack 

growth rates are at least ten-fold greater than crack growth rates in air or inert gas. 

- Cracking  

o Hydrogen stress cracking. Hydrogen stress cracking is characterized by the brittle 

fracture of a normally ductile alloy under sustained load in the presence of hydrogen. 

Most often, fracture occurs at sustained loads below the yield strength of the material. 

Hydrogen enters the atomic structure of the steel between the iron atoms, and it 

reduces the cohesive strength of the iron-iron bond. Hydrogen also enters dislocations 

in the steel, which limits dislocation movement and therefore limits plastic deformation 

of the steel under load.  

o Hydrogen embrittlement- steels exposed to hydrogen-containing environments 

experience a significant reduction in ductility, fracture toughness and fatigue resistance. 

In the presence of hydrogen, otherwise ductile steels can fail in a brittle manner, with 

cracking often nucleating and propagating along the steel grain boundaries. As I stated 

earlier, this ductile-to-brittle shift of metallic alloys in hydrogen environments is 

arguably one of the biggest threats to the deployment of a hydrogen energy 

infrastructure. 

Effects of Adding Hydrogen to Methane Natural Gas in Existing Pipelines 

Enriching natural gas with hydrogen gas will lead to direct contact of gaseous hydrogen with the pipeline 

steel and the associated installations, which were designed specifically for contact with natural gas. As 

such, hydrogen may be “taken up” into the atomic structure of carbon steels, potentially triggering a 

variety of degradation modes in otherwise high-performance steels. This phenomenon is generally 
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referred to as hydrogen embrittlement (HE). Hydrogen may cause significant losses in ductility 

particularly in the presence of stress concentrations (at welds, fittings). Additionally, hydrogen is known 

to potentially increase the growth rate of existing cracks under cyclic pressure, deteriorate the fracture 

toughness and, in excess quantities, give rise to hydrogen induced cracks, or HIC. HIC can occur in rolled 

and seam-welded steel pipelines when the hydrogen delaminates the steel plate. Consequently, the 

service life of pipelines can be decreased in comparison to service life with natural gas alone. Therefore, 

the operator must evaluate the safety of the steel pipeline in hydrogen-methane service and limit the 

hydrogen gas to safe concentration limits.  

In addition to adversely affecting steel, hydrogen can deteriorate certain polymers used for seals and 

gaskets. The elastomer becomes hard and brittle and may lose its sealing properties. Viton A and Buna N 

(elastomers) showed greater adverse H2 effects than HDPE and PTFE (thermoplastics). PTFE and other 

perfluorinated thermoplastics (those containing the fluoride atom) have worked well in hydrogen sulfide 

service and are expected to perform well in hydrogen service. Laboratory testing is recommended, 

however.  

It is generally believed that the adverse effects of hydrogen are proportional to the hydrogen 

concentration in the blended gas.  If you recall your chemistry, the partial pressure of hydrogen in a 

hydrogen-methane blend is the mol fraction of that hydrogen in the mixture times the absolute (not 

gauge) pressure of the blended gas. So, if a gas blend contains 10% hydrogen and the absolute total 

pressure is 1000 psia then the hydrogen partial pressure is = 0.1*1000 = 100 psia. The negative effects of 

hydrogen will be much greater if the blend contains 20% hydrogen, or the partial pressure  

= 0.2 *(2000+15) = 200 psia hydrogen partial pressure.  

Codes 

There are no codes that address the design of pipeline systems for hydrogen-natural gas blends. ASME 

B31.8 is used for natural gas pipelines. A relatively new code, ASME B31.12, contains requirements for 

piping in pure gaseous and liquid hydrogen service and pipelines in gaseous hydrogen service. This code 

does not address hydrogen-natural gas blends. The latter code offers two design approaches that take 

current steel specifications and steel chemical compositions into consideration. Due to the variability of 

steel chemistry allowed within an API 5L strength grade, and the lack of statistically meaningful test data 

on hydrogen’s deleterious effects, these two design approaches place a design or testing burden on the 

owner of the pipeline system. Option A which is prescriptive and utilizes material performance factors to 
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consider the loss of mechanical performance of carbon and low allow steels and Option B which is 

performance based and uses a fracture mechanics approach derived from the pressure vessel design 

rules in ASME Pressure Vessel Code Section VIII, Div. 3 Article KD-10.  

ASME B31.12 includes requirements for new construction, service conversions, operation, maintenance 

and integrity management. 

Presently, there are a limited number of pure hydrogen pipelines, and operators are considering 

blending hydrogen into existing natural gas pipelines, the latter built to ASME pipeline code B31.8 and 

API standards for pipeline steel. Using Option A as an example, let’s look sending a 20% hydrogen-80% 

natural gas blend into an existing X52 grade pipeline that operates at 2000 psig (2015 psia absolute 

pressure). The pipeline runs through a DOT Class 3 area which means the pipeline lies within a defined 

proximity to occupied building and places where people assemble. 

Partial pressure of hydrogen gas = 0.2*2,015= 403 psia 

ASME B31.12 does not use the partial pressure of hydrogen because it only considers pure hydrogen (no 

blends). However, using the partial pressure allows the service factor (= allowable stress as % of SMYS) 

to be determined. For X52 the service factor = 0.5 for hydrogen pressure up to 2000 psig. However, for 

grade X60 pipe, the ASME code reduces the service factor to 0.437 times SMYS up to 2000 psig. For 

grade X80 pipe, the service factor is further reduced to 0.357. Therefore, the existing pipeline grade 

must be X52 or lower strength to utilize its original design service factor (allowable stress less than or 

equal to 50% of SMYS in Class 3 areas).  

Different Steels – Strength and Microstructure 

Carbon and low alloy steel materials with successful long-term use in hydrogen service are generally low 

strength alloys. Typical materials are SA-106 Grade B, API 5L X42 and API 5L X52, and SA 372, the latter 

for thin wall forgings.  

In reviewing system design data and discussions with engineers from industrial gas companies, the 

industry trend is to operate carbon steel hydrogen pipeline systems at low stress levels, sometimes at 

30% to 50% SMYS. This trend probably accounts for operation without any major reported failures. 

Research has shown that increasing stress levels in a gaseous hydrogen environment does increase the 

propensity of carbon steel to hydrogen related failures. (Current pressures are operating ≤2000psig). 
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Low alloy seamless vessels also have a good service record. This can probably be attributed to the 

absence of long-seam welds and the steel and vessel manufacturing processes. (Current operating 

pressures are about 3000 psig or lower). Clean steel with very low impurity concentrations of sulfur and 

phosphorous are required particularly as the strength grade increases. Microalloying elements especially 

titanium and niobium, must be controlled to very low levels.  

Conclusion: 

The use of existing pipeline systems (initially not designed) for pressurized gaseous hydrogen transport 

requires prior confirmation of their fitness-for-service. Mechanical (load level and cycle frequency), 

material (microstructure, chemical composition and the presence of welds), and environmental 

variables (gas pressure, gas composition and temperature) influence the severity of hydrogen 

embrittlement by gaseous hydrogen. 

 

Guidelines: 

• Avoid transporting blends of hydrogen and methane in existing pipelines if at all possible.  

• Maintain <20% H2 in the blended gas. 

• Do not use pipe grades that the exceed yield strength of API 5L Grade X52 without extensive 

testing and analysis of steel composition, steel mechanical properties and fracture properties.  

• Do not exceed total pressure 2000 psig in the blended gas. 

• Confirm the compatibility of soft materials (seals, gaskets) in hydrogen. Perfluorinated 

thermoplastic seals are preferred over elastomeric seals.  

Additional Resources 

• ASME Code for hydrogen service B31.12 

• Can Your Natural Gas Pipelines Handle Hydrogen Blends? www.exponent.com 

• B.P. Somerday and C. San Marchi, Effects of hydrogen gas on steel vessels and pipelines, Sandia 

National Lab 2006 

• Report: Safety of Hydrogen Transportation by Gas Pipelines by Richard B. Kuprewicz, President 

of Accufacts Inc, prepared for The Pipeline Safety Trust. Final Report dated November 28, 2022. 

https://pstrust.org/wp-content/uploads/2022/11/11-28-22-Final-Accufacts-Hydrogen-Pipeline-

Report.pdf 

http://www.exponent.com/
https://pstrust/
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