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Introduction

	As gas companies across the world look to decarbonize their systems, hydrogen is becoming a prominent solution.  Hydrogen is the most abundant element in the universe, can be converted to heat or electricity with zero emissions and is widely used in industrial applications today.  In fact, hydrogen was commonly present in original US gas systems that distributed manufactured or synthetic gas.  
	
	To ensure safe injection of hydrogen into current natural gas distribution systems, many factors need to be considered. Sufficient levels of energy content, material compatibility, and odorization are essential characteristics for introduction into a gas grid.  This article will review these concerns and outline the research and testing methodologies being undertaken to ensure compatibility of blended hydrogen with pressure regulation and pressure relief equipment.  

Hydrogen Overview

	With millions of tons of hydrogen used in industry every year, handling hydrogen is not a new concept.  However injecting hydrogen into the existing natural gas distribution system, 











without having to make significant system upgrades, will require significant research to ensure it can be done safely.  To understand these complications, let’s first look at the basics of hydrogen.  

	Hydrogen is the most abundant element in our universe, but it only naturally occurs as a compound.  This means that hydrogen is not an energy source, but an energy carrier.  Similar to electricity, hydrogen must be created, which requires energy.  Hydrogen can be created through different methods; different colors are assigned to each pathway (Figure 1). 
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Figure 1: The colors of hydrogen

	Most of the focus today is on blue and green hydrogen as low carbon energy carriers.  Steam methane reforming is the most common method for producing hydrogen today and consists of using steam to heat methane from natural gas, in the presence of a catalyst.  This reaction splits the CH4 molecules into carbon dioxide and hydrogen.  This process yields what is known as gray hydrogen but can create low-carbon blue hydrogen if the carbon dioxide is captured and sequestered.  While blue hydrogen production is expanding rapidly across the globe, most companies are pushing to lower the production cost of green hydrogen to make it more competitive.  Green hydrogen is generated by using renewable electricity to split water molecules into hydrogen and oxygen.  This process results in zero emissions and does not require the use of fossil fuels.  

	Regardless of the color of hydrogen, what we really need to know is how interchangeable hydrogen is with natural gas.  A common way to do this is to calculate the Wobbe Index, which is an indicator of the interchangeability of fuel gasses.  The Wobbe Index formula is shown below:



Where Iw is the Wobbe Index, Vc is the higher heating value and SG is the specific Gravity.  When comparing the Wobbe Index Ratio of hydrogen and natural gas, they are very similar.  The Wobbe Index of hydrogen is only about 8.4% lower than the Wobbe Index of natural gas.  This indicates the gases should deliver nearly the same amount of energy when supplied at the same pressure.  This may be a surprise since hydrogen has roughly 1/3 of the volumetric energy density of natural gas.  However, the Wobbe Indexes are similar because hydrogen has a specific gravity that is less than 12% of the specific gravity of natural gas.  This means hydrogen can achieve higher flow rates under the same process conditions and deliver nearly the same amount of energy as natural gas.

	Besides energy density and specific gravity, other differences do exist.  Two of the most significant are gas group classification and explosive limits. Methane and hydrogen fall into gas groups D and B respectively.  At 10% H2 blend with natural gas the mixture is classified as Gas Group C and at 25% H2, the mixture is classified as gas group B.  This will require that all electrical equipment installed in hazardous areas be verified or replaced for these updated gas groups.  The upper and lower explosion limits of hydrogen are also significantly wider than natural gas.  Natural gas LEL and UEL are 5% and 15% respectively, but for hydrogen they are 4% and 75%.  This will lead to notable safety procedure changes and will impact the odorization rate.  

	This should give you a high-level overview of the complications of working with hydrogen in the natural gas system.  Now what about effects of hydrogen on the system components themselves?  

Factors to Consider When Blending Hydrogen with Natural Gas

	As hydrogen is introduced to the natural gas system, two primary concerns have emerged for existing equipment: embrittlement and leakage.  Leakage can occur internal or external to the regulator and result in over pressure events or loss of the hydrogen that has been injected.  If this hydrogen has already been odorized, then this also increases the risk of leak calls.  

	Leakage can occur through leak paths that larger molecules would not be able to fit through, or through the permeability of hydrogen through the sealing material.  

	Hydrogen’s high diffusivity and low density allow it to leak through smaller openings or through current leak paths at nearly 3x the rate of natural gas.  This requires seats, o-rings, and diaphragms to be evaluated for hydrogen service.

	Hydrogen is also capable of permeating through materials.  Fortunately, the permeation of hydrogen through metallic parts is negligible.  For soft goods, NBR has been used in hydrogen applications for decades.  NBR, the most common material for natural gas applications, is widely recommended for hydrogen service and has a low risk of leakage or permeation.  

	Permeation of gas is often recognized through gas entrainment in diaphragms or explosive decompression.  While gas entrainment with hydrogen may become more common since the smaller molecule size can more easily permeate diaphragms, the risk of explosive decompression is lower since the smaller molecules will also be able to escape the material more easily.  

	Hydrogen embrittlement is demonstrated by the decrease in the ductility of metal and can create significant safety risks for pressure retaining equipment.  This is a complex topic and is where a majority of testing today is being focused because many factors can impact the degree of embrittlement.  The most relevant types of hydrogen embrittlement for our industry include Internal Hydrogen Embrittlement (IHE) and Hydrogen Environment Embrittlement (HEE).  Other forms of embrittlement, like Hydrogen Reaction Embrittlement, occur at high temperatures.  

	IHE is common at ambient temperatures and is commonly seen during forming operations or finishing processes, like electroplating.  Atomic hydrogen is unintentionally introduced and when tension is applied, hydrogen migrates to internal defects or stress concentrations and combines into a hydrogen molecule.  This hydrogen molecule then creates pressure in the crack and can extend the cracks in the material.  After repeated stress cycles the crack grows and the part fails.  

	HEE is also common at ambient temperature and is the type of embrittlement associated with hydrogen introduced to the natural gas system.  Hydrogen molecules dissociate into hydrogen atoms at the metal surface and the atoms diffuse into the crystal lattice and concentrates at cracks, inclusions and grain boundaries.  Hydrogen causes a reduction in ductility when stress is applied to the part, and this makes the material more brittle and likely to fracture.  There are several theories as to how this happens, but the exact mechanism is still not fully understood.  

	It’s also important to note that HEE embrittlement does not occur simply from the introduction of hydrogen alone; the presence of susceptible materials under sufficiently high tensile stress is necessary.  The pressure, concentration and temperature of the hydrogen can impact the extent of the embrittlement along with other gas impurities.  

	Impurities like H2S can accelerate embrittlement and must be closely monitored in systems with hydrogen blending.  Conversely, O2 and CO can inhibit embrittlement since they are preferentially absorbed at the metal surface.  This explains why manufactured or synthetic gas systems had minimal issues with hydrogen in the gas.  These syn-gas mixtures contained higher levels of O2 and CO which helped protect the pipes.  

	To avoid hydrogen embrittlement today, many manufacturers will recommend utilizing low strength grades of carbon steel or austenitic stainless steel like 316 SST.  These materials have a long history of successful use in hydrogen service but can increase the cost of the equipment and the lead time since they are non-standard materials.  

	To avoid requiring these expensive material substitutions, significant testing is being undertaken to evaluate common materials currently used in the natural gas system.  

Regulator/Relief Valve Material Compatibility Testing

	While test data for the effects of hydrogen on common materials is available, a majority of these studies were completed with pure hydrogen at much higher pressures.  These tests done by Sandia Labs, NASA, ISO and ANSI/CSA led to reports and data bases that help identify the highest risk materials that are used today.  However, testing at common gas distribution pressures is required to ensure recommendations are fit for purpose.  

	The testing reviewed here began with soaking different specimen types in hydrogen/methane blends.  The tensile specimen, or dog bones, and solubility specimen, or biscuits, shown in figure 2 below were placed in pressurized chambers.  These chambers were filled with varying concentrations of hydrogen/methane blends, and varying pressures up to 1,500 psig and maintained for varying periods of time.  Hundreds of samples were tested to represent 12 different materials under each iteration of pressure, concentration and time.  Materials included stainless steels, carbon steels, alloy steels and cast irons.  
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Figure 2: Tensile Specimen (left) and Solubility Specimen (right) Samples to be Soaked in Hydrogen/Methane Mixtures

	The dog bones were then evaluated in a tensile tester to check for elongation, yield strength and reduction in area.  The fractured surfaces of these tensile samples can then be evaluated with an electron microscope to determine the effect of hydrogen exposure.  The biscuits were analyzed in a hydrogen determinator to evaluate the absorbed H2 over time.  

	As mentioned earlier in this paper, hydrogen embrittlement can also vary based on the stresses placed on the materials.  This soak testing did not impose stress on the material samples, so additional testing had to be undertaken.  This testing included exposing fasteners, springs, bodies and entire regulator assemblies to hydrogen.  

	Fastener testing included various sizes and materials of fasteners tightened to maximum torque values and soaked in pure hydrogen concentrations at the product maximum pressure rating for an extended period.  The fasteners were then checked for torque relaxation and evaluated for fractures. 

	Commonly used springs representing varying materials, ranges and sizes were compressed to their maximum values and soaked for extended periods of time in pure hydrogen at the product maximum pressure rating.  The springs were then evaluated for fracture and change in spring rate.  Future tests are being developed to cycle test springs in a hydrogen atmosphere.  

	Cast iron bodies are also being evaluated by soaking bodies in varying hydrogen blends at the maximum pressure rating.  These bodies can then undergo burst testing and the results can be compared to bodies that have not been exposed to hydrogen.  

	The final and most exhaustive testing that is currently being completed is extended pressurization of complete products.  This consist of pressurizing fully assembled regulators, slam shuts, and relief valves at their maximum pressure rating at varying concentrations of hydrogen.  Concentrations of hydrogen are selected based on a wetted material evaluation using data from previously discussed tests.  These extended pressurization tests allow evaluation of:
· External leak paths
· Internal leak paths
· Cycle testing
· Operational tests
· Wetted materials under stress

For this testing, entire assemblies are pressurized with hydrogen blends.  These assemblies are periodically inspected for external leakage and can be cycled and tested for internal leak paths as well.  This leak testing will confirm that standard NBR and FKM materials are well suited for hydrogen service.  
	
Once this testing is completed, these regulators will undergo cycle testing and be disassembled so components that were exposed to hydrogen under stress can then be evaluated.

Initial Findings and Results

	While significant testing is still underway, and future testing will continue to expand, some test results are available.  Be sure to check the Emerson website for the latest updates on which products are hydrogen ready.  

	Based on data available and industry experience, several products are ready for up to 10% hydrogen blends at pressures up to 232 psi.  Information on these products can be found in this communication on the Emerson Natural Gas Decarbonization website.      

	Fastener and spring evaluations showed no impact to the materials while exposed to 100% hydrogen.  Future testing will include cycle testing the springs which may impact the results.  

	While several products have passed internal and external leak tests after long term pressurization of an entire assembly, internal parts are still waiting to be evaluated.  These initial units passing leak testing supports that standard NBR and FKM materials are well suited for these hydrogen applications.  

	The tensile and solubility samples, or dog bones and biscuits, have completed evaluation and the analysis show little to no change in mechanical properties compared to standard materials.  These materials will still need to be evaluated after they have been exposed to hydrogen under stress during the full assembly testing, but the initial materials have passed static testing for up to 25% hydrogen blending.  Note that the testing was completed at concentrations higher than 25%, but a safety factor has been applied.  

	The next steps in testing will include testing these same materials with hydrogen flowing across them and soaking in hydrogen mixtures at varying temperatures.  Once these tests, and the material analysis from the full assembly tests, are complete then product recommendations at concentrations higher than 10% and at pressures greater than 232 psi will be available.  Contact your local Emerson Impact Partner for the latest information or visit the Emerson website.  

Other Studies in North America and Europe

	One aspect that is still being evaluated is the odorization of hydrogen.  While awaiting results from a study underway in Europe, 3rd party testing has found that standard odorants sufficiently odorize hydrogen and can be used safely.  Multiple of these tests were completed by gas utilities and odorant manufacturers.  

Another area of interest to many utilities is what percent of hydrogen can be blended before having to make changes to customer equipment.  A recent study done by GTI Energy titled Impact of Hydrogen/Natural Gas Blends on Partially Premixed Comustion equipment: NOx Emission and Operational Performance provides a thorough study of the impact that up to 30% hydrogen blends can have on the performance, emissions and safety of unadjusted end user appliance burners.  
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