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Abstract

Underground Hydrogen Storage (UHS) in the subsurface is an alternative to overcome
limitations associated with a fluctuating production of renewable energy sources. The excess
energy produced can be converted to hydrogen and stored in porous media. Hydrogen is injected
and produced from geological formations via wells. There are several concerns regarding the
interactions of hydrogen with the different well components responsible for maintaining proper
well integrity, such as cement. This experimental study investigates the interaction between
molecular hydrogen and cement Class H. The methodology provides a comparison of
experimental tests to highlight the effects hydrogen can have on cement during aging. Samples
were cured in two different environments were then characterized using different physical and
chemical tests such as Unconfined Compressive Strength (UCS), Fourier Transform Infrared
Spectroscopy (FTIR), Porosity and Permeability (PP), Nuclear Magnetic Resonance (NMR),
Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS).
Samples exposed to molecular hydrogen exhibited a greater compressive strength in both the
short and long terms. Porosity was found to be lower in samples exposed to hydrogen. Similarly,
permeability was lower in samples exposed to hydrogen. NMR distributions showed a reduction
of larger pores and an increase of smaller pore spaces. The compositional analysis demonstrated
that hydrogen presence increases the amount of hydrated product (portlandite and ettringite)
formed. The crystalline needle-shaped structure observed in the SEM confirmed the presence of
portlandite and ettringite within some of the larger pores. Acoustic velocities showed hydrogen-
exposed samples to be stiffer and less flexible. This could be detrimental because, during UHS,
cement is exposed to multiple cycles of injection and production. This experimental study
showed that molecular hydrogen present could generate the formation of hydrated products,

causing a shift in the porosity distribution affecting the mechanical strength of the cement.
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1. INTRODUCTION

1.1 Research Motivation

To combat climate change, energy generated from renewable sources has gained interest in
replacing fossil fuel energy such as coal, oil, and natural gas, which are considered adverse for
the environment by reducing greenhouse gas emissions. Renewable energies are set to keep
increasing their share in the market. In the last two decades and at the same time, our energy
demand has grown year to year. For example, in 2000, energy consumption from renewable
sources was 6.2% of the total energy consumption share in the U.S., and in 2019, it reached an
all-time high of 11.45% (EIA, 2020). The projections from the U.S. Department of Energy’s
Energy Information Administration (EIA) expect an increase in renewable energies overcoming
other electricity generation sources, as shown in Figure 1. Based on projections, by the year 2300,
approximately 1400 quads will be supplied by renewable energies worldwide, which is a 3780%
increase from 462 quads reported in 2005 (Fronk et al., 2010). Renewable energy share is set to

keep rising; nevertheless, there are still limitations regarding renewable energy production.

U.S. electricity generation from selected fuels U.S. renewable electricity generation, including end use
AEO2022 Reference case AEO2022 Reference case
billion kilowatthours billion kilowatthours
6,000 20‘21 3,000 2021
. . . LS e
5,000 history | projections 2,500 history 1’ projections

49
2V natural gas 2,000

\
4,000 renewables \ wind
nuclear ‘ geothermal
3,000 coal 1,500 | hydroelectric
2,000 1,000

1,000

500 : 2%

0 0 ™ T T ]
2010 2020 2030 2040 2050 2010 2020 2030 2040 2050

Figure 1.  U.S. Department of Energy’s Energy Information Administration (EIA)
electricity mix projection over the next 30 years. Annual Energy Outlook 2022 (EIA,
2022).



The main limitation associated with the highest producing renewable source, such as solar and
wind, is that these are weather dependent. The intermittency of these energies is a disadvantage
that creates a gap between supply and demand, making these clean energies unreliable. The lack
of flexibility to match the fluctuations makes them unable to keep a steady supply (Benato and
Stoppato, 2017; Shang et al., 2020; Camara et al., 2019; Sharan et al., 2020). Energy storage is
indispensable to overcome the gap by storing surplus energy generated during surplus and
producing it during peak consumption periods. It is a practical response to the intermittency and
baseload issues to avoid wasting generated energy daily and seasonal (Camara et al., 2019). An
underground storage facility is an artificially created accumulation of fluid in a natural
environment in the subsurface at a certain depth that must fulfill certain characteristics in order
to contain the desired fluid. Storage in the subsurface has multiple advantages: reliability, safety,
available space, wide availability of geological formations, and low economic costs. Hydrogen
is an attractive alternative as it is a clean energy source and an economically feasible energy

carrier that can be implemented in storage applications.

Hydrogen can be generated by different thermochemical, biological, electrolysis, or water-
splitting processes (Das and Veziroglu, 2001; Wang et al., 2012). It is produced from different
sources, such as oil, natural gas, coal, and water. The production of hydrogen from oil, natural
gas, and coal generates pollutants, and hydrogen production from water only accounts for a small
percentage; as technologies develop, this can become a tipping point for broader implementation.
A comparison and description of the different methods for hydrogen production from water can
be found in Shahid et al. (2012). Hydrogen can be stored by several methods, such as gas
cylinders, cryogenic tanks, ammonia, absorbed on metals, chemically bound to covalent and
ionic compounds, or through oxidation of reactive metals (McPherson et al., 2018; Reul3 et al.,
2017). Nevertheless, these methods are expensive and are space limited. Therefore, it is possible

to store the hydrogen in porous media of underground geological formations such as depleted oil

2



and gas reservoirs, aquifers, and salt caverns to meet the huge demand. According to Taylor et

al. (Taylor et al., 1986), underground storage is the cheapest method to store hydrogen.

Underground hydrogen storage (UHS) has gained attention worldwide in recent years as project
and research publication numbers have been increasing. Itis still in an early stage of development
compared to more mature analogs subsurface storage options such as underground gas storage
(UGS) or carbon capture and storage (CCS) (Ugarte and Salehi, 2021). UHS still lacks
implementation and experience. There are only a limited number of projects that have
successfully used subsurface geological structures to store hydrogen. Table 1 shows all UHS
projects worldwide. Teeside, Clemens, and Moss Bluff are the only known successful pure
hydrogen (95%) projects in the U.S. and U.K.; all implemented in salt formations (Tarkowski,
2019). Ketzin, Beynes, and Lobodice are successful UHS aquifers storing amounts between 50%
and 62% of hydrogen in Europe. Numerous research projects have started in the last decade, such
as ANGUS+ (Kabuth et al., 2013), H2STORE (Pudlo et al., 2012), HYINTEGER (Pudlo and
Henkel, 2016), HyUnder (Simon et al., 2012), HyStorPor (Mouli-Castillo et al., 2021) and
Underground Sun Storage (RAG, 2016). These studies aim to investigate the feasibility of

hydrogen production, storage, and utilization.

Table 1. Worldwide operating hydrogen storage sites (Zivar et al., 2020)

Field/project name Storage type H, (%) Working Depth Volume Status
condition (m) (m?)

Teesside (UK) Bedded salt 95 45 bar 365° 210,000 Operating

Clemens (USA) Salt dome 95 70-137 bar 1,000° 580,000 Operating

Moss Bluff (USA) Salt dome 55-152 bar 1,200° 566,000 Operating

Spindletop (USA) Salt dome 95 68—202 bar 1,340° 906,000 Operating

Kiel (Germany) Salt cavern 60 80—100 bar 32,000 Closed

Ketzin (Germany) Aquifer 62 Not reported 200-250 Not reported Operating with
natural gas

Beynes (France) Aquifer 50 Not reported 430 3.3 x 10° Operating with
natural gas

Lobodice (Czech Republic) Aquifer S0 90 bar/34 °C 430 Not reported Operating

Diadema (Argentina) Depleted gas reservoir 10 10 bar/50 °C 600 Not reported Not reported

Underground Sun Storage (Austria)  Depleted gas reservoir 10 78 bar/40°C 1000 Not reported Overating



Wells involved in this process have to meet specific criteria for successful long-term containment
during injection/withdrawal and storage phases. The objective is to have a wellbore with the least
potential for exposure to fluid migration, longevity, and reliable hydraulic and mechanical
barriers (Kiran et al., 2017). UHS is associated with multiple potential risks that can affect
downhole components such as casing, tubing, and connections fabricated of steel, plus elastomer
sealants like packers typically made of rubber or polymers. It can also permeate elements of
wellbore completion, such as cement which is a silica-based material. Failure of any component
can lead to a loss of wellbore integrity, generating a negative environmental impact, accidents,

and costs associated with damage repair.

Figure 2 depicts the assessment methodology and model framework. Energy is produced from
renewable sources, and the surplus not destined for electricity can be used to generate hydrogen
from electrolyzers. Hydrogen generated by the electrolysis process can be further injected into
different types of geological formations that can be selected depending on multiple
characteristics (e.g., location, availability, capacity, and costs). Then the stored hydrogen can be
produced in periods of high demand to be used in gas combustion, electricity, or other possible
uses. The framework addresses potential problems that can compromise the storage model by
developing a case study of multiple reactions that can occur under subsurface conditions due to

microorganisms living under these conditions that can affect the storage.
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Figure 2. Assessment Methodology of Undeground Hydrogen Storage.

1.2 Research Statement

Well integrity is defined by ISO 16530-1 (2017) as the capacity of the drilled open hole to
maintain its shape and remain intact after drilled. NORSOK D-010 (2013) standard defines it as
the application of technical, operational, and organizational solutions to reduce the risk of
uncontrolled release of formation fluids to the surface throughout the well's life cycle. NORSOK
D-010 (2013) details the different well integrity issues that are part of any well design and
operation in order to prevent or mitigate formation fluid invasion throughout the life of the well
(NORSOK, 2004a). Failure of wellbore integrity is the result of the time-dependent formation
of fluid leakage due to the creation of leakage pathways along the well (Kiran et al., 2017;
Vrélstad et al., 2018). This could happen at any stage of the life cycle of the well: initial
construction, completion, production, or abandonment. For UHS, well integrity is vital as the

well is subjected to multiple injection and withdrawal phases depending on the design.



Well integrity is a challenging problem due to the complicated loads surrounding the wellbore
(Ahmed et al., 2019). In UHS, the multiple injection/withdrawal phases create changing loads
that can affect the well integrity components such as cement. Potential problems are associated
with induced dynamic loading, therefore geomechanical analysis, should be considered to
prevent the development of leakages in the barriers. Possible leakage pathways assuming the
cement is elastic or brittle (Thiercelin et al., 1998) include casing/cement interface, permeate
through the barrier, leak in the casing, leak in cement, and cement/rock interface (Gasda et al.,
2004). The creation of these leakage pathways could be attributed to different factors: casing
corrosion, debonding, micro-annuli, incomplete annular cement, and induced fractures in cement
(Gasda et al., 2004; Nygaard et al., 2014; Kiran et al., 2017). In addition, well integrity issues
can generate financial costs to solve problems and environmental effects from the fluid leakage

to the atmosphere and safety concerns due to life-threatening situations.

During hydrogen storage in the subsurface, multiple mechanisms can affect wellbore integrity.
These include fluid migration through existing leakage pathways, hydrogen blistering and
hydrogen embrittlement, casing microbial corrosion, cement degradation, elastomer failure, and
caprock sealing failure, as shown in Figure 3. Hydrogen is an electron donor more active in
chemical or microbial reactions. In subsurface conditions, Microorganisms' survival depends on
the characteristics of the environment. The effect of the conditions generated by hydrogen
storage in the subsurface inhibits microorganisms' growth. These are the catalysts for multiple
reactions that can compromise well integrity. Several biotic reactions known to consume
hydrogen can generate reactions that directly or indirectly affect well integrity. The following
bacteria cause these processes: methanogens, acetogens, sulfate-reducing bacteria (SRB), and

iron-reducing bacteria (IRB).



Figure 3. Mechanisms causing well integrity failure in UHS in the subsurface
(Ugarte and Salehi 2021).

Failure in Well Integrity during storage operations can be financially costly and generate safety
concerns. There have been multiple incidents that occurred in storage facilities in the US. Some
reported incidents include Yaggy facility in Kansas, Magnolia facility in Louisiana, Leyden
facility in Colorado, Moss Bluff in Texas, and Montebello in Los Angeles. All these incidents
failed to properly contain the storage fluid that leaked in different ways generating incidents that
ended in explosions, high costs, the release of gases through the atmosphere, contamination, and
consequences on the health of the people in the vicinity of the facility (Miyazaki, 2009). Some
of these incidents ended up in multiple deaths. In contrast, financial liabilities resulted from
evacuations, compensation, fines, lawsuits, and damaged structures (Miyazaki, 2009). Common

causes of these incidents were casing leaks caused by corrosion, casing damages, rusted steel,
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casing shoe leaks, gas channeling in the annular, deteriorated annular seals, and poor cement
bonding (Miyazaki, 2009). Well integrity barriers can be compromised during UHS ensuring
proper containment all components must be carefully selected during the design and constantly

monitored throughout the life of the well.

1.3 Research Objectives

This research study aims to understand the interaction between cement and molecular hydrogen
in an aqueous environment by performing a mechanical and chemical analysis. Hydrogen was
introduced to the curing environment during cement setting. This is meant to simulate conditions
during cement settling in new wells. New wells are important as hydrogen can affect the cement
before it fully hydrates and sets affecting its properties throughout the life of the storage.
Mechanical, Petrophysical, Composition, and Imaging experiments were run on Class H cement
without any additives at constant pressure and temperature over multiple extended periods. The

main objectives of this work include:

e Provide a complete literature review of well integrity related to UHS.

e Compare with more advanced storage alternative such as UGS and CCS.

e Understand the interaction between cement and hydrogen during prolonged curing
exposure times by comparing with the base case.

¢ Investigate the effect of hydrogen on the mechanical properties of the cement sheath.

e Evaluate any change in the petrophysical properties of cement exposed to hydrogen.

e Investigate any compositional change the cement might suffer over the different time
frames.

e Observe the microstructural changes in samples exposed to hydrogen.



2. LITERATURE REVIEW

This section provides a complete literature review regarding issues associated with well integrity
in underground hydrogen storage. Gas storage is a widely implemented technology, yet pure
hydrogen has only been implemented in salt caverns. Currently, only one project is studying
behavior in a depleted oil & gas field. This review will discuss possible geological formations
for hydrogen storage to highlight the advantages of depleted oil and gas reservoirs. It will discuss
hydrogen properties and compare them to other gases used in storage operations. Then discuss
all potential well integrity issues discussed in literature regarding UHS. Analogously hydrogen
storage will be compared to other storage technologies to provide criteria, recommendations, and
design for UHS. The focus will be shifted to cement, including classification, hydration process,

stresses subjected, and microstructure.

2.1 Underground Hydrogen Storage

The concept of storing fluids in underground geological formations was first successfully
accomplished with natural gas in 1915 in a partially depleted gas field in Ontario, Canada (Zivar,
2020). There are only a few number of UHS projects worldwide (Table 1). However, there are
similarities with more developed storage technologies such as Underground Gas Storage (UGS).
Several underground gas storage facilities are operating worldwide, with the US holding the
highest count. Currently, there are three major types of underground storage options, which
include depleted oil and gas reservoirs, aquifers, and salt caverns. Other storage options such as
coal mines, lined hard rock caverns, and refrigerated mined caverns can be implemented in the
near future if costs associated with them reduce and storage increases (Lord et al., 2014). Each

option has unique characteristics and specific requirements.

Salt caverns are artificially created by a process called solution mining, which consists of

leaching out large cavities by injecting water in a controlled manner. Salt domes are structurally



stable thick homogenous bodies that can operate up to a depth of 6000 ft. Above this depth, salt
deformation occurs, affecting stability due to the high temperature and pressure (Michaski et al.,
2017). The main concern in the construction of salt caverns would be salt intrusion. Salt caverns
are the only formation that has proven capable of storing pure hydrogen. The salt surrounding
the cavern is impermeable and leak-proof, creating a sealed containment with good mechanical
stability. Additionally, high saline conditions of the storage environment affect the
microorganism that can live under these conditions (Sainz-Garcia et al., 2017). These factors

provide a suitable environment to safely contain hydrogen underground.

Aquifers are geological structures that contain a trap capped with an impermeable layer called
caprock. The porous rock in the formation is filled with water that would need to be displaced to
store the hydrogen. A major advantage of aquifers is that this type of formation is commonly
available worldwide and can be set close to major energy-consuming locations. In this case,
aquifers and salt caverns wells would have to be drilled and constructed. Therefore, new wells
design and construction are required. An advantage is that components can be designed to fit

UHS applications, although this can be quite costly.

Depleted oil and gas reservoirs are similar to aquifers; these have effectively contained
hydrocarbons over time. Most storage applications are implemented in depleted oil and gas
reservoirs since they have a number of advantages compared to the other types of geological
formations. They are known geological formations that have been studied before development,
meaning there is existent available information on the geological setting. These formations have
proven ability to store hydrocarbons, although hydrogen has different properties compared to
these. Figure 4 shows the share of these types of geological gas storage. There are multiple UGS
projects developed in depleted oil and gas reservoirs but non-UHS projects. Further research on
the matter is needed to ensure that depleted oil and gas reservoirs could trap the stored hydrogen
gas. This type has certain advantages, such as costs, information on the geological setting, and
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existing components. Surface and subsurface installations are already available, reducing the
cost of these types of storage. Additionally, some natural gas residuals in the reservoir could act
as cushion gas to maintain the storage pressure, further reducing the cost. A complete well
integrity evaluation of the condition of these old wells is required to ensure their components are
suitable for conversion to storage applications. A negative aspect would be that residual oil in
the reservoir might generate possible reactions, reduce the purity of the hydrogen gas, and

dissolution, causing losses.
Salt caverns
12% (76) ‘

Aquifers
13% (82)

Depleted field
75% (476)

Figure 4. Share of worldwide UGS by 2010 (modified from Tarkowski, 2019).

2.2 Hydrogen Properties

Hydrogen is the smallest chemical particle in existence; it has the highest energy content per unit
mass. Combustion of one cubic meter of hydrogen produces 12.7 MJ (Megajoules) of energy.
Methane generates 40 MJ (Megajoules) of energy per cubic meter. Compared to methane, its
energy content is three times higher by weight. However, hydrogen can easily be converted into
electricity or heat, making hydrogen an efficient energy carrier because of its transporting, or
storing capabilities (Zivar, 2020). Table 2 compares the properties of hydrogen (H), methane

(CH4), and carbon dioxide (CO2). It can be observed that compared to methane, hydrogen is
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eight times less dense. Then storing the same mass amounts requires more space and pressure. It
is less viscous than methane and has higher mobility, leading to lower residual in porous media
during the withdrawal phases. Solubility is lower than methane, but diffusivity is higher. This
can generate losses through diffusion and dispersion. Due to its low molecular weight and high
diffusivity, it can leak through the over-burden layers (Amid et al., 2016; Heinemann et al.,
2018). Carbon dioxide has higher physical properties than methane and hydrogen. Its molecular
weight is 22 times higher than hydrogen, and its density is three times greater than methane.
Carbon Dioxide can be stored in its supercritical state due to its critical pressure and temperature
adapting properties between gas and liquid. Solubility and diffusion are considerably higher than
methane and hydrogen; when dissolved in water, it forms carbonic acid, which is highly
corrosive. The kinetic diameter is lower for hydrogen, while kinetic energy is the same as any
gas that behaves like an ideal gas and has the same energy per mol. However, hydrogen's root

mean square speed is almost 3 times methane and almost 5 times carbon dioxide.

Table 2. Physical properties of hydrogen, methane, and carbon dioxide (Ugarte and
Salehi, 2021)
Properties H2 CH4 Co2
Molecular Weight 2.016 16.043 44.009
Density @ SC 0.082 kg/m3 0.657 kg/m3 1.98 kg/m3
Viscosity @ SC 0.89 x 107-5 Pa s 1.1x107-5Pas 1.49 x107-5Pas
Solubility in pure water @ SC 16 x 107(-4) g/L 22.7x 107(-3) g/L 1.45 g/L
Normal boiling point neg 253 C neg 165 C neg 78.44 C
Critical Pressure 12.8 atm 45.79 atm 72.8 atm
Critical Temperature neg 239.95 C neg 82.3C 31C

Heating Value

Diffusion in pure water @ SC

120-142 ki/g

5.13 x 107(-9) m2/s

205-55.5 kl/g

1.85 x 107(-9) m2/s

1.6 x 107(-3) m2/s

Kinetic Diameter 2.89A 3.8A 3.3A
Kinetic Energy 3.74 kI/mol 3.74 kI/mol 3.74 ki/mol
Root mean square speed @ SC 1934 m/s 684 m/s 412 m/s
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Figure 5 shows a comparison of the density and viscosity of hydrogen, methane, and carbon
dioxide. Hydrogen and methane densities and viscosities are considerably lower compared to
Carbon Dioxide. This allows them to have a wider variety of potential storage sites as they are
not restricted by depth. Carbon Dioxide storage requires a minimum depth of 2625 ft (800 m)
due to its physical behavior to ensure it remains in a supercritical state (Edlemann et al., 2016;
Heinemann et al., 2018). Hydrogen and methane do not exhibit any drastic change in properties
with depth. The selected geological formation will determine the depth; it requires proper
containment features to trap and seal the fluid. At subsurface conditions, hydrogen density is ten
times lower than methane and 100 times lower than carbon dioxide, which means that it requires

more space to store the same amount of energy.
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Figure 5. Density and viscosity of hydrogen, methane, and carbon dioxide

calculated from data of the Midland Valley region (Heinemann et al., 2018)
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2.3 Mechanisms that can affect Well Integrity in UHS

From literature there are five issues mentioned that can compromise the integrity of the storage
due to hydrogen properties. Well components that can be affected are steel casing, cement barrier
and rubber elastomers. The issues include but are not limited to microbial casing corrosion;
hydrogen blistering, induced cracking and embrittlement; cement degradation, elastomer failure;

caprock sealing failure.

2.3.1 Microbial Casing Corrosion

Microbial corrosion is generated by the activity of microorganisms that inhabit the subsurface.
It is also referred to as microbial-induced corrosion, microbiological corrosion, bacterial
corrosion, bio-corrosion, or microbiologically influenced corrosion. During hydrogen storage,
the processes responsible for microbial corrosion are sulfate reduction, methanogenesis, and iron
(1) reduction. Corrosion caused by these living organisms can compromise multiple steel

downhole components affecting the well integrity.

Sulfate Reducing Bacteria (SRB) are single-celled organisms that can grow in agqueous
conditions under temperatures between 40 °C and 60 °C and adapt and survive at 80 °C or more
(Loto, 2017). These microorganisms are known to consume hydrogen and produce hydrogen
sulfide as a product when sulfur is available. SRB can corrode the steel casing surface in two
ways: chemically by producing hydrogen sulfide and electrically by withdrawal (Iverson, 1987).
Most organisms do not form a continuous film, which manifests as localized corrosion. Figure
6 shows the reaction taking place on the surface of the casing. SRB can act via cathodic

depolarization as the mechanism for sulfide production (Loto, 2017).
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Figure 6. Reactions in the metal surface by SRB cause microbial corrosion
(modified from Loto, 2017)

Other microorganisms living in the subsurface can also generate or contribute to corrosion.
Methanogenic bacteria are the more likely bacteria to thrive under subsurface conditions due to
hydrogen availability as an electron donator. These anaerobic can survive at high depths and
temperatures. Methanogenesis is the process caused by these microorganisms that convert
hydrogen and carbon dioxide into methane through the Sabatier reaction. Methanogenic bacteria
are not directly responsible for microbial corrosion. Although when found in a corrosive
environment, these bacteria can work with SRB to accelerate the corrosion rate (Boopathy and

Daniels, 1991).

IRB is another bacterial group that can generate corrosion to the casing but a smaller degree than
SRB. IRB uses the electron donator hydrogen to support metal oxidation processes and reduce
iron (111) phases. They rely on the availability of iron oxides, organic carbon, and minerals such
as smectite and chlorite. IRB and SRB can both survive in the same environment and work

together in the corrosion process because IRB uses acetate, which is a common product of SRB
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(Rickard, 2012). In environments rich in iron oxides and organic carbon, IRB can thrive over

SRB due to the higher affinity for hydrogen (Lovely and Philips, 1986).

2.3.2 Hydrogen Blistering, Hydrogen-Induced Cracking, and Hydrogen Embrittlement

Hydrogen blistering, hydrogen-induced cracking (HIC), and hydrogen embrittlement occur due
to the abundance of hydrogen combined with its physical properties. These phenomena can
reduce steel's mechanical properties depending on the amount of hydrogen available and the
nature of the environment. Figure 7 shows the schematic of hydrogen blistering and hydrogen

embrittlement on the surface of a metal in an aqueous environment.

H* H*
H* + e G ‘ Atomic Hydrogen Wear Debris

i
<«
Diffusion

Void

Molecular Hydrogen nt
Hydrogen Blistering mic hydrogen
Concentration of hydrogen v reacts to form brittle compounds
in void increases, pressure and increases cracking.
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Figure 7. Schematic of hydrogen blistering and hydrogen embrittlement
(Zhang, 2016)

Hydrogen blistering occurs when atomic hydrogen is formed on the metal surface by dissociative
chemical sorption. In this atomic form, hydrogen can accumulate beneath the metal surface in
trap locations. The accumulation causes pressure to rise, producing plastic deformation. Some
hydrogen is also lost by dissolution. If the rate of supply of atomic hydrogen exceeds the
dissolution rate, then a rupture will occur (Condon and Schober, 1993). Hydrogen blistering can
initiate cracks leading to sudden failure at lower stresses due to hydrogen concentration and high
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pressure (Reitenbach et al., 2015). Hydrogen-induced cracking is referred to as the crack that
results from the entry of hydrogen into the steel surface. Hydrogen embrittlement occurs due to
hydrogen molecules entering the steel microstructure; it can increase the susceptibility to
cracking at lower stresses and reduce material ductility and resistance. Diffusion of hydrogen in
steel is affected by microstructure phases present (grain boundaries, grain shapes, vacancies and
dislocations, interfaces with nonmetallic inclusions, precipitates, and microvoids), which affect
the mobility of hydrogen (Ghosh et al., 2018). These traps can be classified into reversible or
irreversible depending on the hydrogen's binding energy. Usually, a small amount of hydrogen
can enter the metal while the rest moves on the surface and become part of other reactions.
Nevertheless, due to microorganisms in the environment, the entry of hydrogen can be enhanced.
In the case of SRB, it can be done by producing sulfides, which increase hydrogen's entry into

the steel by disrupting the surface film (Edyvean et al., 1997).

2.3.3 Cement Degradation

Well cementing is an essential component in well integrity. Cement in the subsurface experiences
mechanical or chemical degradation over time. Mechanical degradation occurs due to exposure
to extreme loading conditions due to pressure, thermal expansion, and volume change during
hydration. Several chemical reactions can lead to various processes, such as corrosion, leaching,
and strength reduction. The basic compounds in cement consist of combinations of lime, silica-
alumina, and iron oxide. During hydration, tobermorite (3Ca0-2Si02-3H20), also known as the
CSH phase, and portlandite (Ca(OH)2), known as CH, are the two main binding elements
responsible for the cement strength. Hydrogen permeation can be a risk as it may leak through
the cement sheath due to its physical properties. In addition, microorganisms inhabiting

hydrogen environments can promote chemical reactions affecting cement properties.
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Chemical degradation of cement due to carbon dioxide presence in an aqueous environment is
referred to as carbonation (Strazisar et al., 2009). When pH lowers due to the acidic environment,
CH and CSH start dissolving. Calcium aluminate and ferrite hydrates follow the dissolution until
only silica is left at a pH of 2 (Lecolier et al., 2010). This process depends on the depth of
penetration which depends on the permeability of the cement sheath and the amount of calcium
oxide found. These factors promote the formation of calcium carbonate (CaCO3), which
precipitates and reduces porosity and permeability, increasing cement strength. Regardless, if
carbonation continues, calcium carbonate is converted to bicarbonate (Ca(HCO3)2) (Santra et
al., 2009), which is water-soluble and will dissolve, leading to a reduction of the cement strength
(Teodoriu et al., 2010). For UHS, the carbonation process will be dependent on the amount of
carbon dioxide found in the rock mineral and the formation fluids. It will also depend on the pH
of the environment, which can maximize the release of carbon dioxide from carbonates. The
temperature has more influence on the degradation than pH, and a value of 2.4 and a temperature

of 50 °C can generate conditions for severe degradation (Kutchko et al., 2010).

Cement can also experience chemical degradation by the attack of hydrogen sulfide (Figure 8).
This can be a problem during hydrogen storage as it is a common by-product of sulfate reduction
due to microorganism reactions. Microorganisms such as SRB can generate a reduction of sulfate
and generate hydrogen sulfide, which can cause cement degradation. These microorganisms can
be present in the cement sheath surface or within the interstitial space. Sulphidation can lead to
secondary ettringite formation. Primary ettringite is formed before the hardening of the cement,
but it does not generate expansion and internal stresses in the cement sheath. However, secondary
ettringite expands within the cement structure generating internal stress that can lead to cracks
(Kutchko et al., 2011; Collepardi, 2003). Secondary ettringite is formed when calcium found in
lime or CSH, aluminum found in hydrated ferrite, sulfate from H2S, and H2O are present in the

hardened cement (Collepardi, 2003). When the aluminate supply is depleted from the cement
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sheath, gypsum will be formed instead of secondary ettringite. Gypsum also tends to expand
within the cement structure (Kutchko et al., 2011). Low pH values from the environment can

generate instability in pyrite and become part of hydrogen sulfide-producing reactions (Truche

etal., 2013).
CEMENT
EXPANSION
CEMENT
H,SO,
Figure 8. Cement degradation by sulfate attack in aqueous environments

(Ugarte and Salehi, 2021)

2.3.4 Elastomer Failure

Packers are rubber sealing assemblies used to isolate fluids within the casing, tubing, and/or
annuli. This is considered a secondary barrier in maintaining well control. Packer failure can
affect well integrity, generate potential leakage, increase costs of repairing the well, compromise
safety, and potential environmental hazards. Packers consist of elastomer materials made of
rubber or polymers and the body of steel, making them susceptible to chemical degradation.
Mainly, the steel body of the packer will be prone to corrosion. The elastomer material can be
compromised during UHS operations due to rapid gas decompression (RGD). At high pressures,

hydrogen can permeate inside the rubber elastomers. After RGD, the rubber material can become
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oversaturated with hydrogen. This can exceed the material’s yield tensile strength and generate
internal blister fractures within the sealing rubber elastomer material (Figure 9). At high initial
pressures, failure can occur within minutes; at moderate and lower pressures, it can take longer;
the severity is proportional to the temperature, pressure, and decompression times (Ghosh et al.,
2018).

High-pressure Decompression and Internal blister fractures
hydrogen loading H,-oversaturation caused by released hydrogen

Figure 9. Mechanism of internal blister fracture damage to elastomer
material caused by high-pressure hydrogen loading and fast decompression
(Reitenbach et al., 2015)

Chemical degradation can occur when the elastomer material comes in contact with fluids that
include drilling fluids, completion fluid, fracturing fluid, formation brine, or production fluid
containing various solvents, caustics, acids, or corrosive chemicals (Patel et al., 2019). Leaching
of chemicals into the elastomer can weaken its molecular structure (Campion et al., 2005). Gases
such as hydrogen sulfide (H2S), carbon dioxide (CO2), and methane (CH4) can contribute to
elastomer chemical degradation. When the elastomer is exposed to H2S present in the subsurface
environment, its high reaction activity can lead to hemolysis and heterolysis, causing a reduction
of tensile strength, ultimate elongation, and hardness (Patel et al., 2019; Salehi et al., 2019).
Studies performed by Fernandez and Castafio (2016) observed the development of brittle fracture
surfaces on the elastomer with increased H2S concentration. CO?2 is stable, inert, and not toxic.

However, when carbonic acid is made in the presence of water and in large quantities, it can
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become corrosive and cause a chemical reaction with the elastomer (Patel et al., 2019; Salehi et
al., 2019). Fernandez and Castafio (2016) observed an increase in volumetric swelling and
permanent deformation with an increase in CO2 concentration. Dajiang et al. (2017) studied the
mechanical effect load has on elastomers in the presence of liquid and gaseous CO2. Results
showed that an increase in compression load increases swelling and damage, making CO2
degradation worse. Furthermore, the damage is more severe when CO2 is in the liquid phase
than in the gaseous phase. CH4 is a very weak acid, but it does not react chemically with the
elastomer, although it can permeate the material and cause other physical alterations affecting its

properties (Campion et al., 2005).

2.3.5 Caprock Sealing Integrity

Caprock is an essential feature of the geological containment, as it prevents fluids from migrating
upwards. Sealing integrity failure can lead to potential fluid leakage to the surface. Because of
the properties, hydrogen may leak from the storage as a result of diffusion and dissolution due
to its small molecules. Only small amounts, around 2%, can be lost by dissolution and diffusion
(Amid et al., 2016; Carden and Paterson, 1979). Caprock sealing strength needs to be evaluated
to avoid any possible losses, which are dependent on porosity, permeability, and capillary
pressure. Salts and clay layers are the most common type of caprock; they provide tightness and
hydraulic integrity against hydrogen. Capillary pressure is the pressure at which hydrogen gas
can enter the larger pores of the caprock. Capillary pressure is controlled by interfacial tension,
and contact angle are the two parameters that control. The low interfacial tension in a hydrogen
water system results in low capillary pressure and a higher risk of hydrogen leakage through the
caprock (Zivar, 2020). Therefore, water-saturated caprock provides an impermeable barrier for
hydrogen due to the high capillary pressure. If the threshold pressure of the caprock is exceeded,
gas will push water out of the caprock generating a leak (Carden and Paterson, 1979). The storage
system needs to operate below the threshold pressure of the caprock to avoid losing caprock
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sealing integrity. Hydrogen gas fingering (Figure 10) is another issue as it can generate path of
faster viscous movement, leading to gas leaking points on the edges or spilling points of the
sealing structure (Carden and Paterson, 1979). Depending on the trap structure. The viscosity

difference between water and gas seems to be the factor dominating gas fingering.
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Figure 10. Gas fingering concept in Undeground Hydrogen Storage (Carden
and Paterson, 1979)

Minerals precipitation and/or dissolution can also compromise the caprock sealing integrity.
When the precipitation rate exceeds the dissolution rate, the caprock integrity will remain intact,
though the porosity and permeability can be reduced, affecting the efficiency of injection and
withdrawal operations. When the dissolution rates are greater than precipitation rates, injection
and production efficiency may increase due to porosity and permeability enhancement. However,
this will also lead to potential leaks due to sealing failure (Zivar, 2020). Rock mineralogy and
pore size distribution can change due to rock and fluid interaction (Heinemann et al., 2018).

Kaolinite, Illite, and Feldspar are common minerals in clay caprocks that can react, causing
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porosity and permeability reduction (Hemme and Van Berk, 2018). Results obtained in

experiments performed by Shi et al. (2020) showed that the permeability of the caprock

decreased after injecting hydrogen and natural gas into the core samples. Given the results, this

can be favorable for UHS operations as it would reduce the risk of caprock sealing failure.
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Comparison with more implemented Technologies

The cyclic storage of hydrogen gas in the subsurface has similarities to conventional natural gas

storage (UGS) and carbon capture and sequestration (CCS). Well construction and material

selection for each storage type depend on the severity of the mechanisms that can compromise

well integrity. Table 8 shows a risk comparison between the different types of storage and the

multiple mechanisms that can compromise storage integrity.

Table 3.

Comparison between UGS, UHS and CCS with respect to the different

mechanisms that can affect well integrity (Ugarte and Salehi, 2020)

UGS

CCs

UHS

Corrosion

Hydrogen blistering,

HIC, and hydrogen
embrittlement

Cement carbonation

Sulphidation

RGD

Elastomer
degradation

Caprock integrity

Depends on the selected geological
formation, rock minerals, gas
composition, pH, temperature, and salt
concentration

Medium risk depending on the
availability of hydrogen near the metal
surfaces

Reaction will depend on the amount of
CO, found in the rock mineral and
formation fluids

Depend on the amount of H,S that can
be found in the environment. Low pH
can make pyrite become part of H,S
producing reactions

Methane can permeate and cause
physical properties alteration

Natural gas will not react chemically
with the elastomer

Higher interfacial tension in a
methane-water system results in high
capillary pression and less risk of
leakage

Galvanic, pitting, and cervice corrosion.
Carbonic acid from scale of iron
carbonate as a corrosion product

Low due to lack of hydrogen presence

High risk due to abundance of CO,
forming carbonic acid. Temperature and
pH can aggravate degradation

Low risk due to less probability of
finding high amount of H,S

High risk as CO; in gas phase can cause
degradation and permeate the elastomer
element

High risk when elastomer material is in
contact with carbonic acid

If dissolution rates are greater than
precipitation rates in the caprock,
efficiency may increase due to porosity
and permeability enhancement leading to
potential leaks

High risk due to microbial organisms and
hydrogen availability as an electron donor.
Microorganisms’ survival depends on pH,
temperature, and salt concentration

Due to abundance of hydrogen can increase
the susceptibility to cracking at lower
stresses, reduction of material ductility, and
resistance

Reaction will depend on the amount of CO,
found in the rock mineral and formation
fluids

Higher risk as H,S is a by-product of
microbial reactions caused by SRB

Due to hydrogen physical properties, it can
easily permeate the elastomer. Severity is
proportional to temperature, pressure, and
time

Moderate to high as H,S by-product of SRB
can cause a reduction of tensile strength,
ultimate elongation, and hardness

Low interfacial tension in a hydrogen-water
system results in low capillary pression and
high risk of diffusion

Microbial corrosion is the primary concern in UHS due to hydrogen acting as an electron donor

for microorganisms living in the subsurface. This corrosion type will depend on the archaea

inhabiting the formation, and it can vary from location to location. SRB is known to consume
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hydrogen to produce corrosive HzS and can inhabit any gas storage. These bacteria can be found
in natural gas storage, but methane and carbohydrates such as guar gum and xanthate are not
directly utilized by SRB (Kleinitz and Boehling, 2005). Salt concentration, temperature, and pH
of the environment will determine if microorganisms causing corrosion can survive under
subsurface storage conditions. Methane by itself is not highly corrosive for metals. The presence
of CO2 and H2S found with natural gas are responsible for the related corrosion. In CCS, CO2
can lead to galvanic, pitting, and crevice corrosion. In addition, chloride presence can accelerate
crevice corrosion. CO: dissolved in water produces carbonic acid, which generates
electrochemical reactions with steel. A scale of iron carbonate is formed as a product. All these
corrosion types damage the material by removal, making the metal thinner leading to material

failure.

Hydrogen blistering, HIC, and hydrogen embrittlement are dependent on the amount of hydrogen
found in contact with the surface under certain conditions. Hydrogen embrittlement severely
affects high-strength steels, which limits their application to UHS. Common severe corrosion
alloys used in the oil and gas industry exhibit martensitic structure and provide better resistance
against HzS or COz2 but will be susceptible to H2 (Reitnebach et al., 2015). For CCS, corrosion
rates are high (5-15 mml/year); under severe corrosive conditions, duplex steel and super

austenitic steel can achieve smaller corrosion rates (Crotogino, 1995).

Cement carbonation is the biggest challenge associated with CCS. The attack of CO2 reduces
compressive strength and increases porosity and permeability. The alteration process is more
efficient in the wet supercritical phase than in CO: dissolved in water (Barlet-Gouedard et al.,
2006). For UHS and UGS, carbonation can be considered a problem depending on the amount
of COzfound in the stored gas, cushion gas, or formation. Cement class H and class G, commonly
used in oil and gas applications, have proven suitable for UGS. For CCS, Portland cement can
be modified with additives to slow the reactions with COz2; pozzolanic blended materials can
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minimize the chemical attack of CO2. No field test proves class G and class H cements will be
suitable for UHS. Furthermore, hydrogen's physical properties could make it able to permeate to
cement sheath. Therefore, low water-to-cement ratios are desired. Cement deterioration by
sulphidation can occur in UHS due to H2S producing reactions. Secondary ettringite formation
leads to expansion crack within the cement sheath. It can be minimized by using latex additives.
Sulphidation risk in CCS and UGS will be dependent on the amounts of H2S present in the

formation.

The packer elastomer element, hydrogen can permeate the rubber body more easily than
methane. Chemical degradation of the elastomer can happen in the presence of CO2, H2S, and
CHa. In UGS, methane gas does not react chemically with the elastomer, although it can still
permeate the material and cause other physical alterations (Patel et al., 2019). For CCS, COz in
the gas phase is inert and not toxic, but if carbonic acid is formed, it can corrode the rubber
material and the steel body. The sealing performance of elastomers can be compromised after
CO2 chemical degradation, resulting in a decline in their sealing capabilities (Salehi et al., 2019;

Ahmed et al., 2019). Fluorocarbon elastomers can exhibited more resistance to CO2 degradation.

Caprock integrity failure is dependent on interfacial tension, capillary pressure, porosity, and
permeability. Leakage risk is greater in UHS due to hydrogen's physical properties. In hydrogen-
water systems, the low interfacial tension generates low capillary pressure and increases the risk
of hydrogen gas diffusion through the sealing caprock. The opposite happens with methane-
water systems from UGS. The high interfacial tension will generate high capillary pressure
minimizing the risk of leakage through the caprock. Therefore, it is not a problem in UGS. For
CCS, the dissolution of minerals due to the corrosive environment can lead to an increase in the

porosity and permeability of the caprock, enhancing the risk of leakage through the caprock.
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2.5 Cement

The focus of this study was to observe any variation in cement samples exposed to hydrogen. To
understand this, it is important to understand cement manufacturing, classification, components,

hydration process, structure, and pore size distribution.

2.5.1 Manufacturing and Classification

Portland cement is the most common cement type used in the oil and gas. It is composed of
argillaceous (source of silica- SiO2) and calcareous (source of lime- CaCOs3) ground materials
that are mixed with other materials, such as gypsum. Mixing then occurs in temperatures above

1500 °C (2700 °F) to create Portland cement (Figure 11).

Calcareous — 2 parts Argillaceous — 1 part

Limestone, cement rocks, chalk, Marl, Clays, shales, slate and mudstones, blast
Marine shells and coral, alkali waste furnace slag, ashes, cement rock

T >1500°C
Cement Clinker

CsS: Tricalcium Silicate (CasSiOs) — Major component
C,S: Dicalcium Silicate
CsA: Tricalcium Aluminate
C4AF: Tetracalcium Aluminoferrite
Ca + Mg Oxides, Ca(OH),, CaCOs, Na,S0., etc.

Controlled cooling

Add 3 — 5% gypsum (CaS0;°2H,0) or blend of gypsum and plaster

Pulverise mixture and blend

Portland Cement

Figure 11. Portland Cement Production Workflow (Ichim, 2015)

The composition of Portland cement is shown in Table 4.
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Table 4. Composition of Portland cement (Fink, 2015).

Compound Percentage

Calcium oxide CaO 60-69

Silicon dioxide SiO2 18-24
Aluminium oxide Al>O3 and Titanium oxide TiO; 48
Iron oxide Fe;O3 18
Magnesium oxide MgO <5
Sulfur trioxide SO3 <3
Potassium oxide K2O <1
Natrium oxide NaO <1

Cement used in the oil and gas industry is manufactured in accordance with the American
Petroleum Institute. There are 8 cement classes, and 3 grades include ordinary (O), moderate
sulfate-resistant (MSR), and high sulfate-resistant (HSR). The different cement classes are

(American Petroleum Institute, 2010):

e Class A —Used in depths with less than 6000 ft when special properties are not required.

e Class B — used in depths with less than 6000 ft with requirements for moderate to HSR.

e Class C — used in depths with less than 6000 ft with requirements for high early strength
(Higher C3A) and HSR.

e Class D — used in depths between 6000 ft and 10000 ft with requirements for MSR and
HSR to counter moderately high temperatures and pressures.

e Class E —used in depths between 10000 ft and 14000 ft under high temperature and high-
pressure conditions for MSR and HSR.

o Class F—used in depths between 10000 ft and 16000 ft under extremely high temperature
and high-pressure conditions for MSR and HSR.

e Class G and H — used in depths with less than 8000 ft. Accelerators and retarders cover
a range of depths and temperatures for both MSR and HSR. Class G cement has a finer

particle size than Class H, which is coarser and requires more water for mixing.

27



2.5.2 Components and Products

The chemical composition of cement can be divided into four main mineral components (Table

5). These mineral components hydrate after mixing with water in order to form a rigid structure.

S stands for silica, C for burnt lime or calcium oxide, A for alumina, and F for iron oxide (Aitcin

and Flatt, 2016). C3S hydration is a fast reaction that results in the formation of Calcium-silicate

hydrate gel, which contributes to early cement strength during curing. C3A hydration reaction

produces the required heat energy for the hydration reaction. C2S reaction with water is slow but

influences the long-term strength of the rigid cement structure. C4AF effect on the physical

properties is minor in both the short and long term. Therefore, the hydration of cement leads to

the liberation of heat, change in volume, and mechanical bonding (Aitcin and Flatt, 2016). The

other hydration products that contribute to the cement properties include crystalline Calcium

hydroxide (Ca(OH)2), monosulfoaluminoferrite, and trisulfoaluminoferrite hydrates.

Table 5. Major Components that form the cement rigid structure.

Compound Formula Designation
Tricalcium silicate 3Ca0.5i02 C3s
Tricalcium aluminate 3Ca0.Al203 C3A
Dicalcium silicate 2Ca0.5i02 c2s
Tetracalcium aluminoferrite 4Ca0.AlI203.Fe203 CAAF

Some of the reactions are generic to all kinds of cement, as suggested by equations (1)-(4).
CO,+ H,0 & H" + HCO3
Ca(OH), + H* + HCO; & CaC05 + Si0, - H,0
C—S—H+ H"+ HCO3 © CaC05+ SiO, - H,0

2H* + CaC0O; < Ca*t + H,CO;
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During hydration, cement is mixed with water with different percentages based on their
requirements. The clinker components react with the water, precipitation hydrated products
responsible for cement strength. It also affects the development of internal porosity. Depending
on the water-to-cement ratio, the components, additives, and the curing conditions, the time it
takes the cement to reach its strength can vary. Portland and oilfield types of cement settle and
harden in both dry and wet environments (e.g., in air or water) (Nelson, 1990). The hydration of
cement leads to mechanical bonding, heat liberation, and change of volume, depending on the
curing conditions (Aitcin and Flatt, 2016). During hydration, the cement slurry experiences
shrinkage estimated to be between 1% and 8% of the absolute volume, also known as a chemical
contraction (Keating et al., 1989). According to Powers' (1958), The cement paste must have a
w/c ratio of at least 0.42 to reach complete hydration, and water can be classified as reactive,
forming a solid gel (Powers, 1958). This produces the bonding properties of the cement and the
non-reactive forming gel water glued to the hydrated cement paste. Figure 12 shows the
chemical contraction mathematical model for samples mixed at a 0.42 w/c ratio in a dry and wet
environment. It is observed that during hydration in a dry environment, the relative volume of

air increases with time, whereas in a wet environment, water enters the network of pores.
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E’ (closed system) g (with an external

source of water)

Portland

Portland cement cement

>

] (1.0 10
Degree of hydration Degree of hydration

Figure 12. Relative Volume of Cement Components During Hydration in a Dry
Environment (Left) and Under Water (Right) (Aitcin and Flatt, 2016).
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The hydration of Portland cement involves dissolution and precipitation in a complex chemical
system, resulting in the formation of hydrates and the hardening of the cement. The hydration

products are the following:

Table 6. Hydration products from cement curing.

Product Designation Formula
Calcium silicate hydrate CSH 3Ca0.2Si02.3H20
Calcium hydroxide CH Ca(OH)2
Trisulfoaluminoferrite hydrates AFt [Cas(AlFe)(OH)s.12H20]2.X3.nH20
Monosulfoaluminoferrite hydrates AFm [Ca2(AlFe)(OH)s]2.X.nH20

Calcium silicate hydrate (CSH), a gel, is cement's most common hydration product. Calcium
hydroxide (CH) is a crystalline phase also called portlandite. These two are responsible for the
strength of the cement sheath. Trisulfoaluminoferrite hydrates (AFt), have ettringite as the most
important phase. The hydration of C3A is essential in the early stage of hydration. It influences
the mechanical and rheological properties of cement. This is because C3A's reaction with water
is fast due to the precipitation of irregular hexagonal platelets of calcium aluminate hydrates on
the clinker surface. Calcium sulfate is added to the clinker during its production process, leading
to ettringite precipitation. Once the sulfate is completely used up, ettringite can react with the

remaining C3A, forming monosulfoaluminate (Aitcin and Flatt, 2016).

2.5.3 Hydration Process

The cement hydration process is exothermic due to the significant heat increase caused by the
reaction between cement and water. Measuring the temperature makes it possible to estimate
how far cement is in the hydration process. There are 5 stages of the hydration process shown in
Figure 13 that include Dissolution (I), Induction (I1), Acceleration (I11), Deceleration (I1V), and
Diffusion (V). After the initial mixing, the cement and water come in contact with each other,
and this is where it reaches the highest temperature (Phase I). It is due to aluminate C3A reacting

with water, calcium, and sulfate ions to form ettringite, causing a release of energy forming the
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initial peak. The dormancy phase slows down the reaction as the access to water is not as good
as during mixing. The amount of hydrated concrete increases steadily and remains fluid. Phase
Il ends with the initial set of concrete. During the next phase (111), heat increase occurs due to
calcium silicate (C3S and C2S), which creates the silicate hydrate CSH. It can rapidly reach
internal temperatures of 70-80 °C, and during this phase, there is also a significant risk of cracks
if high variations occur. Phase IV is speed reduction; after the maximum temperature has been
reached and the availability of free particles is reduced, there is a decrease in the heat flow rate.
The fourth phase ends with the desired strength, and the concrete can be removed. The hydration
process is now slowed down and will continue to finish the remaining available cement and water
particles. The cement will now finish the hydration process and reach final strengths over more

extended periods.

Initial reaction

Period of slow reaction

Acceleration period
Deceleration period

Heat Flow (mW/g)
N

0 3 6 9 12 15 18 21 24
Age of Specimen (Hours)
Figure 13. Heat Flow vs. Hydration time in cement. Dissolution or initial

reaction (1), Induction or period of slow reaction (I1), Acceleration period (I11),
Deceleration period (1V), and Diffusion (V) (Bullard et al., 2011)

Mechanisms of C3S (alite hydration) dominate the hydration Kinetics of cement as it is the main
component. Reactions between C3S and water begin immediately upon wetting, contributing to

early heat flow. C3S continues to dissolve until reaching equilibrium calcium and silicate
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concentrations in solution (Stein, 1974). C3S dissolution rates decelerate very quickly while the
solution is still undersaturated, Garter et al. (2002) provided a detailed description of the
proposed mechanisms responsible. C3S, hydration has two stages: formation of a silicate hydrate
phase followed by the conversion into CSH once sufficiently concentrated with calcium.
Reactions lead to poorly amorphous structured crystalline phase CSH and crystalline phase CH
(portlandite). The growth mechanism is closely related to the development of CSH structure
either as the aggregation of nanoscale particles (Allen et al., 2007; Jennigs et al., 2007) or as
large but defective sheets of silicate layers (Gartner, 1997). Gartner et al. (2002) proposed four
mechanisms for the accelerating hydration rate after the delay period in nucleation and growth

observed in Table 7.

Table 7. Possible mechanisms of the onset of the nucleation and growth period
(Gartner et al., 2002)

Hypothesis/mechanism Brief description

Nucleation and growth of  Nucleation and growth of a stable C-S-H happen at
C-S-H the end of the slow reaction period and are rate-
controlling during the acceleration period as a
metastable protective layer of hydrate becomes
chemically unstable and exposes the high-solubility
CsS.

Growth of stable C-S-H Nuclei of stable C-S-H, already formed during initial
reaction, grow at a nearly exponential rate. C-S-H
growth is rate controlling. No metastable hydrate
barrier layer is invoked.

Rupture of initial barrier Metastable C-S-H barrier layer is semipermeable.
Solution inside is close to saturation with respect to
C5S. Osmotic pressure leads to its rupture

Nucleation of portlandite =~ Nucleation and growth of portlandite become rate-

(CH) controlling (and thus indirectly control the rate of
growth of C-S-H)

Mechanisms of C3A (aluminate) is the other phase that affects the hydration process kinetics.
The reaction of C3A in the absence of calcium sulfate is very fast, and unlike alite there is no
period of slow reaction, and the setting is almost instantaneous (Bullard et al., 2011). This is

undesirable as the time to set the concrete is needed; therefore sources of calcium sulfate such as
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gypsum (CaS04-2H20) or anhydrite (CaSO4) are commonly added to cement to control the
reaction of the aluminate (Bullard et al., 2011). During the initial reaction, ettringite
(C3A-3CaS04-32H20) is the main hydrate phase; after when calcium sulfate has all been

consumed calcium monosulfoaluminate becomes the main product phase.

Gutteridge and Dalziel (1990) measured the hydration reaction of cement phases mixed
individually over 100 days. The consumption of the phases was measured using X-ray diffraction
analysis, where the mass composition of the cement was 68% C3S, 14% C2S, 6% C3A, 7%
C4AF, and 2% calcium sulfate. Figure 14 shows the hydration reaction plots for all phases

except the C2S, with most of the reactions happening between 0 and 100 days.
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Figure 14. Hydration of a)C3S, phases b)C2S, c) C3A, d)C4AF, and e)Cement

over 100 days (Gutteridge and Dalziel, 1990)

2.5.4 Porosity definition and sizes

When water is consumed during the reactions in the hydration process, cement porosity is
affected. Solid cement is composed of randomly aggregated particles; it is both porous and
permeable (Powers, 1958). Porosity depends on various factors, including cement clinker, w/c
ratio, mixing method, and curing conditions. Cement can be classified by size into three main
categories depending on the categories of pores, according to Muller (2014). Compaction or air
voids (um to mm) commonly created during mixing or air entrainment agents. Capillary porosity

(>10 nm to wm) remaining spaces not occupied by hydration products or unreacted cement
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grains. Some of these can originate from chemical shrinkage, where the bulk volume of hydration
products is smaller than the volume of the initial components. Gel pores (>10 nm) are the
intrinsic porosity of CSH. Figure 15 shows the range of pore sizes of the different categories of

cement described by different authors.
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Figure 15. Porosity and the sizes ranges of the different categories of cement

per different authors (van Bruegel, 1991)

It has been proven in a number of studies that permeability is dependent on the porosity of cement
(Lafhaj et al., 2006). The relationship seems natural as a higher number of pores with a larger
size would allow fluid to flow through it faster than the opposite. Porosity-permeability
relationships are derived from a simple model with the assumption that the fluid flow of the pores
is equivalent to a set of parallel circular channels (Lafhaj et al., 2006; Udegbunam et al., 1999).
In cement, pores fall into two categories: open and closed pores. Open pores are connected to

the outside surfaces. Closed pores are not connected to the outside surfaces. Therefore, open
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pores are the predominant pore type controlling permeability among interconnected pores. It is
expected that the interconnected porosity would have a more significant effect on the water
permeability, whereas the open porosity would have a greater effect on the cement strength (Li

etal., 2021).

2.6 Cement System Well Integrity Failures

The study of mechanical well integrity is essential to understand the distribution around a
wellbore and in the annulus. Stress analysis is a critical part of the cement sheath design process.
The mechanical response of cement under different load scenarios needs to be studied to
determine the key controlling parameters that affect well integrity. Laboratory and modeling
studies done by a number of research studies have shown that a principal cause of damage is the
stresses induced by varying downhole conditions (Goodwin and Crook, 1992; Bosma et al.,
1999; Eshiet and Sheng, 2014). In storage wells, changes in pressure and temperature will induce

stress on the cement sheath (Wu et al., 2014).

2.6.1 Failure modes

Failure modes of cement systems include debonding of interfaces between casing and cement or
between cement and rock, shear damage, radial cracking, and disking, as observed in Figure 16
(Bois et al., 2010). Tangential stress or hoop stress is a normal stress in the tangential direction.
Radial stress is perpendicular to the symmetry of the wellbore. These stresses determine the
conditions of the casing, cement and rock (Bai et al., 2015). Debonding is caused by shrinkage
during cement hydration and depressurization or temperature decrease inside the casing. Cement
compression failure occurs if its compressive strength is exceeded. Compressive shear damage
results from unequal or large differences in principal stresses. This difference result from a
decrease in the tangential compressive stress that occurs during cement shrinkage. Radial

cracking occurs due to hydration volume reduction in the construction phase of the well or over-
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pressurization or temperature increase inside the casing. Typically the tangential stresses are
compressive. A change in downhole conditions might turn the hoop stress into tensile. If the
tangential stresses exceed the cement tensile strength, a failure in traction occurs. Finally, disking
occurs by axial contraction of the cement sheath when cement cannot slide at its inner or outer

boundaries (Bois et al., 2010).

inner debonding outer debonding shear demage radial cracking

Figure 16. Cement sheath failure modes (Bai et al., 2015)

2.6.2 Downhole conditions changes

Downhole conditions can vary, especially in storage wells where injection and production cycles
can generate changes in pressure and temperature, inducing stresses on the cement sheath. Bai
etal. (2015) provide a detailed description of different scenarios of downhole condition changes.
An inner pressure increase inside the casing can cause an increase in radial and axial stress. This
may occur due to drilling, perforations, stimulation, or injection. It may even turn into tensile
stress due to the decrease in tangential stress. An increase in pressure can cause compressive
stress across two interfaces (casing/cement or cement/formation) and provide good well
integrity. On the other hand, radial cracking can occur if the tensile stress failure in the tangential
direction exceeds the tensile strength. An inner pressure decrease can increase the tangential
compressive stress. This may occur due to a low mud weight utilized during drilling. It will
decrease the radial and axial compressive stress and may turn them into tensile stress. The

interface between casing and cement is the weakest point in the composite system. Microannuli
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can provide weak points for interface failure due to tensile stress. The result will be debonding

if the tensile stress exceeds the bond strength of the two interfaces.

A temperature increase occurs during the production of the fluid from the formation as downhole
temperature increases with depth. This can cause an increase in compressive stresses and lead to
cement failure when the yield strength is exceeded. On the other hand, a temperature decrease
can occur due to injection phases, as the injection fluid may be at a lower temperature. This can
decrease the radial, axial and tangential stresses. In addition, compressive stresses may turn to
tensile stresses. Since the tensile strength is extremely low, there can be potential damage to the

interface or even debonding (Bai et al., 2015).

Furthermore, for a rigid formation (high Young's modulus), a pressure or temperature increase
can cause the compressive stresses to exceed the cement compressive strength; when the cement
is squeezed between the two interfaces, a failure in compression may occur (Wu et al., 2014). A
pressure or temperature increase inside the wellbore will push the casing outward for a soft
formation (low Young's modulus) or rigid cement. If the rock is not rigid enough to hold the
push, thus the casing and cement sheath expands outward, which increases the diameter. Such
deformation will stretch the cement, creating tangential stresses; if the tangential stresses exceed
the cement'’s tensile strength, a failure in traction occurs (Wu et al., 2014). Microannulus: will
occur if the cement sheath loses its hydraulic bond with the casing and/or the formation. Pressure
or temperature decrease inside the wellbore is another phenomenon that can cause the creation

of the microannulus.

A cement sheath with characteristics that can withstand these stress levels is needed. Studies
have shown that cement with a low Young's modulus and low expansion properties is the best
option for mechanical durability and resistance to stress. Wu et al. (2014) suggests flexible and

expanding cement technology based on a particle-size distribution technique with a trimodal

37



particle-size design. The trimodal particle-size design system uses an engineered blend
comprising at least three engineered particle sizes (coarse, medium, and fine) that fit together to
reduce the void space, decreasing the water requirements during mixing and thus increasing the
slurry solid contents to yield the optimized overall slurry properties. Reduces chances of

microannuli.
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3. EXPERIMENTAL DESIGN AND METHODOLOGY

This section focuses on the experimental methodology's materials, design, experiments, and
assumptions. Explanations and justifications are provided, including a detailed description of the
equipment used. This study provides a comparison of experimental tests to highlight the effects
hydrogen can have on cement during aging. Samples are cured in two different environments,
based in distilled water and another in water saturated with hydrogen gas (Hz). The samples were
then characterized using different physical and chemical tests such as Unconfined Compressive
Strength (UCS), Fourier Transform Infrared Spectroscopy (FTIR), Porosity and Permeability
(PP), Nuclear Magnetic Resonance (NMR), Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDS). UCS was measured using a universal testing machine to
measure the strength of the cement. Fourier transform infrared spectroscopy (FTIR) was
performed to monitor the amount of hydrated product. The analytical characterization of the
samples cured in the different environments was compared using a Scanning Electron
Microscopy (SEM) analyzer to observe any difference in the microstructure. EDS provided an
elemental decomposition of the sample to see any change in composition when comparing the
two cases. Porosity was measured using two different methods. Nuclear Magnetic Resonance
(NMR) was used to measure the porosity of the sample being fully saturated, while the
permeameter used samples fully dried. Finally, permeability was measured using the
permeameter, with helium gas being the closest in molecular weight to hydrogen. The
aforementioned experiments provided a complete methodology to quantify the impact of
hydrogen present in water during aging conditions by comparing results to base samples aged in

pure water.
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3.1 Sample Conditioning

In this study, neat Class H cement, a commonly used cement type, was used to fabricate the
samples. Class H has a coarser grind that provides better retarding properties for cementing wells.
A slurry density of 20 Ibm/gal (3.4 gm/cc) was used with a water-cement ratio of 0.38 in
accordance with ASTM C 109 (2004) to represent mixtures in the field. The total volume for the

cement slurries used were kept constant at a mean value of 600 ml for consistency.

Cement samples were prepared using a commercial blender with a 3.5 hp (Figure 17a). The
blender was configured to mix at a certain speed setting (rpm) during predefined times. Mixing
conditions were done in accordance with API-10B2 (2013). 4000 RPM for 15 seconds, where
all solid components were added to the liquid components in the blender. Then 35 seconds at a
higher speed of 12000 RPM. The mixing energy under API-10B2 cement mixing
recommendations is 5.9 kJ/kg. The mixing energy was kept constant for all the cement slurries
throughout the study for consistency because the thickening time of the cement slurries has been

investigated to decrease with an increase in mixing energy (Hibbert et al., 1995).

The cement samples were cast in the form of cylinders with a 1-inch diameter and 1.5-inch height
for dimensions (Figure 17b). Soon after preparing the cylindrical cement samples, these were
immediately submerged in a hot water bath to cure for 12 hours at temperatures of 140 + 10 °F
(Figure 17c). After the desired hydration periods, the hardened samples were placed in different
environments to cure for different timeframes. Before performing any tests, samples were
polished using fine sandpaper. Each batch consisted of twelve samples for each curing time and
were prepared to provide reproducibility and provide sufficient data for accurate results. No

pressure was imposed during curing; this was a limitation and a possibility for further studies.
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Figure 17. a) Blender used for mixing and cement sample preparation. b)
Sample cylinder dimensions with a 1-inch diameter and 1.5-inch height. c) water
bath for curing samples.

Six samples were then aged in each of the two different environments, the first consisting of base
distilled water and the second consisting of water saturated with hydrogen gas (H2) with
concentrations around 2 ppm. Hydrogen is generated through electrolysis, where water is split
into hydrogen and oxygen using Proton Exchange Membrane (PEM) and a Solid Polymer
Electrolytic (SPE). Figure 18a shows the hydrogen pitcher used to generate the environment
consisting of water saturated with hydrogen. Hz, also called molecular hydrogen, is the most
common form of hydrogen because of its stability with a neutral charge consisting of two protons
and two electrons. Molecular hydrogen (H2) is a neutral molecule when dissolved in water and
should have no influence on the water’s pH. Although, samples exposed to water saturated with
hydrogen exhibited higher pH compared to samples exposed to water. The concentration of

hydrogen and pH was measured using a portable hydrometer (Figure 18b).
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Figure 18. a) Hydrogen pitcher used to generate hydrogen in water. b) portable
hydrometer used to measure hydrogen content in water in ppm, temperature in
C, and pH.

3.2 Mechanical Measurements

A compression universal testing machine (Figure 19) custom-made was used to determine the
unconfined compressive strength (UCS) of the cement samples. Also known as uniaxial
compressive strength, it measures the material's strength. It is defined as the maximum axial
compressive strength a cylindrical sample can withstand along one axis under unconfined
conditions. The testing machine applies a uniaxial load on the cylindrical cement sample at a
constant stress rate controlled by the test machine. In this experiment, the compressive strength
of the cement samples was measured using a loading rate of 0.6 MPa/min in accordance with
ASTM C 109 (2004). The data acquisition system records the applied load (Ibf), and each
cylindrical sample was loaded until failure, where the peak load was obtained. To statistically
capture any variance, at least 5 specimens from each sample batch were used in this test. Then,
the compressive strength is calculated by dividing the maximum applied load by the measured

surface area of the cylindrical samples, which were in complete contact with the load-bearing
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plate of the load frame. The strength of the cement is directly related to the development of the
microstructure in the bulk or surface by the hydration reaction of the cement with water during
curing (Jo et al., 2018; Neville, 2011). Results were recorded and reported to the first 3 decimals
and averaged among all samples from the same test at the same time as per API RP 10B-2. UCS

tests were run on samples cured for 7, 28, 84, and 168 days.

Figure 19. Unconfined Compressive Strength Testing Machine.

3.3 Petrophysical Measurements

Porosity is an essential factor in Petrophysical properties. It is directly related to the mechanical
properties of cement. Experimental work has been done on the effect of porosity on the
mechanical properties of cement (Mai and Cotterell, 1985). The porosity of the cement can
determine its strength, supported experimentally by variations of the air content (Osbaeck, 1985)
or the removal of large pores from the cement pastes (Kendall et al., 1983). Cement compressive
strength varies with porosity; consequently, the higher number of voids (higher porosity) within
the structure can lead to a lower compressive strength (Figure 20). Other properties such as

Poisson’s ratio, Young’s modulus, and fracture toughness are also affected by porosity. The
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weakest links are pores, voids, and cracks, providing starting points for crack initiation and
further growth (Kunther et al., 2017). Maximum-sized pores do not determine the flexural
strength; a crack will initiate at the largest pore or bonded cement interface (Mai and Cotterell,

1985).

Ghafoori and Dutta (1995) stated that most of the pores in cement are formed by the spaces left
between the coarse aggregates that distinguish between porosity and air-void content. Therefore
there is a variation between total and effective porosity. Total porosity accounts for all the
porosity connected or non-connected within the cement. The strength of the cement is affected
overall by the volume of its overall voids (Neville, 2011). Effective porosity is the pore volume
of the interconnected pore space. Pores can have a wide variety of ranges from nano to micro-
scale (Lian, 2011). In addition, the water/cement ratio is another predominant factor in the initial
porosity during the hydration process. 0.25 is used as the ratio of hydration by weight, and the
non-evaporable water reduces to approximately 0.75 of the original volume after chemically
hydrating the cement (Neville, 2011). A lower water/cement ratio will yield to higher UCS and

vice versa (Figure 20), while composition remains identical for all samples.
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Figure 20. The combined effect of porosity and w/c on cement compressive

strength (Li et al., 2021)
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Accurate porosity testing is quite challenging due to its unique complex microstructure. A known
method is mercury intrusion porosimeter (MIP), which is effective for observing the pore
configuration in normal cement. MIP method is not feasible for porosity cement testing because
a large number of connected voids within porous cement can cause mercury leakage. Vacuum
sealing apparatus is more appropriate for porosity measurement in laboratory testing (Huang and
Shu, 2010). AP608 porosimeter and permeameter were used for these measurements (Figure
21). It uses Boyle's Law to measure porosity. This vacuum-sealed apparatus flows helium
through the porous cement to obtain the measurements. Helium was used as the gas, being the
closest to hydrogen in terms of molecular size. However, helium is an atom, and hydrogen is a
molecule; only then helium's molar mass is twice the other. As an atom, helium move has only
translational kinetic energy (forward and backward via cartesian degrees of freedom), while
hydrogen can also rotate with 2 degrees of freedom, also having rotational kinetic energy. Thus,
on average, hydrogen will have 1.67 times the kinetic energy of helium. This validates the results
using helium, providing a good estimation. Helium flows from one end to the other of the cement
within the core holder. A confining pressure (overburden pressure) is applied. After, a large
thermally stable reservoir is pressurized. The reservoir discharge valve is opened, allowing the
helium to flow into the sample to measure porosity. Prior to performing the measurements,
samples were polished to ensure proper contact between the cap for accurate testing avoiding
misleading measurements. In addition, samples need to be dried in the oven for 24 hours at

temperatures around 180 °F.
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Figure 21. AP608 instrument to measure porosity and permeability. It uses
helium, Boyle's Law to measure porosity, and an unsteady state technique to
measure permeability.

Permeability is the unique ability of a fluid to penetrate through the porous media. It depends on
the porosity of cement as a higher number of porous spaces with a larger size would allow fluid
to flow through it faster than a lower number of porous spaces with a smaller size (Figure 22).
A simple method to measure permeability in laboratory conditions steady-state method, the use
of gas as a pore fluid instead of water for the permeability has many advantages. First, gas flow
meters cover a wide range of flow rates, allowing the measurement of a wide range of
permeabilities. Second, nitrogen and helium gases are chemically inert, ignoring geochemical
effects, so only permeability variation caused by a change in confining pressure needs to be
considered. Third, the compressibility and viscosity of gas are less sensitive to changes in
temperature, so permeability measurement errors due to these three factors are less likely
(Tanikawa and Shimamoto, 2009). However, permeability when using gas is higher than water
permeability (Faulkner and Rutter, 2000) due to Klingenberg's effect on pore-pressure
dependence. Gas slippage at the pore wall causes gas permeability to vary with the molecular

weight of the gas and pressure. Klingenberg correction overcomes this, which is quite important

46



for cement due to its low permeability. AP608 porosimeter and permeameter automatically
measure permeability; at the same time, it measures porosity. It is also a function of confining
pressure (overburden pressure). The pressure decline is monitored during permeability

measurements with a digital gauge. An unsteady state technique is used to measure permeability.
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Figure 22. Effect of porosity on permeability at different paste volumes (PV)

(Lietal., 2021)

Nuclear Magnetic Resonance (NMR) is a widely used tool in the oil and gas industry to measure
petrophysical properties. Its greatest advantage is that it can measure the response to fluid
directly. NMR can provide measurements of porosity and free plus bound water. Estimates of
permeability can be obtained using NMR data and empirical correlations (Coates, 1999). The
amplitude of H is used to estimate the porosity of the surrounding formation or fluid content, and
the relaxation times are used to evaluate the pore size distribution. Water within the sample
contains protons that have a net magnetic moment and spin. This can align parallel to a magnetic
field subjected using magnets. Sufficient pulse duration causes the protons to tip at a 90-degree
angle. When the pulse is removed, the protons begin to relax. A series of 180-degree pulses are

used to realign the protons. When the proton comes in contact with a mineral surface, it relaxes
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and changes its orientation. Therefore, in smaller pores, relaxation is faster than in larger pores.
Surface relaxivity dominates, and the signal decay rate is inversely proportional to the size of the
pores where the protons are. For more information regarding the basic principles of NMR please

refer to Coates (1999) and Dunn et al. (2002).

A GeoSpec2 NMR system produced by Oxford Instruments was used to measure the NMR
porosity of the samples (Figure 23). This equipment operates at a frequency of 2 MHz. During
cement hydration, water is an integral component that can affect the microstructure and various
properties, including porosity and pore size distribution. This is the reason why NMR
measurement on cement can be advantageous. After the curing time of the sample, these were
immediately removed from the aqueous curing environment and placed in a glass vial for NMR
testing. The glass vial was covered with a Teflon lit to prevent fluid evaporation during the
testing. Accurate T2 measurements depend on the static magnetic field strength and the length of
the echo spacings. Combined with Ti, these can provide insightful information on water in

micropores, solid gel, and solids representing hydroxy groups (Ca(OH)2).

Figure 23. GeoSpec2 Nuclear Magnetic equipment by Oxford Instruments used
to measure porosity
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During hydration, part of the water enters the structure of the newly formed mineral while the
other adsorbable water remains in contact with the surface as hydration and hardening continue
(Schreiner et al., 1985). These two types of water can be distinguished as they have different
relaxations. The exact role of various water fractions in the overall hydration process of cement
is quite complex. The pore wall relaxation is greatly affected by paramagnetic impurities such
as iron and manganese (Bryar et al., 2000). This causes relaxation processes to become more
complex in NMR experiments due to the induced magnetic field. Since spins in different
magnetic field strengths with different frequencies can cause dephasing and loss of signal
(Schutle and Holthausen, 2019). Dephasing is caused by a constant difference in a magnetic field
strength that can be accounted for with adjustments in the echo spacing, allowing accurate
measurement of T2 relaxation. Extensive research has been done on cement hydration, enabling

the attribution of T2 to different pore water species (McDonald et al., 2010).

3.4 Acoustic Velocities Measurements

Seismic elastic waves are categorized as P-waves and S-waves. P-waves also referred to as
compressional waves, are the primary waves that travel faster because there is more resistance
to deformation along the axis of the propagating wave. Compressional waves can travel through
both solids and fluids medium. S-waves also known as shear or transverse waves, travels slower
than compressional waves. Also, shear waves only propagate through solids due to the
perpendicular motion of the particles along the axis of the propagating wave. As elastic waves
travel through solids the speed depends on the densities and elastic properties of the cement.
Elastic wave velocities are created by the applied force upon the mass as proposed by Newton's
second law of motion (Goodman, 1989). Hence, elastic waves velocities can be described as a
function of mechanical properties (Gomez et al., 2010; Si et al., 2016). Mechanical properties
represent the elastic and inelastic behavior of a material under pressure. The elastic moduli are

comprised of Young’s modulus, Poison’s ratio, Bulk’s modulus, and Shear’s modulus. Velocities
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are dependent on the ratio of rock moduli to density. Seismic velocities, compressional wave

(Vp), and shear wave (Vs), of anisotropic material, are a function of the elastic moduli (1-3):

Vp = (E/p)"° 1)
Vs = (G/p)°® (2)
Vp/Vs = [(1—-v)/ (0.5 -1)]°° 3)

where E represents Young's modulus, p is the Bulk’s density, G is the Shear’s modulus, and v is
Poisson's ratio. Knowing Vp and Vs and density allows us to calculate any of the other moduli

for an isotropic material.

To measure the compressional wave (Vp), and shear wave (Vs) a pulse transmission setup was
used (Figure 24). Pulse transmission is a simple technique to measure the velocity of sound
waves through rocks and fluids. A transducer acts as a transmitter generating a voltage that is
applied to the piezoelectric crystal. This expands creating a mechanical or acoustic wave. The
wave propagates through the length of the sample. On the other opposite end, there is a receiving
piezoelectric crystal. The distortion causes the crystal to output a voltage that is amplified and
recorded on the digital oscilloscope. A trigger signal is generated simultaneously with the start
of the excitation signal to provide a zero-time reference. The measurement consists of getting
the transit time, tt required to traverse a sample of length, I, then the associated velocity can be
calculated. The measurements are a function of increasing confining pressure (overburden
pressure). An increase in the confining pressure compresses the pore space resulting in a
reduction of porosity, thereby increasing density, and an increase in moduli or the resistance to

deformation.
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Figure 24. Acoustic velocities setup consists of a a) pressure vessel that contains
the samples in the left and b) he pulse transmission (transmitter, digital
oscilloscope, amplifier) in the right.

3.5 Compositional Measurements

Compositional measurements were performed in order to compare and determine if hydrogen
generates any compositional change in cement. Fourier Transformed Infrared Spectroscopy
(FTIR) and Energy Dispersive X-Ray Spectroscopy (EDS) allowed comparison between the
samples and see any change within the main components and any change wt% of the elements

in the cement.

FTIR is an infrared spectroscopy method that can determine and quantify mineralogy. The
concept is based on passing an infrared beam through a sample, the sample absorbs radiation,
and the rest is transmitted passing through the sample to the detector. The signal is measured in
the detector resulting in a spectrum. It measures how much light a sample absorbs at each
wavelength. The technology relies on the excitation of mineral bond vibrations in the infrared
band. Absorption, emission, and reflection spectra arise from molecular bonds' vibrational and
rotational energy states. If the radiation frequency matches the molecule’s vibrational frequency,
then absorption takes place. There are multiple vibrational modes in three dimensions; this will
cause each molecule or mineral to have several absorption frequencies, a characteristic spectrum,

or a fingerprint. Beer's Law governs absorbance.
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The FTIR equipment is Nicolet 6700 from Thermo Scientific (Figure 25). This normal
dispersive emits the infrared source as it passes through a sample made with a dispersive element
to a detector. The dispersive element uses potassium bromide because it is an intensive neutral
material that can extend the wavelength region to 400 cm-1. The samples are prepared using
0.005¢gr of the mixed samples through a set of processes with 0.30 gr of potassium bromide.
Before being measured, the spectrum of potassium bromide is measured and zeroed out. This is
done to avoid measuring the spectrum of potassium bromide. Therefore, it will only capture the
sample spectrum when the measurement is done. The raw data is collected as a transmission

spectrum and converted to an absorbance using the following equation (1):
A = —logyo(T/100) (1)

FTIR software allows performing quantitative analysis. This requires a dataset built with
mixtures of carefully weighed known minerals. The software can perform a partial least squares
analysis of the diagnostic portions of the collected spectra; a series of regression coefficients are
used to relate the magnitudes of absorbance at characteristic frequencies to the quantity of
mineral present. Comparing this, the software can generate the weight percentages of minerals

present as the output.

RIS e
= T1R #2

Figure 25. Nicoet 6700 Fourier Transformed Infrared Spectroscopy (FT-IR)
Thermo Scientific equipment used to observe mineralogy.
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FTIR spectra can analyze cement and infer something about its hydration based on the
absorbance peaks and wavelength location. The relative peak intensity ratio of the IR bands is
an indicator of the amount of hydrated product (Chakraborty et al., 2016). Peaks at 3650, 3400-
3500, 2900, 1650, 1425 and 980 cm-1. These are due to the O—H stretching of calcium hydroxide
at 3650, Si—O stretching of polymeric silicate (C—S—H) at 980 (Garcia et al., 2009). Table 9
shows a band assignment with wavelength for common elements of cement from studies

performed by Garcia et al. (2009).

Table 8. Band assignment for cement components (Garcia Lodeiro et al., 2009)

Band Gel NO Assigned to Band Gel N2 GelN4 GelN10 Assigned to
(cm™) (em™) (cm™) (ecm™)

3635 v OH (Ca(OH),)
3439 v OH (H.0)
1631 & OH (H,0)
1470  v5 CO(CO3")
1417  v3CO(CO3")

3432 3436 3438 1 OH (H20)
1635 1630 1626 & OH (H,0)
1489 1424 1424 v3 CO (CO3)

5 1463 - - v3 CO (CO%)
- 1033 1109 v Si-0

d

b

C

C
d

966  vSi-O(C-S-H)Q* e 966 970 968 v Si-O(C-S-H)Q?
h
k

865 v, CO(CO%) f 867 872 871 v, CO (CO%)
815 vSi-O(C-S-H)Q! g 813 - - v Si-0 (C-S-H) Q!
1

Lo~ Il Uk WK —

667 & Si-0-Si - - - -

- - 709 710 v, CO (CO%)
10 590 6 Si-0-Si - - - -
664 665 666 & Si-0-Si
491 - - & Si-0-Si

452 453 449 & Si-0 (5104 Td)

11 491 & Si-0-Si J
12 453 6 Si-0 (Si04 Td)

Energy Dispersive X-Ray Spectroscopy (EDS) is an analytical measurement from the Scanning
Electron Microscope (SEM). A Thermo Quattro S field emission environmental Scanning
Electron Microscope (FE-ESEM) equipment was used as observed in Figure 26. This technique
is used for elemental analysis or chemical characterization of the samples. It relies on the
interaction of some source of X-ray excitation and a sample where the fundamental principle is
that each element has a unique atomic structure generating a unique set of peaks on its
electromagnetic spectrum. There are 4 components in the EDS setup that include an excitation

source, an X-ray detector, a pulse processor, and an analyzer. A beam of electrons is focused on
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the sample to generate the emission of characteristic X-rays from a specimen. Therefore only
perform the analysis on the section receiving the beams. Then multiple regions at a lower
magnification were recorded to determine and quantify the full chosen range of characteristic X-
rays. EDS analysis was performed simultaneously with the Scanning Electron Microscope

(SEM) imaging presented in the upcoming section.

3.6 Imaging Measurements

Scanning Electron Microscope (SEM) produces images of a sample by scanning the surface with
a focused beam of electrons. The electrons interact with atoms in the sample, producing various
signals containing surface topography and composition information. SEM with a back-scattered
electron mode was utilized to observe the microstructure of the cement samples. A Thermo
Quattro S field emission environmental Scanning Electron Microscope (FE-ESEM) was used to
perform the microstructure imaging of the different samples observed in Figure 26. For accurate
imaging, back-scattered electron mode was used. Prior to analyzing the microstructure, samples
were sputter-coated with platinum to remove any bound water and avoid any charge. Samples
were analyzed at multiple magnifications ranging from 1k to 12k. Before coating the samples
and utilizing SEM, these needed to be prepared. After the desired period of hydration, samples
were removed from the aqueous curing environment and placed in an oven for 24 hours at
temperatures around 180 °F prior to the experiment. However, it is known to have an adverse
effect due to the removal of bound water of some hydrated products and decomposition (Knapen
and Van Gemert, 2009). Finally, it is a known problem that samples exposed to environments
may exhibit changes in the outer sections but no change in the inner center of the samples. Two
samples for each of the different sample configurations were used. For uniformity and to explore
the difference throughout the testing samples, these were cut in half using a piece of mechanical

equipment. Therefore, SEM imaging was done in the innermost center of the sample.
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Figure 26. Thermo Quattro S field emission environmental Scanning Electron
Microscope (FE-ESEM) used for Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy (EDS). Cut samples placed before
testing.
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4. RESULTS AND ANALYSIS

This section provides results from the different testing performed, from mechanical testing,
petrophysical testing, acoustic velocities, compositional testing, and imaging. It provides an
analysis of each test performed and the proposed hypotheses accompanying the data and results

gathered. Finally, an in-depth discussion of these results from the testing.

4.1 Sample Associated Error in the Dimensions

The cement samples were cast in a cylinder glass mold to form cylinders with a 1-inch diameter
and 1.5-inch height for dimensions. The molds were sprayed with a mold release to prevent any
adherence of the cement with the mold walls and facilitate sample extraction. For the samples,
the standard error of the height measurements calculated was £ 0.420 mm with a standard
deviation of + 2.45 mm, whereas for the diameter, the standard error is = 0.015 mm with a
standard deviation of + 0.090 mm. The reason for such variability in height is during cement
slurry pouting into the small molds; it was difficult to control the exact amount. Thus, the height
irregularities among the samples. The glass mold cylinders are standardized, and their diameter
does not show notable variations. The overall area led to a standard error of the cylindric samples

of £2.160 mm2.

4.2 Mechanical Testing

4.2.1 Unconfined Compressive Strength Results

An experimental program was performed to measure the unconfined compressive strength of the
cement samples. After samples were cured for 12 hours at 140 + 10 °F, these developed
consistencies and strength. The logic was to allow samples to hydrate and pass the first
hydrations phases before exposure to the different environments. These were then moved to base

distilled water and water saturated with molecular hydrogen gas for curing the designed
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timeframes. Once the curing time was due, these were removed and polished for mechanical
unconfined compressive strength testing. Two batches were prepared for testing, each comprised
of 3 or 4 samples for each test type. Therefore, each curing timeframe had 7 samples tested. The
average difference between the samples had a percentage difference of 4.2% in the 7 days, and
the highest difference was 14.3% observed in the longest time of 168 days. The average values,

standard deviation, and standard error can also be found within Table 9.

Table 9. Unconfined Compressive Strength (UCS) average, standard deviation, and
standard error for different curing times of 7, 28, 84, and 168 days.

Unconfined Compressive strength (MPa) cement samples cured for different timeframes (Days)
Hydrogen (H) 7 days 28 days 84 days 168 days
Average 24.838 30.042 37.032 54.007
Standard deviation 3.015 4.502 6.702 6.992
Standard error 1.348 1.702 2.533 2.855
Water (W) 7 days 28 days 84 days 168 days
Average 23.811 27.510 30.755 47.305
Standard deviation 1.702 2.716 2.659 8.356
Standard error 0.761 1.027 1.005 3.411

Figure 27 presents the average unconfined compressive strength of samples cured in base
distilled (W) and water saturated with molecular hydrogen (H) after curing for 7, 28, 84, and 168
days. It is known that the strength of cement increases with an increase in curing time due to the
hydration products being formed (Abalaka and Okoli, 2013). Results showed that the unconfined
compressive strength of samples exposed to water saturated with molecular hydrogen,
irrespective of curing time, was significantly higher than samples cured in base distilled water.
It was inferred that the presence of molecular hydrogen in the cement system affects the
mechanical properties of cement. There is a direct relationship between cement microstructure
development during hydration and its mechanical strength. Potential explanations are discussed

in the upcoming sections.
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Figure 27. Unconfined Compressive Strength (UCS) comparison of samples
exposed to water with molecular hydrogen (H) vs. base distilled water (W) over
different curing times of 7, 28, 84, and 168 days.

4.3 Petrophysical Testing

4.3.1 Porosity and Permeability Results

Porosity is a property essential for cement as it is directly related to compressive strength and
other mechanical properties. Two samples from each curing setting from the batch prepared for
UCS were separated to run petrophysical testing. To test for porosity and permeability samples
in the AP608 equipment, these needed to be dried in the oven for 24 hours at temperatures around
180 °F. Figure 28 shows the average results obtained from the porosity measurements. It was
observed that samples exposed to molecular hydrogen present in the aqueous environment
showed a consistently lower porosity compared to the samples cured in water over the different
curing times of 7 days, 28 days, 84 days, and 168 days. The percentage difference observed was
2.6% (0.83% porosity) in the shortest curing time and 6.1% (1.61% porosity) in the longest

curing time.
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Figure 28. AP608 Porosity comparison of samples exposed to water with

molecular hydrogen (H) vs. base distilled water (W) over different curing times
of 7, 28, 84, and 168 days.

The porosity decreased in samples exposed to molecular hydrogen can coherently be an
explanation for the higher compressive strength observed in the previous section. Figure 29a
shows the relationship between UCS with porosity and curing time. Figure 29b shows the
relationship between the average values of UCS from mechanical testing with the obtained
porosity. It can be observed that at higher porosity and shorter curing times, both samples behave
quite similarly. Nevertheless, at the longer curing times and lower porosity values, there seems

to be a difference showing hydrogen exposed samples showing a much higher UCS in the long

term.
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Figure 29. a) Relationship between UCS (MPa) with Porosity (%) and Curing

Time (days) on the right b) UCS (MPa) against Porosity (%). Hydrogen exposed
(H) samples in red and Base Water (W) in blue on the left.

Permeability is dependent on porosity, as the number of interconnected pores can produce a more

permeable cement. For UHS, a major concern is that hydrogen can permeate cement sheaths. As

hydrogen is such a small gas, it is a concern. For common Class H and G cement used in well

construction, no published test results guarantee these would be tight enough to contain the

hydrogen gas over long timeframes. Permeability results from AP608 testing with helium gas

showed a similar proportional trend compared to porosity. Permeability results showed samples

exposed to hydrogen present in the curing environment showed a consistently lower permeability

than the samples cured in water over the different curing times of 7 days, 28 days, 84 days, and

168 days (Figure 30). The difference was 20.9% (0.092md) in the shortest curing time and 4.2%

(0.007md) in the longest curing time.
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Figure 30. Permeability comparison of samples exposed to water with
molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days.

Figure 31a shows the relationship between porosity and permeability with UCS. Samples with
lower porosity and lower permeability have higher UCS. It was noted that the most significant
difference between the permeability occurred in the shortest curing time, where the shortest
difference between porosity was previously observed. A possible explanation is cement is not
completely hardened, yet we are able to see a difference in both porosity and permeability even
in the shortest timeframes. It was observed in Figure 30 that show that permeability was lower
for hydrogen-exposed samples in all timeframes. Figure 31b shows the relationship between
permeability and porosity. However, this plot trend shows that based distilled water samples
have a lower permeability at lower porosity. This is misleading due to the lack of points. The

few number of points used for the analysis was a limitation of this study.
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Porosity (%) on the right b) Permeability (mD) against Porosity (%0). Hydrogen
exposed (H) samples in red and Base Water (W) in blue on the left

4.3.2 Nuclear Magnetic Resonance Results

By measuring T2 relaxation time from NMR equipment, we are able to estimate the amount of
pore space present in the cement without affecting the fluid present in the pores. Relaxation is
dominated by the relaxation of the molecules in contact with a surrounding pore surface. Figure
32 shows the average results obtained from the NMR porosity measurements on saturated
samples. It was observed samples exposed to hydrogen present showed a consistently lower
porosity compared to the samples cured in water over the different curing times of 7 days, 28
days, 84 days, and 168 days. The observed difference in the shortest curing time was 0.07%
(0.29% porosity) and 1.3% (0.42% of porosity) in the longest curing time. These results match

the porosity trend from the dry porosity results from the AP608.

62



38.78 39.07

oy
o

3633 36.788 wH
35 34.42 34.64 3208 444 aw
30
X 2
Z
§ 20
]
a.
o 15
=
- 10
5
0
7 days 28 days 84 days 168 days
Figure 32. NMR Porosity comparison of samples exposed to water with

molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days.

Figure 33 shows the linear relationship between porosity from NMR measurements with
porosity from AP608. It is important to mention that NMR measurements are with saturated wet
samples, while AP608 tests are with dried samples. Nevertheless, results seem proportional and
consistent, providing support to the porosity values obtained. The difference in porosity values
is due to AP608 equipment measuring the effective porosity of interconnected pores. Also,
AP608 requires confining pressure which reduces the pores space, while NMR tests do not
require any confining pressure. In addition, AP608 porosity samples were oven-dried; expulsion
of water induces additional confining pressures that may lead to pore size reduction (Cruz et al.,

2020).
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Figure 33. The linear relationship between NMR porosity and AP608 porosity.

Figure 34-37 shows the comparison of NMR T2 relaxation between the two cases in all the
different curing times. Results obtained showed minimal displacement in the overall pore size
distribution between both cases. Only the shortest curing time shows a small displacement of
based distilled water (W) samples towards the right compared to hydrogen-exposed (H) samples
(Figure 34). It was observed that hydrogen exposed (H) showed a decrease in large pore spaces
at a T2 Relaxation time of around 1 ms. This is particularly evident in the 128-day samples
(Figure 37). This is the main cause of the lower porosity in hydrogen-exposed samples. This
may be due to a mineral being formed in the larger pore spaces, which can also hold water within
the surface of the newly formed mineral, causing the shift in the decrease of larger pores (1 ms)
and increase in smaller pores (0.4 ms). Capillary pressure is the difference across the two fluids
causing the formation of the mineral in the larger pores space. This is because hydrogen in a two-

phase porous media will move to the larger pores.
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Figure 34. NMR incremental porosity against T2 relaxation time for samples
cured for 7 days.
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Figure 35. NMR incremental porosity against T2 relaxation time for samples
cured for 28 days.
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Figure 36. NMR incremental porosity against T2 relaxation time for samples
cured for 84 days.
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4.4 Acoustic Velocities Testing

Acoustic Velocities measurements of VVp and Vs were performed using the equipment presented
in the previous chapter. The software from the same manufacturer allows us to pick up the arrival
times of the compressional waves and perpendicular two-shear waves. These were manually
picked carefully and consistently. Within all samples, there was no variation be the two measured
shear waves. Two samples from each curing setting from the batch prepared for AP608 porosity
and permeability were also used to run these measurements. Previous sections describe the
porosity within a bulk volume of cement that potentially contains fluids. Existing pore fluid and
wettability affect acoustic propagations. Therefore, saturation and wettability need to be
considered. Compressional waves travel faster in fluids than in air. For this reason, we focused
on dry velocities to see only the effect from the cement sheath and have more concise
representative measurements. Figure 38 and Figure 39 shows the acoustic velocities of the two
differently cured samples over different timeframes. It was observed that hydrogen-exposed

samples showed higher compressional and shear wave velocities compared to samples cured in

base water.
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Figure 38. Compressional waves (P-waves) velocities comparison of samples
exposed to water with molecular hydrogen (H) vs. base water (W) over different
curing times of 7, 28, 84, and 168 days.
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Figure 39. Shear waves (S-waves) velocities comparison of samples exposed to

water with molecular hydrogen (H) vs. base water (W) over different curing
times of 7, 28, 84, and 168 days.

There is a direct relation between seismic waves and porosity found in the literature (Dobrin and
Savit, 1960). Nevertheless, results obtained from these empirical equations are either
overestimated or underestimated because it is only applied to certain rock features and are merely
assumptions (Hamada and Joseph, 2020). Figure 40b shows the relationship between UCS and
compressional wave velocities, and Figure 40a includes porosity. In porous media, elastic wave
velocity is attenuated by density and pore fluid (ElKatatny et al., 2018; Xu et al., 2015; Hamada
and Joseph, 2020). Compressional waves travel faster in fluids than in air. It is known that lower
compressional velocity is observed in materials with high porosity because the wave energy
travels much slower in empty pore spaces. Compressional waves that travel through a more
compacted cement will induce higher vibrations towards the particles, hence increasing the

velocity.
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Acoustic waves velocities can be used to compare elastic properties under dynamic conditions.
Nevertheless, results obtained from these empirical equations are either overestimated or
underestimated because (Hamada and Joseph, 2020). Figure 41-43 shows the results from the
calculations, where in most instances hydrogen exposed samples exhibit slightly lower Poisson
ratio (Figure 43). In addition, a higher Young’s modulus (Figure 41) and higher Shear’s
modulus (Figure 42). During the life of a well, cement is subjected to a number of stresses that
can lead to failure, and cement failure is directly related to the elastic properties of cement.
During UHS the well is subject to a number of injection and production cycles, therefore, a
flexible cement is desired to avoid the possibility of having any sort of cement failure. Cement
is considered flexible the more force it can withstand. Stiff cement needs a higher load to deform
it compared to a soft cement. Hydrogen-exposed samples exhibit a more rigid structure as they
exhibited a higher elastic property, such as Young's modulus showing a more rigid behavior
compared to distilled water cured samples. This can be an issue as for UHS, a flexible cement
would be desired to withstand all the injection/production cycles throughout the entire life of the
well. Flexible cement requires a higher Poisson’s Ratio and a lower Young’s Modulus.

Nevertheless, the difference is too small to consider it to be detrimental. Different cement
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formulations might behave differently; therefore, it is important to consider that although
molecular hydrogen might increase cement's strength, it will make it stiffer, which is undesirable.

In the longest curing time, with a percentage difference of 4.7%, 5.0%, and 1.8%, respectively.

Figure 41. Young Modulus (E) comparison of samples exposed to water with
molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days
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Figure 42. Shear Modulus (G) comparison of samples exposed to water with

molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days
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molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days

4.5 Cement compositional Analysis

4.5.1 Fourier Transform Infrared Spectroscopy

To compare the two different environments, compositional analysis was done to see what
components varied, causing the difference in UCS. Fourier Transformed Infrared Spectroscopy
(FTIR) can be used to observe the amount of hydrated product. Figure 44 shows the FTIR
spectra of the samples cured in different environments over different timeframes. The FTIR
spectra of all samples were similar but with distinct peaks in the same position with different
intensities. Relevant peaks are in 3650, 3400-3500, 2900, 1650, 1425 and 980 cm-1 positions.
The O—H stretching of calcium hydroxide appears at 3650, H-C stretching of methyl or
methylene group at 2900, Si—O stretching of polymeric silicate (CSH) at 980 (Trezza, 2007).
The bands related to Si—O stretching, Si—O-Si bending, and SiO4 tetrahedral deformation
identify a predominant silicate chain structure. The silicate vibration regions of C-S-H spectra

are centered at ~970 cm—1. They are assigned to Si—O stretching vibrations of the Q2 tetrahedra,
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with their mean frequency varying systematically with the C/S ratio (Yu, 1999). The intensities

of the carbonate bands at 1400-1500 correspond to the asymmetric stretching (v3) of CO2 and

the 875 cm—1 (Yu, 1999). The variation in the peak area ratio at 3650 cm-1 of O-H stretching of

Ca(OH)2 and at 872 of Si—O of CSH are indications of variation between the main hydrated

products (Jo and Chakraborty, 2015; Jo et al., 2015).
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Fourier Transformed Infrared Spectra comparing samples exposed
to water with molecular hydrogen (H) vs. base water (W) over different curing
times of 7, 28, 84, and 168 days.

The relative peak intensity ratio of the IR bands is an indicator of the amount of hydrated product

that includes CH and CSH (Jo and Chakraborty, 2015; Chakraborty et al., 2013). Portlandite

(CH) is the naturally occurring form of Ca(OH)2. Two of the main components are responsible

for the strength of cement. Deconvolution and fitting of the FTIR spectra were done to get the

peak area of the products. These provided an alternative comparison method to see composition
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differences between the two cases at different timesteps. The relative peak area ratios were
calculated using O-H stretching from portlandite (CH) and Si-O stretching of tobermorite (CSH)
divided by the respectively peak of the methyl or methylene group. Figure 45 shows the relative
peak area ratio of Si-O/H-C, and Figure 46 of O-H/H-C as a function of time. It was observed,
irrespective of the curing time, that samples exposed to hydrogen exhibited higher ratios
compared to base distilled water. This shows that the amount of hydrated product was higher in
all the different timeframes. During the first 28 days, the results showed an increase in the amount
of CSH in the Si-O/H-C. This is due to the cement hardening in early hydration of the first 28
days. On the other hand, the ratio O-H/H-C showed there is a continuous increase over all
timeframes. This phenomenon indicates the continuous development of portlandite and ettringite
over time. This is a possible explanation of why the difference in UCS between the two cases
was smaller in the shortest curing time than the difference between the two cases in the longest

curing time. The higher presence of ettringite and portlandite causes an increase in the strength

of cement.
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Figure 45. Peak area ratio of Si-/H-C comparing samples exposed to water with

molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days.
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molecular hydrogen (H) vs. base water (W) over different curing times of 7, 28,
84, and 168 days.

4.5.2 Energy Dispersive X-Ray Spectroscopy

Energy Dispersive X-Ray Spectroscopy (EDS) technique is used to observe the weight
percentage of the elements from the sample to determine and quantify the full chosen range of
characteristic X-rays. This is an additional analysis performed from the SEM. Table 10 shows
the weight percentage (wt%) of the samples from the EDS analysis. All samples contain the same
elemental composition as both are class H cement. Nevertheless, a difference in the wt% was
observed in both cases. It is observed that samples exposed to hydrogen showed higher Silicon
(Si), lower Calcium (Ca), and a higher Ca/Si overall for all the different timeframes. An
increment of the Ca/Si ratio reduces the silicate chain length and the interlayer spacing (Garcia
Loderiro etal., 2009; Li et al., 2019). In addition, it can also be noted that the wt% of Magnesium
(Mg), Aluminum (Al), including their ratios Mg/Ca and Al/Ca, was higher in samples exposed
to hydrogen. Aluminum present may act as a substitute for silicon. According to the literature,
CSH behavior depends on its structure, which is affected by Ca/Si and the uptake of aluminum
and magnesium (Bakharev et al., 2001; Kamali and Ghahremaninezhad, 2018). The result

indicates a higher presence of CSH and a higher presence of CH.
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Table 10. wt % of elements from EDS analysis for the two cases over different curing
times of 28, 84, and 168 days.

wt % of elements from EDS analysis

Curing time Sample C (0] Mg Al Si S Ca Fe
1 month
Water 2 48.5 08 12 7.8 0.9 34.1 2.6
Hydrogen 2.8 50.9 1.1 1.4 8.4 1.4 30.3 2.3
3 month
Water 1.7 41.5 06 08 8.2 1 42.4 1.4
Hydrogen 1.8 44.5 0.8 0.8 8.4 0.9 39.9 1.4
6 month
Water 2.1 42.8 1 1.1 82 09 37.9 3.7
Hydrogen 2.5 43.9 13 13 89 11 35.8 3.2

4.6 Cement Imaging

4.6.1 Scanning Electron Microscopy

The microstructure of the cement samples was analyzed and compared using SEM. Figure 47
shows the SEM images of the two compared cases over 28, 84, and 168 days. The microstructure
showed a slight difference in the amount of CSH; samples exposed to hydrogen had a smaller
amount of CSH. Nevertheless, this was not widely observed, and the same in all cases. It was
observed in Figure 47b that samples exposed to hydrogen showed a more compacted
microstructure than samples cured in water shown in Figure 47a. Also, these had more empty
black pore spaces. Crystalline structures resembling portlandite were found within the pores in
samples exposed to hydrogen Figure 47. In Figure 47d, it can be observed that this crystalline-
shaped structure was found to be sparse throughout the pore spaces of the sample. Similarly,
these crystalline needle structures were also found in the samples exposed to water, as seen in
Figure 47c, yet in smaller amounts. This can be seen in Figure 47f, where these crystalline
needle structures representing portlandite and ettringite are found in a larger amount within this

large pore filling it almost completely.
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In conclusion, samples exposed to hydrogen showed a higher presence of crystalline structures
representing portlandite and ettringite within some of the pore space of all samples over the
different timeframes. In addition, the interrupted pore space was found to decrease within the
microstructure; this would explain why the porosity was found to be lower in samples exposed
to hydrogen. In addition, the unconfined compressive strength increases gradually with the
increase in curing time due to the development of dense microstructure in the bulk of the cement
(Jo et al., 2018). As stated in the previous section, unconfined compressive strength is directly
related to porosity, and having more portlandite and ettringite reduces the pore space and

provides more strength.
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Figure 47. Scanning Electron Microscopy (SEM) imaging shows a) base water-
exposed samples and b) hydrogen-exposed samples at 28 days. c) base water
exposed samples and d) hydrogen exposed samples at 84 days. e) base water-

exposed samples and f) hydrogen-exposed samples at 168 days.
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5. DISCUSSION

It has been demonstrated in the section of Results and Analysis that the presence of molecular
hydrogen during curing in agueous conditions can affect the mechanical properties of cement. It
can cause the cement product to show higher unconfined compressive strength, which is
desirable in terms of well integrity. It ensures the cement is capable of withstanding pressure and
stresses in the subsurface to provide adequate isolation intervals of interest. This indicates that
the difference increases with exposure time. It was observed in the compositional analysis and
imaging that portlandite and ettringite amounts were higher in samples exposed to hydrogen. It
was also noted that the amount was higher in samples cured for the longest time showing these
hydrated products (portlandite and ettringite) increase over time when hydrogen is present.

Therefore, it can be inferred that these components are causing the difference in UCS.

Porosity was found lower in samples exposed to hydrogen. Porosity is directly related to UCS
strength. Portlandite and ettringite are two components responsible for the strength of cement.
The higher presence of these hydrated products is causing a lower porosity and generating a
higher UCS. NMR porosity also exhibited the same results showing a lower porosity in samples
exposed to hydrogen. In addition, using NMR we can see a decrease in the larger pores in samples
exposed to hydrogen compared to samples exposed to base distilled water. Plus, there is an
increase in the smaller pores. A possible explanation is that hydrated product is being generated
within the larger pores, causing that reduction of the larger pores and increased capillary small
pores. It was observed in the microscopic imaging using SEM (Figure 47) that has ettringite and
portlandite are in large amounts found within large pore spaces. Plus, Figure 48 shows a
microscopic image comparison at a lower magnification. From a wide perspective of the
samples, it can be observed that the number of larger black pore spaces is lower in samples

exposed to hydrogen. Further showing and explaining the difference in porosity.
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Figure 48. Scanning Electron Microscopy (SEM) imaging showing base
distilled water exposed samples (W) and hydrogen exposed sample (H) at 28
days. Showing the difference in larger pores from a lower magnification of 300
(100 pum).

Something relevant was observed in the samples exposed to hydrogen. When taking the samples
before testing, it was observed on the outer surface that some crystalline structures formed in
hydrogen-exposed samples. Figure 49 shows this occurrence during the experiments. This
happened on the surface of the sample where there is direct contact with the curing environment.
The same occurrence may occur within the sample where the crystalline structures were found
within the pore space. However, this is simply an assumption based on observation. There is no

concise proof of the matter.

Figure 49. Samples after curing. The left is base water exposed samples, and
the right is hydrogen exposed samples. It can be observed that hydrogen-exposed
samples exhibit some crystals within the outer surface of the samples.
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Permeability is directly related to porosity, then the lower permeability in samples exposed to
hydrogen can be due to the formation of hydrated product in the larger pores. Permeability is
another essential property to consider in UHS, as the cement barrier needs to avoid any leakage
or loss of stored gas by permeation. Strong hydrogen diffusion can lead to potential leaks
generated by hydrogen permeation through the cement barrier (Carden and Patterson, 1979).
Improving completion operations and barrier systems are prerequisites for UHS implementation
to control hydrogen leakage (Bai et al., 2015; Bai et al., 2014). The maximum leakage rate
tolerated is 150 kg/day, while 50 kg/day is defined as the lowest limit (Crotogino, 1995). No

studies show class H would be sufficiently tight for hydrogen storage in the published literature.

A higher UCS is a desired mechanical property. For UHS, the well will be subjected to multiple
cyclical injection and production periods. These periods cause changes in pressures and stresses.
During the life of a well, cement can fail due to compressional or tangential stresses. In addition,
due to injection and production phases, pressure and temperature will change cyclically during
UHS. Studies have shown that cement sheath with a low Young's modulus and low expansion
properties is desirable for mechanical durability and stress resistance (Wu et al., 2014). Although
the amount of hydrated product (portlandite and ettringite) increases the compressive strength of
cement, results obtained by measuring acoustic velocities showed an increase in Young's
modulus, which would be detrimental for well integrity as flexible and expanding cement would
be needed. This would also increase the risk of creating micron annuli between the cement and

casing (Baumgarte et al., 1999).

The main explanation for the difference between the samples of both environments is that
hydrogen acts with unreacted components to generate more hydrated products. FTIR results can
support the statement regarding the higher formation of products in samples exposed to
hydrogen. Due to the difference observed in early curing times, it can be said that hydrogen
accelerated hydration. It was observed how the absorbance ratio of O-H (Figure 46) increased
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over time while the absorbance ratio of Si-O (Figure 45) only increased during the first 28 days
and then remained constant. Cement takes 28 days to fully hydrate, although, in an aqueous
environment, it can continue developing more strength over time. Analyzing the results showed
that more hydrated product (ettringite and portlandite) was formed over time in hydrogen-
exposed samples. From the ratios observed in Figure 45-46, it can be concluded that the amount

of portlandite and ettringite increased over time due to the presence of hydrogen.

A limitation of the study is that samples were exposed to hydrogen after the first 12 hours of the
hydration cycle, which is the deceleration period of the cement settling. This is relevant for new
wells. Yet, this period is known for conversion from ettringite to monosulphate. In other words,
the concern is if the observed results would happen in a sample that has been fully hydrated for
28 days. This would be relevant for older wells repurposed for hydrogen storage. For this reason,
the same experiments were run in a batch of cement samples that were cured for 28 days under
the same conditions. After 28 days, half the samples were placed in a curing environment
saturated with hydrogen (H) and the other with base distilled water (W). Results of UCS, Porosity
from AP608 and NMR, FTIR, and Acoustic Velocities can be observed in Figures 50-53. These
results exhibit a similar trend to those observed in the previous section. This validates the claim
that hydrogen presence in an aqueous environment will react with fully hydrated cement's
unreacted cement components, causing the formation of more hydrated products. This is relevant
for old wells, showing that hydrogen can also generate more ettringite and portlandite in fully
hydrated cement. Thus shows, hydrogen does not affect well integrity of cement in old wells

rather, it also increases cement strength.
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Figure 50. Mechanical Testing Results showing Unconfined Compressive
Strength (UCS) of samples after 28 days curing in the same environment and 28
days exposed to either water with molecular hydrogen (H) or base water (W).
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Figure 51. Petrophysical Testing Results showing a) AP608 Porosity, b) AP608
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Figure 52. Acoustic Velocities Testing Results showing a) Compressional waves

and b) Shear waves, c¢) Young Modulus (E), d) Shear Modulus (G), and e)
Poisson ratio of samples after 28 days curing in the same environment and 28
days exposed to either water with molecular hydrogen (H) or base water (W).
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Figure 53. Compositional Analysis showing FTIR spectra of samples after 28
days curing in the same environment and 28 days exposed to either water with
molecular hydrogen (H) or base water (W).

Figure 54 shows the Ti-T2 distribution maps for the 28 days cured plus 28 days exposure
samples. It can be observed in the water samples (Figure 54b) that there is a more spread
distribution with a higher number of large pores contributing to the overall porosity. On the
hydrogen-exposed samples, it can be observed less distribution of larger pores and more
concentration in the smaller pores. This visual representation of the NMR T1-T2 distribution

shows the small variation change in samples exposed to hydrogen.
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Figure 54. Nuclear Magnetic Resonance (NMR) T1-T2 Relaxation Distribution
with Incremental Porosity of samples after 28 days curing in the same
environment and 28 days exposed to either water with molecular hydrogen (H)
in the right or base water (W) in the left.
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Calcium silicate hydrate (CSH or tobermorite) is the main binding element responsible for
cement strength. Tobermorite is an amorphous phase with a layer structure (Battocchio et al.,
2012). An increment of Ca/Si ratio leads to a reduction of the silicate chain length and the
interlayer spacing (Renaudin et al., 2009; Garcia Lodeiro et al., 2009). The Ca/Si, Al/Si, and
Mg/Si ratios have effects on the structure of the CSH but also on the carbonation resistance
(Bakharev et al., 2001, Renaudin et al., 2009; Garcia Lodeiro et al., 2009). Carbonation is the
chemical degradation of cement due to CO2 presence in an aqueous environment. This is a
mentioned issue in literature. During UHS, if it is found in the rock mineral and the formation
fluids, it can generate an acidic environment; this can cause the dissolution of cement's major
binding components (CH and CSH). Black et al. (2007) indicated that CSH with a low Ca/Si
ratio had better carbonation resistance. Li et al. (2019) showed a CSH with a low Ca/Si ratio had
better carbonation resistance, an increase in Al/Si ratio showed no effect on carbonation
resistance, and Mg/Si ratio helped increase carbonation resistance. Hydrogen-exposed samples
exhibited a lower Ca/Si ratio in all timeframes. It can be inferred that cement samples exposed
to hydrogen that have developed more hydrated products will have higher resistance against

carbonation.

Imaging was a valuable tool for observing the microstructure of the samples. It supported the
hypothesis that more hydrated products are formed within the larger pores. It was observed that
portlandite and ettringite were formed. Now ettringite can improve strength development. But
on the other hand, secondary delayed ettringite formation is known to be a problem when
appearing in cement. Secondary delayed ettringite formed after the hardening of the slurry. It
can lead to expansion, internal stress, and cement degradation (Kutchko et al., 2011; Collepardi,
2003). When hydrated cement is placed in an environment containing high sulfate
concentrations, the calcium monosulfo-aluminate hydrate and the portlandite present in the

cement paste will react with the sulfate ions coming from the environment. This can lead to
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secondary delayed ettringite formation. Sulfate attack from H2S exposure can cause secondary
ettringite formation as the acid penetrates the cement pores and forms voluminous water-
insoluble crystal products that expand. The size of the crystal grows, causing pressure to increase
inside the cement pores resulting in cracks and fractures. This hydrated product formation would
destroy the cement's strength. Nevertheless, during this study, ettringite formed seems to
contribute to cement strength and not deteriorate it. Cement exposed to water for a long period
of time may cause primary ettringite to dissolve and recrystallize in voids. This case seems to be
causing secondary ettringite formation over time with no destructive impact. In addition, there
is no additional sulfate attack that may lead to ettringite formation, meaning sulfate comes from
the original cement composition. Therefore, it is unreacted material that is reacting in the aqueous
environment saturated with molecular hydrogen, which is causing the behavior observed in this

study.

Nevertheless, it is hard to ensure the same behavior across the whole cement in the well. Testing
with a small 1.5-inch by 1-inch cement can be quite different compared to a 4000-ft column of
cement. On a large scale, due to hydrogen properties, it is expected hydrogen will have a higher
effect in the top section of the cement. Thus, the impact will occur only in certain sections of the
well. This suggests that more heterogeneity exists on a larger scale compared to a small

laboratory scale.
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6. SUMMARY AND CONCLUSIONS

This study compared two curing conditions of neat class H cement commonly used in the oil &
gas industry. The first includes base distilled water, and the second is the same water with the
presence of molecular hydrogen. Molecular hydrogen is meant to be present in the subsurface
during underground hydrogen storage operations. This study aimed to understand the
interactions between hydrogen and cement during setting. This are relevant for new wells.
Results showed that hydrogen presence in water could cause the cement to show higher
unconfined compressive strength, lower porosity and permeability, higher elastic moduli, and
change in the composition and microstructure. The behavior during setting was observed in all
samples, from the shortest timeframe of 7 days to the longest of 168 days. The impact was most
significant in the longest exposure time. In the discussion, we observed similar results in a fully
set cement. This is relevant for old wells that could be repurpose for storage. The followings are

the outcomes of this study:

e Hydrogen-exposed samples exhibited a higher UCS compared to base water. The
percentage difference of 4.2% (1.03 MPa) in the shortest curing time of 7 days and 14.3%
(6.70 MPa) in the longest curing time of 168 days.

e AP608 porosimeter showed a lower porosity in samples exposed to hydrogen by a
percentage difference of 2.6% (0.83% porosity) in the shortest curing time and 6.1%
(1.61% porosity) in the longest curing time.

e Directly related to porosity permeability showed a lower value for samples exposed to
hydrogen compared to samples exposed to pure water. The difference was 20.9%

(0.092md) in the shortest curing time and 4.2% (0.007md) in the longest curing time.
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e Similar porosity trends among the cases were observed in the NMR tests. The observed
difference in the shortest curing time was 0.07% (0.29% porosity) and 1.3% (0.42% of
porosity) in the longest curing time.

e NMR T2 distribution showed a reduction of larger pores and an increase of smaller pore
spaces in samples exposed to hydrogen, meaning there was a minimal shift in the pore
size distribution. The maximum observed difference showed a porosity increase of 5.6%
in the smaller pores and a decrease of 23.6% in the larger pores.

e Acoustic velocities showed hydrogen-exposed samples to have a higher Youngs
Modulus, higher Shear Modulus, and Poisson ratio. In the longest curing time, with a
percentage difference of 4.7%, 5.0%, and 1.8%, respectively. Stiffer and less flexible
may be detrimental because, during UHS, of multiple cycles of injection and production.
Nevertheless, the observed difference is too low to be detrimental to the integrity of the
storage.

e The comparison between compositional analysis among the two cases was observed in
the FTIR analysis showed that hydrogen presence increases the amount of hydrated
product (portlandite and ettringite) formed within the cement sheath.

e The observed presence of this crystalline needle-shaped structure in the SEM confirmed
the presence of portlandite and ettringite and showed the formation of these minerals
within some of the larger pores.

e EDS analysis from SEM provided similar results by observing the weight percentage of

the minerals in the samples.

The conclusions presented were based on observations made during this research and applied to
the different cement samples used in the analysis. It is important to remember that cement can

have varying responses to several factors.
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However, the general behavior of cement is assumed to be comparable over the different
timeframes. Results demonstrate that molecular hydrogen presence in water can generate more
portlandite and ettringite by reacting with unreacted components generating these minerals
within the larger pore spaces, causing an increase in the cement's unconfined compressive
strength. This behavior was observed during cement setting related to new wells constructed for

storage purposed and fully set cement related to old wells repurposed for storage.
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7. RECOMMENDATIONS AND FUTURE WORK

Underground Hydrogen Storage is an undeveloped technology that has recently started gaining

attention due to its applications in the future. Yet, the lack of projects and actual real data make

it difficult to see what problems it may face. From literature, the number of publications

regarding UHS has been increasing. However, there a very few numbers of publications oriented

to well integrity. Cement is one of the main components of well integrity, which is needed to

ensure proper containment of fluid throughout the storage life. This study focused on

understanding the behavior of cement exposed to molecular hydrogen in aqueous conditions by

comparing the variance from a neat Class H sample. Results showed that molecular hydrogen

presence could affect the properties of cement. Nevertheless, there were a number of limitations

that occurred during this study. Therefore, these are the recommendations for future research:

Subsurface conditions are exposed to elevated pressure and temperature. Further research
would include developing a setup to consider temperature and pressure as variables to
simulate subsurface conditions more accurately.

Hydrogen concentrations are an important variable as the hydrogen generator only runs
for a certain period of 2 hours. It is required to constantly restart it. This has caused
something concentrations to drop below 1 ppm. Future work would vacuum seal the
curing environment to have even concentrations of hydrogen and prevent hydrogen from
escaping.

Hydrogen generator equipment is quite small, which causes a delay in testing as samples
are curing for long periods. A bigger setup is required to be able to cure more samples
simultaneously to provide more results, as cement can be quite variable.

Cement was exposed to hydrogen after developing a hard constituency and the majority

of its strength after 12 hours. Nevertheless, cement samples are still in the fourth phase

90



of hydration. This was a poor experimental design, so for future work, it is recommended
to leave the cement to cure for at least 24 hours before moving to different environments.
This study was narrowed to class H cement, which is commonly used in oil and gas
applications. Future work should consider expanding to class G cement and other
commonly used types.

The use of numerical chemical models can be done to better understand reactions that
may occur in cement during hydration and exposure to hydrogen. This would provide a
better foundation to see which components are responsible for the behavior and formulate
suggestions for future types of cement to be used in UHS.

Mechanical testing can be expanded beyond uniaxial compressive strength. As in the
subsurface, the well is subjected to a number of pressures from multiple regimes. Using
triaxial testing setups is recommended.

For UCS using stress-strain gauges to measure the change in width and reduction in
height can provide insightful information regarding the cement's mechanical behavior,
obtaining a more accurate Poisson’s ratio and Youngs' modulus.

Further expanding mechanical testing can be done using Tensile Strength tests such as
the Brazilian test.

Developing a better experimental procedure with more samples tested and longer
exposure and curing times would increase the veracity of the results and provide
additional information on the behavior of cement during UHS.

For FTIR, the deconvolutions excel sheet was built to fit this purpose and compare
results. Yet, for a better understanding of the curves and what they represent aside from
the ones discussed in this study would provide valuable compositional information that
might have been overseen during this study. For this, it is recommended the use more

advanced commercial software.
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NMR is a technique that can be quite valuable in understanding the petrophysical
behavior of cement. Performing NMR porosity measurements in all samples would
provide additional support. In addition, the use of T1-T> tests in all samples from all the
different curing times is recommended to compare pore distributions better.

Porosity and Permeability tests in cement are massively time-consuming. Nevertheless,
it is recommended to perform Helium Porosity and Permeability tests in the AP608 for
all samples in all curing timeframes to increase certainty. In addition, considering
multiple confining pressures.

Due to hydrogen properties and small particle sizes, literature mentions that permeation
can be a problem during UHS. Developing cement permeation tests using hydrogen gas
can provide information regarding this issue, as it can be detrimental and lead to potential
leaks.

Carbonation is caused to an acid environment in the subsurface. No literature investigates

the behavior of cement with hydrogen gas present in an acid environment.
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NOMENCLATURE AND ACRONYMS

Abbreviations and Acronyms

Symbol
Al203
LBF
Ca(HCO3)2
CaCOs
CCS
CO2
CaO
C2S
LorD
EDS
FTIR
EIA
H2S
IRB
HPHT
HIC
MD
CHas

MIP

Description

Aluminum Oxide

Applied load

Calcium Bicarbonate

Calcium Carbonate

Carbon Capture and Storage (CCS)
Carbon Dioxide

Calcium Oxide

Dicalcium Silicate

Dimensions (length or Dimaeter)
Energy Dispersive X-Ray Spectroscopy
Fourier Transform Infrared Spectroscopy
U.S. Energy Information Administration
Hydrogen Sulfide

Iron-Reducing Bacteria

High Pressure High Temperature
Hydrogen Blistering

Measured Depth

Methane

Mercury Intrusion Porosimeter

Molecular Hydrogen

93

mm
Wit%

cmt



NMR

LR

0&G

Perm

CH

PEM

RGD

RPM

SEM

SiO2

SPE

SRB

C4sAF

CsS

CiA

CSH

UCs

UGS

UHS

H.0

Nuclear Magnetic Resonance
Loading Rate

Weight

Oil and Gas

Pressure

Permeability

Porosity

Portlandite or Calcium Hydroxide
Proton Exchange Membrane
Rapid Gas Decompression
Revolutions Per Minute
Scanning Electron Microscopy
Silicon Dioxide

Solid Polymer Electrolytic
Sulfate-Reducing Bacteria
Temperature

Tetracalcium Aluminoferrite
Tricalcium Silicate

Tricalcium Aluminate

Tobermorite or Calcium Silicate Hydrate

Unconfined Compressive Strength
Underground Hydrogen Storage
Underground Hydrogen Storage

Water
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MPa/min

ar

psi
Md

%
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