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 The geological storage well environment

Underground gas storage (UGS) wells are very similar regarding design specifications 

to hydrocarbon production wells 1. A well contains a fixed set of structural elements 

(casing, cement, tubing, packers, and wellheads) to create multiple barriers that 

simultaneously function to accomplish zonal isolation. Zonal isolation refers to the 

prevention of gas in one zone, from mixing or migrating to another zone 2. Wells are 

commonly recognised as the most likely pathway for fluid migration; therefore, 

construction and efficient cementing practices are paramount to achieving the long-

term durability of the well.
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The requirement of efficient and concise cementing of well operations has wider 

implications within the United Kingdom Continental Shelf (UKCS). Over 7,800 wells 

have been drilled in more than 430 hydrocarbon fields to date, with approximately 50% 

of these wells still in active operation 3. In 2017, the Oil & Gas Authority (OGA) reported 

a production loss of 33 million barrels of oil equivalent (boa) across the UKCS. Upon 

investigation, this production loss was largely attributed to well failure. Well integrity 

accounted for 43.46% of this loss, with failure of the annulus accredited to 37.71% of 

this failure within the integrity issues4. This production loss shows the critical 

importance that proper cement and completion jobs have on ensuring the longevity of 

well operations.

For the geological storage of hydrogen to be successful, three requirements need to 

be met by the storage medium: storage capacity, injectivity and confinement. The last 

condition is crucial and primarily concerns the casing and cementing. Cementing has 

been continually evolving for over 100 years, with changing formulations, 

technologies, and materials. This development has been with the target in mind to 

withstand rigorous well operations and conditions, and to maintain that zonal isolation 

indefinitely 5. Although 24 there is in-depth knowledge of the petroleum industries 

cementing requirements, there remains a lack of knowledge on cementing practices 

under hydrogen storage. The lack of active large-scale projects means the behaviour, 

long-term stability, and cement integrity is unknown 6.

 Fundamentals of Well Cementing

The principal goal of cementing a well is to retain and provide wellbore integrity. 

Wellbore integrity can be defined as the prevention of unintended fluid movement or 

loss during the lifecycle of a well, ensuring a long-term safe and efficient operation. 



The assurance of wellbore integrity is associated with two phases: the construction 

phase (completion) and the plugging/remediation/abandonment phase 7. The initial 

construction phase involves the placement of stainless-steel casing into a drilled hole 

and the installation of the cement. Well cementing comprises of adding a cement slurry 

into the annular (open) space between the well casing and surrounding rock formation 

8. Cementing a well involves two standard operations: the primary cementing and the 

remedial (secondary) cementing. Primary cementing is the initial introduction of a 

cement sheath into the annulus between the casing and formation. This sheath is 

considered critical to a well as it implements a hydraulic seal that initiates zonal 

isolation, restricting fluid migration between the borehole producing zones and 

preventing the leakage of gas to the surface. The sheath also acts as an anchor 

supporting the casing string and safeguards the casing from corrosion 9. Multiple 

primary cementing jobs are often required as a well usually consists of numerous 

casing strings that individually need to be cemented. The remedial (secondary) 

cementing is when cement is strategically placed in certain well locations for purposes 

such as repair or well plugging/remediation/abandonment. The second phase involves 

the insertion of cement through the steel casing to shut in or abandon the well. All 

wells spanning across the UKCS and worldwide will eventually need to be plugged 

and abandoned once the reservoirs are depleted and operation has ceased. The 

objective of abandonment is to return the formations to its pre-drilling condition 10. Well 

abandonment rates have increased four-fold since 2016, with 150 wells per year are 

expected to be plugged and abandoned going forward 3. Consequently, this will 

account for more wells being plugged and abandoned than drilled. This adds additional 

stresses to the wellbore environment, making the durability of these materials over an 

extended period essential.



 Well Cement chemistry

Industry cements are predominantly manufactured in accordance with the American 

Petroleum Institute (API) Specification 10A standards. A controlled mixture of these 

compounds in adjusted proportions allows for a variety of cements to be made suited 

to different well conditions.

Table S1. Portland cement hydration reaction compound characteristics (data from 

reference11).

Compound Formula Characteristic 

Tricalcium Aluminate Ca3Al2O6. Releases lots of heat 

during initial hydration. 

Not used for strength 

properties. Addition of 

gypsum slows down 

hydration speed. Low ratio 

= more sulfate resistant.

Tricalcium Silicate Ca3SiO5 Hydrates and hardens 

rapidly. Primarily liable for 

the initial set and quick 

strength gain.

Tetracalcium 

Aluminoferrite

Ca4Al2Fe2O10 Provides reduction of 

melting temperature in the 

kiln for raw materials. 

Results in rapid hydration, 

but not used for strength 

properties.

Dicalcium Silicate Ca2SiO4 Hydrates and hardens 

slower. Used for onset of 

strength after one week.



 Cement Additives

Cement additives play a significant role within cementing operations and are classified 

by the API as materials that are added to a cement slurry to change or improve the 

cement properties and performance 12. There is a large range of cement additives that 

have been developed to blend with base cement slurries and to be implemented in 

operations. An additive is selected and quantified pertaining to specific well conditions, 

where the appropriate cement slurry can be prepared for the well 12. Each additive has 

a different functionality and designated purpose, as outlined in Table S2. 

Table S2. Common additives, examples, and function. (Data from references12, 13).

Additive Type Additive Example Properties

Accelerator Calcium chloride  Speeds up hydration

 Reduces thickening 

time

 Early on-set strength

Dispersant Polynapthalene Sulfonate

Expansion Calcium Oxide

 Reduces friction to 

increase flow 

properties of the slurry

 Promotes slow growth 

of outer cement 

dimensions to allow 

cement to bond better 

to case and formation

Extender Bentonite  Reduces slurry 

density



 Increasing the slurry 

quantity to support 

long cement columns

Fluid Loss Agent Hydroxethyl cellulose  Deters dehydration of 

slurry’s to prevent fluid 

through permeable 

strata

Retarder Lignosulfonate  Decreases hydration 

speed and water 

content 

 Reduces thickening 

time and delays 

setting

Weighting Agent Hematite Restrains high formation 

pressures

 An Assessment of Hydrogen Specific Cements 

One of the most important completion jobs within the well cementing industry is to 

design an appropriate cement mixture that considers a multitude of factors (downhole 

conditions) during the design period8. Studies have identified the primary reason of 

cement sheath degradation to be poor cement design14. Knowledge of a cement’s 

particular behavioral parameters prior to the use of it in a well is key to ensuring the 

safety and durability of the operation. The design of a cement mixture under hydrogen 

storage conditions will need to exhibit the characteristics of gas tightness and chemical 



resistance. Gas tightness is to ensure no gas escapes or penetrates through the 

cement to surrounding formations. Equally, chemical resistance is to provide durability 

against substances such as H2S. This can be achieved by including corrosion 

inhibitors and shrinkage reducers to improve the chemical and corrosive properties 1. 

Reducing the permeability by decreasing the water-cement ratio is a strategy often 

adopted to combat initial corrosion. By reducing the permeability, it reduces the 

available surface area absorption of corrosive chemicals. Other additives such as 

water reducing agents, fly ash, silica fumes and polymer admixtures like latex, also 

aid in reducing permeability15. Shrinkage reducers are recommended to avoid the 

initial mass shrinkage of the cement upon setting to decrease the likelihood of cracks 

forming and creating gas migration pathways. A study conducted by Vralstad et al in 

20165, to identify the long-term durability of Portland well cement under downhole 

conditions, identified that including silica flour prolonged the durability of the cement 

significantly. The inclusion of this additive was found to be even more effective when 

exposed to corrosive conditions containing substances such as hydrogen sulfide 

(H2S). This is particularly relevant where plugged and abandoned wells are concerned, 

as companies rely on the integrity of the cement to withstand downhole conditions5. It 

is worth noting that admixtures do not necessarily prevent or stop chemical attacks 

and corrosion, but they can slow the process significantly. The cements used in this 

study contain additives that one would expect to see used in hydrogen storage 

operations (silica flour, retarder). The suitability and combinations of admixtures are 

assumed to be what one would expect to use during hydrogen storage, to account for 

the potential of H2S corrosion and gas migration pathways forming via cement 

cracking. This is a significant gap in knowledge that will be imperative to expand on if 



large-scale hydrogen storage is to be implemented, as cement design is a 

fundamental factor of an operation.

Supplementary Materials and Methodology 

 Factor selection 

The experiments are based on twelve samples of three cement types; one Dyckerhoff Class 

G cement without retarder; one Dyckerhoff Class G cement with retarder; and one 

standardized Portland cement. These cements are hereafter referred to as PC, PCR and PCA. 

 Cement mix 

The cement design is based on a Dyckerhoff Class G cement with a combination of 

materials used to cast the hardened Portland cement, mixed with silica flour (40wt%). 

A slurry was created by mixing a pre-prepared cement paste with water, with a cement-

water ratio of 2.5:1. Two types of hardened cement were prepared: one well cement 

without a retarder (referred to as PC) and one well cement with a Schlumberger 

AccuSET D197 retarder (referred to as PCR). The PC cement cured for a total of 28 

days in a humidity chamber with 100% relative humidity at 20°C. The PCR sample 

was kept at 80°C and 100% relatively humidity for 2 days before being placed at the 

same condition as the PC cement (20°C and 100% relative humidity for 26 days). This 

curing method was adapted as the cement grout cannot harden at ambient 

temperature with the addition of the retarder, which delays the primary setting time of 

cement 16. Cement sample three is a standard Polycell Polyfilla Quick Set cement, 

otherwise known as a standard Portland cement (referred to as PCA). The cement 

was air dried for 36 hours with a cement-water ratio of 3:1. This type of cement is 



representative of the material and composition that may be used for cementing wells 

and casing at a hydrogen storage site under API specifications17.

 Porosity determination

The porosity of the hardened cements was determined using an AccuPyc 1340 

Helium-Pycnometer from Micromeritics. The device utilizes helium as a gas 

displacement method to measure the volume of the cylindrical cement samples18. In 

combination with the skeletal volume the measurement is used to calculate the fraction 

of connected pores 19. The error range for the porosity measurements are in the vicinity 

of ±0.1% porosity. 

 Mineralogical analysis 

To characterise the composition of the cement samples, in terms of mineralogical 

assemblage and crystalline mineral phases, the samples are analysed by X-Ray 

Diffraction (XRD) using a Bruker D8-Advance X-Ray Diffractometer, which employs a 

2-theta, Bragg-Bretano configuration. An XRD pattern is an outline of the intensity of 

X-Rays scattered at angles from 39 2-65°. This results in diffractograms which are 

then compared to the internal Bruker mineral database using the EVA analysis 

package. This database allows the detection of specific mineral ‘phases’ in which each 

phase is host to a unique diffraction pattern with distinct chemistry. Further analysis 

quantifying the amounts (wt%) of minerals present in the samples are used, otherwise 

known as Rietveld analysis23. This procedure gives a typical detection limit of 1wt%. 

 Petrographic optical microscopy

Mineralogical analysis is employed using a Carl Zeiss Ultraphot III microscope, which 

has been upgraded for digital microscopy by the addition of a Canon 1100D DSLR 

camera. Thin sections are examined of the three cements pre-experiment. 



Petrographic analysis of the cement provides unique information concerning the 

minerals, texture (sorting, grain size and grain contacts), framework grain composition 

and the distribution and type of porosity and permeability seen within the samples24. 

 Simulated in-situ reservoir conditions

Downhole reservoir conditions were simulated and controlled through geochemical 

batch reactions where the reactivity of hydrogen with cement was studied, using 

injection gases of hydrogen and nitrogen (of certified purities), reservoir brine (a 

mixture of sodium chloride and deionized water) and disaggregated cement samples. 

The controlled experimental parameters include the pressure, temperature, solution 

salinity, cement type, particle size and cement-water ratio. This control of individual 

parameters allows for the identification of contributing factors that change with the 

addition of hydrogen.



Figure S1 The maximum, minimum, median, lower, and upper quartile values for 

pressure, temperature, and salinities of 138 wells in North-Sea Fields. Red line shows 

the chosen experimental conditions and where they sit within the North Sea range.

 Fluid composition analysis

Glass bottles were used over stainless steel to prevent the contamination and damage 

from steel degradation and corrosion such as hydrogen embrittlement. Stainless steel 

was chosen as it is deemed a suitable material for high pressure vessels and the use 

of the oven keeps the experiment steady and resistant to the influence of external 

factors (i.e., ambient conditions) and to achieve elevated reservoir conditions in the 

cell. The vessel temperature and pressure were measured using a GD4200-USB 

Digital Pressure Transducer from Elemental Science Inc (ESI), with expected error of 

±1.5%. The reaction vessels’ pressure and temperature are constantly monitored via 

data transfer to a PC with ESI-USB software, which is then recorded using LabVIEW 

software by National Instruments. The oxygen within the vessels is removed via 

vacuum pump and nitrogen flow as a MTIG10-75-2 Gas Booster System with DLE75-2 

inert gas booster is able to pressurise up to 10×103 psi. The injection gases of 

hydrogen and nitrogen are injected through a high-pressure valve at the top of the 

vessel.

To ensure continuity across the measurements, the samples were left to cool to room 

temperature after removal from the batch reaction vessel oven, and each sample 

tested a minimum of three times to allow for slight fluctuations and an equilibrium of 

the pH to be reached. Allowing an experiment to cool to room temperature can also 

adversely affect the measurements, as changes in temperature significantly impact 

pH and introduce variability26. To account for this, the METTLER TOLEDO has a built-



in calibrated system to account for the variation and correct it to within an error range. 

The pH was studied for any changes to give an indication of whether any reactions 

have occurred, for example the pH can change significantly if gasses such as H2S or 

CO2 dissolve in the reservoir fluid. 

Supplementary Results

Figurre S2. XRD Minerological analysis of PC, PCR and PCA



Table S3 Details of different solid cylindrical cement specimens and porosity data

C
em

en
t t

yp
e

M
as

s 
(g

)

Le
ng

th
 (m

m
)

D
ia

m
et

er
 (m

m
)

Le
ng

th
(c

m
)

D
ia

m
et

er
 (c

m
)

Le
ng

th
:d

ia
m

et
er

 
ra

tio

B
ul

k 
Vo

lu
m

e 
(c

m
^3

)
C

al
cu

la
te

d 
w

ho
le

 
sa

m
pl

e 
D

en
si

ty
 

(g
/c

m
^3

)
M

ea
su

re
d 

so
lid

 
Vo

lu
m

e 
(c

m
3 )

M
ea

su
re

d 
so

lid
 

D
en

si
ty

 (g
/c

m
3 )

O
pe

n 
Po

ro
si

ty
 (%

)

A
ve

ra
ge

 o
pe

n 
po

ro
si

ty
 (%

)

10.95 12.36 25.86 1.24 2.59 0.48 6.49 1.69 4.47 2.45 31.18PC

47.01 53.62 25.90 5.36 2.59 2.07 28.25 1.66 19.46 2.42 31.12 31.15

10.49 11.52 25.89 1.15 2.59 0.44 6.06 1.73 4.29 2.45 29.29PCR
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Figure S3. Plain polarised light optical microscope images of (a) PC, (b) PCR and (c) PCA 

at 2.5x magnification, and (d) PC, (e) PCR and (f) PCA at 10x magnification. All images 

taken before crushing for the experiments.



Supplementary Implications of Geological Hydrogen Storage

 The Physical Implications of Hydrogen Storage

This section will consider the physical implications that the wellbore endures during 

hydrogen injection and production (withdrawal). Both injection and production wells 

need to be suitable for intensive injection and production periods due to the cyclic 

nature of underground storage 27.  This changing pressure and stress state of the 

production system results in the possibility of erosion and corrosion of the wellbore. 

Erosion refers to the pure mechanical removal of material, and corrosion is defined as 

an electrochemical mechanism of material degradation 28. Any erosion and/or 

corrosion that occurs during an operational lifetime can jeopardize the integrity of the 

components, materials, and flowlines. The main mechanism that can result in 

significant erosional damage of a wellbore in underground gas projects is liquid droplet 

erosion. This is solely found in ‘wet gas’ reservoirs, which pertains to the availability of 

water in a porous reservoir. When gas is being produced, water vapour can seep in 

during pressure change and some of this vapour can turn into droplets which can 

cause erosion. The rate of erosion is reliant on factors such as droplet size, gas 

velocity, gas density, impact velocity and frequency. The liquid droplet erosion is a 

particular problem in high velocity gas streams and when droplets are larger in size 

(>1 mm) 29. To eliminate any potential erosion and/or corrosion, materials and 

production facilities are designed so that the flow velocity is below a calculated 

erosional velocity limit. This relates to a flow limit and speed that ensures safe 

operating conditions, but if the limit is exceeded, erosion and/or corrosion may arise. 

The erosional velocity limit is governed by the API RE 14E equation S1: 

𝒱 = 𝒸 √𝜌 (S1)



This equation correlates erosional velocity (𝒱), where 𝒸 is an empirical constant and 𝜌 

is the density. The empirical constant can be either 100 for ‘continuous service’, 125 

for ‘intermittent service’ and 250 for when corrosion is not predicted. 

Production casing and tube size is another factor to be considered to optimize injection 

and production and prevent erosion. A study conducted in a depleted gas field 

repurposed for natural gas storage in Dangang, China, calculated a minimum tubing 

diameter of 115 mm is required to prevent tubing erosion. A greater tubing diameter 

can be favourable for gas production as they can cope with higher production rates. 

Underground gas facilities in China utilise tubing diameters of 178 mm, in comparison 

to conventional gas wells with diameters of 150 mm 31. However, the erosional velocity 

rate does change with increased casing and tubing size. Many limitations exist when 

calculating an erosional velocity limit for underground hydrogen storage, but many of 

the controlling erosional parameters are not known. The examples presented above 

concern the storage of natural gas, and although this can be used as an indication for 

hydrogen, hydrogen has different properties of density and viscosity. The lower values 

for density and viscosity of hydrogen mean the natural gas parameters are not 

representative for the storage of hydrogen. This raises the question of whether 

hydrogen production rates are likely to contribute to enhanced water droplet erosion 

during injection and production? The main method for limiting erosion and/or corrosion 

of steel equipment during the injection and production of gas from underground 

geological reservoirs, is to limit the flow velocity to an ‘erosional velocity’. This limit is 

estimated upon the assumption that no erosion and/or corrosion would occur below it. 

The estimated limit of the erosional velocity for droplet erosion is 70-80 m/s. Hydrogen 

production and injection is expected to be much lower than this erosional limit and 

therefore, the production rates are not likely to contribute to enhanced water erosion.



Safety Measures

The safe and reliable operation of high-pressure, high-temperature batch reaction 

vessels was ensured through meticulous attention to experimental design and 

engineering principles. A crucial aspect of this approach involved utilizing 316 

stainless steel, characterized by its high manganese content and low nickel 

concentration (<13%). This material selection effectively mitigated the vulnerability of 

the reaction vessels to degradation and blistering, thereby enhancing their overall 

performance and longevity. To fortify the structural integrity of the vessels, we 

employed 8 M12 x 35 mm high-tensile cap screws along with meticulously engineered 

o-ring seals. These measures facilitated an upper pressure limit of 65 MPa, 

guaranteeing operational stability even under demanding conditions. In order to 

maintain optimal functionality throughout the experiments, we exclusively employed 

high-pressure valves and instruments sourced from Top Industrie. Known for their 

superior quality and durability, these components exhibited exceptional tolerance and 

reliability, even when subjected to extreme conditions of up to 100 MPa. The potential 

risks associated with the rapid heating of the vessels due to the Joule-Thomson effect 

were proactively addressed. By carefully regulating the rate of hydrogen injection, we 

minimized the likelihood of hazardous thermal excursions. Moreover, as an additional 

layer of safety, we installed a hydrogen gas alarm system in the laboratory. This 

system comprised a Riken Keiki GD-A80 detector head equipped with an HW-6211 

sensor and a GP-6001 single-channel monitor panel. This state-of-the-art technology 

was specifically chosen to promptly detect any potential hydrogen leaks, ensuring swift 

response and mitigating any associated risks.
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