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ABSTRACT: Increasing greenhouse gas emissions have put
pressure on global economies to adopt strategies for climate-
change mitigation. Large-scale geological hydrogen storage in salt
caverns and porous rocks has the potential to achieve sustainable
energy storage, contributing to the development of a low-carbon
economy. During geological storage, hydrogen is injected and
extracted through cemented and cased wells. In this context, well
integrity and leakage risk must be assessed through in-depth
investigations of the hydrogen−cement−rock physical and geo-
chemical processes. There are significant scientific knowledge gaps
pertaining to hydrogen−cement interactions, where chemical
reactions among hydrogen, in situ reservoir fluids, and cement
could degrade the well cement and put the integrity of the storage system at risk. Results from laboratory batch reaction experiments
concerning the influence of hydrogen on cement samples under simulated reservoir conditions of North Sea fields, including
temperature, pressure, and salinity, provided valuable insights into the integrity of cement for geological hydrogen storage. This work
shows that, under the experimental conditions, hydrogen does not induce geochemical or structural alterations to the tested wellbore
cements, a promising finding for secure hydrogen subsurface storage.
KEYWORDS: net zero, hydrogen storage, geological storage, cementing, depleted gas fields, salt caverns

■ INTRODUCTION
Climate protection agreements have been signed to curb global
warming below 2 °C with the preference of achieving a target
of 1.5 °C.1 Green hydrogen produced from electrolysis
powered by excess renewable energy is a zero-carbon energy
vector.2,3 Hydrogen has a higher gravimetric energy density
(141.86 MJ/kg) compared to that of natural gas (55.5 MJ/kg).
However, the volumetric energy density of hydrogen under
standard atmospheric conditions is very low (0.0838 kg/m3)
and requires either a high compression pressure of 70 MPa or a
low liquification temperature of −253 °C for its storage at
ground level.4 Geological storage is the leading option to
provide the required volumetric capacity for grid-scale energy
storage that can accommodate the supply and demand
imbalances in the renewable energy sector at interseasonal
time scales.3

Salt caverns, depleted gas reservoirs, and saline aquifers offer
promising hydrogen storage potential at a large scale.5

Experience with geological storage of natural gas has been
developed over many decades, with more than 680 natural gas
storage sites operational throughout the globe.6 In this regard,
well integrity problems pose a risk to storage containment in a
way that well integrity failure can lead to unintended leakage
from the storage site during the life cycle of the well. As such,

maintaining good integrity is critical to the long-term safe and
efficient operation of any underground hydrogen storage site.
A well contains a fixed set of structural elements (casing,
cement, tubing, packers, and wellheads). Figure 1 illustrates
multiple cement and casing barriers that simultaneously
function to accomplish zonal isolation, which ensures the
prevention of gas mixing or migration.7

Industry cements are predominantly manufactured in
accordance with API Specification 10A standards. The API
has identified eight different classes of cements that are
deemed suitable for downhole conditions (well depth,
pressure, and temperature), class A−H cements.8 Class G
cement is the most used and preferred cement class, with 95%
of industries worldwide opting for this class. Nearly all of these
drilling cements are made of Portland cement, comprising lime
(CaO), silica (SiO2), alumina (Al2O3), iron oxide (Fe2O3), and
gypsum (CaSO4·2H2O). The raw materials undergo a complex
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series of hydration reactions that produce the four main
compounds that make up Portland cement: tricalcium
aluminate (Ca3Al2O6 or C3A), tricalcium silicate (Ca3SiO5 or
C3S), tetracalcium aluminoferrite (Ca4Al2Fe2O10 or C4AF),
and dicalcium silicate (Ca2SiO4 or C2S) (Table S1). Through
curing, C2S, C3S, C3A, and C4AF are hydrated, and the
hydration of C2S and C3S develops calcium silicate hydrate
(3CaO·2SiO2·3H2O or CSH) and calcium hydroxide (Ca-
(OH)2 or CH), both of which promote early strength
development aiding cementing integrity. Cement additives

play a significant role, with more than 100 additives available to
adjust the performance of cement specimens and tailor
properties of cement according to the operational and site
specific conditions.9 Hydrogen is a reducing agent and could
potentially reduce oxidized additives that are present in the
cements. Geochemical modeling shows that hydrogen can
reduce the sulfate and ferric iron in cements to sulfides and
ferrous iron, respectively, leading to the precipitation of oxide
minerals and iron sulfide.10

However, there is a scarcity of key experimental data on the
geochemical reaction of hydrogen with well cements. Herein,
we report the results from laboratory batch reaction experi-
ments concerning the influence of hydrogen on cement
samples under simulated reservoir conditions and document
valuable insights into the integrity of cement under hydrogen
storage conditions to ensure a safe and secure operation
process.

■ MATERIALS AND METHODS
The methodology has been devised with the aim of assessing
the durability and integrity of well cements during under-
ground hydrogen storage. Figure 2 illustrates a flowchart for
the methodology used in this study. Experimental studies were
initiated by preparing three cement slurries, including Portland
cement (PC) without a retarder, PC with a retarder (i.e.,
AccuSET D197) (PCR), and Portland cement that was set
under atmospheric conditions (PCA). For PC and PCR
cements, a slurry was created at the Gerosion facility in Iceland
by mixing a pre-prepared cement paste with water, with a
cement:water ratio of 2.5:1. The cements were cured for 28
days in a humidity chamber; for the details of cement
preparation, see the Supporting Information. The slurry for

Figure 1. Schematic representing structural elements and cementing
barriers associated with a typical well.

Figure 2.Methodology flowchart of this study that shows that first API cement samples were prepared. Then, the samples were characterized using
XRD, plain polarized light (PPL) microscopy, and petrographic optical microscopy techniques. Finally, we determined the porosity and
geochemical integrity of the specimen using the helium pycnometer and ICP-OES techniques.
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PCA was prepared with a cement:water ratio of 3:1 and air-
dried for 36 h. 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 specifica-
tions.11

A range of analytical techniques were used to evaluate the
materials used in the experiments, including X-ray diffraction
(XRD), plane polarized light (PPL) optical microscopy, and
porosity measurements (for details, see the Supporting
Information).
To ensure that our experiments were representative of

hydrogen storage conditions, we collated data from 138
depleted gas fields in the U.K. North Sea. A bar−whisker plot
was constructed to reflect the maximum, minimum, mean, and
upper and lower quartile information on temperature, pressure,
and salinity12 (Figure S1). The chosen conditions are 3000 psi,
80 °C, and 35 and 250 ppt salinity. It is important to note that
the conditions were limited by the experimental equipment;
therefore, although they do not directly reflect a single field,
they do comfortably sit within the averages across the North
Sea.
The cement specimens were disaggregated and crushed

manually with a pestle and mortar and then sieved to obtain a
particle size of <355 μm. This was repeated for all 12 cement
samples. Reservoir brine solutions were simulated by 35 and
250 ppt NaCl solutions in distilled water. The high-pressure
experimental apparatus consisted of glass bottles set within
cylindrical stainless steel batch reaction vessels sitting within a
SciQuip-110S fan oven.
The disaggregated cement was then exposed to gas

(hydrogen, nitrogen, or air) and brine under the simulated
reservoir conditions. The experimental matrix is presented in
Table 1. Table S2 lists the data for typical cement additives.

The sample fluid composition was determined both before
and after the batch reactor experiments by using inductive
coupled plasma-optical emissions spectrometry (ICP-OES).
We used a Vista-Pro instrument with an Apex-E High
Efficiency Inlet System. The ICP analysis indicates the
elemental composition of brine/cement solutions with and

without hydrogen interaction for 46 elements.13 Any value
below the level of detection (LoD) was discounted.
For each sample to be analyzed, 6 mL of the brine solution

was taken from each cement and combined with 1 mL of nitric
acid. This acid is added to stabilize certain elements and to
retain the elemental components within the solution. It is also
an oxidizing agent, which assists in the breakdown of organic
compounds better than other acids such as hydrochloric acid.14

A new syringe and filter were used for every sample to ensure
no cross-contamination. The pH of the brines was taken before
and after each batch reaction experiment and was determined
using a METTLER TOLEDO Seven Excellence S500 pH
Benchtop Meter with an InLab Micro Pro-ISM probe and an
error range of <0.01. The detailed methodology for ICP
analysis is provided in the Supporting Information. Further
details about the methodology used for batch reaction
experiments can be found in our recent publication.3

■ RESULTS AND DISCUSSION
X-ray Diffraction Analysis. The mineralogy of PC, PCR,

and PCA is relatively similar (Figure S2). All three cements
contained quartz, calcite, and vaterite, with the PC, PCR, and
PCA containing 52.6, 48.8, and 56.8 wt % quartz, respectively.
The results show that the PCR slurry contains a higher
percentage of vaterite (8.75%) than the PC (1.28%) and PCA
(2.58%) slurries. Furthermore, the aragonite content is higher
in the PCR (8.75%) and PCA (16.77%) slurries than in the PC
(0%) slurry. The portlandite (PC, 17.95%; PCR, 15%) and
larnite (PC, 12.82%; PCR, 7.5%) contents in the PC and PCR
slurries were found to be higher than those of the PCA slurry,
which lacked these minerals. Additionally, clinozoisite was
detected in only the PC slurry, while gypsum (5.16%) and
heulandite (1.29%) were present in only the PCA slurry. These
mineralogical differences may affect the setting, hardening, and
long-term durability of these cements.
Optical Microscopy. Microscopic observations under PPL

showed that the PC cement sample had the largest pores,
which were irregular in size but had a high degree of sphericity
and varied from 0.05 to 0.9 mm in diameter (Figure S3a). PCR
has larger pores but a porosity similar to that of the PC sample
within the uncertainty of the measurements (see Porosity of
the Cement Samples, Figure S3b, and Table S3). PCA is
dominated by pore sizes of <0.2 mm (Figure S3c). Note that
these images represent the samples’ appearance prior to
crushing in preparation for batch reaction experiments.
The cement minerals were largely unidentifiable under

microscopic observation except for quartz (Figure S3d). The
hydration reactions that form the cement result in an
entanglement of hydration products, which leads to an
abundance of amorphous (noncrystalline) phases of a colloid
size.15 Light microscope identification is therefore not suitable
for identifying minerals of this small size.16

Porosity of the Cement Samples. The porosity
measurements showed that the PCA had the highest porosity
(36.50%), followed by the PC (31.2%) and PCR cement
(29.1%). Table S3 lists complete details of specimen
dimensions, masses of specimens, and porosities in the
Supporting Information. These measurements coupled with
the optical observations suggest that the PCR cement had the
lowest porosity, localized into large pores when compared to
the PC cement, while the PCA cement had the highest
porosity, with pores that were much smaller and more widely
distributed (Figure S3). In the initial phase of hardening, the

Table 1. Experimental Matrix Outlining the Conditions of
the Experimentsa

cement
type pressure (psi)

salinity
(ppt)

container
type

gas
type

run time
(days)

PC 3000 35 GSSV H2 15.2
PCR 3000 35 GSSV H2 15.2
PCA 3000 35 GSSV H2 15.2
PC 3000 35 GSSV N2 15.2
PCR 3000 35 GSSV N2 15.2
PCA 3000 35 GSSV N2 15.2
PC atmospheric 35 PB air 15.2
PCR atmospheric 35 PB air 15.2
PCA atmospheric 35 PB air 15.2
PC 3000 250 GSSV H2 30.4
PC 3000 250 GSSV N2 30.4
PC atmospheric 250 PB air 30.4

aPC, PCR, and PCA in glass in a stainless steel vessel (GSSV) and
plastic bottles (PB). The specimens were tested at 80 °C. The
quantity of each cement specimen was 15 g with a grain size of <0.355
mm in 50 g of water.
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pores have a greater connectivity. As the water content
decreases and the hydration reactions progress, 59 hydration
products are formed, which then expand and occupy the pore
spaces. This results in the reduction of pore connectivity and
overall porosity with extended curing time.17 Note that these
values represent the samples’ porosity prior to crushing in
preparation for batch reaction experiments.
Geochemical Reactions under the Influence of

Hydrogen. We consider that it is very unlikely that brine/
hydrogen/cement reactions can occur without a corresponding
change in porewater chemistry, where the dissolution of
existing minerals will increase the concentrations of the
associated elements in the fluid, while the precipitation of
new phases will alter the equilibrium composition of the
porewater. As such, fluid chemistry analyses can determine if
any changes have occurred within the brine/hydrogen/cement
system and are used as an indicator of reactivity.18

There were no significant changes in the elemental
concentrations in the brine solution between hydrogen and
nitrogen experiments, suggesting that no significant geo-
chemical reactions occurred (Figure 3a−d). The main
elements that relate to the reactions of concern for well
cement integrity include sulfur (S), iron (Fe), and calcium
(Ca). The change in the concentration of these elements could
indicate reactions of hydrogen sulfide, pyrite, and calcium
carbonate.19 As one can clearly see in the ICP results across all
of the cement samples, there is minimal change to the
concentrations of iron, sulfur, and calcium upon exposure to
hydrogen when compared to nitrogen. The concentration of
Fe is slightly reduced for PCA cement under H2 and ambient
conditions (Figure 3c). The concentration of Fe in water and
the occurrence of each oxidation state are controlled by pH,

oxygen fugacity, and microorganism activity.20 Consequently,
Fe might have been reduced in the presence of oxygen and
high pH under ambient and H2 conditions in PCA,
respectively. The minor changes observed in other elements
do not extend beyond the natural variability within the
cements and measurement repeatability and errors. Therefore,
it is not indicative of any reactions taking place. It is worth
noting that we investigated the repeatability error range of
various elements in hydrogen batch reaction experiments in
our previous article.3 These results indicate that no abiotic
reactions occur in the tested well cements because of hydrogen
within the experimental system after 2 weeks at a salinity of 35
ppt.
As shown in Figure 3e, the pH increases to >9 for all

cements for hydrogen, nitrogen, and air and is constant within
the uncertainty of measurement. The pH of PCR is lower than
those of PC and PCA, plausibly explained by an acidic retarder,
possibly hydroxycarboxylic acids.
A relationship exists among corrosion rates, microbial

activity, and pH.21 In general, corrosion is more prone to
occur in solutions with pH values of <7, and a pH of 5.5−9
favors microbial growth.22 The pH values for all cements
indicate they do not sit within the favored ranges for corrosion
or bacterial activity to occur (Figure 3e). Water in contact with
Portland cement is expected to have a pH of 11−12.5,
although some of the experimental values are below this range.
This suggests that reactions between the cements and the
brines (which are common to all of the tested gases) may not
have reached equilibrium.23

The reactivity of PCA with hydrogen was further
investigated at a high brine salinity of 250 ppt for one
month, simulating the typical salinity of salt caverns,24,25 which

Figure 3. ICP results show the impact of hydrogen on (a) PC, (b) PCR, (c) PCA, and (d) PCA (salinity of 250 ppt; longer experimental duration)
cement specimens against controls of nitrogen and ambient (atmospheric gas, Amb) at 80 °C and (e) pH values of brine after the experiments.
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may be appropriate hydrogen storage sites (Figure 3d). Again,
the comparison of the elemental concentrations in the brine
after hydrogen treatment with the concentrations in the
controls showed a negligible change. Accordingly, the high
salinity of 250 ppt does not affect the chemical reaction in the
cement/hydrogen/brine system. It is worth noting that it is
possible that chloride ions from the dissolved salts accelerate a
hydration reaction mechanism leading to a reduction in the
contact area between cement grains and water, and therefore,
chemical reactions are less likely to occur in this system.26,27

Overall, this study showed that hydrogen does not react
significantly with the three investigated wellbore cements. It
therefore suggests a negligible impact of hydrogen on the
integrity of the wellbore cements during geological hydrogen
storage operations in salt caverns and porous rock reservoirs.
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