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Underground Hydrogen Storage (UHS) is a promising approach to store energy in large quantities to balance the
fluctuation between renewable energy supply and overall energy demand. Compared to established underground
natural gas storage, UHS imposes stricter requirements on gas tightness and long-term well integrity, which must
be thoroughly investigated before implementation. While thermodynamic modelling suggests potential chemical
reactions relevant to long-term stability, experimental data remain limited. Additionally, no studies have
investigated polymer-modified cements, which exhibit promising material properties to meet the increased re-
quirements. This study investigates the reactivity of hardened wellbore cement paste and polymer-modified
cement paste with hydrogen under conditions of 50 °C and 100 bar over 4 weeks. To examine the individual
effects of gas, temperature, and pressure on the reactivity, a combination of microstructural and mineralogical
analyses, along with mechanical and physical properties evaluations, was conducted under various exposure
conditions. The results indicate no detectable reactivity between hydrogen and the tested cement materials,
supporting the feasibility of long-term and safe UHS using wellbore cements.

1. Introduction

To support a climate-friendly energy transition and conserve natural
resources, the shift towards renewable energy is accelerating. However,
the intermittent nature of wind and solar power requires efficient energy
storage to ensure grid stability. Hydrogen produced via electrolysis is a
promising universal energy carrier for future storage systems. Among
various storage options, Underground Hydrogen Storage (UHS) stands
out due to its large-scale capacity (GWh to TWh) [1,2]. Although UHS
can leverage insights from the well-established natural gas storage and
oil and gas operations, it brings unique challenges, particularly
regarding gas-tightness and long-term material stability when in contact
with hydrogen [3]. Wellbore sealing is typically achieved using cement
slurries, whose chemical stability depends on temperature, pressure,
humidity, brine/gas composition, and mineral presence.

Class G cement, a Portland cement defined by API SPEC 10 A [4], is
widely used due to its adaptability across subsurface conditions [5]. The
slurry composition is adjusted with small quantities of additives to meet
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the required density, viscosity and strength development. Ordinary
Portland Cement (OPC) mainly consists of the oxide phases: alite (C3S),
belite (CyS), tricalcium aluminate (C3A), calcium aluminoferrite/-
brownmillerite (C4AF), and small quantities of gypsum. Mixed with
water those phases hydrate to form calcium hydroxide - also known as
portlandite (CH), calcium-silicate-hydrates (C-S-H) and some ettringite
(most dominant representative of AFt and stable below 60 °C [6]). These
hydration products can transform into monosulfoaluminate (dominant
sulfate form of AFm phases), depending on pH value and temperature.

Rock-fluid and cement-fluid geochemical interactions in different
underground environments are investigated intensively [3,6]. Among
known degradation mechanisms for cement, carbonation—driven by
dissolved COx—plays a key role, dissolving CH and C-S-H and precip-
itating calcite and amorphous silica gel [7]. Despite this, the degradation
process is typically slow and field studies (e.g., Carey et al. [8]) show
well integrity can be maintained for decades under high CO; exposure.

However, UHS is a relatively new application and knowledge to
potential chemical interactions between hydrogen and hardened cement

Received 26 October 2025; Received in revised form 12 January 2026; Accepted 14 January 2026

Available online 24 January 2026

0360-3199/© 2026 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0001-2083-2635
https://orcid.org/0009-0001-2083-2635
https://orcid.org/0000-0002-8751-5546
https://orcid.org/0000-0002-8751-5546
https://orcid.org/0000-0002-3456-2592
https://orcid.org/0000-0002-3456-2592
mailto:sebastian.bruckschloegl@kit.edu
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2026.153578
https://doi.org/10.1016/j.ijhydene.2026.153578
http://creativecommons.org/licenses/by/4.0/

S. Bruckschlogl et al.

paste are limited. A summary of existing studies is provided in Supple-
mentary Materials (SM-Table S1). Thermodynamic modelling can serve
as the basis for in-depth investigations, describing the following po-
tential reactions:

- Stability of main phases: CH and C-S-H remain stable in the
absence of CO [9,10]. In the presence of COy, they gradually convert
to calcite, which can further be dissolved under excess CO, [7] or
hydrogen [10].

Minor phase transformations: Remaining C3A and C4AF could
transform to hydrogarnet (C3AHg) [10], while C4AF may also convert
to mackinawite with sulfides (FeS) and magnetite (Fe3O4) instead of
maghemite [10]. Hematite (Fe3Og3) can be dissolved [9] and trans-
form to magnetite (Fe3sO4) [11], though this is unlikely below 300 °C
[12].

Sulfate reduction: Sulfates (SOF7) in (remaining) gypsum, mono-
sulfoaluminate [10] and ettringite [9] may be reduced to sulfides
(Sz’) and dissolved, which can precipitate with ferrous iron as
mackinawite (FeS) [9].

Microbial influence: Microorganisms could enhance these re-
actions, producing hydrogen sulfide (H,S), which aggressively at-
tacks CH and C-S-H [13].

Despite these insights, experimental investigations [5,12,14-20] are
scarce to validate the potential reactions from the thermodynamic
models at different conditions. Some experimental studies are conducted
without control measurements using inert gases, making it difficult to
distinguish effects caused by hydrogen. Elevated temperature and
pressure, as well as changes in humidity, affect the material properties
and need to be considered carefully. Additionally, due to the complex
microstructure of the hardened cement paste, test preparation steps (e.
g., drying of the samples) can significantly affect the integrity of the
samples and make a comparison before and after the exposure difficult.
Especially the permeability as a crucial parameter for well integrity can
easily be compromised by incorrect preparation steps. Since alterations
can develop very slowly, the mineral composition of the sample surface
can indicate changes before they become apparent through a change in
mechanical behaviour or permeability and porosity.

Another challenge for underground hydrogen storage is that
compared to natural gas, hydrogen has higher mobility due to its low
molecular mass, low viscosity, and low density [2,21], increasing the
risk of leakage through microcracks and the material (permeability and
diffusion pathways). This demands stricter requirements for the
gas-tightness and integrity of the cemented boreholes. Additionally,
UHS may involve more frequent injection and withdrawal cycles (up to
daily or weekly basis), unlike the typical seasonal cycle for natural gas.
This subjects the cement to greater thermal and mechanical stress,
potentially accelerating degradation [22].

To enhance performance, polymer-modified (latex-modified) ce-
ments have been used since 1950s. These systems enhance slurry
properties (e.g., fluid-loss control and rheology) and hardened cement
characteristics (e.g., reduced permeability, improved bonding strength
to the steel casing, flexibility, chemical resistance and reduced
shrinkage). Their performance depends on polymer type, amount, and
characteristics. Monomers, including vinyl acetate, vinyl chloride,
acrylics, acrylonitrile, ethylene, styrene and butadiene can be used in
the production of polymer-modified cement systems [6]. The amount of
(dry) polymers typically used is limited to a maximum of about 5 wt% of
the cement (bwoc). Existing studies focus on specific applications but
rarely assess overall physical and mechanical properties. So far, for UHS,
there are no investigations into potential interactions of hardened
polymer-modified cement pastes with hydrogen.

This study addresses these research gaps, by experimentally inves-
tigating interactions between hydrogen and both conventional and
polymer-modified hardened cement pastes. Experiments are conducted
under 50 °C and 100 bar, simulating near-wellbore conditions. The
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study evaluates a unique combination of microstructural, mechanical,
and physical changes to assess material integrity and suitability for long-
term UHS. To separate the effects of individual parameters different
conditions have been chosen, providing a deep insight into the indi-
vidual details.

2. Materials and methods
2.1. Materials

In this study a high-sulfate resisting API Class G Grade HSR has been
used, which contains theoretically no C3A. The cement was provided by
Dyckerhoff GmbH in Lengerich, Germany, and its chemical composition
is given in Table 1. The water-to-cement ratio (w/c) was set to 0.44
according to API SPEC 10 A [4].

To examinate polymer-modified hardened cement paste typical
representatives of polymer dispersion for cementitious materials were
used:

e Polymer 1 (P1): Styrene-Acrylic Ester (SAE)
e Polymer 2 (P2): Styrene-Butadiene (SB)
e Polymer 3 (P3): Ethylene Vinyl Acetate (EVA)

Four different material mixtures were examined: One pure cement
slurry as reference (REF) and three polymer-modified cement slurries.
The water content of the polymer dispersions (ranging from 50 % to 67
%) was considered for the w/c ratio and the polymer to cement content
(p/c ratio) was calculated by the solid content of the polymers.

Due to the effect of the polymer dispersions on the rheological
properties and hardening process of the cement paste, additives were
necessary to produce practical slurry mixtures (Table 2). The polymer
dispersions generally used in the construction sector are adapted to the
highly alkaline conditions in the cement slurry but not specifically
developed for wellbore cementation. Thus, a high percentage of poly-
mers with 20 wt.-% of the cement content was used to detect potential
reactions with the composite material, which would not be detectable at
a value commonly used in practice (e.g. up to 5 wt%). Although such
mixtures can exhibit weaknesses in terms of material behaviour (me-
chanical, microstructural, etc.) and therefore do not necessarily repre-
sent a practical mixture used in the field.

The cement slurries were mixed according to the API Spec 10A [4].
For the polymer-modified cements, all liquid components were mixed
first and then the dry components were added with the same mixing
procedure. For each material, three prisms (40 x 40 x 160 mm?) were
cast, demoulded after 1 day (REF) and 3 days due to slower hydration
(P1, P2, P3) and cured in deionised water at 20 °C. The water, saturated
with the soluble minerals of the hardened cement paste, was subse-
quently used as storage water to avoid the dissolution of minerals. After
one month, 60 drill cores (15 for each material) with a diameter and
length of 25 mm were extracted from the prisms and the surfaces were
parallel-polished. The full list of samples including test results are given
in the SM-Table S2.

2.2. Experimental methods

Three corrosion-resistant batch reactors were used for the batch
experiments, as shown in Fig. 1, based on [23]. The batch reactors are
composed of an inner PEEK isolator housed in a stainless-steel autoclave.

To ensure comparability and separately compare the potential effects
of hydrogen exposure from other variables, all cement samples were
cured and altered/stored under identical timelines, as shown in Fig. 2.
This approach accounts for changes in cement properties due to curing
time and exposure, allowing observed differences to be attributed spe-
cifically to hydrogen interaction. Details to the experimental methods
are given in SM.

One day before the alteration experiments, the mass, the dimensions



S. Bruckschlogl et al.

Table 1
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Chemical composition of Class G HSR Cement used in the experiments, oxides determined by XRF (WDX (S8, Bruker), Sulfate determined by Carbon-Sulfur-Analyzer
(calculated as max. SO3 using molar masses) and LOI according to standard DIN EN 196-2:2013-10.

NaO MgO Al,05 Si0, P,05 K,0 Ca0 TiO, MnO Fe,03 SO3 LOI
0.11 1.05 4.67 20.24 0.11 0.73 60.50 0.28 0.13 6.07 2.57 1.67
bl e Hy Autoclave at 50 °C, 100 bar and 100 % RH (H3)
iﬁ e2 o o the slurry mixtu o He Autoclave at 50 °C, 100 bar, 100 % RH (He)
€ compositions O € slur mixtures. . .
P Yy e Air filled Duran glass bottle at 50 °C, 100 % RH (50 °C)
REF  PI1(SAE)  P2(SB) P3 (EVA) e Water bath at 50 °C (50 °C W)
Water/cement - ratio (w/c) 0.44  0.44 0.44 0.44 e Water bath at 20 °C (20 °C W)
Polymer/cement - ratio (p/c) / 0.20 0.20 0.20
Stabilizer / °'f40 wi%h 0'f48 wih/ Due to the low solubility of hydrogen (16x10™* g/L in water at
orc orc ee . . Py
Accelerator (calcium nitrate - y 200wt%  2.00 wt%  / standard conditions) [13], minimal reactivity of the hardened cement
tetrahydrate based) of ¢ of ¢ paste with hydrogen over a few weeks is expected, when the samples are
Dispersant (PCE powder) / / / 0.07 wt% submerged in water. Since water can also act as a catalyst and subsurface
iy . y of ¢ . conditions between casing and formation are typically water-saturated,
Anti-foam agent (fatty acid ester)  / / / z.foco wid tests were conducted under saturated conditions (100 % RH), main-

and the dynamic Young's modulus of each sample were measured and
pictures under the microscope with a magnification of up to 200 were
taken to detect potential cracks. Additionally, some of the samples were
tested without any further alteration in preliminary tests. In total 39 of
60 samples were placed in different conditions for 4 weeks:

tained by placing small water-filled tubes inside the batch reactors. After
pressurization, the reactors were sealed, and pressure was monitored
(Fig. 3).

After 4 weeks of exposure, the samples were immediately analysed
for mass, dimensions, dynamic Young's modulus and surface condition
via optical microscopy. They were then dried in a climate room (20 °C,
65 % RH) for 14 days, with measurements to monitor the drying process.

Gas release
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ig transducers
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= /_— P valve / Capillary: Gas injection (Not to scale)

Remote control

& & Tee/cross fittings

Capillary: Gas release
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Fig. 1. Schematic representation of the static batch reactors used for hydrogen alteration experiments, including three reactors connected in parallel with hydrogen and helium
cylinders, and two 0.5 L Duran glass bottles sealed with a rubber stopper (modified from [23]).
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Fig. 2. Timeline of the experiments in days.
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Fig. 3. Internal pressures of the 3 reactors throughout the experiments.

Afterwards, the samples were placed in small plastic bags to prevent
further changes in the water content. Permeability was tested after day
15 and the porosity was measured with a helium pycnometer in the
following days due to the long duration of the test. Afterwards, the
samples were tested for unconfined compressive strength. For further
analysis, some material was crushed for Mercury Intrusion Porosimetry
(MIP), while the surface of the samples was extracted and ground to
powder with a mortar and pestle, sieved to 63 pm and stored in a
desiccator for X-ray diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR) measurements.

3. Results
3.1. Pressure monitoring during alteration

The internal pressures of the autoclaves were continuously recorded
throughout the experiment (Fig. 3). Pressurization and heating were
carried out, reaching final pressure of approximately 103 bar. Within the
first two days, the initial pressures slightly dropped and stabilised nearly
to a constant level due to approaching thermodynamic equilibrium.
Over the 4-week exposure period, the autoclaves exhibited a gradual
pressure loss of approximately 1 bar, indicating a sufficient gas
tightness.

3.2. Mass change and optical microscopy

All the samples investigated in this study exhibited negative mass
change under elevated temperature conditions (Fig. 4). The samples
submerged in water at 20 °C (no condition change) showed constant
mass with minimal variation. Hy-exposed samples displayed lower mass
compared to He-exposed samples, with increased influence on the
polymer-modified samples. Variability in results was lower in autoclave
and water bath setups than in the Duran glass bottle filled with air.

No colour changes were observed after exposure. However, white
surface precipitates—presumed to be portlandite (CH)—were found on
samples from both autoclaves and glass flasks, consistent with known
behaviour during prolonged water storage. Surface inspection under
optical microscopy (up to 200 x magnification) revealed crack forma-
tion, with representative images provided in the SM-Fig. S6-S9.

Prior to exposure, REF, P2 and P3 samples showed no detectable
surface cracks, while all P1 samples exhibited cracks with crack aper-
tures up to 11 pm (SM-Fig. S7). Post exposure, REF and P3 samples
remained intact, whereas P2 samples developed cracks under all con-
ditions (up to 9 pm). After two days of drying (20 °C, 65 % RH), REF and
P3 samples remained crack-free. In contrast, P1 samples showed
increased crack apertures up to 30 pm, with one crack up to 88 pm. P2
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Fig. 4. Change in mass [wt. %] before and after 4 weeks of exposure in
different conditions. Columns at the bottom: number of tested samples (1st),
condition (2nd) and material (3rd).

samples showed apertures up to 14 pm, with one crack up to 48 pm.
After 14 days of drying, the REF and P3 samples remained largely intact,
except for REF BK 1 (Hj, 50 °C, 100 bar) and REF BK 11 (20 °C), which
developed one crack with 1 pm and 4 pm. P1 samples showed crack
apertures ranging from 1 pm to 8 pm, while P2 samples ranged from 5
pm to 22 pm.

3.3. Dynamic Young's modulus

The dynamic Young's modulus (Eqyn) of the cement prisms were
measured 28 days after casting (Table 3). The polymer modified cements
showed a reduction of Eqy, between 39.2 % and 49.6 % in comparison to
the reference material (REF).

Egyn was measured before and after the 4 weeks in different condi-
tions, and the changes in Egy, are shown in Fig. 5. For the reference
material (REF), a slight increase of E4y, was observed at 20 °C in the
water bath, attributed to continued hydration. A similar trend was seen
at 50 °C. The exposure to H; lead to a minor reduction in average Egyn
with both slightly positive and negative single values. The He-exposure
lead to an increase, though the two samples showed differing values
(+4,52 and + 0,95 %).

For the polymer samples (P2 and P3), the increase of Egyy, at 20 °C in
the water bath was more pronounced than for the REF samples, while P1
remained at a nearly constant level. With increasing pressure and tem-
perature, Egy, of polymer samples was reduced, with P2 being most
affected with approx. 13 % for 50 °C and 100 bar.

3.4. Permeability and porosity

The intact REF and P3 samples exhibited permeabilities below the
instrumental detection limit (k < 0.0001 mD or 9.9 x 1072° m?).
Measurable permeability was only observed in samples with visible
cracks, though values remained low, averaging around 0.03 mD. The
highest recorded permeability was 0.28 mD for sample P2 BK 10.

Regarding effective porosity (Fig. 6), REF samples showed similar
values to those stored at elevated temperatures (Hy, He, 50 °C and 50 °C
W), while samples at 20 °C had lower effective porosity. Polymer-
modified samples displayed significant variation depending on tem-
perature and humidity. For P1 and P2 Hy-exposure led to higher effec-
tive porosity than He-exposure, while for P3 the value remained
comparable. Regarding the testing procedure, only the accessible
porosity was measured, pores filled with water or isolated ones can
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Table 3
Dynamic Young's modulus (Eqyn) of the 28-day-old prisms.
REF P1 P2 P3
Edyn 20072, 20051, 19965 (20029 on 12254, 12260, 12027 (12180 on 11743, 11709, 11700 (11717 on 10045, 10140, 10073 (10086 on
[MPa] average) average) average) average)
the REF. In contrast, the incremental volume dV/dlog(r) for a pore entry

< B radius >1 pm of P1, P2 and P3 samples were higher, showing higher
% 4 coarse porosity.

32 2 D Considering the natural scattering of the material, no apparent
-é 0+ = + T change due to hydrogen was detectable for any of the materials (REF,
» 2 E’LP P1, P2, P3), neither in the total percentage, nor in the finer (<1 pm) nor
2 4] - coarser (1 pm—200 pm) porosity.

3 T

> -6-

E -8 3.5. Compressive strength

g-m R

'g 2] As shown in Fig. 8, the curing conditions had limited effect on the
© 14 ] compressive strength of each mix, as few variations can be seen for the
g i same material. REF samples showed reduced strength under Ho-
5 compared to He-exposure, though results had high standard deviation.

-18

4 (22|21 2|2 |1]|2]|2] 2|2 |1]|2|12| 2|2 (1]|2]|2]| 2
z(z z[z z[ =z z[ =z
NO No NO NU
=252 | = [B|5|9] 2 | £ |25l 2 | £ | 2|59 ©
n|o| o wl|lo| o wlo| o n|o| ©
w|l N wl N w|l N 0wl N
REF P1 P2 P3

Fig. 5. Average change in the dynamic Young's modulus before and after 4
weeks in different conditions. Columns at the bottom: number of tested samples
(1st), condition (2nd) and material (3rd).
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Fig. 6. Porosity (He-pycnometer) after 14 days of drying (20 °C, 65 % RH),
measured at 20 °C. Columns at the bottom: number of tested samples (1st),
condition (2nd) and material (3rd).

highly affect the measured values. Overall, porosity varied considerably
between samples. After 14 days, the tested temperature over 4 weeks
showed an influence on the effective porosity, which varied depending
on the material used.

In addition to the measurements with the He-pycnometer, Mercury
Intrusion Porosimetry (MIP) measurements were carried out for all Ha-
and He-exposed samples. The results are given in Fig. 7 and Table 4.

Depending on the polymer modification (P1, P2, P3), the peaks of the
pore entry radius differed and were generally smaller than that those of

Additionally, P1 samples cured at 20 °C in a water bath showed lower
compressive strength compared to the other conditions.

3.6. X-ray powder diffraction (XRD)

The XRD patterns of all Hy and He exposed samples (Fig. 9) show that
the major crystalline phase was portlandite (CH) and small contents of
ettringite and quartz were detected. Even after more than 4 months,
residual clinker phases in the form of belite (C,S), alite (C3S), brown-
millerite (C4AF) were identified.

Gypsum peaks were absent, likely due to complete consumption over
time. Although calcite formation was expected after 14 days of drying, it
was not detected. Some of the calcite peaks overlap with C,S and C3S
peaks, complicating precise identification. The broad hump beneath the
diffraction peaks (background) indicates the amorphous phases that
cannot be considered with XRD in detail, like C-S-H [24], Fe-containing
hydrates [25] and the polymer-content. Polymer-modified samples
showed similar patterns to REF samples, but with lower peak intensities
due to partial cement replacement.

Qualitative comparison of Hp- and He-exposed samples (SM-Fig. S12
and S13) revealed the most notable changes in CH peaks, while C,S and
C3S varied slightly without a clear trend. No changes were observed for
C4AF and ettringite, and no new crystalline phases were detected,
despite measurement uncertainties. Polymer-modified cements behaved
similarly, indicating no interaction or alteration of crystalline phases in
the hardened paste.

0,30 {[——REFBK 1 (H,)
—— REF BK 2 (H,)
0,25 ||——REF BK 14 (H,)
REF BK 15 (H,)
A - - - - REF BK 3 (He)
%” ] | - - - REF BK 8 (He)
< —— P1BK 1 (H,)
50151 —— P1BK 2 (Hy)
3 ----P1BK 3 (He)
T 0,10 Al P2BK1(Hy)
——— P2BK 2 (H,)
. - ---P2BK 4 (He)
—— P3BK 4 (H,)
P3 BK 3 (H,)
0,60 T T R |- -~ P3BK 5 (He)
1 10 100 1000 10000 100000

Pore entry radius r [nm]

Fig. 7. Pore size distribution of all Hy- and He-exposed samples (50 °C, 100
bar) determined by Mercury Intrusion Porosimetry (MIP).
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Table 4
Cumulative MIP pore volumes of all H,- and He-exposed samples (50 °C, 100 bar).
Porosity Sample
[%]
REF P1 P2 P3
BK 1 BK 2 BK 14 BK 15 BK 3 BK 8 BK 1 BK 2 BK 3 BK 1 BK 2 BK 4 BK 3 BK 4 BK 5
(Ha) (Ha) (Ha) (H2) (He) (He) (H) (H2) (He) (Ha) (Ha) (He) (H2) (Ha) (He)
Total 31.6 32.6 33.0 32.1 31.5 32.1 30.4 30.5 30.5 28.1 28.0 28.8 31.6 32.5 31.0
Coarse (>1 7.5 8.1 9.3 7.9 8.7 7.5 9.4 9.2 9.2 9.3 8.7 9.4 10.7 12.3 10.8
pm)
Fine (<1 24.1 24.5 23.7 24.2 22.8 24.6 21.0 21.2 21.3 18.8 19.3 19.4 21.0 20.2 20.2
jum)
conditions (50 °C, 100 bar for 4 weeks). The IR spectra revealed distinct
1209 absorption bands that enabled a clear differentiation between the sam-
1 - ples. The focus was placed on the identification of characteristic vibra-
— 100 1 % = tional modes corresponding to functional groups such as ester (C=O,
& ] C-0), carboxylic acid (C=0, C-0), hydroxyl (O-H), aromatic rings
Z 80 E (C-H), Methyl (C-H), carbonate (CO%’), sulfate (S-0), and silicate
%, ] o (Si-O) moieties. Identified peaks in the IR spectra were summarized in
§ Table 5.
@ 60 M T2 The main hydrated phases of the cement were identified at 3641
,02’ ] =] B em ™! for CH and several peaks between 1100 and 900 cm™! with main
g 40.] peak at 959 cm L. The broad band with a peak at.
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Fig. 8. Compressive strength of all samples after 128 or 164 days. Columns at
the bottom: number of tested samples (1st), condition (2nd) and material (3rd).
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Fig. 9. Overlapping X-Ray powder diffraction pattern of all Hy- and He-exposed
samples (50 °C, 100 bar) and the qualitative identification of the crystalline
phases, measured at 20 °C.

3.7. Fourier transform infrared spectroscopy (FT-IR)

Fig. 10 shows the IR spectra of the investigated samples in Hy and He

A fingerprint for the styrene-containing polymers SAE and SB (P1
and P2) provided the presence of aromatic rings at 3028 cm ™! and 698
cm L. In the P1 samples carboxylic acid bands at 1731 and 1160 cm™!
were identified. For the P3 samples (EVA) ester-related peaks around
1736 cm™! and 1242 cm™! indicate unreacted methacrylate groups.
Additionally, methyl was identified in all polymer samples (P1, P2, P3)
with peaks at approx. 2920 and 2850 cm L. It is suggested that some of
the REF-samples were contaminated with the latter (peaks at 2917 and
2851 cm 1) due to the same storage in the autoclave system and satu-
rated storage water.

3.8. Thin sections

Thin sections of one sample per material exposed to Hy and He were
examined with an optical microscope (shown in Fig. 12). Carbonation
depth varied due to post-exposure storage in the climate room. Surface
alterations from drilling and grinding were also visible. The carbonation
depth is most pronounced in the REF (up to 175 pm) and P1 samples (up
to 90 pm), moderate in P2 samples (up to 54 pm), and not detectable in
P3 samples. No significant differences were observed between Hy and He
exposure conditions.

4. Discussion
4.1. Microstructure and potential reactivity with hydrogen

Thermodynamic modelling suggests that hydrogen exposure can
induce several changes in the mineralogical phases of the hardened
cement paste [9-12], including reduction of sulfate phases to sulfite and
transformation of iron- and aluminium-bearing phases (C4AF, CsA,
ettringite, and hematite) into new phases (e.g., C3AH¢ and maghemite
[10]). Calcite dissolution is also possible. While polymers are not ex-
pected to react strongly with hydrogen, they may influence composite
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Fig. 10. IR spectra (4000 — 600 cm ™) with identified peaks of all Ho- and He-exposed samples (50 °C, 100 bar), on the left: REF samples and on the right: polymer samples

(P1, P2, P3).

Table 5

Identified functional groups in IR spectra with corresponding IR mode and
wavenumber as well as assignment to literature sources with v: stretching vi-
bration, vgsm: asymmetric stretching vibration and 6: bending/out of plane
vibration.

1

Functional group IR-mode Wavenumber [cm™"] Literature
Carbonic acid v (C=0), v 1731, 1160 [26]
(C-0)
Aromatic ring v (C-H), 5 (C-H) 3028, 698 [27,28]
Ester v (C=0), v 1736, 1242 [26,29-31]
(C-0)
Methyl Vasym (C-Hy) 2920, 2850 [29-31]
Calcium- v (O-H) 3641 [29,31-35]
hydroxide (CH)
Carbonate Vasym (CO%’), 1470, 1421, 873 [31,32,36]
Vagm (CO37), &
(co3)
Water v (0-H), 5 Broad band with peak at [29,31,32,
(0-H) 3407, 1647
35,36].
Calcium-silcate- v (Si-0) several peaks between [29,31-36]
hydrates 1100 and 900 with main
(C-S-H) peak at 959
Sulfate v (S-0) 1115 [26,31,33].
properties.

C4AF shows a very slow hydration rate and is commonly found in
hydrated cements over a long period of time [12,17,37]. Its potential
reaction with Hy could affect porosity, permeability, and mechanical
strength, impacting well integrity. However, XRD analysis shows stable
peaks for C4AF and ettringite (Fig. 9), with no evidence of new iron- or
aluminium phases like hematite, magnetite, mackinawite, C3A or
hydrogarnet (C3AHg) or sulfate-containing phases like calcium mono-
sulfoaluminate (AFm). In alignment with the XRD measurements the IR
spectra show no changes comparing Hp- and He-exposed samples,
indicating no new mineral phases due to hydrogen exposure.

The main hydration products, CH and C-S-H, are most challenging
to evaluate for possible alterations, because the X-ray absorption of CH
is dependent on the crystalline orientation [24]. From the FT-IR, a
unique peak for CH at 3641 cm™' can be used, but it varies across
samples. C-S-H, being an amorphous structure, is not detectable by XRD
and presents overlapping FT-IR peaks (1100 - 900 cm ™) (Fig. 10). For
the main hydration products no systematic changes were observed,
aligning with thermodynamic modelling results [9-12] that no reaction
occur in the absence of CO,. These findings are consistent across both
reference and polymer-modified samples. Even at higher temperatures,
the quantitative XRD results carried out by Iorio et al. [12] (90 °C, 150

bar, saturated sample during exposure) and the qualitative XRD results
of Corina et al. [17] (80 °C, 200 bar, submerged in brine) show no
systematic changes. Porewater chemistry performed by Aftab et al. [5]
support the results, where no significant changes between hydrogen and
nitrogen exposed samples were detected.

Contrary to thermodynamic expectations, no detectable alterations
of the potential sensitive mineral phases occurred under the tested
conditions (50 °C, 100 bar). Stable reactor pressures (Fig. 3) support the
absence of density-changing reactions with Hy according to Le Chate-
lier's principle. Microscopy of thin sections (Fig. 12) revealed no near-
surface differences between Hs- and He-exposed samples, aside from
minor carbonation from post-exposure drying.

For polymer-modified hardened cement paste, no prior Hy exposure
studies exist. While polymers interact physio-chemically with cement,
but in the long term, hydration products (CH, C-S-H) remain largely
unaffected by SAE, SB, or EVA modification, as shown in XRD and FT-IR
data (Figs. 9 and 10). For the polymer content the IR spectral data
allowed the unambiguous assignment of the polymer identities and their
respective reactivities toward hydrogen and the cement matrix. Since
some parts of the polymers are not completely saturated with hydrogen
(SM- Fig. S11), alterations could occur.

Comparison of Hy- and He-exposed samples (Figs. 10 and 11)
revealed no consistent changes due to hydrogen exposure, expect for a
minor changes for P2 samples (SB polymer) in the peak at 698 cm!
assigned to the aromatic rings. However, for P1 with the same identified
peak no changes are observed. Since no potential reaction of the aro-
matic rings with hydrogen is to be expected, it is assumed that this is
only a variation in the measurement results.

Besides the potential reaction with hydrogen, the stability of the
polymers also depends on the temperature and the alkalinity [29,
38-40]. IR spectra indicate hydrolysis in relation to the cement matrix.
P1 samples (SAE) showed carboxylic acid bands at 1731 and 1160 cm’l,
while P2 (SB) exhibited loss of C=C double bonds, with no peaks be-
tween 1700 and 1600 cm ™. Comparing the Hy-exposure with the other
conditions (50 °C, 50 °C W, 20 °C W) showed no significant spectral
differences. It's suggested that hydrolysis is primarily driven by alkaline
conditions. However, these effects do not necessarily impair mechanical
performance.

A potential reaction of calcite with hydrogen was not examined
experimentally in this study. However, discrepancies persist in the
literature regarding the reaction of calcite with hydrogen. Thermody-
namic modelling predicts calcite dissolution with methane production at
95 °C and 100 bar [10]. However, experimental studies by Gelencsér
et al. [41] with natural calcite at 105 °C and 100 bar and by Cheng et al.
[23] on calcite-bearing sandstones at 100 °C and 150 bar found no
reaction.
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4.2. Alteration of mechanical and physical properties by hydrogen

For long-term and safe storage, the possible changes in mechanical
and physical properties are of crucial importance and are discussed in
the following sections. However, the literature presents inconsistent
findings on this topic, which will be further examined in the following
sections.

4.2.1. Compressive strength and stiffness

Hardened cement paste is a brittle material and shows a significant
natural variability in compressive strength, which can be misleading
with a low number of samples. Additionally, the results are strongly
dependent on the storage and testing conditions, such as moisture
content.

REF samples exposed to Hy showed a 7.9 % reduction in compressive
strength compared to He, but this lies within the standard deviation
(Fig. 8). Especially one outlier (86.2 MPa) notably lowered the average
to 96.7 MPa. Literature also reports variability: Cracolici et al. [14] re-
ported ~ 10 % strength reduction after exposure to both H; and Nj
compared to samples tested before exposure. Iorio et al. [12] observed
decreased strength with pure cement but an increase with cement
blended with 35 % silica flour, with a slightly higher compressive
strength after Hyp- than Nj-exposure. Corina et al. [17] observed that
Hy-exposed samples had the lowest compressive strength compared to
Ny and non-exposed samples. The discrepancies may result from higher
testing temperatures and pressures (80 -90 °C, 150-200 bar) than those
used in this study (50 °C, 100 bar). Strength retrogression is unlikely
below 110 °C [6], but rapid changes in temperature, humidity and
pressure may result in excessive internal stress, leading to the formation
of microcracks and reducing the compressive strength.

The Hy-exposed REF samples also show a slight reduction in Egy,
(approx. 3 % but with high variation, shown in Fig. 5) and mass (approx.
0.2 %, shown in Fig. 4), along with slightly increased effective porosity
compared to the He-exposed ones (Fig. 6). Nevertheless, Hy-exposed
samples remain comparable to those stored at 50 °C, indicating no
noticeable changes due to the presence of hydrogen. Minor moisture loss
during handling may explain the observed trends. Al-Yaseri et al. [16]
reported increasing Eqy, after Ho-exposure, possibly due to continued
hydration, though no inert gas control was used.

Polymer-modified samples (P1, P2, P3) showed no consistent
strength reduction from Hy exposure. All polymer samples exhibited
~0.2 % mass loss and Edyn reductions of 2-4 % (P1, P3) and 12-14 %
(P2) under elevated temperature and pressure. For P1 and P3, this likely
reflects thermoplastic behaviour. The temperature and pressure increase
may allow the polymer to adapt to the changed conditions. P2 showed
insufficient stability, discussed further in Section 4.3.

4.2.2. Permeability and porosity

Measured permeability was below the instrumental detection limits,
preventing a direct comparison between Hy- and He-exposed samples.
However, with a value below k < 0.0001 mD (9.9 - 10720 mz), a suffi-
cient gas tightness of the cement can be assumed (section 3.4). The re-
sults are consistent with previous studies performed by Cracolici et al.
[14] and Iorio et al. [12], which also reported stable permeability near
the lower detection threshold. Corina et al. [17] reported permeability
tests observing only minor permeability increases after 2-14 months of
Ha exposure, comparable to CH4 and Na.

In contrast, Shi et al. [19] observed a significant increase in perme-
ability of 62.5 %, while the porosity decreased slightly by 0.2 %. Fer-
nandez et al. [15] also showed an increase in permeability up to 70 %
depending on the Hy exposure time. These discrepancies likely result
from sample drying before testing or exposure [15], and microcrack
formation. Cementitious materials are highly sensitive to drying and fast
pressure changes, especially when pores are not completely saturated.

This is underlined by crack observation in this study (section 3.2) and
reported observations in the literature. The test procedure in this study
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was developed to prevent cracking of the REF samples in preliminary
tests to ensure the validity of the measurements. However, P1 and P2
samples seem to be more sensitive and developed cracks, leading to
increased permeability (section 3.4). Furthermore, salt precipitation can
also affect permeability and porosity, as noted by Boersheim et al. [20].

Effective porosity measurements using He-pycnometry are affected
by residual moisture. Without complete drying, moisture content re-
mains unknown, but full drying risks damaging the samples. The 14-day
climate room storage was insufficient for fully drying, as confirmed by
tested backup samples and MIP results (Fig. 6 and Table 4). Moisture
retention varies by material, so He-pycnometer results are only valid for
samples with identical mix design and storage conditions. MIP data
showed similar porosity for Ho- and He-exposed samples not affected by
moisture variation, with no significant changes beyond natural
variability.

Overall, this study emphasizes that sample preparation and the
selected boundary conditions are critical for reliable porosity and
permeability measurements with hardened cement paste samples. These
factors likely explain the large variability reported in previous studies
[15,19], where inconsistent results may may stem from handling and
drying procedures.

4.3. Implications for underground hydrogen storage

This study applied a broad range of methods to assess potential
material changes due to Hy exposure. At 50 °C and 100 bar, no signifi-
cant microstructural alterations in hydration phases or polymer bonding
were observed. Minor changes in mechanical and physical properties
varied by material but given the number of samples and natural vari-
ability, statistical reliability is limited. However, comparing the whole
set of methods and tested conditions no systematic reactivity of the
investigated materials with Hy was observed and therefore, no signifi-
cant risk during UHS within the investigated conditions are suggested.

In addition to the potential alteration of hardened cement paste,
increased requirements due to higher cyclic loading and the greater gas
mobility of hydrogen compared to natural gas remain. Polymer modi-
fication can improve slurry and hardened paste properties, increasing
flexibility, bonding strength, chemical resistance, while decreasing
permeability, stiffness, and compressive strength [6,29,42]. As Cement
sheath failure is more influenced by the tensile strength-to-Young's
modulus ratio, while compressive strength only plays a minor role [6]
polymer modification could prevent stress-induced cracking and
micro-annuli formation.

Since the polymer dispersions used were developed for applications
in civil engineering rather than specifically for wellbore applications,
their mechanical properties are only conditionally suitable. A high
polymer content (20 wt% of cement) was used to highlight possible
changes that would otherwise not be noticeable in quantities used
typically in practice. As a result, some of the samples showed insufficient
pressure and temperature stability, highlighting the need to differentiate
influencing factors. However, the focus of this study was on the funda-
mental suitability of typical representative of polymers regarding their
interaction with hydrogen. In this study no systematic alterations due to
hydrogen were observed. The compressive strength, stiffness (Eqyn) and
variability of those decrease with the increase in the polymer content,
indicating a more flexible, homogeneous and less brittle material. The
potential of polymer-modified cements slurries should therefore be
investigated more in detail for long-term underground hydrogen
storage.

5. Conclusions and outlook

Underground Hydrogen Storage (UHS) is a promising method to
achieve a climate-friendly energy economy with renewable energy
sources on a large scale. Thermodynamic modelling suggests potential
reactivity of the cement mineral phases with hydrogen, potentially
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compromising well integrity. Experimental data remain scarce and are
often inconsistent, include variations in testing conditions and sample
preparation or lack of control measurements. In this study, the micro-
structure in addition with physical and mechanical properties of both
conventional and polymer-modified hardened cement pastes exposed to
hydrogen were investigated. To examine the individual effects of gas
type, temperature and pressure different conditions for the same time-
line were chosen, ensuring a comprehensive comparison. The results are
promising for the application of UHS, as no significant alterations under
simulated underground conditions (50 °C, 100 bar over 4 weeks) were
observed in wellbore and polymer-modified hardened cement pastes.
Additionally, a polymer-modification could provide improved material
properties to meet the increased requirements of UHS applications
compared to natural gas storage. However, this study focused solely on
abiotic reactivity with hydrogen in the absence of CO5 and microbial
activity. Future research should investigate more complex environ-
ments, including exposure to gas mixtures of Hy and CO,. Because CO; is
also considered a potential cushion gas for hydrogen storage and natu-
rally occurs in formation waters. Additionally, CO2 content in brine can
also be increased due to carbonate dissolution in reservoir or caprock
formations. Its presence might trigger activation of some geochemical
reactions between cement and COs-brine and potentially further facili-
tated by hydrogen.
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