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Abstract:

The generation of hydrogen in-situ from hydrocarbon reservoirs has emerged as a carbon
neutral technology for fossil fuel-based hydrogen production. This technology has been
extensively investigated for heavy oil reservoirs through in-situ combustion gasification.
This study proposes in-situ hydrogen generation from depleted gas reservoirs and assess
graphite gravel packing for selective hydrogen production with underground carbon storage.
The viability of this hydrogen generation process was accessed through process simulation,
followed by experimental investigation and molecular simulation of the selective production
of hydrogen through graphite. Equilibrium and kinetic models reproduced measured
effluent fractions, confirming their reliability. The simulation outcomes reveal that higher
temperature and steam-to-carbon ratio increase hydrogen yield/purity, whereas high pres-
sure favors methanation. This necessitates elevated temperatures beyond the usual reaction
temperature under reservoir conditions. Longer residence time and judicious catalyst
loading improve conversion while limiting diminishing returns. Adiabatic simulation
yields lower hydrogen purity than isothermal but better reflects field behavior. Reservoir
mineralogy governs outcomes as quartz-rich rocks inhibit hydrogen production by steam
reforming, while clays/feldspars reported elsewhere can be catalytic. The experimental
results showed that graphite can be used as gravel pack in the production well to produce
hydrogen and retain carbon dioxide underground. Literature report indicates that high
compaction can further enhance separation significantly reducing the carbon emission
associated with hydrogen production from fossil fuels.

1. Introduction

The rising global energy demand, fueled by population
growth, industrialization, and urbanization, highlights the ur-
gent need for sustainable energy solutions to mitigate climate

change and air pollution (Satpute and Suryabhan, 2024).
Fossil fuels have long dominated global energy supply but
are responsible for severe environmental degradation and bio-
diversity loss. Renewable sources like solar, wind, and geoth-
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Fig. 1. Schematic representation of graphite gravel packing.

ermal offer cleaner alternatives (Gupta et al., 2018; Bashiru
et al., 2024), yet challenges such as high capital costs, en-
ergy intermittency, and policy limitations hinder widespread
adoption (Lv, 2023). Hydrogen (H;) stands out as a clean and
flexible energy carrier with diverse applications (Tarkowski
and Uliasz-Misiak, 2022). Growing environmental concerns
and fossil fuel depletion have intensified interest in hydrogen
energy (Aravindan and Kumar, 2023). Therefore, advancing
efficient and sustainable H, production technologies is vital to
meet global decarbonization goals and ensure a secure, low-
carbon energy future.

Hydrogen can be produced through several methods, with
fossil fuel-based processes currently dominating global pro-
duction. Steam methane reforming (SMR) alone contributes
about 50% of total H, supply (Soltani et al., 2021). Other
established methods include partial oxidation, autothermal re-
forming, and coal gasification (Kumar et al., 2021). Although
these routes are mature and cost-effective, they emit large
quantities of CO,, making them inconsistent with climate
goals (Liguori et al., 2020; Aravindan and Kumar, 2023). Blue
hydrogen, produced by integrating carbon capture and storage
into hydrocarbon reforming, offers a transitional low-carbon
option (AlHumaidan et al., 2023; Massarweh et al., 2023).
However, inefficiencies such as incomplete CO, capture, high
operating costs, and long-term storage risks (Howarth and
Jacobson, 2021; Riemer and Duscha, 2023) limit its effec-
tiveness. Consequently, these constraints have driven research
toward alternative, truly low-carbon hydrogen production path-
ways that ensure both environmental and economic sustain-
ability.

In-situ hydrogen production (IHP), the generation of Hj
directly within hydrocarbon reservoirs, has emerged as a
promising route for clean and efficient hydrogen generation
(Yang et al., 2022; Ifticene et al., 2024). This method produces
hydrogen within subsurface formations, avoiding many surface
processing challenges (Ikpeka et al., 2020). IHP naturally
confines CO, and other byproducts within geological forma-
tions, minimizing emissions (Aftab et al., 2022). Moreover,
leveraging existing reservoir infrastructure and subsurface
thermal conditions enhances efficiency and reduces capital
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costs, making it an attractive sustainable option (Ifticene
et al.,, 2023). One notable technique is in-situ combustion
gasification (ISCG), which injects air/oxygen and steam into
heavy oil reservoirs to oxidize part of the crude oil, generating
heat for hydrogen-forming reactions such as thermolysis, aqua
thermolysis, coke gasification, and the water-gas shift (WGS)
(Hajdo et al., 1985; Ifticene and Yuan, 2024). Hydrogen
is extracted via downhole membranes, while CO, remains
sequestered (Ifticene et al., 2023).

Field-scale operations such as in-siftu combustion (ISC)
and toe-to-heel air injection have confirmed the feasibility of
generating hydrogen through (ISCG) (Ifticene et al., 2023).
Several studies have since explored deploying conventional
ISC methods, originally developed for heavy oil recovery,
for hydrogen generation via gasification (as summarized in
Table Al). The first dedicated ISCG pilot was launched by
Proton Technologies in 2017 (Ifticene et al., 2023). Natural
gas reservoirs are now being evaluated as promising candidates
for similar IHP applications due to their higher hydrogen-
to-carbon ratios, greater global energy reserves, and exist-
ing adaptable infrastructure (Tong et al., 2018; Algayyim et
al., 2024; Alekhina et al., 2025). Furthermore, steam reforming
and partial oxidation of natural gas are mature technologies
(Nikolaidis and Poullikkas, 2017). However, comprehensive
experimental and field-scale studies remain necessary to vali-
date reaction mechanisms, reservoir suitability, economic via-
bility, and operational safety.

Gillick and Babaei (2024) proposed a downhole com-
pletion tool capable of converting natural gas wells into
hydrogen production systems by gasifying natural gas within
the wellbore rather than the reservoir. Afanasev et al. (2024)
and Mukhina et al. (2024) also studied the feasibility of IHP in
natural gas reservoirs. They reported that using water-soluble
catalysts and optimizing the steam-to-carbon (S/C) ratio could
significantly enhance Hj yield. Contrary to the reform ap-
proaches, Yan et al. (2024) demonstrated that methane crack-
ing via electromagnetic heating can achieve up to 91 mol%
H; due to the catalytic behavior of rock minerals. However,
most studies used pure methane feeds, ignoring real natural
gas compositions that contain heavier hydrocarbons, which can
lower the H,/CO ratio and cause carbon deposition (Dybkjaer
and Christensen, 2001). Tackie-Otoo et al. (2025) extended
this research to multi-component natural gas, showing that
equilibrium (stoichiometric) models overpredict yields due to
neglecting side reactions, while experiments revealed lower
yields limited by methanation and low S/C ratios.

The present study advances this work using both equilib-
rium (non-stoichiometric) and kinetic models. These models
are used to evaluate the thermodynamic limits and reaction
kinetics of the IHP process. The effects of natural gas com-
position and reservoir mineralogy on hydrogen generation
efficiency are also examined. The models are validated with
experimental data to ensure accuracy. Finally, the results are
used to identify realistic process constraints and propose
strategies for optimizing IHP. This study also evaluates the
use of graphite packing as a downhole filter to selectively
produce hydrogen while retaining CO; in the reservoir (Fig.
1). The graphite packing exploits the stronger CO, adsorption
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Fig. 2. Process simulation flow diagram for in sifu natural gas steam reforming using Gibbs reactor.

and slower diffusion compared to H,, which diffuses more
rapidly and aids separation as reported in several studies (sum-
marized in Table A2). Graphite-based membranes demonstrate
promising H,/CO, selectivity under ideal, single-gas condi-
tions, yet real-mixture separations are much lower, underlining
the challenge of translating ideal performance to practical
environments (Schulz et al., 2014). Based on insights from
these studies, this study deploys experimental setup with cores
made to mimic the proposed scenarios is used to investigate the
selective production of hydrogen from underground reservoirs.
This approach eliminates the need for expensive membrane
separation and carbon capture technologies by utilizing the
reservoir itself for in situ separation and storage. Furthermore,
the retained CO; could aid in maintaining reservoir pressure,
thereby facilitating efficient H, withdrawal.

2. Methodology

In this study, methane steam reforming (SR) was simu-
lated under reservoir-relevant conditions, using experimental
data from Mukhina et al. (2024) for model validation. The
experimental setup employed pure methane as a feedstock to
simplify the analysis; however, this does not fully represent
the gas composition typically encountered in depleted natural
gas reservoirs. Therefore, the validated models were further
extended to assess the effect of natural gas composition on
H; production. In addition, a series of parametric studies and
sensitivity analysis were conducted to explore the optimal
operating conditions for in-situ hydrogen generation, aiming
to improve process efficiency and adaptability for subsurface
applications. The final part involved experimental procedure to
test the selective permeation of H, and CO, mixture through
a graphite gravel pack. The permeation and self-diffusivity of
H; and CO, through a graphite core were both investigated.

2.1 Process simulation of hydrocarbon reform

A comprehensive steady-state simulation of the natural gas
SR process was conducted using the process simulation code
“ASPEN Plus 9”. In the study by Mukhina et al. (2024),
steam reforming of methane was experimentally investigated
under simulated reservoir conditions using both real reservoir
core samples and inert a-Al,O3 as porous medium. In this

simulation study, the focus was placed on the inert -Al,O3
experiments, as the influence of rock minerals on hydrogen
generation requires detailed characterization before being ac-
curately incorporated into simulation models. Currently, there
is no consensus in the literature regarding the specific effects
of reservoir rock minerals on the hydrogen production process.
Experiments were conducted at temperatures of 500, 600 and
800 °C with S/C ratios of 1 and 4, under a pressure of 8
MPa. The experimental setup involved a tubular reactor having
an internal volume of 32.5 cm?® filled with porous medium
(average porosity ~ 48.40%). The methane was injected into
the porous model at 1.4 L/h flow rate. Aiming to replicate
the effluent composition reported by Mukhina et al. (2024),
two distinct reactor models were implemented: (i) a non-
stoichiometric equilibrium model using the RGibbs reactor
and (ii) a kinetic model using the RPlug reactor, configured
with Langmuir-Hinshelwood-Hougen-Watson reaction kinet-
ics. The former is a zero-dimensional model while the latter
includes reactor dimensions as well as catalyst properties.

2.1.1 Non-stoichiometric model description

The non-stoichiometric model employs a Gibbs free energy
minimization approach as detailed in Supplementary B. The
RGibbs reactor block in ASPEN Plus computes the equi-
librium composition without requiring reaction stoichiometry.
The Peng Robinson equation of state was selected in the prop-
erty method section for accurate thermodynamic predictions
of light gases. Initially, the process flowsheet was defined
(Fig. 2), specifying the feedstock and key unit operations.
Detailed process parameters, including temperature, pressure,
flow rates, and compositions for each stream were based
on data from Mukhina et al. (2024). The steam flow rate
is specified using a calculator block based on the required
S/C ratio. Subsequent investigations were conducted at a 700
°C and S/C ratio of 3.5. The effects of other natural gas
components and impurities are investigated using natural gas
compositions of different natural gas reservoirs as presented in
Table B1. The effect of rock minerals is also investigated using
composition reported Afanasev et al. (2024) and Mukhina et
al. (2024). The rock sample is composed of quartz (60.65%),
feldspar (12.83%), clay minerals (15.54%), calcite (5.41%),
dolomite (1.1%), halite (4.27%) and pyrite (0.20%).
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Fig. 3. Process simulation flow diagram for in situ natural gas steam reforming using Plug flow reactor.

Fig. 4. Graphite core with graphite concentrated at one end
(bottom).

2.1.2 Kinetic model description

The kinetic model of hydrogen production through SMR
on a Ni-based catalyst supported on alumina is based on Lang-
muir Hinshelwood reaction mechanism. The reaction scheme
consists of two key components: The reversible endothermic
SMR reactions and the reversible exothermic WGS reaction
represented as follows (Fu et al., 2023):

CH,; +H,0 = CO+3H, AHSpg = +206 kI/mol (1)
CO+H,0 =CO,+H, AHSg =—41.1kI/mol (2)
CH, +2H,0 = CO, +4H, AHjog = +165 kI/mol  (3)

Different forms of SMR reaction kinetic equations exist
in literature (Szablowski et al., 2025). In this study, two
kinetic reaction data given by Xu and Froment (1989) and
Hou and Hughes (2001) are used. Details of the reaction rate
equations and their expressions in Aspen Plus are given in
Supplementary B. The kinetic coefficients and equilibrium
constants are presented in Table B2.

The thermodynamic properties were calculated using the
RKSMHV2 method, which combines the Redlich-Kwong-
Soave equation of state with modified Huron-Vidal mixing
rules, suitable for mixtures of polar, non-polar, and light gases
(Amrana et al., 2017). The simulation flowsheet is illustrated
in Fig. 3. The feed to the SMR reactor consisted of methane
and steam with hydrogen to avoid division by zero in the
rate expressions. These were mixed in a mixer unit and sub-
sequently heated to the reaction temperature before entering
the reactor. The SMR reactor was modeled using the RPLUG
block, configured to operate under isothermal conditions. The
reactor simulates plug flow behavior by assuming complete
radial mixing and is capable of handling three-phase systems
(Amrana et al., 2017). The reactor geometry was specified to
have a diameter of 2 cm and a length of 10.35 cm, selected

arbitrarily to yield a total volume of 32.5 cm? and scaled for
the porous medium. The catalyst density and bed voidage are
specified as 1,870 kg/m? and 0.4 for Xu and Froment (1989)
and 2,797 kg/m> and 0.44 for Hou and Hughes (2001) kinetics.

2.2 Gas separation studies in graphite samples
2.2.1 Graphite samples

Graphite core samples were prepared using a mixture of
cement, silica and graphite (Fig. 4). Two types of samples were
made. In one sample, the graphite is concentrated at the outlet
end of the core (sample A). This was to simulate the scenario
of graphite packing in the production well to selectively
produce H, and keep CO, underground. The second sample
has the graphite dispersed evenly in the cement labeled as
sample B. This is to assess how distributed graphite influences
gas transport and reaction throughout the core, serving as a
baseline to isolate the effect of outlet-end packing in sample
A.

2.2.2 Gas permeation studies

For permeation studies, a gas permeability system is used
as shown in Fig. 5. The study is conducted at ambient
temperature with an overburden pressure of 500 psi. Mea-
surements were conducted in two distinct modes: First, single
gas permeation was performed by injecting individual gases at
varying flow rates, with the corresponding stabilized pressure
drops recorded to evaluate intrinsic membrane permeability.
Uncertainties of £6% were assigned for permeability values
between 50-1,000 mD and +10% for values between 1-
50 mD based on the setups precision. Second, mixed gas
separation was carried out to assess membrane performance
under competitive transport conditions. To prepare the required
gas mixture, different gases are introduced into a mixing
cell one after the other, each at a specified partial pressure.
A sample of the mixture is taken, and the composition is
confirmed using gas chromatography (GC). The gas mixture
is injected into the core and the permeate is collected and
analyzed using GC to determine the composition. The data
from the two modes of measurements are used to calculate
the ideal and real separation factors respectively. The ideal
separation factor (¢¢) of the graphite membrane for gas A over
a gas B is determined as the ratio of the pure gas permeabilities
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For the binary gas mixture, the real separation factor is
determined in terms of the mole fraction of the gases in the
inlet stream (y) and the outlet stream (x) as (Schulz et al., 2014;
Malara et al., 2023):

A B =

_ yA/yB

OA B
: XA /xB

®)
2.2.3 Gas diffusivity studies

To investigate the molecular-level transport behavior of
gases through graphite and gain insights into the underly-
ing gas separation mechanisms, self-diffusivity studies were
conducted. Understanding self-diffusivity is essential because
it directly reflects the mobility of gas molecules within the
graphite structure, which governs separation efficiency, espe-
cially in systems where diffusion selectivity dominates over
solubility effects. In our previous publication, the diffusivity

AP}
Kt

of gases through graphite is investigated through molecular
dynamic simulation (Raza et al., 2025). A relevant excerpt
is included in Supplementary C for the completeness of the
gas self-diffusion investigation in the current study. In this
study, For this purpose, the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) was employed due
to its robustness in performing molecular dynamics (MD)
simulations with high computational efficiency and its ability
to handle complex interactions in large atomic systems. While
the full details of the MD simulation are presented in a
previous publication (Raza et al., 2025), a relevant excerpt
is included in this study for the completeness of the gas self-
diffusion investigation in the current study, the diffusivity of
the gases is then investigated experimentally by pressure-pulse
decay test through graphite core as depicted in Fig. 6. The
system comprises an upstream cell with volume V, and a
downstream cell with volume Vj, linked by a core holder that
applies hydrostatic confining stress p. to the graphite core with
pore volume V),. Pressures are monitored with two transducers,
each measuring the absolute pressure in the upstream (p,)
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and downstream (py) cells. The procedure followed is the
typical pressure pulse decay test as presented by Dicker and
Smits (Dicker and Smits, 1988). The experiments were run at
ambient temperature and 60 °C while the overburden is set
at 2,500 psi. The procedure starts with a uniform pressure
in the entire system. The pressure in the upstream cell is
slightly increased to generate a pressure pulse. As the gas
flows through the core, p, declines until the pulse traverse
through the entire core length. Then, p, starts to increase until
the pressure difference (Ap) declines and gradually approaches
ZEero.

3. Results and discussion

3.1 Process simulation

This section presents the results of process simulations
conducted to investigate IHP from natural gas reservoirs via
SR. The simulation model was developed in ASPEN Plus and
validated using experimental data from Mukhina et al. (2024),
which explored H; production under same subsurface con-
ditions. While the referenced experimental study provided
valuable insights into reaction behavior at varying S/C ratios
and temperatures, the present modeling effort extends that
investigation by offering a broader parametric analysis and
deeper insight into the thermodynamic behavior of the system
under reservoir conditions.

3.1.1 Model validation

To evaluate the predictive accuracy of the process simula-
tion models developed for IHP, the simulation results were
validated against experimental data. The validation focuses
on the dry mole fractions of the major gaseous components
in the outflow stream; Hp, CHy, CO, and CO,. The in-
stances for comparison are the three temperatures and two
S/C ratios as mentioned earlier. The comparisons between the
model predicted mole fractions and the experimental data are
presented in Fig. 7. The models successfully reproduce key
trends observed in the experimental data. Notably, the models’
predictions of H, mole fraction for S/C ratio of 4 show strong
agreement with the corresponding experimental data except
for 800 °C temperature (mean relative error of 5.93%). A
stronger agreement is observed for S/C ratio of 1 with a mean
relative error of 5.28%. Similarly, the models’ predictions of
CO mole fraction also show very strong agreement with the
corresponding experimental data.

For methane, the model captures the expected consumption
trend, with CH4 mole fraction decreasing as temperature
increases. However, the simulations exhibited slightly higher
methane consumption compared to experimental results. CO»
trends are also consistent with established reaction pathways.
CO3 mole fraction rises with temperature, through a maximum
around 600-700 °C, likely due to the onset of the reverse
water-gas shift (RWGS) reaction at higher temperatures (Mag-
bool et al., 2021). The models again show better agreement at
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S/C ratio of 1 compared to S/C ratio of 4. The discrepancies
between simulated and experimental CH4 and CO, mole
fractions likely stem from idealized model assumptions and
unmodeled kinetic effects (Ma et al., 2016; Abbas et al., 2017).
Catalyst deactivation due to coke formation or sintering,
not captured in simulations, reduces methane conversion in
practice. Heat and mass transfer limitations create temperature
and concentration gradients that lower reaction rates compared
to ideal isothermal models. Simplified kinetics that neglect
reverse or competing reactions (e.g., RWGS, methanation)
further bias results toward higher CO, and lower CH4. Ad-
ditionally, real experiments experience fluctuations in S/C
ratio, temperature, and flow conditions, unlike fixed simulation
inputs, leading to greater CHy4 retention and reduced CO»
generation.

Nevertheless, the simulated results are in close alignment
with the experimental data which affirms the models’ reliabil-
ity and scientific validity. Both models showed strong agree-
ment with experimental data despite differing complexities.
The RGibbs reactor, based on minimizing Gibbs free energy,
is simple, broadly applicable, and ideal for high-temperature,
steady-state systems. However, it assumes instantaneous equi-
librium, making it less accurate under short residence times
or lower temperatures. It also neglects kinetic effects and
spatial or temporal variations, which can lead to overestimated
gas yields (Zogata, 2014a). In contrast, the RPlug reactor
accounts for reaction rates, species concentrations, and time,
enabling the modeling of transient behavior and reaction
mechanisms. While it offers more realistic predictions in
non-equilibrium conditions, it is computationally demanding
and highly sensitive to kinetic parameters, which are often
difficult to determine and may vary by feed composition. It
also requires detailed reaction pathway information, limiting
flexibility with unknown or complex feeds (Zogata, 2014b).

3.1.2 Gibbs model analysis

Considering the attributes of the models discussed above,
the RGibbs reactor was used to evaluate the impact of natural
gas composition on the IHP process. This factor is particularly
important because conventional SMR typically utilizes either
pure methane, obtained through cryogenic separation or natu-

ral gas with a high methane content to maximize the H,/CO
ratio. In contrast, such preprocessing steps are not feasible in
IHP, making the native composition of the underground natural
gas a critical parameter in determining the overall efficiency
and H, yield of the process. The H, yield and purity and
the conversion of CHy are given by the following equations
(Abbas et al., 2017):

nHz,Out X MH2

H, yield (wt.% of Feed) = x100%  (6)
AZ] (”i,in X Mi)
iz
H, purity (%) = THy out % 100%
IH, out + NG, out T 1CO,0ut + 1CO, 0ut o
CH, conversion (%) = fCH i CHy0ut o 100, (8)

NCHy,in
where n;;, and n; oy are the moles of the components in the
inflow and the outflow stream. My, and M; are the molecular
weights of Hy and gas components in the feed.

(1) Effect of natural gas composition

The H, production yields and purities for different natural
gas sources are presented in Fig. 8. As mentioned earlier,
methane is the most important component regarding H, pro-
duction from SR. Therefore, the mole fraction of methane
in the feed and its conversion during the process are also
presented. The mole fraction of methane in the natural gas
shows a linear relationship with Hj yield, and Hj purity. As
expected, pure methane yields the highest H, output (51.36%
purity and 14.45% yield) and shows a high methane con-
version, demonstrating optimal reforming performance under
ideal conditions. Groningen and Lacq, with relatively high
methane contents (81.3% and 69%), also show good H»
yields and H; purity, with good methane conversion indicating
efficient utilization of available methane. However, the Uch
composition exhibited the highest methane conversion, which
is attributed to its very low methane mole fraction (27.3%).
Consequently, this resulted in the lowest H, yield and purity
among all the natural gas feed.

Furthermore, an interesting anomaly is observed for Ard-
juna and Uthmaniyah. Despite following the relationship trend
between methane mole fraction with Hy yield and H pu-
rity, a negative methane conversion is observed. This means
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more methane was produced than consumed which can be
attributed to possible occurrence of methanation reaction at
the reaction conditions. A careful look at the compositions
of the natural gas sources (Table B1) reveals that these two
feeds have higher ethane and propane mole fractions. Based
on the stoichiometric reaction, these hydrocarbon components
produce higher H, compared to methane. However, based
on the observed results, their presences in higher percentage
facilitate methanation reaction. Similar observation is reported
by Adiya et al. (2017) on SR of shale gas containing ethane
(16% maximum) and propane (4% maximum) in significant
amounts. To validate this inference, the mole fractions of
ethane and propane in the natural gas feed were individually
varied while keeping the other at a minimal level. The mole
fractions of the remaining hydrocarbon components were held
constant, and N, was adjusted accordingly to maintain the
overall composition. This approach is justified since N, does
not participate in the H, production reactions.

As shown in Fig. 9, increasing the mole fraction of either
ethane or propane results in a decline in methane conversion,
eventually becoming negative. This shift leads to a reduction
in Hy purity and yield. However, since higher concentrations

of ethane or propane enhance overall H, production, their
positive contribution offsets the adverse methanation effect.
As a result, the net reduction in Hy output remains minimal.
Additionally, propane exhibited a more pronounced effect than
ethane, likely due to its higher molecular weight. Methanation
reactions are thermodynamically favored under conditions of
low temperature and high pressure, which are characteristic
of typical reservoir environments (Acierno et al., 2025). Given
the conditions examined in this study, the occurrence of metha-
nation reactions is primarily attributed to the high reservoir
pressure of 8 MPa. The influence of temperature and pressure
on methanation is illustrated in Fig. B1. The results indicate
that, at this elevated pressure, the reaction temperature must
exceed 900 °C to effectively suppress methanation.

(2) Effect of rock minerals

Introducing rock minerals in the simulation showed an
inhibitory effect on the hydrogen production yield as presented
in Fig. 10. Irrespective of temperature and S/C ratio, the H,
yield in the presence of rock minerals is lower compared to the
absence of rock minerals. To observe the impact of individual
rock minerals, the highest components were also investigated.
The quartz-dominated rock sample showed similar impact as
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pure quartz while pure clay and feldspar showed a milder
impact. Therefore, the inhibitory impact of the rock sample
is predominantly due to the quartz minerals. This observation
agrees with reports in literature as shown by the overlaid
experimental points in Fig. 10. The overlaid experiments
(conducted at same conditions using same rock composition)
fall on the mineral curves and below the no-rock envelope.
Afanasev et al. (2024) measured ~ 39.6 vol% H, at 800 °C,
S/C =4 and ~ 31.2 vol% at S/C =1 in crushed core, while the
simulation reported ~ 39.1 vol% H, at 800 °C, S/C = 4 and
~22.1 vol% at S/C = 1. Mukhina et al. (2024) likewise found
systematically lower Hj in real core against ¢&-Al,O3z under
identical conditions. Example at 800 °C, S/C = 4: 33.75 against
55.36 vol% Hj, with similar gaps at 500-600 °C (~0.33-
0.41 against 25.44-39.99 vol%). In fact, the inhibitory impact
observed in the experimental studies is higher compared to the
simulation owing to other non-ideal factors not accounted for
in the simulation.

Mechanistically, the suppression arises from (i) much
lower available catalytic surface in real cores compared
with a-Al,O3 and (ii) rock-derived inhibitors (notably H,S
from sulfur-bearing organics/pyrite) plus coke deposition
that weaken/poison Ni and depress conversion (Mukhina et
al., 2024). Overall, the simulation corroborates Mukhina et
al. (2024) conclusion that native gas-reservoir mineralogy is
net-inhibitive for SMR/WGS unless at high S/C ratio and
temperature. By contrast, experimental works on other IHP
be it heavy oil ISCG (Yang et al., 2022; Jin et al., 2025), or
methane cracking (Yan et al., 2024) reported catalytic impact
of rock minerals. For example, Jin et al. (2025) in their heavy-
oil ISCG experiments, reported that plagioclase feldspar and
clays often show catalytic behavior (via Fe/Al-bearing phases
that promote WGS/coke gasification). Furthermore, Yan et
al. (2024) also reported a clear catalytic effect in sandstone,
which both lowers the reaction temperature and enhances H,
production from CHy4 cracking. A detailed reaction pathway
analysis is required to clarify the contrasting impact of rock
minerals on different IHP processes.

(3) Effect of temperature, S/C ratio and pressure

Temperature has a positive impact on Hy yield and purity
at equilibrium in SR processes. Fig. 11(a) shows the variation
of Hy purity with temperature at constant pressure (8§ MPa)
and S/C ratio (3.5). All feedstock showed an increase in Hy
purity until a plateau is reached corresponding to complete

conversion of methane followed by WGS (Abbas et al., 2017).
This observation is attributed to a transition between dominant
reactions specifically, a shift from the strongly exothermic
methanation reaction, which is favored at lower temperatures,
to the endothermic SMR reaction, which becomes more favor-
able at elevated temperatures (Adiya et al., 2017). It is worth
noting that the other hydrocarbon components show nearly
complete conversion irrespective of temperature.

Uch natural gas exhibited a similar temperature-dependent
trend; however, beyond a certain temperature threshold: De-
termined by the prevailing pressure and S/C ratio: The Hj
purity plateaus and begins to decline slightly. This behavior is
attributed to the increasing dominance of the RWGS reaction
at higher temperatures (Magbool et al., 2021). Another note-
worthy observation is that at elevated temperatures (> 1,000
°C), Ardjuna and Uthmaniyah natural gases exhibited higher
H; purity than Lacq and approached the levels observed
for Groningen, despite having lower methane content. This
outcome is attributed to the higher concentrations of ethane
and propane in Ardjuna and Uthmaniyah, which contribute
additional H; through their reforming. Additionally, the metha-
nation reaction is thermodynamically unfavorable at high tem-
peratures, further enhancing H, purity under these conditions.

Pressure is another important operating parameter in the
SR process. Although direct control over reservoir pressure is
limited in IHP, understanding its impact is essential. It enables
informed adjustments to other variables, such as temperature
and the S/C ratio, to optimize Hp yield and purity under
given conditions. Fig. 11(b) shows the variation of Hj purity
with pressure at constant temperature (700 °C) and constant
S/C ratio (3.5). In all the natural gas composition, Hy purity
is favored at low pressure. This is because the SR reaction
results in an increase in the total number of molecules: From
3 moles of reactants to 4 moles of products. According to
Le Chatelier’s principle, this shift in molar quantity means
that lower pressures favor the forward reaction, as reduced
pressure mitigates the increase in total molar concentration
and drives the equilibrium toward greater H, production. The
WGS however is equimolar and therefore insensitive to pres-
sure variation at equilibrium (Abbas et al., 2017). H, purity
shows a relatively consistent trend across the various natural
gas feedstocks at each pressure level. However, as pressure
increases, a more pronounced decline in Hy purity is observed
for Ardjuna and Uthmaniyah gases. This is primarily due to
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the enhanced favorability of the methanation reaction under
high-pressure conditions, which consumes H, and lowers its
overall purity.

The S/C ratio is a critical parameter influencing the overall
efficiency of the SR process. Fig. 11(c) illustrates the variation
of Hp purity with S/C ratio at a constant temperature of
700 °C and pressure of 8 MPa. An increase in the S/C
ratio enhances SR performance, as evidenced by the rise in
H; purity. However, higher S/C ratios require greater energy
input to generate the necessary steam (Abbas et al., 2017),
and excessively high ratios can promote coke deposition on
the catalyst surface, leading to catalyst deactivation (Magbool
et al.,, 2021). To balance efficiency and operational stability,
maintaining the S/C ratio within the range of 1 to 4 is
recommended, which is consistent with findings from previous
studies (Adiya et al.,, 2017). It was also observed that the
influence of the S/C ratio varies with the composition of the
natural gas feed. At an S/C ratio of 1, Ardjuna, Uthmaniyah,
and Uch gases exhibited nearly identical H, purity despite
differences in their hydrocarbon compositions. However, as
the S/C ratio increased, disparities in Hy purity became more
pronounced. The S/C ratio represents the ratio of total moles
of water to the total moles of carbon species in the feed.
Therefore, feedstocks with higher concentrations of heavier
hydrocarbons such as ethane and propane, as seen in Ardjuna
and Uthmaniyah, require proportionally more steam to drive
reforming reactions effectively.

3.1.3 Kinetic model analysis

The kinetic reactor model was also employed to examine
the effects of key operating parameters. In this case, the
reactor was modeled as adiabatic to more accurately reflect
the conditions of THP and compared to isothermal model.
Unlike the experimental setup by Mukhina et al. (2024) where
the system was maintained isothermally using an external
furnace, actual subsurface conditions are non-isothermal. In
IHP, temperature is initially elevated through ISC but cannot
be held constant as the combustion front advances through
the reservoir. Additionally, the kinetic model allows the in-
vestigation of parameters that could not be captured using the
Gibbs reactor, such as catalyst loading and residence time;
the latter being influenced by the feed flow rate when other

variables are held constant. The two kinetic models both had
good agreement with the experimental data from literature.
Therefore, only one model is deployed for this analysis,
specifically the model based on Xu and Froment kinetic data.

As expected, temperature has a positive influence on the
IHP process, as shown in Figs. 12(a) and 12(b). Hy purity
increases with temperature, mainly attributed to the conversion
of methane. The amount of CO in the effluent follows the same
trend as the methane conversion, indicating limited occurrence
of WGS reaction at high temperature. Similar trends are
observed in both the isothermal model and the adiabatic model.
However, the Hy purity is higher in the isothermal model
compared to the adiabatic model. While the isothermal system
achieves nearly complete methane conversion (~ 100%) at
1,200 °C, the adiabatic model reaches only about 70% conver-
sion even at 1,500 °C. According to Alekhina et al. (2025), ISC
of methane can generate temperatures up to 1,000 °C. Under
such conditions, as demonstrated in the adiabatic simulation,
a considerable H, purity of approximately 53% can still be
achieved. In the adiabatic model, temperature decreases along
the reactor length as the gas stream progresses. Fig. 12(c)
illustrates this behavior for a feed stream entering at 700 °C
and flowing through a 10-meter-long reactor at varying molar
flow rates. The results show that the gas stream temperature is
strongly influenced by the flow rate, primarily due to changes
in residence time. At higher flow rates, the residence time is
shorter, allowing less heat dissipation and thus maintaining
higher temperatures throughout the reactor.

The effect of residence time on the IHP process is illus-
trated in Fig. 13. Both the isothermal and adiabatic models
show that increasing residence time positively influences Hj
purity (Fig. 13(c)). As observed in Fig. 13, increasing resi-
dence time increases methane and CO consumption reflected
in increasing methane conversion and decreasing CO mole
percent respectively (Figs. 13(a) and 13(b)). Initially, H, purity
increases with residence time and eventually levels off, indicat-
ing that extended contact time enhances methane and CO con-
version until equilibrium limits are approached. In field-scale
IHP applications, long residence times are inherently expected
due to the large volume and flow path within the reservoir.
This provides a natural advantage for reaction completion,
especially when complemented by sufficient thermal input. If
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ISC generates enough heat to raise the reservoir temperature,
subsequent heat dissipation across the formation can sustain
elevated temperatures over extended regions. This thermal
propagation allows reforming reactions to proceed efficiently
even beyond the combustion front. Therefore, understanding
the interplay between thermal front movement, heat retention,
and fluid residence time is critical for optimizing H yield in
large-scale reservoir applications.

Catalyst loading significantly influences H, purity with
both methane conversion and CO consumption increasing as
catalyst weight increases (Fig. 14). This trend is observed
under both isothermal and adiabatic conditions. Increasing
catalyst loading provides more active sites for the reforming
reactions to occur leading to a greater proportion of methane
and CO being converted into H (Stutz et al., 2006). Further-
more, a larger catalyst mass can shift the reactions towards
the kinetic regime where the reaction rate is more dependent
on the intrinsic reactivity of the catalyst and less on external
factors like mass transfer (Cherif et al.,, 2021). However,
increasing catalyst weight can introduce diffusion limitations,
higher pressure drops, heat transfer challenges, and greater
material costs. These factors may reduce reaction efficiency,
compromise temperature uniformity, and impact overall sys-
tem performance and economics (Pashchenko, 2023). In the
isothermal model, increasing catalyst weight significantly en-
hances performance, with Hy purity exceeding 50% and CHy
conversion nearing 32% due to ample active sites and stable
temperature. In contrast, the adiabatic model shows limited
gains; Hp purity reaches ~ 33% and CH4 conversion ~ 14%,

as temperature drops along the reactor constrain reaction
progress.

3.2 Gas separation
3.2.1 Gas permeation

Before investigating the gas separation ability of graphite,
the single-component permeation behavior was first studied.
Fig. 15 shows the permeability of the individual gases at
different injection rates for the two graphite samples. The per-
meation of both gases decreases with an increasing injection
rate. In both graphite samples, the Hy permeation is mostly
higher than CO,. However, the difference also decreases with
increasing injection rate. As the ratio of the single component
permeation, the ideal separation factor as a rough measure
of the selectivity of the graphite samples is calculated and
presented in Fig. 15. The ideal separation factor decreased with
an increasing injection rate owing to increased pressure drop.
The high separation factor at a low injection rate is suitable for
the graphite application for gas separation. During the selective
production of Hj, the gases flow via self-diffusion under the
induced pressure differential. The two samples exhibit similar
gas separation capability. However, sample B showed slightly
better performance owing to the impact of graphite through
the entire length of the core. For the binary mixture, the gases
are allowed to self-diffuse through the graphite core under
differential pressure. The separation property of the graphite
core in terms of selectivity [@(H,/CO;)|, determined by the
gas concentrations from the GC analysis, was 2.785.
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single gas permeability and ideal selectivity of (a) sample A and (b) sample B.
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Table 1. Estimated effective diffusivities at different
temperature conditions.

Experiment Slopes (s1)  Diffusivity (cm?/s) Selectivity
CO,@25 °C  -8.38E-05 8.53E-04 158
H, @25 °C -1.33E-04 1.35E-03 .
CO,@60 °C  -1.72E-05 1.75E-04 597
H, @60 °C -3.9E-05 3.97E-04 .

3.2.2 Gas diffusivity by pulse decay

Gas diffusivity through the tight graphite core is esti-
mated by fitting the measured Ap(t) to the analytical pressure
pulse decay solution, using the known cell volumes and
core properties as inputs. The detailed analytical solution and
derivation can be found in (Cui et al., 2009) and is presented in
Supplementary C. The experimental pressure decay data were
used to compute dimensionless differential pressures which
are then plotted against time on a semi-logarithmic graph.
Fig. 16 shows the semi-log plot of App against time. The
effective diffusivities of H, and CO; and selectivity at different
temperatures are presented in Table 1. The diffusion selectivity
of the graphite core is low ~ 1.58 at ambient temperature.
However, the selectivity is higher at 60 °C (i.e., ~ 2.26). This

observation can be attributed to changes in the phase behavior
of gases at different temperature conditions. Depending on the
type of gas, the diffusivity could either increase or decrease
with temperature. In this study the observed variation of
separation factor with temperature is favorable for the intended
application.

Furthermore, pressed graphite has been investigated for
membrane application in steam reforming of ethanol by Schulz
et al. (2014). This study proved that compressing graphite
by 392 MPa pressure yield membranes that can give ideal
separation factor of ~35-60 and a real separation factor of
~ 5 (Schulz et al., 2014). Therefore, with the availability
of high rated pressure compression, a well pressed graphite
with improved selectivity can be deployed for gravel packing
in a well completion. An important aspect of IHP is the
selective production of the generated H,. All studies and
demonstrations have involved membrane technologies which
can be very costly and reduce the economic feasibility of this
evolving low carbon Hj production technology. The successful
deployment of graphite as gravel packing can improve the
economic feasibility of this technology.

4. Conclusions

The feasibility of IHP in natural gas reservoirs was exam-
ined using two modeling approaches: A non-stoichiometric
equilibrium model (RGibbs reactor) and a kinetic model
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(RPlug reactor). Both models reliably reproduced experimental
gas compositions (mean relative error < 5.93%), confirming
their accuracy. H, yield and purity increased with CHy con-
centration, while heavier hydrocarbons (C;;.) promoted metha-
nation under high pressure and low temperature, requiring op-
eration above 900 °C for effective CH4 conversion. Reservoir
mineralogy strongly influenced outcomes, with quartz-rich
rocks suppressing reforming reactions and clay/feldspar miner-
als enhancing catalytic cracking. Higher temperatures shifted
reactions from exothermic methanation toward endothermic
reforming improving hydrogen purity. Lower pressures favored
Hj; production, while higher pressures promoted methanation.
Increasing the S/C ratio improved yield but raised energy
demand and coke risk. Although adiabatic model yielded
slightly lower conversions than isothermal model, it better
represented reservoir conditions. Longer residence times and
higher catalyst loading enhanced CH4 conversion and H, pu-
rity. However, optimized catalyst loading prevents diminishing
returns, diffusion limitations, and heat transfer challenges.

Secondly, the feasibility of deploying graphite as gravel
packing for selective production of H, and concurrent storing
of associated CO, was investigated. This approach is believed
to be a cost-effective way of improving the carbon neutrality
of fossil fuel-based Hp production methods. Both experimental
studies and molecular simulation showed the use of graphite
as gravel pack to selectively produce H, is an economically
viable option to retain CO, underground and for pressure
maintenance to produce Hj. Analysis of pressure-decay data
indicates Ho/CO, diffusion selectivity ~ 1.6 at ambient and
~ 2.3 at 60 °C, consistent with the expectation that selectivity
improves with temperature and drops with pressure. While
these laboratory values are modest, literature demonstrates that
high compaction (~ 392 MPa) can raise performance. This
implies that sufficiently pressed graphite can reach application-
relevant selectivity.

The study therefore corroborates the feasibility of IHP from
depleted natural gas reservoirs deploying graphite packing
as a cost-effective membrane technology. Although reservoir
constraints limit control over feed composition and pressure,
the findings of this study show that adjusting temperature
and the S/C ratio still enables substantial H, yields. For
future work, this study could be improved with experimental
investigation to generate kinetic data for rock minerals and
natural gas components other than methane. While reservoir
minerals are known to inhibit Hy production, the specific
mechanisms and the role of individual mineral phases remain
unclear. Targeted investigations into mineral-specific effects
will be essential for further optimizing IHP performance.
Furthermore, the occurrence of methanation reaction proves
detrimental to the overall hydrogen yield. Therefore, a deeper
thermodynamic and kinetic study of this reaction pathway
is recommended to elucidate ways to limit its occurrence at
reservoir conditions.
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