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ABSTRACT

Geologic hydrogen has emerged as a promising low-carbon energy vector, but its sustainable
recovery requires effective stimulation and production strategies. This study presents an inte-
grated process-modeling framework for evaluating hydrogen extraction from hydraulically stimu-
lated reservoirs. The framework combines fracture propagation, damage evolution, Darcy-scale
multiphase flow, permeability-aperture dynamics, and a dual-porosity dual-permeability (DPDP)
representation to simulate hydrogen production in fractured source rock systems. In addition to
production dynamics, the framework tracks operational water and energy inputs and incorporates
a simplified reaction-extent formulation to represent hydrogen generation under data-limited con-
ditions. The model was benchmarked against published shale gas production results to evaluate
its ability to reproduce fracture-controlled production behavior and was subsequently applied to
a representative multi-well hydrogen development scenario. Simulation results indicate that hy-
drogen production is strongly fracture-dominated, with fracture pathways accounting for more
than 98% of total modeled output. Under the simulated conditions, the system produced approx-
imately 1.13 million kg of hydrogen, with an estimated operational energy intensity of 3.4 MJ/kg
H, and water consumption of 0.02 m3/kg H,. These values represent model-based estimates
within the defined operational system boundary and illustrate the potential performance indicators
that the framework can generate. Per-well analysis reveals variability in water and energy effi-
ciency across the multi-well system, highlighting the importance of fracture design and reservoir
characterization. The simulations also indicate that matrix contributions to total recovery are lim-
ited under the assumed conditions, suggesting potential benefits from strategies that enhance
matrix reactivity or transport processes. Overall, the framework provides an integrated approach
for exploring hydrogen production dynamics together with associated resource requirements. As
field and experimental data for geologic hydrogen systems become available, the framework can
be further refined through improved parameterization, sensitivity analysis, and calibration to sup-
port future technical, environmental, and economic assessments.
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INTRODUCTION

The intensifying global energy crisis, propelled by
geopolitical instability and the objectives of the 2015
Paris Agreement to restrict warming to below 2 °C and
achieve net-zero emissions by 2050, highlights the
pressing necessity for a swift transition to reliable, sus-
tainable energy sources [1]. A significant issue in this shift
is the identification of carbon-free, economically feasible,
and sustainable energy sources [2].

https://doi.org/10.69997/sct.143498
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Hydrogen has emerged as a cornerstone of the
global energy transition, offering a versatile, low-carbon
energy vector capable of decarbonizing hard-to-abate
sectors [3, 4]. While manufactured hydrogen from elec-
trolysis or reforming dominates current discourse, these
pathways remain constrained by high costs, scalability
challenges, and significant energy or carbon footprints
[5]. In contrast, geologic hydrogen naturally generated in
the subsurface through processes such as serpentiniza-
tion, radiolysis, and iron oxidation has recently attracted
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attention as a potentially abundant and low-emission al-
ternative [6]. The accidental discovery and subsequent
exploitation of native hydrogen in Bourakébougou, Mali,
demonstrated the feasibility of harnessing subsurface
hydrogen resources, catalyzing global interest in both
natural accumulations and engineered stimulation ap-
proaches [6-8].

Recent research has introduced the concept of
stimulated geologic hydrogen production, sometimes
termed "orange hydrogen, " which seeks to actively en-
gineer subsurface conditions to accelerate hydrogen-
generating reactions in iron-rich ultramafic rocks [9, 10].
Techniques such as hydraulic fracturing, thermal treat-
ment, chemical stimulation, and electrical reservoir stim-
ulation have been proposed to enhance permeability, re-
active surface area, and geochemical kinetics [11]. Nu-
merical modeling studies indicate that stimulation can in-
crease hydrogen yields by several orders of magnitude
compared to unstimulated systems, with fracture net-
works and damage zones playing a decisive role in ena-
bling efficient hydrogen migration and recovery [11, 12].
However, despite promising laboratory and pilot-scale
results, critical uncertainties remain regarding the effi-
ciency, sustainability, and resource requirements of such
systems [13].

A key challenge lies in balancing water and energy
inputs with hydrogen outputs. Stimulated systems re-
quire a continuous water supply to sustain serpentiniza-
tion, while compression and fracturing impose significant
energy costs [14]. Recent circularity studies suggest that
integrating waste heat recovery and water recycling can
reduce operational burdens, yet quantitative assess-
ments of water-energy—-hydrogen balances at the reser-
voir scale remain scarce. Moreover, while fracture-domi-
nated pathways have been shown to account for the ma-
jority of production [15], the contribution of the rock ma-
trix is often minimal, and this raises questions about how
stimulation design and reservoir characterization can be
optimized.

Against this backdrop, this study introduces an in-
tegrated process-modeling framework for evaluating ge-
ologic hydrogen recovery in hydraulically stimulated res-
ervoirs. The framework combines fracture propagation,
damage evolution, Darcy-scale multiphase flow, perme-
ability—aperture dynamics, and a dual-porosity dual-per-
meability (DPDP) representation to simulate hydrogen
production from fractured source rock systems.

Existing fractured-reservoir models primarily focus
on fluid flow and production forecasting, while reactive
transport models emphasize geochemical reactions and
species transport in porous media. These approaches are
typically applied independently and are not specifically
designed to evaluate the coupled production dynamics
and resource requirements associated with geologic hy-
drogen extraction.
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The framework developed in this study integrates
fracture-controlled flow behavior with a simplified repre-
sentation of hydrogen-generating reactions and explicit
accounting of water and energy inputs. This system-level
integration enables quantitative evaluation of water-en-
ergy-hydrogen trade-offs in hydraulically stimulated res-
ervoirs. It provides a basis for exploring operational con-
straints and efficiency considerations in geologic hydro-
gen development.

By linking subsurface production dynamics with re-
source-use metrics, the framework provides a tool for
estimating production performance, evaluating resource
consumption requirements, and informing future optimi-
zation of stimulation strategies. In the absence of field-
scale geologic hydrogen datasets, the framework is in-
tended as a first-order modeling approach that can be
refined as new experimental and field observations be-
come available.

The objectives of this study are therefore to (i) de-
velop the integrated modeling framework, (i) demon-
strate its application to hydraulically fractured hydrogen
systems, and (iii) evaluate production performance to-
gether with associated water and energy requirements.

FRAMEWORK DEVELOPMENT

This study develops an integrated process model-
ling framework to quantify hydrogen generation,
transport, and recovery in hydraulically stimulated geo-
logic hydrogen systems. The approach couples (i) frac-
ture propagation and damage evolution, (ii) dual-porosity
dual-permeability (DPDP) fluid flow, (iii) multiphase reac-
tive transport, (iv) permeability-aperture evolution, and
(v) thermal feedback from serpentinization reactions.

Governing Equations

In order to simulate the generation and transport of
geologic hydrogen in the source rock, mass and energy
conservation were solved.

or =
PC5 TV (prCp.sOT —kVT) = Qraa + AH, Ry (1)

Where p is the rock density, G, is the rock’s specific
heat capacity, p; is the fluid density, C, ; is the fluid spe-
cific heat capacity, v is the fluid velocity (m/s), T is the
temperature, k is the thermal conductivity, q,44 is the ra-
diogenic heat generation, AH, is the heat from serpentin-
ization (J/mol) and Ry, is the generation rate from serpen-
tinization (mol/m3.s).

acC, >

a_tH +Ve. (_DHVCH + UCH) = Ry — Ruicrobial — Rieak

(2)

Where Dy is hydrogen diffusivity, Cyis hydrogen
concentration  (mol/m3), R, icrobiar IS the  microbial
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hydrogen consumption, and Ry, is the loss due to leak-
age through fractures or faults.

"
max exp
Ry="e — P (3)

v, ,
(+exp (—;-2)

e(t) = — "o — (4)

—i—1;

1+exp(— /2)

Where ¢,,,, is the maximum reaction extent(%), t is
the time in days, ty, is the time to reach half-reaction ex-

tent (days), b is the rate constant in days, and ¢(¢) is the
reaction extent.

The fracture propagation with damage evolution
and the aperture evolution are accounted for using equa-
tions (5)-(7).

dD n
m =Ag5+(0— Gcrit)+ (5)

Where D is the damage variable, A, is the rate con-
stant for damage growth, o is the applied stress, and o,
is the threshold for damage initiation.

k(D) = ko + (1 + ;. D) (6)
a(D) = a, + (BD) (7)

Where a(D) is the evolving fracture aperture and
ai and B are sensitivity coefficients.

Mass transfer between the fracture and the fracture
and matrix is accounted for using the dual permeability
model.

Qf—>m= OC'(Pf_Pm) (8)

Where Qy.,,, is the flowrate between fracture and
matrix (m3/s), a is the transfer coefficient (s), and Py, B,
is the pressures in fractures and matrix.

The temperature feedback and fluid temperature
change in the fractures is accounted for using equations
(9) and (10), respectively.

Qrxn = AH.Ry — T =T" +%ern ()
—heA
Tous = Tg - (Tg —Ty) e exP(mcp,f) (10)

Where T,,, is the outlet fluid temperature, T, is the
rock matrix temperature, m is the fluid mass flowrate
(kg/s), Ais the contact area (m?), and k. is the convective
heat transfer coefficient.

Numerical Implementation

The governing equations describing fluid flow, hy-
drogen transport, and reaction extent were solved nu-
merically using a finite-difference discretization on a
structured grid. The spatial domain representing the res-
ervoir and fracture system was discretized into grid
blocks that capture both matrix and fracture regions
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within the dual-porosity dual-permeability framework.
Grid resolution was selected to resolve fracture-matrix
interactions while maintaining computational efficiency
adequately.

Time integration was performed using an implicit
time-stepping scheme to ensure numerical stability for
the coupled flow, transport, and reaction processes over
the simulation period. The time step size was adjusted to
capture the early-time production dynamics and longer-
term stabilization behavior observed in the system.

All simulations were conducted over a 365-day pro-
duction period using the parameter set described in Ta-
ble 1. The computational implementation was developed
in a numerical simulation environment capable of solving
coupled nonlinear equations representing subsurface
flow and reaction processes. Simulation runtimes for the
scenarios presented in this study were on the order of
minutes on a standard workstation, indicating that the
framework is computationally efficient for scenario anal-
ysis and preliminary system evaluation.

Table 1: Parameters used in this study

Parameter Value
Number of wells 5

Initial reservoir pressure 50 MPa
Reservoir thickness 50m

Rock density 3300 kg/m?3
Rock heat capacity 870 J/kg-K
Rock thermal conductivity 3.45 W/m-K
Matrix porosity 0.02

Matrix permeability 5x102mD
Hydrogen viscosity 8.90 x 10°® Pa-s
Enthalpy of reaction -520 J/mol
Matrix diffusivity 5x 108 m?/s

Fracture diffusivity
Reaction extent

1 x10°%5m?/s
0.30

Half-life 60 days
Hydrogen heat capacity 14, 300 J/kg-K
Hydrogen density 80 kg/m?®

FRAMEWORK VALIDATION

To evaluate the proposed framework, published
shale gas production results were used as a reference
dataset for benchmarking. Since direct field-scale data
for geologic hydrogen are not yet available, shale gas
was selected due to its analogous subsurface extraction
processes and reliance on hydraulic fracturing. Parame-
ters from Zhao et al. [16], who developed a variable-fi-
delity radial basis function (VFRBF) surrogate-assisted
model for multi-objective fracture stage placement opti-
misation, were incorporated into the framework to gen-
erate simulated production curves. This allowed the
framework outputs to be compared against a well- char-
acterised set of published results. The resulting
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cumulative production curves for a single well are shown
in Figure 1, illustrating the temporal evolution of gas pro-
duction predicted by the framework. Quantitative perfor-
mance metrics further confirm the close alignment, with
R?2=0.9928, RMSE=0.2689, and MAE=0.2108. These val-
ues indicate that the framework reproduces single-well
production dynamics with high fidelity, explaining more
than 99% of the variance in the surrogate data while
maintaining average errors below 0.3 million m3.
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Figure 1. Cumulative production curves for a single well
comparing Zhao et al. [16] and this study. The framework
demonstrates strong agreement with the VFRBF model,

supported by performance metrics: R?=0.9928,
RMSE = 0.2689, and MAE = 0.2108.
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Figure 2. Cumulative production curves for multiple wells
comparing Zhao et al. [16] and this study. The outputs
from this framework show close alignment with the
VFRBF model, validated by performance metrics:
R2=0.9940, RMSE = 0.3333, MAE = 0.3154.

The cumulative production curves produced by the
framework show strong agreement with the results re-
ported by Zhao et al. [16], suggesting that the framework
can reliably capture the dynamics of resource extraction
and production decline in hydraulically fractured reser-
voirs. A multi-well comparison is presented in Figure 2,
highlighting consistent trends and close alignment
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between the aggregated outputs and the results re-
ported by Zhao et al. over the production period. Statis-
tical validation supports this observation, with R2?
=0.9940, RMSE=0.3333, and MAE=0.3154. These met-
rics show that the framework explains over 99% of the
observed variance at the multi-well scale, with deviations
representing less than 2% of total cumulative production.

It should be noted that this comparison primarily
evaluates the framework's ability to reproduce produc-
tion decline behavior in hydraulically fractured reservoirs.
The benchmarking exercise, therefore, tests the produc-
tion forecasting component of the framework but does
not constitute direct validation of the coupled reactive
transport processes, thermal feedback mechanisms, hy-
drogen generation kinetics, or the water-energy ac-
counting components included in the model. Because
field-scale datasets for geologic hydrogen systems are
not yet available, validation of these processes remains
limited. The present comparison should therefore be in-
terpreted as a model-to-model benchmarking exercise
focused on production dynamics, providing an initial con-
sistency check rather than a comprehensive validation of
all coupled processes.

While shale gas differs from hydrogen-bearing for-
mations in geochemical properties, the observed align-
ment supports the framework's validity as a first-order
estimation tool. This validation establishes confidence in
the framework's applicability and provides a foundation
for future refinement once empirical data on geologic hy-
drogen become available.

FRAMEWORK APPLICATION

Following benchmarking with shale gas data, the
framework was applied to geologic hydrogen extraction
scenarios to demonstrate its utility in estimating resource
usage under realistic subsurface conditions. The applica-
tion considered hydrogen generation from source rock
formations, parameterized with representative geologic
and operational inputs. In this case, a multi-well develop-
ment consisting of five hydraulically fractured wells was
assumed, reflecting typical field-scale deployment strat-
egies in unconventional reservoirs. Table 1 shows the pa-
rameters used in this study.

The framework integrated source rock properties,
fracture design parameters, and well spacing to simulate
cumulative hydrogen production and associated re-
source requirements. The multi-well configuration al-
lowed assessment of inter-well interactions and aggre-
gate production behavior, providing insight into scalabil-
ity and efficiency. Results indicated that the framework
successfully captures the production dynamics across
the five-well system, generating a cumulative production
curve that highlights both individual well contributions
and overall field performance. This application
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demonstrates the framework's adaptability to geologic
hydrogen contexts and establishes a basis for future re-
finement once empirical hydrogen production data be-
come available.

The reaction extent formulation used in this study is
intended as a phenomenological representation of hy-
drogen generation from subsurface water-rock interac-
tions. Because field-scale kinetic data for geologic hy-
drogen systems remain limited, the model employs sim-
plified parameters that capture the dominant temporal
behavior of reaction-driven resource generation.

In this formulation, the half-life parameter repre-
sents an effective kinetic timescale governing the rate at
which reactive minerals contribute to hydrogen genera-
tion under reservoir conditions. The maximum reaction
extent parameter represents the fraction of the reactive
mineral inventory that can realistically participate in hy-
drogen-producing reactions, accounting for constraints
such as mineral accessibility, transport limitations, and
thermodynamic equilibrium.

These parameters should therefore be interpreted
as effective model parameters rather than direct meas-
urements of intrinsic reaction kinetics. Their values were
selected to represent plausible reaction timescales re-
ported in studies of water-rock reactions and hydrogen-
generating geochemical systems. Because uncertainties
remain in these processes, the present formulation is in-
tended as a first-order approximation suitable for frame-
work development. Future work will include systematic
sensitivity analysis and calibration as experimental and
field data for geologic hydrogen systems become availa-
ble.

The simulation results reveal a stark contrast be-
tween hydrogen production from the matrix and fracture
domains. As shown in Figure 3, the fracture system dom-
inates hydrogen output, with production rates rapidly ris-
ing to approximately 4000 kg/day within the first 100
days and remaining stable through 365 days. In contrast,
matrix production remains negligible throughout the sim-
ulation period, indicating a limited contribution to the
overall yield. This disparity underscores the critical role
of fracture-enhanced transport and reactivity in enabling
scalable hydrogen recovery from source rocks. The re-
sults demonstrate the framework's sensitivity to diffusiv-
ity and permeability parameters and highlight the im-
portance of fracture network design in optimizing hydro-
gen extraction efficiency.

Figure 4 illustrates the temporal evolution of hydro-
gen output and water utilization efficiency over a 365-
day simulation period. Hydrogen production rate in-
creases steadily during the initial 180 days, reaching a
plateau at approximately 4000 kg/day, consistent with
fracture-dominated flow behavior observed in earlier re-
sults. Simultaneously, water efficiency, defined as kilo-
grams of hydrogen produced per cubic meter of water
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used, rises gradually and reaches about 57 kg Ha/m?® by
day 365. This trend reflects improving resource utiliza-
tion over time, as the system becomes more productive
without proportional increases in water input.

Matrix vs Fracture Production
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Figure 3. Hydrogen production rate over time from matrix
and fracture domains
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Figure 4. Hydrogen production rate and water efficiency
over time
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The energy and water estimates reported in this
analysis are defined within a well-field operational sys-
tem boundary. The accounting includes the primary op-
erational energy inputs associated with subsurface hy-
drogen extraction, specifically hydraulic fracturing oper-
ations, fluid pumping during production, and gas com-
pression required for surface handling of the produced
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gas stream. Upstream processes such as drilling equip-
ment manufacturing, infrastructure construction, and
downstream processes, including hydrogen purification,
storage, or long-distance transport, are not included.
Consequently, the reported energy and water metrics
represent direct operational requirements rather than a
full life-cycle assessment. When comparisons are made
with conventional hydrogen production pathways, they
should therefore be interpreted as contextual bench-
marks rather than strict life-cycle comparisons.

The co-evolution of these metrics highlights the
framework's ability to capture both production dynamics
and sustainability indicators. The plateau in hydrogen
rate suggests stable fracture performance, while the
continued rise in water efficiency implies that early water
investment yields increasingly favorable returns. These
insights are critical for evaluating the viability of geologic
hydrogen extraction, especially in water-constrained en-
vironments. The results reinforce the importance of frac-
ture design and operational timing in optimizing both out-
put and efficiency.

Figure 5 provides insight into the evolving energy
performance of the hydrogen extraction system. Over
the 365-day simulation, the energy required per kilogram
of hydrogen decreases steadily from around 16 MJ/kg to
approximately 4 MJ/kg, indicating improved thermody-
namic efficiency as the system stabilizes. Concurrently,
the energy efficiency, expressed as kilograms of hydro-
gen produced per megajoule of input energy, increases
and plateaus near 0.25kg Hz/MJ. This inverse relation-
ship reflects the system's optimization over time, where
less energy is needed to sustain high hydrogen output.
These trends underscore the framework's ability to cap-
ture not only production dynamics but also energy sus-
tainability, offering a valuable metric for evaluating the
long-term viability of geologic hydrogen operations.

The key performance indicators over the 365-day
simulation period provide a comprehensive snapshot of
the system's overall efficiency and sustainability. Total
hydrogen production reached 1, 132, 287 kg, demon-
strating the scalability of the multi-well fracture-based
extraction approach. Water consumption averaged
0.02 m? per kilogram of hydrogen, translating to an over-
all water efficiency of 57 kg Hy/m3. This aligns with the
trends observed in the water efficiency graph, confirming
that the system maintains high productivity with minimal
water input.

Energy consumption averaged 3.40 MJ per kilogram
of hydrogen, yielding an overall energy efficiency of
0.29 kg H2/MJ. These values reflect the system's ability
to optimize energy use over time, as previously shown in
the declining energy-per-kilogram and rising energy effi-
ciency metrics. Together, these indicators validate the
framework's capacity to simulate not only production dy-
namics but also resource efficiency, offering a robust
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foundation for evaluating geologic hydrogen extraction
under realistic operational constraints.
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Figure 6. Fracture H, concentration distribution
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Figure 7. Matrix H, concentration distribution

The fracture hydrogen concentration distribution
shown in Figure 6 demonstrates the dominant role of
fracture networks in controlling recovery efficiency. Con-
centrations along the fracture plane are relatively uniform
and continuous, reflecting the high permeability and ap-
erture evolution captured in the dual-porosity dual-per-
meability (DPDP) framework. This behavior confirms that
fracture-dominated pathways serve as the primary con-
duits for hydrogen transport, accounting for the vast ma-
jority of cumulative production. The spatial spread of hy-
drogen within the fracture system highlights how fracture
propagation and connectivity enable rapid mobilization of
hydrogen, minimizing diffusion limitations and ensuring
efficient recovery at low water and energy costs.

By contrast, the matrix hydrogen concentration dis-
tribution in Figure 7 reveals a different behavior. Concen-
trations are localized and attenuated, with values signifi-
cantly lower than those observed in fractures. The
patchy distribution reflects the limited contribution of the
matrix to overall recovery, a consequence of lower per-
meability and slower diffusion processes. This observa-
tion aligns with the model's prediction that the matrix
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contributes minimally to total recovery, underscoring the
need for enhancement strategies such as chemical stim-
ulation to increase reactivity or thermal stimulation to ac-
celerate diffusion and desorption. The figure also high-
lights the heterogeneity of reservoir performance, where
matrix zones act more as secondary storage rather than
primary flow pathways.

Taken together, the two figures validate the DPDP
representation by illustrating the duality of reservoir be-
havior: fractures act as high-efficiency flow channels. At
the same time, the matrix functions as a low-efficiency
reservoir. This duality explains the efficiency trade-offs
identified in the system-wide benchmarks, where frac-
ture-driven recovery achieves specific energy consump-
tion of 3.4 MJ/kg H, and specific water consumption of
0.02 m3/kg H», an order of magnitude lower than conven-
tional hydrogen production methods. At the same time,
the limited matrix contribution points to opportunities for
optimization through stimulation design and reservoir
characterization. These results emphasize that while
fracture systems provide the cornerstone of geologic hy-
drogen recovery, unlocking the potential of the matrix re-
mains a critical frontier for future research and develop-
ment.

CONCLUSION

This study presents an integrated modeling frame-
work for estimating resource usage associated with geo-
logic hydrogen extraction via hydraulic fracturing. By
adapting published shale gas production results for
benchmarking and applying the framework to a multi-well
hydrogen development scenario, the model demon-
strates its capability to simulate fracture-controlled pro-
duction dynamics and associated resource utilization un-
der representative subsurface conditions. The results
highlight the dominant role of fracture networks in con-
trolling hydrogen recovery and illustrate how production
behavior, water use, and energy inputs evolve during res-
ervoir operation.

A key component of the framework is the phenom-
enological reaction-extent formulation used to represent
hydrogen-generating reactions. Although simplified rela-
tive to detailed geochemical models, this approach pro-
vides a practical means of exploring hydrogen generation
and production efficiency in the absence of well-con-
strained field-scale kinetic data. Under the simulated
multi-well scenario, the framework produced indicative
performance metrics including cumulative hydrogen pro-
duction of approximately 1.13 million kg, a water utiliza-
tion efficiency of about 57 kg H,/m?, and an operational
energy intensity of roughly 3.40 MJ/kg H,, corresponding
to an energy efficiency of 0.29 kg H,/MJ. These values
represent model-based estimates under the assumed
conditions and illustrate the type of system-level
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performance indicators that the framework can generate.

The framework is intended as an exploratory tool for
assessing production dynamics and resource require-
ments under data-limited conditions rather than as a fully
validated predictive model. The benchmarking exercise
against published shale gas results primarily evaluates
the framework's ability to reproduce production decline
behavior, while other components, including reactive
transport processes and hydrogen generation kinetics,
remain subject to uncertainty due to the limited availabil-
ity of field-scale geologic hydrogen datasets.

Despite these limitations, the framework demon-
strates how fracture-controlled production behavior,
simplified reaction modeling, and resource accounting
can be integrated within a single modeling structure. This
integration provides a basis for evaluating water-energy-
hydrogen trade-offs and exploring operational scenarios
relevant to geologic hydrogen development. As experi-
mental and field data become available, the framework
can be refined through improved parameterization, sen-
sitivity analysis, and calibration to support more detailed
technical, environmental, and economic assessments of
geologic hydrogen extraction.
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