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A B S T R A C T

Energy transition is a key driver to combat climate change and achieve zero carbon future. Sustainable and cost-
effective hydrogen production will provide valuable addition to the renewable energy mix and help minimize
greenhouse gas emissions. This study investigates the performance of in-situ hydrogen production (IHP) process,
using a full-field compositional model as a precursor to experimental validation The reservoir model was
simulated as one geological unit with a single point uniform porosity value of 0.13 and a five-point connection
type between cell to minimize computational cost. Twenty-one hydrogen forming reactions were modelled based
on the reservoir fluid composition selected for this study. The thermodynamic and kinetic parameters for the
reactions were obtained from published experiments due to the absence of experimental data specific to the
reservoir. A total of fifty-four simulation runs were conducted using CMG STARS software for 5478 days and
cumulative hydrogen produced for each run was recorded. Results generated were then used to build a proxy
model using Box-Behnken design of experiment method and Support Vector Machine with RBF kernel. To
ascertain accuracy of the proxy models, analysis of variance (ANOVA) was conducted on the variables. The
average absolute percentage error between the proxy model and numerical simulation was calculated to be
10.82%. Optimization of the proxy model was performed using genetic algorithm to maximize cumulative
hydrogen produced. Based on this optimized model, the influence of porosity, permeability, well location, in-
jection rate, and injection pressure were studied. Key results from this study reveals that lower permeability and
porosity reservoirs supports more hydrogen yield, injection pressure had a negligible effect on hydrogen yield,
and increase in oxygen injection rate corelated strongly with hydrogen production until a threshold value beyond
which hydrogen yield decreased. The framework developed in the study could be used as tool to assess candidate
reservoirs for in-situ hydrogen production.

1. Introduction

The world’s energy demand is projected to grow due to population
growth, urbanization, and industrialization. Fossil fuels have been the
primary source of energy for the past 150 years, and their use has
contributed to environmental issues such as air pollution, greenhouse
gas emissions, and climate change. To preserve the earth’s environment
and biodiversity, it is critical then to find more sustainable energy
sources that matches projected energy demand growth [1]. Hydrogen is
an essential energy carrier that can potentially replace fossil fuels,
mitigate greenhouse gas emissions, and support the transition to a

low-carbon economy. However, current hydrogen production methods
based on steam methane reforming (SMR) are energy intensive,
consume lots of clean water and produce substantial CO2 as by-products
[2,3]. Supported by funding from both industry/government, several
studies have been made exploring alternative ways of producing cheaper
Hydrogen (H2) while sequestering the accompanying carbon dioxide
(CO2) and Carbon monoxide (CO). Gillick and Babaei [4] proposed a
system that gasifies natural gas within a downhole completion tool
installed at the wellbore, that converts methane wells into hydrogen
production wells. Other researchers focus on extending conventional
in-situ combustion (for heavy oils/Bitumen) process to achieve
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hydrogen production via gasification [5–9]. A few other studies have
been published investigating the use of microwave and electromagnetic
heating to generate hydrogen in petroleum reservoir in-situ [10,11].
In-situ hydrogen production (IHP) presents an interesting solution to
this problem. During in-situ hydrogen production process, oxygen (or
oxygen-enriched air) is introduced to the hydrocarbon reservoir to
initiate both exothermic and endothermic reactions. The heat released
from the exothermic reactions supplements the energy needed by the
endothermic reactions to produce hydrogen. A graphical illustration of
the IHP process is captured by Fig. 1. Hydrogen is produced via any
number of reactions at the elevated reservoir pressure and temperature
condition: aqua thermolysis, thermolysis, coke gasification, water-gas
shift reaction and methanation [12]. At the subsurface, hydrogen and
other valuable gases are then extracted using permeable membranes,
while leaving behind CO2 and other undesired gases.

Field-scale tests conducted in the past for in-situ combustion have
also demonstrated the feasibility of producing hydrogen in-situ as well;
14% hydrogen content reported by [42] in 1977, while Marguerite Lake
and Wolf Lake ISC projects operated by bp reported hydrogen contents
of 33 mol.% and 25 mol.% respectively [12,13]. In-situ hydrogen has the
potential to harness extensive hydrocarbon reserves that have been
deemed unrecoverable, as it provides a cost effective and sustainable
method for utilizing these depleted reservoirs while generating energy
in the form of hydrogen. One significant advantage of this approach is
that the CO2 produced can be separated at the source, eliminating the
need for dedicated facilities for CO2 transportation and storage [14].
Another strong appeal for this method is that it offers a cost-effective
solution for hydrogen production when compared to the existing
hydrogen production methods because it leverages on existing assets
deployed in the field and limits the need for additional infrastructures
[15,16]. In addition, the process has the potential to reduce emissions,
which is advantageous for both the environment and public health. This
is primarily achieved through controlled conditions during the process,
which allows for the simultaneous sequestration of impurities while
producing hydrogen [16]. However, the drawback of this advantage is
that there is a potential for significantly reduced conversion efficiency,
coupled with limited control over the chemical reactions occurring
beneath the surface.

Similar to conventional in-situ combustion process, IHP process is
dependent on several factors, some of which include reservoir rock
mineralogy [17], combustion temperature & pressure [8,18], hydro-
carbon composition [16,19], air/oxygen injection ratio [20] and injec-
tion strategy [9,17]. Temperature and pressure have an important effect
on chemical reactions and subsequent molecular motions. During hy-
drocarbon combustion higher temperature improves speed of molecular
motion, boosts effective molecule collision, and subsequently leads to
increase in reaction rates. In a lab scale simulation study by Song et al.
[8], hydrogen yield increased from 2% to 30% when the injection

temperature increased from 100 to 400 ◦C. The carbon activity during
steam methane reforming is closely related to the position of the reac-
tion equilibrium, i.e., higher temperature shifts equilibrium more to-
wards hydrogen and carbon oxide production. This implies that higher
reaction temperatures lead to higher hydrocarbon conversion and
hydrogen output regardless of the presence of catalyst [21]. However, as
the pressure increases with reaction temperature, the reservoir pore
structure may be altered. Changes in the rock mineralogy may follow as
more carbon deposits on the pore spaces. In addition, at higher tem-
perature, catalyst present in the clay deactivates rapidly because carbon
deposits (formed as an after-effect of increased forward reaction rate)
block active sites on the catalyst surface and this decreases the effec-
tiveness of the catalyst.

Reservoir geology encompasses a range of subsectors; petrophysical
and geophysical properties, rock mineralogy, reservoir stratigraphy and
sediment deposition patterns and heterogeneities such as fractures,
channels, or layered systems. Each of these properties influence either
positively or negatively the hydrogen yield obtained during in-situ
hydrogen process. Sandstone reservoirs are the most common targets
for in-situ combustion (ISC) projects [22]. Virtually all sandstone res-
ervoirs contain fractions of clay minerals. Although fine-grained clay
minerals are detrimental to reservoir quality especially because it de-
creases porosity and permeability by blocking pore space, they have
been found to be beneficial in some cases. Some clay minerals alter the
in-situ combustion rate by lowering the activation energy and catalysing
fuel oxidation (coke deposition) as result of high surface area of the clay
particles [23,24]. In addition, variations in reservoir thickness can in-
fluence the in-situ process. For example, thinner reservoirs lead to
greater heat loss, resulting in the need for higher air-oil ratios, and lower
combustion front temperatures [25].

The composition of hydrocarbon within the reservoir pore space also
affects the hydrogen yield of the in-situ hydrogen production process
[26,27]. The nature of the combustion front, the amount of heat
released, and the overall temperature increase during combustion are all
dependent on the hydrocarbon composition in the reservoir [18,28–30].
Hydrocarbon properties can be classified into several categories based
on API gravity (density), viscosity, or chemical composition. The hy-
drocarbon viscosity is dependent on the composition, reservoir tem-
perature and pressure. An important effect of viscosity on an IHP process
is coke (solids) deposition. A series of combustion tube experiments
conducted on five different crude oils, with API gravity ranging from 10◦

to 36◦, revealed that coke production increased as viscosity increased
and API gravity decreased [5,31,32]. Activation energy required for
thermal reactions is also dependent on the API gravity of the hydro-
carbon. In another study by Kok and Keskin [33] using three hydro-
carbon samples between 13◦ and 27◦ API, it was shown that heavier
hydrocarbons had lower activation energy for coke deposition.

In an earlier study [19], we developed a combustion model to
characterize the effect of steam composition, oxygen composition,
pressure, and temperature on hydrogen yield based on four hydrogen
forming reactions – steam reforming, partial oxidation, autothermal
reforming and pyrolysis. However, there is a need to understand the
influence of reservoir and well parameters on the amount of hydrogen
produced [17,26]. In this study, we evaluated the importance of 6
well/reservoir parameters using thermal model of a sandstone reservoir
developed on CMG STARS. The 6 factors identified as variables to be
studied are porosity, permeability, well location (I-location, and
J-location), injection rate and injection pressure. Due to the absence of
well-designed laboratory experiments, there are still no comprehensive
reaction models to describe the influence of these factors on hydrogen
yield. This study attempts to address this critical gap by employing the
use of numerical simulation as a precursor to conducting laboratory
experiments. The novelty of this study lies in its integration of numerical
simulations and proxy modelling to predict the impact of reservoir and
well properties on hydrogen yield, which could serve as a precursor to
conducting actual experiments. In addition, the study aims to establishFig. 1. Simplified illustration of the IHP process. Image adapted from [36].
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directionally, the influence of these reservoir and well properties on
optimum hydrogen yield during the IHP process.

2. Methodology

The initial step entails reproducing a functional reservoir model for
the numerical simulation. To do this, a cartesian grid type reservoir
model with dimensions consistent with the model used by Kenyon [34]
was adapted for the in-situ hydrogen production study. The reservoir
grid structure is made up of 9 cells in the i-direction, 9 Cells in the
j-direction and 4 cells in the k-direction as shown in Fig. 2. To simplify
the model and minimize computational cost, the entire reservoir grid is
simulated as one geological unit with a single point uniform porosity
value of 0.13 and a five-point connection type between each cell.

This means at any point in the hydrostatic pressure regime is in a
state of equilibrium. A summary of the reservoir data is provided in
Table 1 and the PVT data matched for both constant volume depletion
and constant composition expansion experiments.

To initiate combustion during the IHP process, oxygen is injected
into the reservoir model via the injection well located at (1i, 9j),
completed at layer (3-4k) in the k-direction. Hydrogen and other flue
gases are then produced at the production well located at (7i, 3j),
completed at layers (3-4k). PVT data used in this study were adapted to
match fluid composition used by Kenyon [34]. Based on the reservoir
fluid composition and the change in Gibbs Free Energy during the IHP
process, 21 hydrogen forming reactions were modelled according to
Ikpeka and Ugwu [19]. The hydrogen forming reactions include:

1.232O2 +Coke → 0.564 H2O+0.8995CO2 + 0.1CO (1)

CH4 +2O2 → 2H2O + CO2 (2)

Gas+2O2 → 2 H2O+CO2 + 0.9695CO (3)

H2O+Coke → CO + 1.558 H2 (4)

CO+1.558 H2 → H2O + Coke (5)

H2O+CO → CO2 + H2 (6)

CO2 +H2 → H2O + CO (7)

2H2 +Coke→1.068 CH4 (8)

1.068 CH4 → 2H2 + Coke (9)

CO+ 0.5O2→CO2 (10)

H2 +0.5O2→H2O (11)

O2 +C2H6 → 3H2 + 2CO (12)

1.5 O2 +C3H8 → 4H2 + 3CO (13)

2O2 +C4H10 → 5H2 + 4CO (14)

2.5 O2 +C5H12 → 6H2 + 5CO (15)

3 O2 +C6H14 → 7H2 + 6CO (16)

3.5 O2 +C7H16 → 8H2 + 7CO (17)

4 O2 +C8H18 → 9H2 + 8CO (18)

5 O2 +C10H22 → 11H2 + 10CO (19)

H2O+CH4 → 3H2 + CO (20)

2H2O+C2H6 → 5H2 + 2CO (21)

These reactions were simulated using a thermal reservoir simulator
[43] to calculate the overall amount of hydrogen produced through the
IHP process. The simulator uses a finite volume method to solve the
energy balance, considering conductive and convective heat transfer, as
well as the mass balance of various components, accounting for diffusive
and advective mass transfer. These calculations are performed for each
reaction listed in equations (1)–(21). The rate at which each reaction
occurs during the IHP depends on the temperature, which is determined
using the Arrhenius relationship described in equation (22).

Kreaction =Ae
− E
RT (22)

Where: A is the frequency factor, E is the activation energy, and R is the
universal gas constant.

Ideally, the parameters needed to calculate the Arrhenius rate of
reaction should be determined through laboratory experiments. How-
ever, since there are no experimental data available for this specific
reservoir, data from previously published literature were utilized to
estimate the reaction rates. The specific sources of data used to calculate
the rates of each reaction are provided in Table 2.

To understand the influence of reservoir and well parameters on the
amount of hydrogen produced, the following variables: porosity,
permeability, well location (I-location, and J-location), injection rate
and injection pressure, would be optimized. The minimum and
maximum values for each level were chosen to reflect realistic values of
the reservoir, to avoid impractical values of high/low and eliminate
extreme and impossible combinations with other factors in the design of
experiment (DoE). The input parameters used for the analysis are out-
lined in Table 3.

The response (output) parameter required from the simulator is cu-
mulative hydrogen produced (CHP). CHP was selected to align with the
objective of the IHP process which is to optimize total hydrogen pro-
duced as shown in equation (23).

CHP= f(X1,X2,X3,X4,X5,X6) (23)

Where: CHP – cumulative hydrogen produced, X1-6 – input parameter
being investigated.

The 6 factors identified could be further categorized into 3 main
group: Well control parameters (injection rate, injector pressure), Well-
placement parameters (producer location {i,j}), and reservoir parame-
ters (porosity and permeability). CMG STARS® was used for full field
reservoir simulation, and Design Expert® was used for design of
experiment. The results generated from the simulation runs were used to
build the proxy model. An analysis of variance (ANOVA) was conducted
on the model to verify its accuracy relative to the numerical simulations.Fig. 2. Reservoir grid structure for the in-situ hydrogen production study.
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Finally genetic algorithm in MATLAB was used to optimize the devel-
oped proxy model, aiming to determine the optimum values of reser-
voir/well parameters that will maximize hydrogen yield for the in-situ
hydrogen production study. This process is summarized by the flowchart
given in Fig. 3.

3. Analysis

Due to the large number simulation runs that will be required to
optimize the model, it is impractical to run direct optimization on CMG
STARS® due to computational cost. Using the data ranges for each
scenario shown in Table 3, parameter realizations for running reservoir
simulations were generated using Box Behnken design of experiment. In
the Box-Behnken design the levels of each factor are given at the mid-
points of the edges (red dots) and in the centre (blue dot) as shown in
Fig. 4. For each factor are 3 levels required: low case, mid case, and high
case.

For the six (6) variables, a total of 54 simulation runs were conducted
and the cumulative hydrogen produced during each run were measured.
Each simulation ran for 5478 days, and the cumulative hydrogen pro-
duced for each run is presented in Table A1 in the appendix section.
Analysing the result from each of the 54 scenarios shows that the
maximum and minimum CHP after 5478 days of production are
3.29E+05 m3 and 1.45E+03 m3 respectively. The time series plot of
each CHPs is given in Fig. 5.

The CHP for each scenario in combination with the respective input
parameters were analysed using design of experiment to generate a
proxy model. The variables of the proxy model can be categorized into 3
components: linear, interaction and quadratic components. Results from
the analysis of variance for the proxy model is given in Table 4. Results
from the analysis of variance (ANOVA) reveal that not all variables were
significant to the model i.e., p-value greater than 0.05.

To minimize the model size, terms with p-value lower than 0.05 (i.e.,
statistically significant variables) were isolated from the rest of the
parameter. However, injection pressure (X6) with a p-value of 0.956
which is greater than 0.05, was allowed in the proxy model to support
hierarchy. The proxy model generated is presented by equation (24):

CHP= aX1 + bX2 + cX3 + dX4 + eX5 + fX6 + g(X1 . X4)+ h(X1 . X5)

+ i(X2 . X4)+ j(X2 . X5)+ k(X3 . X4)+ l(X4 . X5)+m(X1)
2

+ n(X2)
2
+ q(X5)

2
+ P

(24)

Where: X1-6 – input parameter being investigated, P = − 290842.07, and
the lower-case alphabets are coefficients having the following values.

a 15966.63 e 915.52 i − 41.04 m − 282.73

b − 651.43 f − 0.03 j 0.42 n 1.35
c − 5734.62 g − 342.01 k − 705.41 q − 0.27
d 15238.5 h − 10.07 l − 15.83

Table 1
Reservoir grid data.

Parameter (unit) Value

NX = NY = 9, NZ = 4
DX = DY = 293.3 ft
Datum (subsurface), ft 7500 ft
Porosity (at initial reservoir pressure) 0.13
Gas/water contact, ft 7500 ft
Water saturation at contact 1.00
Capillary pressure at contact 0 psia
Initial pressure at contact 3550 psia
Water density at contact 63.0 lbm/ft3

Water compressibility 3.0 × 10− 6 psi-l

PV compressibility 4.0 × 10− 6 psi-l

Layer Horizontal
Permeability

Vertical
Permeability

Thickness
(ft)

Depth to
Center (ft)

1 130 13 30 7330
2 40 4 30 7360
3 20 2 50 7400
4 150 15 50 7450

Table 2
Parameters for Arrhenius reaction extracted from published literature.

Reaction Reaction
Frequency
Factor

Enthalpy (-ve for
endothermic
reactions) [J]

Activation
Energy (EACT)
[J/mol]

Source

1 3.881 x 100 3.946 x 105 8.205 x 102 [38]
2 3.020 x 1010 8.910 x 105 5.945 x 104 [39]
3 1.311 x 108 4.436 x 105 2.662 x 105

4 2.117 x 107 − 1.314 x 105 9.20 x 104 [40]
5 5.291 x 102 1.314 x 105 3.46 x 104 [12]
6 5.573 x 107 4.10 x 104 1.49 x 105

7 4.29 x 109 − 4.1 x 104 1.90 x 105

8 3.162 x 104 7.489 x 104 4.14 x 104 [40]
9 7.113 x 109 − 7489 x 104 1.163 x 105

10 1.123 x 107 2.830 x 105 1.255 x 105 [41]
11 8.986 x 107 2.860 x 105 1.255 x 105

12 2.990 x 1010 1.363 x 105 6.004 x 104 Modified
from
reaction 2

13 2.960 x 1010 2.277 x 105 6.064 x 104

14 2.929 x 1010 3.159 x 105 6.123 x 104

15 2.899 x 1010 4.061 x 105 6.183 x 104

16 2.869 x 1010 4.643 x 105 6.242 x 104

17 2.839 x 1010 5.445 x 105 6.302 x 104

18 2.809 x 1010 6.339 x 105 6.361 x 104

19 2.778 x 1010 8.050 x 105 6.421 x 104

20 2.117 x 107 − 2.061 x 105 9.20 x 104

21 2.117 x 107 − 3.473 x 105 9.20 x 104

Table 3
Input parameter range for the Box-Behnken design.

Parameter Unit Symbol Low Case Mid Case High Case

Porosity % X1 10 20 30
Horizontal

Permeability
md X2 20 100 200

Producer location (i) – X3 1 5 9
Producer location (j) – X4 2 5 9
Injection rate m3/

day
X5 500 750 1000

Injection pressure
(BHP)

kPa X6 24131.66 32750.1 41368.51

Fig. 3. Methodology employed to optimize proxy model.
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3.1. SVM with radial basis function (RBF) kernel

A second method was used to generate proxy model using SVM with
an RBF kernel. The SVM-RBF proxy model uses hidden layer of neurons,
each associated with a radial basis function, to transform the input
features into a higher -dimensional space where the parameters can be
easily approximated by a quadratic model [35]. In this case, input fea-
tures; porosity (%), permeability (md), P_i, P_J, Inj_Rate (m3/day), and
Inj_Press (kPa) were used to estimate the Cumulative Hydrogen

produced (m3). To generate the proxy model, we denote the input fea-
tures as X. Each input feature of X is then used to generate a radial basis
function as shown in equation in equation (25)

X= [x1, x2, x3, x4, x5, x6],∅i(X)= exp
(

−
‖X − Ci‖

2

2σi
2

)

(25)

Where.

• Ci is the center of the iii-th RBF neuron.
• σi is the spread (width) of the iii-th RBF neuron.
• X − Ci is the Euclidean distance between the input vector X and the

centre Ci.

The detailed algorithm is shown in Table 5.

3.2. Validation of proxy model

It is important to ensure that the proxy model is representative of the
numerical model with minimal deviations. To confirm this, we validated
the proxy model by comparing actual CHP (from simulator) to predicted
CHP (from proxy model) using the coefficient of determination, R2.
Additionally, we calculated Root Mean Square Error (RMSE) and
Average Absolute Percentage Error (AAPE) using equations (26) and
(27).

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1

(Simulated CHPi − Proxy model CHPi)
2

n

√

(26)

AAPE=
1
n
∑n

i=1

⃒
⃒
⃒
⃒
Simulated CHPi − Proxy model CHPi

Simulated CGPi

⃒
⃒
⃒
⃒ (27)

The DOE proxy model had an RMSE of 1.64E+05 m3 and an AAPE of
10.82%, whereas the SVM-RBF model had a higher RMSE of 3.11E+05
m3 and a significantly higher AAPE of 21.4%. The DOE proxy model is
clearly more suitable for this application, as it demonstrates much lower
error values in both RMSE and AAPE compared to the SVM-RBF model.
A potential reason for this difference may be due to the sample size. The
analysis was conducted using a dataset of 47 samples, which may not
have been sufficient for the SVM-RBF proxy model to characterize the
RBF neurons. A plot of actual vs. predicted cumulative gas produced,
and actual and predicted versus simulation runs are shown in Figs. 6 and
7 respectively.

3.3. Optimization

The more accurate proxy model (DOE proxy model) relating the

Fig. 4. Box-behnken design of experiment [37].

Fig. 5. Time series control chart for Cumulative hydrogen produced.

Table 4
Analysis of variance for the DOE Proxy model.

Coefficient Standard error T-value p-value Significant

Constant − 290842 84325.17 − 3.449 0.001 *
X1 15966.63 3160.402 5.052 0 *
X2 − 651.43 262.762 − 2.479 0.018 *
X3 − 5734.62 2737.697 − 2.095 0.043 *
X4 15238.5 7436.447 2.049 0.047 *
X5 915.52 160.613 5.7 0 *
X6 − 0.03 0.466 − 0.055 0.956
X1. X4 − 342.01 139.921 − 2.444 0.019 *
X1. X5 − 10.07 2.78 − 3.622 0.001 *
X2. X4 − 41.04 21.824 − 1.88 0.068
X2. X5 0.42 0.218 1.916 0.063
X3. X4 − 705.41 493.032 − 1.431 0.161 *
X4. X5 − 15.83 7.889 − 2.007 0.052 *
(X1)2 − 282.73 55.475 − 5.096 0 *
(X2)2 1.35 0.743 1.816 0.077 *
(X5)2 − 0.27 0.095 − 2.882 0.006 *

Table 5
Algortihm for generating SVM-RBF proxy model.

N Number of dataset available, N = {1,…,n}

X Input matrix, X = [x1,x2,x3,x4,x5,x6]

Ci Centre of the ith RBF neuron.
σi Spread (width) of the ith RBF neuron.
ŷ Vector of predicted values (Cum Hydrogen Produced (m3))
Φij RBF Matrix
1: for each input Xi and each neuron ∅j

2
Φij = ∅j(Xi) = exp

(

−

⃦
⃦Xi − Cj

⃦
⃦2

2σj2

)

3 Solve for weights and biases
4 ŷ = Φw+ b
5 [w,b] = min

w,b
‖y − (Φw+ b)‖2

6 Prediction
7

ŷ(X) =
∑N

i=1wi exp
(

−

⃦
⃦Xi − Cj

⃦
⃦2

2σj2

)

+ b

8 End
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response variable to the input parameters was modelled as non-linear
objective functions subject to lower and upper bound constraints.
Several optimization techniques could be applied to maximize the
objective function, however genetic algorithm was chosen because of its
stochastic non-derivative approach to obtaining the global maximum.
Genetic algorithms make use of heuristic search techniques that mimic
the process of natural evolution to produce successive high-quality so-
lutions based on an initial population. We implemented genetic algo-
rithm using the MATLAB global optimization toolbox and the objective
was set to maximize the response variable for each proxy models. The
outline of the genetic algorithm employed in this study is shown in
Fig. 8. The quality of the solution obtained from the genetic algorithm
optimization is dependent on; size of population, number of generations,
crossover rate, and mutation rate between parents and offspring’s so-
lution space. To ensure repeatability of the solution, the value of these
parameters used for the genetic algorithm and the results of the opti-
mization are given in Table 6.

4. Results and discussion

4.1. Effect of well injection parameters on IHP

Well injection parameters and its effect on the performance of the
IHP is important because of its economic and environmental implica-
tions. Besides the material being injected, the two most significant in-
jection parameters to be analysed are: injection rate and injection
pressure. The decision on what type or capacity of surface pumps to use
will depend on the whether the emphasis is on either higher pressure or
higher rate. From the proxy model, we find that injection pressure has
negligible effect on the cumulative hydrogen yield. Analysing the effect
of injection rate on the cumulative hydrogen produced (CHP), a negative
gradient between CHP and injection rate above 1200m3/day as shown in
Fig. 9. This implies that higher injection rates produced corresponding

lower cumulative higher hydrogen. The most plausible explanation for
this behaviour could be that injecting oxygen at a rate higher than 1200
m3/day would cause the excess oxygen injected to react with the pro-
duced hydrogen to yield water.

Observing the coupled effect of injection rate and permeability
changes on CHP, maximum CHP was attained at low permeability re-
gions with the injection rate around 1200 m3/day as observed in Fig. 10.
This implies that the volume of hydrogen recovered from the IHP study
strongly corelates with the quantity of oxygen injected into the reser-
voir. In addition, the relationship is further dependent on the reservoir
permeability and porosity as will be seen in section 4.2.

4.2. Effect of reservoir parameter – porosity and permeability on IHP

An understanding of the influence of reservoir parameters on the
performance of IHP is important especially as a pre-screening tool for
identifying suitable reservoirs for IHP application. Using the validated
proxy model developed in the previous section, a nonlinear relationship
between porosity, permeability and cumulative gas produced is given in
Figs. 11 and 12.

These results were obtained by keeping constant all other parameters
being investigated. From the analysis, lower porosity and permeability
reservoirs favours IHP process. The most plausible explanation for this
observation is that lower permeability and porosity reservoirs allow for
more residence time for reaction. Longer residence time favours more
hydrogen producing reactions due to prolonged reaction time. Investi-
gating the combined effect of permeability and porosity on CHP as
shown in Fig. 13, it was observed that permeability had a stronger in-
fluence on the CHP than porosity. However, the computation cost of
running a thermal simulation for small porosity and permeability is
considerably expensive.

4.3. Effect of Well placement on performance of IHP

Assuming the location of the injection well is known, to improve the
location of the Production Well in the reservoir, a data-driven technique
involving the use of genetic algorithm is utilized to estimate CHP at
different possible locations of {i} and {j} as shown in Fig. 14.

From the results analysed, a linear relationship was observed be-
tween the production well {i} and {j} locations and the cumulative
hydrogen produced. This implies that to recover the maximum amount
of CHP during the in-situ hydrogen process, the producer well should be
located closer to the edge of the reservoir boundary to cover more area.
Similarly for the CHP, the larger the reservoir area available to com-
bustion, the higher the hydrogen yield from the reservoir.

Fig. 6. Cross plot of the proxy model vs simulated CGP.

Fig. 7. Simulated and proxy model CHP plot against simulation runs.
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5. Conclusion

In-situ hydrogen production (IHP) could be potentially used to
extract value from depleted wells and presents an interesting solution to
sustainable hydrogen need. The IHP process is dependent on several
factors including reservoir rock mineralogy, combustion temperature
and pressure, hydrocarbon composition and the air/oxygen injection

Fig. 8. Flowgorithm of genetic algorithm used in this study.

Table 6
Parameters for tuning and optimization results from the genetic algorithm.

Parameter Value

Population size 100
Generations 100*number of variables
Reproduction 0.05*population size
Crossover function Constraint dependent
Mutation function Constraint dependent
Response Optimized parameters
Max CHP= 1.2 E+06 m3 X1 = 10, X2 = 20, X3 = 9, X4 = 9, X5 = 5000, X6 =

1712.48

Fig. 9. Effect of Oxygen injection rate on CHP.

Fig. 10. Coupled effect of Injection rate and permeabilities changes on CHP.

P. Ikpeka et al.



International Journal of Hydrogen Energy 80 (2024) 733–742

740

ratio. This paper highlights the relative influence of reservoir properties
as well as reservoir/well management decisions on hydrogen yield
during in-situ hydrogen production process. Temperature and pressure
play a key role during this process as in-situ hydrogen production is
achieved through in-situ combustion of hydrocarbon deep in the reser-
voir where CO2 is sequestered and stored in the reservoir. In addition,
the influence of the reservoir and well parameters on the hydrogen yield
during an in-situ hydrogen process is important as demonstrated by this
study. In this study, the influence of six factors (porosity, permeability,
producer I-location, producer J-location, injection rate and injection
pressure) on the hydrogen yield were studied. To accomplish this, a
proxy model was used as an approximate solution to full numerical
simulations (CMG STARS). From the study, injection pressure was
observed to have negligible effect on the cumulative hydrogen produced
while oxygen injection rates above 1200 m3/day was noted to have a
negative effect on the cumulative hydrogen produced (CHP). This im-
plies that during in-situ hydrogen process, there is an optimal injection
rate beyond which excess oxygen reacts with the hydrogen produced to
form water thereby reducing cumulative hydrogen yield. Another key
observation from this study is that reservoirs with lower porosity and
permeability favour more hydrogen yield. This is because lower
permeability corelates strongly with higher reaction residence time and
this allows for more hydrogen forming reactions to occur. Comparing
the influence of porosity against permeability on the hydrogen yield,
permeability was observed to have a stronger effect on CHP than
porosity. Finally, the distance of the combustion front to producer well is
also shown to affect the amount of hydrogen obtained from the in-situ
hydrogen process. It is important to note that this study assumes the
rate of oxygen diffusion into the reservoir is constant. Although not
realistic, this assumption implies that the combustion front moves at a
constant rate towards the production well. To understand the effect of
production well location, this study assumes the location of the injection
well is fixed. Different permutations of producer I-location and J-loca-
tion were simulations using a data-driven technique to estimate CHP. It
was observed that producer {i} and {j} locations furthest from the
injector well had the maximum CHP which implies that hydrogen yield
from the IHP process is proportional to the hydrocarbon in place. While
the result of this study provides some insights on how the 6 reservoir/
well parameters influence hydrogen yield, it is important to note that the
numerical model was set-up using kinetic models from literature out-
lined in Table 3. The simulator (CMG STARS) uses finite volume
approach to solve energy balance and component mass balance for each
reaction which makes kinetic and heat loss data necessary. For more
accurate result, the kinetic parameters need to be experimentally

Fig. 11. Relationship between permeability and CHP.

Fig. 12. Relationship between porosity and CHP.

Fig. 13. Coupled effect of porosity and permeability on CHP.

Fig. 14. Effect of Well placement on IHP performance.

P. Ikpeka et al.



International Journal of Hydrogen Energy 80 (2024) 733–742

741

obtained and validated by a well-designed laboratory investigation.
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