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production from hydrocarbon
reservoirs – modelling study

Princewill M. Ikpeka *ab and Johnson O. Ugwua

The use of hydrogen is gaining reputation because of its many beneficial properties to the environment in

comparison to hydrocarbon not minding its net energy requirement for production challenges. With most

countries adopting a strategy to achieve their net-zero emissions targets, it becomes muchmore important

to find affordable, low-carbon ways of producing hydrogen. An innovative method of producing hydrogen

from hydrocarbon reservoirs while keeping the associated by-products in the reservoir has been

demonstrated researchers from the University of Calgary. However, in this study, a framework for

designing an in situ combustion model that considers four key hydrogen forming reactions – steam

reforming, partial oxidation, autothermal reforming and pyrolysis, was developed. A set of non-linear

equations obtained from chemical equilibrium analysis of the hydrogen forming reactions were solved

using a Newton-Jacobi interation. Analysis of the change in Gibbs free energy of each reaction were

then used as a screening tool for implementing a numerical model. Results obtained from the

combustion model were then validated against results obtained from thermal reservoir simulator CMG

STARS. Results from the model reveal an upward trending sinusoidal relationship between steam-carbon

ratio and the amount of hydrogen yield from an in situ hydrogen production study. The combustion

model could be used as a framework to design experimental analysis.
1 Introduction

Hydrogen can be obtained by converting the hydrocarbons in
situ through thermal combustion reactions taking place at the
reservoir conditions.1–3 This process also known as in situ
hydrogen production (IHP) and is an adaptation of the tech-
nology pioneered by researchers at the University of Calgary and
commercialized by Proton Technologies Canada Inc.4 The word
“in situ” means on site and denotes that the conversion process
occurs at the hydrocarbon reservoir. Hydrogen produced by this
technology is termed Aqua hydrogen. Aqua as a colour is ob-
tained when green and blue colour are mixed. As the name
implies, the aqua hydrogen pathway involves hydrogen
production from hydrocarbon, but in a process that is entirely
different from blue hydrogen pathway. During in situ hydrogen
production, oxygen-enriched air, is injected into a hydrocarbon-
bearing reservoir, and because of the elevated temperature of
the reservoir the air–oil mixture is ignited to begin combus-
tion.5,6 Ignition can be achieved by a variety of mechanisms or
processes, including auto-ignition, gas burners, electrical
heaters, and chemical reactions.7–10 This reaction produces heat
which leads to further hydrogen forming reactions:
igital Technologies, Teesside University,

ac.uk

deral University of Technology Owerri,

113
aquathermolysis, thermolysis, coke gasication, the water–gas
shi reaction and methanation.11

Hydrogen and other valuable gas are then extracted from the
subsurface through permeable membranes leaving CO2 and
other unwanted gases in the reservoir. The strongest appeal of
this pathway is that the CO2 produced are separated from
source point and dedicated facilities for CO2 transport and
storage are not required.12 However, the compromise for this
advantage is that conversion efficiency can be very low and there
is little control over the chemical reactions taking place at the
subsurface. Another important limitation of this technique is
that signicant heat is lost to the surrounding reservoir. The
process description of the technique developed by Gates &
Wang, (2017)1 is captured in Fig. 1. The set-up consists of two
horizontal Wells; one of the Wells serve as an Injection Well
while the other as a Production Well. The penetration depth of
the Production Well is designed to be lower than that of the
Injection Well. In the rst stage, oxygen is introduced into the
reservoir through the Injection Well, while the Production Well
remains shut. The injected oxygen initiates combustion reac-
tions at the reservoir. In stage 2, both Wells are shut-in to allow
further hydrogen forming reactions (water–gas shi, aqua-
thermolysis and gasication) to develop. As these reactions
continue at the reservoir, hydrogen formed (being lighter in
density) migrates towards the Production Well. In stage 3,
electromagnetic/radio frequency waves are used to propagate
the combustion zone and extend reactions happening in stage
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 In situ hydrogen production process adapted from (Gates &
Wang, 2017).1
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2. Then the Production Well (tted with membrane) is opened
to allow for hydrogen production.
2 Chemistry of in situ hydrogen
production

To understand how this technique can be applied for light oil
reservoirs, the chemistry of reactions favouring hydrogen
production needs to be appreciated. All hydrogen production
from hydrocarbons requires the presence of some or all of these
three keys elements: water (steam), oxygen and heat.1,13 At
reservoir conditions, water exist in combination other salts in
the form of brine, heat is present but not in sufficient quantity
to initiate hydrogen forming reactions while oxygen is absent.
When oxygen is introduced to the reservoir, the following
hydrogen forming reactions are anticipated during in situ
combustion.
2.1 Partial oxidation (POX)

Partial oxidation reaction generates hydrogen by partially
burning hydrocarbons in the presence of oxygen and steam.14 It
is an exothermic reaction because the heat produced during the
reaction is supplied by oxidizing some of the hydrocarbon. If
sufficient oxygen is introduced, complete combustion will yield
principally CO2 and H2O. Consequently, by controlling the
quantity of oxygen injected, incomplete oxidation occurs and
chemical equilibrium favours production of H2 and CO. For all
hydrocarbons, the partial oxidation reaction is idealized in two
parts. The rst part is given by eqn (1)

CnHm þ n

2
O2/nCOþ m

2
H2 (1)

For an ideal product mixture of CO and H2, it is deduced that
the optimum oxygen to carbon ratio is 0.5 i.e., one mole of
hydrocarbon requires approximately 1/2 moles of oxygen. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
second part involves reaction with steam to oxidize the CO into
CO2. The amount of steam added to the product gas from eqn
(1) is designed to attain a steam to carbon ratio of approximately
1 as shown in eqn (2).

nCOþ m

2
H2 þ nH2O/nCO2 þ

�
nþ m

2

�
H2 (2)

2.2 Steam reforming (SR)

Steam reforming involves reaction between steam and hydro-
carbon in the presence of heat. Steam reforming is strongly
endothermic meaning that an external heat source is required.
Steam reforming of hydrocarbons is the most used method of
hydrogen production accounting for about 96% of all hydrogen
produced.15,16 Although, catalysed steam reforming operates at
much lower temperature, uncatalyzed steam reforming gener-
ally occurs at a temperature range of 820–880 °C. The most
signicant difference between POX and SR is that in SR the
oxygen to carbon ratio is approximately zero whereas in POX is
almost 0.5. In addition to this, for SR the steam to carbon ratio
is much higher (almost double) than that required for POX
reaction. The SR process can be ideally modelled by eqn (3):

CnHm þ nH2O4nCOþ
�ðmþ 2nÞ

2

�
H2 (3)

2.3 Autothermal reforming (ATR)

The combination of Steam Reforming (SR) and Partial Oxida-
tion (POX) leads to Autothermal Reforming. In POX, hydro-
carbon is rst oxidized before reacting with steam, also SR, the
hydrocarbon reacts with steam at high temperature to yield
hydrogen. However, in ATR, all three components (steam,
hydrocarbon, and oxygen) react at the same time. Hypotheti-
cally, the oxygen-to-carbon ratio in an ATR ought not to exceed 1
while the steam-to-carbon ratio ought not to exceed 2. ATR
reactions are temperature and composition sensitive. This
implies that under certain conditions of temperature, and
steam/oxygen composition, thermo-neutral condition of the
ATR of hydrocarbons can occur. The general reaction for the
ATR process is given by eqn (4).

CnHmOp þ xO2 þ ð2n� 2x� pÞH2O/

nCO2 þ
�m
2
þ n2� 2x� p

�
H2 (4)

ATRs generally have the advantage of lower operating costs
than other processes and the near thermodynamic neutral
reaction makes it better alternative for reforming gas to liquid
hydrocarbons.15,17 In addition, CO2 generated during the ATR
process can be easily separated out and studies reports that CO2

capture rates up to 90%.18
2.4 Pyrolysis (PY)

In pyrolysis, hydrogen is produced by the decomposition of
hydrocarbon into its constituent elements (solid carbon and
hydrogen) under high temperature. At surface conditions, the
RSC Adv., 2023, 13, 12100–12113 | 12101
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Fig. 2 Summary of hydrogen forming reactions for hydrocarbons.

Fig. 3 Reservoir grid model based on Kenyon (1987).20

Table 1 Reservoir grid data

Parameter (unit) Value

NX = NY = 9, NZ = 4
DX = DY 293.3
Datum (subsurface),  7500 
Porosity (at initial reservoir pressure) 0.13
Gas/water contact,  7500 
Water saturation at contact 1.0
Capillary pressure at contact 0 psia
Initial pressure at contact 3550 psia
Water density at contact 63.0 lbm −3

Water compressibility 3.0 × 10−6 psi−l

PV compressibility 4.0 × 10−6 psi−l

Layer
Horizontal
permeability

Vertical
permeability

Thickness
()

Depth to
center
()

1 130 13 30 7330
2 40 4 30 7360
3 20 2 50 7400
4 150 15 50 7450
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pyrolytic process can be catalytically initiated, but at reservoir
conditions focus on the uncatalyzed reactions. Although depo-
sition of solid carbon in the form of Coke has the potential to
alter reservoir rock property, it is anticipated that hydrogen
produced via this process eliminates the need for secondary
reactions. For heavier hydrocarbon undergoing pyrolytic
process, the rst products are usually smaller components of
hydrocarbon.19 Because water and air are not involved in the
pyrolysis process, CO or CO2 are not formed. This reduces the
overall contribution to CO2 trapped within the subsurface
during the in situ hydrogen process. The general equation for
the pyrolysis reaction is given by eqn (5).

CnHm/nCþ m

2
H2 (5)

A summary of the hydrogen forming reactions available
during in situ hydrogen production process is captured in Fig. 2.

3 Reservoir model

To investigate the feasibility of producing hydrogen in situ on
a full-eld reservoir model, a reservoir model was adapted from
an initial model based on Kenyon (1987).20 Reservoir simulation
facilitates understanding of uid ow behaviour in the reservoir
and can be used as a tool to predict production rate under
diverse conditions.

A 3D reservoir grid model was built for the reservoir study
(Fig. 3) using a cartesian styled framework with 9 cells in the x-
direction, 9 cells in the y-direction and 4 layers in the z-direction
i.e., 9 × 9 × 4 grids. The layers are homogenous with a constant
porosity of 0.13 whereas the permeability and thickness of each
layer varied as captured in Table 1. Kenyon's model was origi-
nally designed for gas cycling, but for this study the injection
parameters have been modied to reect oxygen injection. The
initial conditions for the location of the gas/water contact and
the capillary pressure data generate a water/gas transition zone
extending into the pay layers. Relative permeability data for the
gas and liquid phase in the model was based on the simple
assumption that it depends on the saturation of that phase.
Phase saturation is dependent on the wettability of the rock,
capillary pressure, and saturation history. For the gas
12102 | RSC Adv., 2023, 13, 12100–12113
condensate uid model being used for the analysis, condensate
is immobile up to 24% saturation and gas relative permeability
(krg) is reduced from 0.74 to 0.40 as condensate builds to this
saturation with irreducible water present. To minimize
pressure-decline during production, water is injected at layer 4
which has a high permeability of 150 mD.
3.1 PVT data

PVT data used in this study were adapted to match uid
composition used for experimental analysis in the previous sub-
section. The PVT data include hydrocarbon sample analyses,
constant composition expansion data, constant-volume deple-
tion data and experimental data. To reconstruct the uid model
given by Kenyon (1987),20 the synthetic condensate sample used
for our experimental analysis21 is combined with a synthetic gas
sample based on the GOR. For this study, the target composi-
tion is known, and the liquid composition is also known,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reservoir fluid composition

Component Xi, mol (%) Yi, mol (%) Zi, mol (%)

Carbon dioxide, CO2 0.05% 1.26% 1.21%
Nitrogen, N2 0.01% 2.03% 1.94%
Methane, CH4 0.34% 69.08% 65.99%
Ethane, C2H6 0.39% 9.08% 8.69%
Propane, C3H8 0.49% 6.17% 5.91%
Butane, C4H10 0.97% 5.37% 5.17%
Pentane, C5H12 54.82% 0.23% 2.69%
Hexane, C6H14 9.58% 1.44% 1.81%
Heptane, C7H16 10.00% 1.04% 1.44%
Octane, C8H18 10.28% 1.09% 1.50%
Decane, C10H22 10.96% 0.25% 0.73%
Undecane plus, C11H24 2.11% 2.96% 2.92%
Total 100.00% 100.00% 100.00%

Table 3 Initial reservoir conditions

Parameter Unit Value

Total bulk reservoir volume Res 3 1.11488 × 109

Total pore volume Res 3 1.44926 × 108

Total hydrocarbon pore
volume

Res 3 1.13465 × 108

Original oil in place, OOIP Std bbl 3.38959 × 106

Original gas in place, OGIP Std 3 2.28722 × 1010

Fig. 5 Water (Krw) and oil (Krow) relative-permeability curves used in
simulation model.
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however the gas composition that would be used to reconstruct
the target composition is unknown. This means that the
composition of the gas that would blend with the liquid needs
to be calculated on the basis of the composition and properties
of the known sample. The gas composition is calculated using
eqn (6) and taking V as 0.96.

Zi = VYi + (1 − V)Xi (6)

where; Zi – known composition of the reservoir uid Xi – known
composition of the separator liquid (equivalent to the liquid
used for the experimental analysis), Yi – unknown separator gas
composition needed to blend the liquid into reservoir uid. V –

mole fraction gas based on the GOR stated in Kenyon (1987).20

The calculated gas composition recombined to create the
reservoir well-stream for depletion study is given in Table 2.

3.2 Reservoir modelling with thermal simulator

STARS – a thermal simulator developed by Computer Modelling
Group (CMG) soware was used to model the reservoir and PVT
data described in the previous subsection. The reservoir grid
was developed using a cartesian grid covering an estimated area
of 7 × 106 2. Fig. 4 gives a rendition of the reservoir model
produced by the CMG STAR simulator. Vertical heterogeneity is
captured by dening four layers with permeabilities ranging
Fig. 4 Reservoir grid layout generated by CMG STARS.

© 2023 The Author(s). Published by the Royal Society of Chemistry
from 2 to 15 mD. Based on data reported in Kenyon (1987),20

reservoir porosity was given as 0.13, initial reservoir pressure as
3550 psi, temperature of 200 °F, and rock compressibility of
3.60 × 106 1 psi−1. The initial reservoir conditions are listed in
Table 3. Two wells were completed in the model in a position
similar to that given Fig. 3 and production simulated for a total
of een years.

In addition, relative permeability curves were generated
using the Corey's model available. Fig. 5 and 6 summarize the
relative-permeability curves used in this study.
Fig. 6 Gas (Krg) and oil [condensate] (Krog) relative-permeability
curves used in simulation model.
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3.3 PVT match to the PVT data

The pressure/volume data in constant composition expansion
of the reservoir gas at 200 F is given in Fig. 7. Although some
minor disparities were observed at the lowest pressures shown,
the plot shows an overall excellent agreement between the
simulator model and PVT data given by Kenyon 1987.20 This
agreement is more so important within the pressure range of
2500 and 3400 psi where most of the study takes place. Fig. 8
shows how much liquid condenses out of the vapor phase in
constant volume depletion. The biggest differences between the
simulator model and the PVT data occur around 2500 psi
pressure where the highest liquid dropout varies between about
18 and 22% of the initial gas volume. It would later be observed
that the reservoir model forecast higher liquid saturation near
the wellbore, and this is attributed to ow and subsequent
deposition of heavier components in this area as a result of
decrease in pressure.
Fig. 7 Constant composition expansion (CCE) analysis.

Fig. 8 Constant volume depletion analysis.

12104 | RSC Adv., 2023, 13, 12100–12113
4 Combustion model for hydrogen
forming reactions

For consistency in our modelling study, only hydrogen forming
reactions applicable to the reservoir uid composition given in
Section 3 are considered for this analysis. The PVT data for our
reservoir model comprised of the following components:
methane, ethane, propane, butane, pentane, hexane, heptane,
octane and decane. To understand what hydrogen forming
reactions are possible during in situ combustion under reservoir
conditions, all four reactions (SR, ATR, PO and PY) highlighted
in the previous section, were modelled for each hydrocarbon
component. The gas condensate composition comprised of 9
components and for each of these components the four reac-
tions were modelled making it a total of 36 reactions. However,
to establish the framework for the analysis, only methane
reactions is presented. The reactions for other components are
covered in Appendix. The balanced reactions for methane are
captured by eqn (7a)–(7d).

CH4 + 2H2O / CO2 + 4H2 (7a)

CH4 + 0.5O2 / CO + 2H2 (7b)

CH4 + 2O2 / CO2 + 2H2O (7c)

CH4 4 C + 2H2 (7d)

However, under the reservoir pressure & temperature
conditions during in situ combustion, not all reactions will
occur naturally. Some reactions would spontaneous while
others would require additional energy to take place. To
understand what reactions will be spontaneous, change in
Gibbs free energy (DG) for each reaction is computed at
temperature and pressure conditions obtainable during in situ
combustion. Chemical equilibrium of reactions (7a)–(7d) is
represented by the equilibrium constants of each reaction,
which is a function of combustion temperature:

K1 ¼ pCO2$p
4H2

pCH4$p2H2O
¼ xCO2$ x4H2

xCH4$x2H2O
¼ exp

�
� DG0

1

RT

�
(8a)

K2 ¼ pCO$p2H2

pCH4$p0:5O2

¼ xCO$x2H2

xCH4$x0:5O2

¼ exp

�
� DG0

2

RT

�
(8b)

K3 ¼ pCO2$p
2H2O

pCH4: p2O2

¼ xCO2$x
2H2O

xCH4$x2O2

¼ exp

�
� DG0

3

RT

�
(8c)

K4 ¼ pC$p2H2

pCH4

¼ xC$x2H2

xCH4

¼ exp

�
� DG0

4

RT

�
(8d)

where DG° is the standard Gibbs free energy of each reaction, R
is the universal gas constant 8.314482 J mol−1 K−1 and T is the
reaction temperature in Kelvin.

The outlet composition for each mole of methane can be
calculated from the stoichiometry of reactions (8a)–(8d). The
molar ow rate of each chemical component participating in
the in situ combustion process in the reservoir is expressed in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Molar change of gas composition

i Inlet [mol] Reforming Partial oxidation
Autothermal
reforming Pyrolysis Outlet [mol]

CH4 1 −x −y −z −u 1 − x − y − z − u
H2O SC −2x 0 +2z 0 SC − 2x + 2z
CO 0 0 +y 0 0 y
CO2 0 +x 0 +z 0 x + z
H2 0 +4x +2y 0 +2u 4x + 2y + 2u
O2 OC 0 −0.5y −2z 0 OC − 0.5y − 2z
C 0 0 0 0 +u u
Total 1 + SC + OC 2x 1.5y 0 2u 1 + SC + OC + 2x + 1.5y + 2u
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Table 4. To compute the change in composition of the gas, we
assume that; x – conversion rate of steam methane reforming, y
– conversion rate of partial oxidation, z – conversion rate of
autothermal reforming, u – conversion rate of pyrolysis, SC –

steam composition, and OC – oxygen composition.
Consequently, the partial pressures of each chemical species

caused by the steam reforming, partial oxidation, autothermal
reforming, and pyrolysis reactions are given by eqn (9a)–(9g):

pCH4 ¼ 1� x� y� z� u

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9a)

pH2O ¼ SC� 2xþ 2z

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9b)

pCO ¼ y

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9c)

pCO2 ¼ xþ z

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9d)

pH2 ¼ 4xþ 2yþ 2u

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9e)

pO2 ¼ OC� 0:5y� 2z

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9f)

pC ¼ u

1þ SCþOCþ 2xþ 1:5yþ 2u
P (9g)

The equilibrium gas composition is then calculated by
solving the following system of eqn (10a)–(10d) for x, y, z and u.

pCO2$p
4H2

pCH4$p2H2O
¼ exp

�
� DG0

1

RT

�
(10a)

pCO$p2H2

pCH4$p0:5O2

¼ exp

�
� DG0

2

RT

�
(10b)

pCO2$p
2H2O

pCH4$p2O2

¼ exp

�
� DG0

3

RT

�
(10c)

pC$p2H2

pCH4

¼ exp

�
� DG0

4

RT

�
(10d)
© 2023 The Author(s). Published by the Royal Society of Chemistry
To solve these equations, Newton-Jacobi method was
implemented in a MATLAB program. In each iteration, Jacobian
matrix was used to solve the system of linear equations as
presented in eqn (11):
0
BBBBB@

f1ðx; y; z; uÞ
f2ðx; y; z; uÞ
f3ðx; y; z; uÞ
f4ðx; y; z; uÞ

1
CCCCCA

¼

0
BBBBB@

x

y

z

u

1
CCCCCA

0
BBBBBBBBBBBBBB@

vf1ðx; y; z; uÞ
vx

vf1ðx; y; z; uÞ
vy

vf1ðx; y; z; uÞ
vz

vf1ðx; y; z; uÞ
vu

vf2ðx; y; z; uÞ
vx

vf2ðx; y; z; uÞ
vy

vf2ðx; y; z; uÞ
vz

vf2ðx; y; z; uÞ
vu

vf3ðx; y; z; uÞ
vx

vf3ðx; y; z; uÞ
vy

vf3ðx; y; z; uÞ
vz

vf3ðx; y; z; uÞ
vu

vf4ðx; y; z; uÞ
vx

vf4ðx; y; z; uÞ
vy

vf4ðx; y; z; uÞ
vz

vf4ðx; y; z; uÞ
vu

1
CCCCCCCCCCCCCCA

(11)

The solution to eqn (11) gives us the equilibrium composi-
tion of the reactions based on the conversion rates of partial
oxidation, steam reforming, pyrolysis and autothermal
reforming. However, for eqn (11) to be solved, some initial
conditions need to be specied. The conditions for the calcu-
lations were designed to align with the initial conditions of the
reservoir: temperature, T = 200 F (366 K), pressure, P = 2500
psia (17 236 893 Pa), steam composition SC = 0.1, oxygen
composition OC = 0.01.

4.1 Characterizing the spontaneity of ISC reactions using
Gibbs free energy

The spontaneity of any chemical reaction can be characterized
by the change in Gibbs free energy (represented by DG) associ-
ated with that chemical reaction. DG is used to predict the
direction of the chemical reaction when the temperature and
pressure of the reaction is known. Although DG can predict the
direction of a reaction, it does not give us any information about
the rate of the reaction or the reaction path. A positive DG
implies that the reaction is nonspontaneous and requires an
external energy input to drive the reaction. Whereas a negative
DG means that the reaction is spontaneous and will proceed in
the forward direction without external energy input.
RSC Adv., 2023, 13, 12100–12113 | 12105
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Table 5 Computed parameters for change in Gibbs free energy based
on eqn (12)

Reference K ln K R ln K DG°

Eqn (8a) – DG1 245.0929 5.501637 −45.7406 113.3
Eqn (8b) – DG2 26.97207 3.294802 −27.393 −86.66
Eqn (8c) – DG3 86.21697 4.456867 −37.0544 −801.06
Eqn (8d) – DG4 11.42965 2.436211 −20.2547 50.49
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For each equilibrium reaction in eqn (8a)–(8d), the Gibbs
free energy is estimated using eqn (12):

DG = DG˚ + RT lnK (12)

where: DG° – standard-state free energy, R – ideal gas constant
(8.314 J mol−1 K−1), T – absolute temperature (Kelvin) and K is
the equilibrium constant for each reaction.

Aer solving the Newton-Jacobian matrix in eqn (11) stated
in the previous section, the calculated conversion rates of each
reaction are used to compute the equilibrium constant for each
methane reaction in Table 5 based on the assumptions of initial
condition of reservoir temperature and pressure conditions.

The resulting change in Gibbs free energy (DG) for each
reaction is captured in Fig. 9. The result of the analysis implies
that for the initial condition of reservoir temperature and
pressure specied in the previous subsection, all four reactions
in eqn (7a)–(7d) were spontaneous.

It is important to note that the Gibbs free energy (DG) shown
in Fig. 9 is only valid when the conversion rates obtained from
eqn (11) are constant. However, with continuous injection of air
into the reservoir, the initial condition of the reservoir will
induce changes in the equilibrium conversation rates. The
resultant effect of this dynamic process is that some reactions
may become non-spontaneous and proceed in the reverse
direction. To optimize hydrogen yield, the reservoir needs to be
within conditions that allows all hydrogen forming reactions to
remain spontaneous (i.e., having a negative DG).

Although in this section, the Gibbs free energy for only
methane reaction is displayed. Based on the composition of the
Fig. 9 Standard Gibbs free energy for methane–hydrogen reservoir
condition.

12106 | RSC Adv., 2023, 13, 12100–12113
condensate at reservoir condition, methane is only part of the
component of the overall composition. This analysis for
methane is given as a framework for other components.
Therefore, the analysis is repeated for each component in the
condensate composition and the details are given in the
appendix section.
5 Numerical simulation with CMG
STARS

Based on the conditions of the reservoir during the in situ
combustion process, 15 hydrogen forming reactions were
screened out aer analysing their change in Gibbs free energy
(explained in the previous section). This brings the total
number of possible reactions during the ISC process to 21
reactions modelled in eqn (13a)–(13u).

1.232O2 + Coke / 0.564H2O + 0.8995CO2 + 0.1CO (13a)

CH4 + 2O2 / 2H2O + CO2 (13b)

Gas + 2O2 / 2H2O + CO2 + 0.9695CO (13c)

H2O + Coke / CO + 1.558H2 (13d)

CO + 1.558H2 / H2O + Coke (13e)

H2O + CO / CO2 + H2 (13f)

CO2 + H2 / H2O + CO (13g)

2H2 + Coke / 1.068CH4 (13h)

1.068CH4 / 2H2 + Coke (13i)

CO + 0.5O2 / CO2 (13j)

H2 + 0.5O2 / H2O (13k)

O2 + C2H6 / 3H2 + 2CO (13l)

1.5O2 + C3H8 / 4H2 + 3CO (13m)

2O2 + C4H10 / 5H2 + 4CO (13n)

2.5O2 + C5H12 / 6H2 + 5CO (13o)

3O2 + C6H14 / 7H2 + 6CO (13p)

3.5O2 + C7H16 / 8H2 + 7CO (13q)

4O2 + C8H18 / 9H2 + 8CO (13r)

5O2 + C10H22 / 11H2 + 10CO (13s)

H2O + CH4 / 3H2 + CO (13t)

2H2O + C2H6 / 5H2 + 2CO (13u)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Thermodynamic parameters used for analysis

Parameter Value

Initial temperature, (C) 90
Initial pressure, (kpa) 24 476.39
Rock heat capacity (J m3 °C) 2.280 × 106

Rock thermal conductivity, (J m per day °C) 6.048 × 105

Water phase thermal conductivity (J m per day °C) 5.815 × 104

Oil phase thermal conductivity (J m per day °C) 1.339 × 104

Gas phase thermal conductivity (J m per day °C) 4320
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To determine the net hydrogen yield from the ISC process,
reactions (13a)–(13u) were simulated using a thermal reservoir
simulator – CMG STARS (2015). CMG STARS simulator uses
a nite volume approach to solve the energy balance (conduc-
tive and convective heat transfer) and component mass
balances (diffusive and advective mass transfer) during each of
the reactions listed in eqn (13a)–(13u). The component material
balance and energy balance equations used by the simulator is
stated in ref. 2. The rate of each reaction during the ISC is
dependent on the temperature according to the Arrhenius
relationship given by eqn (14)

Kreaction ¼ Ae
�E
RT (14)

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

Ideally the parameters for calculating the Arrhenius rate of
reaction should be experimentally determined. However, in the
absence of experimental data specic to this reservoir, data
from published experiments whose reactions are similar to the
reactions identied in eqn (13a)–(13u) were applied to generate
the rate of reaction. The kinetic data used to compute each
reaction rates and their respective sources are outlined in
Table 6. Higher hydrocarbons exhibit higher activation energy
and lower frequency factor.22,23 The frequency factor and acti-
vation energy for reactions (13l)–(13s) were obtained by modi-

fying reaction (2) using a factor of
�
1þ Cn

100

�
where Cn is the

number of carbon atom.

In addition to the kinetic data, the thermodynamic prop-
erties of the reservoir are given in Table 7. The initial pressure,
temperature, porosity, and permeability used for the simula-
tion are consistent with the reservoir properties described in
Table 1.
Table 6 Parameters for Arrhenius reaction extracted from published lite

Rxn
Reaction frequency
factor

Enthalpy
(−ve for endothermic

(13a) 3.881 × 100 3.946 × 105

(13b) 3.020 × 1010 8.910 × 105

(13c) 1.311 × 108 4.436 × 105

(13d) 2.117 × 107 −1.314 × 105

(13e) 5.291 × 102 1.314 × 105

(13f) 5.573 × 107 4.10 × 104

(13g) 4.29 × 109 −4.1 × 104

(13h) 3.162 × 104 7.489 × 104

(13i) 7.113 × 109 −7489 × 104

(13j) 1.123 × 107 2.830 × 105

(13k) 8.986 × 107 2.860 × 105

(13l) 2.990 × 1010 1.363 × 105

(13m) 2.960 × 1010 2.277 × 105

(13n) 2.929 × 1010 3.159 × 105

(13o) 2.899 × 1010 4.061 × 105

(13p) 2.869 × 1010 4.643 × 105

(13q) 2.839 × 1010 5.445 × 105

(13r) 2.809 × 1010 6.339 × 105

(13s) 2.778 × 1010 8.050 × 105

(13t) 2.017 × 107 −2.061 × 105

(13u) 1.817 × 107 −3.473 × 105

© 2023 The Author(s). Published by the Royal Society of Chemistry
6 Results and discussion
6.1 Evaluating in situ combustion performance

To visualize the nature of the combustion fronts during the in
situ combustion study, four cells were selected for further
investigation as shown in Fig. 10. The rst cell (1i, 1j and 3k)
hosts the injector well, through which oxygen is introduced into
the reservoir and combustion reaction is initiated. The
combustion front then migrates towards the producer well at
a rate dependent on the reservoir permeability, differential
pressure between reservoir pressure and bottom hole pressure
at producer well and nature of produced effluents. The second
cell selected for further investigation is the cell (9i, 9j and 3k)
which is farthest from the injector well block. This point
symbolizes the end of the combustion process and the
composition of the effluent uids in this cell determines the
success/failure of the entire process. The third cell (5i, 5j and 3k)
is chosen to simulate mid-point between the injector well and
producer well. The third cell forms a link and traces a transition
zone between the high temperature/pressure region in around
the injector well and the low temperature/pressure region in the
rature

reactions) [J]
Activation energy
(EACT) [J mol−1] Source

8.205 × 102 24
5.945 × 104 25
2.662 × 105

9.20 × 104 26
3.46 × 104 11
1.49 × 105

1.90 × 105

4.14 × 104 26
1.163 × 105

1.255 × 105 27
1.255 × 105

6.004 × 104 Modied from
reaction (2)6.064 × 104

6.123 × 104

6.183 × 104

6.242 × 104

6.302 × 104

6.361 × 104

6.421 × 104

9.20 × 104

9.62 × 104
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Fig. 10 Cells selected for further investigation.
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producer well. The fourth cell is the production well (7i, 7j
and 3k).

From Fig. 11, we observe that at the injector block (1i, 1j and
3k), the initial reservoir temperature (87.5 °C) increases steadily
within the rst 365 days of combustion and peaks at (104 °C). It
is to be noted that the temperature reported in this analysis is
the rock temperature and the pressure condition is set to
atmospheric pressure of about 101 kpa. To estimate the actual
combustion reaction, the rock thermal conductivity must be
factored in. The peak temperature is dependent on the
composition of the hydrocarbon and its heating value. Block (1i,
1j and 3k) depicts the combustion front for the in situ
combustion process. Aer attaining peak temperature, the
block temperature then declines exponentially with time as the
front propagates towards the production well.

At atmospheric pressure, the reservoir temperature near the
production wellbore declined steadily during the production
history of the well. The most plausible reason for this could be
explained by the joule thermal effect on the ue gases as they
expand from a region of higher pressure to lower pressure. i.e.,
isenthalpic cooling effect of gases as they migrate from regions
Fig. 11 Change in temperature during combustion at select points on
the reservoir grid (at atmospheric pressure).

12108 | RSC Adv., 2023, 13, 12100–12113
of higher pressure to regions of lower pressure. Besides the
areas around the injector and producer blocks, all other reser-
voir sections remain at fairly constant temperature during the
ISC process. However, when the initial reservoir pressure is
elevated to 24 131.65 kpa (an equivalent of 3500 psi), the
temperature prole changes as shown in Fig. 12. The rock
temperature around the injector well increases linearly by
a gradient of 0.016 °C per day and peaks at 150.6 °C aer 3285
days. The temperature of all other reservoir sections remained
fairly constant through-out the ISC process. The high temper-
ature recorded at the injector well could be attributed to the
increase kinetics of combustion as a result of higher pressure.
6.2 Effect of SC on H2/CO/CO2

Steam carbon ratio or steam composition inuences the ther-
modynamic equilibrium of the in situ combustion reactions.
Equilibrium thermodynamic analysis conducted by Lutz et al.,
(2003)28 suggest that higher steam-carbon ratio causes a corre-
sponding increase in the hydrogen yield at higher (reactor)
temperature. However, the results obtained from the
Fig. 12 Change in temperature during combustion at select points on
the reservoir grid (at reservoir pressure).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Effect of SC on H2/CO/CO2 partial pressure (combustion
model). Fig. 15 Effect of oxygen–carbon ratio on H2/CO/CO2 production.
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combustion model in this study (Fig. 13) suggest an upward
trending sinusoidal relationship between the steam-carbon
ration and hydrogen yield at the reservoir. Part of the reason
for this could be that when the steam-carbon ratio exceeds
a threshold, excess steam re-combines with carbon(IV) oxide to
yield methane. Comparing the simulator output in Fig. 14,
a similar trend to the combustion model was observed. It is
important to note that the analysis provided by the combustion
model outputs the effect of steam-carbon ratio as an effect on
partial pressure of the gaseous species of interest. Whereas the
analysis by the thermal simulator accounts for the actual yield
of the gases (i.e., H2, CO, CO2) owing through a porous media.
This explains why the results obtained from the simulator is
signicantly lower than that obtained from the combustion
model.

It is important to note that the effect of steam-carbon ratio is
also strongly dependent on the temperature of the reaction. The
results presented in both Fig. 13 and 14 were conducted at
constant temperature. While the data is not conclusive, an
interesting area of application of this model could be as an
optimization tool for experimental studies.
Fig. 14 Effect of SC on H2/CO/CO2 production rates (CMG STARS).

© 2023 The Author(s). Published by the Royal Society of Chemistry
6.3 Effect of oxygen composition on H2/CO/CO2

In contrast to the effect of steam-carbon ratio, the hydrogen
yield of the in situ combustion process decreases with excess
oxygen. For the numerical simulator, oxygen is only injected
aer the reservoir pressure declines below 2500 psi. This was
done to simulate condensate bank around the producing well.
Results from the combustion model reveals that excess beyond
the threshold of 0.5 leads to lower yield of hydrogen (see
Fig. 15). Interestingly the yield of CO2 and CO also lessens
within this section. This implies that a substantial portion of
the excess oxygen is oxidating the hydrogen molecules and
converting them to steam.

During the in situ combustion study, oxygen was injected at
a constant rate of 1000 m3 per day. However, because all the
injected oxygen were consumed during the reaction, time was
used as a measure of the oxygen–carbon ratio in Fig. 16. The
implicit assumption of the result obtained is that oxygen
injected into the reservoir mixes completely with the hydro-
carbon to support combustion. However, in a more realistic
scenario, the process of oxygen mixing is rarely fully complete.
Fig. 16 Effect of OC on H2, CO2, CO production rate (CMG STARS).
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The result obtained from the analysis reveal a downward
trending sinusoidal curve. Therefore, the combustion model
can be a useful tool to determine how much oxygen injection
then is required to allow for in situ combustion reaction and
obtain maximum yield of hydrogen.
7 Conclusion

In situ hydrogen production (IHP) from hydrocarbon reservoirs
is an interesting as well as exciting frontier for research.
Applications of this novel process could be extended to existing
oil/gas reservoirs and production facilities could be retrotted
to allow for hydrogen production. From literature, four broad
types of hydrogen forming reactions occur in the reservoir –

steam reforming, partial oxidation, autothermal reforming and
pyrolysis. In this paper, a model for characterizing these
hydrogen forming reactions under reservoir conditions was
formulated based on composition of the reservoir uid using
equilibrium reaction analysis. Change in Gibbs free energy of
each reaction, formed the basis of screening and implementa-
tion in a numerical simulator (CMG STARS). The results from
the model were then validated against that obtained from the
numerical simulator. Key ndings from this study include:

(i) The hydrogen yield from an in situ combustion process
increases positively with the steam-carbon ratio during
combustion. However, rather than a near exponential relation-
ship between both parameters (hydrogen yield and steam-
carbon ratio) as observed in most surface reactors, an upward
trending sinusoidal relationship is observed.

(ii) In addition to the steam-carbon ratio, the oxygen–carbon
ratio also affects the hydrogen yield from an in situ combustion
process. A downward trending sinusoidal relation between the
oxygen–carbon ratio and hydrogen yield is observed. Excess
oxygen oxidates the produced hydrogen into steam.

The model developed in this paper sets the framework for
future study in this direction and more importantly can be used
to optimize preliminary experimental investigations. Future
improvements in the combustion model could consider the
effect of reservoir geology & rock mineralogy and temperature
variations during combustion.
Appendix
A1: Hydrogen forming reactions

Ethane

C2H6 + 4H2O / 2CO2 + 7H2 (A1)

C2H6 + O2 / 2CO + 3H2 (A2)

C2H6 + 3.5O2 / 2CO2 + 3H2O (A3)

C2H6 / 2C + 3H2 (A4)

Propane

C3H8 + 6H2O / 3CO2 + 10H2 (B1)
12110 | RSC Adv., 2023, 13, 12100–12113
C3H8 + 1.5O2 / 3CO + 4H2 (B2)

C3H8 + 5O2 / 3CO2 + 4H2O (B3)

C3H8 / 3C + 4H2 (B4)

Butane

C4H10 + 8H2O / 4CO2 + 13H2 (C1)

C4H10 + 2O2 / 4CO + 5H2 (C2)

C4H10 + 6.5O2 / 4CO2 + 5H2O (C3)

C4H10 / 4C + 5H2 (C4)

Pentane

C5H12 + 10H2O / 5CO2 + 16H2 (D1)

C5H12 + 2.5O2 / 5CO + 6H2 (D2)

C5H12 + 8O2 / 5CO2 + 6H2O (D3)

C5H12 / 5C + 6H2 (D4)

Hexane

C6H14 + 12H2O / 6CO2 + 19H2 (E1)

C6H14 + 3O2 / 6CO + 7H2 (E2)

C6H14 + 9.5O2 / 6CO2 + 7H2O (E3)

C6H14 / 6C + 7H2 (E4)

Heptane

C7H16 + 14H2O / 7CO2 + 22H2 (F1)

C7H16 + 3.5O2 / 7CO + 8H2 (F2)

C7H16 + 11O2 / 7CO2 + 8H2O (F3)

C7H16 / 7C + 8H2 (F4)

Octane

C8H18 + 16H2O / 8CO2 + 25H2 (G1)

C8H18 + 4O2 / 8CO + 9H2 (G2)

C8H18 + 12.5O2 / 8CO2 + 9H2O (G3)

C8H18 / 8C + 9H2 (G4)

Decane

C10H22 + 20H2O / 10CO2 + 31H2 (H1)

C10H22 + 5O2 / 10CO + 11H2 (H2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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C10H22 + 15.5O2 / 10CO2 + 11H2O (H3)

C10H22 / 10C + 11H2 (H4)

A2: Molar change in gas composition
Conversion
parameter %
© 2023 The Author
(s). Publis
hed by the Royal Society of Chem
x 4
0%
 - Conversion rate of SMR

y 2
8%
 - Conversion rate of partial

oxidation

z 2
0%
 - Conversion rate of combustion

u 1
0%
 - Conversion rate of pyrolysis

SC 2
90%
 - Steam composition

OC 1
5%
 - Oxygen composition

P 1
.72 ×

107

kpa
 (2500

psi)
i

Inlet
[mol] R
eforming

P
o

artial
xidation C
ombustion P
yrolysis
i

Outlet
[mol]
Methane

xCH4
 0.00
 0.00
 0.00
 0.00
 0.00
 0.00

xH2O
 2.90 −
0.80
 0.00
 0.40
 0.00
 2.50

xCO
 0.00
 0.00
 0.28
 0.00
 0.00
 0.28

xCO2
 0.00
 0.40
 0.00
 0.20
 0.00
 0.60

xH2
 0.00
 1.60
 0.56
 0.00
 0.20
 2.36

xO2
 0.15
 0.00 −
0.14 −
0.40
 0.00
 −0.39

xC
 0.00
 0.00
 0.00
 0.00
 0.10
 0.10
Ethane

xC2H6
 0.00
 0.00
 0.00
 0.00
 0.00
 0.00

xH2O
 2.90 −
1.60
 0.00
 0.60
 0.00
 1.90

xCO
 0.00
 0.00
 0.56
 0.00
 0.00
 0.56

xCO2
 0.00
 0.80
 0.00
 0.40
 0.00
 1.20

xH2
 0.00
 2.80
 0.84
 0.00
 0.30
 3.94

xO2
 0.15
 0.00 −
0.28 −
0.70
 0.00
 −0.83

xC
 0.00
 0.00
 0.00
 0.00
 0.20
 0.20
Propane

xC3H8
 0.01
 0.00
 0.00
 0.00
 0.00
 0.00

xH2O
 2.90 −
2.40
 0.00
 0.80
 0.00
 1.30

xCO
 0.00
 0.00
 0.84
 0.00
 0.00
 0.84

xCO2
 0.00
 1.20
 0.00
 0.60
 0.00
 1.80

xH2
 0.00
 4.00
 1.12
 0.00
 0.40
 5.52

xO2
 0.15
 0.00 −
0.42 −
1.00
 0.00
 −1.27

xC
 0.00
 0.00
 0.00
 0.00
 0.30
 0.30
n-Butane

xC4H10
 0.01
 0.00
 0.00
 0.00
 0.00
 0.00

xH2O
 2.90 −
3.20
 0.00
 1.00
 0.00
 0.70

xCO
 0.00
 0.00
 1.12
 0.00
 0.00
 1.12

xCO2
 0.00
 1.60
 0.00
 0.80
 0.00
 2.40

xH2
 0.00
 5.20
 1.40
 0.00
 0.50
 7.10

xO2
 0.15
 0.00 −
0.56 −
1.30
 0.00
 −1.71

xC
 0.00
 0.00
 0.00
 0.00
 0.40
 0.40
n-Pentane

xC5H12
 0.56 −
0.22 −
0.16 −
0.11 −
0.06
 0.01

xH2O
 2.90 −
4.00
 0.00
 1.20
 0.00
 0.10

xCO
 0.00
 0.00
 1.40
 0.00
 0.00
 1.40

xCO2
 0.00
 2.00
 0.00
 1.00
 0.00
 3.00
stry
(Contd. )
i [

Inlet
mol] R
eforming o
Partial
xidation
RSC Adv
Combustion P
., 2023, 13, 12
yrolysis [
100–12113
Outlet
mol]
xH2 0
.00
 6.40
 1.68
 0.00
 0.60
 8.68

xO2 0
.15
 0.00 −
0.70
 −1.60
 0.00 −
2.15

xC 0
.00
 0.00
 0.00
 0.00
 0.50
 0.50
n-Hexane

xC6H14 0
.10 −
0.04 −
0.03
 −0.02 −
0.01
 0.00

xH2O 2
.90 −
4.80
 0.00
 1.40
 0.00 −
0.50

xCO 0
.00
 0.00
 1.68
 0.00
 0.00
 1.68

xCO2 0
.00
 2.40
 0.00
 1.20
 0.00
 3.60

xH2 0
.00
 7.60
 1.96
 0.00
 0.70
 10.26

xO2 0
.15
 0.00 −
0.84
 −1.90
 0.00 −
2.59

xC 0
.00
 0.00
 0.00
 0.00
 0.60
 0.60
n-Heptane

xC7H16 0
.10 −
0.04 −
0.03
 −0.02 −
0.01
 0.00

xH2O 2
.90 −
5.60
 0.00
 1.60
 0.00 −
1.10

xCO 0
.00
 0.00
 1.96
 0.00
 0.00
 1.96

xCO2 0
.00
 2.80
 0.00
 1.40
 0.00
 4.20

xH2 0
.00
 8.80
 2.24
 0.00
 0.80
 11.84

xO2 0
.15
 0.00 −
0.98
 −2.20
 0.00 −
3.03

xC 0
.00
 0.00
 0.00
 0.00
 0.70
 0.70
n-Octane

xC8H18 0
.11 −
0.04 −
0.03
 −0.02 −
0.01
 0.00

xH2O 2
.90 −
6.40
 0.00
 1.80
 0.00 −
1.70

xCO 0
.00
 0.00
 2.24
 0.00
 0.00
 2.24

xCO2 0
.00
 3.20
 0.00
 1.60
 0.00
 4.80

xH2 0
.00
 10.00
 2.52
 0.00
 0.90
 13.42

xO2 0
.15
 0.00 −
1.12
 −2.50
 0.00 −
3.47

xC 0
.00
 0.00
 0.00
 0.00
 0.80
 0.80
n-Decane

xC10H22 0
.11 −
0.04 −
0.03
 −0.02 −
0.01
 0.00

xH2O 2
.90 −
8.00
 0.00
 2.20
 0.00 −
2.90

xCO 0
.00
 0.00
 2.80
 0.00
 0.00
 2.80

xCO2 0
.00
 4.00
 0.00
 2.00
 0.00
 6.00

xH2 0
.00
 12.40
 3.08
 0.00
 1.10
 16.58

xO2 0
.15
 0.00 −
1.40
 −3.10
 0.00 −
4.35

xC 0
.00
 0.00
 0.00
 0.00
 1.00
 1.00
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