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Abstract: This paper addresses the problem of hydrogen generation from hydrocarbon gases using
Steam Methane Reforming (SMR) with byproduct CO2 injected into and stored in a partially depleted
oil reservoir. It focuses on the reservoir aspects of the problem using numerical simulation of the
processes. To this aim, a numerical model of a real oil reservoir was constructed and calibrated
based on its 30-year production history. An algorithm was developed to quantify the CO2 amount
from the SMR process as well as from the produced fluids, and optionally, from external sources.
Multiple simulation forecasts were performed for oil and gas production from the reservoir, hydrogen
generation, and concomitant injection of the byproduct CO2 back to the same reservoir. EOR from
miscible oil displacement was found to occur in the reservoir. Various scenarios of the forecasts
confirmed the effectiveness of the adopted strategy for the same source of hydrocarbons and CO2 sink.
Detailed simulation results are discussed, and both the advantages and drawbacks of the proposed
approach for blue hydrogen generation are concluded. In particular, the question of reservoir fluid
balance was emphasized, and its consequences were presented. The presented technology, using CO2

from hydrogen production and other sources to increase oil production, also has a significant impact
on the protection of the natural environment via the elimination of CO2 emission to the atmosphere
with concomitant production of H2.

Keywords: blue hydrogen generation; steam methane reforming; CO2 injection; enhanced oil
recovery; reservoir modelling and simulations

1. Introduction

In Europe and around the world, hydrogen is gaining importance as a raw material,
fuel, or energy carrier and storage medium due to the zero-emission transformation of
energy systems [1]. Depending on the production methods, hydrogen can be green, blue,
aqua, and white—called low-carbon hydrogen—and then grey, brown or black, yellow,
turquoise, purple or pink, and red—although naming conventions can vary across countries
and over time [2]. From an environmental protection perspective, the production of green
and blue hydrogen—with effectively no or very low CO2 emission to the atmosphere—is
the most desirable. At present, blue hydrogen, with an annual production of approximately
1 Mt, is mainly produced by reforming natural gas (Steam Methane Reforming—SMR), with
an energy efficiency of 62% to 80% [3,4]. CO2 is a byproduct of the SMR process, and the
resulting hydrogen is called grey hydrogen. This is how 62% of the world’s hydrogen is pro-
duced [1]. However, by injecting the obtained CO2 into underground geological structures
for safe and permanent storage, the classification of the generated hydrogen is changed
from grey to blue [5,6]. These structures include dedicated water-bearing formations as
exemplified by the Quest plant in Canada [7]. Most of the operational and/or advanced
preparation-stage blue hydrogen projects use depleted petroleum (mostly gas) reservoirs
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as CO2 storage structures. These include the Net-Zero Hydrogen Energy Complex project
in Canada [8], Tabangao refinery project in Philippines [9], Changwon Industrial complex
project in South Korea [10], and the Magnum project in the Netherlands [11]. The same
type of CO2 sequestration structures are also considered in future blue hydrogen projects:
the Acorn Aberdeenshire project [12], Net Zero Teesside project [13], Drax Humber cluster
project [14], and H2H Saltend project [15] in the United Kingdom; the H-Vision project [16]
and Blue Hydrogen plant project [17] in the Netherlands; the Preem project in Sweden [18];
and the HESC project in Australia [19].

An alternative way to utilize the CO2 as a byproduct resulting from the hydrogen
generation process is to use it in the EOR method by injecting it into a partially depleted
oil reservoir after the application of primary and secondary recovery methods [20,21].
This method provides a good alternative to CCS in aquifers [22,23]. The obtained CO2
can be used together with water in various EOR schemes such as CO2 WAG and CO2
SWAG [24–26]. The efficiency of these schemes can be further improved by selectively
injecting these fluids [26,27]. Under typical reservoir conditions of pressure and tempera-
ture, injected CO2 becomes an oil-displacing fluid via the miscible displacement mecha-
nism [28–30], causes a significant reduction in the final oil saturation and thus an increase
in the final oil depletion factor [24]. However, in certain reservoirs, the high miscibility
pressure presents a challenge for achieving miscibility under reservoir pressure condi-
tions. Some additives, as shown in [31,32], effectively reduce the miscibility pressure by
decreasing the interfacial tension (IFT) between oil and CO2, thus enhancing the miscible
displacement of oil by CO2 [33]. In this study, it was found that the miscible displacement
effect was achieved in the studied oil reservoir without the use of any additives mentioned
earlier. However, the use of these additives and their impact on the oil recovery factor from
the oil reservoir can be investigated in future studies. The method applied in our study
for CO2 utilization is quite unique [34] and has not been used in the petroleum industry of
Poland. Existing studies are restricted to the feasibility aspects of such projects and focus
on the technological side of hydrogen generation and CO2 capture [35,36]. Moreover, they
consider the cases of the hydrocarbon gas for the hydrogen generation originating from a
gas reservoir different from an oil reservoir where the byproduct CO2 is injected.

In this paper, we present the analysis results concerning blue hydrogen generation
combined with associated CO2 injection where the source of the hydrocarbon gas and
the sink of the injected CO2 are the same oil reservoir. The analysis focused on reservoir
aspects of the blue hydrogen generation and was performed by numerical modelling
of the reservoir and simulations of the relevant processes. Following the construction
and calibration of the reservoir model, multiple simulation forecasts were performed,
taking into account the balancing of the produced hydrocarbon gas and the injected CO2
resulting from the SMR process and the separation of the produced gas. Performing various
scenarios of the simulation forecasts allows the authors to assess the effectiveness of the
adopted strategy and to draw conclusions concerning detailed conditions of the analysed
process [24,35,37]. The authors used a compositional version of the commercial Eclipse
reservoir simulator from Schlumberger, to generate simulation forecasts. This version
allowed for accurate modeling of the reservoir fluid’s changing compositions during CO2
injection, as well as under varying pressure and temperature conditions. This resulted in
the displacement of oil in a miscible manner. Then, the simulation results are discussed and
both the advantages and drawbacks of the proposed blue hydrogen generation approach
are concluded.

2. Static and Dynamic Models of the Reservoir
2.1. Static Model of the Reservoir

The B3 oil reservoir occurs in an anticlinal structural form, mapped within the sand-
stone of the Paradoxides paradoxissimus horizon of the Middle Cambrian in the area of the
Łeba tectonic block. It is a layered structure. Crude oil saturates the sand series throughout
the profile of the reservoir level located above an underlying aquifer.
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From the top, the reservoir series is covered by tight geological strata of Upper Cam-
brian clay-carbonate formations, 3–6 m thick, overlaid by several-dozen-meter-high Or-
dovician clay-carbonate series, and then Silurian clay reservoirs, constituting a regional
trap. Below the reservoir series, there are insulating clay-sandy sediments of the Eccapara-
doxides oelandicus horizon. They are formed as mudstones and claystones with irregular
interbeddings of loamy sandstones. They mark the boundary of the central part of the
reservoir, where the oil–water contact has not been reached, while in the southern and
northern parts, the level of oil–water contact is assumed as the lower boundary.

The model of the discussed structure is characterized by a 3D grid size of
46 × 155 × 17 blocks with an average horizontal dimension of a single 100 block and
a vertical dimension not exceeding 4 m. The 3D view of this model is shown in Figure 1.
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Figure 1. Three-dimensional view of the model.

In the presented model, the average porosity ϕ = 7%, while the average horizontal
permeability kh = 49 mD. The vertical to horizontal permeability anisotropy kv/kh = 0.25.
Based on the geological model, a dynamic simulation model was built by supplementing it
with typical relative permeability [38] and capillary pressure curves [39] and the reservoir
fluid model presented below.

2.2. PVT Model of Hydrocarbon Formation Fluid

To determine the PVT model of the hydrocarbon reservoir fluid, the measured prop-
erties of the reservoir fluid from laboratory tests were used. For the multi-component
reservoir simulation model, a fluid model was created using the PVTsim program [40]
based on the SRK (Soave–Redlich–Kwong) state equation.

2.3. PVT Properties of Hydrocarbons

To determine the PVT properties of hydrocarbons for the reservoir simulation model,
a bottom-hole sample from the producing well was used with the chemical composition
given in Table 1.

Four types of PVT experiments were performed on the reservoir fluid sample with
the above-mentioned chemical composition: bubble point pressure, constant mass study,
differential vaporization, separation tests, and viscosity study. In the calibration procedure,
the following parameters of the equation of state of individual fluid components were
matched: critical pressure, critical temperature, acentricity coefficient, and five parameters
of the LBC (Lohrenz–Bray–Clark) viscosity model. Based on the obtained model, tables of
parameters required by the ECLIPSE 300 reservoir simulator were obtained.
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Table 1. Chemical composition.

Component Mole Fraction [%]

N2 1.09

CO2 0.13

H2S 0.00

CH4 19.17

C2H6 12.58

C3H8 11.93

i-C4H10 1.30

n-C4H10 5.59

i-C5H12 1.56

n-C5H12 4.23

pseudo C6H14 5.52

pseudo C7H16 6.58

pseudo C8H18 6.54

pseudo C9H20 4.45

pseudo C10H22 3.56

pseudo C11H24 2.23

C12+ 13.54

2.4. PVT Properties of Formation Water

For formation water with density ρw = 1015 kg/m3 at temperature Tres = 62 ◦C and
pressure P = 172 bar, the following properties were determined based on the standard
correlations for reservoir brine:

• Water formation volume factor, Bw = 1.0092 m3/Nm3;
• Isothermal compressibility, cw = 5 × 10−4 1/bar;
• Viscosity, µw = 0.47 cP;
• Coefficient of viscosity change with pressure, 1

µw

dµw
dP = 8.5 × 10−5 1

bar .

2.5. History Matching

As a result of oil production without the use of any EOR from the reservoir conducted
since 1992, the average reservoir pressure dropped by approx. 16% according to initial
pressure up to the present. On average, 11 producers worked in the field, some of which
were reconstructed.

As a result of the modifications of the reservoir fluid model along with the modification
of the endpoints for the relative water permeability curve, a correct fit of the simulation
model results for the bottom-hole pressure, gas/oil ratio, and water cut to the observed
points was obtained. These adjustments for an exemplary production well are shown in
Figures 2–4. The mean and standard deviation of the measured GOR were calculated, and
the results of the simulation were found to be within the standard deviation range of the
mean value, as presented in Figure 3. The error bars are not visible in Figures 2 and 4 for
WCT and BHP/Pini, respectively, due to their high accuracy (error below 1%).
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Figure 2. The result of the bottom pressure matching process for an example well.
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Figure 3. The result of the gas–oil ratio matching process for an example well.

Energies 2024, 17, x FOR PEER REVIEW 5 of 19 
 

 

 

Figure 2. The result of the bottom pressure matching process for an example well. 

 

Figure 3. The result of the gas–oil ratio matching process for an example well. 

 

Figure 4. The result of the water cut matching process for an example well. 

The average reservoir pressure throughout the entire history of the oil production 
from the reservoir did not fall below the saturation pressure, as a result of which the 
gas/oil ratio obtained from the simulation model for production wells remained at a con-
stant level of the initial gas/oil ratio. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25 30

Re
la

tiv
e 

bo
tto

m
-h

ol
e 

pr
es

su
re

, B
HP

/P
in

i[
-]

Time [years]

simulation results
measurements

0

20

40

60

80

100

120

140

160

180

200

0 5 10 15 20 25 30

Ga
s-

oi
l r

at
io

, G
OR

 [-
]

Time [years]

measurements
mean of measurements
mean of measurements - std. deviation
mean of measurements + std. deviation
simulation results

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25 30

W
at

er
 cu

t, 
W

CT
 [-

]

Time [years]

simulation results
measurements

Figure 4. The result of the water cut matching process for an example well.

The average reservoir pressure throughout the entire history of the oil production
from the reservoir did not fall below the saturation pressure, as a result of which the gas/oil
ratio obtained from the simulation model for production wells remained at a constant level
of the initial gas/oil ratio.
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As a result of injecting water into the reservoir, its amount in the reservoir increased
as well as water saturation and mobility. In addition, the dominant direction of water
migration is the direction from the injectors to the producers along the induced pressure
gradients. As a result, oil production decreased relatively quickly.

3. Simulation Forecasts of the EOR Process with CO2 Injection
3.1. General Assumptions

To assess the effectiveness of the adopted EOR strategy, prognostic scenarios were
developed covering the development strategies for the enhanced oil production from the
reservoir from 1 June 2022 to 1 June 2042. Other basic assumptions for oil production from
the reservoir are the following (see the Nomenclature section for the detailed definitions of
used quantities):

– Initial oil production rate: qo,prod,0 = 600 Nm3/d;
– Composition of the injected gas: cCO2inj = 100%;
– Water injection rate in terms reservoir volume: qvw,inj = qv,prod − qvCO2,inj [Rm3/d];
– Minimum water injection rate: qw,inj,min = qw,prod [Sm3/d];
– List of producers: P1, P2, P3, P4, P5, P6, P7, P8, P9, P10, P11;
– List of water/CO2 injectors: I1, I2, I3, I4, I5, and converted wells;
– Rate of hydrocarbon gas used for the rig’s consumption: qg,cons = 18,000 Nm3/d;
– Maximum rate of injected CO2 originating from the SMR process of the hydrocar-

bons in the produced gas and separated from that gas, assuming 100% efficiency of
these processes;

– Maximum rate of injected CO2 originating from the outside sources (determined by the
capacity of the tanker and the cyclical nature of deliveries): qCO2ext = 500,000 Nm3/d;

– Minimum bottom-hole pressure of producers, Pbhp,prod,min = 90 bar;
– Maximum bottom-hole pressure of CO2 injectors, Pbhp,injCO2,max = 220 bar;
– Maximum bottom-hole pressure of water injectors, Pbhp,injH2O,max = 250 bar;
– Contributions of individual producing wells to the total produced stream according

to the last year’s historical data;
– Contributions of individual injecting wells to the total injected stream according to

the well injection potentials.

3.2. SMR

In order to calculate the volume of the CO2 stream obtained from the SMR [3,41] and
the other component from the separation process on the produced gas, the algorithm shown
in Figure 5 was incorporated into the simulation model. This implementation was made
possible through the Eclipse simulator’s specific capabilities, (by so-called user-defined
quantities). This capability enables the implementation of external algorithms, such as an
injection control algorithm, based on the production of CO2.

In the algorithm presented above, the gas balance (hydrocarbons and CO2) was used
in the production of hydrogen in the SMR reaction from hydrocarbon gas produced in the
process of oil production from the reservoir coupled with CO2 reinjection.

The effective formula of hydrogen generation in the SMR reaction for the hydrocarbon
component of a carbon number n is given by the following:

CnH2m + 2nH2O → (2n + m)H2 + nCO2 (1)

i.e., each mole of such component produces n moles of CO2, which determines the basic
calculation of the analyzed process. In particular, the rate of CO2 available for the injection,
qCO2,inj, into a target reservoir is a function of the known gas rates and their compositions,
and it is calculated according to the following formula:

qCO2,inj = uCO2,inj MWCO2 /ρCO2 (2)
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where uCO2,inj is the CO2 molar injection rate that takes into account the CO2 separated
from the reservoir production fluids and combined with the CO2 from the SMR, uCO2,prod:

uCO2,inj = uCO2,SMR + uCO2,prod (3)

where uCO2,SMR is the molar rate of CO2 from the SMR process:

uCO2,SMR = uCH,SMR∑carbon no. j

jcCj,prod

1 − cCO2

(4)

Here, uCH,SMR is the molar rate of the hydrocarbon components in the SMR inflow gas
given by the following:

uCH,SMR = ug,prod − ug,cons − uCO2,prod (5)

where the molar rate of the reservoir gas production, ug,prod, is reduced by the gas con-
sumed by the production/injection system, ug,cons, and by the CO2 separated from the
produced gas, uCO2,prod.

These molar rates result from their volume rates: qg,prod, qg,cons, qCO2,prod, respectively:

ug,prod = qg,prod ρg,prod/MWg,prod (6)

ug,cons = qg,cons ρg,prod/MWg,prod (7)

uCO2,prod = qCO2,prod ρCO2 /MWCO2 (8)

Here, the mole weight of the produced gas is given by the following:

MWg,prod = ∑gas component i cI,prodMWI (9)

The other quantities of the above formulae are defined in the Nomenclature section.
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3.3. Base Forecast—Scenario I

Scenario I assumes the continuation of oil production with constant water injection. Its
results, shown in Figure 6, are determined by the limitation of the minimum bottom-hole
pressure in producers, Pbhp, prod, min.
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Figure 6. Scenario I. Reservoir pressure, oil rate, and total oil production.

To maintain oil production at a high level throughout the forecast period, it was
necessary to maintain the average reservoir pressure at a constant level, which was achieved
by balancing the produced fluids by injecting water into the reservoir (Figures 6 and 7).

Energies 2024, 17, x FOR PEER REVIEW 8 of 19 
 

 

These molar rates result from their volume rates: qg,prod, qg,cons, qCO2,prod, respectively: 

ug,prod = qg,prod ρg,prod/MWg,prod  (6)

ug,cons = qg,cons ρg,prod/MWg,prod  (7)

uCO2,prod = qCO2,prod ρCO2/MWCO2  (8)

Here, the mole weight of the produced gas is given by the following: MW୥,୮୰୭ୢ = ∑ c୍,୮୰୭ୢMW୍୥ୟୱ ୡ୭୫୮୭୬ୣ୬୲ ୧   (9)

The other quantities of the above formulae are defined in the Nomenclature section. 

3.3. Base Forecast—Scenario I 
Scenario I assumes the continuation of oil production with constant water injection. 

Its results, shown in Figure 6, are determined by the limitation of the minimum bottom-
hole pressure in producers, Pbhp, prod, min. 

 

Figure 6. Scenario I. Reservoir pressure, oil rate, and total oil production. 

To maintain oil production at a high level throughout the forecast period, it was nec-
essary to maintain the average reservoir pressure at a constant level, which was achieved 
by balancing the produced fluids by injecting water into the reservoir (Figures 6 and 7). 

 

Figure 7. Scenario I. Rate and total water production and injection. 

0.4

0.6

0.8

1

1.2

1.4

1.6

30 32 34 36 38 40 42 44 46 48 50

Re
la

tiv
e 

av
er

ag
e 

re
se

rv
oi

r p
re

ss
ur

e,
 P

/P
in

i[
-],

 
re

la
tiv

e 
oi

l p
ro

du
ct

io
n 

ra
te

 q
o/

q o
0

[-]
, 

re
la

tiv
e 

to
ta

l p
ro

du
ct

io
n,

 N
p/

N p0
[-]

Time  [years]

P/Pini
Np/Np0
qo/qo0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

30 32 34 36 38 40 42 44 46 48 50

Re
la

tiv
e 

to
ta

l w
at

er
 p

ro
du

ct
io

n,
 W

p/
W

p0
[-]

, 
re

la
tiv

e 
w

at
er

 p
ro

du
ct

io
n 

ra
te

, q
w

/q
o

[-]
, 

re
la

tiv
e 

to
ta

l w
at

er
 in

je
ct

io
n,

 W
in

j/W
in

j0
[-]

, 
re

la
tiv

e 
w

at
er

 in
je

ct
io

n 
ra

te
, q

w
in

j/q
w

[-]

Time  [years]

Wp/Wp0
qw/qw0
Winj/Winj0
qwinj/qw0

Figure 7. Scenario I. Rate and total water production and injection.

For this purpose, water injectors located at the water–oil contour in the eastern part
of the field were used. As a result of field operation at a constant average reservoir
pressure (above saturation pressure), a decrease in the gas production rate was obtained as
a consequence of a decrease in the oil production rate (Figure 8).
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Figure 8. Rate and total gas production.

The effect of intensive water injection into the reservoir is the reduction in oil saturation
to the critical value of Socr = 0.30 (Figure 9).
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Figure 9. Scenario I. Distribution of oil saturation on a vertical cross-section along the main axis of
the structure passing through the P1 well at the end of the forecast in 2042.

On the other hand, Figures 10 and 11 show that water injection in the forecast period
does not cause a significant reduction in oil saturation.
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3.4. Forecasts with the Injection of CO2 from the SMR—Scenario II

Using the gas flow diagram for the production of H2 and CO2 and the separation of
CO2 from the produced gas (Figure 5), four prognostic Scenarios were prepared, assuming
the injection of CO2 into the reservoir through selected wells, according to Table 2.

Table 2. List of injectors for Scenarios IIa–IId.

Scenario Water Injectors CO2 Injectors

IIa I1, I5, I2, I4 I3
IIb I1, I5, I2, I3, I4 I6 converted from P1
IIc I1, I5 I2, I3, I4
IId I1, I5 I2, I3, I4, I6

In these scenarios, a very small improvement in oil production was obtained (Figure 12),
which was related to the relatively small amount of CO2 from the hydrocarbon gas SMR
and the separation of the produced gas.
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Figure 12. Scenario IIa, IIb, IIc, IId. Reservoir pressure and total oil production.

Moreover, three years after the forecast started, gas consumption by the production
platform exceeded its production, meaning that the production of hydrogen and CO2
ended. This is related to the decrease in the oil production rate and, consequently, the
decline in the hydrocarbon gas production rate (Figure 13).
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Figure 13. Scenarios IIa, IIb, IIc, IId. Rate of gas production and CO2 injection.

As in Scenario I, water is injected into the reservoir, which, together with the injected
gas, balances the produced fluids (Figure 14).
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Figure 14. Scenarios IIa, IIb, IIc, IId. Rate of production and injection of water.

As a result of the end of the H2 and CO2 production stage in 2026, only water is
injected into the reservoir. Due to the relatively small volume of injected CO2, the resulting
miscible displacement effect is local (Figure 15) and does not have a significant impact on
the oil production from the reservoir.
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Figure 15. Scenario IIb. Distribution of oil saturation at the vertical cross-section along the main axis
of the structure passing through the I6 well at the end of the forecast in 2042.

3.5. Forecasts with the Injection of Additional CO2—Scenario III

Since the forecasts for Scenarios of group II showed limited miscible displacement of a
local nature caused by a relatively low rate of the injected CO2, we conducted additional
Scenarios with an increased rate of injection of CO2 from the deliveries of a tanker with a
capacity of ~30,000 m3 tonnes of CO2, which delivers to the rig platform every month, as a
result increasing the volume of CO2 injected by an additional 500,000 Nm3/d. Table 3 lists
four Scenarios that differ in the CO2 injecting wells.



Energies 2024, 17, 2321 13 of 19

Table 3. List of boreholes injecting water and CO2 in Scenarios IIIa–IIId.

Scenario Water Injecting Wells CO2 Injecting Wells

IIIa I1, I5, I2, I4 I6
IIIb I1, I5 I2, I3, I4
IIIc I1, I5 I2, I3, I4, I6,

IIId I1, I5 I2, I3, I4, I6, I7 converted from
P3, I8 converted from P5

As a result of increasing the injection of CO2 into the reservoir, an increase in oil
production was obtained for all Scenarios III in the range of 36 to 91% compared to Scenario
I. The largest increase was obtained in Scenario IIIc, for which CO2 was injected by I2, I3, I4,
and I6 (converted from P1) wells while wells I1 and I5 were used to reinject the produced
water. It should be noted that for the considered Scenario III variations, an increase in
the average reservoir pressure (Figure 16) above the original value is observed, although
the dynamic pressure at the bottom of the injecting wells did not exceed the maximum
assumed value.
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Figure 16. Scenarios IIIa, IIIb, IIIc, and IIId. Reservoir pressure and total oil production.

As a result of the intensive injection of CO2 into the reservoir, its breakthrough into the
producers was observed as an increase in the production of CO2-contaminated gas, which
in turn translates into an increase in the injection of CO2 into the reservoir (Figure 17).
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Intensive injection of CO2 and increased reservoir pressure expands the region covered
by miscible displacement, which results in a drop in critical oil saturation to Sgcr = 0
(Figures 18 and 19).
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The basic results of the nine Scenarios of the field production in the forecast period
from 2022 to 2042 are presented in Table 4. They include the volume of total production
and injection of water and gas as well as the total oil production in the forecast period,
along with the relative increase in oil production in relation to Scenario I (base) and the
replacement factor corresponding to the volume/mass of injected CO2 needed to increase
oil production by 1 Nm3/1 kg. These results mean that a significant amount of CO2 must
be injected to increase oil production (scenarios III vs. II). At the same time, a significant
increase in the volume of injected CO2 (scenario III) leads to a significant increase in oil
production, reaching over 90% in relation to the Scenario with the injection of water only
(option I). The measurement of the effectiveness of the method of displacing oil with the
injected CO2 as part of the miscible displacement mechanism is the so-called replacement
factor, specifying the amount (volume/mass) of injected CO2 needed to displace a unit
amount (1 Nm3/1 kg) of oil. This coefficient varies widely from 4 to 20 kg of CO2 per 1 kg of
crude oil. This result means a strong dependence on the effectiveness of the method used in
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the selection of the system of injecting wells [42], which differed in the individual Scenario
III variations. This means that there exists a potential opportunity to optimize the analyzed
method by selecting the number and location of the injecting and producing wells.

Table 4. Comparison of the basic results of the analyzed Scenarios.

Scenario

Total Water
Production,

Wp/Wp0
[-]

Total Water
Injection,

Winj/Winj0
[-]

Total Gas
Production,

Gp/Gp0
[-]

Total CO2
Injection,
Ginj/Gp0

[-]

Total Oil
Production,

Np/Np0
[-]

Oil
Production

Increase
[% obj.]

Replacement
Factor,

DGinj/DNp

[Nm3 CO2/1
Nm3 of Oil]

Replacement
Factor,

DGinj/DNp
[kg CO2/1
kg of Oil]

I 1.737 0.496 0.214 0.000 0.214 0.00%
IIa 1.724 0.489 0.212 0.017 0.212 ≈0.00%
IIb 1.522 0.449 0.210 0.015 0.210 ≈0.00%
IIc 1.697 0.479 0.206 0.015 0.206 ≈0.00%
IId 1.523 0.448 0.208 0.014 0.208 ≈0.00%
IIIa 1.569 0.297 1.011 4.047 0.400 87.21% 883 4.60
IIIb 2.379 0.450 2.555 7.433 0.390 82.54% 1664 8.81
IIIc 2.113 0.400 1.978 7.256 0.408 90.92% 1553 7.85
IIId 1.266 0.239 3.024 7.999 0.291 36.43% 2396 20.44

Note: the meaning of header symbols are presented in the Nomenclature section.

4. Summary and Conclusions

This paper presents the analysis of a hydrogen generation SMR process from the
hydrocarbon gas produced from an oil reservoir. The hydrogen is made blue by the
injection of the CO2 resulting from SMR back into the same reservoir and using the gas as
an oil-displacing fluid within the EOR method. The analysis was performed as a case study
for a realistic oil reservoir located in the Baltic Shelf of Poland using a numerical reservoir
modelling and simulation approach. To this aim, a compositional reservoir model was
constructed and calibrated based on the 30-year production history of the reservoir. For the
analysis, an algorithm was built and implemented in the model to calculate the amount of
CO2 originating from the SMR process, the separation process of the produced fluids, and,
optionally, CO2 delivered from external sources. To assess the impact of the v injection as
an EOR method on increasing the oil depletion factor, multi-scenario simulation forecasts
were made, differing in the volume of CO2 injected and the number and localisation of
wells involved for CO2 and associated water injection. Quantitative results for 9 scenarios
in the form of reservoir fluids productions including the changes in oil production and
replacement factors are presented and discussed. These results were supplemented with a
detailed analysis of oil saturation distributions for the selected, significant scenarios.

The main conclusion from the performed analysis indicates the proposed approach’s
general effectiveness in generating blue hydrogen with concomitant, in-place usage of
associated CO2 in the EOR method. Compared with other studies of blue hydrogen
generation where the source of produced hydrocarbon gas and the sink of injected CO2 were
different reservoirs, this study addresses the case of the hydrocarbon gas originating from
the same reservoir that the byproduct CO2 is injected into. The advantage of the analyzed
case is that there is no need for long-distance transportation of both the hydrocarbon
gas from the production manifold to the SMR installation and the CO2 from the SMR
output to the injection manifold. The additional gain in the approach comes from the
EOR process and requires more detailed discussion. Under appropriate conditions of
reservoir temperature and pressure and in reservoir regions covered by the injected CO2,
partial or complete miscible oil displacement occurs, resulting in a reduction in the final oil
saturation below the initial residual saturation, thus increasing the ultimate oil recovery
factor. While the temperature and pressure conditions for the miscible displacement are
typically met—as in the studied case—the extension of the reservoir volume covered by
the injected CO2 is limited due to the restricted amount of CO2 from the SMR process. In
principle, from the stoichiometry of the SMR, it follows that the volume of the CO2 is only a
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fraction of the produced oil volume. In particular, the CO2 production coefficient defined as
the reservoir volume of injected CO2 obtained from one reservoir cubic meter of produced
oil amounts to about 55% under the reservoir conditions of the studied case. Moreover,
additional reduction in available CO2 may result from such factors as consumption of
the produced hydrocarbon gas by production/injection system. In the analyzed case, this
factor reduces the CO2 production coefficient down to 13%. Another factor of this type is
the efficiency of v capturing from the SMR process, which can range between 50% and 99%,
depending on the adopted technology. An additional factor that may influence the CO2
production coefficient is the process of oil degasification in the reservoir and the formation
of a secondary gas cap due to a decrease in reservoir pressure when the reservoir fluid
production is not balanced by fluid injection. To avoid such difficulties and enhance the
EOR effectiveness, it is advisable to supplement the v from the SMR process with CO2 from
additional external sources as performed in the studied case. Another way to compensate
for the fluid imbalance may be realized by the additional injection of a fluid other than
CO2. In the analyzed case, water injection was applied for this purpose. It should be noted
that sooner or later breakthrough of the injected CO2 into production wells is unavoidable,
thus leading to the necessity of a special installation to be used to separate CO2 from
hydrocarbon components in the produced gas and the separated CO2 to be reinjected
into the reservoir. It is important to consider that both the installation of SMR and the
installation for separating CO2 from the extracted gas require extra space on the production
platform. However, since the usable area of these platforms is already highly utilized, this
could result in high investment costs. The final stage of the proposed approach to blue
hydrogen generation may include the injection of additional CO2 to take advantage of the
full reservoir sequestration volume.
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Nomenclature

Latin:
BHP bottom hole pressure [bar],
Bw water formation volume factor [Rm3/Sm3],
cCO2,inj mole fraction of CO2 in the injected gas [-],
cw isothermal compressibility of water [1/bar],
DGinj total CO2 injection [Sm3],
DNp increase in total oil production [Sm3],
GOR gas-oil ratio [-],
Gp total gas production [Sm3],
kh horizontal permeability [mD],
kv vertical permeability [mD],
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MWCO2 molar weight of CO2 [kg/kmol],
MWi molar weight of the i-th component in the produced gas [kg/kmol],
MWg,prod molar weight of produced gas [kg/kmol],
Np total oil production [Sm3],
Pini initial reservoir pressure [bar],
Pbhp,prod,min minimum bottom-hole pressure of producers [bar],
Pbhp,inj,CO2,max maximum bottom-hole pressure of CO2 injectors [bar],
Pbhp,inj,H20,max maximum bottom-hole pressure of water injectors [bar],
qCO2,inj CO2 injection rate [Sm3/d],
qCO2,ext the maximum rate of injected CO2 originating from the outside sources [Sm3/d],
qv,CO2,inj CO2 injection rate in terms of reservoir volume [Rm3/d],
qg,prod gas production rate [Sm3/d],
qg,cons gas consumption rate [Sm3/d],
qo,prod oil production rate [Sm3/d],
qw,prod water production rate [Sm3/d],
qw,inj water injection rate [Sm3/d],
qv,w,inj water injection rate in terms of reservoir volume [Rm3/d],
qw,inj,min minimum water injection rate [Sm3/d],
qv,prod fluids production rate in terms of reservoir volume [Rm3/d],
Socr critical oil saturation [-],
ug,prod gas production molar rate [kmol/d],
ug,cons gas consumption molar rate [kmol/d],
uCO2,prod CO2 production molar rate [kmol/d],
uCH,SMR SMR inflow molar rate [kmol/d],
uCO2,SMR SMR outflow CO2 molar rate [kmol/d],
uCO2,inj CO2 injection molar rate [kmol/d],
WCT water cut [-],
Wp total water production [Sm3],
Winj total water injection [Sm3].
Greek:

1
µw

dµw
dP coefficient of viscosity change with pressure [1/bar],

ρCH,prod density of produced gas hydrocarbon components [kg/Sm3],
ρg,prod produced gas density [kg/Sm3],
ρw water density [kg/Sm3],
φ porosity [%].
Subscripts:
0 value at the beginning of the forecast.
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42. Luboń, K. Influence of Injection Well Location on CO2 Geological Storage Efficiency. Energies 2021, 14, 8604. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://ieaghg.org/exco_docs/2017-02.pdf
https://www.scribd.com/document/289452761/PVTSim-Manual#
https://doi.org/10.3390/en14248604

	Introduction 
	Static and Dynamic Models of the Reservoir 
	Static Model of the Reservoir 
	PVT Model of Hydrocarbon Formation Fluid 
	PVT Properties of Hydrocarbons 
	PVT Properties of Formation Water 
	History Matching 

	Simulation Forecasts of the EOR Process with CO2 Injection 
	General Assumptions 
	SMR 
	Base Forecast—Scenario I 
	Forecasts with the Injection of CO2 from the SMR—Scenario II 
	Forecasts with the Injection of Additional CO2—Scenario III 

	Summary and Conclusions 
	References

